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Enzymatic hydrolysis of proteins is considered a feasible approach to obtain more functional and
nutritional products. Plant proteases (either purified or as crude extracts) have been used in dairy sys-
tems with growing interest. Specific plant proteases such as actinidin, bromelain, ficin and papain have
been isolated and extensively characterised. Their application on dairy proteins can provide benefits by
providing a product that is less allergenic or with improved techno-functionality. Also, benefits can
include hydrolysates with reduced bitterness and obtaining of bioactive peptides with enhanced
nutritional and physiological properties. This review describes the use of plant proteases in hydrolysis,
application of specific proteases in dairy applications.
© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Milk proteins present a diverse group of proteins, composed of
the caseins and whey proteins. In addition to being nutritionally
very valuable, a major role of caseins in food applications is often as
a structure builder. Caseins are a versatile group of proteins con-
sisting of 4 types named as1-, as2-, b- and k-casein (CN) (Huppertz,
2013). On the other hand, whey proteins are considered valuable
due to an abundance of branched chain amino acids (BCAA), which
iljevic).

ier Ltd. This is an open access artic
play a crucial role for e.g., muscle physiology (Sah, McAinch, &
Vasiljevic, 2016). Whey proteins in commercially available for-
mats, such as in the form of whey protein concentrates or isolates,
are usually derived from co-products in the production of majority
of cheeses and caseinates. Whey proteins are a very diverse group
of proteins, including a-lactalbumin (a-LA), b-lactoglobulin (b-LG),
bovine serum albumin (BSA), lactoferrin, lactoperoxidase, and
various immunoglobulins (Dupont, Croguennec, Brodkorb, &
Kouaouci, 2013). In addition, whey protein derived peptides
possess various physiologically important properties impacting the
immune, cardiovascular, digestive and nervous systems (Ghosh,
Prasad, & Saha, 2017). However, their application in food systems
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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can be hindered with several important issues such as cow milk
protein allergies (CMPA) and poor stability during processing as
most prevalent (Host & Halken, 2014). Therefore, efficient utiliza-
tion of milk proteins in food systems may depend on tailoring their
structural characteristics.

Protein modifications can be achieved by various chemical and
biochemical methods, such as use of acids or alkali or by microbial
or enzymatic hydrolysis (Ovissipour et al., 2013). In the food in-
dustry, the former techniques have disadvantages. Acid treatment
may not be preferred as it converts Gln to Glu and Asn to Asp,
partially destroys Ser and Thr, and also causes oxidation of Met and
Cys, whereas treatment with alkali can cause racemization of
amino acids. Therefore, hydrolysates of milk proteins are usually
obtained through enzymatic hydrolysis as this provides the ad-
vantages of fast reaction rates, mild processing conditions and high
specificity compared to the chemical methods (Noman et al., 2018).
Because of the relatively low value of (some) food ingredients,
processing enzymes must be cheap relative to total costs. Further-
more, enzymes may be highly substrate or site specific, so that a
number of enzymes may be needed to achieve required modifica-
tion(s) (Krem, Rose, & Di Cera, 2000).

Awide range of proteases (EC 3.4) exists in nature, with different
functions and specificities (Krem et al., 2000). Protease specificity is
governed by the way the protease interacts with the substrate to
perform its action; this is the core of protease applications and thus
can reflect on the properties of the final product (Krem et al., 2000).
According to the Enzyme Commission (EC), proteases are classified
into group 3 (hydrolases) and subgroup 4 (hydrolysis of peptide
bonds); however, they can also be classified according to the origin
(animal, plant ormicrobial), catalytic action (endo or exopeptidase),
molecular size, active site, charge and substrate specificity
(Sumantha, Larroche,& Pandey, 2006). Enzymes fromplant, animal,
and microbial origin, such as papain, bromelain, ficin, actinidin,
alcalase, pepsin, trypsin, chymotrypsin, are among commercially
available proteases that have been used to produce milk protein
hydrolysates (Rawlings, Barrett, Woessner, & Salvesen, 2012).

Plant proteases are fast emerging and feasible approach from the
industrial point of view due to their easy accessibility; they are more
economical than proteases from other sources, usually high pro-
teolytic activity and unique characteristics in terms of their stability
at high temperatures which allows for a better controlled process
without destroying any essential amino acids (Gurumallesh, Alagu,
Ramakrishnan, & Muthusamy, 2019). Protease specificity is gov-
erned by theway it interactswith the substrate to perform its action,
which is the core of protease applications and thus can be invariably
reflected on the properties of the final product (Krem et al., 2000).
Understanding how proteases perform their functions and under
which conditions is important in the search for appropriate and new
enzymes and is the aim of this review.

2. Plant proteases and their characteristics

Initially plant proteases were mainly used in the form of plant
tissues and crude, usually aqueous, extracts while nowadays, due
to advancements in extraction, purification and characterisation
techniques, they are also used in a pure form (Tavano, Berenguer-
Murcia, Secundo, & Fernandez-Lafuente, 2018). Plant-based pro-
teases are now widely produced, either extracted directly from
their natural source or produced through cultures (Table 1), such
as papain (EC 3.4.22.2), bromelain (EC 3.4.22.32e33), ficin (EC
3.4.22.3) and actinidin (EC 3.4.22.14) (Table 2) (Rawlings et al.,
2012).

Plant-derived cysteine proteases are divided into five clans, CA,
CD, CE, CF and CO, with majority of proteases belonging to clan CA
(Papain family) (Feijoo-Siota&Villa, 2011). Proteases fromtheCAclan
2

must have a targeting sequence, to direct them to a specific cellular
compartment, and the cleavage of a protein precursor, to activate the
enzyme,at theN-terminusof theenzyme.Anextensivehomologyhas
been found in the amino acid sequence, substrate specificity and
tertiary structure of all members of CA clan, the C1 family (Baker,
Boland, Calder, & Hardman, 1980; Carne & Moore, 1978). Their
structure consists of a b-barrel like and a a-helix disunited by a grove,
consistingof theactive sitewithCys25andHis159 residuesoneachside
of the groove (Fig. 1) and are present in all enzymes of the family.
Asp175, which orients the His159 ring, and Glu19, which leads to Cys25,
are two additional residues that are also crucial for catalysis of CA
family (Carne &Moore, 1978; Feijoo-Siota& Villa, 2011).

Actinidin is a cysteine protease consisting of 220 amino acids and
has a molecular weight of 23.5 kDa. Actinidin is extracted from
kiwifruit and is active in the pH range of 4e10 and the temperature
range 15e60 �C (Baker et al., 1980; Zhu, Kaur, & Boland, 2018). The
actinidin amino acid sequence contains a total of seven Cys residues,
with one is located inside the active site and the other six are
involved in the formation of three disulphide bridges. The poly-
peptide chain of actinidin is folded into a-helices and twisted b-
sheets, where the a-helix domain consists of residues from
f(19e115) and f(214e218) and the b-sheets contain residues f(1e18)
and f(116e213). This type of folding arrangement leads to the pro-
tein cleavage occurring in between both domains. The amino end of
one domain is linked with carboxylic group of another domain,
which leads to formation of a belt-like structure and hence exhibit
actinidin stability. Cys25 and His162 are two residues present at the
active site behind the cleft in the middle of the domains of actinidin
(Grozdanovi�c, Gavrovi�c-Jankulovi�c, & Drakuli�c, 2013; Rawlings
et al., 2012). An active site of actinidin consists of seven subsites
(S1, S2, S3, S4, S10, S20 and S30) that bind with an amino and car-
boxylic endof the side chain of an amino acid of the substrate (P1, P2,
P3, P4, P10, P20 and P30) (Baker et al.,1980; Boland& Singh, 2013). The
interaction of subsite S2 towards P2 of the substrate provides major
contribution towards actinidin specificity. S2 subsite of actinidin
mainly consists of side chains of Tyr67, Ile70, Thr69, Ser205, Met211,
Val133 and Val157. In actinidin, Met211 is present at the lower part of
binding pocket of the S2 subsite, but its side chain changes position
during creation of an actinidin substrate complex,which completely
allows sidechains of Phe residue to approach S2 subsite (Baker et al.,
1980; Boland& Singh, 2013; Rawlings et al., 2012). Actinidin mostly
cleaves amino acids present on hydrophobic sites of the P2 residue,
such as Leu, Val or Phe (Boland & Singh, 2013).

Papain contains 212 amino acids and has a molecular weight of
23.4 kDa. It has three disulphide bridges and one free sulfhydryl
group. Papain cleaves the peptides containing amino acids Ala, Ile,
Trp, Phe, Val, Leu and Tyr (Lorenzo et al., 2018). Similar to actinidin,
papain exhibits a preference for an amino acid with a large hy-
drophobic side chain at the P2 position; however, unlike actinidin,
papain does not accept Val at the P10 position (Lorenzo et al., 2018).

Bromelain resembles papain and actinidin in terms of substrate
specificity and it mainly cleaves after Lys, Ala, Tyr and Gly (Rawlings
et al., 2012). Its optimum pH is 6.0e8.5 and its optimum temper-
ature is 50e60 �C. Bromelain is obtained from the stem and fruit of
the pineapple. Fruit bromelain exhibits broader specificity and
higher proteolytic activity as compared to stem bromelain (Polaina
& MacCabe, 2007).

Similarly, ficin (EC 3.4.22.3) exhibits optimum pH range of
5.0e8.0 and temperature is 45e55 �C (Polaina & MacCabe, 2007).
For ficin, only N-terminus (His and Cys) sequencing has been
studied so far and Cys showed homology to that of papain
sequencing. Furthermore, a study conducted by Devaraj, Gowda,
and Prakash (2008) revealed enzymatic specificity of ficin to-
wards hydrolysing peptide bonds C-terminal to Glu, Leu and Phe at
the P1 position.



Table 2
Main plant derived endopeptidases (proteinases) used in dairy systems.

Proteinase type Proteinase name References

Cysteine Papain-like Gavira, Gonzalez-Ramirez, Oliver-Salvador, Soriano-Garcia, and Garcia-Ruiz (2007); Torres et al. (2010)
Papain Abe, Wu, Kim, Fujii, and Abe (2015); Fern�andez-Lucas, Casta~neda, and Hormigo (2017); Kaur et al.

(2023b); Mahajan and Chaudhari (2014).
Bromelain Arshad et al. (2014); Kaur et al. (2023b)
Ficin Morellon-Sterling, El-Siar, Tavano, Berenguer-Murcia, and Fern�andez-Lafuente (2020)
Actinidin Grozdanovic, Burazer, and Gavrovic-Jankulovic (2013); Kaur et al. (2021); Kaur et al. (2023b); Zhang,

Sun, Liu, Li, and Jiang (2017)
Serine Dubiumin Ahmed, Morishima, Babiker, and Mori (2009)

Subtilisins Asif-Ullah, Kim, and Yu (2006); Laplaze et al. (2000); Uchikoba et al. (2001)
Latex glycoprotein (LGP) Rajesh et al. (2006)
Religiosin Kumari, Sharma, and Jagannadham (2010)
Milin Yadav, Pande, and Jagannadham (2006)
Neriifolin Yadav, Patel, and Jagannadham (2012)

Aspartic Asteraceae Raposo and Domingos (2008)
Cyprosins and cardosins Liburdi, Spinelli, Benucci, Lombardelli, and Esti (2018); Mazorra-Manzano et al. (2013)
Onopordosin Brutti, Pardo, Caffini, and Natalucci (2012)
Arctiumisin Cimino, Colombo, Liggieri, Bruno, and Vairo-Cavalli (2015)
Purified extract from Centaurea calcitrapa Raposo and Domingos (2008)
Protein extract from Ficus racemosa latex Devaraj et al. (2008)
Purified extract Withania coagulans Salehi, Aghamaali, Sajedi, Asghari, and Jorjani (2017)
Purified extract Foeniculum vulgare Bey, Debbebi, Abidi, Marzouki, and Salah (2018)

Table 1
Examples of plant proteases commercially produced by in vitro techniques.

Species Protease Type of culture Reference

Ananas comosus Bromelain Micropropagation, callus Fernandez and Pomilio (2003)
Actinidia deliciosa Actinidin Micropropagation Nadarajan et al. (2023); Prado, Herrera, V�azquez, Romo, and Gonz�alez (2005); Wu

(2017)
Ficus carica Ficin Micropropagation, cell

suspension, callus
Dini et al. (2021); Gupta, Jain, Joseph, and Devi (2020); Kim and Li-Chan (2006); Pasqual
and Ferreira (2007);

Taxus canadensis Peptidase extract Micropropagation Gupta et al. (2020)
Hypericum perforatum Peptidase extract Micropropagation Gupta et al. (2020)
Cynara cardunculus Cardosin Cell suspension, callus Anandan, Sudhakar, Balasubramanian, and Guti�errez-Mora (2012); Elateeq, Sun,

Nxumalo, and Gabr (2020); Folgado, Pires, Figueiredo, Pimentel, and Abranches (2020)
Silybum marianum Silymarin Cell suspension, callus Anandan et al. (2012); Cimino, Cavalli, Spina, Natalucci, and Priolo (2006); Elateeq et al.

(2020); Folgado et al. (2020)
Carica papaya Papain Micropropagation, callus Gupta et al. (2020); Panjaitan, Aziz, Rashid, and Saleh (2007)
Coleus forskohlii Forskolin Micropropagation Gupta et al. (2020)
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3. Improving properties of milk protein hydrolysates

Activity of any enzyme is influenced by several important fac-
tors including substrate concentration, pH, ionic strength, nature of
ionic environment and temperature (Kaur, Huppertz, & Vasiljevic,
2021; Palmer, 2001). Furthermore, kinetic characterisation of
Fig. 1. Three-dimensional model of cysteine protease (papain), PDB code: 1PPN
(adapted from Pickersgill, Harris, & Garman, 1992).

3

enzymes with specific substrate is also a crucial step for best esti-
mation of selection of that enzyme from industrial production
point of view (Kaur, Vasiljevic, & Huppertz, 2023b). So, optimiza-
tion of processing conditions with correct choice of enzyme can
lead to achievement of beneficial properties by exerting changes in
peptide/amino acid conformations (Tavano et al., 2018).
3.1. Alteration in allergenicity

Despite of their versatility, cows' milk proteins are considered
among the so-called “Big-8” food allergens (Bogahawaththa,
Chandrapala, & Vasiljevic, 2017). Cows' milk protein allergy
(CMPA) is the most prevalent food allergy among infants. Cows'
milk contains approximately 35 allergen proteins, with many pre-
sent in trace amounts. Some of the major milk proteins epitopes
regions and their amino acid sequences can be found in Table 3. One
of the approaches in the management of CMPA is based on avoid-
ance of milk proteins in the diet, but this may have substantial
consequences on a person's development due to lack of appropriate
intake of essential amino acids. However, the allergic properties of
many proteins can also be reduced by enzymatic hydrolysis. Hy-
drolysis by plant proteases assists in minimizing protein allerge-
nicity by converting proteins to peptides and free amino acids, as a
result of which reactive epitopes may no longer be recognized by



Table 3
Some of the major milk proteins epitopes regions along with their amino acid sequences.

Protein
fraction

Epitopes Specific amino acid sequence References

as1-CN f(21e35) Leu-Arg-Phe-Phe-Val-Ala-Pro-Phe-Pro-Glu-Val-Phe-Gly-Lys-Glu Cong, Yi, Qing, and Li (2013)
f(56e70) Asp-Ile-Lys-Gln-Met-Glu-Ala-Glu-Ser-Ile-Ser-Ser-Ser-Glu-Glu
f(161e175) Ser-Gly-Ala-Trp-Tyr-Tyr-Val-Pro-Leu-Gly-Thr-Gln-Tyr-Thr-Asp

b-CN f(1e14) Arg-Glu-Leu-Glu-Glu-Leu-Asn-Val-Pro-Gly-Glu-Ile-Val-Glu Chatchatee et al. (2001)
f(23e36) Ile-Thr-Arg-Ile-Asn-Lys-Lys-Ile-Glu-Lys-Phe-Gln
f(55e69) Thr-Gln-Ser-Leu-Val-Tyr-Pro-Phe-Pro-Gly-Pro-Ile-Pro-Asn
f(81e94) Gln-Thr-Pro-Val-Val-Val-Pro-Pro-Phe-Leu-Gln-Pro-Glu-Val
f(107e122) Lys-Glu-Met-Pro-Phe-Pro-Lys-Tyr-Pro-Val-Glu-Pro-Phe-Thr
f(135e144) Leu-Pro-Leu-Pro-Leu-Leu-Gln-Ser-Trp-Met
f(149e162) Gln-Pro-Leu-Pro-Pro-Thr-Val-Met-Phe-Pro-Pro-Gln
f(170e182) Lys-Val-Leu-Pro-Val-Pro-Gln-Lys-Ala-Val-Pro-Tyr-Pro-Gln
f(183e208) Arg-Asp-Met-Pro-Ile-Gln-Ala-Phe-Leu-Leu-Tyr-Gln-Glu-Pro-Val-Leu-Gly-Pro-Val-Arg-Gly-Pro-Phe-Pro-Ile-Ile

k-CN f(15e24) Glu-Arg-Phe-Phe-Ser-Asp-Lys-Ile-Ala-Lys Chatchatee et al. (2001)
f(38e47) Ser-Tyr-Gly-Leu-Asn-Tyr-Tyr-Gln-Gln-Lys
f(55e81) Phe-Leu-Pro-Tyr-Pro-Tyr-Tyr-Ala-Lys-Pro-Ala-Ala-Val-Arg-Ser-Pro-Ala-Gln-Ile-Leu-Gln-Trp-Gln-Val
f(105e117) Phe-Met-Ala-Ile-Pro-Pro-Lys-Lys-Asn-Gln-Asp-Lys

b-LG f(41e60) Val-Tyr-Val-Glu-Glu-Leu-Lys-Pro-Thr-Pro-Glu-Gly-Asp-Leu-Glu-Ile-Leu-Leu-Gln-Lys Bogahawaththa et al. (2017);
Fox (2003)f(102e124) Tyr-Leu-Leu-Phe-Cys(forms disulphide bridge with Cys119)-Met-Glu-Asn-Ser-Ala-Glu-Pro-Glu-Gln-Ser-Leu-

Ala-Cys (forms disulphide bridge with Cys106)-Gln-Cys (a free thiol group)-Leu-Val-Arg (very stabilised
sequence)

f(149e162) Leu-Ser-Phe-Asn-Pro-Thr-Gln-Leu-Glu-Glu-Gln-Cys (forms disulphide bridge with Cys66)-His-Ile (makes
flexible turns at the hydrophobic carboxyl terminus)

a-LA f(7e18) Glu-Val-Phe-Arg-Glu-Leu-Lys-Asp-Leu-Lys-Gly-Tyr J€arvinen, Chatchatee, Bardina,
Beyer, and Sampson (2001)f(53e62) Phe-Gln-Ile-Asn-Asn-Lys-Ile-Met-Cys-Lys

f(89e108) Ile-Met-Cys-Val-Lys-Lys-Ile-Leu-Asp-Lys-Val-Gly-Ile-Asn-Tyr-Trp-Leu-Ala-His-Lys
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antibodies that would initiate allergenic reaction (Noman et al.,
2018).

Cysteine plant proteases have shown higher effectiveness with
dairy proteins compared to proteases from other sources. For
example, a study by Izquierdo, Pe~nas, Baeza, and Gomez (2008) on
enzymatic hydrolysis of WPC under microwave irradiation by using
pronase, chymotrypsin, corolase, alcalase, neutrase or papain
showed that treatment with papain resulted in the largest immu-
noreactivity reduction after alcalase, whereas treatment with pro-
nase was slightly lower than papain; hydrolysis with chymotrypsin,
corolase and neutrase resulted in negligible immunoreactivity
reduction. Also, papain (Liang et al., 2020), actinidin (Kaur,
Huppertz, & Vasiljevic, 2022), ficin (Aider, 2021) and bromelain
(Hasegawa et al., 2017) have been used on different milk proteins
aimed to reduce antigenicity of milk proteins, and significant re-
ductions were observed.

Infant formulas containing protein hydrolysates differ due to
protein source, the degree of hydrolysis and the profiles of released
peptides, all of which are enzyme dependant (type) and other pre-
and post-processing methods (Exl & Fritsche, 2001). Table 4 shows
selected milk protein hydrolysates obtained by treatment with
plant proteases, resulting in significant reduction in antigenicity
and allergenicity. For example, IgE immunoreactivity of WPI was
reduced by 47% after treatment with papain when hydrolysis per-
formed at optimum conditions for 5 h at enzyme to substrate ratio
of 1e100 (Zadeh, 2017). Furthermore, in a study of actinidin hy-
drolysis with milk protein concentrate (MPC) and whey protein
isolate (WPI), significant reductions in the antigenicity of b-LG
(43%) and as1-CN (48%) for MPC and b-LG (54%) for WPI at 60 �C
occurred (Kaur et al., 2022). Hydrolysis at 10 �C also resulted in
reduction in antigenicity of b-LG (39%) and as1-CN (42%) for MPC
and b-LG (14%) for WPI (Kaur et al., 2022). Izquierdo et al. (2008)
also reported a significant decrease in immunoreactivity in WPC
hydrolysates obtained by papain treatment, whereas Villas-Boas,
Bened�e, de Lima Zollner, Netto, and Molina (2015) showed b-LG
hydrolysates obtained by bromelain resulted in reduction of the
number of epitopes and the IgE-binding capacity of native b-LG. A
study conducted by Liang et al. (2020) indicated that cow milk
4

treated with papain showed a %DH of only 4.5. However, this DH
still showed significant reduction in IgG reactivity (75% reduction).
Also, an animal study showed that the cow's milk proteins hydro-
lysed for 24 h by Carica papaya exhibited no immune reactions in
mice allergic to cow's milk (Oliveira et al., 2019).

Combinations of enzymes can also be used to achieve extensive
hydrolysis. For instance, a significant reduction of antigenicity was
observed after two step hydrolysis of WPC with alcalase and
papain, but immunoreactive epitopes still remained present
(Wr�oblewska & Troszy~nska, 2005). In another study, peptides of
freeze-dried demineralized cheese whey with 40% reduced anti-
genicity were obtained by hydrolysis with combinations of papain
and trypsin (Shin et al., 2007).

While numerous studies have been conducted, the research is
still ongoing to obtain allergen-free milk proteins hydrolysates
(Freidl et al., 2022; Fritsch�e, 1998; Pecquet, Bovetto, Maynard, &
Fritsch�e, 2000). Thus, further studies are needed with a multitude
of objectives including enzyme selection and establishment of
processing conditions that would result in hypoallergenic
hydrolysates.

3.2. Changes in techno-functional properties

Limitations with functional properties of some dairy proteins
can limit their use in some applications. For example, high viscosity
or poor solubility of MPC/MPI at room temperature and neutral pH
can limit utilisation in high energy drinks (Havea, 2006; Singh,
2011). Furthermore, limited emulsification and foaming proper-
ties of MPC compared to other milk proteins, such asWPC, WPI and
sodium caseinate, can limit their use in processed meats, coffee
creamer, whipped toppings and soups (Singh, 2011).

Functional properties of proteins are related to their molecular
hierarchical structure composed of the primary and at least the
secondary structure, which govern protein ability to interact with
other components of a food matrix (Severin & Xia, 2006). There-
fore, efficient utilization of milk proteins in food systems depends
on tailoring their structural characteristics. Extensive hydrolysis,
however, is not feasible approach as it leads to many properties of



Table 4
Selected milk protein hydrolysates obtained by plant proteases (either as a single step hydrolysis or with other group of proteases) to evaluate reduction in antigenicity and
allergenicity.

Enzyme Substrate Hydrolysis conditions Immunogenicity reduction Reference

Alcalase, papain WPC 15mAU g�1 protein/50 �C/pH 8/
120 min (single step) and
100 min for 1st enzyme
followed by 20 min for 2nd
enzyme (two steps)

Two steps hydrolysis was more effective in
reducing antigenicity but allergenic epitopes
were still present

Wr�oblewska et al. (2004)

Four combinations of trypsin,
neutrase, papain, protease S

Freeze dried
demineralized cheese
whey

E/S ratio 1:100, pH 8.0 at 50 �C/
180 min

Trypsin/papain (1/1) and Trypsin/neutrase (1/1)
showed about 40% reduction in antigenicity

Shin et al. (2007)

Pronase, Papain, corolase 7089,
alcalase, neutrase
Chymotrypsin

WPC (78% protein) E/S (1/25) 40 �C for all enzymes
except alcalase, neutrase and
corolase (50 �C) for 5 min under
microwave treatment (MWI)

Significant decrease in immunoreactivity was
observed in hydrolysates obtained by
combiningMWI and Pronase, Papain or Alcalase

Izquierdo et al. (2008)

Alcalase and Bromelain b-LG 3% b-LG (w/v), 25 U enzyme
g�1 of protein, pH 7.5, and
temperature of 60 and 55 �C for
alcalase and bromelain,
respectively followed by TGase
polymerization of hydrolysates

Hydrolysis associated or not with
polymerization reduced the number of epitopes
and the IgE-binding capacity of native b-LG

Villas-Boas et al. (2015)

Actinidin WPI and MPC E:S ¼ 1:100; uncontrolled pH;
15 �C (31 h) and 60 �C (5 h)

At 60 �C, antigenicity reduction for MPC ¼ b-LG
(43%) & as1-CN (48%). WPI ¼ b-LG (54%).
At 10 �C, antigenicity reduction for MPC ¼ b-LG
(39%) & as1-CN (42%). WPI ¼ b-LG (14%).

Kaur et al. (2022)

Latex peptidase (CpLP)
Calotropis procera

Caseins E/S 1:75; pH 6.5; 37 �C; 30 min Residual antigenicity % of control ¼ 100%;
CpLP ¼ 2%; CgLP ¼ 1%; CapLP ¼ 2%

Oliveira et al. (2019)

Latex peptidase (CgLP)
Cryptostegia grandiflora

Whey proteins E/S 1:75; pH 6.5; 37 �C; 24 h Residual antigenicity % of control ¼ 100%;
CpLP ¼ 78%; CgLP ¼ 71%; CapLP ¼ 31%

Oliveira et al. (2019)

Latex peptidase (PrLP) Plumeria
rubra

papain Cow milk E/S 2000e10,000 U g�1; 20 �C;
120 min

%DH ¼ around 2.0e4.5%; IgG reactivity
reduction ¼ approx. 75%

Liang et al. (2020)

Serine protease from Cucurbita
ficifolia

WPC E/S 150 U mg�1; 37 �C; time
range ¼ 1e24 h

%DH range ¼ around 19e44%; IgG reactivity
reduction ¼ approx. 60%; IgE reactivity
reduction ¼ approx. 23%

Babij et al. (2015)

as-casein %DH range ¼ around 34e61%; 1 h hydrolysis
(34% DH) significantly reduced antigenicity.

S. Kaur, T. Huppertz and T. Vasiljevic International Dairy Journal 154 (2024) 105925
these hydrolysates limiting their usage in products such as milk
formulae due to bitter taste, off flavour, increased osmolality and
low emulsifying ability (Foegeding, Davis, Doucet, & McGuffey,
2002). Thus, functional properties of milk proteins may be
improved by limited proteolysis.

Several studies have investigated the effectiveness of plant
proteases in hydrolysing dairy proteins. Table 5 shows some of the
applications of selected plant proteases in dairy to evaluate hy-
drolysis and functional properties. Plant proteases are also
compared with proteases from other sources, on functional prop-
erties of dairy proteins and the outcomes showed appreciable effect
of plant-based enzymes over others. For example, Luo, Pan, and
Zhong (2014) used papain, pancreatin and trypsin for hydrolysing
sodium caseinate and reported that caseinate treated with papain
exhibited highest solubility with increased degree of hydrolysis, as
compared to pancreatin and trypsin. Furthermore, studies on the
hydrolysis of MPC with showed significant reductions in insolu-
bility for treatment with papain, trypsin and chymotrypsin as
compared to pepsin (Banach, Lin, & Lamsal, 2013). On evaluating
emulsifying and foaming properties of camel milk proteins treated
with alcalase, bromelain or papain, camel milk proteins treated
with papain showed the highest foaming capacity and emulsifying
activity, as compared to those treated with alcalase and bromelain
(Al-Shamsi, Mudgil, Hassan, & Maqsood, 2018).

It has been observed that at a high degree of hydrolysis, solu-
bility can be increased, and viscosity can be decreased (Abd-El-
Salam, El-Shibiny, & Salem, 2009). Similarly, Banach et al. (2013)
also observed an increase in solubility of MPC after proteolytic
hydrolysis with papain, with the control showing around 45% sol-
ubility at pH 7 and solubility increased to 70 and 78% after papain
5

hydrolysis for 30 and 180 min, respectively. Caseins and sodium
caseinate have shown improved solubility at isoelectric point
(Sitohy, Chobert, & Haertl�e, 2001). A study of MPC and WPC hy-
drolysates obtained by treatment with actinidin also showed
improved functional properties, such as foaming and solubility
improved for both substrates, where whey proteins hydrolysates
attained more than 97% solubility (Kaur, Vasiljevic, & Huppertz,
2023a). In contrast, both hydrolysed substrates showed worse
emulsifying properties than intact proteins (Kaur et al., 2023a).
However, very limited information is available on the heat stability
comparisons of reconstituted MPC powders with plant based pro-
teolytic hydrolysis treatment.

3.3. Reducing bitterness of protein hydrolysates

While some applications of proteases have been successful to
produce hydrolysates with reduced allergenicity and improved
solubility, problems associated with poor taste of completely
hydrolysed proteins remain. During enzymatic hydrolysis in the
initial stage, larger polypeptides are generated that mostly larger
than 6 kDa. Due to complexity of molecular structure, these pep-
tides are unable to reach taste receptors, thus do not impart
bitterness. As degree of hydrolysis progresses, rapid decrease of
molecular weight of peptides (under 6 kDa) generates more short
chain hydrophobic peptides that increases hydrophobicity of so-
lution/product. Ney (1971) showed that peptides (<6 kDa) con-
taining higher content of Leu, Pro, Phe, Tyr, Ile and Trp residues are
bitter. Overall hydrolysates obtained by either limited or extensive
hydrolysis, polypeptide chains containing higher amount of hy-
drophobic amino acids would impart bitterness, whereas peptides



Table 5
Selected plant proteases in dairy products taken to evaluate % DH and improved functional properties.

Substrate
type

Enzyme
used

Parameters % DH Control measurements Functionality Improvement References

Sodium
caseinate

Papain pH 7/37 �C/10 min to
24 h/Enzyme to
substrate ratio 0.5:100

13.32%e22.06% EAI of unhydrolyzed sample e

175.64 m2 g�1
EAI e 383.53 m2 g�1 (highest at
10 min of incubation)

Luo et al. (2014)

ESI of unhydrolyzed sample e

33.79 min
ESI e 93.42 min (highest at 10 min
of incubation)

pH 4e9 Solubility 10%e90% (dependent of
pH)

Above 80%e90% (at all pH levels)

Camel milk Papain pH 7/50 �C/6 h/Enzyme
to substrate ratio 1:100

39.6% EAI of unhydrolyzed sample e

55.361 m2 g�1
EAI e 86.135 m2 g�1 Al-Shamsi et al. (2018)

Bromelain 23.8% EAI e 55.361 m2 g�1

MPC Papain pH 6.8/60.0 �C/30
e180 min

7.2e9.8% Emulsion Activity Emulsion Activity unchanged after
hydrolysis

Banach et al. (2013)

Foaming capacity (mL mL�1) for
control 1.71

After hydrolysis 1.68 to 1.70
(mL mL�1)

pH 6/40 �C/30e120min Protein solubility 7.4% (control) Protein solubility was 12.6% after
hydrolysis

MPC Actinidin pH 7/60.0 �C/5 h DH% e 0, 5, 10 and
15%

Solubility e approx. 50%; heat
stability 90.7%; foam overrun 344%;
foam stability 1260 s. (control)

Solubility e approx. 65%; heat
stability 95.4%; foam overrun 406%;
foam stability 2454 s.

Kaur et al. (2023a)

WPC Solubility e approx. 83%; heat
stability 71%; foam overrun 0%;
foam stability 0 s.

Solubility e approx. 97%; heat
stability 95%; foam overrun 270%;
foam stability 120 s.

WPC Ficin pH 7.5/80.0 �C/0.5e6 h DH% e around 18
e38%

Solubility e 48% (at pH 5) and 65%
(at pH 7)

Solubility e 98% (at pH 5) and 85%
(at pH 7)

Kheroufi, Brassesco,
Campos, Boughellout,
and Pintado (2022)

WPC Prolyve pH 7.0/50.0 �C/1 and 4 h DH% e around 7% Apparent viscosity e around
2 mPa s (for 1e4 h incubation)

Apparent viscosity¼<2 mPa s (for
both 1 and 4 h incubation)

Gruppi, Dermiki,
Spigno, and FitzGerald
(2022)MPC DH% e around 8% Apparent viscosity e around

2 mPa s (for 1e4 h incubation)
Apparent viscosity e around 1.5
e2.5 mPa s (1e4 h incubation)

Sodium
caseinate

DH% e around 10% Apparent viscosity e around
5 mPa s (1e4 h incubation)

Apparent viscosity e around
2 mPa s (1e4 h incubation)
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with fewer or no hydrophobic amino acids would yield bitterness
that would be negligible (Liu et al., 2022). Therefore, after
controlled hydrolysis with plant proteases, careful selection and
separation of peptide chains containing only hydrophilic amino
acids would also be a viable solution to bitterness.

Trp, Ile, Tyr, Phe, Pro, Leu, and Val are amino acids that can
contribute to bitterness. For example, free Leu or Phe present are
bitter, but bitterness increases around 10-fold further when they
are present as Leu-Phe, Leu-Leu or Ile-Leu (Kim & Li, 2006). Also, a
presence of Pro amino acid in the middle of some peptides renders
strong bitterness (Ishibashi et al., 1988). Furthermore, the presence
of Arg next to Pro can enhances bitterness further. However, Gly is
neutral and prevents bitterness when placed in between Pro and
Arg (Ishibashi et al., 1988). It is evident from many studies that
bitterness stems from hydrophobic amino acids present at the
peptide termini (Bouchier, O'cuinn, Harrington, & Fitzgerald, 2001;
Edens et al., 2005; Izawa, Tokuyasu, & Hayashi, 1997; Nishiwaki,
Yoshimizu, Furuta, & Hayashi, 2002). Therefore, if generated pep-
tides have hydrophobic amino acids not at the terminal end of
peptide chains it can reduce bitterness. Also, a study conducted by
Izawa et al. (1997) showed that hydrolysates generated by D3
contains hydrophobic amino acids that were mostly not present on
the peptide terminals and thus resulted in less bitterness. In
addition, a study conducted by Matoba and Hata (1972) showed
that hydrophobic amino acids present on the carboxy- or amino-
end of the peptides are more bitter as compared to these amino
acids scattered in the middle of the peptide chain.

As stated in previous sections, plant proteases have promising
approach to be used in control hydrolysis and may combat bitter-
ness. For example, treatment with plant protease D3, obtained from
soybean cotyledons, yielded less bitter casein hydrolysates
compared to those prepared with trypsin, pepsin and subtilisin
(Izawa et al., 1997). Another study by Wr�oblewska et al. (2004)
showed that papain rendered fewer bitter peptides of WPC
6

hydrolysates as compared to pepsin or alcalase. Also, in another
study, 3 h of hydrolysis of casein with a commercial plant protease
Promod 523MDP™ (bromelain) resulted in significant reduction of
bitterness (Daher et al., 2021). Many studies have reported that
plant proteases, such as cathepsin L, cathepsin K and D3, prefer
hydrophobic amino acids at position P2 of specific substrate to act
on (Asano, Suzuki, Kawai, Miwa,& Shibai, 1999; Kirschke, Barrett,&
Rawlings, 1995; McQueney et al., 1997). As we can see from pre-
vious section that papain, bromelain, ficin and actinidin also prefer
hydrophobic amino acid at P2 position to act on, thus there is a
greater possibility that all the above indicated proteases would act
similarly to combat bitterness.

3.4. Release of bioactive peptides

Bioactive peptides can be released from milk proteins by enzy-
matic hydrolysis. These peptides can play an important role in
nutrition, immune system (antimicrobial peptides and immuno-
modulating peptides), nervous system (opioid peptides) and car-
diovascular system (antihypertensive peptides and antithrombotic
peptides) (Silva &Malcata, 2005). Many studies have been done on
milk proteins by using plant proteases to obtain bioactive peptides
(Chew, Toh, & Ismail, 2019; Mazorra-Manzano, Ramírez-Suarez, &
Yada, 2018; Mudgil et al., 2019).

Angiotensin converting enzyme (ACE) inhibitory peptides have
the ability to lower blood pressure by limiting the vasoconstriction
of angiotensin II. In a study where papain, pancreatin or trypsin
were used to hydrolyse sodium caseinate, ACE-inhibitory activities
after use of papain were significantly higher (about 70%) compared
to trypsin (about 65%) and pancreatin (about 40%) (Luo et al., 2014).
Also, bromelain (E:S¼ 1:100) was usedwith half skimmed and UHT
milk and resulted in significant increase in ACE inhibitory activity of
about 36% and 44%, respectively (Medeiros, Rainha, Paiva, Lima, &
Baptista, 2013). Alcalase, papain and bromelain were also used
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with camel milk proteins to compare their efficiency, and papain
and bromelain showed significantly higher ACE inhibition as
compared to alcalase (Mudgil et al., 2019).

Also in another study (Al-Shamsi et al., 2018) peptides (<14 kDa)
of camel milk hydrolysate obtained by papain and bromelain
showed significant improvement in antioxidant activity as
compared to their controls. For example, DPPH (2,2-diphenyl-1-
picrylhydrazyl) activity increased by 50% and 33%, ABTS (2,2-
azinobis 3-ethylbenzthiazoline-6-sulfonic acid) radical scavenging
activity increased by around 5 and 12 times, and ferrous Iron-
Chelating activity 21% and 2%, for bromelain and papain. Another
study by Luo et al. (2014) also indicated that casein hydrolysis by
papain (at about 22% DH) showed significant improvement in DPPH
scavengingactivity (increased by50%), and inACE inhibitoryactivity
(increased by 9 times) as compared to control.

Higher oxygen radical absorbance capacity (ORAC) value was
obtained after whey proteins were hydrolysed by papain at neutral
pH. Whey hydrolysates obtained by treatment with papain also
displayed higher DPP-IV (dipeptidyl peptidase) inhibitory activities
as compared to hydrolysis at controlled pH. These bioactive
changes appeared to be due to pH changes, which resulted in
different enzymatic conformations (Le Maux, Nongonierma, Barre,
& Fitzgerald, 2016). Kumar, Chatli, Singh, Mehta, and Kumar (2016)
reported a significantly higher ABTS radical scavenging activity of
camel milk protein hydrolysates by papain after 6 h of process.

DPP-IV (dipeptidyl peptidase-IV) is an enzyme involved in
glucose homeostasis and can results in malfunction of endocrine,
immune and inflammatory system (Abd-El-Salam et al., 2009).
Preparing hydrolysates of peptides enriched with DPP-IV inhibitory
activity such as type 2 diabetes mellitus, immunological disorders
and obesity, are of great interest. A study conducted by Boots (2013)
on casein hydrolysis with number of enzymes including plant
proteases, showed that permeate obtained after hydrolysates
fractionation exhibited significant DPP-IV inhibitory activity (pep-
tide contained minimum 1 proline residue at N-terminal).
4. Conclusions and future perspectives

Plant proteases are extremely versatile with diverse specificities
and applications. As discussed so far, numerous studies often con-
ducted on enzymatic hydrolysis of proteins, problems such as taste
in extensively hydrolysed proteins (while maintaining its nutri-
tional value) and poor stability in partially hydrolysed proteins
(need better understanding of structural characteristics and in-
teractions of hydrolysates), reduced allergenicity (by having better
understanding of specific epitopes) and functional properties still
require further clarification. Hence, understanding of characterisa-
tion of plant-based enzymes have potential to resolve issues with
milk proteins addressed in literature review above and evaluate
allergenicity, digestibility and functional properties ofmilk proteins.
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