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ABSTRACT

This study presents an innovative approach to producing virgin coconut oil (VCO) using crude bromelain
extracted from pineapple core and immobilized in a chitosan-alginate matrix. The immobilization significantly
improved enzyme stability, allowing for repeated use up to 15 cycles while retaining over 50% of its relative
activity. Key process parameters—including a bromelain to coconut cream ratio of 1:8 (w/v), an incubation
temperature of 40°C, and chitosan: alginate ratio of 7:10 (v/v)—resulted in a maximum VCO yield of 38.99%.
The resulting VCO exhibited excellent physicochemical and organoleptic qualities, with a high lauric acid
content of 61.07%, meeting commercial standards. Infrared (FTIR) and GC-MS analyses confirmed the pres-
ence of characteristic ester groups and fatty acid profiles. Compared to free bromelain, the immobilized form
offers a cost-effective and sustainable solution for large-scale VCO production by enabling enzyme reuse and
reducing process waste.

These findings highlight the potential of chitosan-alginate immobilized bromelain as a reusable biocatalyst,
offering a practical and scalable alternative for enzymatic VCO extraction with enhanced yield and product
quality.
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INTRODUCTION

Bromelain enzyme can be used to manufacture virgin coconut oil (VCO). Crude bromelain can be extracted
from several parts of the pineapple plant, one of which is from the pineapple core !. Bromelain can catalyze
protein hydrolysis or break down protein globules that cover the oil, accelerating the process of making VCO
without reducing its quality 2. VCO is a processed product from coconut cream that contains up to 67% me-
dium-chain saturated fatty acids (MCFA), which is dominated by lauric acid (more than 50%) ** MCFA
compounds in VCO have the advantage of increasing the immune system because they have antibacterial and
antiviral activity and can help the body absorb calcium and amino acids °.

Free crude bromelain has been widely studied as a protein-breaking enzyme in VCO 8 manufacturing. The
ratio of coconut cream to the volume of free bromelain has been reported at 800:600 (v/v) and produces VCO
with a yield of 12% %. The main disadvantage of free bromelain is that it can only be used once; thereby, oil
production costs are high. These problems can be overcome by using immobilization techniques. Immobilized
enzymes can be used continuously, which increases enzyme stability °.

The immobilization technique commonly used in several research was the entrapment method because it was
simple. Alginate is one of the most frequently used immobilizing compounds. Bromelain that is immobilized
by alginate in manufacturing VCO can produce VCO with a relative activity of >50% until the sixth use '°.
The number of repeated uses of these studies could still be increased by using additional immobilizers.
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Chitosan was chosen as an additional immobilizer because of its insolubility in water and non-toxic !!; there-
fore, it was very suitable for bromelain immobilization applications in the manufacturing of VCO. Chitosan
has also been used as a carrier for several enzymes, such as trypsin '2, galactosidase '°, and bromelain 4.
Combining alginate and chitosan as a bromelain immobilizer is expected to increase the stability of the en-
zyme. The entrapment efficiency of bromelain in the alginate-chitosan matrix is also high compared to using
only a single alginate matrix '°. The diffusion of the enzyme from the alginate-chitosan matrix is very low,
and the z}gtivity of immobilized compounds remains high; therefore, it is very suitable for bromelain immobi-
lization "°.

MATERIAL AND METHODS

Crude bromelain extraction from pineapple core

Pineapple cores were obtained from young pineapple harvested from a pineapple plantation in Kulawi, Central
Sulawesi, Indonesia. The pineapple core was cut into small pieces and mashed with phosphate buffer pH 6.5
with a 6:1 (w/v) 17 ratio' The mixture was filtered, and the filtrate was added with ammonium sulfate, which
had a saturation level of 60%. The mixture was stirred until the ammonium sulfate was dissolved entirely, and
then the mixture was allowed to stand for 24 hours in the refrigerator. The coagulated enzyme proteins were
separated using centrifugation for 25 minutes at 3500 rpm. The residue of crude bromelain was dried at 40°C
for 12 hours in a vacuum oven '3,

Immobilization of crude bromelain

Crude bromelain enzyme (1.33%) in phosphate buffer was mixed with 2.5% sodium alginate solution (Sigma-
Aldrich) at a ratio of 1:1 (v/v) and then put into a syringe. The mixture of bromelain and alginate was dropped
into a mixed solution of 0.1M CaCl, (Merck), 0.5% chitosan solution (Sigma-Aldrich), and 0.5% acetic acid
(Merck). The chitosan:alginate ratio of 0:10, 3.5:10, 7:10, and 10,5:10 (v/v). The formed beads are left sub-
merged in the solution of CaCl, for 2 hours. The beads that have been separated from the solution were im-
mobilized bromelain, which will be used in the production of VCO !°2,

Production of VCO. The flesh of the old coconut was grated and added with water at a ratio of 1:1 (w/v) to
obtain the coconut milk. Strained coconut milk was allowed to stand for 2 hours, and the top layer was sepa-
rated as coconut cream 2°. The immobilized crude bromelain was put into a reactor containing coconut cream
in various ratios of 1:3, 1:4, 1:5, 1:6, 1:7, 1:8, and 1:9 (w/v). The mixture was allowed to stand for 36 hours.
After 3 layers were formed, the oil or VCO layer was separated from the protein and water layers . The same
treatment was carried out on free bromelain. The quality of VCO was determined by analyzing yield, water
content, free fatty acid content, and organoleptic properties. Functional groups of VCO were determined by
using a Spectrophotometer FTIR 820/PC Shimadzu. The fatty acid profile was analyzed using GC-MS
QP2010S Shimadzu.

The efficiency of repeated use of immobilized bromelain

The coconut cream was mixed with immobilized crude bromelain. The mixture was allowed to stand for 36
hours, then the VCO layer was separated from the other layers, and the yield was determined. The immobilized
bromelain from the first use was washed with deionized water and phosphate buffer at pH 6.5 and then filtered
and reused to produce VCO %°. Bromelain is used continuously up to six times. The effectiveness of repeated
use of immobilized bromelain was determined using a linear equation of the curve of repeated use of the
enzyme vs. the relative activity of the enzyme in producing VCO.

RESULTS

The study results, and corresponding figures illustrating each experimental outcome are presented below.
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This schematic illustrates the entrapment process of bromelain within the alginate-chitosan matrix. The matrix
is formed via electrostatic interactions between carboxyl groups in alginate and amino groups in chitosan,
creating stable beads that encapsulate the enzyme for subsequent applications in VCO production.
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Figure 1. Alginate-chitosan matrix formation and its interaction with bromelain

To maximize VCO yield, an experiment was conducted to determine the optimal mass ratio of immobilized
bromelain to coconut cream (1:3 to 1:9 w/v). The results show that the yield increased with more coconut
cream, peaking at a 1:8 ratio, after which a decline was observed, likely due to reduced enzymatic activity in
more acidic conditions.
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Figure 2. Effect of the ratio of immobilized bromelain: coconut cream on VCO yield

This experiment assessed the impact of temperature on enzymatic efficiency during VCO production. The
highest yield was obtained at 40°C, with a noticeable decrease at higher temperatures, indicating thermal
denaturation of bromelain above its optimum temperature.
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Figure 3. Effect of incubation temperature on VCO yield

Various chitosan: alginate ratios (0:10 to 10.5:10 v/v) were tested to optimize the matrix composition. The
highest VCO yield (38.99%) was achieved at a 7:10 ratio, suggesting that this composition provides optimal
enzyme entrapment and activity without excessively hindering substrate diffusion.
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Figure 4. Effect of the ratio chitosan: alginate on VCO yield

The reusability of immobilized bromelain was evaluated over six consecutive VCO production cycles. The
results show a gradual decline in yield with each reuse, attributed to matrix degradation and enzyme leaching

over time.
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Figure 5. Repeated use of immobilized bromelain

To assess long-term effectiveness, the relative activity of immobilized bromelain was plotted against the num-
ber of reuses. Based on extrapolation, the enzyme maintained over 50% activity up to the fifteenth cycle,
demonstrating good reusability for cost-effective VCO production.
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Figure 6. Relative activity of the enzyme on repeated use of immobilized bromelain
Gas chromatography was used to analyze the fatty acid composition of the produced VCO. The chromatogram
reveals a dominant peak at a retention time of 24.8 minutes, corresponding to lauric acid, confirming its pre-

dominance in the product.
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Figure 7. Chromatogram of VCO product

Mass spectrometry analysis of the VCO methyl ester derivatives confirmed the presence of lauric acid, with
fragmentation patterns consistent with methyl laurate. Key ions at m/z 74, 87, and 183 validate the compound's

identity.
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Figure 8. VCO mass spectrophotometer spectrum and comparative literature

Fourier-transform infrared spectroscopy (FTIR) analysis of the VCO showed characteristic absorption bands

at 1744 cm™ (C=0 ester), 2932 and 2855 cm™' (—CH: and —CH3s groups), and 1158 cm™ (C-0), consistent
with the typical profile of coconut oil esters.
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Figure 9. Infrared spectrum of VCO
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Immobilization Matrix VCO Yield Reusability (Cy- Enzyme Activity Retained Estimated Cost
(%) cles) (%) (USD/g)
Alginate 33.00 6 ~50 Low
CNBr-Sepharose CL 4B 35.80 15 ~53.14 High (~100 USD/10 g)
Silica 30.10 10 ~40 Moderate
Chitosan-Alginate (This 38.99 15 52.13 Low
study)

Table 1. Comparison of bromelain immobilization methods regarding yield, reusability, enzyme activity, and estimated cost.

Overall, the experimental results demonstrate that bromelain immobilized within a chitosan-alginate matrix
effectively enhances the yield and quality of virgin coconut oil production. Optimal conditions—namely, a
bromelain to coconut cream ratio of 1:8 (w/v), incubation temperature of 40°C, and chitosan: alginate ratio of
7:10 (v/v)—resulted in the highest VCO yield. The immobilized enzyme exhibited substantial stability and
reusability, maintaining over 50% of its relative activity after 15 cycles. Furthermore, as confirmed by GC-
MS and FTIR analyses, the VCO produced met quality standards regarding fatty acid composition, particularly
with high lauric acid content and favorable physicochemical properties. These findings highlight the potential
of enzyme immobilization in improving the efficiency and economic feasibility of enzymatic VCO produc-
tion.

DISCUSSION

Bromelain enzyme extraction was carried out using young pineapple hump as the essential ingredient. Pro-
tease activity in pineapple fruit will continue to increase during fruit development and decrease in the final
period of fruit ripening 2. The crude bromelain obtained is 28.245 g from 2.08 kg of the wet hump. Using
chitosan as a carrier is expected to increase the stability of the immobilizer gel so that repeated use has a
more extended period. Takahashi et al. 990 reported that when alginate is mixed with chitosan, strong ionic
interactions occur between the carboxyl residues of alginate and the amino-terminal of chitosan to form
polyelectrolyte complexes °. This complex is insoluble with the presence of Ca*" chelate or anti-gelling
cation. Therefore, CaCl, can stabilize the gel and reduce the porosity of alginate beads . An alginate-chi-
tosan matrix in immobilizing bromelain can produce a strong and hard gel. Therefore, it is not easy to leak.
The resulting immobilized bromelain was either beads or spherical in shape. The alginate-chitosan- matrix
is formed due to the electrostatic interaction between COO" ions from alginate and NH3" ions from chitosan
2829 and bromelain is described as being trapped in the formed matrix (Figure 1).

Optimum conditions for VCO production

Bromelain, which was immobilized by alginate-chitosan, was used for VCO production. Bromelain, which
includes proteolytic enzymes, can break down lipoprotein bonds in fat emulsions 2. Therefore, it can help the
process of forming a VCO. Bromelain has been immobilized with several types of natural matrices, such as
chitosan, chitosan-carboxymethyl chitosan, and clay-carboxymethylcellulose **3!32, The stability of brome-
lain is enhanced by using immobilization techniques. The mass ratios of immobilized bromelain and coconut
cream used in this study were 1:3, 1:4, 1:4, 1:5, 1:6, 1:7, 1:8, and 1:9 (w/v). The results showed that the yield
of VCO increased with the increasing volume of coconut cream until the ratio of 1:8 and decreased at a ratio
of 1:9 (Figure 2).

The highest VCO yield of 34.375% was found in the immobilized bromelain: coconut cream ratio of 1:8
(w/v). The decreasing yield on the use of a 1:9 ratio occurred because the acidity of coconut cream began to
increase. Coconut cream has a pH of approximately 5.45 33, while bromelain has optimum activity in the pH
range of 6.5-7 3*33; therefore, the enzyme activity was inhibited. Immobilized bromelain also has a higher
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activity than free enzymes. The bromelain enzyme not only contains proteases but also peroxidase *¢. There-
fore, in the free state, peroxidase will quickly work to accelerate oxidation in oil, which can reduce the yield
of VCO.

Utilization of an incubation temperature of 40°C is the optimum condition for VCO production, with a yield
of 33.85% (Figure 3). A similar result was obtained for free bromelain. Incubation at more than 40°C may
cause the activity of bromelain to be decreased. It indicated that the protein of enzyme bromelain will be
denatured at a temperature of more than 40°C.

The highest VCO yield was found using chitosan: alginate ratio of 7:10 (v/v) with a value of 38.99% (Figure
4). The yield of VCO obtained was higher than free bromelain or without immobilization at 31.67%. Immo-
bilization of bromelain with alginate matrix resulted in a VCO yield of 33% '°. Using a chitosan-alginate
matrix successfully increased immobilized bromelain's effectiveness in producing VCO. Enzyme activity
has reached its optimum at a ratio of 7:10 (v/v) because the trapping matrix can keep the enzyme from being
easily released and dissolved during the hydrolysis reaction of coconut milk protein.

Nevertheless, at the ratio of 10.5:10 (v/v), the yield of the resulting VCO began to decrease because the
immobilizer matrix was very thick, and the enzyme's active site was difficult to react with the coconut cream
protein substrate '°~2. The highest concentration of chitosan is thought to cause the formation of many hy-
drogen bonds between the amine group (-NH2) and hydroxyl group (-OH) of chitosan with bromelain protein,
which can cause changes in the structure of the active site of bromelain. Theoretically, one of the weaknesses
of the enzyme immobilization technique is the reduction in its enzymatic activity. Changes in the active site
of bromelain can reduce proteolytic activity, which leads to a decrease in VCO products. Using chitosan:
alginate ratio of 7:10 is a composition that does not significantly change the structure of the active site of
bromelain; thus, its proteolytic activity is maintained. Chitosan derivatives at low levels have not been re-
ported to substantially affect the bromelain structure 3!,

The effectiveness of immobilized bromelain

The results of the repeated use of immobilized bromelain showed that the enzyme activity in producing VCO
decreased with each use (Figure 5). In the first use of immobilized bromelain, the yield of VCO produced
was 30.655%, then it continued to decrease on the second to sixth use, respectively 29.365%, 25.099%,
26.19%, 24.107%, and 23.512%. The decrease occurred because the alginate-chitosan matrix's thickness was
depleted until the enzymes started to release. The chitosan matrix also undergoes swelling, which causes the
release of the active substance *’. The more often the use of enzymes is carried out; the more enzymes begin
to be included in the reaction products. Therefore, the enzyme activity decreases in the subsequent repeated
use.

The effectiveness of repeated immobilized bromelain was determined based on the relative activity at the
time of VCO production. The results showed that until the sixth use, the relative activity of immobilized
bromelain in separating VCO from coconut cream was still at 81.83% (Figure 6). The activity of the immo-
bilized enzyme decreased because the matrix lost stability due to repeated use **. The decreasing activity of
immobilized enzymes on repeated use can also be caused by enzyme denaturation during reuse *°.

The straight-line equation y = -0.033x + 1.0163 was used to determine the limit for repeated use of immobi-
lized bromelain (Figure 6). The calculation results show that the repeated use of immobilized bromelain in
VCO production has a maximum limit of 15 uses with a relative activity value of 52.13% or more than 50%.
The effectiveness of immobilization is known from the enzyme activity, which still has a relative activity of
more than 50% *°. In a previous study, the effectiveness of repeated use of alginate-immobilized bromelain
on VCO production only lasted up to 6 repeated uses '°. In another study, immobilized bromelain in CNBr-
Sepharose CL 4B matrix could be used repeatedly up to 15 times with a relative enzyme activity of 53.14%
40 The physical properties of the obtained VCO also meet the Asia Pacific Coconut Community (APCC)
standards and Indonesian National Standard (SNI), namely the aroma that is not rancid, colorless, and has a
distinctive oil taste. Economically, the utilization of immobilized bromelain for VCO production is very
profitable. Pure bromelain (Sigma-Aldrich CAS: 37189-34-7) is around 105 USD per 10 grams. Free bro-
melain can only be used once, so producing VCO in large quantities requires much cost. Chitosan-alginate
immobilized bromelain is assumed to be able to be used up to 15 times. Moreover, the price of chitosan and
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alginate is relatively cheap and easy to produce. Therefore, chitosan-alginate immobilized bromelain is pre-
dicted to save up to 10-12 times cheaper production costs.

Fatty acid profile of VCO

One of the quality aspects of VCO is the fatty acid content. Lauric acid is the dominant component in VCO,
with a concentration of more than 50%. The lauric acid content in VCO has many health benefits, such as
antiviral *' and antibacterial **. The fatty acid content in VCO was analyzed using GC-MS. The gas chroma-
tography results showed the presence of the dominant compound at a retention time of 24.8 minutes (peak
no.4) with a concentration of 61.07% (Figure 7).

The results of the interpretation of the MS spectrum showed that the retention time was 24.8 minutes with a
concentration of 61.07% lauric acid. VCO was derivatized into methyl esters to be analyzed using GC-MS.
In the MS spectrum, fragmentation results are seen with values of 74 m/z and 87 m/z, which are the base
peaks of methyl laurate (Figure 8). The result of fragmentation between the carbonyl and methoxy groups
was shown on the m/z 183 fragmentation pattern *>**. Lauric acid is the highest fatty acid in the resulting
VCO product of 61.07%. There are also other types of fatty acids, including caproic acid at 0.41%, caprylic
acid at 9.41%, capric acid at 7%, myristic acid at 12.48%, palmitic acid at 4.72%, stearic acid at 1.27%, oleic
acid 3.01%, and linoleic acid of 0.63%.

VCO characteristics

The infrared spectrum can also show the success of separating VCO from coconut cream using bromelain
immobilized by an alginate-chitosan matrix. The analysis showed absorption at wave number 2932 cm™! and
2855 cm’ which were -CHj3 and -CHz groups, and absorption at wave number 1744 cm™! as -C=0 groups of
ester compounds (Figure 9). Meanwhile, the wave number of 1158 cm™ is absorbed from the —C-O group.
The commercial VCO has absorption at wave number 2922 cm™! and 2856 cm™ as alkyl groups (-CH3 and —
CH.) and typical oil absorption at wave number 1743 cm™ as carbonyl absorption (-C=0) of the ester group
45

Free fatty acid content, moisture content, and peroxide value significantly affect the quality of VCO. High
water content causes oil hydrolysis to form free fatty acids. High peroxide will cause oxidation of the free
fatty acids in VCO, which causes rancidity in the oil. Moisture content, free fatty acid content, and peroxide
value were obtained at 0.13%, 0.33%, and 2.67 mek/kg oil, respectively. Standardization of VCO from the
Indonesian National Standard (SNI), namely moisture content <0.2%, free fatty acid content <0.2%, and
peroxide value <2.0 mek/kg; while Malaysia Standardization (MS), namely moisture content <0.15%, free
fatty acid content <0.5%, and peroxide value <3 mek/kg oil. The VCO obtained needs to be purified using
the adsorption method to reduce the values of these three parameters.

From an economic perspective, immobilized crude bromelain significantly reduces enzyme-related costs in
VCO production. Commercial bromelain costs approximately 105 USD per 10 grams, and when used in free
form, it is discarded after a single use. In contrast, immobilized bromelain in the chitosan-alginate matrix
retains sufficient activity for up to 15 cycles, potentially lowering enzyme costs by over 85%. Moreover, both
chitosan and alginate are low-cost, naturally derived materials, making this system a cost-effective and scala-
ble solution for industrial applications.

CONCLUSIONS

This study presents a novel and cost-effective approach for enhancing virgin coconut oil (VCO) production
by immobilizing crude bromelain extracted from pineapple core using a chitosan-alginate matrix. Combining
these two natural polymers successfully improved the enzyme's stability, activity, and reusability—address-
ing a significant limitation of free bromelain use in industrial applications.
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Under optimized conditions—specifically, a bromelain to coconut cream ratio of 1:8 (w/v), incubation tem-
perature of 40°C, and chitosan: alginate ratio of 7:10 (v/v)—the highest VCO yield of 38.99% was achieved.
Notably, the immobilized enzyme retained over 50% of its activity after 15 consecutive uses, significantly
outperforming previously reported immobilization systems and offering a promising alternative for reducing
enzyme-related production costs.

In addition, the produced VCO exhibited desirable physicochemical and organoleptic properties and a high
lauric acid content (61.07%), comparable to or exceeding commercial standards. The integration of enzyme
immobilization with agro-industrial byproducts (pineapple core and coconut) further enhances the sustaina-
bility and scalability of the process.

These findings underscore the innovation and industrial relevance of using chitosan-alginate immobilized
bromelain as a reusable biocatalyst in high-quality VCO production.
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