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Abstract Meat products are considered as one of the most demanding food items from a point of

sale perspective and tenderness of meat plays a dominant role in enhancing the meat palatability.

The current review describes the meat tenderization mechanism, chemical, physical and conven-

tional protocols to evaluate the extent of meat tenderness and the impact of plant based exogenous

proteases. Even though proteolytic enzymes are produced in commercial scale, most of the meat

products reach the market without any treatment. Lack of technical knowhow on commercial

extractions and inadequate literature on some proteases has been identified as the gaps to be ful-

filled.
� 2020 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Contents

1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.1. Importance and the perception of meat tenderness and toughness to the consumers . . . . . . . . . . . . . . . . . . . . . . . 3

1.2. Mechanism of meat tenderization. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.3. Evaluation of meat tenderness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.4. Factors affecting meat tenderization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.5. Conversion of muscle to meat process . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.6. Methods of meat tenderization. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2. Effect of plant based proteolytic enzymes on meat tenderization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.1. 1 Papain . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.1.1. Chemical structure of papain. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

http://crossmark.crossref.org/dialog/?doi=10.1016/j.arabjc.2020.102967&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:malinda.madhusankha@gmail.com
https://doi.org/10.1016/j.arabjc.2020.102967
http://www.sciencedirect.com/science/journal/18785352
https://doi.org/10.1016/j.arabjc.2020.102967
http://creativecommons.org/licenses/by-nc-nd/4.0/


2 G.D.M.P. Madhusankha, R.C.N. Thilakarathna
2.1.2. Bromelain . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.1.3. Chemical structure of bromelain . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.1.4. Ficin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.1.5. Chemical structure of ficin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.1.6. Actinidin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.1.7. Chemical structure of actinidin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.2. Zingibain . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.3. Cucumin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

3. Comparative effect of the discussed plant proteolytic enzymes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
4. Extraction, separation and purification of cysteine proteases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
5. Identified gaps and future trends. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

6. Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
Declaration of Competing Interest . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

References. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
1. Introduction

Tenderness of meat is regarded as one of the leading customer
perceptions when purchasing meat items. Therefore, a high

score for the customer acceptance is needed in selling pro-
cessed and unprocessed meat products. Out of all the sensory
parameters; appearance, juiciness, bitterness, flavor, and taste,

tenderness of meat plays a prominent role and is rated as a
decisive sensory attribute directly affecting the eating quality
of meat.

It has been revealed that the prime grilling steak cuts com-
prising 10% of the total meat cuts in beef are of relatively more
tender (Polkinghorne et al., 2008) while in rabbit meat, the
total prime cut percentage is around 30% (Maj et al., 2009).

As per the tender meats are concerned, customers are not
reluctant to pay more (Shackelford et al., 2001) and it has
become a motivational factor for repeated purchasing.

According to Miller et al. (2001), approximately 78% of US
beef consumers in 5 selected cities are ready to pay premium
prices for tender beef steaks. Ramanathan et al. (2020) figures

out a loss of $ 7.64 per beef cattle in the US market due to the
variations in tenderness. The concept of tenderization is
mainly applicable for red meat due to high toughness (Beef,

Mutton, Horse, Pork, Buffalo and Lamb) and minimally
related with white meats such as chicken and fish (Bekhit
et al., 2014). However, despite the meat variety, toughness
becomes a physical constraint for the flesh of old animals

and the statistical report of Marquer et al. (2015) reveals the
drop down of the production of meat from bulls in 7% and
increment of veal (age under 8 months) by 4% in European

market from 2009 to 2014.
At the point of sale, it is difficult to distinguish tender meat

unless the purchaser is an expert or a frequent consumer. Nor-

mally, the characteristic colour and odour are concerned as
key parameters, when the purchasing decision is made. The
fibrous nature of the meat surface indicates the presence of

undegraded myofibrillar proteins which makes the meat hard
and customers can capture it through visual inspections
(Martinez-Arellano et al., 2013). The appearance of a marble
structure, especially in red meat is due to the presence of intra-

muscular fat deposits and they can be identified as tender
meat. When light rays strike the meat surface, they get scat-
tered due to the presence of muscle fibres, sarcoplasm, fluids
and striations. The scattered light speckles by the fibre bundles
can be longitudinally observed through confocal reflection

microscopy and tough meat displays intensive peaks (Hughes
et al., 2014). In hard meat, the myoglobin content is high
and visually they can be distinguished due to their intense

red colour. The colour measurements for a* values in red deer
meat through chroma meter indicate a negative correlation
with tenderness (Wiklund et al., 2010). The initial scientific
mediation on identifying the tenderness was the Warner - Brat-

zler shear force (WBS) and consumers identify meat as more
tender when the WBS value is low. The findings of Miller
et al. (2001) related to beef samples emphasize the amounts

of 30 N and 46 N are the extreme values of customer recogni-
tion as tender and tough meat respectively. That means 100%
of the beef customers perceive the meat with less than 30 WBS

as tender and more than 46 WBS as tough. However, in the
meat of wild deer, the two extreme values of WBS are 16 N
and 22 N in classification as tender and tough respectively
(Lopez-Pedrouso et al., 2019).

The sensory profile of meat is based on three key parame-
ters; visual appearance, in mouth perception of texture and fla-
vour (Font-i-Furnols and Guerrero, 2014). The meat

tenderness is positively correlated with intramuscular fat con-
tent (IMF) and the juiciness (Lorenzo et al., 2013). Enhanced
water retention of tender meat during cooking results in a juicy

texture with a favorable mouth feel. In contrast, when tough
meat is cooked, they become hard, dry, less palatable and
result in chewing and digesting difficulties. The hardness and

dryness occur due to the high drip loss during the cooking pro-
cess of tough meat. A study conducted by Cannata et al. (2010)
using pork samples highlight the positive correlation between
tenderness and palmitic acid content. Due to the presence of

palmitic acid, the off flavour accumulation is low during pro-
cessing and therefore the flavour profile of tender meat is rich.

The commercial meat industry prefers slaughtering young

animals to maintain the palatability, thus reducing the demand
for old carcasses. Because, the flesh of old animals becomes
hard due to the formation of cross links between the collagen

molecules (Lonescu et al., 2008). The slaughtering of young
animals is a negative attribute in the industry due to the less
output. Under cold storage, hard meat undergoes proteolysis
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and Koohmaraie (1992) reveals the occurrence of a limited
proteolysis in spent meat stored at (0–4 �C) with post mortem
aging conditions. However, the cold storage is not sufficient to

reduce the toughness of old meat into a consumable level.
Since meat tenderness directly influences the quality and the
value of the meat, it has become a key research area today.

Most of the literature up to date is focused on the process
of meat tenderization, interventions of tenderizations (chemi-
cal and physical methods) and exogenous proteases based on

their applications. There is a shortage of research evidence
on the applicability of exogenous proteases in the meat indus-
try aligning with their chemical structures and optimization of
extraction methodologies. Even though there are plenty of

potential plant sources to extract proteases, the current appli-
cations are limited only for few sources. The reason is, indus-
trial manufacturers are focusing on the availability of raw

materials in large scale and technical knowhow on smooth
extraction. The active groups present in proteases play a signif-
icant role and the tenderizing capacity of some plant based

proteases haven’t been experimentally proven yet. Thus, this
review will focus on the present findings and express the iden-
tified gaps in this field for future investigations.

1.1. Importance and the perception of meat tenderness and

toughness to the consumers

According to Meat Standard Australia (MSA) grading system

based on the data acquired by consumer observations through-
out two decades suggests that the palatability of meat is deter-
mined by three main traits; tenderness, flavour and juiciness. A

survey conducted by O’Quinn et al. (2018) reveals the overall
rejection percentages when the tenderness is acceptable and
unacceptable are as 10% and 69% respectively. Out of the 3

traits, the impact of tenderness towards the overall acceptabil-
ity in beef samples was over 50% in mid-19900s and dropped
down to around 40% recently (Huffman et al., 1996; Chail

et al., 2017). The applications of different tenderization mech-
anisms in recent time has made a significant contribution to
drop down the impact of the tenderness on overall acceptabil-
ity. However, the impact percentage is still high and the proto-

cols to enhance the tenderness while improving the other traits
(Flavour and juiciness) are warmly welcome in the modern
meat processing industry. Since the eating quality is predomi-

nantly driven by the tenderness and thus the tender meats are
more liable to customer satisfaction and repeated purchasing
(Banović et al., 2009). When the consumers tend to purchase

repeatedly, the stability of the meat industry is guaranteed
and the manufacturers are motivated to invest in mass scale
productions and new product developments.

1.2. Mechanism of meat tenderization

Meat tenderization is a complex process with a number of
related sub mechanisms. Degradation of collagen in both

quantity and type (Veiseth et al., 2004), reducing the diameter
of muscle fibre bundles (Renand et al., 2001), changes in the
sarcomere length during rigor mortis (Rhee et al., 2004) and

the chemical and structural changes occur during aging are dif-
ferent types of mechanisms aiming at tenderization. Mean-
while tenderization is a continuous process from the birth of

the animal and running through the consumption stage.
The related primary mechanisms are protein degradation
and protein oxidation. In fact, the protein constituents in mus-
cle fiber are the target components of protease enzymes. Ten-

derness development depends on the structure, connectivity of
the skeletal muscle tissue and the proteolytic enzyme activity
on it (MacBride and Parrish, 1977). Moreover, Wang et al.

(2013) point out the endogenous enzymatic activity with
respect to actomyosin dissociation activated by heat supply.
Therefore, dissociation of individual protein types depends

on different modes of treatments.
The degradation of meat cuts high in collagen entirely

depends on the cooking method and the end -point tempera-
ture that they undergo. Light et al. (1985) state the conversion

of collagen to gelatin at 80 �C and shrinkage of collagen at 60–
70 �C. As a cumulative effect of collagen shrinkage and colla-
gen to gelatin conversion, meat tenderization occurs. However,

the excessive increment of temperature to achieve tenderness
results in increasing the moisture loss and hardening of
myofibrillar proteins which collectively reduce meat tenderness

(Barbanti and Pasquini, 2005).

1.3. Evaluation of meat tenderness

The success of the applied meat tenderization methodology is
evaluated by different mechanisms. The physical examinations
are based on textural analysis and observations through micro-
scopes while sensory analysis can be done by trained panels to

evaluate the overall quality based on flavour, aroma, texture,
after taste and mouthfeel. In addition, there are conventional
physical and chemical protocols to identify and compare the

degree of meat tenderness. Measuring the force for shearing,
biting, mincing, compressing and stretching are considered as
physical methods (Lawrie, 1998) while determining solubility

and effect of connective tissue and protein digestion have been
identified as chemical methods of analyzing meat tenderization
(Mahendrakar et al., 1989).

The evaluation of the meat tenderness is utterly a sensitive
process and the measuring criteria have reached the peak with
the advancing technology. Many tools have been used to anal-
yse the impact as scanning electron microscopic view, hydrox-

yproline measurement (Ashie et al., 2002), myofibrillar
fragmentation index (Olson and Parrish, 1977) and enzyme
activity estimation (Koohmaraie et al., 1988). The colour

image processing technique introduced by Tan (2004) is a
mechanism to predict the tenderness with the aid of computer
vision. The predictions align with the United State Department

of Agriculture (USDA) grading system and the pixel value of
images is the key predictor. The tenderness evaluation criteria
have become sophisticated and Kröger et al. (2006) present
their findings in using Dual Energy X-ray Absorptiometry

(DEXA) as a feasible mechanism. Therefore, the advancement
of technology has resulted in developing methodologies with-
out destructing the muscle structure.

1.4. Factors affecting meat tenderization

The main components of meat are myofibrils; majorly com-

posed of actin, myosin and other accessory proteins, and con-
nective tissue of different sub-types of collagen and elastin
(Lana and Zolla, 2016). The chemical structure and the

arrangement pattern of meat proteins result in developing a
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Fig. 1 Schematic diagram of conversion of muscle to meat (modified from Lana and Zolla, 2016). The process conversion of muscle to

meat in terms of three phases (1. Pre rigor mortis 2. Rigor mortis 3. Tenderization) is illustrated here. Primarily, metabolic reactions and

the timeline of activation of muscle proteins are discussed highlighting the best moment to apply exogenous plant proteases.
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hard texture and degradation of structural meat proteins in
order to reduce the toughness of meat is commonly termed

as tenderization.
The composition of the muscles; collagen content, intra-

muscular structure of the connective tissue and post slaughter

degradation of the myofibrillar proteins directly affect meat
tenderness (Huang et al., 2014). Also, the inherent characteris-
tics of meat such as the type of muscle, pre-slaughter and post-

slaughter factors affect meat tenderization (Anderson et al.,
2012). The tenderization process begins from the birth of the
animal and continues until the consumption stage. The most
significant factor under pre slaughtering is the species and in

addition, breed, age, sex, feeding and management, genetic
influence and stress conditions are affecting the meat tender-
ization (Nowak, 2011). Specifically, chemical composition,

structure and amount of connective tissue depend on the age
and the muscle type of the animal (Bolumar et al., 2013).

Post slaughter factors also heavily affect the tenderization

process whereas post mortem glycolysis results in reducing
the pH of muscle due to the accumulation of lactic acid
(White et al., 2006). The changes in the sarcomere length dur-
ing rigor mortis (Rhee et al., 2004), end point temperature the

carcass undergoes and duration of aging (Koohmaraie and
Geesink, 2006) directly affect the final texture.

1.5. Conversion of muscle to meat process

Just after the death of the animal, a sequence of processes are
taking place in converting the muscles into meat. Muscle to

meat conversion expressed in a timeline with weighing factors
is depicted in Fig. 1.
Briefly, pre rigor mortis phase starts after the death of
the animal and blood flow will stop immediately ending

all the vital functions. However residual oxygen leads to
the aerobic respiration via hemoglobin and myoglobin which
carries oxygen to the cells. In this stage, muscular tissues

maintain a certain metabolism and the presence of ATP
and phosphocreatine will prevent the rigor mortis. This
short period of time ends with 3 to 6 h and enters the mus-

cles into the rigor mortis phase.
With the use of residual oxygen, ATP is rapidly used for the

glycolysis process and when there is not enough ATP for the
metabolism, rigor mortis phase will diminish. Now muscle

starts to turn into a meat with the highest toughness which is
mitigated by the post rigor mortis and tenderization phase.
In the later stage it allows time to develop meat qualities and

eating ability. During this time, proteolytic enzymes present
in the muscle activate and tenderize the muscle tissues. Now
it is probable to enter proteolytic enzymes into the matrix

externally which is discussed below.
The degradations in the firmness of meat occur due to the

proteolysis of myofibrillar which leads to low molecular weight
proteins. This occurs at the N2-line level in muscle tissues

which is attributed by the action of lysosomal enzymes, espe-
cially cathepsin B and L (Ouali, 1990). During this stage, myo-
sin and actin become more soluble, subsequently increasing the

amount of extractable proteins at high salt level by 50–60%
between rigor and postmortem for 7–8 days (Valin and
Kopp, 1978). Introduction of proteolytic enzymes externally

reduces the tenderization time between slaughtering and selling
to the customer. This action is highlighted with the recent
research work corresponding to the extracted enzymes from



Table 1 Currently applying methods of meat tenderization.

Intervention

type

Current applications Significant impact References

Mechanical Mechanical aging, shock wave

technology, electrical stimulation, pulsed

electric field, High pressure processing,

Blade tenderization, ultrasound

processing, Muscle stretching

technology, Freeze - Thaw cycles,

contract prevention methods

In addition to improving the tenderness,

flavour is also enhanced by mechanical

aging by giving a bit salty taste and

juiciness. Evidence found on decreasing

the cooking loss even though the drip

loss is increased.

During the electrical stimulations, the

muscle fibres are physically degraded

while a slight pH drop can be observed.

However, colour changes may occur

which lead to customer dissatisfaction.

Application of pulsed electric field results

in tender meat while preserving the

colour and odour. It can be used as a

preservative method due to the

inactivation and destruction of microbial

cells. Most of the mechanical

tenderization methods do not leave any

toxic residue and therefore the treated

meat is generally regarded as safe to

consume.

Bolumar et al. (2013), Sorheim and

Hildrum (2002), Troy and Kerry (2010),

Piao et al. (2015), Bekhit et al. (2014),

Hutchison et al. (2014).

Chemical Infusion, marination and injection with

Calcium, Magnesium and Phosphate

salts (NaCl, CaCl2, Na3PO4 Potassium

lactate)

The use of chemicals as tenderizing

agents improve the organoleptic

properties such as flavour and aroma to a

certain extent.

However, the use of CaCl2 with a high

concentration results in bitter, sour and

metallic taste. In order to overcome the

unfavourable alterations in flavour, it is

recommended to use chemical

tenderizing agents along with the

combinations of maltodextrins and

hydrolyzed soy proteins. Significant

improvements in water binding ability

can be seen by introducing chemical

compounds such as Sodium phosphate.

Scanga et al. (2000); Yoon et al. (2013)

Enzymatic Plant proteases (Papain, Bromelain,

Ficin, Actinidin Zingibain, Cucumin,

etc.) Animal based (Trypsin, Pepsin,

Pancreatin, and Chymotrypsin.

Microbial based enzymes (Fungal

Amylase, Protease 15, Rhozyme P-11)

An endogenous tenderization mechanism

is activated in animal flesh and it is

controlled by Calpain systems.

The action of exogenous enzymes is

temperature dependent and therefore,

minimal activity is seen in freezed and

cold products. However, there are major

differences in tenderized meat quality

depending upon the type of the enzyme.

The applications of plant based proteases

are further discussed under the review

and the high cost of authentic enzymes of

microbial and animal based extractions

resulted in restricting their usage over

plant proteases.

Bekhit et al. (2014)
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popular and underutilized sources. However, the tenderizing
time is decided by the producer considering the influence of

microorganisms on shelf life. Based on the literature evidence
focused on the aging period, it is not well established, but lim-
ited to approximately three weeks and characterized with a

large variability depending on the species considered and on
the typology of the muscle (Lana and Zolla, 2016). Conversion
from the pre rigor mortis phase to the rigor mortis phase, an

increase in toughness is observed and most of the mechanical
tenderization methods are applied at the rigor mortis phase.
However, the ideal time to apply the chemical and enzymatic

treatments is the tenderization phase.



Table 2 Chemical structure of commonly used plant proteases.

Type of

enzyme

Chemical structure Activeness Reference

Papain

(C19H29N7O6)

Sulfhydryl

group

Papain contains 212 amino acids with a molecular

weight of 23,406 DA and exist in the form of

single chain. Four disulfide bonds are stabilized in

the positions of Gln19, Cys25, His158 and His159.

Enzyme shows the best activity in the pH range of

3–9.

RCSB Protein Data

Bank Mamboya

(2012)

Bromelain

(C39H66N2O29)

Sulfhydryl

group of

cysteine

amino acid

The two main types of bromelain named stem

bromelain (of 285 amino acids) and fruit

bromelain consist of molecular weight of 23.40–

35.73 kDa and 25–31.00 kDa respectively. The

isoelectric point values of them are 9.55 and 4.6

respectively. Optimum enzyme activity over a pH

range of 5.0–8.0 and active site affectively cleaves

glycyl, alanyl, and leucyl peptide bonds

Pubchem, National

Library of Medicine

Ficin

(CH2FI2N)
Thiol group

Ficin is known as a thiol protease with two

conjugated double bondsand three disulfide bonds

which can form 10 isomers and contains a cysteine

amino acid at its active site. Ficin is able to cleave

proteins at the carboxyl-terminal regions and

cysteine majorly causes for the activity.

Pubchem, National

Library of Medicine

Sattari et al. (2020)

Actinidin

(C10H13N)
Thiol group

Actinidin consists of 220 amino acids with a

molecular weight of about 24 kDa (change in the

range of 24 to 33 kDa). Optimum enzyme activity

over a pH range of 3.5–5.5 and substrate

specificity is high.

Pubchem, National

Library of Medicine

Gong et al (2020)

Zingibain

(GP-II)
Proline

The enzyme is a 221 amino acid glycoprotein

containing two N-linked oligosaccharide chains at

Asn99 and Asn156. Proline at the P2 position of

the GP-II is the active site which can cleave

peptides and proteins. This protein is also

stabilized by three disulfide bonds in between

Cys24 and Cys65, Cys58 and Cys98, and Cys155

and Cys206.

Choi et al. (1999)
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1.6. Methods of meat tenderization

In order to improve the meat tenderness, various methodolo-

gies are applied and based on the mode of application they
are classified as mechanical (physical), chemical and enzymatic
interventions. A classification of tenderization methodologies

is illustrated at Table 1.
Throughout the previous decade many efficient physical

mechanisms have been introduced and the traditional methods

were successfully replaced. In comparison with other methods,
physical interventions are feasible in industrial scale and min-
imally alter the sensory attributes. However, the implementa-
tion cost is high due the requirement of sophisticated

machinery.
The incorporation of chemicals lead to modifications in
protein solubility and improving the water holding capacity
in order to soften the meat texture (Bhat et al., 2018). Season-

ing meat items with Sodium chloride, pepper and lime juice is a
conventional practice and Burke and Monahan (2003) had
researched on organic acids and citrus juice marinades result-
ing in enhancing the texture and flavour. Organic acids pene-

trate into the muscles and reduce the pH significantly. It
results in hydrating the protein fractions, weakening the
inter- molecularlar bonds to degrade the myofibrillar and con-

nective tissue proteins (Goli et al., 2011). Marination is a slow
process where a sufficient time is required to get the maximum
output and incorporation of chemicals negatively affects the

emerging concept of consuming natural food products.



Table 3 Extraction methods of commonly used cysteine and serine proteases.

Enzyme Extraction Significance Reference

Cysteine

proteases

Potential source Extraction method

Papain

(EC3.4.22.2)

Latex of papaya

Leaves of papaya

(Carciya papaya)

Aqueous Two-Phase (ATP)

extraction system

ATP consisting of 8% (w/w) polyethylene

glycol (PEG) and 15% (w/w) NH4)2SO4

acquired the maximum recovery of 88% and

100% purity at pH 5 from papaya latex

containing 20–40 mg protein/ml. Extracted

papain was free from contamination of other

proteins.

Nitsawang et al.

(2006).

Ionic Liquid Aqueous Two-

Phase (ILATP) extraction

technology

ILATP of [CnPy]Cl(n = 2,4,6)-K2HPO4

system resulted high-purity and high active

papain. The optimal result of overall

desirability was 0.8985 under the conditions

of 0.35 g/mL K2HPO4, 0.25 g/mL [C4Py]Cl,

pH of 7.87, papain dosage of 2.17 mg/mL at

30℃. The specific activity of papain obtained

as 4120.17 U/mg

Zhu and Zhang

(2019)

PEG-Based Aqueous Two-

Phase Systems (ATPS) using

Quaternary Ammonium Ionic

Liquids (IL) as adjuvants

ATPS of PEG400+(NH4)2SO4 + H2O is

utilized to separate and purify papain from

papaya latex adding different IL and the

highest papain purity was exhibited from

tetramethyl ammonium bromide ([N1111]Br)

in the ATPS with 20 wt% (NH4)2SO4 and

20 wt% PEG400 at pH 7.0 and 60 �C. SDS-

PAGE analysis showed that addition of 4 wt

% IL significantly improved the purification

factor (13.51) of crude papain and papain

recovery rate was 96.46%.

Yu & Zhang (2020)

Reverse micellar extraction Cetyltrimethylammonium bromide

(CTAB) + Isooctane + hexanol + butanol

system is used to optimize forward and

backward extraction of papain; efficiency of

61.0% and 90.52% at pH of 11 and 6,

Isopropyl Alcohol (%) of 6 and 19.938 and

KCl of 20 (% v/v) and 0.729 M respectively.

Prabhu et al. (2017)

Bromelain

(EC3.4.22.32)

(EC3.4.22.33)

Pineapple (fruit and

stem)

Pineapple waste

Pineapple root

(Ananas comosus)

Aqueous Two-Phase (ATP)

extraction

ATP consists of 18% PEG1500 and 14%

phosphate at pH 7.0 resulted nearly 228%

activity recovery and 4.0-fold increment in

purity of bromelain from pineapple fruit (A.

comosus L. Merryl). Differential partitioning

of bromelain to the polymer rich (top) phase

was observed in the PEG/salt system.

Babu et al. (2008)

Reverse micellar extraction CTAB (150 mM) + iso-octane(80%) + 1-

hexanol(5%) + 1-butanol(15%) system

resulted 85.0% activity recovery and 4.0

purification fold of bromelain from pineapple

core with crude enzyme extract of pH 8.0 with

0.1 M NaCl.

Chaurasiya et al.

(2015)

Two-Stage Ceramic

Ultrafiltration (TSCU)

TSCU system of ceramic membrane made up

of Zirconium Oxide (Surface area of

0.0055 m2 was able to recover 96.8% of

bromelain from pineapple crude waste

mixture (Ananus comosus L.) performing the

feed at pH 7 and temperature of 20 �C.

Nor et al. (2016)

Extraction of crude bromelain

extract and stabilizing as cross

link aggregates

Crude bromelain was extracted from

pineapple core waste and stabilized as cross-

linked aggregates for 4 h with 80 mM

glutaraldehyde. Enzymatic activity of 87%

was recovered by ammonium sulphate (60%,

w/v)

Banerjee et al.

(2020)

Extraction of bromelain by

precipitation with

carrageenan

Precipitation method utilized for industrial

waste of pineapple (stem and peel) was able to

recover 80–90%. Optimum conditions of stem

Campos et al.

(2019)

(continued on next page)
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Table 3 (continued)

Enzyme Extraction Significance Reference

Cysteine

proteases

Potential source Extraction method

were 4.5 pH for 52.7 mg mL�1 of bromelain in

166.5 mg mL-1 of carrageenan and for crude

peel juice; 78.5 mg mL-1 of bromelain in

183.5 mg mL�1 of polysaccharide could obtain

2.7 U mg-1 and 3.1 U mg-1 of proteolytic

activity respectively.

Zingibain

(EC

3.4.22.67)

Ginger rhizome

(Zingiber Officanale)

Solvent extraction with an

isolation method

Isolation procedure was able to separate two

cysteine proteases, GP2 and GP3 from ginger

rhizomes (Zingiber officinale) and GP2 is

almost identical to ginger protease GPII.

Briefly, phosphate buffer of pH 7.0, cysteine

and EDTA were basically used and a series of

other chemicals were used in the purification

process.

Kim et al. (2007)

Extraction from anion

exchange chromatography

and purification by protein

separation method

Cysteine protease (GP) proteins from ginger

rhizome were precipitated using ammonium

sulfate (40–100%), and subjected to anion-

exchange column chromatography of DEAE

Toy pearl 650 M with 20 mM phosphate

buffer pH 7.0. A new protease enzyme GPii

which is similar to GP2 was able to extract

from ginger

Nishiyama and

Araki (2018)

Ficin (EC

3.4.22.3)

Latex of Fig trees

(Ficus glabrata, Ficus

anthelmintica, Ficus

laurifolia Ficus

johannis)

Cation-exchange

chromatography

Aqueous dialyzed samples of Ficus carica cv

latex used to run on SP-Sepharose fast flow

column with pre-equilibrated sodium

phosphate buffer at pH 7.0 and identified

isoforms of ficin. Latex contained almost 9%

of ficin and it had the lowest autolysis and

pronounced that this ficin could be used in

industry without having any autolysis

inhibitors.

Zare et al. (2013)

Precipitation of protein and

ion-exchange

chromatography

Firstly, ficin protein is precipitated by

ammonium sulphate; secondly CM-Sepharose

and SP-Sepharose cation-exchange

chromatography and thirdly Sephadex G-25

gel filtration chromatography followed to

purify ficin from latex of Ficus johannis and

identified two ficins. Estimated molecular

weight of purified ficin was 25 kDa by SDS-

PAGE profile and analyzed proteolytic

activity was known to be

254 mMmin � 1 mg � 1 with a 31% yield and

above 93% purity.

Homaei et al. (2017)

Ion-exchange

chromatography

SP-Sepharose packed column with 30 mM

citrate buffer of pH 5.0 at a sodium chloride

gradient eluted 23.5 yield and could observe

optimal 24.2 proteolytic activity and 84

GDU/mg gelatinolytic activity. Isolated

alkaline isoform of ficin was identified as ficin

1c based on the available transcriptome data.

Milošević

et al.,2020

Ion exchange

chromatography and gel

filtration

Crude extract of Ficus carica latex used to

purify in CM Sepharose column

chromatography against acetate buffer by

applying dialyzed samples followed by dialysis

using DEAE-Sepharose and Sephacryl S-200

against Tris-HCl buffer. Two peroxidase

fractions were obtained with recovery folds of

3.05 and 0.79 and 50.2% and 11.32%

recovery percentages respectively and

molecular weights near 30 KDa

Elsayed et al., 2018
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Table 3 (continued)

Enzyme Extraction Significance Reference

Cysteine

proteases

Potential source Extraction method

Cloning of ficin gene in E.coli

and purification using Ni-

sepharose column and gel

filtration

A novel method of molecular cloning of ficin

gene from leaves of fig trees (Ficus carica cv.

Sabz) in all forms of isoforms in E. coli BL21

and purified using the Ni-sepharose column.

Optimized conditions expressed as cell density

of 1.25, post-induction time 7 hr, 10% (w/v)

lactose concentration (at 115 rpm 24 �C) and
0.27 mg/ml purity. The recombinant enzyme

production increased by 3 fold from the

optimization of RSM.

Sattari, Rigi, and

Ghaedmohammadi

(2020)

Actinidin

(EC

3.4.22.67)

Kiwifruit or

gooseberry

Solvent extraction and

precipitation method

Seven kiwifruit cultivars of Actinidia

chinensis and Actinidia deliciosa species from

China were used to isolate actinidin and

purified by using ammonium sulfate

precipitation and QSFF column

electrophoretic homogeneity. SDS-PAGE

analysis and zymogram indicated the

molecular mass of purified enzyme as

approximately 29.0 kDa with the activity of

240.7 U/mg at pH 3.5 and 40 �C. purified
actinidin was identified by peptide sequence.

Zhang et al. (2017)

Solvent extraction with a

buffer

Actinidin extracted from kiwi fruit showed

optimal extraction conditions at pH 7.0 of

most appropriate buffer as sodium phosphate

buffer, 2.5 min of extraction time, 1:0.5 in the

ratio of fruit:buffer (mg/v) extraction

percentage, and 30 min of incubation time.

Al-Zubaidy,(2017)

Solvent extraction with

EDTA

Green and gold kiwifruit extracts were reacted

with EDTA and sodium metabisulfite at pH 6

of potassium phosphate buffer. Molecular

weights from SDS-PAGE analysis observed as

24 and 27 kDa from main proteins in

kiwifruit. Protein activity of green and gold

types reported as 2–7 and 1–10 mg/mL.

Chao (2016)

Serine

protease

Fruits of cucumis

plant (Cucumis

trigonus Roxb)

Unripe fruits of

Cucumis pubescens

Solvent extraction Plant extract was prepared using Cucumis

trigonus Roxb species of melon in a 10%

sodium chloride solution and decinormal

sodium hydroxide or hydrochloric acid at a

suitable pH level. Filtered solution was

reacted with a phosphate buffer (pH 7.0) and

80% yield was obtained at the best

temperature of 20–25 �C. Cucumin in powder

form had prepared by a sequence of reagents.

Hujjatullah and

Baloch (1970).

Cucumin

Meat tenderization mechanism and the impact 9
Of the enzymatic interventions, introducing exogenous pro-
teolytic enzymes into the muscle is a commonly used method.

In the context of using meat tenderizing agents, final texture
and appearance can differ according to the type, amount of
enzyme and the way of introducing it into the meat. Three

methods of inserting proteolytic enzymes into meat have been
practiced as dipping in a solution of a particular enzyme,
pumping the enzyme solution into the blood vessels and rehy-

dration of freeze dried meat (Gerelt et al., 2000). However, the
first two methods were found to be unsatisfactory because of
the over tenderizing effect. Enzymes which are capable of
hydrolyzing the peptide bonds of proteins in meat are known
to be proteolytic in nature and according to Tantamacharik
et al. (2018), 95% of the exogenous meat tenderization agents

in the USA market are from plant origins.

2. Effect of plant based proteolytic enzymes on meat

tenderization

Since the plant based exogenous enzymes play a dominant role
in meat tenderization, it is important to discuss different pro-

teolytic enzymes; commonly used are papain, bromelain, zin-
gibain, cucumin, ficin, actinidin etc. and other underutilized
and unnoticed, but effective agents are available with meat ten-
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derizing effect. These natural tenderizers are extracted from
various plant origins such as fruits, vegetables, stems and
leaves. Thus, it is valuable to discuss the chemistry and appli-

cations of those enzymes with new research findings and to
encourage research on the effect of underutilized plants that
can be utilized as proteolytic enzyme reservoirs. The chemical

structures with respect to active compounds are included in
Table 2 and extraction mechanisms of plant proteases are pre-
sented in Table 3.

2.1. 1 Papain

The history of papain dates back to 1950s and frequent

recorded data is available on its applications to tenderize meat.
Papain is a proteolytic enzyme extracted from Carica papaya
(Poulter and Caygill, 1985) and the enzyme is employed to
improve the tenderization of meat by acting on the structural

component of muscles (Gracey, 1981). The application is
sharpened by the combined action of papain, chymopapain
and papaya peptidase-A (Maiti et al., 2008). The action of

papain enzyme is multidisciplinary whereas it is commercially
used to reduce the shrinkage of wool products, remove stains
from fabrics, to produce toothpaste, beer and cosmetic prod-

ucts (Nadaraja, 2010). However, the tenderization effect of
papain on meat is extensively pronounced in literature.

A comparative study conducted by Ashie et al. (2002) elu-
cidate the significant reduction of shear force occurred in meat

treated with papain under storage conditions (5 �C) for
2 weeks. It gives a hint on papain’s ability to act in chilled con-
ditions. The tenderization potential is comparatively high in

papain and therefore a minute amount of enzyme is sufficient
for the activity which is a plus point in commercial usage. The
heat stability of papain is comparatively high, enabling it to

function in a broad temperature range without inactivation
and leads to changes in the product texture even after cooking
(Homaei et al., 2010). However, due to the broad specificity of

papain, an indiscriminate breakdown of all the proteins (Col-
lagen and miofibrilla) may occur and result in over tenderiza-
tion with a mushy texture (Islam and Molinar-Toribio, 2013).
Therefore, the marination with papain is preferred to be done

in controlled conditions.
Papain acts dominantly on mucoproteins and collagen of

connective tissue and collagen suspensions are converted into

compact gels as a result (Lonescu et al., 2008). Even though
the tenderness is increased by papain, the decrease of juiciness
and imparting a bitter taste due to bitter peptides formed by

proteolytic degradation restrict the use of papain in premium
quality meat industry (Gerelt et al., 2000). The over tenderiza-
tion of meat due to papain can be controlled by adding ascor-
bic acid and Ockerman et al. (1993) reveals that the activity of

papain can be totally suppressed by incorporating ascorbic
acid with a concentration of 2.5 mM. However, the excess
use of ascorbic acid may cause off -odours and off flavours.

Most recently, some emerging technologies have been com-
bined with papain enzymes to enhance meat tenderization.
High-intensity ultrasonic radiation, experimented with papain

by Barekat & Soltanizadeh (2017) has revealed that highest
tenderness and proteolytic activity were found with the com-
bined treatment of papain and ultrasonic power of 100 W

for 20 min. Schenkova et al. (2007) has researched the combi-
nation of papain and high isostatic pressure on tenderization
of beef meat and pressurization to 100 MPa with papain has
led to a significant increase of meat tenderness. More evidence
proved by Ma et al. (2019) highlight a significant increment of

tenderization in yak meat could be obtained at 50 MPa/15 min
with injecting papain (80 U/ml). The uniform distribution of
the enzyme throughout the matrix is facilitated by the com-

bined emerging technology and results in enhancing the ten-
derization capacity.

2.1.1. Chemical structure of papain

Papain is a sulfhydryl protease with the molecular weight of
23,000 Da and 3 disulphide bridges are prominent in the struc-
ture. Comparatively it is a small protein consisting of 212

amino acids (Lowe, 1976). Kamphuis et al. (1984) has demon-
strated the three dimensional structure for papain and in the
pH range of 5–8 and at 65 �C temperature papain has shown

a broad-spectrum enzymatic activity (Smith and Hong-
Shum, 2003). Specifically, papain is more reactive on amino
acids with aromatic side chains such as Phenylalanine and Tyr-
osine at the P2 position (Berger and Schechter, 1970).

Since the enzyme can be inactivated in extreme conditions
only, for example at 900 mpa, 80 �C for 22 min, this results
in continuing the tenderization process even after cooking

meat (Yeom, Zhang and Dunne, 1999). The same study further
suggests the possibility of inactivating papain by applying a
pulsed electric field where the researchers have observed the

breakdown of a- helical structure through Circular Dichroism
(CD) analysis.

2.1.2. Bromelain

Bromelain is extracted from pineapple (Ananas comosus) and
highly concentrated in stems and fruits whereas also reported
to be found in pineapple waste (Cores, peels and leaves) in

minute amounts (Sri Watanapongse et al., 2000). Stem brome-
lain, annanain and comosain are proteolytic enzymes extracted
from pineapple stem while fruit bromelain is from pineapple
fruit juice (Rowan et al., 1990). Since stem bromelain is

extracted as a combination of protease enzymes, purification
of stem bromelain is done by removing other components (an-
nanain and comosain) through chromatographic methods

(Feijoo-Siota and Villa, 2011; Napper et al., 1994) followed
by isolation of stem bromelain by precipitation and centrifuga-
tion (Devakate et al., 2009). Sunantha and Saroat (2011) state

that the maximum protease activity recovery of bromelain
from pineapple peel is observed by using a two-phase aqueous
system (18% PEG- 600 and 17% MgSO4). Bromelain is used

to increase the extraction yield and gel strength of gelatin
extracted from bovin skin, and scanning electron microscopic
observations highlight the presence of large particle size, dense
and irregular network (Ahmad et al., 2020) in extracted gelatin

samples incubated with bromelain.
A research conducted with chunks of chicken, beef and

squid marinated with bromelain extracts reported a reduction

of firmness by >61% (Sunantha and Saroat, 2011). Incorpo-
ration of bromelain on meat samples result in decreasing the
pH and increasing the Water Holding Capacity (Manohar

et al., 2016). Bromelain acts on myofibrillar proteins and col-
lagen to provide tenderizing effect in order to enhance the sen-
sory parameters (Sullivan and Calkins, 2010). However, the

marination of meat with bromelain having a broad specificity
results in over tenderization and mushy texture (Ha, Bekhit
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and Carne, 2014). Therefore, the over tenderization of meat
leaving mushy spots is a key drawback of bromelain and pear
fruit protease has been identified as an ideal alternative to

overcome the defect (Nam et al., 2016).

2.1.3. Chemical structure of bromelain

Bromelain comprises 285 amino acids (Arshad et al., 2014)

with a highest percentage of alanine and glycine while histidine
and methionine reported to be the least (Ota et al., 1964).
Murachi et al. (1964) identified the presence of 2.1% carbohy-

drate proving that bromelain is a glycoprotein and the concept
was further confirmed with the isolation of 30 mg of glycopro-
tein by 1 g of bromelain using gel filtration (Murachi et al.,

1967). In addition to the presence of thiol groups, bromelain
is a combination of phosphates, peroxidases, cellulases, glyco-
proteins and protease inhibitors (Bhattacharyya, 2008). The

recent study by Ramli et al. (2018) provides noteworthy details
on the two chemical structures of stem bromelain (EC
3.4.22.32) and fruit bromelain (EC 3.4.22.33), their difference,
and specificity etc., thus authors do not expect to repeat it here.

2.1.4. Ficin

The plants belonging to the Ficus family (Ficus glabrata, Ficus

anthelmintica, Ficus laurifolia) are the key sources of extracting
ficin (Gaughran, 1976) whereas there is a recorded history of
its usage as a meat tenderizer (Kang and Rice, 1970;
Solov’ev and Krakova, 1973). However, fig fruit is the promi-

nent source and its latex consists of 10 proteases (Kramer and
Whitaker, 1964) and the extraction is recommended in the pH
range of 5–7 and the 65 �C of optimum temperature. Further,

the tenderizing effect of Ficin has been experimented and a suf-
ficient proteolytic activity found on actomyosin complex and
collagen (Cormier et al., 1989). Gel electrophoresis is used to

evaluate the effect of ficin on meat tenderizing and
Ramezani et al. (2003) have discovered that the solubility of
meat proteins increases after marinating with ficin.

Ficin has the ability to act on elastin at low temperatures

(Around 20 �C) and displays a less reactivity on collagen
and myofibrillar proteins (Singh et al., 2019). However, the
changes in water holding capacity and the meat tenderizing

effect of samples treated with ficin has been experimented by
Ramezani et al. (2003) through gel electrophoresis. Further-
more, Gaughran (1976) states that the optimal pH for the reac-

tivity differs for elastin and collagen as 5.5 and 7.0 respectively.
The activity of ficin is relatively higher in salt soluble fractions
of meat (Kang and Rice, 1970). Since most of the meat based

recipes are included with a considerable proportion of salt,
ficin’s activity on salt soluble fraction adds value to enhance
the palatability of the final product.

A comparative study conducted by Ramezani et al. (2003)

using two samples of ficin tenderized meat and cysteine- mod-
ified soy proteins to produce bologna reveals that the meat
sample treated with ficin shows a disappearance of several pro-

tein bands and increment of the solubility of meat proteins.
The same study further states the substantial increment of
the Water holding capacity (WHC), emulsion stability and tex-

ture of both samples. The results of the Sodium Dodecyl
Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) elu-
cidate the impact of ficin on Nitrogen Solubility Index (NSI)

and degradation of specific proteins. According to Varnam
and Sutherland (1995), heavy chains of myosin are mostly
affected by ficin while C- Proteins and a-actinin are also par-
tially degraded.

2.1.5. Chemical structure of ficin

Ficin is categorized as a cysteine proteinase and is reported to
occur in multiple forms (Devaraj et al., 2008). Englund (1968)
revealed that Ficin is a single chain polypeptide and it was sep-

arated into different proteolytic compounds through CM- Cel-
lulose chromatography by Sgarbieri et al. (1964).

2.1.6. Actinidin

The proteolytic enzyme found in gooseberry or kiwi fruit
(Actinidia chinensis) is referred as ‘‘Actinidin” (Arcus, 1959).
Target protein in tenderizing meat is myofibrillar proteins

and degrades them into peptides and additionally activates
m-calpain in the postmortem ageing process (Ha et al.,
2012). Few studies show that actinidin possesses a mild tender-

izing effect even at high concentrations, overcoming surface
mushiness. Inactivation temperature is relatively low (60 �C),
and it helps to control the tenderization process preventing

overcooking (Tarté, 2009; Eshamah et al., 2014). This tender-
ization agent is used in instances where a minimum tenderiza-
tion effect is required due to the less tenderizing capacity in

comparison with other proteolytic enzymes. The fact is con-
firmed by Lewis and Luh (1988) by analysing the effect of
actinidin and papain on beef muscle proteins and observed
the less hydrolysis of myofibrillar proteins by actinidin than

papain and prevention of over tenderization of steaks in actini-
din marinated samples. Moreover, actinidin has the ability to
act on a broad optimum pH Range (5–7) (McDowall, 1970)

enabling its usage throughout a wide range.
A study conducted by Christensen et al. (2009) elucidate the

tenderizing effect of actinidin on pork muscles. According to

the study, the Warner- Bratzler (WB) shear force is reduced
and tenderness has been increased even though there was no
effect on flavour and the juiciness of meat. However, an
improvement of organoleptic properties with actinidin treated

samples were reported by Aminlari et al. (2009) and the same
study reveals the significant improvement of Nitrogen Solubil-
ity Index, Water Holding Capacity and texture. The activity of

acinidicin can be enhanced significantly by combining with the
ultrasonication (Jørgensen et al., 2008). Since the homoge-
neous mixing of the enzyme in marinated samples is facilitated

by ultrasound waves, the tenderizing effect of the combined
treatment is comparatively high. Even at uncooked stage
(20 �C) with acidic pH conditions, actinidin degrades cattle

achilles tendons into collagen sub units chains; ß and ɑ chains
and peptide fragments in different sizes (Wada et al., 2004).
The finding is really important since it gives a clue on the activ-
ity of plant thiol protease on collagen at uncooked conditions

and earlier it is believed that thiol proteases cannot act on
native collagen and the activity starts with the thermal degra-
dation when cooking (Lawrie, 1998)

The effect of kiwi fruit protease on pork has been studied
by Chen et al. (2012) and highlights the significant changes
occurred in myofibril fragmentation index, viscosity, particle

size and the microstructure. The scanning electron microscopic
observations of Samejima et al. (1991) using beef pieces
immersed in crude actinidin solutions confirm the changes in

microstructure, more prone towards a fragile structure after
marination. The increment of springiness, chewiness and



12 G.D.M.P. Madhusankha, R.C.N. Thilakarathna
reduction of hardness in chicken samples incorporated with
actinidin was observed by Bagheri Kakash et al. (2019). The
same study further reveals the mechanism of hydrolysis as

reducing the length of the peptide chains, thus significantly
increasing the lightness.

2.1.7. Chemical structure of actinidin

Actinidin is categorized under the class of plant thiol protease
(Glazer and Smith, 1971) due to the presence of a free sulfhy-
dryl group (McDowall, 1970). The molecular weight is 26,000

and two active proteins have been identified through Diethy-
laminoethyl (DEAE) cellulose chromatography (Boland and
Hardman, 1972). The fractionation of actinidin has been done

by McDowall (1973) on DEAE- Sephadex A25 and identified
the 2 fractions based on the electrophoretic mobility towards
the anode of the SDS-PAGE. The conformation of the struc-

ture has been identified as almost similar to papain and con-
sisting of a single chain of 220 residues with at least 2
disulfide bridges (Baker, 1977).

2.2. Zingibain

The meat tenderizing ability of ginger (Zingiber officinalae) is
due to the Ginger Protease (GP) or Zingibain (Sakasai et al.,

1980; Hamazume et al., 1987). The proteolysis of zingibain is
heavily applied on collagen than actomyosin and the research
conducted by Thompson et al. (1973) proves that zingibain

outperforms papain and ficin by its ability to proteolyse more
collagen while it has a higher optimum activity temperature
(60 �C) than bromelain and optimum pH of 6 (Ha et al.,

2012). Thompson et al. (1973) further state that both collagen
and actomyosin show a linear increase in proteolysis at 30–
50 �C whereas the proteolysis rate of actomyosin drops down
steadily at temperatures above 50 �C. The combined proteoly-

sis of both muscle proteins result in significantly more tender
meat.

In addition to enhancing the tenderness, zingibain has the

ability to sharpen the flavour and juiciness (Naveena et al.,
2004) of meat products. Ginger is used as a flavour enhancer
in culinary dishes and therefore treating with zingibain gives

an additional advantage of enhancing the flavour and aroma.
Abuduwaili et al. (2019) state that the application of zingibain
in dry cured mutton ham resulted in significantly high fat and
protein degradation, increasing the water loss, and shortening

the maturation cycle. The same study further reveals the incre-
ment of Total Nitrogen (TN), Non-Protein Nitrogen (NPN)
and Proteolysis Index (PI) in the samples treated with zin-

gibain. In comparison with other natural tenderizing agents,
the commercial use of zingibain is at a minimal level due to
its low stability and treating with sodium ascorbate or prepar-

ing as ginger protease acetone powders extend the shelf life
from 2 days to 18 months at storage of 5 �C (Adulyatham
and Owusu-Apenten, 2005). Since ginger is a commercially

grown spice, the raw material supply is continuous and there-
fore, more research should be done to improve the stability of
zingibain in order to encourage the commercial usage.

2.3. Cucumin

The fruits of Cucumis trigonus Roxb available in India, Pak-
istan, Afghanistan and Persia is used to extract cucumin and
it is recognized as a proteolytic enzyme for meat tenderization
(Hujjatullah and Baloch, 1970). The extractions are done with
10% Sodium chloride and Ammonium sulphate and the out-

come is known as cucumin (Mane et al., 2014). The use of
cucumin is more popular in traditional villages and has a less
impact in commercial applications up to date (Cazarin et al.,

2015). There are records on the usage of cucumin to tenderize
buffalo meat which is regarded as a tougher meat than beef
even though the cholesterol content is comparatively low

(Naveena et al., 2004).
Ability to retain the enzymatic activity throughout a wide

temperature range (40 �C – 70 �C) is a specialty of cucumin
and it activates around pH 5 (Hujjatullah and Baloch, 1970).

Moreover, a comparative study conducted by Narayan et al.
(2015) to identify the impact of citric acid, cucumin powder
and high pressure treatment on the quality of goat meat came

up with the conclusion of significant improvement in juiciness,
tenderness, flavour and overall acceptability of the meat sam-
ple marinated with cucumin powder. Generally, goat meat is

widely consumed in rural parts of India and statistical reports
highlight that around 41% of goats are slaughtered at the com-
pletion of their productive life time. As the meat of the spent

animals is tough, the whole production is used for their local
consumption only. Therefore, there is a potential of incorpo-
rating a protease enzyme like cucumin in order to enhance
the commercial usage of goat meat.

3. Comparative effect of the discussed plant proteolytic enzymes

Generally, it is known that enzymatic hydrolysis of meat pro-

teins will increase the solubilization of free amino groups and
hydroxyproline. As a result, the integrity of muscle will be
loosened and will reduce the shear force or increase the tender-

ness (Fogle et al., 1982). A comparative study of Ha et al.
(2012) show that the enzyme activity (casein hydrolytic activ-
ity, collagen hydrolysis capability and meat myofibril protein

hydrolysis) of commercially available protease enzymes;
papain, bromelain, actinidin and zingibain is significantly dif-
ferent. Zingibain protease has a more capability of hydrolysing

meat connective tissue proteins while the actinidin protease is
specifically effective at hydrolysing meat myofibrillar proteins.

Nevertheless, the study of Maqsood et al. (2018) on camel
meat revealed that papain and bromelain enzymes, even at

100 ppm levels, the degradation of different protein fractions
(total protein, sarcoplasmic protein, trichloroacetic acid
(TCA)-soluble peptides and soluble collagen) were higher,

but compared to meat treated with ficin, textural parameters
were lower. The authors suggested that the tenderness of camel
meat can be improved enzymatically and essential to optimize

the process in terms of enzyme concentrations, method of
administration and treatment time. Although there is no con-
siderable difference in optimum pH ranges of the proteolytic
enzymes, the Isoelectric Point of actinidin is significantly low

(3.00) in contrast to that of papain and ficin (8.75 and 9.00
respectively) (Glazer and Smith, 1971).

Even though numerous researches have been done on the

tenderizing capacity of plant proteases, their effect on altering
the volatile composition and odour generation is minimally
studied. According to Zhao et al. (2020), beef cuts treated with

papain resulted in generating amino acids while bromelain
produced more aldehydes and ketones. Aldehydes enhance fla-



Table 4 Other useful plant materials with proteolytic activity

for meat tenderization.

Useful

plant

extracts

Protease activity

on meat

Temperature

of maximum

protease

activity

Reference

Grape

juice

(Vitis

vinifera

L)

Medium activity

(225.86 unit)

50 �C Koak et al. (2011)

Apple

juice

(Malus

Pumila)

Lower activity

(78.29 unit)

60 �C Koak et al. (2011)

Pears

juice

(Pyrus

serotina

L.)

Lower activity

(97.75unit)

50 �C Koak et al.

(2011); Han and

Chin, 2004

Citrus

juice

(Family

of Citrus)

Lower effect Not

quantified

Unknown Burke and

Monahan (2003)

Garcinia

(Garcinia

gummi-

gutta)

Not quantified Unknown Traditional

tenderizing effect

is known, but no

literature

evidence

Pepper

oil (Piper

nigrum)

Authors research

on pepper

oleoresin,

revealed a

significant effect

Under

research

stage

Traditional

tenderizing effect

is known, but no

literature

evidence
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vour profiles with lack of off odours and therefore, treating
with bromelain results in tender meat with more flavour and
aroma.

4. Extraction, separation and purification of cysteine proteases

Novel purification methods have been employed for the extrac-

tion and purification of crude extract of meat tenderizing
enzymes. Commonly used technologies are Aqueous Two-
Phase Systems (ATPS), Reverse Micellar Extraction (RME),

Precipitation, Ion exchange Chromatography (IEC) and
Adsorption. However, each is having both advantages and dis-
advantages thus, these are currently being employed at a labo-

ratory scale, not sufficiently developed upon large-scale
processing. Therefore, given a broad impact, to understand
how different technologies have been used for each enzyme

extraction, significant findings are summarized in Table 3.
Briefly, ATPS is based on the formation of two immiscible

layers by dissolving salts and polymers in aqueous solution.
Then extractable protein is distributed among these phases

by changing the ionic strength (use buffers), temperature
and, pH and depending on the polarity protein is separated
effectively. Although it costs low and efficient to eliminate

trace contaminants, recovery means of target proteins are
obscured. In RME reverse micelles are formed by a polar head
inside the aqueous core and nonpolar tail outside intact with

solution and fully embedded in a surfactant (Wheelwright
(1991). Enzyme is solubilized in an aqueous solution and taken
into organic phase; entrapping (forward extraction) and releas-
ing (backward extraction) the target protein into the micelle by

manipulating the ion strength, pH and concentration of sur-
factant. Recovery of target protein is difficult, but the loss of
native protein is less and scaling up is convenient. Protein pre-

cipitation involves adding different types of salts, polar and
nonpolar solvents into plant extracts while varying the solvent
temperature and pH. Salting out or precipitation is anchored

by decreasing the solubility of proteins and most often, ammo-
nium sulphate is used as the precipitating agent. Additional
steps of centrifugation and dialysis are being used as men-

tioned in Table 3 aiming to remove impurities. IEC is com-
monly used in the packed column with stationary and
mobile phases implementing adsorption mechanisms. The base
of adsorption is the use of solid adsorbent to bind with a solute

dissolved in a solution and this method is becoming quite pop-
ular. Ultrafiltration is suggestable as an alternative option for
above mentioned methods because of the non-consumption of

solvents and quickness. Ultrasound can be assisted with the
micro filtration for better separation.

5. Identified gaps and future trends

Comparative data regarding the required concentrations of
proteolytic enzymes to deliver a similar output with respect

to meat tenderness is lacking and there is an untouched
research field on determining the best tenderizing agents
according to the meat variety and the meat cut. Even though

a variety of proteolytic enzymes are currently used in small
scale, their commercial applications are limited. The chemical
structures, mode of application, purification and optimum
extraction protocols need to be further investigated and finely

tuned.
Although a significant number of researches have been
done on papain, bromelain and ficin a very few are published

on the optimization of the separation and purification of zin-
gibain and actinidin; noticeably no any recent studies on cucu-
min. Overall, there’s a small touch on novel extraction

methods like ultrasonication and other combined mechanisms
which could enhance the efficiency and avoid the usage of sol-
vents (green technology). In an attempt to clarify this, cloning

and encapsulation can be suggested to grow and stabilize the
isolated cysteine proteases where authors emphasize that it is
required to scrutinize deeply and establish new platforms to
prepare these protease enzymes for the sake of industrial use.

For the benefit of the industry, a new protocol defined ‘‘im-
mobilization” of proteases has become a trend recently. Immo-
bilization of enzymes can improve the features of enzymes (eg:

rigidity, intermolecular structure, resistance in unfavorable
conditions etc) besides reusing them again and again
(Morellon-Sterling et al., 2020). Nevertheless, some scientists

discuss additional drawbacks of immobilizations itself (unex-
pected inactivation and formation of new bonds supporting
the enzymes) and suggest cross linking of enzyme aggregates
with immobilization using suitable cross linkers to overcome

these problems (Banerjee et al, 2020). However, if these tools
can be used to explore systematically, then it would result
fruitfully in the meat tenderizing industry.
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Patel (2015) reveals the tenderization effect of lemongrass
volatile oil and there is a potential of incorporating oleoresins
and volatile oils to enhance the tenderness of meat products.

Since oleoresins contain all the components present in raw
plant materials, all the other beneficial effects such as flavour,
aroma generation, enhancing antioxidant capacity and natural

preservative qualities are imparted in addition to the tenderiza-
tion effect. The use of oleoresins of plant extracts is a feasible
move in the industry due to the convenience in extraction, stor-

age and cost effectiveness. Since the moisture content of oleo-
resins is negligible, the shelf life is high and the off flavour
generation during cooking is minimal as a result of the heat
stability of oleoresins. A list of other plant materials which

can be used as tenderizing agents is given in Table 4 and it is
necessary to research more on alternative sources with an eco-
nomic feasibility in industrial scale.

6. Conclusion

The incorporation of proteolytic enzymes with meat prod-

ucts result in reducing their toughness and enhancing the
eating quality. However, the use of exogenous proteases
should be done under controlled conditions to achieve opti-

mum results and their excessive usage may deteriorate the
product quality. Majority of the exogenous enzymes are
plant based and mainly extracted through solvents. Further-

more, only a limited number of proteolytic enzymes are
commercially manufactured and thus most of the meat pro-
ducers are unable to afford them. With respect to increasing
the usage of meat tenderization agents, it is recommended to

research further on extraction and purification mechanisms
of minimally utilizing proteolytic enzymes such as zingibain,
cucumin, actinidin and other available underutilized plant

varieties. Additionally, exploration of food enzyme struc-
tures could contribute to the development of the food pro-
cessing industry by letting understanding the behaviour of

the enzymes and, improving the separation and purification
of plant enzymes.
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