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ARTICLE INFO ABSTRACT

Keywords: Carica papaya, commonly referred to as papaya, is a member of the Caricaceae family, boasting a diverse array of
Caricf’ papaya compounds and biomolecules, notably papain, with significant industrial and medicinal value. This compre-
Papam' hensive review meticulously examines the properties, extraction techniques, and pharmacological importance of
Ei::&z:i;:si()ds papain, coupled with an exploration of the pharmacological activities inherent in C. papaya. Extensive research

data from reputable sources such as Google Scholar, PubMed, Scopus, and Web of Science were scrutinized to
collate pertinent information on the plant and its enzyme. Within C. papaya, a spectrum of bioactive compounds
were identified, encompassing alkaloids, tannins, phenolics, flavonoids, saponins, terpenoids, sugars, glycosides,
amino acids, steroids, and the pivotal enzyme papain. Papain extraction methods and their activity modulation in
response to pH, temperature, and other physicochemical parameters were examined in detail. This review
provides a nuanced analysis of papain, addressing both its pharmacological implications and potential side ef-
fects. Its far-reaching applications in the medical, industrial, and pharmaceutical sectors were meticulously
discussed, unveiling its market potential. Furthermore, C. papaya emerged as a reservoir of pharmacological
activities, exhibiting antioxidant properties, anti-cancer potential, wound healing capabilities, digestive disorder
management, and anxiolytic effects. The research underscores the promising potential of C. papaya and papain
for diverse biological applications, prompting a call for further studies to unlock their therapeutic benefits,
particularly in the realm of public health. Looking ahead, continued advancements in drug development hold the
key to unraveling the intricate bioactive components of papaya and its papain cysteine proteases. These insights
are poised to catalyze their development and application, promising substantial contributions to the betterment
of humanity.

Drug development
Therapeutic benefits

1. Introduction world (Babalola, 2019). Among the 31 species that make up the
botanical family Caricaceae and the genus Carica, the papaya species is
the most economically significant and frequently grown species (Biswal

et al., 2022).

The Carica papaya plant belongs to the Caricaceae family and is
commonly called papaya. It is also known as papaw, paw-paw, kapaya,

lapaya, tapaya, papayao, papaya, papaia, papita, lechosa, fruta bomba,
mamon, mamona, mamao and tree melon in different parts of the world.
Interestingly, a separate plant Asimina triloba of the Annonaceae family is
also known as pawpaw. Papaya is native to the Caribbean Coast of
Central America and is grown in tropical and subtropical parts of the
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During the early years of growth, papaya develops a single stem,
which can develop into heavy lateral branches in highly fertile soil,
promoting favorable growth conditions (Sagonoy, 2022). The leaves of a
mature papaya plant are palmate with deep lobes and are supported by
smooth, hollow petioles (Babalola, 2019). The stems, fruits, and leaves
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of the papaya plant contain a copious amount of latex, although the
source is unclear (Babalola et al., 2023b).

Ripe papaya fruits have a slight resemblance to melons, and they are
rich in retinol and ascorbic acid. Every part of the plant has been found
to be important (Fig. 1). They have been reported to be used in the
treatment of diseases just like every other plant (Adetobi et al., 2022;
Otunba et al., 2022; Otunba, 2021). Every part of the papaya plant,
including its leaves, fruits, seeds, bark, stem, and root, can be processed
for nutritional and pharmaceutical purposes (Fig. 1). They are rich
sources of antioxidants and mineral ions, and they also contain phyto-
chemicals and B vitamins (Santana et al., 2019). Papaya enzymes have
been reported to treat arthritis and colon cancer (Babalola, 2019).
C. papaya contains biologically active compounds and enzymes (Baba-
lola, 2019).

Papaya latex is rich in hydrolases, including tributyroylglycerol hy-
drolase, GDSL-motif carboxylester hydrolase, Carica papaya lipase, and
glycosyl hydrolase, as documented in studies by Giordani et al. (1991),
Abdelkafi et al. (2009), de Maria et al. (2006), and Huet et al. (2008).
Additionally, papaya latex contains the cysteine protease enzyme
papain, as identified in research by Haber et al. (2022). The latex of the
papaya contains a sulfhydryl protease, papain, and chymopapain.
Papain is of vital importance because of its inherent proteolytic prop-
erties (Thangavel and Albratty, 2023). It is primarily produced by
creating cuts in the unripe papaya fruit’s epicarp, gathering, and drying
the latex that leaks out. Greener fruit produces more active papain (Amri
and Mmaboya, 2012). The functionality of papain is due to its unique
structure, which helps in the comprehension of the mechanism of the
proteolytic enzyme and its usefulness for a variety of purposes (Zlobin
et al.,, 2022). According to Chandan et al. (2022), papain’s catalysis
involves arginine, lysine, and cysteine primarily. Papain is soluble in
water and has optimum temperature stability, with high dependence on
pH. They are also stable between pH 4.5 — 6.7 (Babalola, 2019).

In our previous study, crude extracts containing enzymes underwent
a three-step purification process involving 70 % NH4(SO4)2, DEAE-
Cellulose column chromatography, and Sephadex G-25 column chro-
matography, resulting in a purification fold of 1.6424, signifying

Papaya leaf

Papaya fruit and latex
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significantly enhanced enzyme purity (Babalola et al., 2023b).
Furthermore, our research revealed the presence of five distinct
cysteine-proteases in papaya leaves, each exhibiting varying binding
affinities and catalytic efficiencies towards casein-substrate. These
proteases showcased optimal activity within the temperature range of
50 °C — 59 °C and a pH range of 4.5 — 6.7, with augmented activity
observed in the presence of Mg2 +. The enzyme’s kinetics, represented
by Km and Vmax values, spanned from 1.47 mg/ml — 8.70 mg/ml and
0.42 pmol/ml/min — 0.4167 pmol/ml/min, demonstrating their diverse
characteristics. Notably, our findings highlighted papain E’s superior
performance, with optimal activity at pH 5.5 and 50 °C in the presence
of Mg2+, boasting the best catalytic efficiency (Kcat/Km 59.776 - pmL/
mg.min) and binding affinity (Km — 0.83 mg/mL) compared to isolated
enzymes.

The protease is utilized as a commercial meat tenderizer because it
can disintegrate dead tissue without harming living cells. We reported
its usage for wound care (Babalola et al., 2023b). Papain is used in the
management and treatment of allergies and injuries (Babalola, 2019).
According to Babalola (2019), some studies indicate that the enzyme
helps in the prevention of diabetic-dependent-heart-disease. Papain is
known for its efficiency and less destructive nature compared to other
proteases, making them commonly used in cell isolation procedures on
certain tissues (Aminlari, 2022). It is a constituent of contact lens so-
lution and is used in clarifying beer, and in the pharmaceutical industry.
In a study by Soleimani et al. (2022), traditional medicine through the
administration of papain extract from papaya leaves is shown to be
effective against the nematodes as papain causes damage to the cuticles
of the nematodes.

Papain is generally a sulfhydryl protease obtained from C. papaya.
Several studies have focused on the extraction and application of papaya
plant enzymes (Babalola et al., 2023b; Jain et al., 2022; Oliveira et al.,
2022). The enzyme is known for its ability to tenderize flesh and
enhance wound healing. This is particularly useful for people who
experience poor wound healing, as they can avoid expensive and com-
plex materials that may not be readily available.

This report presents an in-depth analysis of papain, focusing on its

Dried papaya leaf

Processed papaya leaf

Dried papaya seed

Papaya fruit and seed

Fig. 1. Papaya plant and its processing. Different parts of the plant including the leaves, fruits, latex, and seed can be processed for different use. This may be for

medicinal, nutraceutical or industrial purposes.
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properties, extraction methods, and pharmacological significance.
Additionally, it explores the pharmacological activities associated with
Carica papaya. In this review, the pharmacological side-effect of papain,
as well as its medical, industrial, and pharmaceutical importance while
exploring its market potential. Hence, knowledge from this review offers
intelligence into the pharmacological potential of C. papaya and may
find its application in alternative therapetics towards the treatment of
infectious as well as terminal diseases (Babalola et al., 2023a). More
industrial and research effort and investment on the plant subject is able
to contribute immensely towards areas of agri-business, health, and
science. In addition, the relevance of this study gives a perspective to-
ward the achievement of Sustainable Development Goal 3. The knowl-
edge and application of the papain enzyme and other bioactive
components of papaya in this study will guide the pharmaceutical and
research industries to ensure healthy lives and promote the well-being of
all at all ages. Hence, this present study will also be important to
pharmaceutical industries, medical industries, researchers, policy-
makers, governments of nations, and students.

2. Constituents of papaya

Papaya leaves have been found to contain significant amounts of
protein, alkaloids, amino acids, carbohydrates, steroids, and glycosides,
which can be easily detected (Table 1). Additionally, significant
amounts of alkaloids, tannins, phenolics, and flavonoids have been
found in papaya leaves. The presence of sugars, glycosides, saponins,
proteins, amino acids, steroids, and terpenoids in measurable amounts
has also been reported (Babalola, 2019). Computational studies aimed at
understanding the interaction and binding affinity of specific chemical
compounds towards drug targets of pharmacological importance can be
conducted using papaya leaves (Babalola et al., 2021b; Adetobi et al.,
2022).

3. Papain overview
Papain, a pivotal cysteine-protease, has a complex biochemical
profile encompassing various forms and functionalities. Here, we dissect

its structure, properties, and mechanisms, shedding light on its versatile
applications.

3.1. Papain precursor

From cells infected with recombinant baculovirus, propapain, which

Table 1
List of the categories and phytoconstituents found in different papaya parts
(Babalola 2019).

NO. Categories Phytoconstituents Plant Part(s)

1 Enzymes Papain, chymopapain A and B, Unripe fruit
endopeptidase papain III and IV (Latex)
glutamine cyclotransferase,
peptidase A and B, and lysozymes.

2 Carotenoids f carotene, crytoxanthin, Fruits
violaxanthin, zeaxanthin.

3 Alkaloid & Carposide, and an enzyme myrosin. Roots

Enzyme

4 Glucosinolates Benzyl isothiocyanate, Seeds
benzylthiourea, fsitosterol, papaya
oil, caricin, and myrosin.

5 Minerals Calcium, potassium, magnesium, Shoots and
iron, copper, zinc. Leaves

6 Monoterpenoids 4-terpineol, linalool, linalool oxide. Fruits

7 Flavoniods Quercetin, myricetin, kaempferol. Shoots

8 Alkaloids Carpinine, carpaine, pseudocarpine, Leaves and
vitamin C and E, choline, carposide. Heartwood

9 Vitamins Thiamine, riboflavin, niacin, ascorbic Shoots and
acid, atocopherol. Leaves

10 Carbohydrates Glucose, sucrose, and fructose. Fruits
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is the precursor of papain, has been expressed in insects. Propapain is a
glycosylated protein with a molecular weight of 39 kDa, which is pro-
cessed into the active enzyme papain with a molecular weight of 24.5
kDa (Thangaraju et al., 2023). Propapain can be stabilized by Hg?*. A
synthetic propapain gene has been reported to be expressed in the yeast-
Saccharomyces cerevisiae- under the control of the o-factor promoter
(Babalola, 2019). In vitro, the intracellular zymogen propapain can be
fully transformed into active mature papain. Propapain is purified using
affinity, size-exclusion, and ion-exchange chromatography methods.
The papain precursor is capable of undergoing autoproteolytic cleavage
(Zhao et al., 2022).

3.2. Papain: Structure and features

Papain is a globular cysteine-protease family consisting of a single
polypeptide chain with three disulfide bridges and a sulfhydryl group
necessary for proteolytic activity. Its application is extensive to the fields
of medicine and food. Papain has high proteolytic activity and in the
1980 s, its structure was solved to a 1.65 A resolution. The functionality
of papain is due to its unique structure which helps in the comprehen-
sion of the mechanism of the proteolytic enzyme and its usefulness for a
variety of purposes (Zlobin and Golovin, 2022).

3.2.1. Properties, structure and features of papain

The papain enzyme is a protein with a molecular weight of 24,500 Da
and a polypeptide containing three disulfide bridges and a sulfuhydyl
group that are required for the enzyme’s activity (Fig. 2) (Thangaraju
et al.,, 2023; Amri and Mamboya, 2012). The papain enzyme has two
clearly defined domains that makes it a superb system for compre-
hending the folding-unfolding behavior of proteins (Yadav and Ven-
katesu, 2022).

Under a variety of circumstances, papain is stable and functional.
Papain is said to be stable at room temperatures, according to Wongphan
et al. (2022). Babalola (2019) reported that a pH of 4.5 to 6.7 is ideal for
the papain enzyme to function at its highest level. Papain, unlike most
enzymes, is refractory to high concentrations of denaturing chemicals.

The papain enzyme is folded along three disulfide bridges, and this
results in strong interactions between the side chains, which also helps
to maintain the stability of the enzyme (Danait-Nabar and Singhal,
2023; Edwin and Jagannadham, 2000). The active site of the enzyme is
located in a cleft between two unique structural domains in the three-
dimensional structure. The papain molecule has an anti-parallel-sheet
domain (Samad et al., 2023). Papain’s conformational behavior in
aqueous solution was observed in the presence of SDS, and it was shown
to have a large concentration of helices and an unfolded structure
because of intense electrostatic attraction (Guo et al., 1996). Further

Fig. 2. Pymol quaternary protein structure of the papain (PDB ID: 9PAP).
Source: Protein, Data Bank, https://www.rcsb.org/structure/9PAP.
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studies towards understanding the properties have been conducted-
studies on selectivity, the effect of adding inhibitors, pH, temperature,
metal ions, and fluorinated alcohols (Babalola et al., 2023b; Valipour,
2022; Zhao et al., 2022).

3.2.2. Hydrophobicity of papain

The hydrophobic interactions have an influence on the conformation
of the protein, hence its functionality. The hydrophobic amino acids
alanine, leucine, methionine, valine, and Isoleucine are responsible for

Arabian Journal of Chemistry 17 (2024) 105369

the hydrophobicity of papain enzyme. The relative hydrophobicity of
the amino acids in a protein’s secondary sequence may be a good indi-
cator of the protein’s overall folding pattern (Kim et al., 2022). The
major thermodynamic force that drives protein folding is the interaction
between the hydrophobic and hydrophilic amino acids of the papain
molecule. According to Dragomirescu (2022), papain and chymopapain
are more stable in hydrophobic solvents and can catalyze a variety of
reactions with their substrate in organic solvents. While the outer polar
surfaces interact with the surrounding aqueous media, the hydrophobic
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core of the enzyme improves the stability of the tertiary structure
through hydrophobic contact (Kikani et al., 2023).

3.3. Mechanism of papain functions

The Cys-25 region of the active site, which attacks the carbonyl
carbon in the peptide chain’s backbone to release the amino terminal
region and cause the protein to disassemble, is what enables papain’s
method of action. Asparagine-175 aids in the reorientation of His-159's
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imidazole ring, which enables Cys-25 to be deprotonated by His-159,
causing the peptide bonds to be broken (Amri and Mambayo, 2012).
These three amino acids are near one another because of the folding
structure even though they are widely apart inside the chain. Cys-25
engages in a nucleophilic assault on the carbonyl carbon of a peptide
backbone (Babalola, 2019). Non-peptidyl and peptidyl N-nitrosoanilines
might effectively decrease papain activity (Babalola, 2019). Papain be-
comes inactive when a strong S-NO (Snitroso-Cys25) link forms in the
active site (Wang et al., 2006).
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3.4. Stability of papain

The stability of papain is affected by its environment. Papain can
dissolve in water, but for use, it can be diluted in solutions containing
cysteine. Papain can be stabilized by using certain chemicals, such as
EDTA, cysteine, and dimercaptopropanol (Babalola, 2019). Papain is
also resistant to some denaturing agents. Even after recrystallization in a
solution containing 70 % methanol and 8 M urea, its full activity can be
retained (Babalola, 2019).

The stability and activity of papain solution depends greatly on its
pH and temperature. Papain is optimally active from 50 °C — 59 °C and
pH 4.5 - 6.7. Results from our recent study show the effect of temper-
ature on the papain cysteine-proteases activity in different pools (Fig. 3)
(Babalola et al., 2023b). The activities in pools A, B, C, D, and E ranged
from 0.437 to 0.392 umol/min/mL, 0.464-0.319 pmol/min/mL,
0.418-0.340 pmol/min/mL, 0.296-0.398 umol/min/mL, 0.135-0.376
umol/min/mL, respectively and their optimum activity was obtained at
59 °C, 58 °C, 59 °C, 59 °C, and 50 °C, respectively.

We also reported the effect of pH on papain activity in different
enzymatic pools A, B, C, D and E as shown in Fig. 4. The activities in pool
A, B, C, D and E ranged from 0.037 to 0.024 ymol/min/mL, 0.280 —
0.389 pmol/min/mL, 0.042 — 0.034 ymol/min/mL, 0.226 — 0.169 umol/
min/mL, 0.182—0.150 umol/min/mL, respectively, and their opti-
mum activity was obtained at 5.5, 6.7, 4.5, 4.5, and 5.5, respectively.

By analyzing the enzyme’s behavior in different pools under varying
pH and temperature conditions, our study provides valuable insights
into the nuanced activity of papain, enhancing our understanding of its
functionality in diverse environments.

3.5. Methods of extraction of papain

3.5.1. Papain from papaya latex

Previously, commercial products containing papain were isolated
from the unripe latex of the papaya fruit and were further purified
through drying and salt precipitation (Di Giacomo et al., 2022; Esti et al.,
2013; Elsson et al., 2019). However, natural inhibitors present in the
latex can now be utilized to purify papain without the need for thiol-
containing chemicals or high salt concentrations (Babalola, 2019;
Baeyens et al., 2015; Monti et al., 2000). A higher level of purity can be
achieved in less time when papain is purified from fresh latex using an
aqueous two-phase extraction (Yu and Zhang, 2020; Zhu and Zhang,
2019). The conventional papain extraction process from papaya in-
cludes making incisions in the unripe fruit to gather latex, which is
subsequently processed and dried to obtain papain powder. However,
this method can diminish the market value of the unripe green fruit due
to the cuts made during the process.

3.5.2. Papain from papaya leaf

The utilization of papaya leaves and other parts of the papaya tree
has led to the maximization of the benefits and usefulness of the plant,
and several studies have been carried out on papain extraction from
papaya leaves. One common requirement in these studies is the drying of
the leaves for about 5-7 days. The extraction of papain from papaya
leaves is chemically possible, and the proteolytic assay of papain is
commonly done using casein as a substrate (Babalola, 2019). Various
methods have been utilized for the extraction of papain from papaya
leaves, including ultrasonication, enzyme-assisted, and blending ho-
mogenization methods (Babalola, 2019). It has been reported that son-
icated papain extract at 60 °C for 60 mins showed maximum absorbance
compared to the ground papain sample (Babalola, 2019). Two-step salt
precipitation is another method used for the purification of papain
extracted from fresh papaya leaves (Babalola, 2019). However, it should
be noted that high papain purity cannot be obtained through the two-
step salt precipitation method.
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3.6. Techniques for extracting papain enzyme from leaves and preparing
biologically active compounds

To extract papain enzyme from leaves and prepare other biologically
active compounds, various techniques can be employed. The first step
weighing the papaya leaves into ice-cold phosphate buffer pH 5.5
(Babalola et al., 2023b). In our previous study, we homogenized the
mixture with the aid of warring blender (Thomas Scientific 3390D40).
The homogenate was pooled and filtered; the residue was discarded. The
filtrate obtained was then centrifuged at 3000 rpm for 10 mins at 4 °C
using the cold-refrigerated centrifuge (Lacter-21). The supernatant was
discarded and the sediment obtained was rinsed with 1 mL of cold 0.1 M
phosphate buffer, pH 5.5. The crude extract then containing the enzyme
was kept at 4 °C for 10 mins.

Blending or crushing the leaves using a blender to release the
intracellular product. Mechanical, enzymatic, or a combination of both
methods can break down the cell wall and speed up mass transfer and
extraction kinetics. Additionally, hot water extraction, subcritical water
extraction, supercritical fluid extraction, and solvent extraction can be
used to remove plant material (Nur, 2010). To reduce the use of
chemical compounds, blending with distilled water, ultrasonication, and
enzyme-assisted extraction are employed. The efficiency of the extrac-
tion process depends on factors such as enzyme susceptibility to dena-
turation, high-temperature working conditions, or excessive usage of
organic solvents (Nur, 2010). Papaya leaves that are ground up contain
more papain enzyme than sonicated papaya, and enzyme purity is
relatively increased in sonicated leaf samples. Temperature, pH, sub-
strate concentration, metal ions, and cofactors are some of the condi-
tions that affect papain’s activity, with the ideal temperature for isolated
papain enzyme being 60 °C. Ultrasound technology is also used to break
apart prokaryotic and eukaryotic cells mechanically (Singh et al., 2022).
However, according to a study, ultrasound can exert negative effects on
biomolecules and cell walls of leaf tissue (Jiao et al., 2022). Enzyme
extraction is more affordable and environmentally friendly compared to
other extraction techniques, such as mechanical action. Moreover,
enzyme-assisted extraction is used in the industry for oil extraction from
seeds and fruits.

3.7. Activation and inhibition of papain

3.7.1. Activation of papain

In a previous study, it was observed that all concentrations of Mg>*
ion significantly increased the activity of the papain enzyme, indicating
that Mg?" ion serves as a good activator for the papain enzyme (Babalola
et al., 2023b). Similarly, Kaul et al. (2002) reported a 24 and 18 % in-
crease in papain activities when Mg?" and Ca?", respectively, were used
as activators of papain at a concentration of 1.0 x 10~> M. Other re-
ported papain enzyme activators include cysteine, cyanide, sulfide,
reduced glutathione, and thiosulfonate (Kimmel and Smith, 1954; Jaffe,
1945). Mg?* has a wide range of activity in enzymes, serving as a co-
factor in various metabolic pathways. In another study, it was re-
ported that a low-dose of Hg?* at concentrations > 10~* mol/L stimu-
lated the activity of papain (Liu et al., 2015). It was noted that the
changes observed in the activities of papain due to the addition of metal
ions might be due to changes in the secondary structure of papain, which
can be determined through infrared and fluorescence spectroscopy.

Jaffe (1945) examined the thiosulfate activation of milk clotting
activity of six ferments from the papain group in a study. The outcomes
are shown in the table below. Papain’s milk clotting action uses cysteine,
KCN, and NayS as activators. The stability and activity of immobilized
papain are activated by cysteine (Oliveira et al., 2022). Each of the six
papainase formulations used in Jaffe’s investigation had its gelatin,
peptone, and milk clotting activities activated by sodium thiosulfate.
Tables 2 shows a list of activators of papain and their percentage
activities.
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Table 2
Activation of the milk clotting properties of several papain group ferments
(Babalola 2019).

Ferment Activator Clotting Time (minutes)
Papain 1.25
Papain Thiosulfate 0.57
Chympopapain 12.00
Chymopapain Thiosulfate 0.83
Ficin 2.75
Ficin Thiosulfate 0.42
Ficin Cysteine 0.46
Bromelin 15.00
Bromelin Thiosulfate 6.30
Tabernamontanain 2.33
Tabernamontanain Thiosulfate 0.42
Calatropain 1.75
Calatropain Cysteine 1.68

3.7.2. Inhibition of papain

The activity of papain can be diminished by exposure to urea and
guanidine hydrochloride. However, optical rotation measurements
suggest that this reduction in activity is not due to a change in the
protein’s secondary structure, and thus, does not constitute true inac-
tivation. Despite a slight change in papain’s specific rotation at 6 M urea,
the protein is almost completely inactivated at this concentration, yet
remains reversibly inactivated. On the other hand, exposure to 5 M
guanidine hydrochloride results in irreversible inactivation of papain,
leading to complete unfolding of the protein, as demonstrated by optical
rotation tests (Hill et al., 1959).

Aldehydes are highly effective competitive inhibitors of papain,
which are structurally linked to the acyl part of substrates. Acetyl-L-
phenylalanylaminoacetaldehyde binds one mole of papain at a pH of
5.5 and a temperature of 25 °C with a K; value of 4.6 x 10% M.
Furthermore, aldehydes prevent the enzyme from being inactivated by
ethylmaleimide. A distinct mechanism inactivates papain with the
diazomethyl ketone of z-Phe and z-Phe-Phe, which differs from chlor-
omethyl ketone. A stoichiometric reaction at the active center thiol of
papain causes inactivation. Additionally, the rate of inactivation in-
creases with decreasing pH (Leary et al., 1977).

Babalola (2019) reported on Fossum and Whitaker’s investigation
published in 1968 regarding the effects of papain and ficin on a protein
inhibitor extracted from chicken egg white. Regardless of the substrate
used (casein or p-nitrophenyl benzyloxycarbonylglycinate), one mole of
either ficin or papain reacts with one mole of the protein inhibitor. The
purified inhibitor is equally effective, and it only slightly inhibits
bromelain. Moreover, it does not inhibit proteolytic enzymes from
bacteria, trypsin, or chymotrypsin. The inhibitor’s effect on pH between
pH 4 and pH 9 was minimal when combined with ficin. The dissociation
constant of the ficin-inhibitor complex was approximately 1-109 M.
After boiling at pH values of 4 and 9 for 30 min, 10 % and 60 % of the
inhibitory activity, respectively, were lost. According to gel filtration,
the inhibitor’s molecular weight was 12.7 kDa.

Carino and Whitaker researched the characteristics of the ficin-
papain inhibitor extracted from avian egg white (Babalola, 2019).
Electrophoresis on polyacrylamide disc gel made it possible to purify the
inhibitor from chicken egg white. The dissociation constant of the ficin-
inhibitor complex was 1.47, and hydrophobic forces appeared to have
played a significant role in creating the complex. The extent of complex
function was unaffected by variations in pH, ionic strength, or temper-
ature. Babalola (2019) also reported on how methyl jasmonate induces
papain inhibitors in Lycopersicon esculentum leaves. Lycopersicon escu-
lentum leaves exposed to gaseous methyl jasmonate for 24 h at 30 °C and
under continuous lighting conditions contained significant levels of
soluble protein that inhibited papain. Chromatographic analysis was
used to determine the protein’s molecular mass, which ranged from
80,000D to 90,000D. The plant treated for less than 18 h showed an
increase in inhibitory activity over time, which remained stable for up to
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four days before declining. Furthermore, the younger leaf lost activity
more quickly than the older leaf. Methyl jasmonate therapy resulted in
much less inhibitor action in the dark. Injured tomato leaves’ extracts
did not show any papain inhibitory activity or immunological response
with antibodies produced to potato tuber skin cysteine protein.

Rhodes and Hoff also reported that the inhibitor from potato tubers is
a non-competitive inhibitor of papain (Babalola, 2019). The inhibition is
caused by the formation of a reversible complex between the inhibitor
and papain, with a dissociation constant of approximately 10"° M. The
complex is not affected by pH or ionic strength. Furthermore, the in-
hibitor is not a substrate of papain, as shown by the absence of hydro-
lysis of the inhibitor by papain.

The inhibition of papain by potato tuber inhibitor is related to the
presence of an arginine residue in the inhibitor molecule, which in-
teracts with the glutamic acid residue in the papain molecule (Babalola,
2023). In contrast, the inhibition of papain by the avocado proteinase
inhibitor involves a covalent bond between the inhibitor and the active
center thiol of papain (Babalola, 2019). In summary, various inhibitors
of papain have been discovered, each with different mechanisms of in-
hibition. Aldehydes and some plant-derived inhibitors are competitive
inhibitors, shielding the enzyme from other inactivating agents. On the
other hand, some inhibitors form covalent bonds with the enzyme’s
active site, rendering it inactive. The effectiveness of these inhibitors
varies, depending on the substrate used and the pH and temperature
conditions. It is worth noting that the discovery and characterization of
inhibitors of papain have significant implications for the development of
therapeutic agents for diseases associated with uncontrolled proteolysis,
such as cancer and arthritis.

4. Pharmacological and nutraceutical properties of papaya
4.1. As a nutraceutical for health benefits

It is believed that all parts of the papaya plant, including the fruit
that is commonly consumed, possess medicinal properties. Nutraceut-
icals are known to enhance the immune system and promote overall
well-being. Papaya can be considered a therapeutic food, and its use as a
nutraceutical plant has been found to aid in the management of
neurological illnesses, specifically (Jain et al., 2022). Consumption of
papaya may also help to strengthen the immune system and reduce the
viral load in HIV patients, making it a viable treatment for the AIDS virus
(Jadaun et al., 2023). Reactive oxygen species can cause oxidative stress,
which may result in cell damage, diseases such as Alzheimer’s and
cancer, and accelerated aging. Fermented papaya preparation is
believed to have potential benefits as a nutraceutical and food supple-
ment, displaying antioxidant, anti-inflammatory, and immunostimula-
tory activities (Koul et al., 2022).

4.2. Treatment of digestive system disorders, anxiolytic and antioxidant
activity

It’s interesting to note that papaya has a long history of traditional
use in treating digestive and gastrointestinal diseases. The papain
enzyme found in papaya has been shown to aid in the digestion of
protein and has been used in traditional medicine to treat indigestion
(Babalola, 2019). The use of Caricol®, a papaya extract, in preserving a
healthy digestive system is a promising finding (Babalola, 2019).
Furthermore, green papaya leaf tea has also been used in traditional
medicine for its various health benefits, including aiding in digestion
(Ansari et al., 2022).

Another interesting finding is the sedative and anxiolytic effects of
papaya reported by Mariano et al. (2022) and Bartuzi et al. (2022).
These effects may be due to papaya’s antioxidant properties. Jiao et al.
(2022) reported that papain, the enzyme extracted from unripe papaya,
has potential antioxidant properties. Antioxidants help to reduce
oxidative stress, which is a major contributor to the development of
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various diseases, including anxiety and depression.

Overall, these findings suggest that papaya may have potential
therapeutic benefits for a range of health conditions, including digestive
disorders, cardiovascular diseases, and mental health disorders. How-
ever, more research is needed to better understand the mechanisms of
action and potential side effects of using papaya for these purposes.

4.3. Anticancer property

It is well established that papaya contains natural compounds with
anti-tumor properties (Babalola, 2019). In fact, papaya extract has been
found to have activity towards tumor destruction, and components of
papaya extract, such as tocopherol, lycopene, and flavonoids, have been
shown to stimulate anti-tumor effects and inhibit tumor cell growth
(Rameshthangam et al., 2022; Babalola, 2019). Papaya has been found
to have a direct antitumor effect on cancer cells and can be useful in
cancer therapy (Donadio et al., 2022).

Further research conducted by Otsuki and his colleagues revealed
that papaya extract significantly inhibited the proliferation of tumor cell
lines (Babalola, 2019). The addition of the extract decreased the pro-
duction of IL-2 and IL-4 in PBMC, while increasing the production of IL-
12p40, IL-12p70, IFN-gamma, and TNF-alpha without inhibiting
growth. Microarray investigations also demonstrated that the addition
of papaya extract improved the expression of 23 immunomodulatory
genes that were categorized by gene ontology analysis, including CCL2,
CCL7, CCL8, and SERPINB2, which may act as indices for the immu-
nomodulatory effects. Thus, it can be inferred that papaya contains
active components that inhibit tumor cell development.

Li and her colleagues also reported that bio-conjugation of 5-Fluoro-
Uracil and PpGNPs was more effective in fighting lung cancer due to its
synergistic effects (Babalola, 2019). When the conjugate was compared
to pure 5-FU, the efficacy of SF-PpGNPs against human lung cancer
increased significantly. Further studies on the effect of papaya on cancer
immune evasion can be conducted to understand the mechanism of
action (Babalola et al., 2021a) and other hallmarks of cancer.

4.4. Antimalaria and anti-dengue fever

The virus that causes dengue fever, also known as “breakbone fever”
(Flaviviridae), is transmitted by the Aedes albopictus and Aedes aegypti
mosquitoes, which have contagious bites. Dengue fever is controlled
using drugs, personal safety measures, and vector management. The
mosquito-borne illness has become a significant global public health
problem, with tropical and subtropical cities and semi-urban areas being
the most commonly affected (Mishra et al., 2022).

Thrombocytopenia is one of the defining symptoms of dengue fever.
A study conducted on mice with cyclophosphamide-induced thrombo-
cytopenia to assess the platelet-augmentation potential of Carica papaya
leaf aqueous extract revealed a significant increase in platelet count and
decrease in clotting time (Babalola, 2019). Active papaya extract com-
ponents inhibit the immune-mediated destruction of platelets, suppress
the bone marrow caused by the virus, and stabilize the membrane of
infected cells. This speed up the healing process naturally, increasing
platelet count and preventing complications.

Papaya leaf juice as a cure for the dengue virus is possible. Ahmad
etal. (2011) conducted a study to investigate the effectiveness of papaya
leaf extracts against the Dengue Fever Virus (DFV) in a 45-year-old
patient. A 25 mL aliquot of the aqueous extract was administered
twice daily for five consecutive days. The study found a significant in-
crease in platelet count, white blood cells, and neutrophils (NEUT).
Blood sample analyses revealed that papaya leaf aqueous extract has a
potent anti-DFV capability.

In addition, malaria is treated using pharmaceutical combinations
like Arthemeter and Lumenfanthrine. Many people use mature leaves
and fruits of papaya to treat malaria (Munir et al., 2022). Additionally,
papaya seeds exhibit antimalarial properties (Jiao et al., 2022; Bhat and
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Surolia, 2001). Munir et al. (2022) documented the antiplasmodial ac-
tion of the leaves and seeds of Carica papaya, demonstrating the plant’s
ability to prevent malaria.

4.5. Proteolytic properties (Wound healing and meat tenderization)

Wound healing involves the regeneration of the dermis, which is
aided by blood clotting factors promoted by Vitamin K. Papaya epicarp
extracts have been shown to be beneficial for wound treatment. Papain
and chymopapain are useful for treating pediatric infected burns topi-
cally to prevent infection and create a granulating wound (Leitao et al.,
2022).

In terms of its tenderization property, rural villages in Africa,
particularly Nigeria, have demonstrated the use of Papaya leaves to
tenderize meat. It was once believed that papain is the enzyme
responsible for catalyzing the tenderization of meat, and that the iron
present in the wire gauze on which the meat is being smoked serves as a
co-factor activator of the enzyme. Purified papaya enzymes are meat
tenderizers, with chymopapain being the primary contributor to
tenderization as it constitutes the major protease in the mixture
(Aminlari, 2022).

5. Toxicity

Papain, an enzyme found in papaya, plays a vital role in protecting
papaya trees from lepidopteran larvae, such as Samia ricini, Mamestra
brassicae, and Spodoptera litura (Konno et al., 2004). The leaves of
several laticiferous plants, including papaya and Ficus virgata, have been
found to exhibit high toxicity and growth inhibition against lepidop-
teran larvae, despite the absence of any known toxic components from
these species (Konno et al., 2004). However, the lethal potency of these
plants’ leaves is lost after the removal of latex. Papain, ficin, and
bromelain have been attributed to provide papaya with the defense
system against herbivorous insects (Konno et al., 2004).

Due to the widespread practice of avoiding papaya consumption
during pregnancy in several Asian regions, Adebiyi et al. (2002) con-
ducted a study to evaluate the safety of papaya consumption during
pregnancy. They used conventional isolated-organ-bath techniques to
evaluate the effects of ripe papaya juice and crude papaya latex on the
uteri of pregnant and non-pregnant rats. The study revealed that regular
consumption of ripe papaya during pregnancy may not pose significant
risks. However, unripe or semi-ripe papaya, which contains a high
proportion of latex that causes noticeable uterine contractions, may be
unsafe during pregnancy. It is worth noting that the papain enzyme is
found in papaya latex. Although animal experiments are commonly used
to predict the risk of potentially harmful substances in humans, addi-
tional research is necessary to determine the actual risk associated with
consuming unripe-to-semi-ripe papaya and papain during pregnancy
(Adebiyi et al., 2002).

6. Medical, industrial, and pharmaceutical importance of
papain

Papaya leaves have traditionally been used to tenderize meat by
wrapping it in them. Among several proteases, papain is the most
commonly used enzyme in cell isolation methods due to its efficiency
and less damaging nature (Babalola, 2019). Papain is a component of
contact lens solution, used in the pharmaceutical industry and to clarify
beer. The traditional technique has also been demonstrated to be
effective against nematodes (Soleimani et al., 2022). Papain is present in
tissues lacking Alpha-1-antitrypsin (AAT) plasmatic antiprotease, which
prevents proteolysis (Flindt, 1979). This is achieved by the hydrolysis of
collagen cross-links or the cleavage of polypeptide chains. These cross-
linkages stabilize collagen fibrils, preventing them from weakening
when exposed to papain gel. Papain enzyme has a long history of use in
treating allergies, various types of trauma, and sports injuries (Tao,
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2022). Minor wounds heal more quickly with papain protease than with
placebos. According to reports, papain may also be effective in dentin
biochemical excavation methods (Elgewazi, 2022). Singh et al. (2022)
reported that papain significantly reduced acute allergic sinusitis
symptoms, such as headache and toothache pain, without causing any
negative side effects.

As mentioned earlier, papain is a meat tenderizing agent. Protease
enzymes are used to modify the proteins responsible for tenderness, such
as myofibrillar proteins and connective tissue proteins; papain is a
common ingredient in brewery products and the meat-processing sector
(Abeyrathne et al., 2022). As a proteolytic enzyme, papain is used to
treat dyspepsia and other gastrointestinal tract digestion issues (Kos-
tiuchenko et al., 2022). The pharmaceutical industry produces papain in
the form of gel doses because of its antifungal, antibacterial, and anti-
inflammatory characteristics (Babalola, 2019).

7. Market opportunity and commercialization of papain

Papain is a highly beneficial product for various industries. It is
derived from papaya, a tropical, herbaceous, succulent plant with self-
supporting stems that thrives in all tropical nations and many sub-
tropical regions of the world (Babalola, 2019; Jaime et al., 2007).
Papain is available all year round, and there are no limitations on its
production (Amri and Mamboya, 2012). However, in some countries,
such as Malaysia, papain cannot be manufactured due to unsuitable
climate conditions for papaya growth (Nur, 2010). Papain is used as a
food ingredient and is manufactured, distributed, and sold worldwide
due to its high export demand. A well-managed papaya production can
result in a high yield of papain (Kamalkumar et al., 2007; Reddy et al.,
2012). Papain is used in various industrial processes due to its numerous
benefits. The major raw material of papain is latex, while the leaves of
papaya are also of significance as they are used in the treatment of
asthma, hypertension, and malaria. The good prospects for papain in the
market have brought about an income source for farmers and manu-
facturers, which also contributes to the economic growth of a country.

8. Conclusion

In conclusion, the multifaceted applications of Carica papaya and its
enzyme, papain, in traditional medicine and modern healthcare are both
intriguing and promising. Our study delved into the extensive use of
every part of the papaya plant within traditional medicine, demon-
strating the plant’s versatility in therapeutic applications. Notably, the
pharmacological properties of papain, such as its remarkable potential
in the treatment of allergies, sports injuries, and its utility in the food
and health sectors, underscore its significance in diverse fields. This
research sheds light on papain’s pivotal role as nutraceuticals, specif-
ically in the management of digestive diseases. With its proven antiox-
idant properties, papain emerges as a valuable candidate for combating
oxidative stress-related ailments. Moreover, the observed anxiolytic
qualities of papain open new avenues for research in mental health
treatments, signifying its relevance beyond physical health concerns.

One of the most compelling aspects explored in this study is papain’s
potential in cancer treatment and wound healing. The promising results
suggest a targeted approach in cancer therapy and a novel method for
accelerating the wound healing process, offering hope for patients and
healthcare professionals alike. These findings not only contribute
significantly to the existing body of knowledge but also hint at papain’s
transformative impact on future medical practices. Furthermore, the
commercialization and market possibilities of papain cannot be over-
stated. Its diverse applications in the medical, industrial, and pharma-
ceutical sectors signify a booming industry with extensive opportunities.
As we navigate the landscape of medical advancements, understanding
papain’s pharmacological properties and its natural source, papaya, is
fundamental for harnessing its full potential.

In essence, our study serves as a gateway to further exploration and
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innovation in the realm of natural medicine. While we have made sig-
nificant strides in unraveling the mysteries of papain and Carica papaya,
there is much more to discover. Future research endeavors could focus
on in-depth clinical trials, molecular studies, and exploring synergistic
effects with other compounds, offering a comprehensive understanding
of papain’s therapeutic mechanisms.

In summary, the findings presented in this study underscore the
importance of Carica papaya and its enzyme papain in both traditional
and modern medicine. By unlocking the secrets of this remarkable plant,
we pave the way for a future where natural remedies play a central role
in healthcare, offering effective, safe, and accessible solutions to a
myriad of health challenges.
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