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In today’s global chemicals landscape, the focus is 
squarely on biomolecules like enzymes, renowned for 
their exceptional catalytic efficiency. Among them, 
proteases lead the way, comprising 60% of world-
wide enzyme sales and finding utility in diverse in-
dustries spanning detergents, leather, textiles, food, 
and pharmaceuticals (Matkawala et al., 2022; Souza et 
al., 2022). Additionally, plant-derived enzymes such 
as papain, bromelain, and ficin have carved out their 
own place in various sectors, from meat tenderiza-
tion to juice and beer clarification, cosmetics, textiles, 
baking, cheese production, edema treating, wool an-
tishrinking, amino acid production and beyond (Shin 
et al., 2020; Benucci et al., 2020; Moreira Filho et 
al., 2020; Shouket et al., 2020). For instance, papain, 

sourced from Carica papaya latex, serves as a beer 
clarifier, with an annual consumption of up to 400 tons 
(Fernández-Lucas et al., 2017). This carbohydrate-
free enzyme boasts an alkaline nature (isoelectric 
point: 9.6), a single polypeptide chain structure (212 
amino acids), and a molecular weight of 23,350 Da 
(He et al., 2010).

The concept of immobilizing enzymes on solid 
supports or carriers was initially developed to address 
the pressing problems associated with enzyme recov-
ery and reuse, while simultaneously enhancing the 
overall biocatalyst quality by providing it with greater 
stability (Girelli et al., 2020; Bolivar et al., 2022). The 
immobilization of enzymes offers a range of tangi-
ble advantages, like the flexibility to select between 
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ABSTRACT

Background. The global papain market is growing because of its diverse applications in the food, chemical, 
and textile sectors, although the enzyme’s solubility in free form causes reactor losses. This study aims to 
immobilize papain on chitosan flakes, preserving its catalytic activity for repeated reuse. 
Materials and methods. The immobilization process employed citric acid and ethylenediaminetetraacetic 
acid (EDTA) in a physical adsorption approach. 
Results. Papain loading of 0.2 to 0.4 g per gram of chitosan flakes yielded optimal digesting results. When 
0.4 g of immobilized papain per gram of chitosan flakes was added, a 2% gelatin solution digested 96.9%. 
Conclusion. Notably, papain immobilization on chitosan flakes is achieved without the need for additional 
chemicals, relying on enzyme concentration and relative enzyme-to-flake weight. This work demonstrates 
chitosan’s potential as an effective medium for physically preserving papain, showcasing its applicability in 
enzyme immobilization endeavors.
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batch or continuous processes, the swift termination 
of reactions, precise control over product formation, 
streamlined enzyme removal from reaction mixtures, 
an augmented resistance to thermal fluctuations, 
and remarkable adaptability to a wide spectrum of 
engineered designs (Girelli et al., 2020; Bolivar et 
al., 2022). In the context of such advancements, the 
case of papain serves as an illustrative example. To 
safeguard this proteolytic enzyme from succumbing 
to auto-proteolysis and to harness its potential more 
effectively, researchers have adopted the strategic 
approach of immobilization. This has entailed the 
use of an array of support materials, including silica 
spheres, gelatine gels, alginate beads, and chitosan-
based matrices (Mosafa et al., 2013; Gu et al., 2018; 
Zhang et al., 2020; Soares et al., 2020; Lin et al., 
2020) characterization, and application of silica‐coat-
ed magnetic nanoparticles for papain immobilization 
is reported. Papain was covalently attached onto the 
(3‐chloropropyl).

A primary challenge in enzyme immobilization 
lies in preventing leakage and ensuring robust bond-
ing between the enzyme and carrier. Various methods 
have been explored to stabilize papain, such as co-
valent cross-linking with agents like glutaraldehyde, 
thionyl chloride, epoxy groups, polyethersulfone, and 
succinic anhydride, as well as interaction with metal 
ions (Benucci et al., 2020; Baidamshina et al., 2021; 
Federsel et al., 2021) novel chitosan–clay nanocom-
posite films were produced as carriers for the covalent 
immobilization of papain, by using a fixed amount 
of chitosan (1% w/v). However, achieving consistent 
results remains a barrier, and the mechanical prop-
erties of the final biocatalyst, determined by the co-
polymerization process, often cannot be tailored to 
suit reactor requirements (Husain and Ullah, 2019; 
Ren et al., 2020; Bolivar et al., 2022). A limitation of 
covalent binding is the relatively low enzyme quan-
tity immobilized onto carriers (0.02 g per g carrier), 
hampering widespread industrial use (Maghraby et 
al., 2023) elevated temperatures, extreme pH values, 
etc. Consequently, selecting a cost-effective enzyme 
immobilization approach is imperative to manage op-
erational costs effectively. In this sense, the suitability 
of chitosan for enzyme immobilization by physical 
adsorption is underscored by the stability of chitosan 
particles on surfaces, even amidst variations in pH, 

ionic strength, and temperature, facilitating effective 
enzyme immobilization (Aranaz et al., 2021). 

Chitosan, a heteropolysaccharide comprising D-glu-
cosamine and N-acetyl-D-glucosamine units, is pro-
duced from crustacean shell chitin (Peter et al., 2021). 
With its notable biodegradability and antimicrobial 
properties playing a critical role across industries, chi-
tosan finds application in sectors such as food packaging, 
agriculture, and healthcare; additionally, it is employed 
in wound care, sutures, drug delivery, and as a compo-
nent in biodegradable plastics (Girelli et al., 2020; Wang 
et al., 2020; Kou et al., 2021; Ribeiro et al., 2021). Chi-
tosan’s biocompatibility ensures secure interaction with 
living tissues, promoting plant growth, and providing 
a protective shield against pathogens and pests (Maluin 
and Hussein, 2020; Lopez-Nuñez et al., 2022). 

The intricacy of immobilizing biocatalysts onto car-
riers arises from the need for chemical binders to bol-
ster the intricate enzyme-carrier bond. To contribute 
to our understanding of the use of enzyme technology 
under mild conditions, this study centers on utiliz-
ing chitosan flakes for papain immobilization through 
chemical binder-free physical adsorption. This research 
endeavors to amplify papain stability and performance, 
aiming for extensive industrial applications. Given the 
limitations concerning enzyme loading onto carriers in 
papain immobilization approaches, especially issues of 
leakage and bonding, this study investigates the physi-
cal adsorption stabilization technique as a solution. This 
initiative aligns seamlessly with the overarching objec-
tive of optimizing enzyme immobilization, resulting 
in heightened catalytic efficiency, and paving the way 
toward expanded biocatalyst utilization across a wide 
spectrum of industrial sectors.

MATERIALS AND METHODS 

Papain extraction and purification
Fresh latex (pH = 6.5) was collected from a five-month- 
-old C. papaya fruit using a buffer solution. Papain ex-
traction involved mixing the latex with a 0.1 N buffer 
solution containing high-purity citric acid (≥99.5%), 
sodium phosphate (≥99.0%), and EDTA (≥98.0%) 
in equal proportions (1:1:1), resulting in the extrac-
tion of papain mass (in grams). This mix was fol-
lowed by centrifugation at 3,000 g for 5 min (Yu and 
Zhang, 2020) the effect of adding different quaternary 
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ammonium ionic liquids (ILs). In this study, the effect 
of buffer concentrations ranging from 2.0 to 14.0 mL 
per gram of C. papaya latex on the yield of purified 
papain was investigated. The resultant supernatant was 
mixed with a 98° ethanol solution in a ratio of 13:1 
(mL per gram of latex), producing a white precipitate. 
From the optimal buffer concentration, the effect of ap-
plying ethanol at application rates ranging from 2.0 to 
14.0 mL per gram of latex was evaluated. 

Subsequent separation of the precipitate was 
achieved through centrifugation at 4,000 g and 10°C. 
The obtained precipitate underwent drying using 
a freeze dryer (Welch, Germany), and resuspensions 
were carried out using the 0.1 N citric acid/sodium 
phosphate/EDTA buffer solution. 

The catalytic activity of papain was evaluated by 
measuring the digestion of casein at 35°C (Arnon, 
1970; Moreira Filho et al., 2020; Zhang et al., 2021). 
The absorbance at 254 nm of undigested casein was 
compared with the mixture of papain and casein after 
a 20-min incubation. Equation (1) was then applied to 
determine the fraction of digestive activity (DAP).

Digestion activity  
of papain (DAP) =

ACasein – ADigestion (1)ACasein

Production of chitosan flakes from chitin
Exoskeleton samples of crabs (Brachyura spp.) were 
washed to remove the meat waste and then dried at 
40°C for 2 h. They were crushed to a final particle 
size of between 100 and 400 μm in a hammer mill. 
To remove the calcium carbonate fraction, 0.10 mL of 
1.5 N HCl was added per mg of dried sample and left 
for 45 min. Demineralized water was used for pH neu-
tralization. To remove the protein fraction, demineral-
ized samples were boiled with a 5% NaOH solution at 
100°C for 30 min. Wet solids were deacetylated with 
a 50% NaOH solution at 100°C for 2 hours (Kou et al., 
2021). Precipitates were washed until pH neutraliza-
tion and thereafter dried at 35°C for about 180 min. 
Chitosan flakes were obtained by mixing dried chi-
tosan samples with 2% acetic acid at 4°C. The ob-
tained mix underwent freeze drying.

Deacetylation grade 
Deacetylation grade (DG) was determined by titration 
(Ugochukwu et al., 2022). A sample of 500 mg chitosan 

was added to a flask containing a 100 mL 0.3 N HCl  
solution. This was titrated with 0.08 N NaOH until the 
chitosan was totally dissolved. The consumed volume 
of NaOH (X1) was computed using Eq. (2). After disso-
lution, titration continued until this dissolution was ge-
latinized, and the resulting volume of NaOH is X2 in the 
equation below. The pH changes were computed as well. 

DG = 16.1 (X1 – X2)
N (2)m

where
N – normality of NaOH solution
m – amount of chitosan in grams.

Immobilization of papain onto chitosan
A papain solution was added to dried-chitosan flakes at 
8°C for 24 h without using any chemicals to bind en-
zymes and support. In sealed containers, 300 mg of chi-
tosan flakes were mixed with 1 mL of papain solution, 
yielding concentration ratios of up to 0.4 mg of papain 
per mg of chitosan. The chitosan flakes were washed 
with a 0.1 N citric acid/sodium phosphate/EDTA buffer 
solution until no papain could be detected in the washing 
solution (Baidamshina et al., 2021) the product of chi-
tin deacetylation, is an excellent candidate for enzyme 
immobilization purposes. Here we demonstrate that 
papain, an endolytic cysteine protease (EC: 3.4.22.2). 
The presence of papain in the washing solution was as-
certained through the assessment of its catalytic activ-
ity, which was determined using casein as the substrate.

The digestive capacity was assessed by mixing 
a 2% gelatin solution with wet chitosan containing im-
mobilized papain. The absorbance of the gelatin solu-
tion was recorded at 254 nm before and after digestion 
using a UV-VIS spectrophotometer (Model Genesys 
40, Fisher Scientific, USA). The calculation of the 
fraction of digestion activity of immobilized papain 
(DAip) was performed as follows:

Digestion activity of 
imm. papain (DAIP) =

AGelatin – ADigestion (3)AGelatin

where
AGelatin –	 aborbance at 254 nm of a 2% gelatin 

solution
ADigestion –	aborbance at 254 nm of digested gelatin 

under different papain concentrations. 
All chemicals were purchased from Merck, USA. 
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Data analysis
The collected data were analysed by descriptive and 
inferential statistical methods, employing a signifi-
cance level of 5%. The effects on digestion activity 
(response variable) of different amounts of papain and 
chitosan and the number of times the immobilized pa-
pain had been reused were studied using a one-way 
analysis of variance (ANOVA) within the R-project 
software environment. 

RESULTS AND DISCUSSION

Papain purification and its activity
Figure 2 presents the results elucidating the papain pu-
rification process, achieved through the application of 
an acidic buffer in conjunction with ethanol. The ex-
perimental results demonstrate that when employing 
buffer concentrations ranging from 7.0 to 9.0 mL per 
gram of latex, a maximum yield of 34 mg of purified 
papain was attained. Similarly, the utilization of 10 to 
12 mL of ethanol yielded up to 32.6 mg of purified 
dried papain. The addition of ethanol to the extract 
induces protein denaturation and subsequent aggre-
gation, resulting in their distinct separation from the 
other components within the mixture. Beyond these 
specified buffer and ethanol concentrations, the yield 
of purified papain consistently fell below 2%. 

A weight-based analysis conducted in this study 
indicates that the optimal quantity of purified papain 
corresponds to a yield of 3.4%, which contrasts with 
earlier research, where yields of approximately 7% 
were achieved (Monti et al., 2000; Nitsawang et al., 

2006). Papain, being a thiol protease, exhibits the ca-
pacity to cleave peptide bonds, specifically those in-
volving aromatic amino acid residues like arginine, 
lysine, or glutamine in the carbonyl group. This chem-
ical attribute enables the extraction of papain from la-
tex by employing mild acids along with a chelating 
agent such as EDTA (Yu and Zhang, 2020) the effect 
of adding different quaternary ammonium ionic liq-
uids (ILs). With regard to pH effects, this study did not 
detect any significant deviations from the initial acidic 
pH of 6.5 present in the papaya latex.

Quality control of papain entails assessment of its 
proteolytic activity, quantified by the acceleration of 
substrate-to-product conversion due to enzymatic con-
tribution. This catalytic function can also be evaluated 
in relation to peptide or protein digestion. Figure  3 

Fig. 1. Chitosan flakes
Fig. 2. Amount of purified papain using different applica-
tion rates of buffer and ethanol
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Fig. 3. Digestion activity of different amounts of papain
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shows the absorbance data of remaining casein resi-
dues, reflecting their digestion efficacy. The optimal 
concentration range of purified papain solution for ef-
ficient milk protein digestion falls within 2.5 to 10 mg 
per L of solution.

Papain immobilization and its activity
To investigate papain immobilization, varied enzyme 
quantities were brought into contact with chitosan 
flakes (DG = 74.88%). The efficacy of these tests was 
gauged through their impact on gelatin solutions. The 
enzymatic digestion of gelatin by papain was quanti-
fied via changes in absorbance, as shown in Figure 4. 
Optimal digestion outcomes were achieved within the 
enzyme loading range of 0.2 to 0.4 g of papain per 
gram of chitosan flakes. This parameter yielded a re-
markable 96.9% digestion effect on a 2% gelatin solu-
tion when 0.4 g of immobilized papain was applied 
per gram of chitosan flakes. However, enzyme quanti-
ties falling below 0.15 g of papain per gram of support 
resulted in digestion percentages below 40%. This as-
sessment underscores the critical enzyme loading re-
quirement for attaining effective gelatin digestion in 
the immobilization process. In the present study, the 
absence of reagent addition ensures minimal to negli-
gible conformational changes in papain during immo-
bilization, leading to even distribution of the enzyme 
across the support through sufficient contact time.

The method of immobilization through physical 
adsorption is characterized as the most direct tech-
nique within the spectrum of immobilization me
thods, involving the non-covalent binding of enzyme 
molecules to the support’s surface (Baidamshina et 
al., 2021; Federsel et al., 2021; Wahab et al., 2020)
the product of chitin deacetylation, is an excellent 
candidate for enzyme immobilization purposes. Here 
we demonstrate that papain, an endolytic cysteine 
protease (EC: 3.4.22.2). Given the involvement of 
weak adsorption forces dependent on the support’s 
nature, variables encompassing pH, enzyme and sup-
port quantities, time, and temperature require careful 
control (Rodrigues et al., 2021; Tacias-Pascacio et al., 
2021). It is noteworthy that a common misstep in the 
immobilization process is directly exposing the en-
zyme to the support without prior pH preconditioning 
of the support concerning the enzyme solution. Since 
most carriers are highly reactive materials, side reac-
tions may occur with other components (Itoyama et 
al., 1994).

Based on the findings presented in Figure 5, this 
experiment entailed the digestion of a 2% gelatin solu-
tion using a catalyst containing 0.4 mg of papain per 
mg of chitosan over a 1 h period, demonstrating sus-
tained enzymatic activity for up to three cycles of re-
use. The more the immobilized enzyme was employed 
in the gelatin digestion process, the more pronounced 
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its loss of activity became. This observation can be at-
tributed to the absence of robust bonding between the 
support and the enzyme, thereby reducing the probabil-
ity of effective interaction with active sites (Maghraby 
et al., 2023) elevated temperatures, extreme pH val-
ues, etc. This weakening of interaction is coupled with 
an elevated probability of entropy increase within the 
papain-chitosan system, consequently diminishing the 
spontaneity of catalytic processes.

The underlying mechanism that elucidates the 
phenomenon of molecular immobilization of papain 
onto chitosan can be attributed to specific amino acid 
residues that assist a favorable physical interaction 
with the polymeric support, as previously discussed 
(Guisan et al., 2020; Ribeiro et al., 2021). Amino acid 
residues such as Lys, Asp, Glu, Thr, Ser, Tyr, Cys, 
and chitosan are involved in the establishment of hy-
drogen bonds due to their heightened reactivity and 
propensity for such interactions. Moreover, van der 
Waals forces contribute to the intricate formation of 
the novel papain-chitosan system. In a distinct con-
text, the active site of papain encompasses amino acid 
groups such as Cys and His, which can also engage in 
bonding with chitosan. This binding of the active site 
with the support effectively hinders substrate access, 
thereby negating its catalytic efficacy. However, this 
occurrence is probabilistic, so that some papain mol-
ecules end up with obstructed active sites while others 
remain unaffected. This duality results in diminished 
activity.

Significant differences in enzyme activity (referred 
to as DAP) can be observed in Table 1, indicating the 
effects of different papain compositions and quantities 
of immobilized papain. Moreover, while evaluating 
the length of carrier utilization, a statistically signifi-
cant relationship (p < 0.05) was observed in relation 

to digestive activity DAIP. The findings of this study 
highlight the significance of the quantity of papain and 
immobilized papain in influencing enzyme function, 
as well as the differing effects of different operating 
timeframes on the process of digestion.

CONCLUSIONS

The purification process of papain was achieved un-
der acidic conditions, involving the utilization of citric 
acid and EDTA as chelating agents. The immobiliza-
tion of papain through adsorption was influenced by 
several key factors, including the concentration and 
quantity of the enzyme in relation to the chitosan flake 
weight, as well as the ionic strength derived from the 
concentration of the acidic buffer. Remarkably, chi-
tosan’s solubility in acetic acid renders it particularly 
well-suited for shaping into flake forms, thereby pro-
viding an increased surface area for enzyme adsorp-
tion. By delving deeper into the intricate mechanisms 
at play and refining parameters concerning the buffer 
and ethanol, it may be possible to gain further insights 
that could improve the efficacy of papain purification 
processes.
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