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Abstract 

Low-quality meat, determined by poor tenderness, juiciness, and flavour, is often sold 

at a reduced price due to limited consumer acceptability and preference. Adding value to this 

inferior-quality meat to ensure consumer satisfaction offers enormous potential to the beef 

industry particularly in developing countries where beef is primarily a by-product of the dairy 

industry. Tenderness is one of the most important eating quality attributes of the meat, driving 

the consumer’s preference and their willingness to buy meat products at higher prices if the 

superior quality is warranted. Tenderness is a multifactorial trait ascribed by several live animal 

factors (the age of the animal, genetics, feeding, and muscle type), post-mortem conditions, and 

cooking conditions. These factors influence the collagen content and myofibrillar structure that 

impacts on the toughness of the meat in the carcass. Several post-harvest meat treatments 

including aging, sous vide cooking, and injection of protease enzyme solutions have shown 

promising results to enhance the eating quality of the meat. However, the review of the literature 

presented here clearly suggested limited scientific understanding of time-temperature 

combinations in sous vide cooking particularly in reference to low-quality meat from older 

animals. In addition, there is no body of knowledge investigating the combined effect of aging, 

sous vide cooking and partially-purified ginger powder (zingibain protease) solution on 

physical parameters, sensory characteristics, and shelf life of the beef from low-value cuts. This 

thesis aimed to address this by performing a series of experiments presented here in four 

chapters. The first experiment (Chapter 3) investigated the effect of sous vide cooking and 

ageing on tenderness and water-holding capacity of bovine biceps femoris (BF) and 

semitendinosus (ST) acquired from young and older cattle. The results of this chapter 

demonstrated that tough meat from both BF and ST of older animals required a higher 

temperature (75 °C) and prolonged cooking (18 h) to achieve comparable tenderness to that of 

young animals through increased collagen solubility (P < 0.001, in both muscles). However, 

there was a significant interaction between cooking temperature and cooking time on cooking 

loss in both muscles (P < 0.001), and the combination of high-temperature and long-time 

cooking treatments had a negative effect on cooking loss for both muscles. We concluded high-

temperature long-time conditions might not be helpful for the beef industry due to lower 

juiciness and higher production input costs. The next logical question was can we reduce this 

cooking time by using proteases to achieve the same quality outcome in the final meat product. 

Therefore, Chapter 4 investigated whether the use of ginger proteases along with sous vide 

cooking can enhance tenderness and water-holding capacity of BF from older animals that had 
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been finished on a high energy diet. The results of Chapter 4 revealed significant interactions 

between concentrate feeding, ginger powder injection, cooking temperature, and time on 

quality traits. Injecting partially-purified zingibain along with sous vide cooking resulted in 

weakening of myofibrillar and connective tissue proteins to enhance collagen solubility and 

tenderness in the BF. The results from Chapter 4 demonstrated that zingibain could be used 

post-harvest to improve the eating quality characteristics of beef but the consumer perception 

of flavour had not been examined. Chapter 5 evaluated the physical and sensory characteristics, 

using a trained consumer panel, of zingibain-injected meat combined with sous vide cooking 

in the BF. Results revealed a significant improvement in tenderness with injection treatment 

and cooking time as evaluated by trained panelists, as well as reduced Warner Bratzler shear 

force and hardness (both P < 0.05). The flavour of the meat was not affected by either injection 

treatment or cooking time. We reported that moderate to high correlations were found between 

sensory and physical measurements for tenderness and juiciness. The final question relating to 

the effect of sous vide cooking and protease injection protocol on the shelf life of the meat was 

evaluated in Chapter 6. This chapter reported an acceptable microbial count obtained for up to 

four weeks, and two weeks shelf life for lipid oxidation under refrigerated storage. The results 

of this thesis demonstrate a protocol for using sous vide cooking, with zingibain protease 

injection that could be used to improve the eating quality and shelf life of low-value meat cuts 

ensuring a safe and favourable eating experience to consumers. 
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Chapter 1  

General introduction 

Meat quality is a broad term that covers palatability characteristics, safety, and 

nutritional aspects of the meat. Palatability traits are related to consumer acceptance and 

appreciation of meat reflected in their preference during purchase and consumption (Purslow, 

2017). Primary visual characteristics that consumers tend to consider at the retail level in their 

purchase decisions are colour, fat content, and freshness. Tenderness, juiciness, flavour, and 

overall acceptability are key sensory attributes impacting the eating quality of the cooked meat. 

Tenderness is considered as a principal eating quality trait assessed through consumer 

preference studies (Boleman et al., 1997; Shackelford, 2001) and a key driver of quality 

assurance in Meat Standards Australia (MSA) for beef (Channon et al., 2011). Survey results 

of a large cohort of participants conducted in Japan, the United States, Australia, and Ireland 

clearly showed that consumers are willing to pay premium prices when tenderness is ensured 

(Lyford et al., 2010).  

Meat juiciness is the second most valued attribute of meat reported by most consumers 

(Juarez et al., 2012). Unacceptable water-holding capacity impacting the juiciness of the meat 

is estimated to cost millions of dollars to the meat industry annually (Huff-Lonergan & 

Lonergan, 2005). The juiciness of the meat can be improved by several cooking methods, and 

the addition of spices can enhance the flavour and aroma of the cooked meat. Tenderness 

depends on multiple factors such as genetics, animal nutrition, farm rearing system, age of the 

animals, slaughter, post-mortem factors and finally on the cooking method (Thompson, 2002; 

Warner et al., 2010). This array of factors thus presents a challenge to achieving favourable 

tenderness results. Polkinghorne et al. (2008) reported that only 10 % of the carcass is used for 

prime grilling tender cuts, and this highlights the need for tenderisation of the rest of the carcass 

using post-harvest techniques including processing and cooking techniques. In addition, old, 

cull-cows account for an important part of the beef cattle industry but meat from these cows is 

not preferred due to its substantial toughness, and it is traditionally marketed as minced with 

lower market returns (Alvarenga et al., 2021). The toughness in meat from old animals is due 

to the increased strength of connective tissue that provides structural support to the skeletal 

muscle (Purslow, 2005).  
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The global consumption of red meat has increased by 58% over the 20 years to 2018 

(Whitnall & Pitts, 2019), which is mostly due to population growth and an increase in 

consumption per person. Consumption is influenced most strongly by consumer preference and 

income growth. This increased global demand for beef and the poor quality of a large proportion 

of beef cuts necessitates the use of processes and techniques that can potentially enhance the 

tenderness of meat, especially from older cows. This will help to provide a consistent supply of 

good quality meat, obtain a premium price, and will economically benefit the global meat 

industry. 

Physical, chemical, and enzymatic intervention techniques to improve meat tenderness 

remained the focus of research for decades (Bekhit et al., 2014) resulting in the development of 

innovative processing and heating methods for improved product quality, safety, and nutritional 

value (Bhat et al., 2018; Warner et al., 2017). Heat applied during various cooking methods 

variably affects the texture and water-holding capacity of the meat, ultimately influencing the 

tenderness and sensory characteristics of the meat (Warner et al., 2017). Sous vide, a French 

term for “under vacuum”, is a promising cooking technique that involves heating meat at low-

temperature for a long-time in a sealed vacuum bag. It provides uniform colour, consistent 

texture, improved tenderness, and sensory characteristics of the meat (Ayub & Ahmad, 2019; 

Mortensen et al., 2012). Plant-derived proteases, including zingibain from ginger rhizome, have 

been widely reported to improve the tenderness and palatability of beef (Gagaoua et al., 2021). 

Zingibain has been reported to exhibit specific breakdown activity on collagen fibres and 

enhanced solubilisation during heating (Ha et al., 2012).  

The overall research aim of this thesis was to investigate methods to improve tenderness 

and the eating quality of low-value meat from older animals. The specific objectives to address 

this overarching aim were:  

1) Investigating the effects of low-temperature long-time sous vide cooking on 

tenderness and water-holding capacity of low-value beef meat from young and old animals;  

2) Determining the role of zingibain in improving tenderness coupled with sous vide 

cooking of low-value meat from older animals;  

3) Assessing the sensory and physicochemical characteristics of zingibain-injected low-

value beef meat cooked under sous vide; and  
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4) Evaluating the quality and shelf life of zingibain-treated low-value beef meat cooked 

using the sous vide method and then kept at extended refrigerated storage of up to 10 weeks. 

This thesis is broken into seven chapters including this general introduction. Chapter 2 

summarises the literature on the use of sous vide cooking coupled with ginger proteases in 

particular reference to low-value beef from older animals. Chapter 3 investigates the effect of 

sous vide cooking on tenderness and water-holding capacity of low-value meat. Chapter 4 

reports on the potential of injecting zingibain to improve tenderness and water-holding of meat 

during sous vide cooking. Chapter 5 is an assessment of sensory and physicochemical 

characteristics of zingibain-injected meat cooked under sous vide. Chapter 6 is a shelf life study 

focusing on microbiological, physical, chemical, and structural properties of zingibain injected 

low-value meat cooked using sous vide and refrigerated storage for 10 weeks. Finally, Chapter 

7 concludes with a general discussion, summarising the key findings, addressing the research 

objectives, and considering the general implications for the meat industry  

1.1. References 

Alvarenga, T. I. R. C., Palendeng, M., Thennadil, S., McGilchrist, P., Cafe, L. M., Almeida, A. 

K., & Hopkins, D. L. (2021). Is meat from cull cows tougher? Meat Science, 108498. 

Ayub, H., & Ahmad, A. (2019). Physiochemical changes in sous-vide and conventionally 

cooked meat. International Journal of Gastronomy and Food Science, 17, 100145. 

Bekhit, A. A., Hopkins, D. L., Geesink, G., Bekhit, A. A., & Franks, P. (2014). Exogenous 

proteases for meat tenderization. Critical Reviews in Food Science and Nutrition, 54(8), 1012-

1031. 

Bhat, Z. F., Morton, J. D., Mason, S. L., & Bekhit, A. E. D. A. (2018). Applied and emerging 

methods for meat tenderization: A comparative perspective. Comprehensive Reviews in Food 

Science and Food Safety, 17(4), 841-859. 

Boleman, S., Boleman, S. L., Miller, R., Taylor, J., Cross, H., Wheeler, T., Koohmaraie, M., 

Shackelford, S., Miller, M., & West, R. (1997). Consumer evaluation of beef of known 

categories of tenderness. Journal of Animal Science, 75(6), 1521-1524. 

Channon, H., Warner, R., & van Barneveld, R. (2011). Delivering consistent quality Australian 

pork to consumers–a systems approach. Manipulating Pig Production XIII, Australasian Pig 

Science Association, 262-293. 

Gagaoua, M., Dib, A. L., Lakhdara, N., Lamri, M., Botineştean, C., & Lorenzo, J. M. (2021). 

Artificial meat tenderization using plant cysteine proteases. Current Opinion in Food Science, 

38, 177-188. 

Ha, M., Bekhit, A. E.-D. A., Carne, A., & Hopkins, D. L. (2012). Characterisation of 

commercial papain, bromelain, actinidin and zingibain protease preparations and their activities 

toward meat proteins. Food Chemistry, 134(1), 95-105. 



4 

 

Huff-Lonergan, E., & Lonergan, S. M. (2005). Mechanisms of water-holding capacity of meat: 

The role of postmortem biochemical and structural changes. Meat Science, 71(1), 194-204. 

Juarez, M., Aldai, N., Lopez-Campos, O., Dugan, M., Uttaro, B., & Aalhus, J. (2012). Beef 

Texture and Juiciness. 

Lyford, C. P., Thompson, J. M., Polkinghorne, R., Miller, M. F., Nishimura, T., Neath, K., 

Allen, P., & Belasco, E. J. (2010). Is willingness to pay (WTP) for beef quality grades affected 

by consumer demographics and meat consumption preferences? Australasian Agribusiness 

Review, 18(1673-2016-136845), 1-17. 

Mortensen, L., Frøst, M., Skibsted, L., & Risbo, J. (2012). Effect of time and temperature on 

sensory properties in low-temperature long-timesous-vide cooking of beef. Journal of Culinary 

Science & Technology, 10(1), 75-90. 

Polkinghorne, R., Philpott, J., Gee, A., Doljanin, A., & Innes, J. (2008). Development of a 

commercial system to apply the Meat Standards Australia grading model to optimise the return 

on eating quality in a beef supply chain. Australian Journal of Experimental Agriculture, 

48(11), 1451. 

Purslow, P. P. (2005). Intramuscular connective tissue and its role in meat quality. Meat 

Science, 70(3), 435-447. 

Purslow, P. P. (2017). Chapter 1 - Introduction. In P. P. Purslow (Ed.), New Aspects of Meat 

Quality (pp. 1-9): Woodhead Publishing. 

Shackelford, S. D. (2001). Consumer impressions of Tender Select beef. Journal of Animal 

Science, 79(10), 2605. 

Thompson, J. (2002). Managing meat tenderness. Meat Science, 62(3), 295-308. 

Warner, R. D., Greenwood, P. L., Pethick, D. W., & Ferguson, D. M. (2010). Genetic and 

environmental effects on meat quality. Meat Science, 86(1), 171-183. 

Warner, R. D., Ha, M., Sikes, A., & Vaskoska, R. (2017). Cooking and novel postmortem 

treatments to improve meat texture. New Aspects of Meat Quality (pp. 387-423): Elsevier. 

Warner, R. D., McDonnell, C. K., Bekhit, A. E. D., Claus, J., Vaskoska, R., Sikes, A., Dunshea, 

F. R., & Ha, M. (2017). Systematic review of emerging and innovative technologies for meat 

tenderisation. Meat Science, 132, 72-89. 

 

 



5 

 

Chapter 2  

Literature review 

The objective of this chapter is to provide a brief overview of the literature pertaining 

to meat quality attributes, structure, and composition, changes in meat proteins associated with 

tenderness and water holding capacity during cooking, and exploring the role of concentrate 

feeding days in improving tenderness. It reviews what is known about different methods of 

tenderising meat, particularly sous vide cooking, and its role in improving eating quality and 

shelf life. This chapter also reviews the role of exogenous enzymes including zingibain for 

tenderising meat. Following this, gaps in scientific knowledge are identified.  

2.1. Meat quality attributes 

Red meat is a major component of the human diet and an important dietary source of 

high-quality protein and essential micronutrients (McAfee et al., 2010). Consumption patterns 

of meat vary with the socio-economic status and cultural background of the consumers (Latvala 

et al., 2012). Meat quality attributes including palatability and safety are other parameters that 

can alter the patterns of meat consumption (Felderhoff et al., 2020). Meat quality is determined 

by visual and sensory characteristics including its palatability, water holding capacity, colour, 

and safety as desired by the consumers. Palatability is influenced by the tenderness, juiciness, 

and flavour of the meat. Tenderness of the meat can be defined as the resistance experienced 

by teeth during the chewing process, or in other words, ease to bite and chew a piece of meat. 

Juiciness refers to the quantity of apparent juice released from meat during the chewing process 

while flavour represents the overall interactions between volatile aromatic compounds and 

taste-relevant ions and compounds in the nasal cavity released during oral processing of meat 

(Vilgis, 2015).  

Tenderness is regarded as the highest palatability attribute concerning consumption 

quality and consumer preference (Koohmaraie & Geesink, 2006; Polkinghorne et al., 2018; 

Shackelford, 2001). Literature has shown that consumers’ demand is arising for meat products 

that are of superior eating quality and willing to pay higher purchase prices for guaranteed 

tender meat (Lyford et al., 2010; Mintert et al., 2000). In other words, the producers, processors, 

and retailers are paid higher if the quality and tenderness are ensured (Channon et al., 2011). 

Variation in meat tenderness is one of the principal concerns, which poses a negative impression 

on consumers' demand and acceptability not only for beef but also for pork and lamb 

(Koohmaraie & Geesink, 2006; Ramanathan et al., 2020). Therefore, retaining consumer 
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satisfaction by consistently providing red meat with higher tenderness is critically important for 

the beef industry in order to compete with other meat types especially chicken that intrinsically 

has limited problems of toughness (Bekhit et al., 2014). Meat production and processing 

techniques ensuring tenderisation of tougher cuts offer better financial returns for the meat 

industry while also maintaining consumers’ satisfaction with red meat. 

2.1.1. Factors influencing tenderness 

Tenderness, a functional property of red meat, is influenced by several factors including 

breed, nutrition, production system, processing, and cooking methods (Warner et al., 

2010a). Other factors include animal age, gender, rate of glycolysis during rigor mortis, 

presence of intramuscular fat, amount and solubility of collagen fibres, sarcomere length, and 

post-mortem degradation of muscle proteins (Koohmaraie, 1994; Warner et al., 2010b). Thus, 

failure at one or more components of the meat supply chain can pose a significant risk of poor 

quality meat and hence adversely affect the eating experience for the consumers (Thompson, 

2002). Meat tenderisation is a multifaceted process depending upon structural characteristics of 

muscle, integration of muscles cells, endogenous enzymes, and connective tissue. The 

mechanical and physiological mechanisms underlying tenderness have been extensively 

investigated (Koohmaraie, 1988; Lana & Zolla, 2016; Lonergan et al., 2010). The extent of 

tenderness in muscles largely depends upon its location in the body and the structural 

composition of myofibrillar and connective tissue proteins in the muscles (Belew et al., 2003). 

The structure of muscle is therefore critical to understand the quality of meat associated with 

conformational changes in the structure during the cooking process that is largely associated 

with tenderness, juiciness, flavour, and overall likening of the meat.  

2.1.2. Muscle structure and composition  

Meat is a skeletal muscle that has undergone a series of physical and biochemical 

changes during conversion in its production. Muscle is comprised of water (75 %), protein (20 

%), fat (3 %), and soluble non-protein substances (2 %). The constituents of the non-protein 

substances are minerals and vitamins (3 %), non-protein nitrogen substances (45 %), 

carbohydrates (34 %), and inorganic compounds (18 %) (Tornberg, 2005). The muscle proteins 

include water-soluble sarcoplasmic proteins (myoglobins, calpains, glycolytic enzymes), 

myofibrillar (cytoskeletal), and connective tissue proteins. Structurally, the muscle is composed 

of muscle fibre bundles connected with connective tissue (Guo & Greaser, 2017). The muscle 

fibre is made of myofibrillar proteins, which are the major component of the muscle accounting 
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for approximately 87 % of the dried mass (Hughes et al., 2014). These proteins are largely 

responsible for the organoleptic characteristics of the meat (Berhe et al., 2014), although fat 

and fatty acids are important for flavour, taste, and odour. Myofibrils are highly organised 

contractile “machinery” of the cell and consist of repeated cylindrical organelles called 

sarcomeres (Choi & Kim, 2009). The myofibrillar proteins consist of the two most abundant 

proteins namely myosin (thick filament) and actin (thin filament) (Figure 1).  

 

 

Figure 1. Structure of skeletal muscle indicating myofibrillar and connective tissue proteins. 

Collagen proteins surround muscle fibres (endomysium), fibre bundles (perimysium), and an 

external covering of muscle (epimysium). The contractile unit of the muscle fibre is the 

sarcomere. Muscle image adopted from Listrat et al. (2016) with permission. 

 

Myosin contains a tail, rod region, and a globular head that extends from the thick 

filament and interacts with actin in the thin filament. Actin consists of tropomyosin and troponin 

proteins (T, I, and C troponin) which regulate the interaction between actin and myosin proteins. 

Troponins are arranged at regular intervals along the actin filament. Alternating proteins within 

the myofibril appearing as transverse striations from dense A-band called thick filaments and 

less dense I-bands called thin filaments are visible under a microscope in Figure 2 (Huff-

Lonergan & Lonergan, 2005). The I-bands are separated from each other by dark lines known 

as Z-lines while the sarcomere is the area between two Z-lines. 
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Figure 2. Longitudinal cross-sections of myofibrils as observed by electron microscopy 

indicating dark (A bands) and light areas (I bands) in a sarcomere. Figure adopted from 

Listrat et al. (2016) with permission.  

 

2.1.3. Connective tissue 

The connective tissue protein is typically composed up to 10 % of the dry mass of the 

muscle, however, this amount varies between different muscles (Listrat et al., 2016). The 

connective tissue component provides structural support to the muscle, also known as the 

extracellular matrix or intramuscular connective tissue (IMCT). The connective tissue is 

comprised of collagen and elastin proteins (Eyre et al., 1984). Collagen is the most abundant 

protein in connective tissue, and it has different types, namely I, III, IV, V, VI, XII, and XIV in 

skeletal muscle (Purslow, 2014). Collagen is arranged in three major hierarchical domains, 

namely epimysium (collagen type I), perimysium (type III), and endomysium (type IV). 

Epimysium surrounds the individual muscles, perimysium separates each muscle into muscle 

fibre bundles while the endomysium surrounds the individual muscle fibres, as shown in Figure 

1 (Purslow, 2005). McCormick (1999) explained the variation in collagen contents in 

epimysium, perimysium, and endomysium and their role in determining meat toughness. 

According to his study, perimysium constitutes over 90 % of intramuscular connective tissue, 

and the quantity and strength of perimysium largely determine the tenderness in meat during 
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cooking. Purslow (1999) reported a larger variation in the contents of perimysium compared 

with endomysium between different muscles. 

Each muscle has a distinctive connective tissue varying tremendously in regards to the 

amount, composition, and strength depending upon muscle type, age, and breed of the animal 

(Shorthose & Harris, 1990). The amount of connective tissues depends on the rate and extent 

of physical activity of the muscles. The muscles involved in mobility have a greater collagen 

content than postural muscles, while the nature of the locomotion contributes to the distribution 

of collagen content within a muscle. Rhee et al. (2004) reported that M. psoas major, gluteus 

medius, and longissimus thoracic et lumborum have a low amount of collagen compared with 

supraspinatus, bicep femoris, semimembranosus, and semitendinosus which have higher 

amounts of collagen. Collagen content along with perimysium thickness increases with the age 

of the animal and is thus reported to impact the tenderness (Nishimura et al., 1996). Apart from 

the total collagen content, the thermal stability due to intermolecular cross-linkages of collagen 

in intramuscular connective tissue is of importance as it is dominantly responsible for variation 

in tenderness in cooked meat (Purslow, 2018).  

The thermal stability of the collagen protein increases with the development of 

intermolecular cross-linkages that matures with the age of the animal. The presence of heat-

stable crosslinks in collagen influences the texture and ultimately toughness of the meat (Hill, 

1966). A major proportion of heat-stable cross-linkages do not dissolve upon heating, leading 

to a more stable matrix of connective tissue responsible for toughness (Light et al., 1985). 

However, the solubility of collagen contents can be increased by cooking at low temperatures 

for a long duration (Christensen et al., 2011). This type of cooking method can help break the 

collagen cross-linkages and convert them into a gel-like structure called gelatine. Thus, meat 

from old animals requires an extended period of cooking to solubilize the heat-stable crosslinks 

in the collagen. Hamm (1966) explained that the softening and disintegration of meat during 

cooking is due to the formation of gelatine from collagen at a temperature around 63 °C due to 

the dissociation of cross-linkages between the molecules. Machlik and Draudt (1963) observed 

that minimum shear force required for beef muscles disintegration is achieved when cooked 

between 60 ℃ and 64 °C core temperature.  

2.2. Meat from older animals 

Meat from cull beef cows and dairy cows is an important part of the beef supply chain 

that accounts for 10 % of the United States commercial beef production (Moreira et al., 2021). 
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In France, 50 % of meat consumed comes from cull dairy and beef cows (Couvreur et al., 2019), 

in Denmark, most of the meat consumed is a by-product of dairy cows (Vestergaard et al., 

2007). The beef industry contributes to beef supply both as a source of surplus calves for beef 

finishing and also as a direct source of beef from cull dairy cows. This creates significant 

diversity in the eating quality of meat in terms of the supply of various animals including surplus 

dairy calf, bulls, and cull cows beef with different genetic backgrounds (Bell et al., 2011). 

Culling is the removal of undesirable animals from the herd to improve the herd performance 

or to keep the herd size constant (Wakchaure et al., 2015). Cows in a dairy herd are culled due 

to low production, poor fertility, and leg problems. The annual culling of the dairy herd varies 

between 30-35 % (Moreira et al., 2021). Culling is generally practiced to achieve higher herd 

breeding performance impacted by reproductive disorders, conditions score, and age of the beef 

cows replaced with heifers (Spire, 1998). Culling beef cows is a critical herd management 

technique varying among enterprises, however, the optimum age for culling is commonly 

considered between 7 and 10 years for beef cows (Phillips, 2018).  

The age of the animal at slaughter significantly impacts tenderness, overall palatability, 

and sensorial acceptance of the meat. Older cows have considerably tougher meat resulting 

from higher amounts of insoluble intramuscular collagen deposited into the muscles impacting 

its tenderness. The meat from older cows is used for manufacturing ground beef (Alvarenga et 

al., 2021). Feeding a high-energy diet to the aged cows for an extended period prior to harvest 

has shown positive effects on growth rates, carcass weight, and meat quality characteristics 

(Bourlet et al., 2020; Couvreur et al., 2019). The finishing feeding strategies can enhance 

muscle fat (Archile-Contreras et al., 2010; Modzelewska-Kapituła & Nogalski, 2016). Reports 

in the literature have shown that feeding cows on high-energy diets for an extended period 

before slaughter improved the meat-eating quality and sensory characteristics (Woerner, 2010). 

Another study showed that re-conditioning cows for up to 56 days enhanced the number of 

carcasses (84 % of n = 19) to be graded under Meat Standard Australia (MSA) grading system 

compared to non-fed cows (0 % of n = 20) (Bourlet et al., 2020).  

The aged animals with limited nutrition availability exhibit faster growth rates upon free 

access to a high-energy diet and this phenomenon is known as compensatory growth (Purslow 

& McEwen, 2013; Therkildsen et al., 2011). Poor performance of older cows is essentially due 

to lower dry matter intake and feed conversion ratio (Smith et al., 2010). During the re-

conditioning phase, high-energy diets enhance body growth as less energy is required to sustain 
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the basal metabolic rate in older cows compared to young animals. The surplus energy is utilised 

for muscle protein build-up during compensatory growth. 

The compensatory growth improved the overall carcass quality, texture, and sensory 

characteristics of the meat (Therkildsen et al., 2002; Vestergaard et al., 2007). Previous research 

on feeding concentrate ration before slaughter mainly focused on the effects of feeding on body 

conditioning, muscle growth, composition, carcass quality, and value. There is a gap in 

knowledge on the use of technological interventions like proteases and cooking parameters to 

improve texture and sensory acceptance of the meat harvested from reconditioned culled aged 

cows.  

2.3. Proteolysis during ageing  

The post-mortem storage at a specific temperature and time is termed as ageing of meat. 

Meat ageing is a common approach used in the meat industry to improve the eating quality of 

meat (Kolczak et al., 2008; Needham et al., 2020; Warren & Kastner, 1992). The post-slaughter 

tenderness of the meat is a consequence of proteolytic degradation of myofibrillar and 

associated proteins during ageing. The role of the endogenous enzymes (calpain, cathepsins) in 

tenderising meat during ageing and the extent of post-mortem proteolysis of myofibrillar 

structure has been reviewed by Koohmaraie and Geesink (2006). Degradation of proteins such 

as desmin, filamin, dystrophin, and titin (all located at the periphery of the Z-line) may disrupt 

the lateral register and integrity of the myofibril themselves. It may also affect the attachments 

of the peripheral layer of myofibril to the cell membrane of a muscle cell, i.e. the sarcolemma 

(Lonergan et al., 2010). During the aging process, Z-disks are normally weakened with time, 

and this weakening results in the structural breakdown of myofibrils (Takahashi, 1996). 

Ruiz de Huidobro et al. (2003) studied the meat quality characteristics of bovine meat 

during the six days post-mortem and showed improvement in the tenderness of the meat. The 

rate of tenderness during aging varies between different animal species. According to a study 

by Etherington et al. (1987), after chilled storage, peak tenderness was achieved in pork and 

beef meat in five days and 14 days respectively. The proteolysis takes place earlier in chicken 

(Fukazawa et al., 1969) than in beef (Davey & Gilbert, 1969).  

Nishimura (1998) showed that the rapid decrease of shear force value after 10 days of 

aging is a consequence of weakening the myofibrillar structure, while the gradual linear 

decrease afterward is because of the structural weakening of intramuscular connective tissue 

including the endomysium and perimysium. Cathepsins can potentially degrade the myofibrillar 
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and connective tissue proteins to enhance the tenderness of the meat. Most of the cathepsins 

naturally present in lysosomes of living muscles cells are gradually released into the cytosol 

after slaughtering; they play a significant role in the degradation of extracellular matrix during 

post-mortem aging (Kitamura et al., 2010). Cathepsins are acid proteases active at low pH 

(Sentandreu et al., 2002), and classified as cysteine, serine, and aspartic groups. Cathepsins B, 

H, and L belong to the cysteine protease family, cathepsins D and E are categorised as aspartic 

while cathepsin G is categorised as a serine protease (Sentandreu et al., 2002). Cathepsins 

proteins are inactive at the time of synthesis, they are activated by autolytic cleavage of N-

terminal propeptides or action of other peptidases (Turk et al., 2000). 

Lysosomal cysteine proteases such as cathepsins B and L, and serine proteases such as 

plasmin, are known to break down collagen (Purslow, 2014). Cathepsins B and L are active 

after 8 hours of slaughter in beef muscles and play a role in tenderisation (O'Halloran et al., 

1997). Ladrat et al. (2003) studied the effect of cathepsins B, D, and L in fish meat and reported 

post mortem softening in fish meat due to the sarcoplasmic and myofibrillar protein degradation 

as a result of cathepsins’ activities.   

Kitamura et al. (2010) studied the role of cathepsins in the degradation of an important 

myofibrillar protein called troponin T in porcine and concluded that during the aging process 

of meat, the degradation of troponin T is mainly because of the presence of cathepsins B and 

L. Uytterhaegen et al. (1994) studied the effect of exogenous aspartic serine and cysteine 

proteinases on myofibrillar protein degradation in beef longissimus muscle. Their results 

provided evidence for a relationship between post rigor beef tenderisation as a consequence of 

calpain-mediated proteolysis. O'Halloran et al. (1997) found a significant relationship between 

tenderness and activity of cathepsins B and L in longissimus dorsi muscle at 8 h with muscle 

cooked to 60 °C and 80 °C and aged for 2 and 6 days post-mortem.  

 

2.4. Water holding capacity  

The amount, distribution, and mobility of water in muscles influence the juiciness, 

tenderness, and visual appearance of meat. The water holding capacity of the muscle is defined 

as the ability of meat to retain its water during all stages of the supply chain until cooking 

(Pearce et al., 2011). A major portion of water is present within muscles cells while a small 

portion can also be found in the extracellular matrix. Water in muscle is located within 

myofibrils, between myofibrillar bundles, and in the spaces between the plasma membrane and 

myofibrils (Huff-Lonergan & Lonergan, 2005). The muscle water can be classified as protein-



13 

 

associated water (charged hydrophilic group) which is tightly bound in muscle proteins, 

immobilises or entrapped water, and free water (held only by capillary forces). The biochemical 

changes during the conversion of muscle to meat influence the water holding capacity by 

mobilising the water in each compartment due to structural changes in muscle and pH of the 

meat (Ertbjerg & Puolanne, 2017). A rapid decrease in pH immediately after slaughtering when 

the temperature of the carcass is still high causes denaturation of myosin heads and 

consequently decreases the water holding capacity of the meat (Ouali et al., 2006). The water 

holding capacity of meat appeared to be increased during post-mortem ageing, as measured by 

a reduced amount of drip loss in the muscle (Hughes et al., 2014). Farouk et al. (2012) explained 

the mechanism of increasing water holding capacity during the ageing processes as a sponge 

effect, as the breakdown in meat structure disrupts the channels through which moisture is lost 

and physically entraps the free water in meat, creating a sponge effect. Decreased water holding 

capacity of meat can lead to loss of a large amount of muscle water during the heating process. 

2.5. Changes in proteins during cooking 

Cooking causes heat-induced structural, chemical, and mechanical alterations of muscle 

proteins (Davey & Gilbert, 1974; Yu et al., 2017). These changes affect the texture, tenderness, 

and water holding of the meat (Warner et al., 2017). The structural changes in proteins during 

heating include the conformational changes in myofibrillar, sarcoplasmic, and connective tissue 

proteins. The heating process causes shrinkage of myofibrillar and collagen proteins (Vaskoska 

et al., 2020), and unfolds the protein helical structure which is referred to as denaturation. These 

changes are followed by protein to protein interactions resulting in the aggregation of proteins 

(Tornberg, 2005). The thermal denaturation of meat proteins has been investigated using 

differential scanning calorimetry (DSC), and demonstrated that denaturation in myosin, 

connective tissues, and actin occurred at endothermic peaks of 56 ℃, 65 ℃ and 75 °C, 

respectively (Seelig & Schönfeld, 2016; Xiong et al., 1987).  

Toughness in the meat increases in two phases with increasing cooking temperature, 

between 40 ℃ and 50 °C (myofibrillar denaturation), and above 60 ℃ (connective tissue 

denaturation), as measured through sensory evaluations and Warner-Bratzler shear force 

(Christensen et al., 2000; Davey & Gilbert, 1974). Christensen et al. (2000) also identified a 

phase of tenderisation between 50 ℃ and 60 ℃, whereas Davey and Gilbert (1974) did not 

observe tenderisation at this temperature. Another study by Martens et al. (1982) reported that 

firmness in bovine M. semimembranosus, M. semitendinosus, and M. psoas major increased 



14 

 

with thermal denaturation of the myofibrillar proteins between 40 ℃ and 60 ℃ (myosin), 66-

73 ℃ (actin) and decreased between 56 ℃ and 62 ℃ with collagen denaturation.  

Heat induces transversal (perpendicular to the muscle fibre direction) and longitudinal 

(parallel to the muscle fibre direction) shrinkage of meat (Hughes et al., 2014; Purslow et al., 

2016; Tornberg, 2005; Vaskoska et al., 2020). The transfer shrinkage is reported to start at a 

temperature from 35 ℃ to 45 ℃ and finishes between 60 ℃ and 62 °C (Hearne et al., 1978; 

Palka & Daun, 1999; Tornberg, 2005). The longitudinal shrinkage measured as a reduction in 

sarcomere length or fibre length starts between 55 ℃ and 64 °C and ceases around 90 ℃ 

(Hearne et al., 1978; Palka & Daun, 1999). The shrinkage of muscle structure and denaturation 

of proteins during heating impacts the water holding capacity of the muscle and results in a 

cooking loss.  

2.5.1. Cooking loss 

Heating causes structural changes in sarcoplasmic and myofibrillar proteins, depending 

upon temperature (Palka & Daun, 1999), and shrinkage in the myofibrillar compartment which 

result in the change in the water distribution, which in turn gives rise to an increase extracellular 

fluid around fibres and fibre bundles (Palka & Wesierska, 2014). Tornberg (2005) reported that 

heat causes aggregation of most of the sarcoplasmic proteins between 40 ℃ and 60 °C while 

coagulation requires higher temperature up to 90 °C.  Heat causes toughness in meat fibres due 

to cross-linking of myofibrillar proteins and water loss from the myofibrillar component 

(Bouton & Harris, 1972). Purslow et al. (2016) reported the temperature effects on myofibrillar 

protein shrinkage and denaturation related to cooking loss, namely myosin at a heating 

temperature between 40 ℃ and 60 ℃, collagen between 60 ℃ and 70 ℃, whereas, actin 

denaturation occurred between 70 ℃ and 80 ℃. The myofibrillar shrinkage reduces the ability 

of the muscle to hold water (Hughes et al., 2014). The contraction of perimysium connective 

tissue is associated with compression of muscle fibre bundles leading to the expulsion of a 

larger volume of fluid from muscle (Davey & Gilbert, 1974). The duration and temperature of 

the cooking have a pronounced effect on the water holding capacity of the meat. Another study 

by Zielbauer et al. (2016) performed differential scanning calorimetry (DSC) to see the 

denaturation state of proteins in pork filet (M. psoas major), they reported the highest increase 

of cooking loss at 60-74 ℃ due to shrinkage of collagen and denaturation of the actin filament. 

Similarly, higher cooking loss is reported at higher temperatures and a long cooking duration 

in bovine muscles (Dominguez Hernandez et al., 2018; Garcia-Segovia et al., 2007). In a study 

in pork longissimus thoracic muscle, Berhe et al. (2014) observed that the greatest cooking 
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losses occurred between 56 °C and 58 °C. Greater cooking loss can result in a negative eating 

experience. 

2.5.2. Effect of cooking methods 

Cooking methods affect the overall palatability, sensorial acceptance, safety, and quality 

of meat products. Heat is transferred to the meat through conduction, convection, and radiation 

in various conventionally employed cooking techniques. The main difference in all the cooking 

techniques is the varying methods of heat transfer from the heat source to the meat (Devine & 

Dikeman, 2014). The most commonly used cooking methods can be categorised as dry and 

moist. Dry methods use high heat (> 160 ℃) such as roasting and grilling, broiling, stir and 

pan-frying whereas moist methods are braising and cooking in liquid and usually performed at 

a lower temperature (< 90 ℃) than boiling (100 ℃) as boiling cause toughness in the meat 

proteins (AMSA, 2015; Kerth, 2013). The selection of either dry or moist cooking methods is 

usually based on the initial tenderness of the cuts. Tender cuts are usually cooked with dry heat 

whereas, tough cuts require a long cooking duration for softening of collagen content (AMSA, 

2015; Ježek et al., 2020; Obuz et al., 2003). The connective tissue contributes to background 

toughness in raw meat (Koohmaraie & Geesink, 2006), but during prolonged cooking, it can be 

solubilised and therefore, increase meat tenderness (Christensen et al., 2011; Laakkonen et al., 

1970). In a comprehensive study, Rhee et al. (2004) explained the variations in tenderness in 

major beef muscles. Based on collagen content, they demonstrated that psoas major, gluteus 

medius, and longissimus thoracic et lumborum have a low amount of collagen fibres and are 

classified as tender muscles. Muscles with higher concentrations of collagen (supraspinatus, 

bicep femoris, semimembranosus, and semitendinosus) had a low tenderness rating, and are 

usually suitable for moist heat cooking. 

A number of papers have reported the effect of different cooking methods on the 

tenderness and juiciness of meat (Dominguez Hernandez et al., 2018; Fabre et al., 2018; O'Neill 

et al., 2019; Pathare & Roskilly, 2016; Uttaro et al., 2019; Warner et al., 2017). Fabre et al. 

(2018) reported the highest cooking loss in the hot-air oven (35-40 %) compared to grill (25-

28 %) and water bath cooking (16-25 %) in M. longissimus thoracis, M. semitendinosus, M. 

semimembranosus and M. biceps femoris cooked at an internal temperature of 71 ℃. Another 

study by Brugiapaglia and Destefanis (2012) showed a similar cooking loss in beef 

semitendinosus at an internal temperature of 70 ℃ in grilling (35.1 %) and roasting (35.4 %). 
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Cooking method parameters, such as cooking time and end-point temperature determine 

the quality of the end product (Brugiapaglia & Destefanis, 2012). In addition to these, James 

and Yang (2012) reported that atmosphere (dryness) and pressure affect the structural changes 

of meat during processing and cooking which impact tenderness. 

2.5.2. Sous vide cooking  

Sous vide is a French term for “under vacuum”, and sous vide cooking is a method of 

cooking food in a heat-stable vacuum bag immersed in a water bath under precisely controlled 

temperature and time, followed by rapid cooling (Garcia-Segovia et al., 2007; Schellekens, 

1996). This technique was originally developed in the 1970s by Chef Georges Pralus in France, 

for optimising cooking temperature to minimise shrinkage in foods (Baldwin, 2012; Trbovich, 

2017). This technique has expanded globally by elite chefs in top-end restaurants. A wide 

variety of users including chefs and catering companies who traditionally use ready-to-eat 

meals have adopted sous vide cooking. Today, sous vide is used worldwide in the catering 

industry and is being used in various restaurants and homes (Cui et al., 2021). Considerable 

scientific research on sous vide cooking has been occurring as highlighted in a review article 

(Baldwin, 2012). Sous vide research interests, of both meat and plants, include quality 

improvement (Fagan & Gormley, 2005; Kosewski et al., 2018), food safety (Stringer et al., 

2018), nutritional quality (Aviles MV, 2020; Creed, 1995), storage time, and shelf life 

(Armstrong & McIlveen, 2000; Hansen et al., 1995; Wang et al., 2004), and texture and sensory 

characteristics (Church & Parsons, 2000; Naveena et al., 2017; Sun et al., 2019).  

In the sous vide cooking technique, meat is usually cooked in its juices at 50-85 °C 

(James & Yang, 2012; Pathare & Roskilly, 2016) or 65-80 °C (Díaz et al., 2008) for a long-

time duration. The sous vide cooking conditions applied for different types of meat by chefs 

are different than traditional cooking methods used by the catering and food industry. For 

instance, chefs recommend sous vide temperature of 58–63 °C for 10–48 h whereas, the catering 

industry used around 75-80 ℃ for beef, lamb, and pork meat (Garcia-Segovia et al., 2007; 

Warner et al., 2017). Sous vide cooking showed promising results in enhancing meat tenderness 

and juiciness in beef muscles (Botinestean et al., 2016). It provides uniform and consistent 

texture (Mortensen et al., 2012), and better sensory and nutritional quality of meat (Aviles MV, 

2020). It significantly enhances the flavour and minimizes moisture loss during cooking 

(Church & Parsons, 2000). Becker et al. (2016) demonstrated that the water holding capacity 

of pork muscles improves as a result of low-temperature cooking conditions. The traditional 
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pressure cooking procedures have adverse effects on meat quality in terms of flavour, water 

holding capacity as well as nutritional loss (Garcia-Segovia et al., 2007). 

The use of vacuum-sealed bags in sous vide cooking allows the efficient and uniform 

heat transfer inside the meat which enhances the shelf life of the meat and ensures the provision 

of healthy meat with lower contamination risk during handling, packing, and storage (Díaz et 

al., 2008). A study reported a reduction in lipid oxidation and microbial population resulting in 

improved quality and shelf life in sous vide cooked chicken sausage (Naveena et al., 2017).  

Many studies (Fagan & Gormley, 2005; Garcia-Segovia et al., 2007; Obuz et al., 2003; 

Obuz et al., 2004) reported the impact of different cooking methods on tenderness in various 

beef muscles. Literature shows improving tenderness in different types of meat through low-

temperature long-time sous vide cooking techniques. Specifically, the enhanced tenderness as 

a result of sous vide cooking was demonstrated by Garcia-Segovia et al. (2007); James and 

Yang (2012); Vaudagna, Sánchez, et al. (2002) in beef meat, Christensen et al. (2013) in bull 

meat and Del Pulgar et al. (2012) and Christensen et al. (2011) in pork. However, the potential 

benefit to old/cull cow’s meat using sous vide has been explored to a limited extent.  

2.5.3. Sensory evaluation 

Sensory assessment is an important aspect of food research and product development. 

It is defined as a scientific way to measure, analyse, and interpret the human response of the 

characteristics of the food as perceived by the human sense of sight, smell, taste, hearing, and 

touch (Miller, 2017). It has been used extensively since ancient times to determine the 

acceptability and quality of the food product (Torrico et al., 2018). Sensory assessment 

techniques are increasingly applied to the assessment of meat and meat products. The sensory 

analysis determines and quantifies the human perception of meat preference that influences the 

acceptability of the meat. Consumers' perception of meat varies widely across different cultures, 

ethnicities, gender, and age groups (Felderhoff et al., 2020). Therefore, understanding the 

sensory preferences of meat facilitates the meat industry to improve specific meat attributes and 

can increase the demand and improve the consumers' eating experience.  

Cooking changes the sensory properties of food. Past research has reported improved 

sensory characteristics of different plant and animal-based foods with sous vide cooking 

(Armstrong & McIlveen, 2000; Church & Parsons, 2000; Gómez et al., 2019; Mortensen et al., 

2012; Naveena et al., 2017). Sous vide cooking has been reported to develop less flavour in the 

meat (Ayub & Ahmad, 2019), perhaps related to the surface of sous vide cooked meat lacking 
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the browning that develops by the Maillard reaction at high temperatures (Ruiz-Carrascal et al., 

2019). Most studies on sous vide beef reported in the literature focused on texture evaluations 

and physical properties (James & Yang, 2012; Uttaro et al., 2019; Vaudagna, Sanchez, et al., 

2002). There are limited studies available on sensory characteristics of beef meat cooked under 

sous vide conditions (Hwang et al., 2020; Mortensen et al., 2012; Sun et al., 2019). Moreover, 

the available studies mainly focussed on the meat from young animals, and no information is 

available on the meat from older cows that have undergone a concentrate feeding treatment for 

a duration before slaughter.   

2.5.4. Shelf life 

Meat is easily spoiled because its rich nutrient matrix with favourable pH and moisture 

conditions serves as an excellent growth medium for a variety of microorganisms (Dave & 

Ghaly, 2011). The degree of spoilage of meat is indicated by the microbial count, and the extent 

of lipid oxidation and enzymatic autolysis (Sun & Holley, 2012). Microorganisms found in 

meat are generally classified as pathogenic and spoilage bacteria. The pathogenic bacteria 

include Salmonella, Streptococcus, Mycobacterium tuberculosis, Brucella, Clostridium, and 

the spoilage microbes are Bacillus and Staphylococcus (Pellissery et al., 2020).  

Cooking meat effectively eliminates microorganisms causing food-borne diseases. 

Cooking temperature and storage conditions greatly affect the microbial development and shelf 

life of the meat. A heating treatment undertaken at 70 °C for 2 min or equivalent, can 

substantially reduce (up to 6 log reduction) the pathogens in meat (Ježek et al., 2020). However, 

the United States Department of Agriculture (USDA) recommends a minimum internal 

temperature of 62.7 °C, followed by 3 minutes rest time, to safely prepare steaks, roast, and 

chops from beef, veal, and lamb (USDA, 2017). 

The shelf life of a meat products refers to a specific time when the product remains safe 

for human consumption while retaining desirable sensory, chemical, and physical attributes 

(Eustace et al., 2014). The extent of microbial growth impacts the shelf life of the meat and its 

products. Sous vide cooking helps to reduce microbial growth and oxidation of meat and hence 

enhancing the shelf life of the product (Wang, 2004). During sous vide, the absence of oxygen 

in vacuum-packed meat and low storage temperatures restricts the growth of major spoilage 

microorganisms i.e., Pseudomonas and Enterobacteriaceae, while facilitating the growth of 

anaerobic psychrotolerant microbes such as LAB, and Brochothrix thermospacta (Doulgeraki 

et al., 2012). The spoilage- or pathogenicity-causing bacteria identified in sous vide cooking 
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include lactic acid bacteria (LAB), Brochothrix thermosphacta, Bacillus sp, Clostridium 

perfringens, and Listeria monocytogenes (Abel et al., 2020; Carlin, 2014; El Kadri et al., 2020). 

The spores produced by anaerobic microbes such as Clostridium are not destroyed at low 

temperature cooking however, the toxins produced by the spores forming bacteria are heat labile 

and can be denatured around 55 °C (Baldwin, 2012). The shelf life of different meat products 

cooked under sous vide has been recognized as 4-7 weeks depending upon the initial bacterial 

count of the meat, cooking temperature, processing, and storage parameters (Díaz et al., 2008; 

Nyati, 2000; Vaudagna et al., 2002). 

The oxidation reaction is anticipated for undesirable changes during the cooking of the 

meat. It is well-established fact that the oxidation of lipids causes off flavour and rancidity in 

meat. TBARS is the measure of lipid oxidation which reflects the rancidity of the meat. Higher 

TBARS is associated with the production of unpleasant rancid flavour, off odour, and 

deterioration in colour. Insausti et al. (2001) reported negative consumer experience at a 

threshold value for TBARS of 5.0 mg MDA/kg in beef steaks due to the presence of a rancid 

odour. Domínguez et al. (2014) observed that the high temperature during different cooking 

techniques (roasting, grilling, microwaving, and frying) significantly increased the lipid 

oxidation in foal meat. Heating usually increases lipid oxidation due to the reaction of oxygen 

and free radicals with unsaturated fatty acids producing off-flavour and off-odour in meat 

(Domínguez et al., 2019; Resconi et al., 2013). The research focus has been on the effect of 

sous vide conditions on reducing thermal oxidation of lipids and proteins due to low-

temperature and absence of oxygen as well as improving microbial quality (Díaz et al., 2008; 

Roldan et al., 2014; Vaudagna, Sanchez, et al., 2002). The scientific knowledge on the storage 

stability and safety of sous vide cooked beef meat for an extended period of refrigerated storage 

is limited.  

2.6. Exogenous enzymes in meat tenderness 

Exogenous enzymes improve meat tenderness by mediating the degradation of muscle 

proteins. Commonly used plant proteases include ficin from fig, bromelain from pineapple, 

papain from papaya, actinidin from kiwifruit, and zingibain from ginger (Bhat et al., 2018). The 

enzyme commission numbers for these enzymes are papain: EC 3.4.22.2; bromelain: EC 

3.4.22.33; ficin: EC 3.4.22.3; actinidin: EC 3.4.22.14; and zingibain: EC 3.4.22.69 (Bekhit et 

al., 2014). The microbial enzymes include collagenase from the bacteria Clostridium 

histolyticum (Allen Foegeding & Larick, 1986), fungal protease which is commercially 

available is Aspergillus oryzae. The thermophile enzyme (E A.1 ), and elastase (EL31410) 
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obtained from Bacillus strain; 4-1.A and caldolysin protease from Thermus strain; collagenase 

from Vibrio (B-30); porcine and pancreatin from animals (Bekhit et al., 2014; Ha et al., 2013). 

Enzymatic interventions to enhance tenderisation have been applied with different 

methods including infusion, marination, or injection with exogenous proteases from plants, 

microbes, and fungi (Arshad et al., 2016). These methods allow proteases to interact with meat 

proteins and increased the contact area for protease activity on muscle. The injection method 

requires a lower dosage of the enzyme, to get the same level of tenderization compared to other 

methods because of more exposure to enzyme-substrate contact (Gagaoua et al., 2021). These 

enzymes have varying levels of activity to hydrolyse myofibrillar and connective tissue proteins 

(Ha et al., 2013; Sun et al., 2016). The varying degree of proteolysis causes inconsistent results 

or sometimes over-tenderises the meat, therefore optimizing the physical conditions and 

duration of their use is very important (Sullivan & Calkins, 2010). The information regarding 

pH, optimal temperature, target proteins for common plant proteases is summarised in Table 1. 
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Table 1. General properties of plant proteases used in meat tenderisation 

Enzyme name pH Optimal 

Temperature 

(℃) 

Target proteins Reference source 

Papain 5-8 65 Myofibrillar proteins 

and connective tissue 

Bekhit et al. 

(2014) 

Bromelain 5-7 50 Collagen proteins 

more than myofibrillar 

proteins 

Gagaoua et al. 

(2021) 

Ficin 5-8 45-55 Both myofibrillar and 

collagen proteins 

Arshad et al. 

(2016) 

Actinidin 5-7 45 Both myofibrillar and 

collagen proteins 

Toohey et al. 

(2011b) 

Zingibain 6-7 60 Higher specificity 

to collagen compared 

with myofibrillar 

proteins 

Ha et al. (2012) 

 

The tenderising effect of some common plant proteases (papain, bromelain, and ficin) 

have been extensively investigated (Ashie et al., 2002; Barekat & Soltanizadeh, 2017; Bekhit 

et al., 2017; Ha et al., 2012; Istrati, 2012; Payne, 2009) however, actinidine and zingibain were 

the focus of research a few decades ago due to their mild tenderising effects (Christensen et al., 

2009; Han et al., 2009; Lees et al., 2019; Moon, 2018; Naveena et al., 2004; Toohey et al., 

2011a; Zhang et al., 2017). 

2.6.1. Ginger and zingibain 

Ginger belongs to the family Zingiberaceae and genus Zingiber. Ginger is a perennial 

herb and one of the most vital and popular spices worldwide. It grows in tropical and sub-

tropical regions. China and India lead the world in fresh ginger production with a global share 

of over 50%, followed by Indonesia, Nepal, and Nigeria (Sasidharan & Menon, 2010). Ginger 

is often an important ingredient in various products both in the semi-processed and processed 

sector for manufacturing and retail market respectively. Chinese food often used fresh ginger 

in different textures (sliced or minced, crushed, and juice) depending upon recipes. Ginger is 

less popular in Japanese and Filipino cuisine while ginger powder is used in bakery products 
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seasoning in sausages and mince meat and curries in U.S (Merory, 1960). The special aroma in 

ginger is due to the oil present in it and the hot taste due to the resin found in the oil. The 

functional significance of ginger is primarily its refreshing pleasant aroma and carminative 

properties. Volatile essential oils and hydrophilic pungent compounds contribute to the specific 

organoleptic properties of ginger. Sesquiterpene hydrocarbon (-) -α -zingiberene constitutes 

about 20-30 % oil obtained from dry ginger. The primary flavouring constituents of the oil 

include cineol, borneol, geraniol, linalool, and farnasene (Raj, 2005). 

2.6.2. Zingibain characteristics 

Ginger protease is a cysteine protease, belonging to peptidase family C1 (papain family) 

which is characterised by a cysteine residue at the active center of the enzyme (Ha et al., 2012). 

This family includes enzymes such as papain from papaya (Carica papaya), bromelain from 

pineapple (Ananas comosus), ficin from figs (Ficus carica), and actinidin from kiwi fruit 

(Actinidia chinensis). The thiol group of cysteine is the nucleophilic group for attacking and 

hydrolysing a peptide bond. Ginger rhizomes were investigated as a new source of plant 

proteolytic enzyme called zingibain by Thompson et al. (1973). Choi and Laursen (2000) 

reported that ginger proteases were similar to the papain family of cysteine proteases and 

contained two isoforms, GP-I and GP- II, which were 83% similar in amino acid sequence. The 

crude extract of ginger has been reported to contain two cysteine proteases (Choi et al., 1999; 

Su et al., 2009) with a molecular mass of 29 and 31 kDa (Ohtsuki, 1995). Choi and Laursen 

(2000) determined the three-dimensional structure of zingibain. The half-life of the enzyme can 

be increased from 2.3 min at 60 ℃ to 24 min by the inclusion of 0.2 % sodium ascorbate 

(Adulyatham & Owusu Apenten, 2005). The proteolytic activity of ginger protease decreased 

by 75 % at the heating temperature of 70 ℃ (Thompson et al., 1973).  

Previous research on zingibain was based on crude ginger extract and there is a gap in 

knowledge with the use of ginger powder containing zingibain in meat. Zingibain has the 

potential to tenderise meat (Cruz et al., 2020; Moon, 2018; Naveena & Mendiratta, 2004) and 

the proteolytic activity of zingibain appeared on collagen to be multifold compared to 

myofibrillar proteins (Ha et al., 2012). Zingibain is capable of hydrolysing native collagen, 

showing a preference for the peptide bonds where Pro is in the P2 position (Kim et al., 2007). 

In addition to improving tenderness, zingibain enhances meat flavour and sensory acceptance 

(Naveena et al., 2004; Raj, 2005), however in some previous studies respondents did not like 

the flavour of ginger in meat and which could be a potential barrier to its use in the meat industry 

(Ha et al., 2012; Sullivan & Calkins, 2010). The use of zingibain in the food industry is limited 
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due to variation in amount and activity of zingibain in the fresh ginger extract as well as its low 

stability, whereas preparing ginger powder can enhance stability and reduce the variability of 

the product to be used (Adulyatham & Owusu Apenten, 2005; Bhaskar et al., 2006). Different 

plant proteases have been used in sous vide cooking to enhance meat tenderness and reduce the 

duration of sous vide cooking, such as papain (Botinestean et al., 2021) and actinidin (Chang 

& Han, 2020; Hofer et al.; Zhu et al., 2018). However, there is no report available on the 

combined use of zingibain with sous vide cooking and its role in reducing cooking time.   

2.7. Conclusion and research possibilities  

Sous vide cooking has been widely used for improving the texture and sensory 

characteristics of meat. Determining the optimum cooking temperature-time combination under 

sous vide conditions to enhance tenderness and water holding capacity of low-quality muscles 

from young and older animals is critically important. There is only a limited body of knowledge 

on investigating the combined effect of ageing and sous vide cooking on tenderness and water 

holding capacity of the low-quality beef meat. Ginger protease (zingibain) can potentially 

improve tenderness in the meat. There is no information available on the injection treatment of 

ginger powder solution containing zingibain, and how it might be applied to sous vide cooking. 

In addition, the use of concentrate feeding treatment before the slaughter of cull cows has been 

reported to improve animals’ growth and meat quality characteristics. Few studies have applied 

any post-harvest treatment to the meat from these animals. It may be possible to combine the 

use of sous vide cooking with zingibain proteases from ginger powder to accelerate the 

tenderisation process of beef. Sensory assessment is an integral part of meat science research 

to see consumers' perception and acceptance of meat products. Previous studies on zingibain 

were based on crude ginger extract, there is a dearth of knowledge on sensory characteristics of 

meat treated with ginger powder solution and followed by sous vide cooking. This review has 

highlighted the gap in knowledge related to the protocols of temperature and time combinations 

of sous vide cooking, post-harvest treatment of beef from cull cows, and the effect that zingibain 

may have on consumer acceptance and shelf life of beef.   
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Chapter 3  

Effect of sous vide cooking and ageing on tenderness and water-holding 

capacity of low-value beef muscles from young and older animals 

 

This chapter addresses the research question on how the tenderness, and water holding 

capacity of low-quality muscles changes with ageing process and additionally assessing the 

combined effect of ageing and low-temperature long-time sous vide cooking method on 

tenderness and water holding capacity of biceps femoris and semitendinosus muscles from 

young and old animals. This chapter also describes the suitable time-temperature combinations 

to tenderise low quality meat by enhancing solubilisation of the collagen. Outcomes of this 

research were published as a research article in the journal Meat Science.  
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Abstract 

This study investigated the effect of the age of the animal, sous vide cooking and ageing 

on tenderness and water-holding capacity of bovine biceps femoris (BF) and semitendinosus 

(ST). Samples of each muscle from young (< 18 months) and older (30-42 months) animals, at 

0 and 13 days ageing, were cooked at 55 °C, 65 °C, and 75 °C for 1 h, 8 h and 18 h and tested 

for Warner-Bratzler shear force (WBSF), cooking loss, total water content and collagen 

solubility. WBSF reduced with ageing (P < 0.05) and sous vide cooking (P < 0.001) in both 

muscles. Our results demonstrated that meat from older animals required a higher temperature 

(75 °C) and prolonged cooking (18 h) to achieve equal tenderness in both BF and ST relative 

to young animals. Cooking time, temperature and their interaction altered cooking loss (P < 

0.001) for both muscles. The higher cooking temperature increased collagen solubility (P < 

0.001) in both muscles and solubilisation of collagen may have contributed to improved 

tenderness of BF and ST in sous vide cooking.  

Keywords: Beef, Sous vide, Ageing, Tough meat, Shear force  
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3.1. Introduction 

Meat tenderness is widely considered as one of the most important palatability attributes 

for eating quality and consumer preference. Research on consumer demand for red meat has 

traditionally been focused on tenderness, as it is a major determinant of consumer satisfaction 

and the likelihood of purchase. Inconsistent supply of tender meat not only has a negative effect 

on consumer demand and acceptance but also impacts on the meat enterprise. In developed 

countries including Australia and the USA, consumers are increasingly demanding meat 

products with superior eating quality ,and are willing to pay higher prices for tender meat 

(Channon et al., 2011; Lyford et al., 2010).  

Tenderness is a multifactorial sensory trait, determined by the complex interaction of 

ante-mortem and post-mortem factors. These factors range from practices used throughout the 

animal production chain, i.e., genetics, animal husbandry, feeding resources, lairage, transport, 

stunning and exsanguination through to the methods of meat storage and cooking procedures 

for the final product (Warner et al., 2011; Warner et al., 2010). Tenderness varies between 

different breeds (Warner et al., 2010), and also among the muscles from the same carcase 

depending upon anatomical location and functionality of the muscle (Rhee et al., 2004). More 

importantly, it depends upon the age of the animal largely impacting the amount and chemical 

composition of connective tissue in the muscle (Harper, 1999). The structural integrity of 

muscle and physiological mechanism underlying meat tenderness has been investigated 

extensively (Hopkins & Thompson, 2001; Hughes et al., 2014; Lonergan et al., 2010). Post-

mortem proteolysis attained by endogenous enzymatic action, during ‘ageing’ of meat is used 

widely in the meat industry to improve meat tenderness. However, the higher costs of storage 

(chilling) substantially increase the processing cost for meat ageing (Marino et al., 2013).  

New technological developments have led to the emergence of innovative thermal and 

non-thermal processing methods for improving meat tenderness (Warner et al., 2017). Heat 

applied to the muscle during cooking is well-known to affect the texture and water-holding 

capacity of meat which in turn affects its tenderness and sensory acceptability (Christensen et 

al., 2012; Obuz et al., 2004). Heat causes denaturation of myofibrillar proteins and initially 

denaturation, then solubilisation of connective tissue (Tornberg, 2005).  

Recently, low-temperature long-time (LTLT) cooking techniques has been used to 

achieve improvements in meat tenderness (Dominguez Hernandez et al., 2018). Sous vide, a 

LTLT method where the meat is first sealed in a vacuum bag, is an emerging cooking technique 
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widely utilised in the commercial foodservice industry and has grown in popularity in domestic 

cooking. It involves cooking of raw meat in vacuum-sealed heat-stable bags at low-

temperatures ranging from 50°C to 85°C (James & Yang, 2012) for prolonged times of up to 

48 h (Zielbauer et al., 2016), followed by rapid cooling. The use of vacuum-sealed bags allows 

efficient and uniform transfer of heat inside the meat and also ensures the provision of a safe 

product by eliminating the risks of microbial contamination during slicing storage and handling 

post-cooking (Díaz et al., 2008). This cooking technique offers improved sensory 

characteristics of meat (Ruiz et al., 2013), provides uniform and consistent texture (Mortensen 

et al., 2012) and ensures the preservation of nutritional quality of food by promoting higher 

retention rates of water as well as various vitamins and minerals, compared to other cooking 

methods (Creed, 1995; Rinaldi et al., 2014). 

Sous vide cooking has considerable effects on meat tenderness and juiciness in different 

animal species, including beef (Botinestean et al., 2016; James & Yang, 2012), lamb (Roldán 

et al., 2013) and pork (Christensen et al., 2011; Del Pulgar et al., 2012). The dynamics of protein 

structure and the underlying mechanisms associated with the changes in meat quality after sous 

vide cooking have been investigated (Baldwin, 2012; Dominguez-Hernandez et al., 2018; 

Suriaatmaja & Lanier, 2014). The tenderisation achieved through sous vide cooking is mainly 

attributed to the reduced denaturation of proteins at the typically lower temperatures used, 

weakening of connective tissue through collagen solubilisation, and retention of water 

(Christensen et al., 2013). Currently, there is a lack of research on the combined effects of age 

of the animal, ageing of the meat, and sous vide cooking on tenderness and juiciness in low-

value beef muscles sourced from animals of various ages. However, broadening the 

understanding of underlying mechanisms associated with sous vide cooking will offer a 

potential advantage to increase marketing of low-value beef meat primarily from aged animals. 

Therefore, this study was designed to investigate the effects of different time × temperature 

combinations of sous vide cooking and ageing on tenderness and juiciness in low-value beef 

muscles BF and ST, acquired from young and older cattle, with a focus on its potential benefits 

for improving meat quality from older animals.  

3.2. Materials and methods 

Twenty four outsides, product identification number, HAM 2030 (Anon, 1998) were 

acquired from 12 beef carcases from commercial beef processing plants in Melbourne. An equal 

number of outsides were obtained from both left and right sides of young (less than 18 months) 

and older (30-42 months) carcases at 2 days post-mortem. The average carcass weight was 203 
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 29.4 kg (mean  SD). The outsides were trimmed of surface fat and boned to obtain the eye 

round (HAM 2040; semitendinosus, ST), and the outside flat (HAM 2050; biceps femoris, BF) 

by removing the gastrocnemius. Half of each muscle was randomly selected for 0 days ageing 

treatment and the other half was vacuum-packed using Multivac C100 vacuum packer 

(Multivac Sepp Haggenmüller SE & Co. KG, Wolfertschwenden, Germany) and stored at 2-4 

°C for 13 days ageing. The study comprised a full factorial design with three heating 

temperatures (55 °C, 65 °C, and 75 °C), three cooking times (1 h, 8 h and 18 h), two age group 

of animals (young and older), two ageing durations (0 days, 13 days) as well as two muscles 

(ST, BF). The ultimate pH of meat was measured at 2 days post-mortem in all muscles with a 

pH meter (WP 80, TPS Pty Ltd, Brisbane, Victoria Australia) with an electrode (IJ 44) and 

temperature compensation probe attachments (Ionode Pty Ltd., Brisbane, Victoria Australia), 

to ensure all muscles used had a normal pH of 5.4-5.6. All analyses described below were 

performed for both 0 and 13 days aged meat.  

3.2.1. Sample preparation and heat treatment 

5 g of raw meat for myofibrillar fragmentation index (MFI) and 25 g for total collagen 

content was removed from one end of the muscle and frozen at -80 ℃ until further analysis. 

Each muscle was cut into nine steaks weighing approximately 168 ± 20 g (mean ± SD). Each 

steak was randomly assigned to one of the heating temperature and time treatment 

combinations. The sample steaks were labelled, weighed and then vacuum-packed using a 

vacuum-packing machine (Multivac-C100). The internal temperature of one sample per heating 

temperature was measured with a needle like probe (Grant Instruments, Cambridge, United 

Kingdom). A piece of cell foam (Adhesive sealing tape, fusionChef TM by Julabo, 77960 

Seelbach, Germany) was placed on the vacuum-sealed bags to allow insertion of the 

thermometer probe in the centre of meat sample, enabling the vacuum seal to remain intact. All 

vacuum-packed samples were then immersed in separate temperature-equilibrated circulating 

water bath (F38-ME, Julabo, 77960 Seelbach, Germany) for each temperature, using metal 

racks. All the samples were cooked according to their assigned treatment. The heating time of 

1, 8 or 18 h was applied once the core temperature (Tc) of the steak reached the water bath 

temperature of 55 °C, 65 °C or 75 °C.  

3.2.2. Cooking loss 

After heating, the bags were taken out of the water bath and immediately immersed in 

an ice bath for 15 minutes to cool the samples. Bags were then opened, and the meat samples 
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were weighed (Ohaus Scout SPX 1202 NG, USA) to calculate the percentage of cooking loss 

following the method described by Domínguez et al. (2014). 10 ml of the cooking loss fluid 

was frozen at -80 ℃ for measuring soluble collagen content. Each meat sample was sub-

sampled for total water content, Warner-Bratzler shear force, and texture profile analysis.  

3.2.3. Total water content  

Total water content (TWC) of raw and cooked meat samples were measured using the 

method described by Oillic et al. (2011). Three to five grams of fresh (not frozen) meat samples 

(raw and cooked) were minced, then weighed in aluminium foil trays. These trays were placed 

in a preheated hot air oven (Convotherm IPX5, Mulgrave, VIC, Australia) at 104 °C for 48 h. 

The meat samples were cooled by placing them in a desiccator. The meat sample along with 

trays was weighed again to determine the weight difference.  

TWC =
Sample weight before drying − weight after drying

Weight before drying
 100 

3.2.4. Warner-Bratzler shear force 

Warner-Bratzler peak shear force (WBSF) was measured using a Warner-Bratzler shear 

force blade (V-shaped) attached to a Lloyd machine (AMETEK LS5 texture analyser, Lloyd 

Instruments Ltd, Largo, FL, USA) as described by Peng et al. (2019). Briefly, each cooked 

sample was sub-divided into four equal blocks of approximately 1.0 cm × 1.0 cm × 5.0 cm size 

ensuring the orientation of muscle fibres was parallel to the long edge of the block and 

perpendicular to the blade. The software “Nexygen Plus” was used to calculate the WBSF. The 

crosshead speed was 300 mm/min and the load cell used was 5 kN. The mean of the peak shear 

force from four replicates from each experimental unit was used as an estimate of tenderness. 

3.2.5. Texture profile analysis (TPA) 

Texture profile analysis (TPA) was conducted to determine the contribution of 

connective tissue towards the tenderness of the cooked meat. TPA includes hardness, 

cohesiveness and chewiness of meat. The TPA parameters of cooked meat samples were 

calculated as described by Channon et al. (2014). Briefly, the cooked samples were cut into 

three cubes of approximately 1 cm3 each. A 0.63 cm diameter flat-ended probe was attached to 

a texture analyser (Lloyd-Model AMETEK LS5, Lloyd Instruments Ltd, Largo, FL, USA) and 

the sample was oriented to ensure fibres were perpendicular to the direction of the probe. The 

TPA parameters were calculated using Nexygen v.3.3. 2013. The force required and work done 
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to drive a flat-ended probe to compress the sample to 80 % of its height was recorded. The 

instrument was set with a crosshead speed of 50 mm/min and wait time of 2 seconds in a double-

bite compression test. Hardness (N) is the maximum force required to compress the sample, 

while cohesiveness is the extent to which the sample can be deformed. It was determined by 

dividing the work required for the second penetration by the work required to initially penetrate 

the meat sample with the probe. The chewiness was calculated as the product of the force 

required to achieve initial penetration (hardness) and cohesiveness. 

3.2.6. Myofibrillar fragmentation index 

The myofibrillar fragmentation index (MFI) was measured by the turbidity method on 

raw BF and ST muscles that were aged for either 0 or 13-days. The method was originally 

described by Culler et al. (1978) and modified by Bhat et al. (2018). Bhat et al. (2018) used the 

bicinchoninic acid (BCA) (Pierce Chemical Company, Illinios, USA) assay to quantify the 

protein whereas we used Bradford reagent (Thermo Scientific™ 23200, Australia) for protein 

quantification. Briefly, duplicate 0.5 g frozen samples were sliced along the fibre direction 

avoiding any connective tissue or visible fat. Muscle samples were homogenized twice (2 × 30 

s) using a homogenizer (Ultra-Turrax T-25, IKA, Germany) at 19,000 rpm in 50 ml Falcon 

tubes containing 30 ml of ice-cold buffer and held on ice between homogenisations. The buffer 

[0.1 M KCl, 1 mM EDTA (di-sodium) and 25 mM potassium phosphate (7 mM KH2PO4 and 

18 mM K2HPO4)] was adjusted to a pH of 7 using K2HPO4 (base) or KH2PO4 (acid) at a 

temperature of 5 °C. After homogenisation, the myofibril suspensions were filtered using mesh 

strainers with 1mm2 holes and the filtrates were centrifuged at 4 °C at 1000 g for 10 min and 

the supernatant decanted. The pellets of myofibrils were re-suspended in 10 ml of buffer, 

vortexed and centrifuged again. This process was repeated twice, and the pellet finally re-

suspended in 10 ml of cold buffer. The protein concentration of the suspensions was determined 

in triplicate using a Bradford Protein Assay kit (Thermo Scientific™ 23200, Australia). Bovine 

serum albumin (BSA) stock solution with the concentration of 2 mg/ml was used as a standard. 

The absorbance was measured at 595 nm with a plate reader (FLUO star Omega-415-0056 

(BMG Labtech, Offenburg, Germany). The standard curve was used to determine the protein 

concentration of each sample. Each sample suspension was vortexed, and aliquots of the 

suspensions were diluted to make a final volume of 2 ml in a cuvette to a final protein 

concentration of 0.5 mg/ml in triplicate. The absorbance was measured immediately at 540 nm 

using a spectrophotometer. The mean of the triplicate absorbance readings was multiplied by 

150 to give index values for myofibrillar fragmentation. 
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3.2.7. Collagen content 

 The total collagen content of raw BF and ST was determined using a colorimetric 

method described by Starkey et al. (2015). Meat samples (25 g) were freeze-dried by using a 

freeze dryer (Christ, Alpha 2-4 LSC basic, John Morris, Germany) and converted into a fine 

powder. Duplicate samples of 100 mg of meat powder were hydrolysed in 3.5 M H2SO4 at 105 

℃ for 16 h. The hydrolysate was transferred to 50 ml tubes, and the total volume was made up 

to 50 ml with distilled water. Filtration was conducted through glass wool using 10 ml tips. One 

ml of filtrate was diluted with 3.75 ml water, and 0.25 ml of 2M NaOH, then 0.5 ml of solution 

was used to determine hydroxyproline concentration. Standards were prepared using 0, 0.6, 1.2, 

1.8 and 2.4 μg hydroxyproline per ml, using distilled water as a diluent, and absorbance was 

measured at 558 nm using an FLUO star Omega-415-0056 spectrophotometer. Total collagen 

content was calculated as: 

Total Collagen = Hydroxyproline × (7.25/1000) / (Weight of meat powder/250) 

Total collagen was expressed as mg/g of freeze-dried meat 

3.2.8. Heat soluble collagen 

 The method for soluble collagen originally described by Kolar (1989) and modified by 

Christensen et al. (2011) was used with minor modifications to measure the amount of heat-

soluble collagen in the cooking loss obtained through heating BF and ST at 55 ℃, 65 ℃, 75 ℃ 

for 1, 8 and 18 h. Duplicate samples of 1 ml of cooking loss fluid were hydrolysed with 1 ml of 

6 M HCl at 115 ℃ for 20 h. The hydrolysate was diluted to 10 ml with water. One mL of the 

diluted solution was used to measure hydroxyproline. 0.5 ml of oxidant solution (50 mM of 

chloramine-T hydrate, 156 mM citric acid, 375 mM NaOH, 661 mM sodium acetate trihydrate, 

29 % v/v 1-propanol, pH 6) was mixed with 1 ml of diluted solution and left for 20 min at room 

temperature. This was followed by adding 0.5 ml of freshly prepared colour reagent (246 mM 

of 4-dimethylaminobenzaldehyde, 35 % v/v perchloric acid and 65 % v/v 2-propanol) and 

incubation at 60 ℃ for 15 min in a water bath. Samples were cooled in running water and 

absorbance was measured at 560 nm. The calculations for soluble collagen were performed as 

described by Christensen et al. (2013). The results were expressed as mg soluble collagen/g 

meat.  
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3.2.9. Statistical analysis 

The effects of ageing, age of animal, temperature, and cooking time on WBSF, cooking 

loss, total water content, hardness, cohesiveness and chewiness were analysed using Linear 

mixed models in Genstat 18th edition. The fixed effects for all models were the age of the 

animal, ageing, cooking time and cooking temperature, and the random effects were carcase 

number and half-carcase (as specified by the ageing treatment). Both muscles were analysed 

separately. Models were fitted with main effects and up to three-way interactions, but non-

significant interactions were removed from the models. Due to non-homogeneity of variance, 

data were transformed using log-transformation for WBSF, chewiness and cohesiveness. 

Models for WBSF (N), hardness (N), chewiness, cohesiveness and cooking loss (%) were fitted 

using three-way interactions while total water content was fitted using two-way interactions. 

Pairwise comparison of means was conducted using a protected Fisher LSD approach, on the 

transformed scale where appropriate. However, in these cases, model-based means were back-

transformed for presenting in tables. The data for MFI, total and soluble collagen contents were 

analysed using a linear mixed model fitted by REML in “R” (R version 3.5.2, with packages 

“nlme” and “emmeans”, R Core Team, 2018) with similar structure to that used in REML using 

Genstat.  

3.3. Results 

3.3.1. Warner-Bratzler shear force 

Three-way interactions were observed between cooking temperature, cooking time and 

age of animal for WBSF in the ST muscle (P < 0.001) with a trend for an interaction in the BF 

muscle (P = 0.071). The mean WBSF values for all combinations of these three factors are 

listed in Table 1, for both muscles. In BF for young animals, WBSF tended to increase with 

increased temperature, whereas for older animals, it generally decreased. In contrast, WBSF for 

ST remained mostly constant with increased temperature for young animals, whereas for older 

animals, it generally decreased, similar to the BF. With increasing cooking temperature, there 

was a smaller difference in WBSF values between young and older animals. Similarly, with 

increased cooking time, the difference in the mean WBSF between young and older animals 

tended to decrease.  

Three-way interactions were observed between ageing of meat, temperature and 

cooking time for both muscle types (BF: P = 0.027; ST: P < 0.001). WBSF values were lower 



45 

 

in meat undergoing ageing for 13 days compared to 0 days in both muscles (Table 2). However, 

these ageing effects tended to be larger and statistically significant in ST compared to BF.  
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Table 1. Effect of age of the animal (young, older), cooking temperature (55 ℃, 65 ℃ or 75 °C) and cooking time (1 h, 8 h or 18 h) on the 

Warner-Bratzler shear force (WBSF, N) of bovine biceps femoris and semitendinosus. Data are presented as least squares means. Superscripts 

(letters a-m) refer to the significant differences (P < 0.05) in mean WBSF values within each block of two rows of young and older animal. The 

separation of means was done using Fisher’s least significant differences (LSDs) on the transformed scale, prior to back transformation. 

Temperature 
 

55 °C 
 

65 °C 
 

75 ° C 

Time 
 

1 h 8 h 18 h 
 

1 h 8 h 18 h  1 h 8 h 18 h 

Biceps femoris 

Young 
 

30.6efghj 27.7bdef 22.9ac 
 

38.9ilm 32.3ghjk 31.1efghi 
 

38.9ilm 33.3 ghjk 24.3abcd 

Older 
 

52.8m
 50.3m

 33.1 fhi
 

 

51.9m
 43.3kl

 30.4cdefghi
 

 

41.3 jkl 27.7 cdeg
 21.5ab 

Semitendinosus 

Young 
 

42.2ki 34.4gij 23.6ab 
 

39.7hki 32.8dgi 29.1cef 
 

40.2hki 28.7 ce 24.3ab 

Older 
 

64.7m 38.0ik 36.0 fghik 
 

42.6 ji 32.4efgh 25.7bc 
 

46.1i 26.7bcd 22.1a 
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Table 2. Effect of ageing (0 days, 13 days), cooking temperature (55 ℃, 65 ℃ or 75 °C) and cooking time (1 h, 8 h or 18 h) on the Warner-

Bratzler shear force (WBSF, N) of bovine biceps femoris and semitendinosus muscles. Data are presented as least squares means. Superscripts 

(letters a-m) refer to significant differences (P < 0.05) in mean WBSF values within each block of two rows within 0 days and 13 days ageing. 

The separation of means was done using Fisher’s least significant differences (LSDs) on the transformed scale, prior to back-transformation. 

Temperature 
 

55 °C 
 

65 °C 
 

75 °C 

Time 
 

1 h 8 h 18 h 
 

1 h 8 h 18 h  1 h 8 h 18 h 

Biceps femoris 

0 days  
 

42.9 ef 38.9 ef 28.1 b 
 

51.6 g 38.5 ef 32.2bcd 
 

43.7 f 32.7 cd 28.3bc 

13 days  
 

37.7 def 35.8de 27.0 bc 
 

39.1def
 36.3def 29.4bc 

 
36.8def

 28.3bc 18.5a
 

Semitendinosus 

0 days  
 

55.9m 40.0 ij 31.1 eg 
 

45.7 kl 34.0 gh 30.9 defg 
 

44.8 kl 33.5 gh 27.9 cdf 

13 days  
 

48.8 lm 32.7 g 27.3 de 
 

37.0 hi 31.2 fg 24.1bc 
 

41.3jk 22.8b  19.3a 
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3.3.2. Cooking loss  

There were interactions between cooking time and cooking temperature on cooking loss 

for both muscles (both P < 0.001). Cooking loss tended to be higher in the meat of young 

animals compared to meat from older animals for both BF and ST. Moreover, cooking loss 

increased with both longer cooking time as well as higher temperature (Table 3). An increase 

in cooking loss was observed with increasing cooking time from 1 h to 8 h whereas, the cook 

loss did not change between 8 h and 18 h at a higher temperature (75 ℃).  

3.3.3. Total water content  

The overall mean total water content (TWC) in BF was 72.61 ± 0.83 % (mean ± SE) in 

raw meat, which was reduced to 63.30 ± 0.29 % across all cooked meat samples. Similar values 

were recorded for ST: 72.24 ± 0.73 % in raw meat and 64.40 ± 0.28 % in cooked meat samples. 

Interactions between cooking time x age of the animals (P = 0.000; Table 4), ageing x age of 

the animals (P = 0.001; Table 5), cooking temperature x ageing (P = 0.001), and cooking time 

x ageing (P = 0.000) were found for BF. In ST, cooking time (P = 0.000) impacted on TWC 

and interactions were found between ageing and age of animal (P = 0.001; Table 5) and cooking 

temperature x age of the animals (P =0.001; Table 6).
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Table 3. Effect of age of the animal (young, older), cooking temperature (55 ℃, 65 ℃ or 75 °C) and cooking time (1 h, 8 h or 18 h) on cooking 

loss (CL, %) in bovine biceps femoris and semitendinosus. Data are presented as least squares means. Superscripts (letters a-h) refer to 

significant differences (P < 0.05) in mean CL within each block of two rows within young and older animals. The separation of means was 

done using Fisher’s least significant differences (LSDs). 

Temperature  55 °C  65 ℃  75 ℃ 

Time  1 h 8 h 18 h  1 h 8 h 18 h  1 h 8 h 18 h 

Biceps femoris 

Young  16.28b 24.35c 27.36d  27.85d 33.64ef 37.40g  36.61g 41.00h 41.33h 

Older   12.70a 19.10b 22.90c  25.20cd 31.40e 35.30fg  34.70fg 40.80h 41.40h 

Semitendinosus 

Young  17.85a 24.78bc 27.75d  27.36d 34.21ef 35.81ef  36.28f 38.50gh 40.16h 

Older   16.00a 22.60b 24.40bcd  25.20cd 32.30e 35.50fg  35.30fg 39.70h 40.10h 
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Table 4. Effect of age of the animals (young, older) and cooking time (1 h, 8 h, 18 h) 

on total water contents (TWC, %) of bovine biceps femoris. Data are presented as least 

squares means. Superscripts (a-c) refer to significant differences (P < 0.05) in mean 

TWC. The separation of means was done using Fisher’s least significant differences 

(LSDs). 

Time            1 h          8 h       18 h 

Young  66.92a 63.80b 62.16c 

Older   66.43a 61.73c 59.02d 

 

Table 5. Effect of ageing (0 days, 13 days) and age of the animal (young, older) on total 

water content (TWC, %) in biceps femoris (BF) and semitendinosus (ST). Data are presented 

as least squares means. Superscripts (letters a-c) refer to significant differences (P < 0.05) in 

mean TWC within each block of two rows within muscles (BF, ST). The separation of means 

was done using Fisher’s least significant differences (LSDs). 

Muscle Ageing Young Older 

Biceps femoris   

 

0 days 64.71c 61.99b 

13 days 63.88a 62.80ab 

Semitendinosus   

 

0 days 65.56b 63.52a 

13 days 64.39a 64.02a 

 

Table 6. Effect of age of the animal (young, older) and cooking temperature (55 ℃, 65 ℃, 

75 ℃) on total water contents (TWC, %) of semitendinosus. Data are presented as least 

squares means. Superscripts (a-d) refer to significant differences (P < 0.05) in mean TWC. 

The separation of means was done using Fisher’s least significant differences (LSDs). 

Temperature  55 ℃ 65 ℃ 75 ℃ 

Young  67.16a 65.08b 62.68c 

Older  67.10a 63.86bc 60.35d 
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3.3.4. Texture profile analysis  

Muscle hardness was significantly impacted by cooking temperature, time, ageing and 

age of the animal and three-way interactions (all P < 0.001) were observed for both BF and ST. 

In both muscles, hardness was greater in older animals compared to the younger animals, and 

increased with increasing temperature. However, a significant reduction in hardness was 

observed by increasing cooking time from 1 h to 18 h. There was a marked reduction in hardness 

at 75 °C with 18 h cooking in both BF (Table 7) and ST (Table 8). A similar pattern was found 

in the case of chewiness and cohesiveness in both muscles.  

The three-way interaction for chewiness in BF for age, cooking temperature and time 

was only a trend (P = 0.083), while the interactions of age × cooking temperature × time, ageing 

× temperature × time and ageing × age × cooking time for chewiness in ST were significant (all 

P < 0.005). Cohesiveness was impacted by ageing, age of the animal and interaction with 

cooking time (P < 0.05) in both BF and ST while the three-way interactions for ageing, cooking 

temperature and time were significant (P = 0.054) in ST (Table 8).
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Table 7. Effect of age of the animal (young, older), cooking temperature (55 °C, 65 °C, 75 °C) and cooking time (1 h, 8 h, 18 h) on hardness (N), 

chewiness and cohesiveness of biceps femoris. Data are presented as least squares means. Superscripts (letters a-m) refer to significant differences 

(P < 0. 05) within each block of two rows within young and older animals. The separation of means was done using Fisher least significant 

difference (LSDs). 

Temperature     55 °C       65 °C       75 °C 

Time  1 h 8 h 18 h  1 h 8 h 18 h  1 h 8 h 18 h 

Hardness             

Young  31.16cd 28.50c 25.20b  42.18ghij 38.82eghi 32.69d  48.57k 33.18df 17.00a 

Old   39.92fh 35.55deg 32.66cde  49.45jk 46.29ijk 35.80deg  47.89jk 32.75cde 17.98a 

Chewiness            

Young  9.17egij 6.23cd 4.88b  11.42hklm 8.93egi 6.49cd  11.70klm 7.13cdf 2.40a 

Old   13.65lm 9.24fghik 8.43dfgh  15.00m 11.12ijkl 6.67bce  12.65jlm 6.80ce 3.26a 

Cohesiveness            

Young  0.29ijk 0.22bcdefg 0.19b  0.27hij 0.23cdefgh 0.20bcd  0.24efgh 0.21bcdef 0.14a 

Old   0.34k 0.26fghij 0.26fghi   0.30jk 0.24defghi 0.19bc   0.26ghij 0.21bcde 0.18b 
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Table 8. Effect of age of the animal (young, older), cooking temperature (55 °C, 65 °C, 75 °C) and cooking time (1 h, 8 h, 18 h) on hardness (N), 

chewiness and cohesiveness of semitendinosus. Data are presented as least squares means. Superscripts (letters a-m) refer to significant differences 

(P < 0. 05) within each block of two rows within young and older animals. The separation of means was done using Fisher’s least significant 

differences (LSDs). 

Temperature   55 °C   65 °C   75 °C 

Time  1 h 8 h 18 h  1 h 8 h 18 h  1 h 8 h 18 h 

Hardness             

Young  33.35cdefg 31.60cdef 23.88b  44.97ij 34.67efg 30.51cd  48.09ij 30.63cd 21.24a 

Older   43.99i 38.17gh 35.62dfg  44.75i 41.55hi 35.48dfg  51.99j 32.07ce 22.69ab 

Chewiness            

Young  9.39fgh 8.22efg 4.83b  11.88ij 8.51efg 6.17cd  12.87ijk 6.48cd 4.05a 

Older   17.78l 10.33gi 7.71df  16.26kl 12.35hj 6.49ce  17.18kl 7.46cdef 4.38ab 

Cohesiveness            

Young  0.28fg 0.26bde 0.20ac  0.26def 0.25de 0.20a  0.27de 0.21ac 0.19a 

Older    0.40i 0.27ef 0.22ab   0.36hi 0.30ef 0.18a   0.33gh 0.23cd 0.19a 
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3.3.5. Myofibrillar fragmentation index  

There was a significant (P = 0.010) association between MFI and age of the animal whereas, 

the association between MFI and muscle type was suggestive (P = 0.098). The model-based means 

for MFI of meat aged 0 and 13 days from young and older animals are shown in Fig.1. The percent 

increase in MFI values between 0 and 13 days in aged meat samples from the young animals was 

28.9 % while a greater increase of 55 % was observed in the older animals. There was also an 

increase in MFI values following ageing for 0 and 13 days in both BF and ST muscles (Fig. 2), 

with a total of 37 % and 54 % increase in mean MFI from BF and ST respectively.  

 

Figure 1. The effect of ageing (0 days and 13 days) on the myofibrillar index (MFI) in 

meat from young and older animals. Data are presented as least squares means. Error 

bar represent SE. Superscripts refer to significant differences between the means MFI. 
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Figure 2. Effect of ageing (0 days and 13 days) on myofibrillar fragmentation (MFI) 

of biceps femoris (BF) and semitendinosus (ST). Data are presented as least squares. 

Error bar represent SE. Superscripts refer to the significant difference between the 

means MFI. 

 

3.3.6. Total and heat soluble collagen  

The total collagen content of muscles from young and older animal was 12.3 ± 0.69 and 

13.6 ± 0.71 mg/g meat respectively. The total collagen content did not differ by muscle type 

(BF=13.9 ± 0.730 and ST=12 ± 0.652) or by ageing days (0 days, 12.8 ± 0.601; 13 days, 13.1 ± 

0.578) of meat.  

The amount of heat-soluble collagen differs between BF and ST. The solubility of collagen 

(% of total collagen) from BF and ST was 6.8 % and 5.2 % respectively. Results of the study 

showed a three-way interactions between ageing x cooking temperature x cooking time (P = 0.05; 

Figure 3), muscle x age of the animal x cooking time (P = 0.02; Figure 4), muscle x ageing x 

cooking temperature, and ageing x cooking time x age group (all P ≤ 0.05).  
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Figure 3. Effect of ageing (F = 0 days, A = 13 days), cooking time (1 h, 8 h, 18 h) and 

cooking temperature (55 °C, 65 °C, 75 °C) on heat soluble collagen (mg/g meat) determined 

in cooking loss. Data are presented as least squares means. Error bar represents SE. 
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Figure 4. Effect of age of the animal (young, older), cooking time (1 h, 8 h, 18 h) on heat 

soluble collagen (mg /g meat) of biceps femoris (BF) and semitendinosus (ST) determined 

in cooking loss. Data are presented as least squares means. Error bar represents SE.  

 

3.4. Discussion 

The present study demonstrated that low-temperature long-time sous vide cooking is very 

effective in producing tender meat in young and older animals as measured by WBSF values in 

both BF and ST. Similar responses have been observed with pork in which cooking temperature 

was varied from 53 ℃ to 58 C for durations of 20 h and 30 h (Becker et al., 2015). A comparable 

trend for WBSF values was observed in lamb loins cooked at 60 °C, 70 °C and 80 °C over 

increasing cooking times to 24 h (Roldán et al., 2013). The increases in mean WBSF values in 

older animals relative to younger animals found in our study is consistent with that found in pork 

meat (Christensen et al., 2011). Our results showed that meat from older animals required a higher 

temperature and prolonged heat treatment to achieve similar tenderness observed in muscles from 
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younger animals. In this study, pronounced differences in WBSF from young and older animals 

were observed at 55 ℃ and 65 ℃ but the difference reduced markedly at 75 ℃ in both BF and ST. 

Similarly, substantial differences were observed in WBSF at 1 h and 8 h between young and older 

animals compared to 18 h cooking. These results are in agreement with previous research of 

Christensen et al. (2013) who reported no difference in shear force values in meat from young bulls 

and cows when it was cooked at 63 ℃ for 19.5 h.  

Previous studies have shown that the change in meat tenderness during cooking is 

associated with heat-induced structural changes in myofibrillar proteins and connective tissue 

(Christensen et al., 2000). Tornberg (2005) studied the mechanism of structural changes in meat 

proteins on heating at different temperatures and found that most of the sarcoplasmic proteins 

coagulated at 40-60 °C, although coagulation of some sarcoplasmic proteins occurred at 

temperatures up to 90 °C. However, the current study attempted to understand discrepancies 

reported in the literature regarding a range of temperatures and hence the range of three 

temperatures; 55 °C, 65 °C, 75 °C, were chosen. The range of temperature for denaturing collagen 

protein has been reported to be 53 to 63 oC (Martens et al., 1982), while for myofibrillar proteins, 

mainly myosin, denaturation occurs at 40-60 °C and subsequent gelation of collagen fibre at 60-70 

°C followed by denaturation of actin at 70-80 °C (Purslow et al., 2016). Our results demonstrated 

the significant impact of increasing temperature to 75 ℃ on reducing WBSF. 

We have demonstrated the positive effects of ageing on reducing the shear force values on 

BF and ST, which is consistent with the reports by Wyrwisz et al. (2016) and Wu et al. (2014). 

These studies found that the ageing process significantly increased tenderness in bovine M. 

longissimus dorsi and M. semimembranosus resulting from the proteolysis of myofibrillar proteins. 

The effect of ageing can be explained by myofibrillar fragmentation (MFI) observed in this study 

suggesting an increase in MFI from 0 days to 13 days ageing in both BF and ST muscles. This 

supports earlier findings by Bunmee et al. (2014) and Silva et al. (1999) on MFI. The effect of 

ageing duration (over 21 days) on increasing MFI in different muscle types was studied by Onopiuk 

et al. (2018), their findings showed an increasing trend in MFI from 24.28 to 143.23 in ST from 1 

to 21 days ageing, in agreement with our results. Bhat et al. (2018) reported a total increase of 45 

% and 44 % in the average MFI value with ageing for 14 days of biceps femoris and 

semimembranosus respectively from culled dairy cows. Post-mortem ageing causes proteolysis and 
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hence increases the fragility of myofibrillar proteins by weakening/degradation of key structural 

proteins and myofibrillar linkages as described by Takahashi (1996). Taylor et al. (1995) studied 

the phenomenon of degradation of Z-disks for post-mortem ageing and its relationship with meat 

tenderisation. MFI appears to be positively correlated to meat tenderness and reduction in shear 

force in cooked meat (Rajagopal & Oommen, 2015).  

Juiciness is an important eating quality trait that influences consumer satisfaction of cooked 

beef after tenderisation. TWC and cooking loss are key determinants of the moisture content of 

meat which control the juiciness of the meat. We found that there were significant effects of low-

temperature long-time sous vide cooking on cooking loss and TWC of the beef meat. As expected, 

the cooking loss increased with increasing temperature, however, the effect of cooking time was 

less pronounced. Results showed a substantial increase in cooking loss on increasing cooking time 

from 1 h to 8 h whereas, the difference was reduced when cooking was extended to 18 h. These 

results are similar to the findings of other studies on sous vide cooking (Garcia-Segovia et al., 2007; 

Roldán et al., 2013) suggesting that the cooking losses in meat are largely determined by heat-

induced structural changes in myofibrillar proteins during cooking (Hughes et al., 2014). Most of 

the water in muscles is located in myofibrillar proteins, hence increasing the temperature would 

cause myofibrillar shrinkage, denaturation and solubilisation and result in fluid loss during cooking 

as described by Purslow et al. (2016).  

The results of the present study explain variation in total collagen content with animal age 

in two muscle types. The solubility of collagen varied significantly in both the BF and ST which is 

in agreement with previous findings by Shorthose and Harris (1990). The amount of soluble 

collagen increased with cooking temperature and cooking time in both 0 and 13 days aged samples, 

in the agreement with previous findings (Christensen et al., 2013; Latorre et al., 2019; Palka, 1999), 

but more heat soluble collagen was observed at higher temperatures in 13 days aged meat samples 

(Fig 3). Collagen fibres are composed of triple helical peptide chains coiled around each other. 

Increasing temperature alters the structural integrity of the intramuscular collagen network by 

unfolding the fibrous structure. The structural changes in connective tissue upon heating cause 

coagulation of collagen at 60 ℃ and collagen conversion into gelatine at 80 ℃ (Davey & Gilbert, 

1974). Increasing tenderness in muscles containing higher collagen contents from older animals or 

even from young animals cooked at high temperature and prolonged cooking time could be 
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explained by the fact that prolonged heat treatments at higher temperature increased the 

solubilisation of collagen, thus decreasing the connective tissue strength (Christensen et al., 2011; 

Laakkonen et al., 1970). Our results showed more soluble collagen in young animals compared to 

older ones (Figure 4), in agreement with a previous study which showed the solubility of collagen 

decreases as intermolecular linkages mature which results in greater heat stability of collagen with 

increase in animal age (Hill, 1966). The differences in toughness arising from the age of animals 

has been partly attributed to muscle connective tissue content, and its thermal stability as a result 

of intermolecular cross-linking (Purslow, 2018). 

Tenderness and juiciness are key attributes of cooked meat that mainly drive the consumer 

eating experience. The research revealed that both tenderness and juiciness, measured as TPA/ 

compression, WBSF, total water content, cooking loss, and collagen solubilisation, were largely 

influenced by sous vide temperature and time regimes. Although meat tenderisation was achieved 

through appropriate temperature-time combinations, the associated cooking loss might cause a 

negative impact on the “mouthfeel” experience of consumers. An appropriate balance of juiciness 

and tenderness is important in fulfilling the consumer’s satisfaction and expectation from the 

product. Further investigations on consumer sensory perceptions and acceptance of low-value beef 

meat particularly from older animals cooked under sous vide conditions would be of paramount 

importance in establishing the utility and consumer acceptance of this technique. Moreover, the 

prolonged shelf life of sous vide cooked product resulting from minimal exposure to pathogenic 

microbes would provide additional assurance of product safety for the consumer.  

3.5. Conclusions 

Sous vide is a promising cooking technique that can improve tenderness of meat regardless 

of age of the animal but is particularly beneficial for meat from older animals. This prolonged 

cooking method can add value to the low-value meat cuts by transforming tough cuts into the tender 

meat. We have defined more closely the time-temperature combination for optimal sous vide 

cooking of tough beef cuts in terms of texture and total water content. The significant association 

of ageing of the meat with MFI and collagen solubilisation during cooking provided insights on 

the mechanisms by which sous vide cooking enhances meat quality attributes. Further research 

investigating the effects of low-temperature long-time sous vide cooking on sensory aspects, 

consumer acceptance and demand of the sous vide cooked meat would be worthwhile. However, 
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production cost, mostly due to cooking time, could be a limiting factor to greater adoption on a 

commercial scale.  
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Chapter 4 

Improving tenderness and quality of M. biceps femoris from older cows 

through concentrate feeding, zingibain protease and sous vide cooking 

The results of Chapter 3 demonstrated that long-time cooking was very effective for 

improving tenderness in meat from older animals. It is anticipated that cooking for 18 h might not 

be well appreciated by the meat processing industry due to higher cost. In addition, we reported 

juiciness was negatively impacted by long-time cooking at higher temperature. The use of proteases 

is reported to be very effective in improving tenderness of meat. We employed, zingibain, a 

proteases from ginger, due to its higher specific activity to breakdown collagen fibres. Lower 

quality meat particularly from older animals have higher collagen content with more heat-stable 

cross linkages between collagen molecules that are difficult to solubilise. We hypothesise, that use 

of zingibain coupled with sous vide cooking would be very effective in reducing the cooking time 

and retaining the juiciness of meat from older cows while also achieving appropriate tenderness. A 

series of preliminary trials were performed to evaluate different sources of zingibain including 

crude ginger water extracts, in house and commercially purified sources. It was also important to 

assess optimum injection concentrations and their effect on tenderness measured by WBSF. We 

concluded that injecting ginger powder solution was very effective in achieving desired tenderness. 

In addition, meat from older cows was acquired from a reconditioning cull-cow trial funded by 

Meat and Livestock Australia to Charles Sturt University to assess the effect of concentrated diets 

on body condition score and meat quality. The details and outcomes of reconditioning cull cow 

trial will not be included in this thesis. Meat samples were included from 0, 28, 42, and 56 days 

feeding trials on formulated concentrate rations. Chapter 4 discusses the results of our trials on 

concentrate feeding treatment days, ginger powder solution and cooking time temperature 

combinations to achieve optimum results of tenderness and juiciness. The results of this trial were 

published in the Meat Science journal as follows;  

Naqvi, Z. B., Campbell, M. A., Latif, S., Thomson, P. C., McGill, D. M., Warner, R. D., 

& Friend, M. A. (2021). Improving tenderness and quality of M. biceps femoris from older cows 

through concentrate feeding, zingibain protease and sous vide cooking. Meat Science, 180, 108563. 

https://doi.org/10.1016/j.meatsci.2021.108563 
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Abstract 

The study investigated the effect of zingibain protease and sous vide cooking on tenderness 

and water-holding capacity of M. biceps femoris (BF) from 30 older Angus cows (6-7 years) fed 

concentrates for 0, 28, 42 or 56 days. BF were cooked for 1, 8, and 18h at 65 °C and 75 °C, without 

any pre-treatment, after they have been injected with water only or after they have been injected 

with either 1 g/L or 2 g/L ginger powder solution (containing zingibain). Samples were tested for 

cooking loss, total water content, Warner-Bratzler shear force (WBSF), collagen content, and 

myofibrillar fragmentation index (MFI). Results revealed the significant interactions between 

concentrate feeding, ginger powder injection, cooking temperature, and time on quality traits. 

WBSF was reduced (P < 0.001) by increasing zingibain concentration at 65 ℃ but a gradual 

decrease was noted at 75 ℃. Collagen solubility and MFI increased (P < 0.05) with increasing 

zingibain concentration. Injecting zingibain along with sous vide cooking demonstrated the 

weakening of myofibrillar and connective tissue proteins contributing to enhanced collagen 

solubility and tenderness in BF.  
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4.1. Introduction 

Consumer perception of eating quality is affected by many traits, but tenderness is a very 

important attribute that influences eating satisfaction and decisions to purchase. Consumers are 

increasingly willing to pay a premium price for guaranteed tender meat (Lusk et al., 2001; Mintert 

et al., 2000; Shackelford, 2001). Meat from older animals has been a challenge to market 

successfully for the dairy and beef industries due to the supply of older animals which are 

considered to be of lower quality and variable texture. This is mainly impacted by structural, 

physiological, and anatomical differences between muscles, even in the same animal (Belew et al., 

2003). Meat from older animals is traditionally considered to be tough, and thus often has inferior 

eating quality compared to young animals (Therkildsen et al., 2011). This toughness can be 

attributed to the strength of connective tissues and/or insufficient endogenous proteolytic enzyme 

capacity to tenderize the meat post mortem (Sullivan & Calkins, 2010). Re-feeding of animals with 

a high energy diet prior to slaughter is considered important as it can improve meat tenderness, by 

increasing collagen solubility, myofibrillar fragmentation, and calpain activity (Matulis et al., 

1987; Miller et al., 1987).  

The use of exogenous proteases has attracted considerable interest to improve meat tenderness 

(Bekhit et al., 2017; Bekhit et al., 2014). A large body of literature exists reporting the use of 

exogenous enzymes derived from plants, bacteria, fungi, and their commercially available products 

as meat tenderising agents (Allen Foegeding & Larick, 1986; Arshad et al., 2016; Burke & 

Monahan, 2003; Ha et al., 2013; Ha et al., 2012; Toohey et al., 2011; Zhu et al., 2018). These 

proteases are reported to exhibit both proteinase and collagenase activity at varying levels. These 

enzymes hydrolyse structural proteins in muscle including myofibrillar and connective tissue 

proteins, which help to tenderise meat. The proteases derived from plants including papain from 

papaya latex, bromelain from pineapple stem, and ficin from figs have been investigated and shown 

to have broad-spectrum activity; these proteases often cause over-tenderisation of meat (Ashie et 

al., 2002; Bhat et al., 2018b; Sullivan & Calkins, 2010). Recent research emphasis has been 

directed toward investigating proteases with mild tenderising activity. 
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Zingibain, a protease in ginger, belongs to the peptidase family of cysteine proteases and is a 

plant-based proteolytic enzyme exhibiting a mild tenderising activity. Zingibain is isolated from 

the ginger rhizome (Zingiber officinale Roscoe); and has been characterised for its structure and 

protease activity (Choi & Laursen, 2000; Ohtsuki, 1995). The hydrolysing effect of zingibain on 

beef myofibrillar and connective tissue proteins has been suggested as the underlying mechanism 

(Ha et al., 2012; Kim et al., 2007). Hydrolysis of collagen appears to be higher with zingibain 

protease, compared with that of myofibrillar proteins (Ha et al., 2012; Thompson et al., 1973). The 

proteolysis of structural proteins in meat results in improved tenderness. The tenderising effect of 

crude ginger extracts has been studied in meat from goat (Pawar et al., 2007), hen (Naveena & 

Mendiratta, 2001), duck (He et al., 2015), buffalo (Naveena & Mendiratta, 2004), and steer (Moon, 

2018). However, Sullivan and Calkins (2010) have reported off flavour and low consumer 

acceptance of ginger-treated meat. The application of highly purified zingibain protein could avoid 

these flavour/acceptance problems, but the logistics and purification cost may be prohibitive. 

Sous vide means under vacuum in French and is a low-temperature long-time process for 

cooking of vacuum packed raw food products in a water bath, under specific temperature and time 

conditions (Schellekens, 1996). This emerging cooking technique has gained attention in research 

for providing control of product quality and reproducibility (Baldwin, 2012). Previous studies have 

indicated that sous vide cooking results in a uniform and consistent meat texture and improve 

tenderness (Botinestean et al., 2016; Del Pulgar et al., 2012). It offers better sensory characteristics 

and enhances the meat flavour (Christensen et al., 2012; Mortensen et al., 2012; Roldán et al., 

2015). It also ensures the nutritional quality of the product by higher retention rates of vitamins 

and minerals than conventional cooking methods (Creed, 1995; Rinaldi et al., 2014). Previous 

research on improving tenderness and juiciness in meat using exogenous proteases have been 

conducted in different animal species, including beef (James & Yang, 2012; Naqvi et al., 2021; 

Uttaro et al., 2019; Vaudagna et al., 2002; Vaudagna et al., 2008), lamb (Roldán et al., 2013), and 

pork (Christensen et al., 2011; Christensen et al., 2012; Del Pulgar et al., 2012). However, there 

exists a gap in research using zingibain protease and low-temperature long-time, sous vide cooking 

for tenderising low-value meat and the interactions with cooking temperature and time. Therefore, 

this study was designed to elucidate the combined effect of injecting ginger powder solution 

containing zingibain protease and sous vide cooking on improving tenderness and water holding 
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capacity in M. biceps femoris from older cows that had been fed concentrates for different days 

before slaughter. 

4.2. Materials and Methods 

4.2.1. Animal selection and concentrate feeding treatment 

Prior to the commencement of the study, the project was approved by Charles Sturt 

University’s Animal Care and Ethics Committee (Protocol number A19038). Initially, 80 Angus 

cows aged between 6 and 7 years were acquired from a commercial property at Coolac, New South 

Wales (NSW), Australia, in June 2019. The cows were allocated equally to four concentrate 

feeding treatments namely 0, 28, 42, and 56 days on concentrates. The 20 animals on 0 day 

concentrate feeding (control) were immediately transported for slaughter to the Teys™ Australia 

abattoir (9.3 km from university farm; approximately 13 minutes travel time) in Wagga Wagga, 

NSW. The remaining cows were allocated to 12 feedlot pens (50 m × 8 m) with five cows per pen, 

i.e., four pens per concentrate feeding treatment. The pens were located at the Charles Sturt 

University farm at Wagga Wagga, New South Wales. All the cows were fed on a concentrate ration 

for the duration of their concentrate feeding treatment. 

The concentrate ration consisted of wheaten stubble (12.3 % of total ration DM), barley hay 

(11.9 % of total ration DM), pre-mix pellets (70.8 % of total ration DM; Oilseed Australia Pty Ltd), 

and canola meal (5 % of total ration DM; Riverina Oils & Bio Energy Pty Ltd). The feedlot ration 

was formulated to contain approximately 15 % crude protein (CP), approximately 40 % neutral 

detergent fiber (NDF), and a minimum of 10.5 MJ metabolisable energy (ME)/kg DM. Cows were 

gradually introduced to the high-energy diet over 14 days to reduce the risk of acidosis. The 

adaptation protocol consisted of 20 % concentrate and 80 % roughage for days 1–4, 60 % 

concentrate and 40 % roughage for days 5–9, and the full ration of 80 % concentrate and 20 % 

roughage for the remainder of the experiment. The ration was offered ad libitum and continued to 

be increased to meet the nutritional needs of the cows. The ration was placed in bunks at the front 

of each pen twice daily, in the morning (08:00) and afternoon (15:00). All cattle in the feedlot had 

access to water and shade at all times.  

On a specified concentrate feeding completion day, cows were fed in the morning and 

transported to the Teys abattoir at Wagga Wagga in the afternoon where they were kept in lairage 

overnight with no access to feed and ad libitum access to water. Cows were slaughtered using a 
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captive bolt stunning and electrical stimulation was used for bleed rail stimulation (pulse width 

500, period 200 µs, frequency 5 Hz, current 700 mA) and a rigidity probe (period 25 ms, peak 

current 3.0 to 3.5 A) was applied on carcases at the hide puller. 

For the current study, the outside flat (biceps femoris) from 30 carcases were randomly 

selected from the four concentrate feeding treatments with six from each of the 0, 28, and 56 days 

concentrate feeding treatments, and 12 from the 42 days concentrate feeding treatment. The biceps 

femoris (BF) was removed from one side of each carcase 24 h post-slaughter, then vacuum packed 

and transported to the meat lab facility, Charles Sturt University, Wagga Wagga. All the BF 

muscles were aged for 14 days at 4 ℃ and then frozen at -20 ℃ in a freezer until further processing.  

4.2.2. Ginger powder injection treatment  

Commercially available ginger powder “DigestEasy” was purchased from Biohawk (QLD, 

Australia). The purity of the zingibain protease in the ginger powder solution was evaluated by 

analysing samples using sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-

PAGE) (Figure 1). In the subsequent text, the term ‘zingibain injection’ is used to indicate the 

injection of ginger powder solution containing zingibain protease. 

Preliminary trials were conducted to investigate the appropriate concentration of enzyme 

and volume of injection to be used for the current experiment. A series of concentrations ranging 

from 0.25 g/L to 20 g/L were prepared and injected into the BF between 10-20 % of initial weight, 

using a BD PercisionGlide TM needle (1.2 mm × 38 mm) attached to a 20 ml disposable syringe 

(Terumo Australia Pty Ltd). Measurements of Warner-Bratzler shear force (WBSF) indicated that 

a zingibain enzyme concentration of 1 and 2 g/L injected at 16% weight resulted in improved 

tenderness and textural attributes of the meat and thus was used in the experiment. The injection 

gain of 16% was also used by Christensen et al. (2009).  

Ginger powder (GP) based solution was prepared by dissolving 1 and 2 g/L in cold water. 

BF muscles were thawed at 4℃ for 48 h. After removing all the surface fat, pH was measured 

using a pH meter (TPS-WP-80) attached to a gel electrode (Ionode IJ 44) and a temperature 

compensation probe (all from TPS Pty Ltd, Australia) at three separate locations in each muscle. 

The calibration of pH meter was done at 25 ℃ using 4 and 7 pH buffer solutions. The BF was cut 

into four equal pieces and randomly allocated to one of the four injection treatments: (i) injected 
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with 1 g/L, (ii) injected with 2 g/L, (iii) injected with water only (WO), and (iv) no injection (NI). 

Each meat piece was weighed to calculate the injection volume and each treatment was injected at 

a rate of 16% of the initial weight using a BD PercisionGlide TM needle (1.2 mm × 38 mm). 

Injections were made at multiple locations equi- distant across the muscle and a uniform volume 

of 3-4 ml solution was injected per injection site. Post-injection weight was recorded to calculate 

the percent weight gain relative to the initial weight before injection and the percentage weight 

gain was calculated by dividing the weight difference before and after injection with the initial 

weight before injection. After injection treatment, the samples were vacuum sealed (Multivac-

C500, Germany) and kept at 4 ℃ for 24 h. After 24 h, samples were removed from the vacuum 

pack, the pH was measured and after removing excess moisture with a paper towel, weight loss 

was recorded to calculate the percent weight loss relative to weight after injection. The raw BF 

samples for measuring MFI (5 g) and total collagen content (25 g) were frozen at -20 °C until 

further analyses. 

4.2.3. Sample preparation and heating treatment 

Each injection-treated meat piece was subsequently divided into three blocks weighing 

approximately 158 ± 16g (mean ± SD) and these were randomly allocated for 1 h, 8 h, and 18 h 

cooking. The entire BF muscle was randomly allocated to a cooking temperature, 15 BF for each 

cooking temperature 65 ℃ and 75 ℃. All meat blocks were labelled, vacuum-packed, and cooked 

at 65 ℃ and 75 ℃ in two separate circulating water baths (fusionChef TM, Julabo Diamond XL, 

Germany). The core temperature of a sample was measured by inserting a needle-like probe into 

the centre of the meat sample attached to the water bath. The adhesive sealing tape was used to 

insert the thermometer probe in the centre of the meat sample. The sealing tap enabled the vacuum 

seal to remain intact. 

All the samples were cooked under vacuum according to their allocated temperature and 

time in different batches considering all combinations of treatment in each batch. The cooking time 

was applied once the core temperature (Tc) of the sample attained the required cooking temperature 

65 °C or 75 °C. After cooking, the bags were removed from the water bath and cooled down in an 

ice bath for 15 minutes. 

  After cooling the meat samples, the vacuum bags were carefully opened to collect the 

cooking loss in a 15 ml tube and stored at -20 ℃ for measuring heat soluble collagen. Each meat 
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sample was sub-sampled for total water content (3-5 g) and WBSF (60-70 g) and the samples for 

WBSF were kept overnight (12 h) at 4 ℃ before processing. 

The weight of each sample was measured before and after cooking to calculate the 

percentage of cooking loss (CL). The total water content (TWC) of raw and cooked meat samples 

was measured as described by Naqvi et al. (2021) for both raw and cooked samples. The weight of 

samples before and after drying was measured to determine the difference and calculate the 

percentage of total water content.  

Texture measurements were conducted using the WBSF method of De Huidobro et al. 

(2005) with modifications. Each sample was cut into six subsamples of 1.0 × 1.0 × 5.0 cm (H × W 

× L). WBSF was measured on a TA.XT-plus 100 C Texture Analyser (Stable Micro Systems, 

Surrey, UK) using a V-shaped blade and a 50-kg load cell (Stable Micro Systems, Surrey, UK). 

The parameters used for testing were pre-test speed 3.0 mms-1, test speed 1.0 mms-1, post-test speed 

3.0 mms-1 and the downstroke distance was 30.0 mm. Samples were placed midway under the 

blade and were oriented so the blade was perpendicular to the fibre direction. 

4.2.4. Myofibrillar fragmentation index 

The myofibrillar fragmentation index of raw BF samples after 24 h injection treatment was 

measured using a modified method of Bhat et al. (2018a), briefly described in Naqvi et al. (2021). 

Meat samples were homogenised (Ultra-Turrax T-25, IKA, Germany) at 19,000 rpm in ice-cold 

buffer, pH 7 (0.1 M KCl, 1 mM EDTA (di-sodium) and 25 mM potassium phosphate). The filtered 

(1-mm2 mesh strainer) homogenate was centrifuged at 4 ℃ at 1000 g for 10 min and pellets of 

myofibrils were re-suspended in buffer and the same process was repeated twice. The protein 

concentration of the final suspension was determined using a Bradford protein assay. The final 

protein concentration of 0.5 mg/ml was used to measure absorbance at 540 nm in triplicate and the 

mean value was multiplied by 150 to calculate the myofibrillar fragmentation index.  

4.2.5. Total collagen content 

The total collagen content of raw meat samples before injection treatment was determined 

by approximating the amount of hydroxyproline using the method derived from Association of 

Official Agricultural Chemists (AOAC, 2000), described by Starkey et al. (2015). For each meat 

sample, the concentration of hydroxyproline was measured in duplicate in 100 mg freeze dried 
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meat powder. The amount of total collagen was calculated and expressed as mg/g of freeze-dried 

meat. 

4.2.6. Heat soluble collagen 

The soluble collagen was measured in cooking loss fluid according to Christensen et al. 

(2011), with minor modifications as described in Naqvi et al. (2021). The soluble collagen was 

calculated from hydroxyproline using a factor of 7.14 following method of Christensen et al. 

(2013). The amount of collagen in cooking loss fluid was multiplied by the total volume of the 

cooking loss and soluble collagen in cooking loss fluid was expressed as mg soluble collagen/g 

meat.  

4.2.7. Statistical analysis 

All analyses were performed using a linear mixed-effect model fitted by REML using the 

nlme package in R (R version 3.5.2, R Core Team, 2020). For WBSF, cooking loss, total water 

content, and soluble collagen content the fixed effects were concentrate feeding treatment, injection 

treatment, temperature, and time of cooking, and the random effects were cooking batch, carcase 

within the batch, and location within the carcase. The total collagen content and myofibrillar 

fragmentation index for raw meat were analysed with the fixed effects for the model being the 

concentrate feeding treatment of the animals, injection treatment, and the random effect included 

carcase and location within the carcase. Analysis for WBSF and soluble collagen content was 

performed on the logarithmic-transformed data and some extreme residuals were removed. Models 

were fitted with main effects and up to three-way interactions, and the non-significant interactions 

were eliminated to get a final model. Means estimated on the log scale were back-transformed for 

presenting in results and pairwise comparison of means was conducted using a protected Fisher 

LSD approach. The significance level (P = 0.05) was used to determine significant pairwise 

differences.  

4.3. Results and Discussion 

The ginger powder was initially subjected to SDS-PAGE (Figure 1) to assess the purity of 

zingibain present in the powder. The SDS-PAGE displayed the partial purification of the enzyme. 

A band present in the ginger powder solution corresponds to the molecular weight (29 kDa) of 

zingibain protease (Ha et al., 2012). Su et al. (2009) reported the presence of cysteine protease in 

a crude ginger extract with molecular masses of 29 and 31 kDa. A low molecular mass protein 
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band (between 10 and 15 kDa) is most likely to correspond to two protein subunits with molecular 

weight of ~13.4 and ~16.3 kDa showing no proteolytic activity as reported by Karnchanatat et al. 

(2011). 

 

 

Figure 1. Protein profile display of ginger powder containing zingibain protease by SDS-

PAGE. 10 mg ginger powder was dissolved in 180 µL of Milli-Q water and heated at 70 ℃ 

with SDS gel loading buffer for 10 min. 10 µL sample was loaded onto 4-12% Bis-Tris Plus 

gels (Bolt TM) in a Bolt Mini Gel Tank (Invitrogen by Thermo Fisher Scientific, Carlsbad, 

California, USA). Lane 1 = molecular marker, Lane 2 = Ginger powder solution. A protein 

band of 29 kDa is visible in Lane 2 along with some other proteins in trace or small 

quantities. The marker in Lane 1 indicates molecular weights of 250, 150, 100, 75, 50, 37 

(arrow), 25, 20, 15, and 10 kDa (Precision Plus Protein Standards, Bio-Rad). 

 

4.3.1. Weight and pH change associated with injection 

The weight gain immediately following injection treatment (WO = water only and 1 g/L 

GP, 2 g/L GP) was estimated as 13.3 % (SD = 2.7 %) in all treated samples. After 24 h storage of 

the treated samples at 4 ℃ in a vacuum bag, the weight loss was estimated as 8.4 % (SD = 2.5) 

which is associated with escape of injected fluid from meat into vacuum bag. pH was not affected 

(P = 0.157) by injection treatment nor by zingibain gradient (P = 0.430). The average pH of BF 

muscles was 5.61 ± 0.03 (before injection) and 5.59 ± 0.03 (mean ± SE) after 24 h injection.  
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4.3.2. Total collagen content 

The total collagen content of raw BF was not different (P = 0.2) in muscles obtained from 

left (13.7 ± 0.65; mean ± SE) and right (12.5 ± 0.65; mean ± SE) sides of the carcase. A significant 

effect of concentrate feeding on muscle total collagen (P < 0.001) from older cows was observed, 

as shown in Figure 2. The reduction in total collagen with concentrate feeding could be explained 

by higher muscle protein turn over with concentrate feeding. Archile-Contreras et al. (2010) 

explained the dietary effects of collagen in two beef muscles with the lower muscle collagen 

content in animals finished on concentrates could be due to the increase in muscle fibre size 

resulting in a relative decrease in connective tissue, i.e. the connective tissue content remains stable 

while higher deposition of myofibrillar protein dilute out the collagen. 

 

 

Figure 2. Effect of concentrate feeding days (0, 28, 42, 56) on total collagen content (mg/g 

dry matter) of raw biceps femoris. The error bar refers to SE and superscripts (a-c) to the 

significant difference (P < 0.05) in mean collagen content between treatments. 
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4.3.3. Myofibrillar fragmentation index (MFI) 

MFI is an indicator of degradation of myofibrillar proteins in I band of the sarcomere 

(Taylor et al., 1995; Zhao et al., 2012). Higher MFI is associated with increased meat tenderness 

and a reduction in shear force (Cruz et al., 2020; Culler et al., 1978; Rajagopal & Oommen, 2015). 

The current study revealed that the MFI increased with higher zingibain concentration (P = 0.029), 

measured in raw meat: model-based means are presented in Table 1. Lee et al. (1986) reported 

preferential degradation of titin filaments in the I band due to extensive myofibrillar fragmentation 

of ginger-treated samples in beef using electron microscopy. The role of titin protein degradation 

in myofibril fragility and improvement in meat tenderness has been reported (Anderson & Parrish 

Jr, 1989; Boyer-Berri & Greaser, 1998). 

Table 1. Effect of injection treatment (NI = no injection, WO = water only and 1 g/L, 2 g/L) on 

myofibrillar fragmentation index (MFI) of raw biceps femoris. Values are expressed as model-

based means ± SE. Superscripts (letters a-b) refer to the significant differences (P < 0.05) in mean 

values. The separation of means was done using Fisher’s least significant differences (LSDs). 

 NI WO 1 g/L 2 g/L 

MFI 139.6a ± 15.68 147.1ab ± 15.68 150.2b ± 15.68 153.7b ± 15.68 

 

4.3.4. Warner-Bratzler shear force 

Significant differences in WBSF between both control and zingibain-injected samples and 

between cooking temperature and time were identified. WBSF was lower for injection treatment 

compared with no injection or water-only injection, with greater reductions at 2 g/L compared with 

1 g/L (P < 0.001). However these reductions were affected by the cooking temperature, as indicated 

by the significant injection treatment × cooking temperature interaction (P < 0.001) as presented 

in Figure 3, and also by the cooking time, based on injection treatment × cooking time interaction 

(P = 0.024) as shown in Figure 4. Reduction in WBSF with increasing enzyme concentration is in 

agreement with previous studies where WBSF was reduced from 64 N in control to 40 N ginger 

extract marinated samples at 5% concentration in M. pectoralis profundus from Holstein steers 

(Moon, 2018). Another study by Naveena and Mendiratta (2004) reported significantly (P < 0.01) 

lower shear force values in all treated samples compared to control and a linear decrease in shear 

force with increasing ginger extract concentration (0%, 3%, 5%, and 7% ginger extract) in M. 
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biceps femoris from buffalo. Similar results of significant reduction in shear force were reported 

by Naveena and Mendiratta (2001) in spent hen meat with 22.26 (N/cm2) in control and 11.96 

(N/cm2) in 5% ginger extract treated samples, and in adult buffalo 40.52 (N/cm2) in control and 

21.70 (N/cm2) in 5% ginger extract treated samples with the ginger extract marinated samples 

received better sensory scores in particular markets for appearance, tenderness flavour, and overall 

acceptability (Naveena et al., 2004).  

 

 

 

Figure 3. Effect of injection treatment (NI = no injection, WO = water only and 1 g/L, 2 

g/L) and cooking temperature (65 ℃, 75 ℃) on the Warner-Bratzler shear force (WBSF) of 

biceps femoris. The error bars refer to SE and superscripts (letters a-e) to the significant 

differences (P < 0.05) in mean values. The separation of means was calculated using Fisher 

LSDs. 

  



80 

 

 

Figure 4. Effect of injection treatment (NI = no injection, WO = water only and 1 g/L, 2 

g/L) and cooking temperature (1 h, 8 h, and 18 h) on the Warner-Bratzler shear force (WBSF) 

of biceps femoris. The error bars refer to SE and superscripts (letters a-g) to the significant 

differences (P < 0.05) in mean values. The separation of means was calculated using Fisher 

LSDs. 

 

Previous research on ginger as a meat tenderiser commonly used crude aqueous extract by 

homogenising fresh ginger roots and marination concentrations used were up to 7% higher due to 

the use of crude extract (Saranya et al., 2016). Using fresh ginger root has inherent variability and 

unknown concentration of active compounds. The use of ginger powder provides less variability 

in protease activity. The proteolytic activity of aqueous plant preparation containing zingibain from 

the same commercial company was evaluated on extracted collagen and myofibrils by Ha et al. 

(2012). The marination methods commonly used in previous studies were limited to immersion 

and spraying due to flavour issues in the meat. Our study used a ginger powder containing a 

partially purified enzyme, as shown by SDS-Page (Figure 1). The concentrations of ginger powder 

solutions used in the present study for injection treatment were lower compared with concentration 

levels reported in previous studies. A concentration of 1 or 2 g/L GP could minimise the effects on 

the flavour of the meat. However, it needs further confirmation through the conduct of consumer 

sensory panels.  
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Our study revealed the substantial effect of cooking temperature and time in reducing 

WBSF (toughness) in both control and zingibain injected samples. Figure 3 clearly demonstrates 

the impact of cooking temperature on WBSF in all samples. A significant reduction in WBSF was 

recorded in zingibain-injected samples at 65 ℃ compared to 75 ℃ where a linear decrease was 

observed in the zingibain-injected samples. Previous reports have established the sensitivity of 

different plant proteases with different temperature conditions (Payne, 2009). The optimum activity 

and stability of ginger protease was found to be between 60 ℃-65 ℃ (Ha et al., 2012; Nafi, 2013; 

Nafi et al., 2014), whereas, increasing temperature above 70 oC reduced the proteolytic activity due 

to denaturation of the enzyme (Adulyatham & Owusu Apenten, 2005; Gagaoua et al., 2015).  

Our results demonstrated only one significant three-way interaction (P = 0.022), namely 

between cooking temperature, time, and concentrate feeding treatment on WBSF. The concentrate 

feeding of older cows significantly reduced WBSF with the lowest shear force measured in meat 

samples from the 42-days concentrate feeding treatment cooked for 18 h at 65 ℃ and 75 ℃ 

respectively (Figure 5). The biggest decline in WBSF with increased cooking time was from 54.2 

± 6.47 N to 22.8 ± 2.69 N (mean ± SE) in the control samples for meat cooked at 75 ℃ for 1 h and 

18 h respectively. The next biggest decline was observed in the 28-days concentrate feeding 

treatment. The highest WBSF (49.5 ± 4.74 N) was recorded in meat cooked at 75 ℃ for 1h which 

decreased to 27.1 ± 2.84 N at 18 h. In 56-days concentrate feeding treatment, a mean WBSF of 

46.8 ± 5.54 N was found at 75 ℃ cooked for 1 h while the lowest recorded WBSF was 26.9 ± 3.29 

N at 75 ℃ cooked for 18 h. The impact of concentrate feeding time prior to slaughter on WBSF 

agrees with the report of Vestergaard et al. (2007), who investigated the impact of finishing feeding 

on the carcase and eating quality characteristics of Danish Friesian culled dry dairy cows varying 

in parity (up to eight) for two or four months. They reported a reduction in shear force value (kg) 

in both finishing-feeding treatments (two months; 5.68, four months; 5.13) compared to the control 

(5.93).  
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Figure 5. Effect of concentrate feeding days (0, 28, 42, 56) on the Warner-Bratzler shear 

force (WBSF) of biceps femoris, cooked at 65 ℃, 75 ℃ for 1h, 8h, and 18h. The error bar 

refers to SE. The separation of means was done using Fisher LSDs. 

 

In the current study, concentrate feeding showed a significant effect on muscle 

characteristics. Pre-slaughter supplementation with a high-energy diet is a possible way to improve 

carcase quality and add value to carcases with poor conformation. Limited studies have been 

conducted evaluating the effects of concentrate feeding prior to slaughter on improving meat 

characteristics in older animals. Most of the feeding studies investigating eating quality have been 

conducted on heifers, young bulls, and steers. The intensive feeding for several weeks to months 

promotes muscle growth and fat deposition, manipulating muscle characteristics and glycogen 
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levels at slaughter resulting in optimum ultimate pH declines, and improved tenderness and 

juiciness of the meat (Andersen et al., 2005).  

4.3.5. Soluble collagen 

The amount of soluble collagen is positively associated with meat tenderness. Purslow 

(2005) explained that the physical characteristics of collagen affected muscle textural properties 

including size, type of collagen fibre, the extent of cross-links, and heat stability rather than 

quantity. The collagen characteristics change dramatically with the age of the animal with older 

animals expressing more heat-stable collagen with mature intermolecular linkages (Purslow, 

2005).  

The results from this study showed that the heat soluble collagen content was not impacted 

(P = 0.26) by the duration of concentrate feeding treatment. The amount of heat-soluble collagen 

(mg/g meat) measured in cooking loss of BF from older cows expressed as mean ± SE for each 

concentrate feeding treatment were: control 0 D: 0.24 ± 0.10; 28 D: 0.35 ± 0.15; 42 D: 0.16 ± 0.07; 

and 56 D: 0.7 ± 0.29.  

In this experiment, the soluble collagen content was increased by injecting zingibain (P = 

0.005). This effect is presented in Table 2. Zingibain has the potential to hydrolyse connective 

tissue protein and enhance collagen solubility (Kim et al., 2007). It has substrate specificity for 

cleavage of peptides in collagen with proline residues at the P2 position (Choi & Laursen, 2000). 

The positive relationship between collagen solubility and ginger protease treatment agrees with a 

previous study in which ginger extract used at different concentrations increased collagen 

solubility: a concentration of 7%, for example, increased soluble collagen content from 7.16% in 

control to 13.25% in the treated samples. (Pawar et al., 2007).   
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Table 2. Effect of injection treatment (NI = no injection, WO = water only and 1 g/L, 2 g/L) on 

soluble collagen (mg/g meat) measured in cooking loss fluid obtained during cooking of biceps 

femoris. Values are expressed as model-based means ± SE. Superscripts (letters a-c) refer to the 

significant differences (P < 0.05) in mean values. The separation of means was done using 

Fisher’s least significant differences (LSDs). 

 NI WO 1 g/L 2 g/L 

Soluble collagen 

(mg/g meat) 
0.22a ± 0.05 0.28ab ± 0.06 0.42c ± 0.10 0.39bc ± 0.09 

 

In the present study, the solubility of collagen was not affected by cooking temperature (P 

= 0.38), with values of 0.26 ± 0.068 and 0.38 ± 0.125 mg/g meat (mean ± SE) at 65 ℃ and 75 ℃, 

respectively. Our results demonstrated that the heat solubility of intramuscular collagen in BF from 

older cows increased with longer cooking time (P < 0.001), as shown in Figure 6. Our findings are 

in agreement with Christensen et al. (2011), who studied LTLT cooking of M. longissimus dorsi 

and M. semitendinosus in pigs and M. longissimus dorsi from sows and reported a linear increase 

in solubility of collagen contents with increasing cooking time to 17 h. The solubilisation of 

collagen can be explained by heat-induced denaturation of collagen or increased enzymatic 

breakdown of collagen during LTLT cooking. The denaturation of collagen causes shrinkage of 

connective tissue and subsequently collagen solubilises to gelatin. A similar observation for 

increasing collagen solubility with time was reported by Latorre et al. (2019).  
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Figure 6. Effect of cooking time (1 h, 8 h, 18 h) on the soluble collagen (mg/g meat) 

measured in the cooking loss of biceps femoris. The error bar represents SE and superscripts 

(a-b) to the significant difference (P < 0.05) in mean soluble collagen. 

 

4.3.6. Total water content (TWC) and cooking loss (CL) 

The overall TWC of raw untreated BF muscles was 75.39 ± 0.29 (mean ± SE). TWC and 

CL of cooked samples were influenced by cooking temperature and time (both P < 0.001). There 

was an increase in cooking loss and a decrease in TWC by increasing cooking temperature and 

cooking time in all samples (Table 3). However, there was no increase in TWC or CL between 8 h 

and 18 h at 75 ℃. The CL results are similar to those discussed in previous studies with an increase 

in CL with higher cooking temperature (Garcia-Segovia et al., 2007; Roldán et al., 2013). In 

contrast, CL reached a maximum value at a specific temperature and time beyond which no further 

loss was recorded (Alahakoon et al., 2018). Increase in CL explains the reduced TWC of the muscle 

due to protein denaturation which is largely determined by the heat-induced structural changes in 

myofibrillar proteins (Hughes et al., 2014). The majority of the water in muscle is present within 

myofibrils, in between myofilaments and between the myofibrils and sarcolemma (Huff-Lonergan 
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& Lonergan, 2005). Heating of muscle induces denaturation of meat proteins, including 

myofibrillar and collagen proteins, leading to shrinkage, followed by solubilisation in the case of 

collagen. These heat-induced structural changes in muscle result in fluid loss during cooking 

(Purslow et al., 2016; Vaskoska et al., 2021). The denaturation and shrinkage of meat protein is 

largely dependent on the heating temperature. 

 

Table 3. Effect of cooking temperature (65 ℃, 75 ℃) and cooking time (1 h, 8 h, 18 h) on 

cooking loss (%) and total water content (TWC, %) of biceps femoris. Values are expressed 

as model-based means. Superscripts (letters a-e) refer to the significant differences (P < 0.05) 

in mean values within each row. The separation of means was done using Fisher’s least 

significant differences (LSDs) for each trait separately. 

 65 ℃ 75 ℃ 

1 h 8 h 18 h  1 h 8 h 18 h  

 

Cooking loss (%) 

 

 

32.3a  

 

39.3b  

 

41.3c  

 

43.3d  

 

47.0e  

 

47.3e  

TWC (%) 67.7a  64.9b  65.8c  62.7d  60.8e  61.3e 

 

There were significant interactions between factors affecting TWC and CL, namely 

cooking temperature × injection treatment (TWC: P = 0.001, CL: P = 0.037), cooking time × 

injection treatment (TWC: P = 0.001, CL: P < 0.001), cooking time × concentrate feeding treatment 

(TWC: P = 0.001) and injection treatment × concentrate feeding treatment (CL: P = 0.003). The 

effect of cooking temperature and injection treatment on CL and TWC is presented in Table 4. At 

65 ℃, a significant increase in CL and TWC was found in all injected samples compared to NI 

(control). However, neither parameter was affected by zingibain concentration. Increases in TWC 

were reflected in greater juiciness in all injected samples compared to NI when cooked at this 

temperature. Whereas, at 75 ℃, there was a substantial increase in CL and decrease in TWC in all 

injected samples compared to the NI (control). Similar findings of increasing CL with injected kiwi 

fruit protease in pork loin were reported by Liu et al. (2011).  
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Table 4. Effect of injection treatment (NI = no injection, WO = water only and 1 g/L GP, 2 g/L 

GP) and cooking temperature (65 ℃, 75 ℃) on cooking loss (%) and total water content (TWC, 

%) of biceps femoris. Values presented are model-based means. Superscripts (letters a-d) refer to 

the significant differences (P < 0.05) in mean values within each row. The separation of means 

was done using Fisher’s least significant differences (LSDs) for each trait separately. 

 
Cooking 

temperature 

Injection treatment 

NI WO 1 g/L 2 g/L 

Cooking 

loss (%) 

65 ℃ 33.0a 39.0c 39.5c 39.2c 

75 ℃ 41.7b 46.7d 46.7d 48.0e 

      

TWC (%) 65 ℃ 65.3a 66.4c 66.2c 66.7c 

75 ℃ 62.0b 61.5bd 61.1d 61.7bd 

 

An increase in CL in all injected samples regardless of the cooking temperature could be the 

result of mechanical rupture of the muscle caused by the multiple injections with the extra water 

injected not being entrapped in the muscle structure and therefore can easily escape during heating. 

4.4. Conclusions 

Injection of ginger powder solution containing zingibain substantially reduced toughness in 

cooked biceps femoris from older cows. Significant improvement in tenderness and WHC was 

achieved by feeding older cows on concentrate ration and in zingibain-injected samples at 65 ℃ 

as measured by WBSF. The effect of zingibain concentration gradient on decreasing WBSF was 

less pronounced at longer cooking times of 8 h and 18 h, suggesting that an optimal cooking 

temperature and zingibain concentration can be established together with optimal cooking time to 

achieve the desired tenderness. Any decrease in cooking time can potentially lead to a reduction in 

the processing cost.  

MFI revealed extensive myofibrillar degradation and fragmentation following zingibain 

injection. In addition, cooking temperature and time influenced substantially the myofibril and 
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collagen breakdown and improved tenderness along with zingibain injection treatment. Total 

muscle collagen decreased with an increase in the number of days the cows were offered 

concentrates prior to slaughter, whereas the soluble collagen increased with levels of zingibain 

injection. The practice of pre-slaughter concentrate feeding can improve muscle characteristics, 

tenderness, and WHC in meat from older animals. Improving the quality of tough meat from older 

cows by increasing the tenderness and juiciness can be used to supply a more consistent and 

uniform supply of affordable product to consumers while increasing overall consumer satisfaction 

with beef and hence adding commercial value to the beef industry. Further refinements of the 

interaction of zingibain injection treatment and low-temperature long-time sous vide cooking and 

their impact on sensory aspects, consumer acceptance, and demand for the cooked meat will be 

valuable for the beef industry. 
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Chapter 5 

Sensory and physical characteristics of M. biceps femoris from older cows 

using ginger powder (zingibain) and sous vide cooking 

The results of Chapter 4 demonstrated that ginger powder injections followed by sous vide 

cooking exhibited a synergistic effect in improving the quality of the meat from older animals when 

fed on a concentrate ration from 0-56 days. This chapter addressed the research question to 

investigate if the use of ginger powder solution improves quality without affecting the flavour of 

meat. Trained panel evaluations were conducted to characterise meat quality attributes. The results 

of this trial have been submitted in Foods, MDPI (Manuscript ID: foods-1337763). The article was 

accepted and in press at the time of thesis submission. The published article is available now as; 

Naqvi, Z. B., Thomson, P. C., Campbell, M. A., Latif, S., Legako, J. F., McGill, D. M., 

Wynn, P. C., Friend, M. A., & Warner, R. D. (2021). Sensory and Physical Characteristics of M. 

biceps femoris from Older Cows Using Ginger Powder (Zingibain) and Sous Vide Cooking. Foods, 

10(8), 1936. https://doi.org/10.3390/foods10081936 

The published copy is attached in appendix VIII. Author contribution:  

I performed the main body of work presented in this chapter including cooking 

experimentation, recruiting and conducting training and testing sessions. Dr. Sajid Latif assisted in 

running training and testing session, chemical assays in the laboratory. Dr Jerrad Legako provided 

technical advice to design training sessions. Prof. Robyn Warner and Dr. Michael Campbell 

assisted in experimental design. Assoc. Prof. Peter Thomson supported in statistical analysis and 

presentation of data. All authors including Prof. Peter Wynn provided their comments on the 
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Participants of the trained sensory study, picture taken and used with permission.  

From left to right in first row; Steph Sayers, Claudia Macleay, Zahra Naqvi, Veronika 

Vicic and Jenny Bannister 

Bottom row: Sajid Latif, Long Ma, Nyadouba Jok, Ian Johnson, Chronis Proistoris and 

Borkwei EdNignpense 
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Abstract 

This study aimed to evaluate the sensory and physical characteristics of zingibain-injected 

meat combined with sous vide cooking. M. biceps femoris (BF; n = 12) acquired from 6-7 year old 

Angus cows were cooked using the sous vide method at 65 ℃, for 8 h or 12 h, either with ginger 

powder (GP) injected in a 2 g/L solution in water (treatment) or un-injected (control). The sensory 

attributes included flavour, juiciness, tenderness and physicochemical characteristics were Warner-

Bratzler shear (WBSF), hardness, total water content (TWC), cooking loss (CL) and collagen 

content. A significant improvement in tenderness with injection treatment and cooking time was 

observed, as evaluated through trained sensory panelists and reduced WBSF and hardness (P < 

0.05 for all). The flavour of the meat was not affected by injection treatment or cooking time (P > 

0.05), but juiciness and TWC were reduced with longer cooking times (P < 0.01 for both). Soluble 

collagen increased with injection treatment and cooking time (both P < 0.05). Moderate to high 

correlations were found between sensory and physical measurements for tenderness and juiciness. 

The longer cooking time (12 h) with GP injection treatment caused over tenderization of the meat. 

The soft texture associated with over-tenderization may be suitable for some specialised consumer 

markets, for instance, the elderly population with chewing difficulties. Improving the eating quality 

of low-quality meat from old animals through sous vide cooking and the use of ginger proteases 

may increase the acceptability of lower value beef, potentially enhancing the commercial value of 

carcasses typically produced in the beef industry. 
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5.1. Introduction 

A consumer's acceptance and preference to purchase meat largely depends on their sensory 

experience in consuming the cooked product. The sensory attributes include all aspects of 

tenderness, juiciness, and flavour of meat. Tenderness is widely considered as the most important 

eating quality attribute associated with consumer preferences (Polkinghorne & Thompson, 2010). 

Physical qualities of the meat such as visual appearance, colour, freshness, fat content, and some 

extrinsic factors including price and brand influence a consumer's decision to purchase meat at the 

retail level (Grunert et al., 2004; Hocquette et al., 2012). Sensory attributes of the cooked meat 

however, mainly tenderness, play an important role in its acceptability and the decision to 

repurchase the meat (Savell et al., 1999; Shackelford, 2001). Consumers are willing to pay 

premium prices for beef if tenderness and high overall eating quality can be guaranteed (Boleman 

et al., 1997; Lyford et al., 2010). Provision of consistent texture and good eating experience to 

consumers has been a challenge to the beef industry often due to the inclusion of older, cull animals 

in the beef value chain. Meat from older cows is tougher and has inferior eating quality compared 

to younger animals (Therkildsen et al., 2011). The toughness in meat from old animals is due to 

the maturation of crosslinks in collagen which results in the strengthening of intramuscular 

connective tissue (Purslow, 2014; Sullivan & Calkins, 2010). The strength of connective tissue 

varies between carcasses, and muscles within a carcass, largely due to species, breed of animal, 

age, nutritional history and cooking conditions (Harris, 1976; Purslow, 2005; Warner et al., 2010). 

Improving the consumer experience of tough or lower quality meat requires value-adding, which 

has the potential to increase the profitability of the beef industry. 

The use of exogenous proteases derived from plants (papain, bromelain, actinidin, ficin and 

zingibain), bacteria (collagenases, bacillus protease), and fungi (aspartic protease) improves the 

tenderness and eating quality of meat (Arshad et al., 2016; Ashie et al., 2002; Bekhit et al., 2014; 

Christensen et al., 2009; Gagaoua et al., 2021; Ha et al., 2013; Naqvi, et al., 2021b; Zhu et al., 

2018). Ginger rhizomes (Zingiber officinale Roscoe) contain a protease “zingibain” that belongs 

to the peptidase family of cysteine proteases (Thompson et al., 1973). It has significant proteolytic 

activity and therefore can be effective in tenderizing tough meat (Cruz et al., 2020; Lee et al., 1986; 

Saranya et al., 2016). It improves tenderness (He et al., 2015; Moon, 2018) and sensory attributes 



99 

of cooked meat (Naveena & Mendiratta, 2004; Naveena et al., 2004; Pawar et al., 2007). The use 

of fresh ginger extract can however, produce a pungent odour causing off-flavour in treated meat 

(Bhaskar et al., 2006; Sullivan & Calkins, 2010). In our previous study in which we investigated 

the impact of injection of ginger powder (GP) solution containing partially purified zingibain in 

meat from older animals on eating quality, we found improvement in tenderness and quality of 

meat (Naqvi, et al., 2021b). This has led to this further investigation of the effects of this technique 

on sensory characteristics and flavour of beef.  

Sous vide is a low-temperature long-time (LTLT) cooking method that involves cooking of 

vacuum packed meat at a precisely controlled temperature and time in a water bath followed by 

rapid cooling (Schellekens, 1996). The food industry is increasingly adopting this method due to 

several advantages it provides over conventional cooking methods (Baldwin, 2012). It offers a 

uniform texture and improved tenderness particularly for low-value tough meat (Bhat et al., 2020; 

Christensen et al., 2013; Mortensen et al., 2012; Naqvi, et al., 2021a). Past research has reported 

improved sensory characteristics, more appealing texture and controlled doneness of the meat 

compared to several conventional cooking methods (Christensen et al., 2012; Ruiz et al., 2013; Sun 

et al., 2019). Sous vide cooking coupled with protease marination, including with ginger proteases, 

has been studied to improve texture and physical characteristics of the meat (Botinestean et al., 

2021; Christensen et al., 2009; Naqvi, et al., 2021b; Zhu et al., 2018). The combined effect of sous 

vide cooking together with treatment with proteases from injecting ginger powder containing 

zingibain on the sensory characteristics of meat has not been studied previously. The current study 

was designed to evaluate the sensory and physical characteristics of meat from older cows using 

both ginger powder injection and sous vide cooking. 

5.2. Materials and methods 

The experiment was conducted on biceps femoris muscles (n = 12) obtained from six to 

seven-year-old Angus cows which were offered a concentrate ration for 56 days before slaughter. 

Concentrate feeding of the cattle was undertaken at Charles Sturt University, Wagga Wagga, NSW, 

Australia, in 2019. The concentrate ration was formulated to contain approximately 15% crude 

protein, approximately 40% neutral detergent fibre and a minimum of 10.5 MJ metabolizable 

energy (ME)/kg DM using 12.3 % wheaten stubble, 11.9 % barley hay, 70.8 % pre-mix pellets 

(Oilseed Australia Pty Ltd), and 5% canola meal (Riverina Oils & Bio Energy Pty Ltd). All 
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ingredients were used on a total ration dry matter basis. The cows were kept in lairage with no 

access to feed and ad libitum access to water on the night before slaughter at the Teys Australia™ 

abattoir at Wagga Wagga. After chilling of carcasses at 2-3 ℃ for 24 hr, the Biceps femoris (BF) 

muscles were removed from the hindquarter, vacuum-packed stored for 24 h at 2-3 ℃ and 

afterwards they were transported to the meat laboratory at Charles Sturt University, Wagga Wagga. 

All BF were aged for 14 days at 4 ℃ and then stored at -20 ℃ until further processing.  

5.2.1. Injection treatment and cooking process 

BF were thawed in a cool room at 2-4 ℃ for 48 h. After thawing, BF were cut into halves 

parallel to muscle fibers after removing visible surface fat and connective tissue. Each half was 

randomly allocated to injection treatment; control, no injection (n=12), or injection treatment 

(n=12). The treatment pieces were injected to 116 % raw weight (weight +16%) with a ginger 

powder-based solution at a concentration of 2 g/L ginger powder in water (room temperature) while 

the control samples were vacuum packed and placed in a 4 ℃ cool room. The ginger powder 

“DigestEasy” was obtained from Biohawk (QLD, Australia). The presence of zingibain protease 

in the ginger powder solution was analyzed using SDS PAGE (Naqvi, Campbell, et al., 2021). 

Ginger powder solution was injected manually using a needle (1.2 mm × 38 mm: BD 

PrecisionGlide TM). Multiple injections were applied to the muscle with each injection volume of 

3-4 ml, equi-distant (approximately 2-2.5 cm apart), and 3-4 cm deep into the muscle. After 

injection, muscles were vacuum-packed and stored at 4℃ for 24 h. The next day, both control and 

injected meat halves were subsequently cut in half perpendicular to the direction of muscle fibres, 

into two steaks of 2.5 to 3 cm thickness and weighing approximately 175 ± 13 g (mean ± SD) 

which were randomly selected for sous vide cooking times of 8 h (n=12) or 12 h (n=12). Cooking 

of samples in a vacuum-packed plastic bag was performed in a circulating water bath (FusionChef 

™, Julabo Diamond XL, Germany) set at a temperature of 65 ℃. The internal temperature of a 

random sample in a water bath was monitored with a thermo-probe attached to the water bath 

(FusionChef ™, Julabo, Germany). The probe was inserted through foam sealing tape (Julabo 

Diamond XL, Germany) on the vacuum bag to retain the vacuum conditions in the bag. After 

cooking, the vacuum bags were opened and the cooking loss fluid was saved in a 10 ml plastic tube 

then frozen at -20 ℃ until processed to assess soluble collagen content. After cooking, the steaks 

were then used either for trained sensory panel, or physiochemical measurements, outlined below. 
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5.2.2. Trained sensory evaluation 

The Charles Sturt University Human Research Ethics Committee approved the project 

(Protocol number: H20315) for trained sensory panel evaluations. A group of 12 participants who 

regularly consume beef meat were recruited on a voluntary basis. The panel included a diverse 

range of age, gender and ethnic backgrounds. A lexicon to evaluate the sensory characteristics of 

the meat based on the research objectives was adopted (AMSA, 2015; Lucherk et al., 2016), shown 

in Table 1. Participants were trained on a selected lexicon following the research guidelines 

provided by AMSA (2015). A total of seven training sessions, each of 1.5 h duration were 

conducted to achieve a satisfactory level of participant confidence in evaluating the sensory 

attributes of the meat. During training sessions, a range of reference samples according to the 

selected lexicon (Table 1) with varying tenderness, juiciness, flavour and texture were provided to 

participants. Meat for preparation of reference samples was purchased from a local butcher, as 

described in Table 1). Following the seven training sessions, three experimental panel sessions 

were conducted to evaluate the prepared meat samples. Two panel sessions were conducted on one 

day, a morning and an evening session, and the third session was conducted on the following day.  

Each freshly-cooked sample steak was cut into six samples, each of around 2.5 cm3 and 

placed into a 60-ml cup with a lid (purchased from local market). Each sample was given a unique 

code labelled on the lid of the cup. A plan for randomization of all samples to all sessions was 

generated using the statistical package R with a user-written script. A total of eight samples were 

presented to each participant in each session. Samples were served between 60-65 ℃ to participants 

immediately after cooking. During testing, each of the panelists were seated on a separate table in 

a sensory testing room. Panelists were provided with a bottle of water, unsalted crackers (palate 

cleanser), toothpicks, napkins, wooden fork, paper-based form and a ballpoint pen. For each 

sample, tenderness, juiciness, flavour, and textural attributes were evaluated on a line scale having 

eight points, with descriptions for each scale number as shown in Table 2. Panelists were asked to 

count the number of chews to ingest each sample, and record it. They were also asked to describe 

the meat texture of each sample and were given three options of “mealy”, “mushy”, or “other”, and 

were required to select one of the three options.  
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Table 1: Selected beef attributes, description, and reference samples used to train the sensory 

panelists. 

Attribute Definition References 

Beef identity Amount of beef flavour 

identity in the sample  

Beef Broth = 5.0 

Beef brisket cooked to 71 oC = 8.0 

Metallic flavour Impression of slightly 

oxidized metal, such as iron, 

copper, and silver spoons  

Strip steak cooked to 71 ℃ = 4.0 

Canned pineapple juice = 6.0 

Ginger flavour Slightly pungent 

impression/warm/spicy 

Outside flat injected (10 g/L GP* 

solution) cooked at 65 ℃ = 8.0 

Outside flat injected (0.5 g/L GP 

solution cooked at 65 ℃ = 2.0 

Tender Easy to cut and chew Tenderloin steak cooked to 65 ℃ = 8.0 

Strip steak cooked to 71 ℃ = 5.5 

Chewy/tough Requiring much 

chewing/tough 

Eye of round steak cooked to 85 ℃ = 

3.0 

Inconsistent/patchy 

texture 

Irregular or uneven in 

texture 

Outside flat with uneven volume of GP 

injections per injection site (between 5-

10 ml) cooked under sous vide at 

65℃= 8.0 

Overall juiciness Amount of liquid released 

from sample over the entire 

chewing  

Strip steak cooked to 60 ℃ = 7.5 

Strip steak cooked to 71 ℃ = 5.0 

Strip steak cooked to 85 ℃ = 2-3 

*GP = ginger powder  
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Table 2. Scale description for scoring sensory attributes evaluated by trained sensory panelists. 

Scale 

point 

Flavour Intensity Juiciness Tenderness Texture 

consistency 

8 Extremely Intense  Extremely Juicy  Extremely Tender  Extremely Uniform 

7 Very Intense  Very Juicy  Very Tender  Very Uniform 

6 Moderately Intense  Moderately Juicy  Moderately 

Tender  

Moderately Uniform 

5 Slightly Intense  Slightly Juicy  Slightly Tender  Slightly Uniform  

4 Slightly Bland  Slightly Dry  Slightly Tough  Slightly Inconsistent 

3 Moderately Bland  Moderately Dry  Moderately 

Tough  

Moderately 

Inconsistent 

2 Very Bland  Very Dry  Very Tough  Very Inconsistent  

1 None Extremely Dry  Extremely Tough  Extremely 

Inconsistent 

 

5.2.3. Physicochemical measurements 

The physicochemical measurements including cooking loss, total water content, Warner-

Bratzler shear force (WBSF), texture profile analysis (TPA), and total and soluble collagen were 

conducted on the cooked meat samples whereas, the total water content (TWC) of both raw and 

cooked meat samples were determined. These physiochemical measurements were conducted on 

all treatments within each muscle, across the muscles, resulting in a replication of n=6 for all 

measurements for each treatment.  

5.2.3.1. Total water content and cooking loss 

TWC was measured, following the method of Oillic, et al. [44], on 24 samples, comprising 

six replicates of each treatment, being injection treatment (control and GP injection) and cooking 

time (8 h, 12 h). Briefly, a meat sample (3-5 g) was placed in a hot air oven (N759, S.E.M, 

Australia) at 104°C for 48 h. After cooling to 25 ℃ the samples were placed in a desiccator, and 

their weight was measured to calculate the percentage of weight loss relative to the weight of 

samples before oven drying. For cooking loss, the meat samples after 24 h injection treatment were 

opened and dried with a paper towel and the initial weight was measured before cooking. Similarly, 
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samples were weighed after cooking. Cooking loss was calculated as a weight difference before 

and after cooking relative to the weight of the meat before cooking and expressed as a percentage. 

 5.2.3.2. WBSF and TPA 

After the cooking treatments described in section 5.2.1 above, samples (~70-80 g) were 

placed in ice-cold water for 30 min then left in a 4 ℃ chiller for 24 h. The Warner-Bratzler peak 

shear force (WBSF; Newton) was measured following a modified method Naqvi, et al. (2021b) 

using a Warner-Bratzler V-shaped shear blade attached to a texture analyzer TA XT-plus 100 C 

(Stable Micro Systems, Surrey, UK). Five to six sub-samples (depending on sample size) of each 

sample with approximate dimensions of 1.0 × 1.0 × 5.0 cm (H × W × L) were analyzed. TPA of 

cooked samples was measured by the method of De Huidobro et al. (2005) on six to seven 

subsamples from each sample using a 5-mm cylinder probe attached to a texture analyzer 

(TA.C100 Plus Stable Micro Systems, UK). Approximately 1 cm3 sample was compressed to 75% 

of the height, the probe returned to initial height and a second compression cycle started after two 

seconds. Hardness, cohesiveness, adhesiveness, springiness, gumminess, and chewiness were 

calculated as described by Roldán et al. (2013). The details on the justification and parameters used 

for WBSF and TPA, and the history of the development and use of WBSF has been explained in 

Warner et al. (2021). 

5.2.3.3. Total collagen 

Total collagen of all control and injected raw meat samples 24 h post injection were 

measured using the method of the Association of Official Agricultural Chemists (AOAC, 2000), 

described in detail by Naqvi, et al. (2021a) with minor modification. Briefly, 100 mg of dried meat 

powder was hydrolyzed in 3.5 M sulphuric acid (Sigma Aldrich, USA) in a glass tube placed in an 

oven at 105 ℃ for 16 h. The approximate concentration of hydroxyproline was determined in dried 

meat powder using hydroxyproline standard solution, and water (blank) to measure absorbance at 

558 nm in a spectrophotometer (FLUO star Omega-415-0056). The total collagen content of dried 

meat powder was calculated and expressed as mg/g of dried meat. 

5.2.3.4. Soluble collagen 

Heat soluble collagen content was measured for six replicates of each treatment in cooked 

samples, using the method of Christensen et al. (2013), as described with minor modification 

described in Naqvi, et al. (2021a). The method used the cooking loss fluid obtained from both 
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control and injected samples after 8 h and 12 h of cooking. The hydroxyproline concentration was 

measured in cooking loss fluid using the colorimetric method and the amount of soluble collagen 

was calculated by multiplying the hydroxyproline concentration by a factor of 7.14. The heat 

soluble collagen determined in the cooking loss fluid was expressed as mg of soluble collagen/g 

cooked meat.  

5.2.4. Statistical methods 

All the physical, chemical and sensory data were analyzed using linear mixed-effect models 

fitted using the restricted (or residual) maximum likelihood (REML) using nlme and emmeans 

packages in R (R version 3.5.2, R Core Team 2020). The fixed effects for WBSF, TPA, TWC, 

soluble collagen, cooking loss, beef identity, metallic flavour, ginger flavour, juiciness, tenderness 

and texture consistency were injection treatment, and cooking time whereas, the random effects 

were carcass and location within the carcass and for sensory evaluation, panel session, carcass 

number nested within the panel session, participant number, and participant number × panel session 

interaction. Total collagen measured in raw meat was analyzed with the fixed effects specified as 

injection treatment, and the random effects as carcass and location within the carcass. The analysis 

of WBSF, soluble collagen, chewiness and adhesiveness, and the number of chews were performed 

on log-transformed data and the means estimated on log scale were back-transformed and presented 

in results. Texture description, a three-level categorical variable, was analyzed using a set of three 

binomial mixed models using the glmer function of the lme4 package in R. The same fixed and 

random effects were specified as for the linear mixed models, and the emmeans package in the 

form of model-based probabilities was used for data output of mealy, mushy and other texture. The 

significance level was set at P = 0.05 to determine significant differences between means and 

comparisons were made using a Fisher LSD approach using the cld function in the multcomp 

package in R.  

To investigate associations between the six sensory taste scores, correlations were obtained 

and plotted using the corrplot package in R, and a principal component analysis conducted (without 

re-scaling) using the prcomp function in R. The first two principal component (PC1, PC2) scores 

were plotted to investigate any clustering by injection treatment and cooking time. PC1 scores were 

analyzed by a linear mixed model of the same form as specified for the separate sensory taste 

scores. 
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Following this, correlations were explored between the set of eight physical measurements 

(WBSF, hardness, adhesiveness, springiness, cohesiveness, gumminess, chewiness and total water 

content (TWC) and the sensory scores. As TWC evaluation was not replicated, the average values 

of each of the other physical measurements were used (averaged across subsamples), resulting in 

24 sets of physical observations. The sensory taste scores were similarly averaged, and following 

merging, resulted in 20 sets of combined physical-sensory variables. This dataset was initially 

explored through extended correlation analysis and plot, followed by canonical correlation analysis 

between the two sets, using the cc function in the CCA package and the cancor function in the 

candisc package in R. Variables were initially standardized to allow evaluation of the contribution 

of each physical and sensory variables to their respective canonical variables. Canonical 

correlations were tested and physical vs sensory scores plotted to evaluate the associations. 

5.3. Results 

5.3.1. Sensory evaluation 

The samples had a moderate to slightly intense beef flavour intensity with mean scores of 

5-6, assessed in all cooked samples at 65 ℃ for 8 h and 12 h of cooking (Figure 1). Beef flavour 

was not affected by injection treatment or cooking time (P > 0.1).  

Results showed a trend for an interaction between injection treatment and cooking time (P 

= 0.084) on metallic flavour development in cooked meat. The trained sensory scores ranged from 

1-2 (none to very bland) in all samples. GP-injected samples were assessed as having lower metallic 

flavour compared to no injection after12 h of cooking.  

Ginger flavour was found in all GP-injected samples within the mean score range of 2-3 

(very bland to moderately bland). Ginger flavour was affected by an interaction between injection 

treatment and cooking time (P = 0.004) as shown in Figure 1. The ginger intensity was higher in 

GP-injected compared with control samples at both cooking times however, ginger flavour 

intensity was reduced after 12 h of cooking. 

Juiciness was significantly impacted by the injection treatment × cooking time interaction 

(P = 0.032). GP-injected samples received higher juiciness scores at 8 h, whereas control samples 

had higher scores at 12 h cooking.  
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Tenderness was greatly affected by both injection treatment and cooking time and their 

interaction (P < 0.001). GP-injected samples were substantially more tender compared with the 

controls, however, tenderness increased with longer cooking time in control samples.  

 

 

Figure 1. Effect of injection treatment (GP injection= Ginger powder solution containing 

zingibain injection, Control= without injection) and cooking time (8 h, 12 h) on sensory 

attributes of M. biceps femoris cooked at 65 ℃ and assessed through trained panelists. Eight-

point scales were used for beef identity, metallic flavour and ginger flavour (1 = none, to 8 = 

extremely intense), juiciness (1 = extremely dry, to 8 = extremely juicy), tenderness (1 = 

extremely tough, to 8 = extremely tender), and texture consistency (1= extremely inconsistent, 
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to 8 = extremely uniform). Number of chews were counted by each panellist. Mean scores ± SE 

are presented in the bar chart for each sensory attribute and number of chews. Superscripts refer 

to significant differences between means. The texture description in the bottom right graph are 

based on a three-level categorical variable and are presented as a mean probability for the two 

injection treatments.  

 

Textural consistency was not affected by cooking time nor by injection treatment. However, the 

treatment had a significant effect (P < 0.001) on chewiness/number of chews required for the 

samples with the GP-treated samples requiring fewer chews than the control samples at both 

cooking times. 

5.3.1.1. Correlations and principal component analysis of sensory traits 

There were moderate positive correlations between juiciness and beef flavour identity (r = 

0.44) and between tenderness and ginger flavour (r = 0.37), and low correlations between metallic 

flavour and ginger flavour (r = 0.28), between tenderness and texture consistency (r = 0.25) and 

between juiciness and tenderness (r = 0.20), as shown in Figure 2. 
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Figure 2. Plot of Pearson correlation coefficients of sensory attributes evaluated through trained 

panelists. Correlation values are shown below the diagonal and colour coding for size and sign 

of correlations are shown above the diagonal. Correlations calculated from sensory attributes of 

M. biceps femoris in control and ginger powder injection treated samples cooked for 8 h and 12 

h. Blue dots indicate positive correlations and red dots represent negative correlations between 

the traits.  

 

A principal component analysis (PCA) was performed on the six sensory traits. The first 

PC (PC1) explained 34% of the variation, PC2 23%, PC3 16%, with the remaining four PCs 

explaining 27%. The loadings for PC1 and PC2 are listed in Table 3. Based on the loadings, PC1 

can be interpreted as an overall measure of tenderness, texture consistency and juiciness together 

with ginger flavour, whereas, PC2 is a contrast between ginger flavour vs beef flavour and 

juiciness. Figure 3 shows a scatter plot of PC1 vs PC2 highlighting the separation between control 

and GP-injected samples. The GP-injected samples have higher PC1 values indicating increased 

tenderness, juiciness, and texture consistency along with ginger flavour. PC2 shows little 

separation between injection treatment and control samples. 
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Figure 3. Scatter plot of principal component analysis (PCA), PC1 vs PC2 scores for sensory 

traits (beef flavour/identity, metallic flavour, ginger flavour, tenderness, juiciness, and texture 

consistency) of M. biceps femoris after injection treatment (GP injection=ginger powder 

injection containing zingibain and control=without injection), cooked at 65 ℃ for 8 h and 12 h 

under sous vide conditions. PCA separation was on injection treatment: yellow dots= injected 

samples; blue dots= control samples displayed in the plot. 
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Table 3. Loadings for the first two principal components for the sensory traits. 

Sensory traits PC1 PC2 

Beef identity/flavour 0.092 -0.496 

Metallic flavour 0.037 0.066 

Ginger flavour 0.423 0.463 

Juiciness 0.239 -0.731 

Tenderness 0.824 0.023 

Texture consistency 0.273 0.012 

 

5.3.2. Physicochemical measurements 

5.3.2.1. Instrumental texture profile 

Peak shear force measured by WBSF was affected by an interaction between injection 

treatment and cooking time (P = 0.006). WBSF was significantly lower in GP-injected samples 

compared to controls as shown in Table 4. Model-based means obtained for different textural 

parameters included in the TPA analysis are presented in Table 4. Hardness and chewiness of the 

cooked samples were significantly impacted only by injection treatment (both P < 0.01), whereas 

cohesiveness and gumminess were significantly affected by both injection treatment (P < 0.05 for 

both) and cooking time (P < 0.05 for both). However, there was no interaction between injection 

treatment and cooking time for these variables. There was an interaction between cooking time and 

injection treatment for springiness (P = 0.05), but adhesiveness was not affected by either cooking 

temperature or injection treatment, and nor was there any interaction. 
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Table 4. Effect of injection treatment (IT; control= without injection; GP injection= ginger powder injection containing zingibain) and 

cooking time (T; 8 h, 12 h) on Warner-Bratzler shear force (WBSF), and texture profile parameters including hardness, cohesiveness, 

adhesiveness, springiness, chewiness, and gumminess of M. biceps femoris cooked at 65 ℃ under sous vide. Values are presented as 

mean ± SE. Superscripts refer to the significant differences of means (P < 0.05) within each row. P values for main effects (time and 

injection treatment) and their interaction are presented in the table. 

 

 

Variables 

GP-injection  Control   P values 

8 h 12 h  8 h 12 h  Time 

(T) 

Injection 

treatment 

(IT) 

T × IT 

WBSF (N) 26.5 ± 3.18 b 12.2 ± 1.17 c  47.5 ± 4.11 a 43.6 ± 3.56 a  0.329 0.003 0.006 

Hardness (N) 12.98 ± 2.50 b 6.97 ± 1.77 b   29.74 ± 1.54 a 25.87 ± 1.53 a  0.135 0.001 0.593 

Cohesiveness (N/mm2) 0.21 ± 0.07 b 0.16 ± 0.05 b  0.42 ± 0.05 a 0.25 ± 0.05 b  0.042 0.045 0.342 

Adhesiveness (N.s) -0.02 ± 0.008 a -0.01 ± 0.003 a  -0.02 ± 0.004 a -0.01 ± 0.003 a  0.439 0.959 0.652 

Springiness (cm) 0.50 ± 0.03 a 0.36 ± 0.02 b  0.49 ± 0.01 a 0.45 ± 0.01 a  0.123 0.769 0.057 

Chewiness (N.s) 0.68 ± 0.46 bc 0.19 ± 0.09 c  5.63 ± 2.323 a 1.82 ± 0.75 ab  0.097 0.033 0.893 

Gumminess (N/cm2) 2.12 ± 1.89 bc 1.44 ± 1.34 c  12.62 ± 1.16 a 6.9 ± 1.16 b  0.026 0.006 0.243 
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5.3.2.2. Total water content  

The TWC (%) of raw BF was 74.9 ± 0.44 (mean ± SE) which was increased by injection 

treatment (P = 0.012), whereas the cooking of BF significantly (P < 0.001) reduced the total 

water content of the samples for both 8 h and 12 h cooking times from both treatments. There 

was no interaction found between injection treatments and cooking, as shown in Figure 4. 

  

 

Figure 4. Effect of injection treatment (T = Injection with 2 g/L GP solution containing 

zingibain; C = control/without injection) and cooking time (8 h, 12 h) on total water content 

(TWC) of M. biceps femoris cooked at 65 ℃ under sous vide. Values are presented as mean 

± SE for raw (R) and cooked meat samples. 

 

5.3.2.3. Cooking loss 

An interaction between injection treatment and cooking time was observed (P = 0.05; 

Table 5) for cooking loss. Cooking loss was affected by cooking time with higher cooking loss 

after 12 h relative to 8 h of cooking. Cooking loss was higher in treated samples compared to 

controls at both cooking temperatures.  
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Table 5. Effect of injection treatment (GP injection= injection with ginger powder solution 

containing zingibain; Control= without injection) and cooking time (8 h, 12 h), on the cooking 

loss of M. biceps femoris cooked at 65 ℃ under sous vide. Data are presented as mean ± SE. 

Superscripts refer to significant differences in the mean values. 

  Cooking time 

 
  Injection treatment 8 h  12 h 

Cooking loss % 

GP-injected 39.2 c ± 0.83  41.7 c ± 0.66 

Control 
 

32.5 a ± 0.83 

 

34.5 b ± 0.70 

 

5.3.2.4. Total Collagen 

The total collagen of the raw BF was not affected by injection treatment (P = 0.26). The 

amount of collagen in injection treated samples, determined 24 h after injection treatment was 

23 ± 4.1 and in control samples was 30 ± 4.1 (mg/g of dried meat) (mean ± SE).  

5.3.2.5. Soluble collagen 

Soluble collagen was significantly higher in GP-injected cooked samples compared to 

control samples (P < 0.0001). There was a significant (P = 0.001) effect of cooking time on the 

amount of heat soluble collagen with higher concentrations in 12 h cooked samples compared 

to 8 h. There was no interaction between injection treatment and cooking time (P = 0.15), as 

shown in Table 6. However, in control samples, the soluble collagen increased with cooking 

time while there was no effect of cooking time in ginger-treated samples with the same amount 

of heat soluble collagen found in both 8 h and 12 h cooked samples.  

Table 6. Effect of injection treatment (GP injection= ginger powder injection containing 

zingibain; control= without injection) and cooking time (8 h, 12 h) on soluble collagen of M. 

biceps femoris cooked at 65 ℃ under sous vide. Values are presented as mean ± SE. 

Superscripts refer to significant differences in the mean values (P < 0.05).  

  Cooking time 

 
Injection treatment 8 h  12 h 

Soluble collagen 

(mg soluble collagen/g  

raw meat) 

GP-injection 14.05 ± 2.75 c  17.72 ± 3.17 c 

Control 
 

3.72 ± 0.43 a 

 

5.00 ± 0.57 b 
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5.3.3. Canonical correlation analysis between sensory traits and physical measurements  

Figure 5 shows the correlations between the eight physical measurements and the seven 

sensory traits. There are relatively high positive correlations among the physical measurement 

traits, although total water content is negatively correlated with most of the other physical 

measurement traits (r = –0.70). In contrast, there are relatively low correlations amongst the 

sensory traits, as noted previously. The cross-correlations between these two sets of traits are 

mostly moderate to high. Sensory tenderness had negative correlations with most of the physical 

measurement traits, particularly peak force (WBSF, r = -0.73), however, there was a positive 

correlation with total water content (r =0.57). Table 7 shows the loadings for the first pair of 

canonical variables for the canonical correlation analysis, for the physical (x) and sensory (y) 

variables. From the loadings, the physical canonical variable is explained as a contrast between 

gumminess vs chewiness whereas the sensory canonical variate is explained as a contrast 

between tenderness and ginger flavour vs beef flavour, metallic flavour and texture consistency. 

Figure 6 shows a plot of the sensory vs physical canonical variables and displays a high 

canonical correlation (r = 0.99, P = 0.023). GP-injected samples had consistently higher scores 

than control samples for both physical and sensory measurements, which can be explained by 

the loadings as well as the individual sensory and physical variable findings reported above.  
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Figure 5. Plot of Pearson correlation coefficients (r) of sensory attributes (BI = beef identity, 

MF = metallic flavour, GF = ginger flavour, JU = juiciness, TE = tenderness, NC = number 

of chew, TC = textural consistency; evaluated through trained panelists) and physical 

measurements (PF = peak force, HA = hardness, AD = adhesiveness, SP = springiness, CO 

= cohesiveness, GU = gumminess, CH = chewiness and TW = total water content) for M. 

biceps femoris in control (without injection) and ginger powder injection samples cooked for 

8 h and 12 h at 65 ℃ under sous vide. Correlation values are shown below the diagonal and 

colour coding for size and sign of correlations are shown above the diagonal. Blue dots 

indicate positive correlations and red dot represents the negative correlations among the traits. 
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Figure 6. Canonical correlation plot showing first dimensions of physical (Warner-Bratzler 

shear force, hardness, adhesiveness, springiness, cohesiveness, gumminess, chewiness and 

total water content) and sensory traits (beef flavour/identity, metallic flavour, ginger flavour, 

tenderness, juiciness) of M. biceps femoris with injection treatment (control= without 

injection, GP injection=ginger powder injection containing zingibain) cooked at 65 ℃ for 8 

h and 12 h under sous vide conditions. Control and GP-injected samples are displayed in the 

plot. Blue dots = Control, yellow dots = GP-injected samples. 
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Table 7. Canonical correlation loading of dimension 1 for both X and Y-axis. The X-axis 

represents the physical variables and Y-axis represents sensory variables of M. biceps femoris 

with injection treatment (control= without injection, GP injection=ginger powder injection 

containing zingibain) cooked at 65 ℃ for 8 h and 12 h under sous vide conditions. WBSF= 

Warner-Bratzler shear force, TWC= total water content.  

Physical variables Canonical  

x-loadings 

Sensory variables Canonical  

y-loadings 

WBSF     -0.537 Beef flavour   -0.321 

Hardness   -0.411 Metallic flavour   -0.392 

Adhesiveness  0.151 Ginger flavour    0.364 

Springiness 0.245 Juiciness  0.014 

Cohesiveness -0.009 Tenderness  0.440 

Gumminess   2.972 No of chews     0.045 

Chewiness   -3.026 Texture 

consistency 

-0.421 

TWC  0.074  

 

5.4. Discussion 

Our study demonstrated that GP-injected samples were more tender compared to control 

samples, with higher sensory tenderness scores of 6.85 ± 0.31 and 6.15 ± 0.30 of injected 

samples, compared to the control samples with scores of 3.66 ± 0.32 and 4.41 ± 0.32 (mean 

score ± SE) for 8 h and 12 h cooking times respectively. These results are in agreement with 

the findings of Naveena and Mendiratta (2004) in 4-5 year old buffalo meat, with a significant 

increase in sensory tenderness mean (± SE) scores in ginger extract treated samples (7.11 ± 

0.09) compared to control samples (5.73 ± 0.11). The results of physical measurement of 

tenderness, WBSF and TPA provided additional objective evidence in support of the sensory 

results. Our results suggested that WBSF, hardness, cohesiveness, chewiness and gumminess 

were significantly reduced in GP-injected samples compared to control samples (Table 4), 

which is consistent with our previous study (Naqvi, et al., 2021b). Our previous study (Naqvi 

et al., 2021b) also demonstrated that injecting water only has no effect on WBSF compared to 

control (no injection), demonstrating that our increased tenderness with GP injection is due to 

proteolysis, not muscle damage due to needle piercing. The use of ginger protease zingibain 

has been reported to improve tenderness in tough meat assessed by physical measurement and 

sensory evaluation. In the current study, control samples cooked for 8 h and 12 h were assessed 

as other/mealy in texture whereas, GP-injected samples were described as mushy, which is a 
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reflection of over tenderization. A previous study has reported the mealy texture of the meat 

from older animals due to reduced juiciness of the meat (Shorthose & Harris, 1990). A mushy 

and over-tenderised texture, which would be unacceptable to consumers, is also indicated by 

the very low WBSF for the GP-injected 12 hr cooked samples. Hence in contrast to our previous 

study (Naqvi, et al., 2021b) we achieved tender meat with lower cooking time of 8h, with the 

use of GP-injection. However, the soft texture or over-tenderisation may be suitable for some 

specialised consumer markets, for instance, the elderly population (Mena et al., 2020). There 

are papers showing that people vary in their liking for tenderness and texture of the meat 

(Warner et al., 2021). Elderly people desire a softer texture and often prefer very tender meat 

due to trouble chewing and swallowing difficulties (Botinestean et al., 2016; Felderhoff et al., 

2020). 

Zingibain causes the breakdown of myofibrillar proteins and solubilization of collagen 

content which enhances tenderization (Ha et al., 2012). It acts more specifically on collagen 

due to substrate specificity for the amino acid proline on the collagen fibre thus increasing 

soluble collagen contents of the cooked meat which is positively associated with tenderness 

(Kim et al., 2007). Our results revealed a significant amount of soluble collagen in the cooking 

fluid from GP-injected samples compared to control samples cooked at 65 ℃ for 8 h and 12 h. 

This is consistent with previous reports on tenderization of M. pectoralis profundus isolated 

from the beef brisket from Holstein steers with higher collagen solubility in ginger-treated 

samples compared to control (Moon, 2018). Our results showed increased soluble collagen in 

the cooking fluid from both injection treated and control samples with longer heating. The heat-

induced denaturation of collagen depends upon heating temperature and time. Purslow et al. 

(2016) reported the denaturation of collagen protein and subsequent gelation between 60-70 ℃.  

In the current study, all the sensory and physical measurements of tenderness were 

affected by longer cooking time. Tenderness of meat is associated with structural modification 

of myofibrillar proteins and connective tissue. Longer heating causes weakening of connective 

tissue, due to denaturation of proteins or solubilization of collagen (Dominguez Hernandez et 

al., 2018). A sensory study on low-temperature long-time sous vide cooking by Mortensen et 

al. (2012) reported improved tenderness of semitendinosus from bulls with increased cooking 

time (3-12 h) at 56 ℃, 58 ℃ and 60 ℃. Similarly, decreased shear force (WBSF) was reported 

by Christensen et al. (2013) in cow meat with longer cooking times ranging from 2.5 - 19 h 

using both 53 ℃ and 63 ℃. Hence these results are in agreement with the improved tenderness 

with trained sensory and decreased WBSF and TPA in the present study. 
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Juiciness is an important sensory attribute that is affected by the water holding capacity 

of the muscle, which affects the eating experience of the cooked meat. Juiciness and tenderness 

are closely associated and affected by cooking temperature and time (Huff-Lonergan & 

Lonergan, 2005; Tornberg, 2005). In this study, the juiciness of the samples cooked at 65 ℃ 

for a longer time, regardless of the injection treatment, were assessed as less juicy through 

trained panelists with mean scores between 3 and 4 (moderately dry to slightly dry). These 

results correspond to our TWC and cooking loss measurements. Previous studies showed that 

the TWC of the cooked meat was significantly affected by cooking temperature and time 

(Dominguez Hernandez et al., 2018; Naqvi, et al., 2021a). During heating, the fluid loss is 

related to myofibrillar shrinkage that initiates at 40 ℃ and intensifies with increasing 

temperature. The myofibrillar shrinkage reduces the ability of the muscle to hold water (Hughes 

et al., 2014). Increased temperature to 60-70 ℃, causes contraction of perimysial connective 

tissue, which is associated with compression of muscle fibre bundles leading to the expulsion 

of fluids from muscle (Purslow et al., 2016). All these mechanisms explain the temperature 

effects on water loss and lower water contents of the cooked meat samples observed in the 

current study.  

In this study, reduced juiciness of samples with longer cooking time is consistent with 

previous studies on cooking duration in beef (Ayub & Ahmad, 2019; Modzelewska-Kapituła et 

al., 2012) and pork (Aaslyng et al., 2003; Becker et al., 2016). Although the TWC of raw 

injected samples was significantly higher than in the control samples, the cooking duration of 

8 h and 12 h reduced the TWC of both control and injected samples, with a higher cooking loss 

in the injection-treated samples. This could most likely be explained by the higher water content 

of the injected samples but could also be explained by mechanical damage due to the process 

of repeated needling and excessive capillary action for ginger solution and water loss following 

injection of ginger solution. A value-added ready to use product for sous vide cooking, which 

might for example include mixed spices chosen according to the tastes of the consumers 

targeted for the product, could provide residual juice for the preparation of a tasty gravy to 

accompany the product upon serving. This would enhance the desirability of the product 

through flavour and therefore sensory acceptance. Our results showed that meat cooked at 65℃ 

for 8 h and 12 h produced slightly intense to moderately intense beef flavour regardless of the 

treatments. Flavour of meat is impacted by the type and concentration of the volatile compounds 

produced during cooking (Hwang et al., 2020). The flavour in sous vide cooked beef mainly 

depends on cooking temperature (Christensen et al., 2012). Sous vide, a low-temperature 
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cooking technology, produces less flavour in the meat (Ayub & Ahmad, 2019). Becker et al. 

(2016) also found low flavour intensity in sous vide cooked pork if the cooking temperature 

was kept below 60 ℃. Intense flavour is usually produced at above 70 ℃ in sous vide cooking 

(Roldán et al., 2015). This study found moderately intense flavour at a cooking temperature of 

65 ℃, in accordance with the above-mentioned studies for flavour intensity with temperature 

in sous vide cooking.  

Our results showed that very bland to moderately bland ginger flavour was present in 

all GP-injected samples assessed through the trained sensory panel representing diverse 

ethnicities and age groups. Previous studies have reported that the use of fresh ginger extract 

causes an off-flavour in the meat (Bhaskar et al., 2006; Sullivan & Calkins, 2010). The ginger 

flavour is a mixture of spicy and sweet sensations and conveys a “warm” impression with a 

strong pungent characteristic. Ginger contains phenolic compounds, carbohydrates, proteins, 

fibres and essential oils. The pungent flavour of ginger is produced by a group of phenolic 

alkanones such as gingerols and shagoals in the ginger rhizome (Ravindran, 2017). Mainly, 

gingerols contribute to pungency in the crude ginger extract. The effect of ginger flavour can 

be minimized by using purification processes for protease extraction from the crude ginger 

rhizome. Previous studies found that the drying process reduces the gingerol content (Bartley 

& Jacobs, 2000) while high-temperature processing converts gingerol to shagoals and 

zingerone, both of which are present in low concentration in crude ginger extract (Menon et al., 

2007). This study utilized the ginger powder containing partially purified proteases through 

drying aqueous extracts of ginger rhizomes thus limiting the ginger flavour development in the 

meat. Our results suggest that using partially purified ginger powder solution may have an 

advantage over crude extract for the wider population who do not always like a ginger flavour 

in meat. This is evident from the sensory evaluation scores (very bland to moderately bland) 

for ginger flavour (Figure 1). 

Our results showed moderate to high correlations between sensory and physical traits 

which is in agreement with a previous study on tenderness in M. longissimus thoracis from 

bulls and steers which reported moderate correlations between sensory and objective 

measurements (Peachey et al., 2002). In the current study, the TWC of the cooked meat and 

sensory juiciness are positively correlated (Figure 5). Sensory tenderness is negatively 

correlated with peak force (WBSF) and TPA parameters (hardness, cohesiveness, gumminess, 

springiness and chewiness). The tenderness and juiciness of cooked BF, evaluated through 

trained panelists supported the physical measurements, indicating that these measurements are 
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capable of predicting some aspects of the quality of the product. The flavour of the meat was 

only assessed by trained panelists and further analysis of the volatile profile contributing to beef 

flavour would be worthwhile. 

5.5. Conclusions 

The current study has demonstrated that the eating quality of tough meat from old 

animals can be enhanced by combining the use of sous vide cooking with ginger proteases. The 

physical and sensory characteristics of low-value beef, particularly tenderness, was improved 

with GP injection containing zingibain protease along with sous vide cooking although GP 

injection and 12 hr cooking resulted in mushy over-tenderised meat. Hence a lower cooking 

time is required to reach acceptable tenderisation of very tough muscles, when GP injection is 

used. The over-tenderised, mushy samples obtained with GP injection and sous vide cooking 

for 12 hrs are likely unacceptable to some consumers, but may provide an opportunity for 

developing meat products for demographics such as the elderly who have difficulty chewing or 

swallowing. A low score for ginger flavour assessed by a trained sensory panel suggests that 

the use of purified ginger protease may be used without substantially masking the characteristic 

beef flavour. Our research clearly demonstrated a significant effect of protease enzyme and 

sous vide cooking on tenderness. The reduction in juiciness reported here could be increased 

by evaluating a mixture of spices having the potential to retain water: this requires further 

investigation. Future research is proposed on optimizing/adjusting the moisture contents with 

improved tenderness and higher sensory acceptability which could be targeted for curry-based 

value-added products.  
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Chapter 6 

Physicochemical, structural and microbial quality and shelf life of ginger 

powder (zingibain) injected sous vide cooked M. biceps femoris from older 

cows 

Chapter 5 presented the results of a trained panel on characterising the sensory attributes 

of sous vide cooked meat from older animals with zingibain injections. Chapter 6 was designed 

to evaluate the shelf life of the meat investigating microbial and physicochemical and structural 

changes in the meat in extended storage under refrigeration. The microbial growth found in 

samples were further confirmed through polymerase chain reaction (PCR), catalase test and 

Gram staining for the identification of microorganisms. The manuscript describing the results 

of this trial were submitted to the Meat Science journal and were under review at the time of 

thesis submission. The article is accepted and published as;  

Naqvi, Z. B., Campbell, M. A., Latif, S., Thomson, P. C., Astruc, T., Friend, M. A., 

Vaskoska, R., & Warner, R. D. (2022). The effect of extended refrigerated storage on the 

physicochemical, structural, and microbial quality of sous vide cooked biceps femoris treated 

with ginger powder (zingibain). Meat Science, 186, 108729. 

https://doi.org/10.1016/j.meatsci.2021.108729 

The published article is available in appendix IX. 
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Abstract 

The aim of the study was to investigate quality and shelf life of beef meat cooked under 

sous vide conditions then extended refrigerated storage for 10 weeks. Biceps femoris (n = 6) 

from six to seven year old cows were treated with 2g/L ginger powder (GP) containing 

zingibain or control (no injection) and were then cooked in sous vide conditions at 65 ℃ for 1 

h or 8 h. Cooked samples were evaluated for physicochemical (pH, total water content, cooking 

loss, Warner-Bratzler shear force (WBSF), texture profile analysis (TPA), L*, a*, b* colour 

and TBARS), microstructure (scanning electron microscopy) and microbiological (Brochothrix 

thermospacta, Clostridium perfringens, Lactic acid bacteria, Listeria monocytogenes, 

Salmonella spp, and yeasts and moulds) quality after vacuum packing, cooking, then 

refrigerated storage at 4 ℃ for 0, 2, 4, 8 or 10 weeks. Physicochemical parameters were 

improved by GP treatment (P < 0.05) while there was no effect of storage time on WBSF, TPA 

or microstructure. The microbial quality of sous vide cooked meat in refrigerated storage 

appeared to be four weeks and oxidation shelf life of the cooked meat was found to be two 

weeks under refrigerated storage.  

Keywords: Sous vide, zingibain, protease, shelf life, quality, storage 
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6.1. Introduction 

Meat products are highly perishable due to their content of metabolizable nutrients, and 

favourable range of pH and moisture content for microbial growth of bacteria, yeasts, and 

moulds (Doulgeraki et al., 2012; Gram et al., 2002). The spoilage of meat is indicated by the 

microbial count, and the extent of lipid oxidation and enzymatic autolysis (Pellissery et al., 

2020). The biochemical reactions associated with the microbial breakdown of nutrients and 

oxidation of the lipids cause discoloration and rancidity resulting in undesirable changes in 

meat odour, taste, and texture, thereby making it unacceptable for human consumption (Sun & 

Holley, 2012). The extent of microbial growth impacts the shelf life of the meat and its products. 

The shelf life of a meat product refers to a specific time when the product remains safe for 

human consumption while retaining desirable sensory, chemical, and physical attributes 

(Eustace et al., 2014).  

Cooking processes enhance food palatability while also killing heat-sensitive microbes 

making it safe for consumption. Sous vide, the French term that means ‘under vacuum’, refers 

to the cooking of food in sealed vacuum pouches, which is then rapidly cooled and reheated for 

service after a period of chilled storage (Schellekens, 1996). This cooking method has been 

widely adopted by the food service industry with the ability to handle large quantities of food 

compared to other traditional cooking methods. Sous vide is a popular method of meat 

processing providing uniform and consistent texture (Mortensen et al., 2012). In addition, it 

improves the tenderness of low-value tough meat cuts regardless of the age of the animal 

(Christensen et al., 2013; Naqvi et al., 2021a) and offers improved sensory characteristics and 

flavour of cooked meat (Christensen et al., 2012; Roldán et al., 2015). 

Sous vide cooking coupled with plant proteases enhances the quality characteristics of 

cooked meat (Christensen et al., 2009; Zhu et al., 2018). The use of exogenous proteases derived 

from plants, fungi, and bacteria has been a focus of research to improve meat tenderness (Bekhit 

et al., 2014; Bhat et al., 2018). Zingibain, a plant-derived protease from ginger rhizome 

(Zingiber officinale Roscoe), belongs to a peptidase family of cysteine proteases (Thompson et 

al., 1973). It has been identified to exhibit a tenderising effect on meat myofibrillar and 

connective tissue proteins (Ha et al., 2012). The tenderising effect of crude ginger extract has 

been studied in meats from different sources (He et al., 2015; Naveena & Mendiratta, 2001; 

Naveena et al., 2004; Pawar et al., 2007). Furthermore, a significant improvement in tenderness 



132 

in low-valued beef meat using ginger protease during sous vide cooking has been recently 

reported by Naqvi et al. (2021b).  

The safety of sous vide cooked meat has been a subject of research suggesting enhanced 

product quality, convenience, and extension of shelf life during refrigerated storage (Armstrong 

& McIlveen, 2000). Cooking in vacuum-sealed bags provides microbial safety (Díaz et al., 

2008), and also prevents lipid oxidation (Ayub & Ahmad, 2019; Roldan et al., 2014; Vaudagna, 

Sánchez, et al., 2002) which is a major cause of product deterioration resulting in significant 

loss of meat quality.  

The spoilage- or pathogenicity-causing bacteria identified to be of relevance for meat 

products undergoing sous vide cooking include lactic acid bacteria (LAB), Brochothrix 

thermosphacta, Bacillus sp, Clostridium perfringens, and Listeria. monocytogenes (Abel et al., 

2020; Carlin, 2014; El Kadri et al., 2020). A viable bacterial count at the level of 7 log10 cfu/g 

is considered the threshold for the end of shelf life of meat products (Gram et al., 2002; MLA, 

2016). However, the temperature and time in sous vide cooking are critical in preventing the 

survival of these spoilage and pathogenic bacteria. The microbiologically safe and 

recommended cooking temperature for beef is when the internal temperature reaches 63 ℃   

(FAIC, 2017).   

Previous literature on sous vide beef primarily focussed on the textural and sensory 

aspects of the meat (Botinestean et al., 2016; Christensen et al., 2013; Christensen et al., 2012; 

James & Yang, 2012; Mortensen et al., 2012; Vaudagna et al., 2008) and only a few studies 

have investigated the shelf life of sous vide cooked beef undergoing extended storage under 

refrigeration (Hansen et al., 1995; Vaudagna, Sánchez, et al., 2002; Yang et al., 2020). The 

physiochemical and microbial spoilage in sous vide processed meat has been evaluated in 

chicken meat and sausages for 2 to 17 weeks (Hong et al., 2015; Naveena et al., 2017; Wang et 

al., 2004), and 10 weeks in pork loin (Díaz et al., 2008). The shelf life of sous vide cooked meat 

depends on the processing conditions and storage temperature (Carlin, 2014; Stringer et al., 

2018). However, there is no study available on low-valued beef from older animals reporting 

the combined effects of sous vide cooking and protease treatment on quality and microbial shelf 

life for extended refrigerated storage.  

Therefore, the objective of this research was to investigate the effects of cooking time 

and ginger powder injection treatment on physicochemical, microstructural, and microbial 
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characteristics of sous vide cooked low-value beef meat maintained under extended refrigerated 

storage. M. biceps femoris is well-known to have low eating quality due to the toughness caused 

by the connective tissue content and cross-linking (Shorthose & Harris, 1990). Biceps femoris 

muscles from older cows were cooked under sous vide and stored under refrigeration (4 ℃) for 

the duration of 10 weeks for evaluation of shelf life.  

6.2. Materials and methods 

The experiment was conducted on biceps femoris (BF) muscles obtained from one side 

of the carcass from six Angus cows aged between six to seven years, fed on a concentrate ration 

for 56 days before slaughter. The cows were fed on a concentrate feeding ration on the farm at 

Charles Sturt University, Wagga Wagga, NSW, Australia, in 2019. The ration was formulated 

on a total ration dry matter basis using 12.3 % wheaten stubble, 11.9 % barley hay, 70.8 % pre-

mix pellets (Oilseed Australia Pty Ltd), and 5 % canola meal (Riverina Oils & Bio Energy Pty 

Ltd). The cows were slaughtered at the Teys Australia™ abattoirs at Wagga Wagga. The 

vacuum-packed BF were transported to the meat laboratory facility, Charles Sturt University, 

Wagga Wagga. All the BF were aged for 14 days at 4 ℃ and then stored at -20 ℃ until further 

processing.  

6.2.1. Injection treatments 

BF muscles were thawed at 4 ℃ for 48 h. After removing all the surface fat, pH was 

recorded using a pH meter (TPS WP80MZ, Australia). BF were cut into halves and randomly 

allocated to control (no injection = C) and treatment (injection treatment = T). Ginger powder-

based solution containing zingibain was prepared by dissolving 2 g/L in cold water using a 

commercially available ginger powder “DigestEasy” (Biohawk, QLD, Australia). The solution 

was injected at a rate of 16 % of the weight of the half piece of meat using a BD PercisionGlide 

TM needle (1.2 mm × 38 mm) and 3-4 ml solution volume was injected manually at equal 

distances throughout the muscle surface. Pre- and post-injection weights were recorded to 

calculate the weight gain of the injected muscle. All samples (control and injected) were 

vacuum-packed (Multivac-C500, Wolfertschwenden, Germany) and tumbled (Vakona MGH-

20, Germany) with a rotating speed of 20 rpm for 30 min. Samples were stored at 4 ℃ for 24 h 

followed by unpacking and measuring pH. Excess moisture was removed from the exterior 

surfaces of the meat sample using a clean and sterile paper towel and final weights were 

recorded to estimate the loss in weight after injection and tumbling.  
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6.2.2. Heating treatments 

Each meat sample was subsequently divided into five blocks of approximately 246 ± 

20.8 g (mean ± SD) and then randomly allocated to one of the post-cooking storage time 

treatments (0, 2, 4, 8, 10 wk). Meat blocks were labeled, weighed, and vacuum-packed in a 

plastic vacuum bag and cooked at 65 ℃ for 1 h or 8 h with six replicates for each cooking time. 

The internal temperature of the meat sample was measured by inserting a needle-like probe 

attached to the water bath (fusionChef TM by Julabo Diamond XL, Germany). A piece of cell 

foam (adhesive sealing tape, from Julabo, Germany) was placed on the vacuum-sealed bags to 

allow the insertion of the thermometer probe into the centre of the meat sample, enabling the 

vacuum seal to remain intact. 

All vacuum-packed samples were cooked in a temperature-equilibrated circulating 

water bath (fusionChef TM by Julabo Diamond XL, Germany). The final cooking times of 1 h 

and 8 h were applied once the core temperature (Tc) of the samples reached 65 °C. After 1 h 

and 8 h cooking, the samples were cooled to room temperature using ice cold water. All the 

samples were stored in a cool room at 2-4 ℃ for the assigned storage duration (2, 4, 8, and 10 

wk). Samples for 0 wk were processed immediately after cooking. The vacuum bags were 

opened in a biological safety cabinet (MSC 1.2, Thermo Scientific) to prepare microbiological 

samples aseptically. Each meat sample was sub-sampled for total water content (TWC), 

Thiobarbituric acid reactive substances (TBARS), Warner-Bratzler shear force (WBSF), and 

texture profile analysis (TPA). Samples for TBARS were frozen at -20 ℃ pending analysis. 

TWC samples were processed immediately and WBSF and TPA samples were refrigerated at 

4 ℃ overnight for instrumental texture analysis. Similar sub-sampling and analysis were 

performed on all samples following 2, 4, 8, and 10 wk refrigerated storage post-cooking. 

 

6.2.3. Microbiological analysis 

The microbiological count was measured as described by Kilgannon et al. (2019) using 

raw and cooked meat samples stored at 2-4 ℃ for 10 wk. A 10.0 g meat sample was 

homogenised with 90 ml 0.1 % peptone salt solution and serial dilutions were prepared in 0.1 

% peptone salt solution. Next, 100 µl of dilutions were surface-plated on a selective agar 

medium and incubated for a specific temperature time and atmospheric conditions as listed in 

Table 1 except for Listeria monocytogenes and Salmonella spp. Anaerobic atmosphere was 
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generated using Oxiod TM CampyGen TM pads (CN0025A, Thermo Fisher Scientific) in 

anaerobic jars.  

For analysis of Listeria monocytogenes, a 25 g meat sample was aseptically transferred 

into 225 ml Half Fraser Broth (TM4583, Thermo Fisher Scientific) for pre-enrichment and 

incubated at 30 ± 1 °C for 22 – 26 h. Then, 0.1 ml of the suspension was transferred into 10 ml 

of Full Fraser broth (TM1054, Thermo Fisher Scientific) and incubated again at 30 ± 1 °C for 

24 h. A loopful of sample from cultured enrichment medium was streaked on Listeria 

monocytogenes selective agar plates Oxford (PP2141, Thermo Fisher Scientific) for incubation 

at 30 ℃ for 24-48 h. The number of straw-coloured round colonies was counted and further 

tests (Gram staining and catalase activity, PCR) were performed for confirmation.   

The presence of Salmonella spp was analysed using a 25 g meat sample aseptically 

enriched adding 225 ml Buffered Peptone Water (CM0509, Oxoid) and incubated at 37 ± 1 °C 

for 16-22 h. A loopful of the enriched sample was transferred to a Salmonella-selective 

RAPID’Salmonella agar plate (3563963, Bio-Rad) and Salmonella Shigella agar (SS Agar, 

CM99, Oxoid) and incubated at 37 ℃ for 24 h. The purple-coloured colonies on 

RAPID’Salmonella agar and straw colour colonies on SS agar were counted and further tests 

were conducted (Gram staining, catalase, oxidase, and PCR) for confirmation. PCR methods 

included in the supplementary material. 
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Table 3: Selective media and incubation conditions for culturing selective micro-

organisms. 

 

Micro-organism 

 

Selective culture medium 

Incubation conditions 

Temperature 

℃ 

Time 

h 

Atmospheric 

conditions 

Aerobic plate 

count/ Standard 

plate count 

Plate count agar (PP2145, 

Thermo Fisher Scientific) 

30 ± 1 72 ± 3 Aerobic 

Lactic acid 

Bacteria  

MRS agar (PP2311, 

Thermo Fisher Scientific) 

30 ± 1 72 ± 3 Anaerobic 

Clostridium. 

perfringens 

TSC (Tryptose sulphite 

cycloserine) agar (111972, 

Merck)  

37 24 Anaerobic 

Brochothrix 

thermosphacta 

STAA (Streptomycin-

thallous acetate-actidione) 

agar (CMO881B, Oxoid) 

22-25 44 - 52 Aerobic 

Yeast and 

moulds 

YGC (yeast extract 

glucose chloramphenicol) 

agar (3564104, Bio-Rad) 

25 5 days Aerobic 

 

6.2.4. Physicochemical analysis 

To evaluate the shelf life of cooked BF samples stored at 2-4 ℃ for 0, 2, 4, 8 and 10 

wks, the pH, total water content and cooking loss, TBARS, instrumental colour, and texture of 

BF were measured on raw and cooked samples. 

6.2.4.1. pH  

The pH was measured in all samples using a TPS pH meter (WP-80) with direct 

insertion of spear-type gel electrode (Ionode IJ 44) calibrated with pH 4 and 7 at room 

temperature and a temperature compensation probe (all from TPS Pty Ltd, Australia). pH was 

checked before and after injection, after cooking, and following 2, 4, 8, and 10 wk of 

refrigerated storage of samples at 4 ℃.  

6.2.4.2. Total water content  

The percentage of the total water content of raw and cooked samples was calculated as 

described in Naqvi, Thomson, et al. (2021). All meat samples were weighed (3-5 g), minced 
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and placed in a preheated hot air oven (N759, S.E.M, Australia) in aluminum foil trays at 104 

°C for 48 h. The samples were placed in a desiccator so that samples reached room temperature 

(25 oC) and weighed again to determine the difference and calculate the percentage of total 

water content of the sample.  

6.2.4.3. Cooking loss  

The cooking loss of each sample was calculated by measuring the weight of samples 

before and after cooking to find the percentage of cooking loss relative to the weight of samples 

before cooking. 

6.2.4.4. Instrumental colour  

The instrumental colour was measured across the cut surface of raw and all cooked meat 

samples over the duration of 0, 2, 4, 8, and 10 wk using a HunterLab MiniScan EZ 

spectrophotometer (S/N MSEZ 2413). For raw meat samples, vacuum packs were opened, BF 

muscles were trimmed of surface fat and exposed to air for 40 min at 4 ℃ (Rentfrow et al., 

2004). After blooming, the colour of raw meat sample was measured as CIE L* value 

(lightness), a* value (redness), and b* value (yellowness) at three different locations of the 

sample. For cooked meat samples, L*, a*, b* measurements were taken after opening vacuum 

bags at three randomly selected locations of the sample. The instrument was calibrated using a 

standard white and a black tile before each series of measurements. CIE L*, a*, and b* values 

were used in the following equation to calculate the chroma and hue angle. 

2 2Chroma * *a b= +  

1Hue angle tan ( */ *) 360 / (2 )b a−=    

6.2.4.5. Instrumental texture  

Texture measurements were conducted using the Warner-Bratzler peak shear force 

(WBSF) and texture profile analysis (TPA) methods of De Huidobro et al. (2005) with minor 

modifications. For WBSF, each sample was cut into six sub-samples of 1.0 × 1.0 × 5.0 cm (H 

× W × L), with long edge parallel to fiber orientation, to analyse using an XT-plus 100 C 

Texture Analyser (TA) (Stable Micro Systems, Surrey, UK). A Warner-Bratzler V-shaped 

shear blade and a 50-kg load cell calibrated according to the manufacturer’s instructions (Stable 

Micro Systems, Surrey, UK) were used. Samples were placed midway under the blade and were 

cut perpendicular to the fiber direction. 
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For TPA parameters, cooked meat samples were cut into approximately 1 cm3 cubes. 

Six to seven replicates from each sample were used to run a double-compression test using a 5-

mm diameter probe attached to a texturometer TA XT-plus 100 C Texture Analyser (Stable 

Micro Systems, Surrey, UK). Each sample was placed under the cylindrical probe and the test 

was run using a pre-test speed 3.0 millimeters per second (mm/s), test speed 1.0 mm/s, post-

test speed 3.0 mm/s. The sample was compressed to 75 % of the sample height and the probe 

was returned to the initial point of contact with the sample, remained stationary for 2 s, then the 

second compression cycle started with similar test conditions as described for first compression 

cycle.  

TPA parameters including hardness, springiness, cohesiveness, and chewiness were 

measured as described by Roldán et al. (2013). Hardness (N) is the maximum force required to 

compress the sample (peak force during the first compression cycle). Adhesiveness (N·s) is the 

force necessary to pull the compressing plunger away from the sample. Springiness (cm) is the 

height that the sample recovers during the time that elapses between the end of the first 

compression and the start of the second. Cohesiveness (dimensionless) is the extent to which 

the sample could be deformed  and chewiness (N·s) is the force needed to chew a solid sample 

to a steady state of swallowing (hardness × cohesiveness × springiness). 

6.2.4.6. TBARS  

Thiobarbituric acid reactive substances (TBARS) were measured to evaluate lipid 

oxidation in meat, using the method by Leonard et al. (2019) with minor modifications. Briefly, 

a 5-g meat sample (raw and cooked) was homogenised (60 s) using a homogeniser (Ultra-

Turrax T-25, IKA, Germany) in a tube containing 25 ml of 20 % trichloroacetic acid and 20 ml 

of distilled water. The homogenate was allowed to stand at room temperature for 1 h before 

centrifugation at 2400 x g for 10 min. The mixture was filtered using Whatman No. 1 filter 

paper and 5 ml of filtrate was mixed with 5 ml 0.02 M thiobarbituric acid, incubated at 90 ℃ 

for 20 min, and washed using cold water. A standard was prepared using a monaldehyde (MDA) 

standard curve plotted with serial dilutions of 1,1,3,3-tetramethoxypropane (TEP). Absorbance 

was measured at 532 nm with FLUO star Omega-415-0056 (BMG Labtech, Offenburg, 

Germany) using distilled water as a blank.   
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6.2.5. Microstructure 

Scanning electron microscopy (SEM) was used to determine the microstructure of the 

samples. Sample preparation was performed according to Kim et al. (2013) with minor 

modifications. Raw and cooked meat samples were fixed in 2.5 % glutaraldehyde in 0.1 M 

phosphate buffer (pH 7.2) under refrigerated storage for 24 h. Post-fixation of samples with 2 

% osmium tetroxide solution in water was conducted for 3 h. Samples were washed three times 

with distilled water for 10 min, then dried using an ethanol gradient (50 %, 60 %, 70 %, 80 %, 

90 %, 95 %, and 100 % × 3) for 1 h each. Samples were sectioned with a blade in liquid nitrogen 

and finally dried using critical-point drying (tousimis- Autosamdri ® 931 series, USA) with 

CO2. Dried samples were gold-sputter coated (EMITECK K550X, UK) and stored in a 

desiccator until photographed under scanning electron microscope Jeol-NeoScope (JCM-5000, 

USA) using the voltage of 5, 10 or 15 kV. 

6.2.6. Statistical analysis 

All data were analysed using linear mixed-effect models fitted in R version 3.5.2 (R 

Core Team, 2020), with packages lme4, nlme and emmeans. The analyses of total water 

content, colour, and TBARS, were performed for both raw and cooked meat. The fixed effects 

specified in the model were injection treatment, storage time, and cooking time as well as their 

interactions. However, to allow for the inclusion of the raw meat samples in the analysis (week 

= 0, time = 0 h), an additional fixed-effect term of ‘Raw-Cooked’ was added to the model (to 

separate these raw samples from all the cooked samples), and the other fixed effects were nested 

within this effect. The random effects of the model were carcass, treatment nested within 

carcass, and cooking time nested within this term, to accommodate the experimental design. 

Model fitting was conducted using the lmer function in lme4, and model-based means obtained 

using the emmeans package.  

The analyses of WBSF, TPA, and cooking loss were performed on cooked meat 

samples. The fixed effects were injection treatment, time of cooking, storage time and the 

random effects were carcass, location within carcass/treatment, and storage weeks. Models 

were fitted using up to three-way interactions and non-significant interactions were removed 

from the model. The analysis of WBSF and TPA were performed on log-transformed data. 

Model fitting was conducted using the lme function in nlme, and model-based means were 

obtained (emmeans). Means of log-transformed variables were back-transformed and presented 

in results. The significance threshold was set at P < 0.05 with values between 0.05-0.1 as 
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marginal or suggestive. Comparisons were made using a Fisher LSD approach using the cld 

function in the multcomp package in R.  

Correlation analysis was conducted for the relationship between physical variables pH, 

WBSF, TPA parameters (hardness, cohesiveness, chewiness, springiness, adhesiveness), 

instrumental colour (L*, a*, b*), TWC, and cooking loss, with results being displayed using the 

corrplot package in R. Principal component analysis was performed on scaled variables using 

the prcomp function in R to describe the variation in physical measurements and to characterise 

the relationships between all physical variables in R.  

6.3. Results 

6.3.1. pH analysis  

The initial pH of raw BF was 5.73 ± 0.08 (mean ± SD) which was not impacted by 

injecting ginger powder-based solution nor by resting the meat for 24 h post-injection. The 

cooking of BF increased the pH and significant interactions were observed between cooking 

time and injection treatment (P = 0.001; Table 2) and cooking time × storage time (P = 0.05; 

Figure 1). 

 

Figure 1. Effect of refrigerated storage time (raw, 0, 2, 4, 8, 10 weeks (W)) and cooking 

time at 65 ℃ under sous vide (1 h, 8 h) on pH sous vide cooked M. biceps femoris. Mean 

pH values for raw and cooked meat samples are shown with error bars (± SE). Different 
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superscripts represent significant differences in mean values. There was a significant 

interaction between storage time and cooking time (P = 0.05). Raw = pH before cooking, 0 

W = after cooking followed by pH check times during 10-week storage. 

 

6.3.2. Weight change associated with injection treatment 

There was an increase in weight immediately after injection treatment as expected, with 

a relative weight gain of 12.04 ± 0.93 % (mean ± SD). Twenty-four hours after the injection 

treatment, the measured weight loss was 5.04 ± 1.33 % (mean ± SD) due to loss of the injected 

solution from the treated muscle sample. Overall, there was an increase of 6.14 ± 0.76 % (mean 

± SD) from before injection to 24 h after injection treatment. 

6.3.3. Total water content (TWC) 

The TWC of raw BF was 75.12 ± 2.55 % (mean ± SD) which was marginally impacted 

by cooking time and injection treatment (P = 0.08; Table 2). TWC of control samples decreased 

following a long cooking time (8 h), however for injected samples, TWC remained unchanged 

during cooking time of 1 h and 8 h. The storage time had a significant impact on TWC of all 

cooked samples (P = 0.02), as shown in Figure 2. A fluctuating trend was seen in the TWC of 

samples with refrigerated storage after cooking up to 10 weeks. The TWC of cooked BF 

dropped substantially after cooking (0 wk) to 2 wk of refrigerated storage, followed by an 

increase in TWC with time and the samples reabsorbed the moisture in vacuum bags giving a 

greater rise to the TWC of 10-wk samples.   
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Figure 2. Effect of refrigerated storage (4 ℃) duration (0, 2, 4, 8, 10 weeks) on total water 

content (TWC) of biceps femoris cooked at 65 ℃ for 1 h or 8 h under sous vide conditions. 

Values are shown as mean ± SE. The superscripts refer to the significant differences in mean 

TWC (P < 0.05).  

 

6.3.4. Cooking loss  

There was a significant interaction between injection treatment and cooking time (P = 

0.05) with cooking loss of samples, as shown in Table 2. Cooking loss was also impacted by 

refrigerated storage of samples over the duration of 10 weeks (P = 0.05). The cooking loss 

significantly decreased after cooking between zero and two weeks’ storage and then remained 

constant throughout the storage time up to 10 weeks (Figure 3).    
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Figure 3. Effect of refrigerated storage (4 ℃) duration (0, 2, 4, 8, 10 weeks) on cooking loss 

of biceps femoris cooked at 65 ℃ for 1 h or 8 h under sous vide conditions. Values are 

presented as mean ± SE. The superscripts refer to the significant differences in mean cooking 

loss (P < 0.05). 

 

6.3.5. WBSF 

A significant interaction (P = 0.04) was found between injection treatment and cooking 

time for WBSF (Table 2), with a reduction in shear force of injected meat at 1 h, and an even 

greater reduction at 8 h. WBSF was not impacted by storage time (P = 0.80).  

6.3.6. Texture profile analysis (TPA) 

TPA included hardness, cohesiveness, adhesiveness, springiness, chewiness, and 

gumminess measured on cooked samples during refrigerated storage over the 10-wk time 

period. All TPA measures were significantly different between the control and the injected 

samples (all P < 0.05). There were significant or marginal interactions between injection 

treatment and cooking time for hardness (P = 0.01), adhesiveness (P = 0.08), chewiness (P = 

0.07), and gumminess (P = 0.05), but not for cohesiveness (P = 0.55) or springiness (P = 0.95), 

all means presented in Table 2. No effect of storage time was observed on any of the TPA 

parameters.   
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6.3.7. Colour analysis 

The colorimetric measurements of raw BF were measured and presented as mean ± SE 

for L* (36.8 ± 0.95), a* (21.75 ± 0.48), b* (17.6 ± 0.32), chroma (28.0 ± 0.40), and hue angle 

(39.1 ± 1.22). Colour was impacted by the cooking of the meat and three-way interactions were 

found between injection treatment, cooking time and storage time (weeks) for L* (P = 0.021), 

a* (P = 0.028), and hue angle (P < 0.01) all presented in Figure 4.   

 

Figure 4. Effect of injection treatment (control, no injection; Injection, 2 g/L ginger 

powder containing zingibain), cooking time (1h, 8 h) at 65 ℃ under sous vide 

conditions and refrigerated storage (4 ℃) duration (0, 2, 4, 8, 10 weeks) on surface 

colour (L*, a*, b*, chroma, and hue angle) of biceps femoris. Results are presented 

as mean ± SE. There were three way interactions between injection treatment, 

cooking time and storage duration for L* (P = 0.021), a* (P = 0.028), and hue angle 

(P < 0.01). 
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6.3.8. TBARS 

In raw meat samples, significantly higher (P = 0.05) lipid oxidation was seen in injected 

samples (0.38 ± 0.05) compared to the control samples (0.19 ± 0.02), measured as TBARS 

value (mg MDA/kg) and presented as mean ± SE. An interaction was observed between 

injection treatment and cooking time (P = 0.05). TBARS increased with increasing cooking 

time from 1 h to 8 h in both control and injection treated samples, shown in Table 2. A 

significant interaction (P < 0.001) was also observed between injection treatment and storage 

duration indicating lipid oxidation (Figure 5).  

 

Figure 5. Effect of injection treatment (C = control; no injection, T = injection 

treatment of 2 g/L ginger powder solution containing zingibain) and storage time 

of raw (R) and cooked beef M. biceps femoris (0, 2, 4, 8, 10 weeks) on TBARS 

concentration (mg MDA/kg). Values are expressed as mean ± SE and superscripts 

refer to the significant differences between means (P < 0.05). 
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Table 2. Effect of injection treatment (control, no injection; Injection, 2 g/L ginger powder containing zingibain) and cooking time at 

65 ℃ under sous vide (1 h, 8 h) on Warner-Bratzler shear force (WBSF), and texture profile TPA parameters, Total water content 

(TWC), cooking loss (CL), ultimate pH and TBARS of biceps femoris cooked. Values are expressed as mean ± SE. Superscripts refer 

to the significant differences (P < 0.05) within each row. The P-values for the interaction between injection treatment and cooking time 

is presented in the Table.   

          

             Variables 

        Control  Injection P-value 

1 h 8 h  1 h 8 h 

WBSF (N) 37.8 ± 3.40 a 35.2 ± 3.19 a  20.7 ± 1.86 b 11.7 ± 1.07 c 0.04 

Hardness (N) 18.91 ± 1.76 a 21.41 ± 2.03 a  9.29 ± 0.86 b 4.95 ± 0.46 c 0.01 

Cohesiveness (N/mm2) 0.47 ± 0.01 a 0.39 ± 0.01 b  0.31 ± 0.01 c 0.21 ± 0.01 d 0.55 

Adhesiveness (Ns) -81 ± 14.2 a -157 ± 27.6 a  -127 ± 22.4 a -131 ± 23.1 a 0.08 

Springiness (cm) 0.48 ± 0.01 a 0.43 ± 0.01 ab  0.38 ± 0.01 bc 0.34 ± 0.01 c 0.95 

Chewiness (N.s) 3.86 ± 0.58 a 2.79 ± 0.40 a  0.97 ± 0.14 b 0.33 ± 0.05 c 0.07 

Gumminess (N/cm2) 7.98 ± 1.09 a 6.45 ± 0.89 a  2.54 ± 0.35 b 0.99 ± 0.13 c 0.05 

TWC (%) 67.5 ± 1.22 a 63.9 ± 1.22 a  66.9 ± 1.22 a 66.8 ± 1.22 a 0.08 

CL (%) 24.4 ± 0.74 a 32.3 ± 0.74 b  33.7 ± 0.74 b 38.2 ± 0.74 c 0.05 

pH 5.92 ± 0.02 b 5.91 ± 0.02 b  5.85 ± 0.02 a 5.90 ± 0.02 ab 0.001 

TBARS (mg MDA/kg) 0.28 ± 0.02 a 0.34 ± 0.03 b  0.25 ± 0.02 a 0.32 ± 0.03 b 0.05 



147 

6.3.9. Microbiological evaluation 

The microbial count in raw (initial) and cooked meat samples, both control and injected, 

cooked for 1 h and 8 h, over a 10-week storage period is shown in Figure 6. Raw BF showed 

bacterial counts ranging between 0.5 to over 4 log10 cfu/g. Sous vide cooking reduced the 

overall bacterial count to 0.26 log10 cfu/g measured on standard plate count agar. The mean 

count for individual microbes was 3.3 log10 cfu/g Brochothrix, 1.9 log10 cfu/g lactic acid 

bacteria, Salmonella spp 1.6 log10 cfu/g, and 0.8 log10 cfu/g Clostridium perfringens however, 

there was no growth detected on any selective culture media for other aerobic and anaerobic 

microbes after cooking (0 wk). The cooked samples showed no microbial growth in all selective 

microbial groups up to 4 wk storage and only minimal growth (median microbial count of 1 

log10 cfu/g on standard plate count/APC) was detected in injected samples cooked for 8 h in 2 

wk storage time. The moderate counts (2-4 log10 cfu/g) of Brochothrix thermospacta, lactic acid 

bacteria, and Clostridium perfringens were found at 8 wk storage mainly in injection-treated 8-

h cooked samples. The highest count was found in injection-treated samples cooked for 1 h for 

Brochothrix thermospacta (mean 3.2; median 5 log10 cfu/g) at 10 wk storage time. There was 

no growth detected in all cooked meat samples for Salmonella spp, Listeria monocytogenes, 

and yeasts and moulds on selective culturing media for the 10 week storage duration. The 

absence of Salmonella and Listeria monocytogenes in cooked meat samples was also confirmed 

with PCR analysis for these bacteria.  

Moulds and yeasts in raw (initial) samples showed minimal growth (1.3 log10 cfu/g) and 

there was no growth detected in all cooked samples (both control and injected) over the 10 wk 

storage time.  
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Figure 6. Effect of cooking time (1 h, 8h), injection treatment (C = control; no injection, 

T = injection treatment of 2 g/L ginger powder solution containing zingibain) and 

refrigerated (4 ℃) storage time (0, 2, 4, 8, 10 weeks) on microbial counts in sous vide 

cooked M. biceps femoris. Microbial colonies were assessed through culturing on standard 

plate count and selective culture media. Median values for colony-forming unit (cfu/g) 

presented on a log scale for raw meat (initial) and sous vide cooked meat under storage. 

Red line = control samples cooked for 1 h; Green line = Zingibain injected samples cooked 

for 1 h; Blue line = Control samples cooked for 8 h; Purple line = injected samples cooked 

for 8 h. 

 

6.3.10. Microstructure 

The perimysium of the raw samples showed signs of stretching and tearing which appear 

to be magnified after injection of ginger powder (Figure 7; A & B). The cooking resulted in an 

increase in the size of the extracellular spaces and a modification of the structure of the 

intramuscular connective tissue was seen after 1 h cooking (Figure 7; C &D). Samples cooked 

for 8 h do not show any significant variation in structure compared to 1h (supplementary 

material). Connective tissue was more difficult to distinguish in cooked samples that were 
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previously injected with ginger powder (Figure 7; D), suggesting that it was partially degraded 

before cooking. On the other hand, the structure of muscle fibers were not significantly different 

in cooked samples that were not injected (control). There was no change seen in the structure 

of the cooked meat (both 1 h and 8 h) during storage of 10 weeks in a cool room.  

 

Figure 7. SEM micrographs of transverse sections of raw and sous vide cooked m. 

biceps femoris at 65 ℃ for 8 h then refrigerated storage for 4 weeks M. biceps femoris 

illustrating microstructural changes with injection treatment (Control, no injection; 

Treated, injected with 2 g/L ginger powder). A: raw control muscle ; B: 2 g/L ginger 

powder injected raw muscle; C: Muscle cooked 8h at 65 °C and stored at 4 °C for 4 

weeks ; D: 2 g/L ginger powder injected muscle cooked 8h at 65 °C and stored at 4 °C 

for 4 weeks. Fi: muscle fiber ; P: perimysium ; E: endomysium 

 

6.3.11. Correlation coefficient and principal component analysis 

Figure 8 shows the correlation coefficients between physical variables WBSF, TPA 

(hardness, springiness, cohesiveness, chewiness, and adhesiveness), total water content, 

cooking loss, and pH of cooked biceps femoris under sous vide with high positive correlations 
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between WBSF and all TPA parameters except for adhesiveness and high negative correlations 

between WBSF and TPA parameters with cooking loss and b*. 

   

 

Figure 8. The Pearson correlation coefficients (r) numbers below the diagonal; colour coding 

for size and sign of effect above the diagonal) between the physical measurements pH, CIE 

colour L*, a*, b*, Warner-Bratzler shear force (WBSF), texture profile (TPA) parameters 

including hardness, cohesiveness, springiness, chewiness and adhesiveness, total water 

content (TWC), and cooking loss (CL) determined on M. biceps femoris in control and ginger 

powder injection treated samples cooked for 1 h and 8 h and stored in refrigeration at 4 ℃ for 

0, 2, 4 8 or 10 weeks. Based on the sample size (n = 60), correlations above 0.25 (in absolute 

value) are statistically significant. Data presented with log sign was analysed on log 

transformed scale due to non-homogeneity.    

 

In the principal component analysis (PCA), the first three components explained 43.3 

%, 16.8 % and 12.6 % of the variation across the 12 variables, respectively. From the PCA 

loadings (Table 3), it is seen that the first principal component (PC1) can be interpreted as a 

contrast between most of the physical variables (WBSF, TPA (hardness, springiness, 

cohesiveness and chewiness)) vs CL and b*, reflecting the pattern of correlations shown in 
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Figure 8. PC2 is a contrast between adhesiveness, TWC and L* vs a*. The scores of the first 

three PCs are shown in scatter plots (Figure 9), identifying injection treatment groups and 

cooking time groups. These plots indicate that PC1 separates control (low scores) vs injection-

treatment samples (high scores), again supporting the reduced values for physical measures 

following ginger powder injection. PC2 separates the two cooking time groups, with samples 

cooked for 8 h tending to have higher PC2 scores than those cooked for 1 h. Given the loading 

PC2 loadings (Table 3), this indicates samples cooked fort 8 h tend to have lower TWC, 

adhesiveness and colour L* values, and higher a* values. 

 

Table 3. Loadings of principal component analysis (PCA) for PC1, PC2, and PC3 for all the 

physical variables Warner-Bratzler shear force (WBSF), texture profile analysis (TPA) 

including hardness, cohesiveness, springiness, chewiness, and adhesiveness, colour (L*, a*, 

b*), total water content (TWC) and cooking loss (CL) for M. biceps femoris cooked under 

sous vide at 65 ℃ for 1h or 8 h without any pre-treatment (control) and after being injected 

with 2g/L ginger power solution containing zingibain. 

Variables  PC1 PC2 PC3 

WBSF  -0.398 0.144 -0.037 

Hardness  -0.392 0.172 -0.198 

Cohesiveness  -0.420 -0.081 0.112 

Springiness  -0.351 -0.261 0.148 

Chewiness  -0.422 0.026 -0.112 

Adhesiveness  -0.068 -0.499 0.355 

TWC  0.047 -0.418 0.449 

CL  0.345 0.036 -0.185 

L*  0.095 -0.468 -0.382 

a*  -0.053 0.440 0.508 

b*  0.265 0.192 0.305 

pH  0.039 0.003 0.231 
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Figure 9. Scatter plots for principal component analysis (PCA) scores of physical changes 

(Warner-Bratzler shear force, texture profile, cooking loss, moisture content, and pH 

analysis) of M. biceps femoris cooked at 65 ℃ for 1 h and 8 h under sous vide and stored in 

refrigeration (4 ℃) for 10 weeks. Score plots of PCA in the top row show separation on 

cooking temperature; 1 h (yellow dots), 8 h (blue dots), and in the bottom row show 

separation on injection treatment; C = control (yellow dots), T = injected samples (blue dots) 

for PC1, PC2, PC3 with the proportion of variance for PC1 (43.3 %), PC2 (16.8 %), and PC3 

(12.6 %).  

 

6.4. Discussion 

The quality of cooked meat products in regards to microbial growth depends upon the 

initial bacterial counts, product composition, storage temperature and pH (Borch et al., 1996). 

This study suggested a significant change in pH of the cooked meat at refrigerated storage for 

10 weeks. Our results are in agreement with previous findings of  Díaz et al. (2008) on a 

significant change in pH with storage of sous vide cooked pork loin stored at 2 °C for 0, 5 or 

10 weeks. They reported an increase in pH from 5.75 to 6.10 from 0 day to  five weeks followed 

by a slight decline in pH to 5.95 by ten weeks. The initial pH of the meat might not be affected 

by the bacterial growth, however the proliferation of lactic acid bacteria (LAB) in the meat may 

cause a drop in the pH in the meat. LAB produce organic acids as a fermentation product which 

reduce the meat pH hence creating an unfavourable environment for the growth of other 

microbes (Jones, 2004). Our study found a significant effect of storage duration on pH of 
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cooked BF at 1h and 8 h of cooking. The change in pH at 8 wk and 10 wk storage duration 

could be explained by increased LAB counts. The acids produced by LAB can affect the sensory 

qualities of sous vide cooked meat and further sensory research at extended refrigerated storage 

is needed. 

The initial bacterial count in raw meat depends on slaughter and storage conditions. Due 

to extended storage of the meat, the chilling temperature and duration may facilitate the growth 

of psychrotrophic microbes that can reach up to 5-6 log10 cfu/g (Stanbridge & Davies, 1998). 

A higher initial bacterial count in this study is likely due to the long period of storage before 

cooking. The vacuum packing material used in our study was impermeable to oxygen and the 

drawing of vacuum removed air from the pack hence created an anaerobic atmosphere. The 

absence of oxygen in vacuum-packed meat and low storage temperatures restricts the growth 

of major spoilage microorganisms i.e., Pseudomonas and Enterobacteriaceae while, facilitating 

the growth of anaerobic psychrotolerant microbes such as LAB, and Brochothrix thermospacta 

which are mainly associated with spoilage in vacuum-packed meat (Doulgeraki et al., 2012). In 

our study, Brochothrix thermospacta and LAB populations were rapidly growing after four 

weeks of storage in both control and treated samples which agrees with the findings of Jones 

(2004) who reported dominant growth of LAB after four weeks in a study on vacuum-packed 

beef meat over 16 weeks.  

We observed minimal or no microbial growth after sous vide cooking at 65 ℃ for 1 h 

and 8 h cooked meat as reported previously by Roldán et al. (2013). They studied different 

time-temperature combinations for microbiological quality of sous vide cooked lamb loins and 

reported a dramatic reduction (from 4 to below 1 log10 cfu/g) in microbial growth even with a 

minimum internal temperature-time combination of 60 ℃ for 6 h. Díaz et al. (2008) studied the 

microbial spoilage of sous vide cooked pork loins at refrigerated storage for 0, 5 and 10 wk 

with minimum bacterial counts (below 1 log10 cfu/g) for all storage weeks when samples were 

cooked at 70 ℃ for 12 h. However, our results do not agree with their findings of moderate 

counts (2–3 log10 cfu/g) of moulds and yeasts for 5 and 10 weeks as we found no growth of 

moulds and yeasts after cooking. This difference might be due to initial counts of yeast and 

moulds after cooking: 1.7 log10 cfu/g at 0 wk were identified in their study, whereas we did not 

detect yeast or moulds in 0-wk samples.  

Our results agree with those reported by Nyati (2000) who did not find any microbial 

growth until four weeks’ storage in turkey breasts cooked at an internal temperature of 67-70 

℃ for two minutes but a total plate count of 3.31 log10 cfu/g was found after five weeks which 
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was similar to what we found initially on raw meat. Our study suggested no pathogenic bacteria 

such as Salmonella spp, Listeria monocytogenes and yeast and moulds after sous vide cooking, 

and storage duration up to 10 wk. Similar results were reported in sous vide cooked pork loin 

by Díaz et al. (2008) with microbial counts bellow 1 cfu/g of psychrotrophs, anaerobic 

psychrotrophs, Enterobacteriaceae and lactic acid bacteria stored in refrigeration for ten weeks. 

However, in our study, the growth of Clostridium perfringens was found at eight weeks’ storage 

time. A recent study by El Kadri et al. (2020) explained the risk of potential persistence of 

Clostridium perfringens, a facultative anaerobe during low-temperature long-time storage of 

cooked beef. They studied different time-temperature combinations and found that the 

vegetative form of Clostridium perfringens rapidly deactivated at 60 ℃ and 70 ℃ after 1 h of 

cooking. However, the spores of Clostridium perfringens are resistant to higher temperatures 

and germinate in a wide range of temperatures into vegetative cells during storage in anaerobic 

conditions (Doyle, 2002).  

TBARS is a measure of lipid oxidation which reflects the rancidity of the meat. Higher 

TBARS is associated with the production of unpleasant rancid flavour, off odour, and 

deterioration in colour. Campo et al. (2006) reported negative consumer experience at a 

threshold value for TBARS of 2.0 mg MDA/kg in beef steaks due to the presence of a rancid 

odour. Heating usually increases lipid oxidation due to reaction of oxygen and free radicals 

with unsaturated fatty acids producing off-flavours and off-odours in meat (Domínguez et al., 

2019; Resconi et al., 2013). Our study suggested higher TBARS values in cooked meat 

compared to raw meat. Sous vide is a low-temperature cooking technique in the absence of 

oxygen which helps to reduce the rate of thermal oxidation producing lower TBARS values 

(0.5-2 mg MDA/kg) in sous vide cooked meat (Díaz et al., 2008; Roldan et al., 2014; Vaudagna, 

Sanchez, et al., 2002). It is important to remember that although the TBARS values peaked at 

4 weeks and then declined and were lower for the duration of storage, oxidation products are 

often not detected or measured by the TBARS test (Rahman et al., 2015; Reitznerová et al., 

2017). Also, as sous vide meat products need additional cooking/reheated before serving, there 

is potential for warmed-over-flavour (WOF), an undesirable rancid flavour produced in cooked, 

chilled stored meat upon subsequent reheating (Mielnik et al., 2008). WOF is substantially 

increased due to the previous lipid oxidation occurring during the sous vide cooking and 

subsequent storage (Díaz et al., 2008). For this reason, and from our results we recommend a 

maximum of 2 weeks of refrigerated storage for the sous vide meat products when stored at 4 
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℃. Likely lower storage temperatures would result in extended ‘oxidation’ shelf life, but this 

needs to be tested. 

Our finding of higher values for TBARS in control cooked meat samples compared to 

raw meat indicates lipid oxidation is expected, as cooking is well-known to thermally induce 

lipid degradation and oxidation (Domínguez et al., 2019). Interestingly, the raw injection-

treated samples had higher TBARS values suggesting they might have more susceptibility to 

an oxidation reaction with greater exposure of samples to oxygen/environment during 

mechanical injection treatment. Raw injection treated-samples expressed higher TBARS levels 

however, after cooking, these were decreased markedly in injection-treated cooked meat. This 

result agrees with previous reports on a significant reduction in TBARS values of ginger 

treatment pork burger (Mancini et al., 2017) and camel patties (Abdel-Naeem & Mohamed, 

2016).  

In our study, lipid oxidation increased with increasing cooking time both in control and 

injected samples however, our results showed a substantial variation in TBARS values over 10 

weeks of storage. The variation in TBARS values with time has been explained previously by 

Ventanas et al. (2007). Malondialdehyde (MDA) is the final product of oxidation reaction that 

is measured in lipid oxidation. MDA and other short chain carbon products produced during 

lipid oxidation are highly unstable and are decomposed to alcohols and acid which are not 

measured by TBARS test (Borneo et al., 2009).  

Oxidation processes produce rancid flavour and odour which affects the sensory 

characteristics of the cooked meat giving rise to an unpleasant and negative consumer 

experience. However, Gray and Pearson (1987) reported that consumers are unlikely to detect 

the oxidative spoilage of the meat below a threshold level of 0.5 mg MDA/kg. Our study found 

TBARS well below 0.5 mg MDA/kg in all samples stored over 10 weeks. But as stated above, 

the TBARS method was likely under-estimating the oxidation, and also the sous vide cooked 

meat products would require further cooking/reheating, which would induce further ten-fold 

lipid oxidation. Hence the potential for substantial oxidation occurring and affecting consumer 

acceptability when these products are held under 4 ℃ storage for periods longer then 2-4 weeks 

cannot be excluded.  

Change in meat texture during sous vide cooking using different time and temperature 

combinations has been an area of interest for many researchers (Del Pulgar et al., 2012; Naqvi, 

Thomson, et al., 2021; Sun et al., 2019; Vaudagna et al., 2008) whereas, the effect of extended 
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refrigerated storage on sous vide cooked meat texture and microstructure has not been 

investigated. The physical parameters including instrumental shear force (WBSF) and TPA, 

cooking loss, and water content were significantly affected by injection treatment and cooking 

time, in alignment with our previous findings (Naqviet al., 2021b). In addition, we found sous 

vide cooking along with ginger protease improved tenderness, texture and water-holding 

capacity of the low-valued beef meat. The changes in meat tenderness, texture, and water-

holding capacity are mainly associated with the heat-induced structural alterations in 

myofibrillar and connective tissue proteins (Dominguez Hernandez et al., 2018). The GP 

injection at 2g/L combined with 8 h of sous vide resulted in very low WBSF values of 12 N, 

indicating possible over-tenderisation and mushy meat, which may be unacceptable to some 

consumers. Alternatively, there are some demographics of consumers, such as the elderly, who 

may prefer this very soft meat (Mena et al., 2020). Importantly, the data shows tht GP injection 

with 1 h of sous vide cooking produced lower WBSF tenderness values then controls, indicating 

the potential for GP to be combined with shorter cooking times in order to achieve tenderisation 

of tough muscles such as the BF. 

Our microstructural results through SEM showed the formation of gaps between the 

bundles of muscle fibers, which could be the consequence of the massaging (tumbling) which 

was applied to all the samples. Massaging indeed leads to a modification of the ultrastructure 

of the muscle, although the results of the scientific literature relate mainly to modifications of 

the myofibrillar structure (Theno et al., 1978; Tyszkiewicz & Jakubiec-Puka, 1995). The 

increase in the size of extracellular spaces after cooking is a consequence of the lateral 

shrinkage of muscle fibers upon heating (Bendall & Restall, 1983; Hughes et al., 2014; Palka 

& Daun, 1999) as well as collagen shrinkage (Brüggemann et al., 2010). The apparent stability 

of fibers with increasing heating time from 1 h to 8 h is in agreement with previous studies 

(Christensen et al., 2011). The difficulty in visualizing connective tissue on samples injected 

with zingibain is probably linked to its partial degradation by zingibain which preferentially 

hydrolyses connective tissue proteins (Ha et al., 2012).  

Our microstructural results support the changes in TPA and WBSF results during 

refrigerated storage. Our results showed that duration of storage did not have a significant effect 

on WBSF, and TPA parameters, also in agreement with previous results (Akoğlu et al., 2018; 

Wang et al., 2004). However, total water content and cooking loss changed over the 10-wk 

storage time. Decreased cooking loss and increasing TWC correspond to the reabsorption of 

moisture with storage time. Similar results of moisture reabsorption have been reported by 
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Cropotova et al. (2019) in sous vide cooked fish during a period of chilled storage. The loss of 

water and associated decrease in TWC are related to the structural alteration in myofibrillar and 

connective tissue proteins during the heating of meat (Vaskoska et al., 2020). Heat causes 

thermal denaturation of myofibrillar proteins and shrinkage in connective tissue, however, 

during chilled storage, these proteins might retain and reabsorb moisture in inter and 

intracellular spaces.  

6.5. Conclusions 

The quality and shelf life of M. biceps femoris from older animals improved with sous 

vide cooking coupled with ginger powder solution injections containing zingibain. Cooking of 

meat at 65 ℃ for 1 h and 8 h under sous vide conditions, regardless of the injection treatment, 

reduced the microbial growth below the detection line after cooking and under refrigerated 

storage at 4 ℃ for four weeks. Hence the shelf life of sous vide cooked meat in terms of 

microbiological quality appeared to be 4 weeks. Similarly, sous vide cooking reduced lipid 

oxidation in cooked meat under refrigerated storage for two weeks, beyond that the lipid 

oxidation increased. Sous vide cooking coupled with ginger powder improved texture and 

reduced the toughness of the cooked meat in all samples, however, longer cooking with 

zingibain over- tenderise the meat, which may create an opportunity to develop very soft meat 

products for specific demographics such as the elderly. Improving quality and shelf life of the 

low-value beef meat from older animals potentially benefits the beef industry by improving the 

consistency of supply of tender and safe meat products for consumers. The application of this 

technology could be used to enhance the eating quality and food safety of beef from older cows, 

and countries without secure cold chains for beef products.  
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6.9. Supplementary material 

6.9.1. Polymerase chain reaction (PCR) 

DNA extraction of Listeria and Salmonella from raw and cooked meat samples was 

performed using the Wizard® SV genomic purification system (Promega, USA). Briefly, 500 

µl of supernatant from homogenised meat samples in nuclease-free water was mixed with 500 

µl nuclei lysis solution and 50 µl EDTA. After heating for 15 min at 80 ℃, an equal volume of 

SV lysis buffer was added and the mixture was immediately transferred into a mini-column 

assembly. The sample was then centrifuged at 13000 x g for 3 min and washed with 650 µl 

wash solution and the spin wash process was repeated four times. Nuclease-free water (50 µl) 

was used to elute DNA. The quality and quantity of extracted DNA was measured using 

Nanodrop-2000. Purified DNA was immediately used in PCR or stored at -20 ℃ for future use.   

Oligonucleotide primers used for Listeria monocytogenes PCR, consisted of forward 

primer: 5-TCGCAAACAGATCTAGACCAAGTT-3 and reverse primer: 5-

GTTCAAGTATTCCAATCCATCGATAG-3 as described by Heo et al. (2014). PCR primers 

for Salmonella detection (forward primer 5-GCGTTGCCTATCCTTGAGC-3 and 5-

TCCGGAGTAAAACGCTGC-3 reverse primer) were designed based on the Salmonella 

enterica subsp. Enterica IclR family transcriptional regulator gene sequence (GenBank 

accession No. CP053865 spp. The reaction mixture for both PCRs contained 5 x GoTaq Green 

Flexi Reaction Buffer and 1 U of Go Taq DNA Polymerase (Promega, Australia), 25 μM of 

each primer, 1.5 mM MgCl2, 1250 μM of each dNTP, and 5 μl extracted genomic DNA. PCR 

conditions for Salmonella PCR were one cycle of 95°C for 3 min, 35 cycles of 95°C for 30 s, 

55°C for 30 s and 72°C for 30 s, and a final cycle of 72°C for 2 min. Both assays were optimised 

using a gradient PCR with annealing temperatures in a range of 47.5 ℃ and 66.5 ℃ in a Bio-

Rad C-1000 Touch ™ Thermal cycler. Amplified PCR products were analysed by gel 

electrophoresis. 
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6.9.2. SEM micrographs of transverse sections of raw and cooked M. biceps femoris  

 



166 

 

 

 



167 

Chapter 7 

General discussion 

Low-quality meat, determined by inferior tenderness, juiciness, and flavour scoring by 

consumers, is often discounted, which limits its marketability and financial returns for the 

producer. Adding value to inferior quality meat cuts particularly from older animals, to satisfy 

consumer preferences, while ensuring a uniform supply of a quality product, can be of benefit 

to the beef industry. Post-harvest treatments of meat, including the manipulation of cooking 

conditions and injection of protease solutions, have the potential to improve meat tenderness. 

This research aimed to investigate methods to improve tenderness and the eating quality of low-

value meat from older animals. 

The key results from this research show that sous vide cooking with appropriate cooking 

temperature-time combinations, and the addition of ginger protease, manifest a strong potential 

to improve the tenderness, juiciness, and flavour of low-quality meat. Sous vide is a popular 

cooking technique in the food services industry due to the provision of uniform and consistent 

texture, with enhanced sensory characteristics of the meat (Przybylski et al., 2021; Stankov et 

al., 2020; Uttaro et al., 2019). It is a relatively new cooking technique, and optimal time and 

temperature combinations using this technique for low-quality beef meat are not well 

researched. 

7.1. Effect of cooking time and temperature on tenderness 

Our results demonstrated that sous-vide cooking at 75 ℃ for 18 h produced the lowest 

value for Warner-Bratzler shear force (WBSF) and texture profile analysis (hardness, 

cohesiveness, and chewiness) for M. biceps femoris (BF) and semitendinosus (ST) from older 

cows, and was similar to that obtained from the meat of young animals (Chapter 3 (Naqvi et 

al., 2021a)). These results are in agreement with previous research by Christensen et al. (2013) 

who showed the reduction in WBSF in semitendinosus from cows at the same level as obtained 

in bulls, upon cooking at higher temperature and prolonged time used in their study. This 

temperature-time combination, however, significantly reduced the total water content of the 

meat by producing a higher cooking loss. Cooking loss is an undesirable outcome of the cooking 

process that largely depends on the cooking parameters of cooking temperature and time 

(Brugiapaglia & Destefanis, 2012). These results agree with a previous report assessing similar 

sous vide treatments applied to beef (Rinaldi et al., 2014). These results also demonstrate that 
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the use of complementary processes can help to retain the juiciness while also reducing cooking 

time to increase consumer eating experience and satisfaction, which potentially enables 

adoption by industry.    

7.2. Effect of ageing on tenderness 

Results presented in Chapter 3 demonstrated that ageing for 13 days reduced the WBSF 

and hardness of meat from young and older animals after sous vide cooking, although this was 

less evident in the BF than in the ST. Ageing of raw meat is a common approach used in the 

meat industry to improve the eating quality of meat. The reduction in WBSF might be related 

to the degradation of proteins during ageing which is clearly evident in myofibrillar 

fragmentation results. We observed a total of 37 % and 54 % increase in mean myofibrillar 

fragmentation index (MFI) from BF and ST muscles respectively during ageing of 13 days, 

which is in agreement with a previous study on beef  (Bhat et al., 2018). The increased 

myofibrillar fragmentation is a result of proteolytic action on myofibrillar proteins and 

degradation of Z-disks in the sarcomere, causing increased fragility of myofibrillar proteins 

which then readily break down during the cooking process, resulting in decreased WBSF 

(Rajagopal & Oommen, 2015; Taylor et al., 1995). Although ageing had a significant effect on 

improving tenderness, the effect of ageing had some inconsistencies across muscles but the 18 

h sous vide cooking combined with 13 days produced the lowest WBSF. In addition, and 

importantly, acceptable WBSF values of <30 N (Miller et al., 2001) were achieved with sous 

vide cooking at 75 ℃ and 0 days ageing, which would speed up the provision of ready-to-

eat/heat meals for food service and retail shelves.   

7.3. Effect of ginger protease on tenderness 

The use of plant proteases enhances the tenderness and overall palatability of beef 

(Bekhit et al., 2014; Gagaoua et al., 2021; Madhusankha & Thilakarathna, 2020). Our study 

(Chapter 4, Naqvi et al. (2021b)) used ginger powder containing zingibain protease, injected 

into the meat before sous vide cooking, and demonstrated its effectiveness in improving 

tenderness and sensory characteristics of low-quality meat from older animals, as well as 

reducing the cooking times used in Chapter 3. Our WBSF measurements, with the injection of 

2 g/L ginger powder solution into samples subjected to sous vide cooking for as short as 1 h, 

were less than 30 N, indicating tender meat (Miller et al., 2001), however, these WBSF values 

were reduced even further with increasing cooking time from 1 h to 8 h, consistent with 

previous studies (Bhat et al., 2020; Christensen et al., 2011; Mortensen et al., 2012). Hence, our 
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results suggest that reduced cooking times of 8 h, rather than for 18 h, can achieve substantial 

tenderisation in BF from older cows, with the decrease in the cooking time leading to a 

reduction in processing cost. For the production process, a cost analysis of sous vide cooking 

with and without zingibain injection to achieve the desired tenderness and sensory 

characteristics for low-value meat would be worthwhile.  

Our trained sensory results (Chapter 5) demonstrated a lower number of chews required 

to prepare meat for ingestion for GP treated samples compared to control samples. Both sensory 

(trained panel evaluation) and objective measurement (WBSF, TPA) of tenderness with 2 g/L 

ginger powder injections and longer cooking time demonstrated mushiness/over-tenderisation 

of meat reflected by very low WBSF (Chapters 4, 5 and 6). The mushy texture in GP-injected 

samples is due to the excessive proteolysis occurring and hence excessive breakdown of 

myofibrillar proteins. This ‘mushiness’, and over-tenderisation, has sometimes been observed 

in beef which is aged for excessive periods but is also reported with the use of exogenous 

enzymes such as papain, bromelain and actinidin (Ashie et al., 2002; Tantamacharik et al., 

2018; Zhang et al., 2017). Hence the period for which zingibain is allowed to act on the meat 

should be limited. The mushiness could be avoided through reducing injection concentration or 

by reducing the cooking duration or increasing the cooking temperature (> 65 ℃) to denature 

the zingibain protease and stop the action of the protease on meat.  

The results relating to the soft texture or over-tenderisation of meat may be suitable for 

some specialised markets, for instance, the elderly population and infants. People vary in their 

liking for the tenderness and texture of the meat (Warner et al., 2021). Elderly people desire a 

softer texture and often prefer very tender meat (Felderhoff et al., 2020), due to age-related 

conditions such as chewing difficulties, impaired swallowing, dysphagia, dementia, and also 

throat cancer as well as food-related deficiencies (Rothenberg et al., 2007). The prevalence of 

these conditions results in reduced intake of relatively tough-textured beef compared to other 

food products (Botinestean et al., 2016). Different studies have shown improved weight and 

nutritional status of elderly people with the modified texture of foods (Cassens et al., 1996; 

Germain et al., 2006). Thus zingibain-injected and sous vide cooked meat, with its softer 

texture, over tenderised characteristics and modified doneness make it suitable to elderly 

consumers, confirming opportunities for the food processing industry. Future studies should 

investigate the effects of sous vide cooking and zingibain on protein digestibility during 

gastrointestinal digestion for elderly consumers.  
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7.4. Collagen solubility and cooking loss 

The tough meat from older animals is a result of the formation of heat-stable cross-links 

between the collagen molecules. The use of zingibain has been shown to improve the quality 

of the product through its higher collagenolytic activity in breaking collagen fibres during 

cooking (Ha et al., 2012). We have related the increased tenderness in BF from older cows with 

the solubilisation of collagen as measured by soluble collagen, and also as described by 

Christensen et al. (2013).  We clearly demonstrated increased levels of soluble collagen with 

ginger powder (GP) injections, when combined with an optimum cooking temperature of 65 ℃ 

during sous vide cooking (Chapter 4 (Naqvi et al., 2021b). The shrinkage and solubilisation of 

collagen protein during heating causes the expulsion of muscle water, thus resulting in a higher 

cooking loss. Chapters 4 and 5 demonstrated that higher total water content was observed in 

GP injection-treated samples, however, a longer cooking duration at 65 ℃ impacted the water 

holding capacity of the muscle and resulted in more cooking loss and lower juiciness scores 

evaluated by trained panellists. The results are in agreement with previous reports (Christensen 

et al., 2011; Modzelewska-Kapituła et al., 2012) and highlight the challenges with possible 

applications of this research regarding consumer acceptance at a wider scale. This is critically 

important before scaling up this work to its industry potential in both developed, and 

developing, beef supply chains.  

7.5. Sous vide and product safety 

Improved physical and sensory characteristics of zingibain injected meat followed by 

sous vide cooking led to the investigation of the safety and storage stability of the product 

(Chapter 6). Cooking of food in vacuum-sealed bags, such as sous vide, provides microbial 

safety of the meat by eliminating the risks of contamination during cooking, post-cooking 

handling, and storage (Díaz et al., 2008; Sun et al., 2019; Yang et al., 2020). Our results 

demonstrated that sous vide cooking substantially reduced the microbial counts in all cooked 

samples regardless of the cooking time and GP injection treatment. These results agree with 

previous reports on sous vide cooking in beef semitendinosus (Vaudagna et al., 2002), lamb 

loins (Roldán et al., 2013) and pork loin (Díaz et al., 2008). These studies reported a dramatic 

reduction in microbial counts even at minimum temperature (60 ℃) during sous vide. Our 

results demonstrated improved quality and safety of the product for four weeks without any 

microbial, biochemical, structural, or textural change in the cooked meat.  



171 

Our results provide strong evidence for the use of ginger powder solutions as a means 

of increasing meat tenderisation and improving the texture, sensory quality and safety of low-

value meat cuts. This will be of great benefit to consumers from lower socioeconomic 

communities across many countries. These outcomes are of particular relevance to meat-eating 

consumers from developing countries where the majority of meat is obtained from older 

animals ‘culled’ from the herd, as a by-product of dairy production operations. The majority of 

these animals are slaughtered and the meat is sold without any access to cold chain facilities. 

The palatability, hygiene, and eating quality of meat provided to consumers through these non-

chilled chains, often called wet markets, is often questionable. Sealed cooking using sous vide 

technology might be useful in allaying some of these concerns for consumers. 

7.6. Limitations 

We observed an uneven distribution of enzyme (zingibain) in biceps femoris (BF) which 

can be improved by using a commercial injector compared to manual injections employed in 

this study due to funding limitations. The problem of uneven distribution of injected enzyme in 

meat was still unresolved even with the manual massaging of the samples. The uneven 

distribution of enzyme caused inconsistency in texture. The use of commercial injectors with 

set pressure and volume of injection followed by the tumbling of meat can potentially improve 

the distribution of enzyme resulting in a more uniform texture of the meat. The ginger powder 

used in the research contained partially purified protease enzyme from ginger rhizome. The net 

concentration of active proteases could be enhanced with more robust chromatography based 

purifications systems without any negative impacts on the flavour of the meat. After reviewing 

the literature, and running preliminary trials, enzyme holding time of 24 hours was selected as 

temperature range was more effective in determining the protease activity than holding time. 

However, we suggest that more research on studying the effects of protease holding time is 

required using purified enzymes. The other limitation of our studies was relatively little ability 

to explain the tenderisation mechanism involving denaturation and solubilisation of 

myofibrillar proteins of GP injected meat under sous vide cooking conditions, even after much 

deliberation to perform sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-

PAGE). The fluctuating trend of WBSF between concentrate feeding days and cooking time 

temperature (Chapter 4; Figure 5) remained unanswered and required further 

research/discussion. A large-scale sensory study was originally designed for the product 

sensory assessment and consumer perception to evaluate the acceptance of ginger powder 
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injected sous vide cooked meat which could not be accomplished due to COVID-19 related 

restrictions.   

7.7. Implications and future research 

Given the findings reported in the studies outlined in this thesis, the next phase of 

research for value-adding to low-quality meat could entail the development of ready to eat/heat 

sous vide cooked products. This will be of importance to a number of cohorts of consumers 

including time-poor working families who need to prepare high-quality meals that are attractive 

for the whole family. These ready to use products are becoming more acceptable globally and 

sous vide products are already attractive to high-end consumers (Stankov et al., 2020; 

Thienhirun & Chung, 2018). Our results also show that a ‘very soft’ meat product can be 

produced using sous vide cooking and ginger protease injection which would be applied for 

developing niche products for elderly people with limited chewing ability.  

It is also important to note that ginger flavour is not a well-accepted flavour in all regions 

of the world. But in many cultures, ginger is an inexpensive food ingredient and routinely used 

in food recipes, particularly in Asia. These markets could potentially benefit from the results 

outlined in this thesis by adding value to low-quality meat supply chains without negative 

impacts on flavour and consumer acceptability. Further research is required on improved 

protease purification techniques through the use of mass spectrometry-based platforms or in 

vitro protein synthesis approaches to successfully achieve wider acceptability. Gas 

chromatography coupled with mass spectrometry-based metabolomic approaches would also 

be important to reveal the impacts of sous vide cooking and proteases on meat flavour chemistry 

in association with consumer’s acceptance. 

In addition, in the future, it will be of particular interest to investigate the effect of spice 

mixtures along with sous vide cooking and ginger proteases. This could enhance the desirability 

of the product in terms of sensory acceptance, which along with the improved tenderness, could 

greatly improve the value of low-quality meat to consumers and thus the financial returns for 

the producer. Future research could involve designing large-scale sensory studies to help 

understand the potential to enhance the flavour and acceptability of these products among target 

consumer markets. Further research also requires detailed cost-benefit analyses as a part of 

product development on a commercial scale. This information will be critically important for 

processing companies particularly in low-end beef markets enabling them to counter ongoing 

challenges of providing a consistent supply of good-quality products to consumers.  
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7.8. Conclusions 

Sous vide cooking improved tenderness in tough meat from older animals. The results 

reported here contributed significantly to the current knowledge on concurrent use of sous vide 

cooking along with the injection of ginger protease to achieve desirable tenderness, juiciness 

and sensory characteristics of low-quality beef meat. Importantly, this study has identified 

appropriate cooking time and temperature combinations, along with the concentration of ginger 

powder solution with promising prospects of improving product quality. The use of ginger 

protease with sous vide accelerated the tenderisation process by enhancing the solubility of 

collagen resulted in reduced cooking duration to achieve desirable tenderness in the meat. This 

project also attempted to unravel the underlying mechanisms of tenderisation associated with 

collagen solubilisation and myofibrillar fragmentations. In addition, ginger powder treatment 

with sous vide cooking not only improved the sensory characteristics of the meat without 

concealing the flavour but also significantly reduced the microbial growth and lipid oxidation 

in meat. This validates the results for product quality and safety at refrigerated storage for a 

month. The body of knowledge generated as a result of this thesis is of particular importance 

for beef industries in developed as well as developing countries for low-quality meat cuts from 

both young and old culled animals for a consistent supply of consumer-preferred products.  
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Appendix I 

The effect of low-temperature long-time sous vide cooking on tenderness in 

beef bicep femoris and semitendinosus muscles 

Z.B. Naqvi1, P.C. Thomson2, M. Ha1, D.M. McGill1, R.D. Warner1 

1The University of Melbourne, Parkville, VIC 3010, Australia; 
2 The University of Sydney, NSW 2006, Australia 

Introduction 

Tenderness is the most important quality trait and a key determinant of consumer 

acceptability and marketability of red meat. Apart from variation due to genetics and pre-

slaughter environment, processing and cooking techniques need to be optimized for different 

muscles in terms of their significant role in determining meat tenderness. Sous vide is an 

emerging cooking technique currently employed at both commercial and domestic scales. This 

technique involves cooking raw meat in vacuum-sealed heat-stable bags under precisely 

controlled temperature and time followed by rapid cooling (Garcia-Segovia et al., 2007). 

Previous studies have reported improved tenderness as a result of sous vide cooking in meat 

from different livestock species (Del Pulgar et al., 2012; James & Yang, 2012; Vaudagna et al., 

2002). Despite this research, there is a lack of understanding on the combined effect of low-

temperature long-time sous vide cooking and the aging process on tenderness in different 

muscles from both young and old animals. Therefore, this study was designed to investigate the 

effect of low-temperature long-time sous vide cooking and aging on tenderness in low-value 

beef muscles from young and old cattle. 

Materials and methods 

This study comprised of bicep femoris (BF) and semitendinosus (ST) muscles (n=48) 

from two different age groups (young, less than 18 months, n=12 vs old, 3.5 years; n=12), two 

aging periods (2 vs 15 days), three heating temperatures (55 °C, 65 °C and 75 °C) and three 

heating times (1 h, 8 h ,18 h). Each muscle was cut into nine steaks weighing approximately 

167 ± 10 g (mean ± SD). All steaks were weighed, vacuum-packed (Multivac-C100) and 

randomly allocated to a cooking treatment. Cooking occurred in temperature-equilibrated water 

baths (Julabo-F38) and internal temperature was monitored by thermocouples attached to a 
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Grant data logger (SQ 2020/2040 series). After cooking, samples were cooled overnight at 

~2oC. Each cooked sample was subdivided into four equal blocks approximately 1.0 cm × 1.0 

cm × 5.0 cm ensuring the muscle fibers ran parallel to the long portion of the block and the 

blade sheared perpendicular to the longitudinal orientation of the fibers. Warner Bratzler shear 

force (WBSF) was determined with a Warner Bratzler V-shaped cutting blade fitted onto a 

texture analyser (Lloyd-Model AMETEK LS5). The WBSF data were analysed by fitting a 

linear mixed model, (REML estimation method) with blocking, using Genstat 18th edition. Due 

to non-homogeneity of variance, data was transformed using log transformation. REML was 

conducted on transformed data and the the separation of means using SED’s, shown in Table 

1, was done using the SED’s from transformed data, prior to back-transformation. Analyses 

were conducted separately for each ageing period and age category within each muscle. 

Results and discussion 

Interactions were seen between cooking temperature, time and aging of the meat, or age 

of the animal, on WBSF in both muscles for both ageing times, and from young and old animals, 

respectively (P < 0.001 for all; Table 1). The WBSF values in young animals were 

comparatively lower than those for old animals, in agreement with a previous study 

(Christensen et al., 2013). The WBSF values decreased with both increasing cooking 

temperature and cooking time. However, the differences in WBSF values between young and 

old animals were smaller with an increase in cooking temperature and cooking time. The aging 

process should enhance tenderness and our results confirmed a decrease in WBSF with ageing 

in both muscles for short cooking times and lower cooking temperatures. It is well-known that 

improved tenderness during aging process is due to the proteolytic changes in meat (Wyrwisz 

et al., 2016).  

Conclusion 

Positive associations of both cooking time and temperature with meat tenderness 

supported the hypothesis that low-temperature long-time sous vide cooking is a useful 

processing technique to make low-value tough meat into higher value tender meat. 
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Table 4. Effect of age of the animal (young vs old), ageing of the meat (Fresh, 2 days aged vs Aged, 15 days aged),  cooking 

temperature (55, 65 or 75 °C) and cooking time (1, 8 or 18 hours) on the Warner-Bratzler shear force (Newtons) of 

semitendinosus (ST) and bicep femoris (BF). Superscripts (letters a-m) refer to significant differences (P < 0.05) in mean WBSF 

values within each block of 2 rows within ‘young and old’ cattle or ‘fresh and aged’. The separation of means was done using 

the SED’s from transformed data, prior to back-transformation. 

Time 
  

55 ℃ 
 

65 °C 
  

75 °C 
 

Temperature 
 

1 h 8 h 18 h 
 

1 h 8 h 18 h  1 h 8 h 18 h 

                                                                Semitendinosus 

Young  42.2ki
 34.4gij 23.6ab

  39.7hki 32.8dgi 29.1cef  40.2hki 28.7 ce 24.3ab 

Old 
 

64.7m
 38.0ik 36.0 fghik

 

 

42.6 ji 32.4efgh 25.7bc
 

 

46.1i
 26.7bcd 22.1a 

Fresh 
 

55.9m 40.0 ij 31.1 eg 
 

45.7 kl 34.0 gh 30.9 defg 
 

44.8 kl 33.5 gh 

27.9 

cdf 

Aged 
 

48.8 lm 32.7 g
 27.3 de

 

 

37.0 hi
 31.2 fg 24.1bc

 

 

41.3jk 22.8b 
 19.3a

 

                                                             Bicep femoris 

Young 
 

30.6efghj 27.7bdef 22.9ac 
 

38.9ilm 32.3ghjk 31.1efghi 
 

38.9ilm 33.3 ghjk 

24.3ab

cd 

Old 
 

52.8 m
 50.3m

 33.1 fhi
 

 

51.9m
 43.3kl

 30.4cdefghi
 

 

41.3 jkl 27.7 cdeg
 21.5ab 

Fresh 
 

42.9 ef 38.9 ef 28.1 b 
 

51.6 g 38.5 ef 32.2bcd 
 

43.7 f 32.7 cd 28.3bc 

Aged 
 

37.7 def 35.8de 27.0 bc 
 

39.1def
 36.3def 29.4bc 

 
36.8def

 28.3bc 18.5a
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Appendix II 

The effect of low-temperature long-time sous vide cooking on textural 

properties and juiciness in low-value tough meat from young and old cattle 

Z.B. Naqvi1, P.C. Thomson2, M. Ha1 D.M. McGill1, R.D. Warner1 

1The University of Melbourne, Parkville, VIC 3010, Australia; 
2 The University of Sydney, NSW 2006, Australia 

Introduction 

Sous vide has been a popularized cooking method for many different food stuffs in 

restaurants and catering industry all around the world, particularly in meat it has been a turning 

method allowing low-value tough meat cuts into tender servings enabling uniform texture and 

more juicier meat compared to traditional cooking methods. This technique involves cooking 

raw meat in vacuum-sealed heat-stable bags under precisely controlled temperature and time 

followed by rapid cooling. Previous research have reported improved textural properties of 

meat as a result of sous vide cooking in different livestock species (Del Pulgar et al., 2012; 

Roldán et al., 2013). Present study was designed to investigate the effect of low-temperature 

long-time sous vide cooking on texture properties and juiciness in low-value tough meat cuts 

from young and old cattle. 

Materials and methods 

This study comprised of bicep femoris (BF) and semitendinosus (ST) muscles (n=24) 

from two different age groups (young, less than 18 months, n=12 vs old, 3.5 years; n=12), three 

heating temperatures (55 °C, 65 °C and 75 °C) and three heating times (1 h, 8 h ,18 h). Each 

muscle was cut into nine steaks weighing approximately 167 ± 10 g (mean ± SD). All steaks 

were weighed, vacuum-packed (Multivac-C100) and randomly allocated to a cooking 

treatment. Cooking occurred in temperature-equilibrated water baths (Julabo-F38) and internal 

temperature was monitored by thermocouples attached to a Grant data logger (SQ 2020/2040 

series). Heating time was calculated when the core temperature (Tc) of the steak reached to the 

water bath temperature. After cooking, the bags were taken out of the water bath and 

immediately immersed in an ice bath for 15 minutes to cool the samples to room temperature. 

The percentage of cooking loss was calculated by using the method described by Domínguez 

et al. (2014). The hardness, cohesiveness, and chewiness of cooked meat samples were 

calculated according to a method previously established by Channon et al. (2014). The data 
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were analysed by fitting a linear mixed model, (REML estimation method) with blocking, using 

Genstat 18th edition.   

Results and discussion 

Interactions were seen between cooking temperature and time on cooking loss (CL %) 

for both muscles BF and ST (P < 0.001). Results from each muscle shows the greater cooking 

loss in young animals’ meat as compared to older animals’ meat. Cooking loss increases with 

increasing cooking time as well as temperature (Table 1). A substantial cooking loss was found 

on increasing cooking time from 1 to 8 hours whereas, the difference reduced at cooking from 

8 to 18 hours. Previous studies demonstrate that the cooking losses in meat is largely determined 

by heat-induced structural changes in myofibrillar proteins during cooking (Hughes et al., 

2014). Most of the water in muscles is located in myofibrillar proteins. Increasing the 

temperature causes shrinkage, denaturation and in some cases solubilisation of muscle proteins. 

The scientific evidence for selecting the three temperatures in experiment design 55 °C, 65 °C, 

75 °C demonstrated in literature that between 53 and 63 °C collagen proteins denatures 

denaturation of myofibrillar proteins mainly myosin takes place at 40-60°C temperature with 

the subsequent gelation of collagen fibre at 60-70 °C followed by denaturation of actin at 70-

80°C (Purslow, Oiseth, Hughes, & Warner, 2016). 

 

Compression analysis aimed to determine the contribution of connective tissue in the 

tenderness of cooked meat. Hardness, chewiness and cohesiveness were influenced by cooking 

temperature and time. A significant interaction was found between temperature and time in both 

muscles. Hardness was greater in older animals compared to the younger animals. A substantial 
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reduction in hardness was observed at 75 °C for 18 h cooking in both BF (Table 2) and ST 

(Table 3) muscles and interestingly, a minor difference was seen in young and old animals. 

Same result patterns were found for chewiness and cohesiveness. Previous studies revealed that 

the change in meat texture during cooking is associated with heat-induced structural changes in 

myofibrillar proteins and connective tissue. Decreasing hardness in muscles with high collagen 

contents from old animals or even from young ones cooked at high temperature and prolong 

time could be explained by the fact that prolong heat treatments at higher temperature increase 

the collagen solubility and decreasing connective tissue strength leading to reduced toughness 

in meat (Christensen et al., 2011). 
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Conclusions 

Sous vide cooking technique improves the textural characteristics in meat regardless of 

the age of the animal but is particularly beneficial for meat from old animals. Although, 

decreasing meat toughness achieved through appropriate temperature time combination but 

associated cooking loss might cause negative impact on mouthfeel experience of consumers. 

An appropriate balance of juiciness and tenderness found to be important in term of fulfilling 

the consumer’s satisfaction and expectation to the product. Further investigations on consumer 

sensory perceptions and acceptance of low-value beef meat particularly from old animals 

cooked under sous vide would be required. 
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Appendix III 

Effect of injecting ginger protease on improving tenderness in M. biceps 

femoris from culled dairy cows 
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Warner4, Michael A. Friend1, 2 
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Australia; 2 School of Animal and Veterinary Sciences, Charles Sturt University, Wagga Wagga, NSW 

2678, Australia; 3 School of Life and Environmental Sciences, The University of Sydney, NSW 2006, 
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Introduction 

Muscles of culled/old animals exhibit substantial toughness due to the strength 

developed in the connective tissues and/or insufficient endogenous proteolytic enzyme capacity 

to tenderize the meat on post mortem. Marination of muscles with exogenous proteases acquired 

from plants, bacteria, fungi, and their commercially available products have shown tenderizing 

effects on tough beef meat. Zingibain or ginger protease is a cysteine protease found in ginger 

rhizome and its proteolytic activity appears to have manifold effects on collagen than on 

actomyosin and the combined proteolysis of these two muscle proteins could result in 

improving beef tenderness. The study was designed to investigate the tenderization of low-

value meat using commercially available ginger powder containing proteolytic enzymes 

including zingibain.   

Materials and methods 

This study used biceps femoris (BF, n = 30) acquired from Angus/Angus cross culled 

cows of similar age (6-7 years old). Each BF was cut into four portions and injected with 1 or 

2 gL-1 ginger powder solution, and control with water only and another with no injection (NI). 

Each portion was cut into 3 blocks, vacuum-packed and cooked for 1 h, 8 h and 18 h in 

temperature-equilibrated water baths at 65 °C and 75 °C and internal temperature was 

monitored by thermocouples attached to a Grant data logger. Warner Bratzler shear force 

(WBSF), cooking loss, collagen content, and myofibrillar fragmentation index (MFI) were 

measured to assess change in meat tenderness. The data were analyzed using a linear mixed 

effect model fitted by REML in “R” (R version 3.5.2, with packages “nlme” and “emmeans”, 

R Core Team, 2018).  
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Results 

Results revealed significant (all P < 0.005) interactions between enzyme treatment, 

cooking temperature, and time on WBSF. WBSF in low-valued meat reduced with injecting 

ginger powder solution and cooking duration (Table 1). Cooking loss increase with increasing 

cooking temperature and time (P = <0.0001) (Table 2). Results of collagen content and MFI 

are presented in Table 3. Collagen solubility increased by injecting ginger powder solution (P 

= 0.0045) and cooking time (P = 0.0001) but not impacted with cooking temperature (P = 0.38). 

Myofibrillar fragmentation (MFI) increased with increasing concentration of enzyme (P = 

0.029). The results have indicated weakening of myofibrillar proteins and connective tissue 

contribute to denaturation of proteins and solubilisation of collagen. 

 

 

 

 

  

Table 1. Effect of zingibain treatment and cooking time on the Warner-Bratzler 

shear force (WBSF, N) of biceps femoris. Superscripts (letters a-g) refer to the 

significant differences (P < 0.05) in mean WBSF values.  

   Injection treatment 

 

WBSF (N) 

Time No 

injection 

Only 

water 

1 gL-1 GP 2 gL-1 GP 

1 h 48.8ab 49.9a 37.9cd 27.3f 

8 h 42.9abc 42.8bc 27.9ef 24.7f 

18 h 36.0d 32.7de 20.2g 20.4g 

      Table 2. Effect of cooking temperature (65 ℃, 75 ℃) and cooking time (1 h, 8 h, 

18 h) on cooking loss (%) of biceps femoris. Superscripts (letters a-e) refer to the 

significant differences (P < 0.05) in mean values.  

Temperature  65 ℃  75 ℃ 

Time  1 h 8 h 18 h  1 h 8 h 18 h 

 

 

Cooking loss  
32.3a 39.3c 41.3e  43.0b 47.0d 47.3d 

        Table 3. Effect of zingibain treatment on soluble collagen (mg.g-1 meat) and 

myofibrillar fragmentation index (MFI) of of biceps femoris. Superscripts (letters 

a-c) refer to the significant differences (P < 0.05) in mean soluble collagen and MFI 

values.  

   Injection treatment 

  No 

injection 

Only 

water 

1 gL-1 GP 2 gL-1 GP 

Soluble collagen 0.21a 0.28ab 0.41c 0.39bc 

MFI 139.6b 147.1ab 150.2a 153.7a 
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Conclusions 

Injecting zingibain improved tenderness of bicep femoris, thus, ginger protease has 

potential to add value to low-value muscle from older cows with reduced cooking duration. 

Keywords: ginger protease, tenderness, beef, older cows, collagen solubility 
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Appendix IV 

The longitudinal and transverse heating- induced shrinkage of two bovine 

muscles 

Rozita Vaskoska, Minh Ha, Zahra Batool, Jason White, Robyn Warner 

Faculty of Veterinary and Agricultural Sciences, University of Melbourne, Parkville, 3010 Victoria, 

Australia 

Introduction 

This study aimed to explore the differences in the heating- induced shrinkage of two 

bovine muscles biceps femoris (BF) (high collagen content, short sarcomere length, white 

muscle) and psoas major (PM) (low collagen content, long sarcomere length, red muscle) at 

four cooking temperatures (50, 60, 70 and 80 °C) and at two ageing periods (unaged and aged 

for 14 days).  

Methods 

Ten BF and PM muscles were collected from both sides of five beef carcasses and 

muscles from both sides of same carcass were allocated to two periods of ageing: 1 day (unaged) 

and 14 days ageing. Sarcomere length of the muscles was measured with laser diffraction unit 

and collagen by the AOAC hydroxyproline method. The cooking method was based on the 

study of Purslow at al. (2016) with slight modifications. Each muscle was cut into twenty (BF) 

or fifteen cuboids (PM) with dimensions: length 50mm x width 30mm x height 30mm. Four 

(BF) or three cuboids (PM) were randomly assigned to each of the following temperatures: 50, 

60, 70 and 80°C within each muscle. The meat cuboids were cooked in individual plastic bags 

in a water bath (Julabo Gmbh, Seelbach, Germany) at the designated temperatures. The samples 

were cooked for 30 min. after reaching the desired internal temperature, cooled on ice for 15 

minutes and wiped dry. The dimensions (length, width, height) of each cuboid were measured 

with a caliper (Kincrome, Scoresby, Australia) before and after cooking. Longitudinal 

shrinkage was defined as the shrinkage in the direction of the fibres. Transverse shrinkage was 

the shrinkage perpendicular to the fibre direction, calculated as cross- sectional area (CSA). 

The CSA of the cuboid was calculated as the product of the width and the height. The 

longitudinal/transverse shrinkage was calculated as the difference between the length/CSA 

before and after cooking, divided by the length/CSA before cooking. Data analysis was 
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performed with REML in Genstat (Version 18) with muscle, aging and temperature as fixed 

effects and collection day and carcass number as random effects.  

Results 

The average sarcomere length for the muscles was 3.48 ± 0.04 and 1.9 ± 0.02 for PM 

and BF respectively, while the average collagen content was 17.45 ± 2.21 and 44.51 ± 2.68 

µg/mg freeze dried tissue for the PM and BF, respectively.    

Longitudinal shrinkage of the cuboids was affected by the muscle, temperature and 

ageing period (muscle*temperature*ageing period p < 0.01, sed =1.86). The onset of shrinkage 

in unaged BF and PM occurred already at 50 °C, while aged muscles only started shrinking at 

60 °C (PM) and 70 °C (BF) (Figure 1). A continuous increase in shrinkage occurred between 

60 to 70 °C and 70 to 80 °C in PM, while in BF shrinkage only increased between 70 and 80 

°C in unaged and between 60 and 70 °C in aged muscle (Figure 1). The maximum longitudinal 

shrinkage of the muscle cuboids presented in the following sequence: PM (1 day) > PM (14 

days) > BF (1 day) > BF (14 days) (Figure 1).  

 

Figure 1. Longitudinal shrinkage of BF and PM cuboids heated to 50, 60, 70 and 80 °C and 

aged for 1 or 14 days. 

Transverse shrinkage, unlike longitudinal shrinkage, was only affected by the two- way 

interaction of the muscle type with temperature (p < 0.001, sed = 2.62) and ageing period (p < 

0.05, sed = 1.83) separately. Most of the transverse shrinkage of the muscles has already 

occurred when the cuboids were cooked at 50 °C (Figure 2A). BF had greater transverse 

shrinkage than PM at all temperatures except at 60 °C, (Figure 2A). Unexpectedly, shrinkage 

of PM at 80 °C was smaller than shrinkage at the other cooking temperatures (Figure 2A). In 
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respect to ageing, PM showed a consistent transverse shrinkage in both ageing periods, while 

less transverse shrinkage occurred in aged muscle for BF (Figure 2B).  

 

Figure 2. Transverse shrinkage of BF and PM cuboids. A) heated to 50, 60, 70 and 80 °C B) 

aged for 1 and 14 days. 

Conclusion 

At higher cooking temperatures (70 and 80 °C), which are common in meat cooking 

and processing, PM has a greater longitudinal shrinkage, while BF has a greater transverse 

shrinkage. These results are probably a consequence of the differences in sarcomere length 

and/or collagen content. Previous research has shown that stretched bovine semitendinosus had 

a greater longitudinal and smaller transverse shrinkage in comparison to cold-shortened muscle 

(Bouton et al., 1976). Greater longitudinal shrinkage was also found in a comparison of bovine 

longissimus dorsi (LD) to PM, where PM also had twice longer sarcomeres. Instead of the 

expected greater longitudinal shrinkage of BF due to greater collagen content (Mohr & Bendall, 

1969), we instead found greater transverse shrinkage in comparison to PM. The potential 

explanation for this could be the assumed relationship between sarcomere length and collagen 

by Lepetit et al. (2000), where shorter sarcomere length in a muscle results in less collagen 

shrinkage at 60 °C. However, Purslow at al. (2016) advocated against an effect of sarcomere 

length on the orientation of collagen and therefore on collagen shrinkage.  

The greater longitudinal (BF, PM) and transverse shrinkage (BF) of unaged versus aged 

muscle implies a potential role of proteins prone to post- mortem proteolysis (titin, desmin) in 

the shrinkage of muscle cuboids.  

The results of this study provide a better understanding on the water- holding capacity 

of bovine muscles of different nature that ultimately results in an effect on their eating quality.  

A) 
B) 



195 

References 

Bouton, P. E., Harris, P. V., & Shorthose, W. R. (1976). Dimensional changes in meat during 

cooking. Journal of Texture Studies, 7(2), 179-192.  

Lepetit, J., Grajales, A., & Favier, R. (2000). Modelling the effect of sarcomere length on 

collagen thermal shortening in cooked meat: consequence on meat toughness. Meat Science, 

54(3), 239-250.  

Mohr, V., & Bendall, J. R. (1969). Constitution and Physical Chemical Properties of 

Intramuscular Connective Tissue. Nature, 223(5204), 404-405.  

Purslow, P. P., Oiseth, S., Hughes, J., & Warner, R. D. (2016). The structural basis of cooking 

loss in beef: Variations with temperature and ageing. Food Research International, 89, 739-

748.  

 

 

 

 

 



196 

Appendix V 

Effect of injecting ginger protease on improving tenderness in M. biceps 

femoris from dairy cows 

Zahra B. Naqvi1, 2, Michael A. Campbell1, Peter C. Thomson1, 3, David M. McGill4, Robyn D. 

Warner4, Michael A. Friend1, 2 

1 School of Animal and Veterinary Sciences, Charles Sturt University, Wagga Wagga, NSW 2678, 

Australia. 
2 Graham Centre for Agricultural Innovation, Charles Sturt University, Locked Bag 588, Wagga Wagga, 

NSW 2678, Australia. 
3 School of Life and Environmental Sciences, The University of Sydney, NSW 2006, Australia. 
4 Faculty of Veterinary and Agricultural Sciences, Parkville, VIC, 3010, Australia. 

Abstract 

The study investigated the effect of ginger protease on tenderness and juiciness of M. 

biceps femoris (BF) from culled cows. BF were injected with 1 g/L, 2 g/L ginger powder 

solution, only water and no injection. Samples were cooked at 65 °C and 75 °C for 1, 8 and 18 

h and tested for cooking loss, total water content (TWC), Warner Bratzler shear force (WBSF), 

collagen content and myofibrillar fragmentation index (MFI). Results revealed the significant 

interactions between enzyme treatment, cooking temperature and time on WBSF, TWC and 

cooking loss. WBSF reduced substantially by increasing ginger powder concentration at 65 ℃ 

but linear reduction was noted at 75 ℃ with increasing cooking time. Cooking loss increase 

while TWC decrease with increasing cooking temperature and time. Collagen solubility and 

MFI increased by increasing ginger powder solution concentration. The results demonstrated 

weakening of myofibrillar proteins and connective tissue contribute to denaturation of proteins 

and solubilisation of collagen. 
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Appendix VI 

CSU Human Research Ethics approval 
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Appendix VII 

Media Article (Australian Meat News) 

 

Weblink: https://ausmeatnews.com.au/wp-content/uploads/2021/08/AMN-August-2021_low-res-final2.pdf 

 

  

https://ausmeatnews.com.au/wp-content/uploads/2021/08/AMN-August-2021_low-res-final2.pdf
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Appendix VIII 

Sensory and Physical Characteristics of M. biceps femoris from Older Cows 

Using Ginger Powder (Zingibain) and Sous Vide Cooking  
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Appendix IX 

The effect of extended refrigerated storage on the physicochemical, structural, and 

microbial quality of sous vide cooked biceps femoris treated with ginger powder 

(zingibain) 
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