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Abstract

Developing efficient and promising tenderising techniques for postmortem meat is a heavily researched topic
among meat scientists as consumers are willing to pay more for guaranteed tender meat. However, emerging
tenderising techniques are not broadly used in the meat industry and, to some degree, are controversial due to
lack of theoretical support. Thus, understanding the mechanisms involved in postmortem tenderisation is essential.
This article first provides an overview of the relationship of ageing tenderisation and calpain system, as well as
proteomics applied to identify protein biomarkers characterizing tenderness. In general, the ageing tenderisation is
mediated by multiple biochemical activities, and it can exhibit better palatability and commercial benefit by
combining other interventions. The calpain system plays a key role in ageing tenderisation functions by rupturing
myofibrils and regulating proteolysis, glycolysis, apoptosis and metabolic modification. Additionally, tenderising
techniques from different aspects including exogenous enzymes, chemistry, physics and the combined methods
are discussed in depth. Particularly, innovation of home cooking could be recommended to prepare relatively
tender meat due to its convenience and ease of operation by consumers. Furthermore, the combined interventions
provide better performance in controlled tenderness. Finally, future trends in developing new tenderising
techniques, and applied consideration in the meat processing industry are proposed in order to improve meat
quality with higher economical value.
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Introduction
Tenderness is a crucial palatable quality affecting con-
sumers’ preference to meat products (Miller et al. 2001),
and the upgrading of low-value meat with guaranteed
tenderness will favor products with higher price (Zhu
et al. 2019). Particularly, from the perspective of dietary
evaluation, products displaying harder chewiness deter
the elderly from consuming. Thus, meat scientists have
been committed to improving meat tenderness in order
to increase the repeat purchase desire of consumers and

to produce better sensorially acceptable meat products
(Li et al. 2012).
The up-regulation of pre-slaughter tenderness is af-

fected by rearing practices (breed, sex, genotype, nutrition
and age), and also by muscle structure and composition
(Devlin et al. 2017). This review mainly focuses on the
postmortem tenderisation based on the perspective of
meat processing. Typically, the fragmentation of muscle
structural and associated proteins (e.g., myosin, actin, col-
lagen and elastin) mediated by endogenous protease (e.g.,
calpain), as well as the continuous degradation of cytoskel-
eton proteins and the energy metabolism can increase
postmortem tenderness (Koohmaraie & Geesink 2006;
Purslow 1994; Taylor, Geesink, et al. 1995; Thompson
et al. 2006; Wheeler & Koohmaraie 1994). Moreover,
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ageing tenderisation is widely used in meat industries, and
postmortem ageing is a value-added process of obtaining
better tenderness and flavor (Wang et al. 2013). Compre-
hensive understanding of the relationship between en-
dogenous proteases and postmortem ageing will render
people to design targeted interventions for better tender-
ness. It has to be mentioned that applying proteomics to
identify protein biomarkers characterizing tenderness is
conductive to deeply understanding the complex bio-
logical pathways and non-destructively predicting the
tenderness development (Lametsch & Bendixen 2001;
Montowska & Pospiech 2013; Picard et al. 2014). Never-
theless, high-quality meat tenderness based on ageing ten-
derisation is often at the expense of sufficient time, larger
storage space and higher energy consumption. The draw-
backs of ageing tenderisation require the use of other ten-
derising techniques to meet the demand.
Different feeding diets and farming management inter-

ventions of animals are commonly used to modify pre-
slaughter muscle tenderness, which are a systematic and
time-consuming process (Cao et al. 2014). By contrast,
different types of tenderising techniques are developed
for postmortem meat that are short-term and effectively
produce high-quality commercial products. Current
techniques for postmortem tenderisation can be classi-
fied into enzymatic, chemical, physical and combined
categories (Al-Hilphy et al. 2020; Bekhit et al. 2014;
Dominguez-Hernandez et al. 2018; Ray et al. 2016; Tay-
lor & Hopkins 2011). Of them, some techniques cannot
achieve the similar tenderising trend, which may be as-
cribed to the difference of materials (e.g., feeding condi-
tions and slaughtered status) and equipment
performance (Arroyo, Lascorz, et al. 2015; Christensen
et al. 2013; Faridnia et al. 2014; Giménez et al. 2015;
Saleem & Ahmad, 2016; Zou et al. 2018). Moreover, the
implementation of these interventions in meat industry
is limited by the willingness of operators, technological
aspects or input costs, and actual benefits (Bhat et al.
2018; Warner et al. 2017). Hence, understanding how
each technology induces the improved tenderness of
postmortem meat will favor the scientists and manufac-
turers to produce more guaranteed tender meat. How-
ever, few available literatures have systematically
evaluated the postmortem tenderising techniques based
on multidimensional analyses (e.g., graphical representa-
tion, functionary mechanism, existing shortcomings and
upgraded strategies).
In this article, a brief review on the relationship be-

tween ageing tenderisation and the calpain system, as
well as protein biomarkers that characterize postmortem
tenderness, are also discussed. Subsequently, postmor-
tem tenderisation solutions from the four common (en-
zymatic, chemical, physical and combined) categories
with principles and existing problems are discussed in

detail, in order to provide effective guidance for produc-
tion. Finally, suggestions are made concerning the future
trends in the development of new tenderising strategies
(e.g., efficiency-integrated equipment, non-destructive
evaluation models or database, adjustion to the targeted
market, and more accessible and easier operating tech-
nologies for consumers), as well as posing and responding
to their applied considerations in the meat processing
industry.

Ageing tenderisation, calpain system and protein
biomarkers
For connective tissues (especially the intramuscular con-
nective tissue, IMCT), it has been broadly accepted that
their amount and solubility in muscle are responsible for
meat tenderness (Christensen et al. 2013). However, the
contribution of connective tissue to tenderness depends
mainly on the development of heat-stable cross-links
and the total collagen content that are predominantly
established before slaughter (Harper 1999; Warner et al.
2010). During postmortem ageing, proteoglycans of
IMCT linking collagen fibrils and stabilizing the IMCT
are degraded, resulting in weaker linkage between colla-
gen fibrils and better texture (Nishimura et al. 1996).
Therefore, although the contribution of IMCT to meat
texture is certainly important, it has been thought to be
rather immutable compared to myofibrils during post-
mortem ageing (Nishimura 2015), which is outside the
scope of the present review.
Sarcomere length of postmortem muscle is also corre-

lated with meat tenderness, and moderate post-slaughter
temperature passing into rigor mortis will produce the
smallest contraction of sarcomere for increased tender-
ness (Ertbjerg & Puolanne 2017; Smulders et al. 1990). A
minimum shortening (10%) can be observed at 14 to
19 °C and Ca2+ release from the tubes of sarcoplasmic
reticulum (SR) into sarcoplasm will be stimulated as the
temperature falls from 15 to 0 °C (cold shortening)
(Locker & Hagyard 1963). The mechanism of cold short-
ening is associated with diminished functioning at low
temperatures of the Ca2+ pumps in SR. SR accompanies
with mitochondria to maintain the free Ca2+ concentra-
tion at a low level, which is mediated by hydrolysis of
ATP (Ertbjerg & Puolann 2017). Thus the impaired
Ca2+-accumulating ability of these two organelles will
decrease the level of ATP concentration, inducing the
formation of actomyosin complex to prevent sliding of
actin and myosin filaments. As a result, the changes in
extensibility and formation of cross-links (myosin S-1
filament and actin) are accompanied by muscle shorten-
ing, causing longer distances between longitudinal fila-
ments and lower electrostatic repulsion. However, the
water accessible surface areas of S-1 and S-2 units in my-
osin filament constitute higher proportion of actomyosin,
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and they do not change much with sarcomere length and
not combine with actin (Puolanne & Halonen 2010).
Thus, their role in water retention should be considered.
Meanwhile, the muscle types (larger or little carcass, red
or white meat) must be taken into account when analyz-
ing the effects of temperature on sarcomere length due to
their difference in thermal conductivity coefficient (Jacob
& Hopkins 2014). Ageing tenderisation has been studied
for a long time, and many theories have emerged, such as
those of calpain, calcium tension, calcium ion, and cathep-
sin. Among these theories, the relationship between
muscle ageing and the calpain system has received much
attention and gradually considered as the mainstream
concept.

Ageing tenderisation
The physiological and biochemical effects on postmor-
tem muscle (such as rigor and ageing) could influence
meat tenderness and water-holding capacity (WHC).
Studies have provided convincing evidence that the de-
veloped tenderness during ageing is due to postmortem
proteolysis of key structural proteins (e.g., desmin, titin,
and troponin-T) and structural changes of sarcomeres
(Taylor, Geesink, et al. 1995; Wheeler & Koohmaraie
1994). However, to obtain value-added meat products,
postmortem muscle undergoing the ageing process is

essential and will effectively undergo tenderisation by ac-
tivating endogenous proteolytic enzymes.
Postmortem ageing can influence meat tenderness, fla-

vor and WHC. The proposed mechanisms for muscle
ageing are shown in Fig. 1 in which (1) calpain system
plays a leading role in the process of muscle ageing or
tenderisation (discussed in section of calpain system and
tenderising mechanism), and Ca2+ plays an indirect role
by activating calpain (Stamler et al. 2001); (2) consider-
ing that apoptosis, rather than rigor mortis, is the initial
phase in the conversion of muscle to meat, cellular
changes associated with apoptosis are believed to be in-
trinsically linked to tenderness. Apoptotic enzymes par-
ticipate in the early stages of muscle ageing, displaying
the degradation of titin and nebulin, as well as regulation
of the Ca2+-activated enzyme system (Huang et al. 2011;
Huang et al. 2017; Kemp & Parr 2012; Wang et al.
2018). Apoptotic enzymes, such as caspase-3, can be ac-
tivated by denitrification to induce apoptosis for myofib-
ril fragmentation (Wu et al. 2015). Moreover, caspase-3
has direct proteolytic activity against calpastatin (Mandic
et al. 2002; Pörn-Ares et al. 1998); (3) calpain is a cyst-
eine protease, and the cysteine residue in its active site
can be modified by protein S-nitrosylation, consequently
affecting its autolysis and proteolytic activity (Hou et al.,
2020; Li, Liu, et al. 2014). Upon protein S-nitrosylation,
the release speed of Ca2+ is also influenced by modifying

Fig. 1 Multiple mechanisms for postmortem muscle ageing. Note: the dotted line represents ambiguity, and the theory that Ca2+ directly
improves tenderness is usually regarded as a false argument

Shi et al. Food Production, Processing and Nutrition            (2021) 3:21 Page 3 of 26



the corresponding release channels, which may lead to
muscle contraction and different moisture distribution
in myofibrils (Wang et al. 2010). Additionally, the activity
of enzymes (e.g., phosphofructokinase) involved in post-
mortem glycolysis can be inhibited by S-nitrosylation, thus
affecting the decline rate of pH, ultimate pH, and the qual-
ity of aged meat (Liu et al. 2016); and (4) as outlined in
the section of calpain system and tenderising mechanism,
the modification of protein phosphorylation exerts an
important role in the postmortem ageing.
With the emergence of new studies, the mechanisms

involved in muscle ageing related to tenderness are being
further clarified. It has recently been reported that calpain,
rather than other proteases, participates in regulating
myowater properties in the early stages of postmortem
ageing (before 4 d), and calpain degrades desmin and in-
tegrin, where the latter interestingly restrains the forma-
tion of drip channels for water retention to improve
tenderness (Qian et al. 2020). Postmortem ageing is an
oxidative stress process that generates reactive oxygen
species (ROS), which can induce apoptosis (Zhang et al.
2018). Several studies have confirmed that some of the re-
leased apoptotic proteins from mitochondrial pathways
(classical apoptotic pathway) participate in regulating

apoptosis (Desagher & Martinou 2000). Among these pro-
teins, cytochrome c (Cytc) is widely studied, and few re-
ports have focused on apoptosis-inducing factor (AIF)
(Wang et al. 2018; Zhang et al. 2017). Chen et al. (2020)
reported that ROS-induced oxidative stress accompanied
by decreased pH and ATP consumption contributes to
the released-AIF level by enhancing mitochondrial mem-
brane permeability, further improving muscle tenderness.
Comprehensive understanding of ROS-induced oxidative
stress enhances the development of innovative tenderising
interventions by altering the internal oxidation environ-
ment of postmortem muscle.
Moreover, small heat shock proteins (sHSPs) are

chaperone proteins produced by organism, which play a
protective role in anti-apoptotic activity (Ba et al. 2015).
sHSPs have been found to be involved in the delay of the
ageing tenderising process (i.e., contributing to meat
toughness) by inhibiting the onset of apoptosis via possible
interactions with multiple apoptotic cascades (e.g., binding
directly to Cytc and caspase-3) (Cramer et al. 2018). How-
ever, its variable expressions in muscles with different ul-
timate pH (pHu) need further studies (Lomiwes et al.
2014a). sHSPs increasingly associate with myofibrils as the
pH declines from physiological levels (Fig. 2a). When the

Fig. 2 Association of sHSPs with myofibrils in early intramuscular pH decrease (a), and sHSPs activity in myofibrils with high and low pHu (b), and
intermediate pHu (c) (Lomiwes et al., 2014a, with modification)
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decreasing muscle pH exceeds the isoelectric points of
sHSPs, they will aggregate and precipitate into sarcoplasm.
sHSPs do not associate with myofibrils in high pHu meat
but act as an alternative substrate to μ-calpain, which pos-
sesses high activity. In low pHu meat, sHSPs come to ag-
gregate accompanied by the low μ-calpain and high
cathepsin activities, contributing to meat tenderisation
(Fig. 2b). Furthermore, sHSPs can protect the structural
integrity of muscle by binding to myofibrils and stabilizing
unfolded proteins. Kim et al. (2008) reported that al-
though μ-calpain and cathepsin activity is least optimal in
intermediate pHu meat, there exists still sufficient proteo-
lytic activity to degrade myofibrillar protein (MP) for ac-
ceptable tenderness (Fig. 2c). However, high levels of
sHSPs inducing tough meat may also occur in intermedi-
ate pHu meat by further inhibiting the μ-calpain proteo-
lytic ability, acting as an alternative substrate to prevent
extensive degradation of myofibrils. Additionally, the
muscle-specific proteolysis in sHSPs changes with the
unique metabolic features of each muscle type (Ma & Kim
2020).
Ageing tenderisation is widely used in the meat pro-

cessing industry, and strategies (e.g., dry ageing in a bag
and wet ageing) based on the temperature-ageing time
are well developed for controlled tenderness (Hwang
et al. 2018; Stenstrom et al. 2014). However, among the
major industries lacking smart-managed equipment,
high-quality meat tenderness based on ageing tenderisa-
tion is usually at the expense of long ageing time, suffi-
cient storage space and high energy consumption. Thus,
various other effective or supplementary tenderising
techniques have been developed based on economic and
energy-saving considerations.

Calpain system and tenderising mechanism
Studies have indicated that endogenous enzyme systems
(calpain, caspase, and cathepsin) are mainly responsible
for proteolysis in postmortem ageing (Koohmaraie &
Geesink 2006; Shackelford et al. 2001). Among these sys-
tems, the calpain system is well established, and its
hydrolyzability is affected by the Ca2+ concentration in
sarcoplasm, ratio of calpain and calpain inhibitor, pH,
temperature, and oxidative environment (e.g., oxygen
radicals) (Chen et al. 2014; Geesink et al. 2000; Melody
et al. 2004; Piatkov et al. 2014).
The calpain system chiefly comprises calpain and its

endogenous inhibitor calpastatin, which are Ca2+-activated
proteases (Huff-Lonergan et al. 1996; Koohmaraie 1992).
The μ-calpain (mainly bound to myofibrils) and m-calpain
(located in the cytosol) are the most characterized iso-
forms of calpain, whereas the location of their inhibitor,
calpastatin, coincides with them (Ilian et al. 2004; Tullio
et al. 1999). The Ca2+ concentration required for activa-
tion of μ-calpain and m-calpain is different. The Ca2+ level

to activate m-calpain is much higher than that of μ-
calpain, accompanied by unchanged activity during the
ageing process (Koohmaraie & Geesink 2006). Addition-
ally, these two isoforms differ in their action time in post-
mortem muscle. The μ-calpain is activated coinciding
with the period of postmortem (within 3 days of slaughter)
when proteolysis of key myofibrillar proteins takes place
(Sensky et al. 1996), accompanied by the occurrence of au-
tolysis within 7 days postmortem (Camou et al. 2007).
Nevertheless, m-calpain is not activated in the early stages
of postmortem ageing but may play a certain role at the
end of ageing tenderisation (Cruzen et al. 2014). Hence, it
is generally believed that μ-calpain, rather than m-calpain,
mainly participates in ageing tenderisation.
Calpastatin can inhibit the activation of protease hy-

drolysis as well as the calpain membrane binding cap-
acity and catalytic activity (Huff-Lonergan et al. 2010).
After slaughter, the content of calpastatin in muscle will
decrease gradually. The speed of degradation or inactiva-
tion of calpastatin is related to the expressive proteolysis
in muscle. Meanwhile, the increased calpain expression
or decreased calpastatin expression will lead to the in-
crease of protease hydrolysis and muscle tenderness. In
other words, calpastatin interacts with μ−/m-calpain to
collectively regulate postmortem tenderness. Notably,
numerous protein kinases can phosphorylate the calpain
system in postmortem muscles (Wang et al. 2011). Pro-
teins (e.g., troponin) participating in muscle contraction
will decrease the calpain degradability to these proteins
and change the activity of glycolytic enzymes when
undergoing phosphorylation, ultimately influencing the
glycolysis process, muscle rigidity and final meat qual-
ities (D’Alessandro et al. 2012; Huang et al. 2012). How-
ever, questions regarding whether the phosphorylation
of μ−/m-calpain and calpastatin will change their activ-
ities to alter their influence during tenderising process,
and how the phosphorylation of calpastatin intervenes in
the inhibition ability of calpain, deserve further in-depth
studies. These investigations allow meat scientists to
clarify the regulatory mechanism of the calpain system
in postmortem muscle and to enrich the corresponding
theories of ageing tenderisation.
Calpain can effectively degrade key proteins in myofi-

brils (e.g., nebulin, titin, troponin-T and desmin) and de-
grade the tissue ultrastructure to promote myofibril
fragmentation and meat tenderness. The tenderising paths
of calpain are shown in Fig. 3 and are summarized in four
points: (1) titin, as a very thin filament, can connect thick
(myosin) filaments with the Z-disk and generate passive
tension to keep the thick filaments centred within the
sarcomere. Calpain can effectively weaken the interactions
between thick filaments and the Z-disk to fracture the I-
band and Z-disk in myofibrils for a looser structure
(Tanabe et al. 1994); (2) the degradation of costamere and
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desmin induced by calpain can destroy the ordered struc-
ture of myofibrils or integrity between myofibrils and per-
ipheral muscles (Uytterhaegen et al. 1994); (3) calpain
plays an important role in tropomyosin degradation, and
it can weaken the bond between thick and thin filaments.
Thus, the interaction between myosin and actin becomes
weaker, stimulating the relief of rigidity to improve ten-
derness (Takahashi et al. 1985); and (4) calpain can

degrade troponin-T (i.e., the tropomyosin-binding sub-
unit) to weaken the structure of thin filaments for better
tenderness (Whipple & Koohmaraie 1992).

Protein biomarkers characterizing postmortem
tenderness
Typically, the methods widely accepted in practice for
tenderness evaluation (sensory test, shear force, textural

Fig. 3 Whole structure of myofibrils (a) and local structure of myofibrils (b)
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analysis) exist the following characteristics: (1) the tar-
geted sample is the cooked meat which can be influ-
enced by heating equipment and cutting size; (2) the
results only reflect the meat quality at that time; and (3)
these tools are destructive or time-consuming, which are
not suitable to determine the biological pathways and to
predict the future tenderness. In the past 20 years, the
development of proteomics boosts the exploration of
biomarkers used to accurately evaluate or predict ten-
derness for guaranteed meat products based on non-
destructive way. Numerous publications have reported
the identified biomarkers related to meat tenderness and
some relevant biological pathways are depicted in Fig. 4.
The main protein biomarkers characterizing tenderness
include metabolic enzymes (GAPDH (glyceraldehyde-3-
phosphate dehydrogenase) and TPI1 (triosephosphate
isomerase)) (Ertbjerg & Puolanne 2017; Huang et al.
2012; Tarze et al. 2007), HSP (HSPB1 (heat shock pro-
tein 27 kDa B1) and HSPA1B (heat shock protein 70 kDa
1B)) (Gagaoua et al. 2018; Lomiwes et al., 2014b; Picard
et al. 2014), structural proteins (ACTA1 (α-actin) and
titin) (Beldarrain et al. 2018), oxidative proteins (PARK7
(parkinson disease protein 7)) (Gagaoua et al. 2015;
Malheiros et al. 2019) and FHL1 (four and a half LIM
domains 1, involved in cell death and signaling)
(Gagaoua et al. 2018; Lee et al. 2015).
GAPDH level is positively associated to sarcomere

length and myofibrillar fragmentation index (MFI), and it
can trigger the release of Cytc and AIF by combining
VDAC-1 proteins (voltage-dependent anion channel-1) in
the mitochondrial membrane, thereby inducing apoptosis
(Sierra et al. 2012; Tarze et al. 2007). TPI1, another essen-
tial enzyme in glycolysis, catalyzes the interconversion of

DHAP (dihydroxyacetone phosphate) and G3P (glyceral-
dehyde-3-phosphate). These two metabolic enzymes are
related to postmortem muscle pH, giving rise to the accu-
mulation of lactic acid and H+ (Huang et al. 2012; Ouali
et al. 2013). The decreased electrostatic repulsion between
myofibres and pH-induced lateral shrinkage that reduces
the spacing between thick (myosin) and thin (actin) fila-
ments, thereby alleviating the lateral contraction of muscle
fibres and lengthening the longitudinal sarcomeres for im-
proved tenderness (Fig. 4a) (Ertbjerg & Puolanne 2017).
After slaughter, the muscle will suffer the attack of exter-
nal stressors (e.g., oxidation and temperature) that stimu-
late the development of apoptosis, and the HSPs (e.g.,
HSPB1 and HSPA1B) have been reported that their ex-
pression levels have positive correlation to meat tender-
ness (Lomiwes et al. 2014b). The possible mechanism is
that they are induced and recruited to fight against the at-
tack by regulating the aggregation of actin and interaction
between intermediate filaments (titin), thereby stabilizing
myofibrillar integrity (Fig. 4b) (Gagaoua et al, 2018;
Lomiwes et al. 2014b; Picard et al. 2014). Titin playing a
key role in maintaing the integrity and stability of the
myofibril (Tskhovrebova & Trinick 2010) will undergo
partial degradation immediately after slaughter and
further degradation takes place during the first 24 h
postmortem (Taylor et al. 1995; Wu et al. 2014). The
rupture of myofibrils accelerates dissociation of
actomyosin during ageing process, which provides
opportunity for ACTA1 to interact with thick myofil-
ament to regulate muscle contraction and tenderness
(Fig. 4c) (Beldarrain et al. 2018).
In addition to the above-mentioned structural pro-

teins, some oxidative proteins (e.g., PARK7) will have

Fig. 4 The main identified biomarkers related to meat tenderness and biological pathways of metabolic enzymes (a), heat shock proteins (b) and
structural proteins (c)
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impact on changing the structural or functional proper-
ties of proteins and related enzyme activity, intervening
in apoptosis and damage of cellular functions (Malheiros
et al. 2019). PARK7 proteins mainly affect meat tender-
ness by altering MP degradation (Gagaoua et al. 2015).
However, PARK7 as a quencher for ROS negatively con-
tributes to meat tenderness (Guillemin et al. 2011).
FHL1 protein is a cytoskeleton-related protein, which is
positively correlated with tenderness (Gagaoua et al.
2018). This may be attributed to FHL1’s role in regulat-
ing cell proliferation, metabolism and apoptosis (Shatha-
sivam et al. 2010). FHL1 is confined to the Z-disk of
skeletal muscle and releases intact α-actinin from myofi-
brils to weaken Z-disk during meat tenderisation (Lee
et al. 2015).
Although numerous biomarkers related to meat ten-

derness have been gradually discovered, their limited ac-
curacy for specific carcass species (e.g., cattle and pigs)
and unavailable industrial application deserve much at-
tention. Different muscles in the carcass exist inconsist-
ent tenderness due to the differences in sarcomere
length, collagen cross-linking, and postmortem biochem-
ical activities (Veiseth et al. 2004; Warner et al. 2017).
Thus, establishing more prediction models based on
multidimensional factors (e.g., muscle types, species, sex
and age) and developing the associated fast, non-
destructive, on-line detection technology for biomarkers
are essential. This will exhibit huge potential on generat-
ing high-quality meat and economic benefits.

Postmortem techniques to improve meat
tenderness
Enzymatic techniques
The higher strength of connective tissues or inadequate
endogenous protease leads to difficulties in tenderising
postmortem meat, and thus muscles in old animals may
suffer from substantial toughness. Meat tenderness can
be achieved by adding exogenous enzymes through
marination, infusion and direct injection (Veiseth et al.
2004). Table 1 summarizes the commonly used exogen-
ous enzymes extracted from different sources (plants,
microbes, and animals) and their corresponding func-
tions in meat tenderisation.
Papain, bromelain (Kim & Taub 1991; Xu et al. 2020),

ficin (Maqsood et al. 2018), actinidin (Ha et al. 2012;
Wang, Liu, et al. 2016), and zingibain (Cruz et al. 2020;
Tsai et al. 2012) are common plant-derived exogenous
enzymes, and papain is one of the most widely studied
plant proteases. Generally, its sulfhydryl endopeptidase
activity can cleave most peptide bonds and disintegrate
proteins under different pH conditions (Abdel-Naeem &
Mohamed 2016; Bekhit et al. 2014; Maqsood et al.
2018). Notably, the concentration and purity of enzymes
used in the experiments by different researchers vary,

thus it is difficult to achieve a uniform trend in terms of
their tenderising effect. Moreover, the cutting method,
storage temperature and other interventions influence
their tenderising effect. The inactivation temperature of
plant proteases (e.g., papain, 90 °C) is usually higher than
that of microbial proteases, thus the residual activity of
plant proteases in meat after cooking may result in over-
tenderisation. Therefore, the time-temperature combin-
ation of cooking, relative ratio of enzyme to substrate,
and other factors need to be considered.
Traditional plant proteases have broad specificity,

which easily generates undesirable results by indiscrim-
inately disintegrating connective tissues and myofibrillar
protein (poor paste texture and flavor). However, micro-
bial proteases (fungal or bacterial sources) can eliminate
the risk of over-tenderisation with self-limiting activity
and have a strong specificity for target proteins (Ashie
et al. 2002). Proteases from fungal sources are active
over a broad pH range and display a moderate denatur-
ation temperature. These proteases have a mild or no ef-
fect on MP but manifest good proteolytic activity against
both collagen and elastin (Foegeding & Larick 1986; Sun
et al. 2018). Proteases from bacterial sources generally
tenderise meat under relatively specific activity and low
inactivation temperatures. For example, the alkaline elas-
tase from the Bacillus alkalophilic sp. strain Ya-B has
low activity on myofibrils and strong specificity on elas-
tin, thus avoiding over-tenderisation (Yeh et al. 2002).
The rapid development of biotechnology and protein
purification capability is conducive to producing micro-
organisms and optimizing the molecular structure of tar-
get enzyme without seasonal changes. Compared with
plant or microbial protease, few studies have focused on
the application of animal proteases for meat tenderisa-
tion, possibly due to their low hydrolytic activity towards
myofibrillar protein and high developmental cost, but
they manifest higher potential to hydrolyze collagen in
connective tissues. For instance, proteases (placental and
pancreatin) extracted from porcine organs can improve
meat tenderness by effectively destroying the Z-disk and
H-band to stretch the sarcomere and degrading myosin
to loosen the structure of actomyosin (AM) (Phillips
et al. 2000; Pietrasik et al. 2010).
The application of exogenous proteases in meat ten-

derisation requires comprehensive consideration of their
source, purity of commercial preparation, safety of ef-
fective dosage, consumers’ acceptability, sensory quality
and cost. Moreover, the addition of exogenous protease
needs to reach a balance between selective degradation
of muscle structure (i.e., effective reduction in the con-
tent of connective tissue, other than the broad degrad-
ation to myofibrils) and texture/sensory attributes.
Proteolysis induced by exogenous proteases will change
the composition, cleavage sites, and digestibility of the
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target protein to generate bioactive peptides (Lafarga &
Hayes 2014). However, few studies have correlated en-
zymatic tenderisation with meat nutrition, a subject that
deserves further investigation (Zhao et al. 2020).

Chemical techniques
Salts (chloride, phosphate, and non-phosphate com-
pounds), organic acids, and commercial preparations,
such as amino acids, alginates, and purine nucleotides,
among others, are extensively studied or explored.
Normally, they generate a desirable outcome that im-
proves meat tenderness through infusion, marination
and injection.

Salt tenderisation
Salts mainly affect the functional properties of meat/pro-
tein (e.g., muscle contraction, protein-protein interaction,
protein solubility, enzyme activity and protein lattice
swelling) as shown in Fig. 5. Chloride bound to myofibres
can enhance the electrostatic repulsion between myofi-
brils, resulting in the swelling of the protein lattice. One
key explanation for swelling is the removal of the con-
straints of one or more transverse structures in myofibril-
lar protein (possibly bridge, M-line or Z-disk) under the
critical concentration (1%) of salts (Bendall 1954).
Considering the health burden associated with ex-

cessive sodium intake, reducing the consumption of

dietary sodium from meat products has gained in-
creasing attention. Phosphates can promote the ionic
effect and change the pH. These phosphates at lower
concentrations can change the potential of protein
charge, improve the ionic strength to induce devi-
ation from the isoelectric point and repulsion be-
tween charges (Choe et al. 2018). Thus, the space
between proteins becomes enlarged, and the meat
tissue could retain more water. Compound phos-
phates can also improve collagen solubility to reduce
the cross-linking of collagen in connective tissues,
consequently improving meat tenderness. Addition-
ally, polyphosphates can contribute to better tender-
ness by affecting the dissociation of the actomyosin
complex (Shen et al. 2016).
The main function of calcium salt is to increase the

Ca2+ concentration in the muscle system and activate
the calpain system, leading to MP degradation and rup-
ture of the myofibrillar structure (Li et al. 2017; Wheeler
et al. 1991). Calcium activated neutral protease (CANP)
and alkaline phosphatase are activated when a high con-
centration of Ca2+ permeates muscle cells to promote
the glycolysis process, lysosomal breakdown, and release
proteins in tissue for improved tenderness (Sørheim
et al. 2001).
However, most of these compounds are not acceptable

to people as excessive intake of NaCl, CaCl2 and/or

Fig. 5 Schematic representation of salt tenderisation. Step 1: myosin dissociates from actin. Step 2: myosin dissociates from the thick filament.
The presence of phosphate can decrease the concentration of sodium salt required for the maximum extraction of myosin by weakening the
binding force of actomyosin (the concentration required for actomyosin (AM) dissociation by sodium salt alone is higher)
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phosphates has potential health risks (e.g., hypertension
and coronary heart disease) or may have a bitter taste
(Kloss et al. 2015; Zhang et al. 2015). Non-phosphate
water-retaining agents (e.g., potassium carbonate and so-
dium bicarbonate) have similar functions as phosphates
(LeMaster et al. 2019; Zou, Shi, et al. 2019). For ex-
ample, sodium bicarbonate overcomes the concern
about superfluous addition of it to the taste of meat
products. However, carbonate is generally alkaline,
showing corrosive and destructive effects on the struc-
tures of protein or myofibrils, thus it is necessary to con-
sider the nutrient loss. In conclusion, the mechanisms of
salt tenderisation can be comprehensively understood
based on improved muscle WHC, decreased thermal sta-
bility of collagen, increased ionic strength for protein-
protein and protein-water interactions and the activation
of proteolytic enzymes (e.g., calpain).

Organic acid tenderisation
Muscle pH is crucial to the sensory attributes (appear-
ance/color, texture/tenderness and taste) of meat prod-
ucts, which can affect consumers’ acceptance. Organic
acids (e.g., acetic acid, citric acid, and lactic acid) mainly
interfere with the internal environment of muscle to
affect meat tenderness (Chang et al. 2010; Ke et al.
2009). The main processing methods are immersion and
injection; their corresponding mechanisms are briefly
described here. (1) The organic acids can change the
muscle pH and isoelectric point of myofibrillar protein,
and the main axis of myofibrils will swell to destroy the
related load-bearing substances; (2) organic acids can ef-
fectively destroy the structure of meat tissue, and the de-
creased strength of connective tissue in the perimysium
will contribute to reducing the bound myofibrils. Thus,
the wider space between myofibrils can retain more
water for increased WHC, further improving meat ten-
derness; (3) proteases (mainly cathepsin) at low pH can
accelerate the tenderising process; and (4) due to the de-
creased mechanical resistance of muscle and increased
collagen solubility, the texture (e.g., chewiness and hard-
ness) of cooked meat treated with organic acids will be
significantly improved (Ertbjerg et al. 1999). Considering
the slow infiltration of exogenous acids, the immersion
treatment needs to reach the full immersion time. By
contrast, the injection treatment allows the acid solu-
tions to diffuse quickly in muscles, accelerating the ten-
derising speed, but the color and shape of meat products
will be influenced.

Other exogenous chemical additives
Reducing the use of phosphates and NaCl will have
negative impacts on the WHC, texture and flavor of
meat products (Vasquez Mejia et al. 2019). However,
their excessive intake also has adverse influences on

health (e.g., cardiovascular disease) (Zheng 2017). Thus,
safer chemical additives are evaluated to effectively im-
prove the tenderness of the cooked meat.
Typically, the destruction of myofibrils and dissoci-

ation of actomyosin are closely related to improved ten-
derness (Hopkins & Thompson 2001; Okitani et al.
2008). Recently, basic amino acids such as L-arginine
(Arg), L-lysine (Lys) and L- histidine have attracted in-
creased attention for their ability to decrease shear force
and improve WHC by degrading troponin-T and in-
creasing myosin solubility with higher muscle pH (Guo
et al. 2015; Hayakawa et al. 2010; Zhu et al. 2018a, b).
Moreover, Arg displays a more effective tenderising ef-
fect than Lys based on its function in promoting acto-
myosin dissociation by reducing Ca2+/Mg2+-ATPase
activities (Li et al. 2019; Zhang et al. 2020). Adenosine
5′-monophosphate (AMP) is an endogenous purine nu-
cleotide that is present in all animals and is involved in
metabolism. During postmortem metabolism, ATP hy-
drolysis will generate hydrolysates to induce irreversible
dissociation of actomyosin. Some studies have reported
that AMP can effectively dissociate actomyosin into my-
osin and actin for increased tenderness (Deng et al.
2016; Okitani et al. 2008; Wang et al. 2016). However, it
is essential to regulate the marinating conditions (e.g.,
salt and temperature) when AMP is converted to inosine
monophosphate (IMP) by adenosine monophosphate
deaminase (AMPD) (Zhu et al. 2018b).
Alginate is an important sources of nutrients and bio-

active phytochemicals with increasing acceptance in
western diets and are mainly regarded as functional food
ingredients (Anderson et al. 1991; Liu et al. 2019). Edible
alginates incorporated into processed meat products
have been explored in few reports (Trout et al. 2010;
Weilin & Keeton 2006). Alginate addition (0.7%, m/m)
decreases the hardness, cohesiveness, springiness, chewi-
ness and gumminess of the restructured chops (Weilin
& Keeton 2006), and low-fat, precooked, ground beef
patties containing alginate are comparable to regular
beef patties (20% fat control) regarding yields and tex-
tural properties (Trout et al. 2010). As one kind of diet-
ary fibers and polysaccharides, alginate may increase
water stability in captured structure of gel network by
hydrophobic interactions and hydrogen bonds (Pietrasik
& Janz 2010). Additionally, it can form strong gel or in-
soluble polymer by cross-linking with Ca2+ in muscle,
which generates water barrier to alleviate muscle shrink-
age during the heat-induced denaturation (Rhim, 2004;
Song et al. 2011). It has been reported that sodium al-
ginate can modify the WHC of myosin gel due to its
productive gelling, viscosity-enhancing and stabilizing
properties (Yao et al. 2018). Potassium alginate, another
alginate, also exhibits synergistic effects on the improved
tenderness in combination with ultrasound treatment
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(Shi et al. 2020). Moreover, the optimization of proc-
essed meats through salt replacement can reduce the
risk of chronic diseases (Vilar et al. 2020).

Traditional physical techniques
Traditional physical techniques include electrical stimula-
tion, mechanical tenderisation (blade, tumbling, chopping
and mincing tenderisation), and contraction-prevention
(mainly stretching or tender stretch). Electrical stimulation
tenderisation is mostly used in large animals (e.g., cattle,
sheep and deer), which can accelerate the degradation
speed of ATP and glycolysis, and reduce the pH to prevent
sarcomere shortening (cold contraction) under cold pro-
cessing (Kim et al. 2014). The changes in pH/temperature
at early postmortem will affect sHSPs activity, proteolysis
and muscle tenderness (Contreras-Castillo et al. 2016).
Electrical stimulation can also result in the release of lyso-
somal hydrolase to destroy tissue and accelerate protein
hydrolysis to generate tender meat by reducing the ageing
time (Channon et al. 2016).
Meat tenderness is closely related to the degree of

contraction of muscle during rigor mortis. Therefore,
the tender stretching or other stretching technologies
(tender cut) are developed to prevent sarcomere short-
ening by exerting force opposite to the contraction ten-
sion of pre-rigor muscles, consequently increasing the
myofibrillar fragmentation index of muscle and meat
tenderness (Pen et al. 2012). Obviously, these stretching
technologies operate based on the relatively accurate
control of force or else muscle myofibrils will be over-
damaged with undesirable tenderness (Smith et al.
2017). Different from the aforementioned stretching
technology, SmartStretch™ technology is not limited to
intact carcasses. It can reduce the space and energy con-
sumption of the cryogenic chamber for a better tenderis-
ing effect by precisely controlling the muscle size and
shape (Taylor et al. 2013; Toohey et al. 2012). However,
associated studies, especially basic reports on the mo-
lecular changes in cut meat during the stretching and
shaping process, are insufficient. Moreover, the differ-
ences in the sarcomere length and peak shear force in
different muscles treated by SmartStretch™ have not
been well understood. Notably, the degree of contraction
of myofibrils changes with the muscle type, which is
reflected in glycolysis, temperature and pH during rigor
mortis. Thus, meat scientists need to focus studies on
muscle stretching and shaping to obtain relatively con-
sistent results in commercial application. Another effect-
ive stretching technique is the Tenderbound system,
which is based on the longitudinal forces on meat
exerted by the retraction of film under vacuum (Taylor
& Hopkins 2011). This technique is commercially ap-
plied in Europe due to its better performance in

improving tenderness, saving space, and use of environ-
mentally friendly packaging materials.
Mechanical tenderisation is based on the principle that

the rupture of the muscle caused by mechanical force
can contribute to improved tenderness. However, meat
products treated with this method except the tumbling
technique are usually low price due to excessive damage
to their appearance or shape. Thus, only the tumbling ten-
derisation is introduced in the present review. Tumbling
is a technique exerting mechanical action on muscle fibre
structure and collagen fibres by combining various forms
of force (e.g., gravity of meat itself, strong friction and im-
pact forces between the meat and device) with effective
moisture enhancement (salt/phosphate) (Arnau et al 2007;
Ergezer & Gokce 2011; Pietrasik & Shand 2005). Numer-
ous studies have reported that tumbling plays an import-
ant role in enhancing the rate of salt diffusion or uniform
distribution, cooking yield (increased protein extraction
and salt absorption), and improving tenderness (Daudin
et al. 2016; Jin et al. 2015). Additionally, tumbling treat-
ment manifests the ability to marinate large quantities and
handle muscles with different sizes. Vacuum tumbling is
one of the important tumbling forms, which can contrib-
ute to the rapid penetration of brine and expansion of
muscle fibres due to the difference in internal and external
pressure (Bosse et al. 2017). At the same time, the tum-
bling treatment will result in tissues with a more porous
structure. Another application of pressure-transform tum-
bling can result in better control of over-tenderisation by
alternately using vacuum and pressure tumbling (Zhu
et al. 2019). Therefore, the overall impact of mechanical
force on improving the tenderness of meat pieces may be
enhanced.
Although traditional tenderising technologies have ob-

tained successful application and exist widely, they will
generate inevitable problems to some degree. For instance,
electrical stimulation does not address the problem con-
cerning final tenderness as the tenderness appealing to
consumers needs to undergo a post ageing. Tender cut re-
quires more rooms in the chilling chamber, and it is only
useful for the limited muscles that undergo the forced
stretching. Therefore, they do not completely reduce the
time and costs associated with the traditional ageing
process. It is necessary to further promote studies on
developing new physical tenderisation strategies.

Potential mechanical techniques
High pressure processing
High pressure processing (HPP) is a technology that ap-
plies hydrostatic pressure to products through a liquid
medium (Simonin et al. 2012). Insights into other meat
attributes influenced by HPP are well documented in a
book by Guillou et al. (2016), and this part mainly
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focuses on the relationship between the tenderising ef-
fect of HPP and postmortem state of muscle in rigor
mortis.
In the pre-rigor muscles, the effective tenderising condi-

tions of HPP are generally at 100–235MPa and 10–35 °C,
and the developed tenderness applied in this range is the
result of accelerating/stopping glycolysis (Sikes & Warner
2016). Muscle glycolysis occurs in pre-rigor muscles to
maintain ATP production due to postmortem hypoxia, ac-
companied by the accumulation of lactic acid and de-
creased muscle pH. High pressure exerted on pre-rigor
muscles results in massive destruction of myofibrillar
structure and release of calcium ions, accelerating the gly-
colysis process and promoting the development of rigor
mortis and subsequent ageing process (Warner & Ha
2019). Moreover, it is possible that the denaturation of
glycolytic enzymes will occur, inducing stopping of gly-
colysis and subsequent rising of muscle pHu. It is worth
mentioning that there exists a transition point of pH 6.1
between muscle pHu and tenderness, where a muscle
pHu above 6.1 displays improved tenderness (Purchas
1990; Purchas & Aungsupakorn 1993). Hence, the HPP
tenderising effect in pre-rigor muscles is highly dependent
on the ultimate pH of treated samples. In post-rigor mus-
cles, applying high pressure at low temperature does not
improve tenderness in most cases, and it may even in-
crease toughness, but works at high temperature. When
the pressure is at the range of 150–400MPa and the
temperature is higher than 50–60 °C, numerous reports
show remarkable tenderising results (McArdle et al. 2011;
McArdle et al. 2013; Sikes & Tume 2014).
Conclusion based on the aforementioned studies could

be summarized as follows. The application of HPP at
low temperature is suitable for pre-rigor muscles, which
can be partly attributed to the accelerated ageing time
under the relatively low temperature. The application of
HPP at high temperature on post-rigor muscles can be
considered a potential commercial processing method.
Although HPP technology is not merely regarded as an
alternative process of traditional sterilization technology,
it has received gradual attention in meat tenderisation.
However, market limitations such as unstable color, and
undesirable visual “done” appearance with increasing
pressure exist. Therefore, HPP application in meat prod-
ucts is often considered as a feasible choice for “ready-
to-eat” meats, but not “fresh food” shelves. HPP technol-
ogy is unlikely to replace traditional meat tenderising
but can be used as an auxiliary method or as a supple-
ment to the existing methods.

Shockwave processing
Shockwaves (SW) can produce pressure waves of up to
1 GPa in milliseconds and can exert pressure on
vacuum-packaged meat through a liquid medium

(principally water). The shockwaves extensively studied
are explosive shockwave and electrical shockwave, which
are generated by explosives and electrical discharges
under water, respectively. Its application in food process-
ing is not limited to early sterilization (Wang & Abe
2015) as many studies have used it to improve meat ten-
derness (Bolumar et al. 2014; Bowker et al. 2008).
Figure 6 shows the tenderising effects of the two types

of shockwave equipment. Muscle contains 75% moisture,
and the shockwave can diffuse in the fluid medium, gen-
erating resistance to water to induce the “rupture effect”
(Bolumar et al. 2014). Two main mechanisms of meat
tenderisation are first destruction of muscle ultrastruc-
ture and secondly enhancing proteolysis or accelerating
ageing process. Zuckerman et al. (2013) reported that
the alveolate structure of endomysium treated by shock-
waves was deformed into a loose meshy structure as ob-
served by scanning electron microscope (SEM). Early
studies also found that explosive shockwaves can frag-
ment the I-band of the beef longissimus dorsi and induce
formation of jagged edges around the Z-disk, indicating
that myofibrils underwent physical damage and wider
spacing. Moreover, Bowker et al. (2008) reported that
shockwaves enhanced the accumulation of a small-
molecular-weight protein fragment (30 kDa) which arose
from the TnT degradation that can characterize meat
tenderness by western blotting technology. The energy
in unit load generated from explosive shockwaves is lar-
ger than that of electrical shockwaves, manifesting a bet-
ter tenderising effect. However, it is difficult to tenderise
muscles to a high tender state due to low protease activ-
ity, presence of a high proportion of connective tissues,
and relatively short sarcomere length (Claus et al. 2001;
Zuckerman et al. 2013).
Stringent requirements exist for meat packaging ma-

terial and limited industrial promotion, which are attrib-
uted to the potential safety problems and technical
challenges of explosive-dependent technology (e.g., low
product acceptability, high construction cost, and poor
durability of the equipment). Electrical shockwave tech-
nology can compensate for the variation of muscles in
different stages by regulating the repeated pulse, opti-
mized frequency, and energy setting. Overall future stud-
ies should focus on the development of new shockwave-
resistant packaging material, shockwave equipment with
better performance, possibly combined with other new
technologies.

Ultrasonic processing
Ultrasound (US) is a non-thermal technology based on
acoustic energy, and it has become a research hot-spot
for meat scientists in the field of meat tenderisation. The
propagation of acoustic waves between high and low
pressure generates micro-bubbles that vibrate and grow
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until the bubbles collapse to form a cavitation
phenomenon (Fig. 7a). The microjets caused by bubble
implosion can cause physical damage (e.g., myofibril
fracture) to the meat surface, consequently affecting
meat tenderness (Alarcon-Rojo et al. 2019). In addition,
cavitation can promote molecular fracture and protein
oxidation by inducing the formation of free radicals and
accelerating chemical reactions (the cross-linking of di-
sulfide bonds and formation of protein aggregation),
thus affecting protein solubility (Kang et al. 2016).
Macroscopically, muscles undergoing protein oxidation
join tougher; thus, it is essential to reasonably control
the time and intensity of ultrasound used for tenderisa-
tion. However, it is generally accepted that the low-
intensity ultrasound (< 10W/cm2) has no obvious effect
on meat tenderness, especially in the application of
ultrasound bath due to the weak cavitation and uncen-
tralized ultrasonic energy (Alves et al. 2013).
The tenderising effects of ultrasound on the postmor-

tem time are different. On the one hand, it is not easy to
distinguish ultrasound effects from the muscle undergo-
ing longer postmortem time when the decreased tough-
ness within the action of endogenous protease is
considered (Lyng et al. 2007). On the other hand, the ef-
fects of ultrasound on pre-rigor muscles mainly focus on
evaluating the related protease during rigor onset and
the ageing process. Some studies have shown that the

ultimate meat tenderness is not improved, although
stretch of sarcomere and damage to Z-disk are observed.
Numerous studies have suggested that the application of
ultrasound on meat should be within 24 h after slaughter
as the muscle pH reaches pHu that is needed to reduce
the variability in ultrasound tenderisation (Barekat &
Soltanizadeh 2018; Jayasooriya et al. 2007). Ultrasound
can activate ATPase, increase the content of sulfhydryl
groups, and reduce the formation of aggregates, mani-
festing more β-sheet structures and the optimized three-
dimensional network structure of gelatine for better
WHC. Although there exist inconsistent standpoints
about the mechanism of ultrasound on water retention
(Li, Kang, et al. 2014; Saleem & Ahmad 2016; Zou et al.
2018), it is generally believed that the appropriate ultra-
sound parameters can promote the penetration of salts
or water-retaining agents, and the synergistic effects in-
deed enhance the WHC of meat products (Wang et al.
2018; Zou et al. 2019).
A mainstream ultrasound device is shown in Fig. 7b;

the tenderising mechanisms of ultrasound can be mainly
summarized by considering three aspects: (1) physical
destruction of myofibrils and tissue structures (Fig. 7c);
(2) increased hydrolysability of proteins during ageing
(such as increased release of cathepsin) and rupture of
collagen and cell membranes (Fig. 7d); and (3) physico-
chemical changes of proteins and improved gelling

Fig. 6 Schematic representation of tenderising meat by shockwave. a Application of shockwave in the production process. b Two different
shockwave devices. c Tenderising mechanisms include tissue destruction, changes in protein morphology and structure, and enhanced
postmortem proteolysis (Bowker et al. 2008; Zuckerman et al. 2013)
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properties caused by ultrasound effects (Fig. 7e). Consid-
ering that currently conflicting views exist on the tender-
ising effects (mainly contrasting results), we suggest that
ultrasound tenderisation should pay more attention to
basic studies, including the evaluation of the microstruc-
ture, enzyme activity and ultimate meat tenderness after
ultrasound treatment, as well as the optimization of pro-
cessing parameters (ultrasonic frequency, intensity and
time). Due to the complexity of the ultrasound tech-
nique, it is necessary to address the specific details
concerning the equipment model and experimental pa-
rameters used in ultrasound tenderisation to reduce the
difficulties in repeatability. Moreover, we suggest that
scientists and industries should develop industrially vi-
able ultrasound equipment that demonstrates stable
power output, a larger volume, and more efficient and
safe properties to satisfy the demand for industrial
production.

Pulsed electric field processing
Pulsed electric field (PEF), a environmentally friendly
technology for improving the structure and biological
activity of food, can be used for meat tenderisation by
forming an electric field between two electrodes using a
direct current voltage pulse (Bhat et al. 2019a). Due to
the large cell size in meat tissue, the PEF intensity is

generally not too high, ranging from 1 to 10 kV cm− 1

(Toepfl et al. 2014).
PEF treatment of muscle before ageing can promote

meat tenderness by increasing the permeability of cell
membranes, promoting the release of Ca2+ and Ca2+-ac-
tivated protease from cell organelles. The early postmor-
tem activation of calpain-2 in PEF-treated muscles, as
well as the increase in calpain activity and proteolysis of
desmin and troponin-T were reported by Bhat et al.
(2019b). Additionally, meat tenderisation after postmor-
tem ageing also benefits from protein hydrolysis under
PEF treatment. Other factors such as the release of lyso-
somal cathepsin, accelerated glycolysis induced by the
release of Ca2+ in pre-rigor muscle, and the physical de-
struction of muscle caused by high energy may also con-
tribute to improving tenderness (Bhat et al. 2019a;
Warner et al. 2017).
Meat tenderness, to a great extent, depends on the in-

tegrity of muscle cells. Different from electrical stimula-
tion and stretching technology, PEF treatment can
achieve the irreversible permeability of cell membranes
without obvious temperature rise under certain condi-
tions (Kantono et al. 2019). PEF can act on muscles in
pre−/post-rigor mortis, but the results so obtained are
quite interesting (Table 2). PEF treatment has a remark-
able impact on tenderising process, and the inconsistent
results on whether PEF can improve the tenderness of

Fig. 7 Schematic representation of ultrasound on tenderising meat. a Ultrasonic effects on meat (Alarcon-Rojo et al. 2019, with modification). b
Current classic ultrasound device. c Optimized microstructure of tissue (I), myofibrils (II), protein (III), and gel (IV). d Protease activation. e Protein/
protease degradation (Wang et al. 2018)
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post-rigor muscles also deserve mention. The main con-
tradictions are listed as: (1) whether the muscles treated
with high-intensity PEF will obtain appropriate ageing
time as ageing tenderisation is a biochemical process
(Arroyo, Eslami, et al. 2015; Faridnia et al. 2016; O’Dowd
et al. 2013); (2) whether low-intensity PEF is insufficient

to induce physical destruction of myofibres since low-
intensity PEF probably cannot result in sufficient release
of Ca2+ and enzymes from organelles to induce irrevers-
ible membrane permeability (Arroyo, Lascorz, et al.
2015; Faridnia et al. 2014); and (3) whether the anatom-
ical and physiological differences in muscles can cause

Table 2 The application of pulsed electric field in different status of muscle

Muscle status Muscle studied PEF parameters Results References

Pre-rigor longissimus Lumborum
(beef)

5, 10 kV × 20, 50, 90 Hz Tougher with increasing
intensity

Suwandy et al. 2015b

Pre-rigor longissimus Lumborum
(beef)

Repeat PEF (1×, 2×, 3×)
10 kV, 90 Hz, 20 μs

1× and 2× PEF had no
tenderising effect
3× PEF reduced the
tenderness (TD)

Bekhit et al. 2016

Pre-rigor Semimembranosus
(beef)

5, 10 kV × 20, 50, 90 Hz Improved tenderness
21.6% reduction in the shear
force (SF)

Suwandy et al. 2015b

Pre-rigor Semimembranosus
(beef)

Repeat PEF (1×, 2×, 3×)
10 kV, 90 Hz, 20 μs

Improved tenderness
3× PEF produced the lowest
SF

Bekhit et al. 2016

Post-rigor longissimus thoracis
(beef)

0.2–0.6 kV cm− 1, 1–50 Hz, 20 μs
Ageing time (1, 3 d)

PEF had no influence on the
TD and SF

Faridnia et al. 2014

Post-rigor Longissimus thoracis et
lumborum
(beef)

1.4 kV/cm, 10 Hz, 20 μs
Ageing time (2, 10, 18, 26 d)

Ageing time showed a
tendency towards reducing
toughness
PEF did not affect the
tenderising process

Arroyo et al. 2015

Post-rigor Longissimus Lumborum
(beef)

5, 10 kV × 20, 50, 90 Hz
Ageing tine (1 d)

19.5% reduction in the SF
regardless of the intensity

Bekhit et al. 2014

Post-rigor Longissimus Lumborum
(beef)

5, 10 kV × 20, 50, 90 Hz
Ageing time (3, 7, 14, 21 d)

19.0% reduction in the SF
regardless of the intensity

Suwandy et al. 2015a

Post-rigor Longissimus Lumborum
(beef)

Repeat PEF (1×, 2×, 3×)
10 kV, 90 Hz, 20 μs

Decrease by 2.5 N with every
extra PEF

Suwandy et al. 2015c

Post-rigor Semimembranosus
(beef)

5, 10 kV × 20, 50, 90 Hz
Ageing time (1, 3 d)

Positive correlation between
TD and frequency, and 19.1%
reduction in the SF

Bekhit et al. 2014

Post-rigor Semimembranosus
(beef)

5, 10 kV × 20, 50, 90 Hz
Ageing time (3, 7, 14, 21 d)

Positive correlation between
TD and frequency, and 19.0%
reduction in the SF

Suwandy et al. 2015a

Post-rigor Semimembranosus
(beef)

Repeat PEF (1×, 2×, 3×)
10 kV, 90 Hz, 20 μs

PEF had no influence on the
TD and SF

Suwandy et al. 2015c

Post-rigor Semitendinosus
(beef)

1.9 kV/cm, 65 Hz, 20 μs PEF had no influence on the
TD and SF

O’Dowd et al. 2013

Post-rigor Breast meat
(turkey)

7.5, 10, 12.5 kV × 10, 55, 110 Hz
fresh and frozen-thawed meat
Ageing time (5 d)

PEF had no influence on the
TD and SF in both fresh and
frozen-thawed meat

Arroyo et al. 2015

Post-rigor Biceps femoris
(beef)

1.7 kV/cm, 50 Hz, 20 μs
Ageing time (21 d)

Improved tenderness,
decreased SF

Faridnia et al. 2016

Post-rigor Biceps femoris &
semitendinosus
(beef)

0.8–1.1 kV/cm, 50 Hz, 20 μs
fresh and frozen-thawed meat

Improved meat tenderness
and colour
Increased fat oxidation and
saturated fatty acids in frozen-
thawed

Kantono et al. 2019

Post-rigor Shoulder (pork) 0.5–5 kV/cm, 50–1000 pulses,
1–25 kJ/kg

Increased tenderness Toepfl 2006

Post-rigor Longissimus thoracis et
lumborum (pork)

1.2 or 2.3 kV/cm × 100 or 200
Hz × 150 or 300 pulses

No effect McDonnell et al. 2014
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different muscles to display frequency-dependent or
repeat-dependent characteristics because these differ-
ences can affect heat generation, conductivity, myofibre
composition and cell membrane characteristics (Bekhit
et al. 2014; Suwandy et al. 2015a; Suwandy et al. 2015c).
High-intensity PEF may cause a temperature rise due to
the ohmic heating. Consequently, the denaturation of
proteins and enzymes involved in the tenderising
process and increasing temperature will easily produce
tougher meat. By contrast, studies have revealed that dif-
ferent muscles in pre-rigor mortis may exhibit opposite
results regardless of being treated by single or repeated
PEF, which may be attributed to the different effects of
PEF on the WHC of these muscles (Bekhit et al. 2016;
Suwandy et al. 2015b).
Although limited studies exist concerning the applica-

tions of PEF on tenderising meat, it shows potential
value. Different types of muscle need to be subjected to
different optimal parameters in order to reach improved
tenderness. It is necessary to focus on evaluating the po-
tential value of PEF treatment in other different species
rather than the meat (e.g., beef) that has been broadly
studied. The difference in tenderness caused by different
muscles needs additional studies to better understand
the mechanisms of PEF treatment on muscle structure
and tenderness. Furthermore, the interactive designs be-
tween PEF with different intensities and repetitions need
to be explored to obtain the desirable sensory properties.
The investigative focus between potential physical in-

terventions and different species is shown in Fig. 8 based
on the systematic conclusion from Bhat et al. (2018) and
Warner et al. (2017). Obviously, the beef is widely stud-
ied due to the more muscle types, tougher texture and
higher economic value. The interventions like HPP, SW-
explosive and PEF possess higher energy exerting on

muscles, thus they are not suitable to be applied in the
meat having lower background toughness or undergoing
ageing. When applying these interventions, manifold is-
sues (e.g., tenderness, preference of consumer, appear-
ance of meat products) taken into account are
indispensable. Additionally, as for the poultry (especially
chicken breast meat), other carcass parts are rarely fo-
cused on. It must be pointed out that emerging tech-
nologies applied in meat processing need to overcome
the natural resistance to change. From the perspective of
consumers, they will accept a healthier, palatable and
safer meat products processed by technologies that are
“not invasive”. Physical treatments hardly induce
changes in meat at a chemical level, consumer informa-
tion thus must be considered as a crucial aspect in the
long term to allow consumers to benefit from techno-
logical progress. Several studies focus on increase meat
tenderness by combining potential physical techniques
with chemical substances based on immersion. For con-
sumers, this will raise more attention and worry about
food safety and taste. Thus, more effective parameters of
emerging treatments and safer guaranteed additives need
to be increasingly standardized to pave on the develop-
ment of emerging interventions on increased tenderness.

Potential cooking techniques
Cooking/heat processing can affect sensory attributes
and consumer acceptance of meat products by changing
the corresponding physicochemical properties and fla-
vor. It is widely accepted that the transverse contraction
of myofibres under low-temperature heating is the main
reason responsible for moisture loss of meat (Bertram
et al. 2005). As heating progresses, the denaturation of
collagen and longitudinal contraction of myofibres can
result in additional loss of moisture, and the changed

Fig. 8 The investigative focus between emerging physical interventions and different species (Bhat et al. 2018; Warner et al. 2017, with
modification). The deeper color of the rectangle is, the wider investigation of the emerging physical intervention is. The white rectangle
represents negligible investigation
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structure of myofibrillar protein will lead to tougher
meat (Hughes et al. 2014).

Low-temperature long-time cooking
Low-temperature long-time (LTLT) cooking is a tech-
nology that heats food at a constant low temperature (≤
60 °C) up to few hours or several days. Compared with
traditional cooking methods, LTLT cooking can provide
meat with uniform and slow penetration rate of heat en-
ergy. Thus, myofibre shrinkage is limited, and the in-
creased toughness caused by excessive cooking and high
temperature can be avoided (Baldwin 2012). The de-
tailed description about the application of LTLT cooking
on meat products is well reviewed by Dominguez-
Hernandez et al. (2018), and we mainly emphasize the
possible mechanisms of reduction in meat toughness
and existing problems.
The mechanism of reduction in toughness under

LTLT cooking treatment is not completely clear, but it
reveals the following four aspects: (1) LTLT cooking can
weaken the myofibre strength and improve the degree of
shear fracture by releasing the binding force between
myofibres (Christensen et al. 2011); (2) LTLT cooking
mainly decreases muscle toughness through collagen
dissolution. Although the complete gelation of collagen
occurs above 65 °C, Brüggemann et al. (2009) found that
a slower heating rate could dissolve major collagen fibres
in the epimysium at 59 °C. Moreover, researchers have
also proposed that the collagen gelation process in
LTLT-treated meat can explain the increasing WHC at
45–60 °C, where the LTLT-cooked meat can undergo
continuous collagen degradation to affect the strength of
connective tissues (Christensen et al. 2013; Zielbauer
et al. 2015); (3) muscle proteases have a certain tenderis-
ing effect. For instance, cathepsin displays thermal stabil-
ity during long-term cooking, destroying the stability of
natural collagen and degrading thermally softened colla-
gen into peptides that undergo further hydrolization cat-
alyzed by specific enzymes (Etherington 1976). Hence,
proteolysis combined with thermal denaturation in
LTLT-cooked meat can produce synergistic effects,
manifesting with weaker collagen and decreased tough-
ness (Christensen et al. 2011; Ertbjerg et al. 2012); and
(4) heat-induced denaturation of myofibrillar protein
can promote protein hydrolysis by changing protein con-
formation, resulting in the mechanical weakening of
muscle structure during long-term heating. Notably, the
thermodynamics of myofibrillar protein is more complex
than that of collagen as the process of thermal denatur-
ation progresses. However, the hydrolysis of myofibrillar
protein mainly occurs in the ageing process, which may
have little influence on the tenderness of LTLT-cooked
meat.

Considering the current studies on decreasing meat
toughness by LTLT cooking technology, we propose the
following disadvantages and suggestions: (1) given that
the juiciness and tenderness of cooked meat are not
completely positively correlated, LTLT setting proce-
dures need to reach a balance between these two attri-
butes (Becker et al. 2016); (2) LTLT-cooked meat is
limited in developing flavor due to the lack of volatile
aromatic compounds induced by high temperatures;
therefore, approaches to modify palatability deserves ex-
ploration while simultaneously improving meat tender-
ness (Roldán et al. 2015); (3) the explanations for LTLT-
cooked meat tenderness determined by thermodynamics
and mechanics may be based on the inference of various
factors, and scientists need to further focus on changes
in connective tissue components (Christensen et al.
2013; Girard et al. 2012); (4) the muscle ageing process
can affect collagen properties, and a large proportion of
LTLT-related studies are only based on temperature-
time combinations. Some studies have indicated that
muscles, whether undergoing ageing process or not, dif-
fer in toughness, even under the same LTLT conditions.
In other words, LTLT cooking cannot completely offset
the effects of decreased toughness caused by the ageing
process (Li, Ma, et al. 2019); therefore, the temperature-
time combination of LTLT cooking needs to be adjusted
according to the degree of muscle ageing; (5) LTLT-
cooked meat may be subject to potential consumer re-
jection due to microbial safety and original appearance;
(6) some studies have indicated that during LTLT cook-
ing the actin in myofibrillar protein will undergo exten-
sive denaturation at temperatures below 60 °C, but this
will not significantly increase the meat toughness. Thus,
the depth of studies on the denaturation of myofibrillar
protein (unfolding and aggregative kinetics) is inferior to
that of traditional high-temperature cooking (Zielbauer
et al. 2015); (7) some collagen fibres retain their recog-
nisable morphology after a prolonged heating time; thus,
the range of collagen dissolution/gelation under LTLT
cooking treatment cannot be defined (Sánchez Del Pul-
gar et al. 2012); and (8) it is beneficial for people to ob-
tain the best cooking scheme for a certain type of
muscle according to the characteristics and historical
sources of muscles (e.g., freeze-thaw cycles and pack-
aging differences).
Wheeler et al. (1997) once proposed that, although the

shear force of the same muscle varied in different studies
(possibly attributed to the lack of key information in the
instructional protocol), similar results can be obtained if
the used equipment is calibrated and the cooking proto-
col is correctly implemented. Therefore, the LTLT cook-
ing method applied in reduction of meat toughness
following the detailed descriptions of the muscle and
variable parameters will be effective. Sous vide, one of
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the extensively studied LTLT cooking technologies, is a
water bath heating technique for vacuum-packaged meat
based on the controlled temperature-time. It can obtain
higher uniformity of heat than traditional cooking and
directly affects myofibrillar protein and connective tis-
sues. Its difference in decreased toughness is related to
the characteristics of raw materials and temperature-
time combination. The mechanisms of decreasing meat
toughness by sous vide are similar to the aforementioned
LTLT cooking.

Microwave heating
Another heating technique worth mentioning is micro-
wave cooking. Compared with traditional cooking,
microwave heating is more popular among home cook-
ing due to its cleanness, easy-preparation, lower energy
consumption, and reserved nutritional characteristics for
meat products. However, it also causes uneven heating
and lower food quality (Akkarachaneeyakorn et al.
2010). To provide better heating effect and shorter cook-
ing time for lower level of toughness, Young and Kools
(2004) and Półtorak et al. (2015) separately developed a
surface-auxiliary heating coating with microwave ab-
sorption capability, and the combination of convection
and low-intensity microwave, but these two methods are
not suitable to home cooking due to the inconvenience
of operation. Wang et al. (2020) added a microwave sus-
ceptor with heat absorption and thermal conductivity at
the bottom of the microwave, which can simultaneously
realize microwave heating on meat surface and conduc-
tion heating at the bottom of meat. The results revealed
that this combined form could significantly improve the
heating temperature and form a hard shell on the meat
surface, thereby reducing moisture loss. Moreover,
muscle proteins possess a higher proportion of β-sheet
structures, promoting more water to be firmly grasped
in the protein gel for better tenderness. Additionally, it
can enhance the retention of flavor, reduce cooking time
or cooking loss in order to decrease meat toughness by
pre-marination.

Combination techniques
Regarding intervention technology, the abovementioned
potential physical technologies mainly achieve favorable
tenderisation through physical disintegration of muscle
structure, enhancement of proteolysis, acceleration of
the ageing process and promotion of denaturation or
dissolution of muscle-related proteins. It is necessary to
continuously appeal to the preferences of different
carcass muscles, markets (food service industry, fresh
products, exports), and consumer groups to optimally
utilize these potential physical tenderising technologies.
Among the techniques of meat tenderisation, ageing is

regarded as the best way to modify meat texture based

on its complex biochemical metabolism and endogenous
enzyme systems. Other effective interventions are often
designed to adjust the modification of the ageing process
to obtain more economical effects and preference or
satisfaction of people. Therefore, more advanced tech-
niques are used to combine ageing or other interven-
tions to make the best use of the combined tenderising
effects. For instance, ultrasound-assisted ageing can in-
crease muscle pH (neutral pH) to induce higher calpain
activity and intervene the early glycolysis of ageing by
damaging the cell structures and changing protein con-
formation (Got et al. 1999; Yeung & Huang 2017).
Moreover, the μ-calpain in neutral pH muscle displays
sufficient proteolytic activity to degrade MP and regulate
some structural proteins during the ageing for accept-
able tenderness (Kim et al. 2008; Wang et al. 2018). The
cavitation effect that ultrasound exerts on muscle can
damage mitochondria to initiate apoptosis, and the acti-
vated calpains are responsible for cellular rupture and
final apoptosis (Yu et al. 2013).
In addition, other scientists have explored different

types of ultrasound-assisted technologies (e.g., marin-
ation, freeze/thaw, and cooking processing) based on
ultrasoud effects (Barekat & Soltanizadeh, 2018; Shi
et al. 2020; Zhang et al. 2018; Zou et al. 2019). The use
of exogenous proteases is often combined with ultra-
sound treatment to decrease the dosage of proteases in
meat products. Nevertheless, the flavor, color and lustre
of the meat products change dramatically after enzyme
treatment, and this combined method may require care-
ful monitoring to avoid over-tenderisation (Fu et al.
2019; Fu et al. 2020). Thus, it is necessary to investigate
safer ultrasound-assisted enzyme processing to achieve
the transformation of technical productivity.
The potential physical techniques principally provide

an opportunity for the use of chemical additives by
mechanical destruction/fracture of whole tissue to exert
their unique/specific functions on myofibrils or protein.
Apart from the increased tenderness with better texture,
these techniques can be seen as effective salt reduction
strategies through pre-treatment or combined synergistic
effects, and they have been well documented by Wang
et al. (2013). For instance, PEF pre-treatment allows dir-
ect reduction of salt (NaCl) without any adverse effect
on sensory quality, lipid oxidation as well as microbial
stability of products (Inguglia et al. 2017). The results in-
dicate that PEF treatment can improve salt diffusion and
sodium delivery, leading to better perception during
chewing. PEF could be a novel method to produce
healthier meat products with a lower sodium content
(Bhat et al. 2020).
In the early postmortem stage, electrical stimulation

(ES) is usually used to prevent cold shortening for extra
loss and accelerated postmortem metabolism for better
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tenderness and flavor. ES affects the whole carcass with
the decreased variability of tenderisation, but it cannot
produce the same effect on different muscles in the same
animal. Tender stretching (TS) varies in its effect de-
pending on which muscles are stretched. Thus, the com-
bined application of TS with ES on the different muscle
types during processing is recommended to maximize
meat tenderness (Biffin et al. 2018; Biffin et al. 2020).
Sous vide, as a novel style of cooking, is usually de-

signed as a combination of time and temperature. The
degradation in the strength of intramuscular connective
tissue (IMCT) can significantly reduce meat toughness
after LTLT treatment (Christensen et al. 2013). More-
over, it is widely accepted that postmortem ageing can
effectively degrade IMCT and reduce the strength of raw
IMCT (Nishimura 2015; Stanton & Light 1988). Some
studies have indicated that muscles, undergoing ageing
process or not, differ in toughness, even under the same
LTLT conditions (Li et al. 2019). In other words, the
temperature-time combination of LTLT cooking also
needs to be adjusted according to the degree of muscle
ageing (Purslow 2018). Therefore, the combination inter-
vention of sous vide and ageing may produce more ten-
der meat compared with traditional cooking. However,
how the IMCT of meat treated with this combination in-
fluences toughness when being reheated by traditional
cooking is unknown, as the insoluble collagen in IMCT
clearly contributes most to meat toughness under the
condition of high temperature of cooking. Additionally,
some safety concerns must be noted. For instance, the
injection of exogenous protease is the method frequently
used to reduce the temperature and time during sous
vide for tough meat cuts (Zhu et al. 2018a, b). However,
the question arises as to whether these proteases with
high inactivation temperatures are inactivated during the
initial treatment, subsequently resulting in over tenderi-
sation when being reheated. Modern cooking methods
may be beneficial to reduce the incidence of undesirable
compound formation, but the synergistic effect on flavor
is unclear or has not been extensively studied when
combined with other additives.

Prospects
Future trends in the development of new tenderising tech-
nologies and the questions deserving further consideration
by the meat processing industry are as follows: (1) Develop
more intelligent and efficiency-integrated equipment to
tenderise meat, and establish non-destructive evaluation
models or database for predicting postmortem tenderness;
(2) Develop newfashioned equipments or methods for
strecthing and shaping to enhance tenderness by re-
ducing long term storage and ageing based on exist-
ing flexible technologies (SmartStretch™/Smartshape™
and Tenderbound); (3) Adjust the techniques

according to the targeted market (food service indus-
try, fresh products or exports) and the preferences of
different consumer groups; (4) Focus, at the same
time, on the basic research and detailed descriptions
of techniques to reduce difficulties in repeatability; (5)
Provide more reliable explanations for combined tech-
nologies, in the case where indefinite or additive ef-
fects of tenderisation occur; (6) Avoid tenderising
meat by merely combining with potential technologies
as they normally generate a tenderising effect of “1 +
1 > 2” in most cases; (7) Advocate for the investiga-
tion of more economical, more accessible, and easier
operating technologies for consumers; and (8) pay
more attention to the cheap, poor-palatable but
nutrient-rich meats, and maximize their value for dif-
ferent groups.

Conclusion
This review systematically introduces the relationship of
ageing tenderisation and calpain system, tenderising
techniques and corresponding mechanisms of postmor-
tem meat. To summarize, the calpain system plays a key
role in the degradation of structural proteins, destruc-
tion of myofibrils, and activation of endogenous prote-
ases to regulate proteolysis, glycolysis, metabolism and
the ageing process. Muscle ageing is the main process
for improved tenderness that is mediated by multiple
mechanisms including the calpain system, cell apoptosis,
protein S-nitrosylation/phosphorylation and other bio-
chemical activities (e.g., oxidative stress and sHSPs). The
drawbacks of ageing tenderisation (time requirement,
larger storage space and higher energy consumption)
contribute to the development of other potential tender-
ising interventions. Additionally, different aspects of ten-
derising techniques (exogenous enzyme, chemistry,
physics and combined methods) are discussed in detail.
Among these techniques, the potential physical interven-
tions for tenderisation are mainly discussed in terms of
their principles, tenderising mechanisms, existing ques-
tions and suggestions. These potential physical tech-
niques can provide the meat industry with a more
favorable economical effect through the deeper investi-
gation and broad combination with other effective inter-
ventions. Particularly, innovations of cooking (sous vide
and microwave) suitable for home cooking are recom-
mended to prepare relatively tender meat due to their
convenience and easy operating characteristics.
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