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ABSTRACT
Agro‐industrial fruit by‐products are a potential source of functional ingredients that are currently underexploited, yet sustainable. 
Peel and core residues are commonly generated in large amounts by tropical fruits, such as the Marang (Artocarpus odoratissimus 
Blanco), which is common in the Philippines, and can be utilized rather than discarded as sources of beneficial polysaccharides, such 
as pectin. The primary objective of this research was the valorization of marang fruit waste through enzyme‐assisted extraction 
(EAE), followed by the characterization of marang by‐products pectin. Three commercial enzymes (cellulase, xylanase, and α‐ 
amylase) were used to extract pectin from the peel and core. The extracted samples were tested for yield (%), moisture content (MC 
%), ash content (AC%), equivalent weight (EW), methoxyl content (MeO), anhydrouronic acid (AUA), and degree of esterification 
(DE). Functional properties, including water‐holding capacity (WHC), oil‐holding capacity (OHC), swelling capacity (SC), emulsion 
capacity (EC), and emulsion stability (ES), were determined. Solubility tests and multivariate analyses (PCA and Pearson correlation) 
were used to establish relationships among structural and functional attributes. Pectin % yield ranged from 3.06% to 7.05%, with core‐ 
cellulase (CC) extraction producing the highest yield. All samples were classified as LM (low‐methoxy) pectin (MeO) < 7%; DE < 
50%), which can be used in the formation of gels induced by calcium. The core‐derived pectin showed high WHC and SC, indicating 
strong hydration properties, whereas peel‐derived pectin extracted with xylanase showed high EC and ES, suggesting potential 
emulsifying properties. Extraction with α‐amylase increased pectin purity by hydrolyzing starch impurities, resulting in high EW and 
AUA values. Marang peel and core are also promising alternative sources of LM pectin, with various functional properties applicable 
to food, nutraceutical, and industrial applications. Such a valorization strategy will help reduce waste, advance the circular economy, 
and develop sustainable functional ingredients.

1 | Introduction 

Agricultural, food, and industrial waste are generated at tre
mendous rates daily, posing significant challenges for their 

management and disposal. The fruit and vegetable (F&V) 
industry is among the food sectors that generate the most waste. 
This covers a large proportion of inedible ingredients, including 
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skins, seeds, cores, peels, and pomace, which are usually dis
carded during production and processing (Ajila et al. 2009). 
Crop residues from rice, corn, coconuts, and sugarcane are 
significant in the Philippine agricultural sector, and rice straw 
alone yields about 17.6 million tons per year. Fruit peels con
tribute 15%–60% of all processing waste (Nirmal et al. 2023), 
including significant portions of mangoes, oranges, pineapples, 
and bananas, from 20% to 50% of the total processing waste per 
annum. The total amount of fruit waste is estimated at 25–57 
million tons annually (Leong and Chang 2022). If unmanaged, 
this highly biodegradable waste may cause environmental 
problems, including soil and water contamination, eutrophica
tion, greenhouse gas emissions, and other health‐related con
cerns (De Medeiros et al. 2020).

Waste valorization is the process of converting waste materials 
into more valuable products, such as chemicals, materials, and 
fuels (Arancon et al. 2013). This approach plays a crucial role in 
the development of the circular economy by transforming waste 
products into valuable products such as organic fertilizers, animal 
food, and energy, as it will have a beneficial impact on environ
mental health, economic development, and societal well‐being 
(Sindhu et al. 2019; Garcia‐Garcia et al. 2018). Valorization of 
marang fruit waste has become a promising source for sustainable 
resource management. In this context, valorizing waste from un
derutilized tropical fruits represents a sustainable and promising 
approach to maximizing resource use and reducing waste.

Marang fruit or Artocarpus odoratissimus Blanco is a tropical 
fruit that grows mainly in the Philippines, especially in the 
uplands and highlands of Mindanao, and is not widespread in 
Luzon and Visayas. The fruit comes from the genus Artocarpus, 
which includes approximately 50 species of evergreen tropical 
trees native to South and Southeast Asia. The Marang fruit is 
usually huge and weighs an average of 1–2 kg. It is oblong in 
shape, rounded, and bristling with short and brittle spines, 
which are covered with greenish‐yellow. Marang fruit consists 
of four components: the husk or peel, the flesh, the seeds, and 
the core (Alvarado 2023). The flesh accounts for 50%–60% of the 
fruit's weight; the remaining 40%–50% is pulp, peel, and the 
seed, which are typically discarded. According to a study by 
Abu Bakar and Abu Bakar (2018), Marang harvesting occurs in 
Luzon, Philippines, between May and July, and in Mindanao 
between August and December. The fruit weighs approximately 
5 tons per acre and has a short shelf life, making it best con
sumed immediately. Moreover, the research shows that Marang 
is classified as an underutilized fruit tree partly because many 
people are unaware of its existence. Moreover, the Marang fruit 
is highly valuable for its high nutrient and bioactive content, 
including antioxidants in its flesh, seeds, and peel, making it a 
valuable source of innovation in the food, supplement, and 
health industries.

Pectins are structural polysaccharides within the components of 
the plant cell walls and are mostly made up of galacturonic acid 
units, and are highly variable in terms of composition, struc
ture, and molecular weight. This polysaccharide is strongly 
linked to other cell wall components, such as cellulose, hemi
cellulose, and lignin (Harholt et al. 2010). In the food industry, 
pectin is a multifunctional substance used as a gelling agent, 
thickener, stabilizer, and emulsifier (Rascón‐Chu et al. 2009). 
Commercial pectin is derived from apple and citrus peels, and 
although it shares similar features, its structure may differ 

depending on origin and extraction method. To this effect, it 
should be noted that pectin is vulnerable to physical, chemical, 
and/or enzymatic alteration. The high number of functional 
groups within the pectin structure can confer various functions, 
and some modifications enable pectin to have a wide range of 
applications (Freitas et al. 2021). In the majority, partly because 
pectin is a safe, non‐toxic product with a low‐cost production 
system, and is highly available.

Despite improvements in waste valorization, a research gap 
remains in the use of by‐products from local, underutilized fruits. 
Although mainstream crops and generally accessible fruit by‐ 
products have been investigated most, numerous region‐specific 
fruits with unique characteristics remain underexplored as sources 
of value‐added food ingredients. Overlooking these locally available 
resources underscores the importance of targeted research, which 
can yield not only economic benefits but also environmental ad
vantages through the reasonable use of the resources at hand. 
Thus, this study aims to use the underutilized marang fruit as an 
alternative source of pectin using enzyme‐assisted extraction 
(EAE). In particular, the study aims to assess the physicochemical 
properties and functional characteristics of the pectin extracted to 
determine its potential use as a value‐added food ingredient.

2 | Materials and Methods 

2.1 | Sample Collection and Preparation 

The sample was prepared according to the study of K. 
Castillo‐Israel et al. (2014) with slight modifications. Ripe 
and overripe (or overmature) marang (A. odoratissimus 
Blanco) were collected from the local market in Cagayan de 
Oro City, Misamis Oriental, Philippines. After washing, the 
fruit peels, cores, and seeds were separated from the edible 
part of the fruit (flesh) and soaked in a 0.5% sodium meta
bisulfite (Na2S2O5) solution in water for 1 h to prevent 
browning before drying. It was allowed to dry in a convection 
drying oven (UF‐160, Memmert Oven) for 24 h at 55°C. The 
dried sample was ground using a fabricated milling machine 
and passed through 100‐mesh (0.15 µm) and 200‐mesh 
(0.075 µm) sieves. The powdered fruit sample was packed 
into an LDPE bag, sealed, and stored until extraction.

2.2 | Chemicals and Reagents 

The chemicals and reagents used in this research were hydro
chloric acid (HCl) (RCI Labscan), sodium hydroxide (NaOH) 
(Scharlau), sodium chloride (NaCl) (Sinopharm AR), phenol red, 
and ethanol (95.0% purity). All the reagents were ACS and ana
lytical grade. The sodium metabisulfite, cellulase (10,000 U/g), xy
lanase (20,000 U/g), and α‐amylase (40,000 U/g) are all food‐grade.

2.3 | EAE of Pectin 

Pectin extraction was prepared according to the study of Castillo‐ 
Israel et al. (2019), with slight modifications. In this process, 
cellulase, xylanase, and α‐amylase were diluted to 55.5 U/mg and 
then added in equal portions to the marang powder (peel and 
core), which was incubated at 45°C ± 5°C with continuous stir
ring at pH 4.4. The extraction parameters (temperature, pH, and 
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enzyme concentration) were selected based on the optimal con
ditions for each enzyme and verified in preliminary experiments 
using marang fruit waste. The final conditions were selected to 
maximize pectin yield while maintaining polysaccharide struc
ture, ensuring high extraction efficiency and feasibility. After the 
enzymatic treatment, the mixture was filtered through cheese
cloth, and the filtrate was heated at 55°C for 1 h to inactivate the 
enzymes. Ethanol was used to precipitate pectin by adding twice 
the volume of the filtrate and stirring for 1 h. After this, the 
mixture was filtered using previously weighed Miracloth. Finally, 
the extracted pectin was air‐dried in a convection drying oven 
(UF‐160, Memmert Oven) for 5 h at 50°C. The dried sample was 
ground using a fabricated milling machine and passed through a 
200‐mesh (0.075 µm) sieve. The pectin powder was packed into 
an LDPE bag, sealed, and stored until further analysis. The 
process flow for the extraction of marang pectin is presented in 
Figure 1.

2.4 | Physico‐Chemical Characterization of 
Marang Pectin 

2.4.1 | Pectin Yield (%) 

Pectin yield refers to the amount of pectin recovered and 
purified from a given amount of raw material. It is measured as 
the ratio of the weight of the dried pectin to the weight of the 
original powder of the raw powder in the extraction process 
(Kamal et al. 2020). The pectin yield was determined using the 
equation:

Y P
W

(%) = × 100,pectin
s

(1) 

where Ypectin (%) denotes pectin percent yield, P denotes the weight 
of pectin, and Ws denotes the initial amount of dried sample.

2.4.2 | Determination of Moisture and Ash Content 

The moisture and ash content of the extracted pectin were 
determined according to AOAC (2005) protocols. The moisture 
content was given in terms of the percentage of weight loss with 
respect to the original weight of the sample, while the ash 
content was the percentage of inorganic residue against the 
sample weight. Measures were conducted in triplicate and re
ported as mean ± standard deviation. The moisture and ash 
content were determined using the equation, respectively:

MC (%) = weight of water
weight of pectin sample

× 100, (2) 

AC (%) = weight of inorganic residue
weight of pectin sample

× 100. (3) 

2.4.3 | Determination of Equivalent Weight (EW) 

Pectin EW was calculated based on the procedure provided by 
Roy et al. (2017). A 0.5 g pectin sample was placed in a 250 mL 
conical flask and moistened with 5 mL of ethanol to facilitate 
EW measurement. The addition of 1 g of sodium chloride was 
used to sharpen the endpoint of the titration. Then, 100 mL of 
carbon‐free distilled water and six drops of phenol red indicator 
were added. Gradual titration with a 0.1 N standardized solu
tion of NaOH was performed until the indicator turned pink 
(pH 7.5), and the mixture was held for at least 30 s. The fol
lowing equation will be used to compute the EW:

FIGURE 1 | Process flow for marang by‐products preparation and enzyme‐assisted pectin extraction. 
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EW (mg/mole) = Wt of pectin × 1000(g)
mL of alkali × normality of alkali

. (4) 

2.4.4 | Determination of Methoxyl Content (MeO) 

The MeO content was determined according to the procedure 
of Roy et al. (2017). The neutralized solution from the titra
tion of EW was used. In the solution, 25 mL of 0.25 N NaOH 
was added to the solution and left to stand at room temper
ature for 30 min. This was followed by the addition of 25 mL 
of 0.025 N HCl, and titration was carried out with 0.1 N 
NaOH until the pink color persisted for 30 s. The MeO was 
measured using the equation:

MeO (%)

= normality of NaOH (N) × vol of NaOH (mL) × 3.1
Wt of sample

× 100.
(5) 

2.4.5 | Determination of Anhydrouronic Acid (AUA) 

The AUA value of pectin was estimated using EW and 
methoxyl content measurements. K. Castillo‐Israel et al. 
(2014) reported the following formula for calculating AUA 
content:

w
z yAUA (%) = 176 × 0.1 × 100

× 1000
+ ( + ). (6) 

In this study, w is the sample weight, z the mL of NaOH from 
the EW measurement, and y is the mL of NaOH from the MeO 
determination. AUA's molecular unit (1 unit) is equivalent 
to 176 g.

2.4.6 | Determination of Degree of Esterification (DE) 

The DE of the extracted pectin was calculated using Equation 
(7) based on MeO and AUA contents:

DE (%) = 176 × MeO content (%)
31 × AUA (%)

× 100. (7) 

2.5 | Appearance and Color Visualization of 
Pectin 

The appearance was captured using an iPhone 7 smartphone 
with a 12‐megapixel wide‐angle lens ( f/1.8 aperture) and tele
photo lens ( f/2.8 aperture). The shutter speed was adjusted to 1/ 
24 s according to the conditions of light. The color was eval
uated using a Minolta colorimeter (CR‐410, Konica Minolta, 
Tokyo, Japan). The pectin samples were put on the standard 
white plate (L* = 89.16, a* = 2.31, and b* = 4.67), and the degree 
of lightness (L*), redness or greenness (a*), and yellowness or 
blueness (b*) of the pectin were measured. Meanwhile, the 
whiteness index relates to visual assessments for certain white 
and near‐white surfaces. The color difference and whiteness 
index were calculated using the following formula:

E L L a a

b b

= [( ] + ( )

+ ( ) ]

,pectin std 2 pectin std 2

pectin std 2 1/2
(8) 

L a bWI = [100 [100 ) + + )].2 2 2 (9) 

2.6 | Functional Properties 

2.6.1 | Water‐Holding Capacity (WHC) 

The determination of WHC was performed according to the 
assessment method described by Mohamad Zahari et al. (2016) 
with slight modifications. A 100 mg of pectin powder extract 
was combined with 10 mL of distilled water in a 10 mL centri
fuge tube and allowed to mix overnight at 5°C. Then, the 
mixture was centrifuged at 1401 g for 20 min. The slurry was 
dried at room temperature for 2 h after the removal of the 
supernatant. After this, the wet residue was weighed and then 
dried at 120°C for a period of 2 h and again weighed to receive 
the dry weight. The WHC was calculated as

g gWHC ( / ) = g of water
g of pectin

. (10) 

2.6.2 | Oil‐Holding Capacity (OHC) 

The OHC was determined following the procedure outlined by 
Mohamad Zahari et al. (2016) with minor modifications. A 
100 mg pectin sample was combined with 10 mL of soya oil in a 
centrifuge tube, mixed thoroughly using a vortex mixer for 
1 min at max speed, and then centrifuged at 1401 g for 30 min. 
The supernatant was weighed, and the OHC was expressed:

OHC (g/g) = g of precipitate after centrifuge
g of pectin

. (11) 

2.6.3 | Emulsion Stability (ES) and Capacity (EC) 

EC and ES were evaluated based on the procedure described by 
S. W. Cui and Chang (2014), with minor modifications. A 0.01 g 
sample of pectin powder was first suspended in 5 mL of distilled 
water. Then 5 mL of soya oil was put into the suspension. This 
was followed by mixing the mixture in a vortex mixer at the 
highest speed for 3 min to create an emulsion and centrifuging 
at a speed of 1401 g for 5 min. The EC was expressed as the % 
ratio of the emulsion layer height to the total fluid height, and 
calculated using the formula:

EC (%) = height of emulsion layer
total height of fluid

× 100. (11) 

The stability of the emulsion (ES) was determined by heating 
the emulsion to 80°C for 30 min and then cooling it in running 
tap water for 15 min. This emulsion was again centrifuged after 
being cooled at 1401 g for 5 min. The ES was determined by the 
formula:

ES (%) = height of remaining emulsion layer
total heigh of fluid

× 100. (13) 

2.6.4 | Swelling Capacity (SC) 

The determination of SC was conducted based on Mohamad 
Zahari et al. (2016). A sample of 100 mg of pectin was put in a 
cone‐shaped plastic tube, stirred with 5 mL of distilled water, 
and allowed to stand overnight. The SC was determined 
using:
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SC (%) = mL of swollen material
g of pectin

× 100. (14) 

2.7 | Solubility of Pectin 

2.7.1 | Solubility of Dry Pectin in Cold and Hot Water 

Pectin can be soluble, a significant determinant of the texture and 
feel of formulated products. Pectin that dissolves too quickly will 
not have the desired gelling or thickening properties, and pectin 
that is too insoluble can result in unpleasant textural results. To 
determine solubility, 0.15 g of extracted pectin was placed in a 
conical flask. It was then dissolved in a solution of 25 mL of 
distilled water and 5 mL of 95% ethanol, after which the solubility 
was first noted at room temperature. It was then heated to 90°C 
for 15 min to further assess solubility, as described by Rahman 
et al. (2023) with slight modifications.

2.7.2 | Solubility of Dry Pectin in Cold and Hot Alkali 
Solutions 

The solubility of pectin in acid and alkali solutions was based 
on the method of Rahman et al. (2023) with modifications. The 
pectin sample (0.3 g) was weighed and placed in a conical flask. 
Fifty milliliters of distilled water and 10 mL of 99% ethanol were 
added to it. Out of this solution, 5 mL of pectin solution was 
collected, and 1 mL of 0.1 N NaOH was introduced. The solu
bility of pectin was observed before and after the heating of the 
mixture at 90°C for 15 min.

2.8 | Statistical Analysis 

All measurements made in the experiment were taken in trip
licate, with the results reported as mean ± standard deviation. 
The data were also checked for Normality using the Shapiro– 
Wilk test, and all the data sets were proven to be normally 
distributed (p > 0.05). The statistical analyses were performed 
using SPSS software (IBM Corp., version 23, Armonk, NY, 
USA). The treatment means differences were compared with 
the one‐way analysis of variance (ANOVA) at a significance 
level of p ≤ 0.05. A multiple‐range Tukey honestly significant 
test was used to examine differences between the mean values 
of the measured properties with a significance level of 0.05. 
Additionally, principal component analysis (PCA) and Pearson 
correlation analysis were conducted to examine the connections 
between the physicochemical and functional characteristics of 
the extracted pectin using JMP Student Version 2025 (SAS 
Institute Inc., Cary, NC, USA).

3 | Results and Discussions 

3.1 | Physico‐Chemical Properties 

3.1.1 | Pectin Yield 

The pectin yield of the marang by‐products (peel and core) was 
different with respect to the enzyme employed in extracting the 
pectin. The cellulase‐assisted extraction yielded the highest 
pectin content in the core (7.05% ± 0.29%), which was much 
higher than that of any other treatment. This is because cellu
lose is hydrolyzed by cellulase, which breaks it down within the 
cell wall matrix, thereby releasing pectic material that is firmly 

attached to the lignocellulosic structure (Jayasekara and 
Ratnayake 2019). For the peel, xylanase extraction yielded the 
highest (5.32% ± 1.74%), followed by cellulase (3.68% ± 0.12%) 
and xylanase (3.06% ± 0.45%). This implies that the linkages 
between hemicellulosic polysaccharides in the peel matrix and 
pectic polymers could be stronger, and that xylanase activity 
effectively cleaves these linkages, enabling higher pectin yield 
(Liu et al. 2022). The greater variability in xylanase activity 
might be due to the heterogeneity in the distribution of hemi
cellulose within the peel tissue. Conversely, the lowest yields 
were obtained with α‐amylase in peel (3.06 ± 0.45) and core 
(4.59 ± 0.82), suggesting that starch hydrolysis was insufficient 
to release a large amount of pectin (Bai and Gilbert 2022). 
However, its moderate pectin yield in the core suggests that 
starch–pectin interactions may be present in this tissue, which 
are partially disrupted by amylase activity. Moreover, a pre
liminary experiment was also conducted on marang seeds, 
which revealed 0% pectin yield in all the enzymes tested. This 
shows that the enzymatic treatments used in this research were 
ineffective at liberating pectin in seed tissues. As a result, 
marang seeds were not included in the main experimental 
results and further analyses.

In a study by K.A.T. Castillo‐Israel et al. (2019) on the extrac
tion of pectin from different fruit peel waste, the results of EAE 
could be explained by the high specificity of enzymes during 
hydrolysis. The researchers have observed that those enzymes 
bind only a few components of the polysaccharide, which are 
bound to the pectin molecule, thus yielding less pectin. In this 
study, marang pectin yields a lower % recovery, consistent with 
the study of Maric et al. (2018), which compared various tech
niques for extracting pectin from golden kiwi pomace. The 
results showed that enzymatic extraction of kiwi fruit pomace 
yielded the highest pectin content (4.5%). However, Wikiera 
et al. (2015) also reported the highest pectin yields with EAE 
using Celluclast and Viscoferm, at 18.95% and 17.86%, respec
tively. However, the enzyme extraction method is highly 
effective, saving time and reducing the amount of solvent 
required. However, the high cost of enzymes has made their 
widespread use in industry difficult. Enzymes also exhibit 
specificity and selectivity, so choosing the proper enzymes for 
each raw material depends on the pectin % yield extracted 
(Table 1).

3.1.2 | Moisture Content and Ash Content 

The moisture and ash content of pectin samples obtained as a 
result of marang peel and core by‐products are given in Table 2. 
There were considerable differences between the samples, 
depending on the by‐product origin (peel or core) and the en
zyme type used in the extraction process. The pectin samples 
had a range of % MC of 12.49% (CC) to 17.92% (PA). The PA had 
the highest % MC of 17.92% ± 1.54%, which was significantly 
higher (p < 0.05) than those of PC and PX. In contrast, core‐ 
derived pectin had a lower value, with CC having the lowest % 
MC. This implies that lower moisture content confers greater 
stability and resistance to microbial growth and degradation 
during storage (Rodulfo et al. 2024; Rahman et al. 2023). Ac
cording to the IPPA (2014), the moisture content for commer
cial pectin should not exceed 12%. The results of this study are 
higher than the standards, except for the core‐derived pectin 
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from the cellulase sample. Several studies highlight differences 
in pectin moisture content across various factors. According to 
Akhster et al. (2024), these differences may be explained by the 
fruit's inherent moisture content, the methods used to extract it, 
and laboratory factors. Panchev et al. (2010) also noted that the 
difference may depend on pH, the solvent's chemical compo
sition, and possible interactions between pectin and the ex
traction medium. Similarly, Rahman et al. (2023) explained that 
the chemical structure, fiber composition, water‐retention 
capacity, and drying process of pectin might explain why they 
exhibit varying moisture content. However, a lower moisture 
content is preferred, as it can be stored longer and is more 
applicable to industrial use (Muhmadzadeh et al. 2010).

The ash content of the marang pectin, which reflects the min
eral composition, is presented in Table 2. The values ranged 
from 10% to 15% for both peel and core. The sample of peel‐ 
derived pectin is higher compared to core‐derived pectin. This 
observation indicates that the marang peel contains more 
mineral‐associated polysaccharides than the core, possibly 
because it is more exposed to the environment and is accu
mulating mineral constituents in the outer fruit tissues. How
ever, the result of this study exceeds the standards set by the 
IPPA (2014), which states that ash content should be below the 
maximum allowable value of 10%. Higher ash content implies 
higher impurities, and ash levels below 10% in pectin are better 
for good‐quality gel formation (Rahman et al. 2023). Moreover, 
fruit type, pre‐treatment, and extraction process can affect 
variations in ash content (Mamiru and Gonfa 2023). The dif
ference in the variation of ash content between marang pectin 
samples could be attributed to the difference in the part of the 
fruit (peel or core), enzymatic treatment, as well as the interplay 

of polysaccharides with mineral elements. These results indi
cate that pectin properties should be carefully selected based on 
the raw material and extraction method to achieve the desired 
pectin specifications, whether for functionality as an ingredient 
or for high purity and conformity to industry standards in 
applications.

3.1.3 | EW of Pectin 

The EW of pectin extracted using three different commercial 
enzymes from the peel and core of the marang fruit is presented 
in Figure 2a. The EW is a significant parameter for character
izing and assessing the quality of isolated pectin. It is the 
average molecular weight of a free galacturonic acid unit (not 
esterified). The high EW pectin is directly linked to its high 
functional performance, which is correlated with a higher 
content of free galacturonic acid in its molecular chains, 
resulting in high viscosity and water‐binding properties 
(Baraiya et al. 2023). For marang peel in this study, the mean 
EW values were approximately 575 mg/mole with cellulase‐ 
extracted pectin, 605 mg/mole with xylanase‐extracted pectin, 
and 705 mg/mole with α‐amylase‐extracted pectin. The EW in 
the amylase was significantly higher (p < 0.05) compared with 
both cellulase and xylanase.

The marang peel extracted by α‐amylase is significantly 
higher (p < 0.05) compared to cellulase and xylanase. The 
result is unexpected on a conventional pectin extraction 
basis, since α‐D‐(1,4)‐glucan linkages on starch and other 
polysaccharides are not the target of amylase but rather cat
alyze the hydrolysis of galacturonic acid that comprises 
pectin (Hrabovska et al. 2018). The high efficiency in 
α‐amylase extraction should then be explained by an indirect, 
yet highly efficient mechanism. It has been shown that pectin 
and starch can coexist and interact within the plant cell wall, 
forming complex gel‐like structures or physical entangle
ments through hydrogen bonds (Bai and Gilbert 2022). The 
high EW in α‐amylase‐extracted pectin indicates that the 
molecules of pectin that were extracted were not depoly
merized. This implies that the α‐amylase was not involved in 
the direct degradation of the pectin polymer; instead, it acted 
as a substantial starch‐based barrier that was removed. The 
enzyme hydrolyzed starch fibers, which were cross‐linked 
with or physically trapped pectin, and, in the process, de‐ 
clogged the matrix, enabling high‐quality pectin extraction in 
a non‐destructive manner.

On the other hand, the derived pectin from the marang core has 
a mean value of 610, 695, and 640 mg/mole for cellulase, 

TABLE 1 | Pectin yield (%) from marang by‐products (peel and core) using different microbial enzymes.

Extracting enzymes
Marang by‐products Ypectin (%)

Abbr. Peel Abbr. Core

Cellulase PC 3.68 ± 0.12a CC 7.05 ± 0.29a

Xylanase PX 5.32 ± 1.74a CX 3.52 ± 1.04b

α‐Amylase PA 3.06 ± 0.45a CA 4.59 ± 0.82b

Note: abbr. denotes the abbreviation of pectin samples. Data are presented as mean ± standard deviation (SD). Different superscripts within a column indicate significant 
differences among marang by‐products (peel and core)(p < 0.05) based on Tukey's HSD test. 
Abbreviations: CA, core extracted from α‐amylase; CC, core extracted from cellulase; CX, peel extracted from xylanase; PA, peel extracted from α‐amylase; PC, peel 
extracted from cellulase; PX, peel extracted from xylanase.

TABLE 2 | Moisture and ash content of pectin extracted from 
marang peel and core by‐products using different enzymes.

Pectin 
sample

Moisture 
content (%)

Ash 
content (%)

Peel PC 15.49 ± 0.60b 15.69 ± 1.20a

PX 16.30 ± 0.55b 17.05 ± 0.40a

PA 17.92 ± 1.54a 18.80 ± 0.64a

Core CC 12.49 ± 0.37c 10.11 ± 0.46a

CX 13.36 ± 2.67b 13.66 ± 0.61a

CA 16.46 ± 0.58a 15.10 ± 0.50a

Note: Data are presented as mean ± standard deviation (SD). Using the Tukey 
honestly significant difference test, mean values with different letters in a column 
for each by‐product (peel and core) indicate a significant difference (p ≤ 0.05).
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xylanase, and α‐amylase, respectively. The pectin extracted 
from xylanase is significantly higher (p < 0.05) compared to 
cellulase and α‐amylase. The results indicate that xylan 
(hemicellulose) is the major structural component of the cell 
wall matrix of the core (Santos et al. 2014), making xylanase the 
preferred EAE method for targeted degradation and the sub
sequent release of pectin polymers. Cellulase and xylanase are 
common enzymes used in EAE because their main activity is 
breaking the physical walls around pectin, not degrading the 
pectin molecule.

The values of EW of pectin in Marang pectin, which are produced 
in this study, are competitive with the pectin extracted from other 
studies. For instance, in the study by Islam et al. (2023) on pectin 
derived from jackfruit by‐products, the EW was determined to be 
555.56 ± 1.23 mg/mole (tandem), 476.19 ± 0.81 mg/mole (peel), 
and 454.54 ± 0.50 mg/mole (core). The EW of marang pectin is 
higher than that of the jackfruit and also exceeds that of the study 
of Panwar et al. (2022) on Citrus limetta peel, resulting in 
477.89 ± 0.43 mg/mole, and the study of Ghoshal and Negi (2020) 
for kinnow peel resulted in an EW of 652.14 ± 0.21 mg/mole. 

TABLE 3 | Color parameters (L*, a*, and b*), color difference (ΔE), and whiteness index (WI) of pectin extracted from marang.

Marang by‐products Pectin sample L a* b* Color ΔE WI

Peel PC 57.21 ± 3.26a 12.01 ± 1.90a 36.23 ± 0.57a 38.19 ± 0.96c 42.63 ± 3.06c

PX 66.54 ± 0.51a 8.25 ± 0.58b 34.37 ± 1.08a 35.35 ± 1.16b 51.33 ± 1.12a

PA 67.72 ± 0.81b 10.32 ± 0.49b 22.69 ± 1.10b 24.93 ± 1.21a 59.21 ± 1.38b

Core CC 67.24 ± 7.36a 10.54 ± 3.17a 31.45 ± 2.03a 33.22 ± 3.18a 53.29 ± 7.47a

CX 72.16 ± 5.27a 8.55 ± 2.06a 30.5 ± 2.26a 31.71 ± 2.28a 57.70 ± 4.45a

CA 57.21 ± 3.26a 12.01 ± 1.90a 36.23 ± 0.57b 38.19 ± 0.96a 42.63 ± 3.06a

Note: Values are presented as mean ± standard deviation. Using the Tukey honestly significant difference test, mean values with different letters in a column for each by‐ 
product (peel and core) indicate a significant difference (p ≤ 0.05).

FIGURE 2 | Comparative analysis of the physico‐chemical properties of pectin from marang peel and core using different microbial enzymes. 
(a) Equivalent weight (EW); (b) methoxyl content (MeO %); (c) anhydrouronic acid content (AUA %); and (d) degree of esterification (DE %). 
Significant differences (p ≤ 0.05) between treatments are indicated by different letters. Error bars represent standard deviations. 
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However, the results of this study are contrary to those of K.A.T. 
Castillo‐Israel et al. (2019) for fruit peel pectins extracted with 
different enzymes. Passion fruit exhibited the best EW in combi
nation with xylanase (2781.3 g/mole) and saba banana with cel
lulase (3201.5 g/mole). The highest EW (3230.1 g/mole) was 
observed for α‐amylase in mango peel. Remarkably, Guyabano 
peel had the highest EW (8409.7 g/mole) with α‐amylase, far than 
any other treatment and fruit. This study also compares the EW 
results for commercial pectin (control) with those for apple and 
citrus pectins, yielding 2809.57 and 4016.12 mg/mole, respectively. 
The relatively lower EW values of marang pectin compared to 
other fruit sources, such as passion fruit, saba banana, mango, and 
guyabano, and commercial varieties, may be due to various fac
tors. According to J. Cui et al. (2021), the cell wall composition of 
different fruits is important.

In comparison to these other fruit peels, the proportion of 
tightly bound pectin or portions of galacturonic acid chains that 
can be readily hydrolyzed may be less in marang peel and core, 
causing shorter chains of polymer to form after extraction. 
Another factor to be considered is the extraction process: 
although enzyme treatments improve preservation better than 
acid hydrolysis, variation in enzyme activity, concentration, 
incubation time, and temperature may influence levels of 
depolymerization (Sharma et al. 2016). In this study, milder 
enzyme conditions are likely to have released pectin molecules 
of smaller molecular weight than those observed in other fruits 
under optimized EAE conditions.

However, both values of the marang by‐products (peel and core) 
pectin extracted using different microbial enzymes were higher 
than the International Pectin Producer Association's minimum 
suggested EW of 400 mg/mole (IPPA 2014). The high EW values 
indicate that the isolated pectin can be used in high‐end ap
plications where gelling, thickening, and stabilizing properties 
are most important (Pattarapisitporn and Noma 2025).

3.1.4 | Methoxyl Content of Pectin 

One of the parameters that determines the functionality of 
pectin is its methoxyl content, which determines the ability of 
pectin to form gels in high‐solid, low pH conditions by forming 
hydrophobic interactions and hydrogen bonds, as well as its 
ability to form gels in an ionic form by binding divalent cations 
such as calcium (Schmelter 2002).

The methoxyl content (MeO%) of marang pectin extracted 
using cellulase, xylanase, and α‐amylase was 0.67% ± 0.05%, 
0.89% ± 0.20%, and 1.63% ± 0.18%, respectively, for peel. Mean
while, the pectin extracted from the core resulted in 
1.43% ± 0.15%, 1.34%± 0.28%, and 1.83% ± 0.29% for cellulase, 
xylanase, and α‐amylase, respectively. The enzymes, including 
cellulase and xylanase, which break down the cell wall, can also be 
co‐extracted with starch and pectin. Because starch lacks methoxyl 
groups, its presence in the end product serves as a diluent. Failure 
to co‐extract starch will cause the co‐extracted starch to precipitate 
with pectin during the final purification step of alcohol precipi
tation, resulting in a final product composed of a mixture of pectin 
and starch (Hrabovska et al. 2018). The only difference is a clear, 
consistent pattern: better α‐amylase performance (p < 0.05). The 
most important role of α‐amylase in this regard is purification. 
Hydrolyzing the interfering starch into smaller, soluble 
sugars prevents the latter from co‐precipitating with the pectin. 

The increased MeO% %, therefore, does not result in the enzyme 
altering the structure of the pectin, but the result was the creation 
of a more concentrated and purer extract containing pectin. This 
purification step, performed by amylase, is targeted and yields a 
better representation of the actual methoxyl content of pectin 
(Hrabovska et al. 2018).

Another observation is the difference in the source of material; 
the pectin extracted from the marang core consistently shows 
higher MeO than the peel, regardless of the enzymes employed. 
However, all measured MeO % values are below 2%. The results 
suggest an inherent difference in the chemical structure of 
pectic polysaccharides in these two parts of the fruits. The 
marang core can be either more esterified or in a simpler, less 
fibrous matrix and so yield a purer extract. The peel of marang 
has a very complex matrix rich in crude fiber and other phy
tochemicals, which present a difficulty to selectively extract 
high‐quality pectin (Estudillo and Tolentino 2024). The higher 
complexity and diversification of cellular structure in the peel 
may be the cause of the non‐pectin material or less‐esterified 
fractions of pectin being extracted together and giving a lower 
measured MeO %.

According to Elsyana and Alvita (2022), pectin is defined as 
high when the % MeO in its composition is equal to or greater 
than 7 (HM). In case the MeO % content was lower than 7, the 
content would be considered low in methoxyl (LM). Based on 
the extremely low MeO % values in this study, the extracted 
marang pectin would be classified as a low‐methoxyl pectin 
or LM. The low methoxyl content of the marang pectin will 
then be capable of creating a gel when the polyvalent cations, 
like calcium, are added. Thus, in this case, low methoxyl pectin 
will be profitable since it can be manufactured without the 
demethylation process of high methoxyl pectin to low methoxyl 
pectin.

The low MeO % of marang pectin is very low, and this fact would 
not allow any generalization that EAE is always the best one to 
use to produce high‐quality pectin. The high deviation of the result 
of the study could be attributed to several factors. It is even likely 
that the low values represent a natural characteristic of the pectin 
of this particular species of marang. The properties of pectin are 
considered to have a great variation depending on the plant 
variety, genetic type, and stage of maturity (Obodo‐Ovie 
et al. 2024). Another is that the conditions of extraction were 
not necessarily optimized with marang. Operational parameters 
like temperature, pH, and time of extraction are highly sensitive to 
the quality and yield of pectin (Peighambardoust et al. 2021). It is 
quite probable that the conditions used in the experiment, 
although suitable for the general activity of enzymes, were less 
than ideal with this particular raw material, resulting in a certain 
level of de‐esterification or nonselective co‐extraction that reduced 
the result in MeO %.

3.1.5 | AUA of Pectin 

Determination of AUA content is done through the quantity of 
uronic acids in relation to the overall mass of the extracted product. 
Pectin can be described by the AUA and the DE. The purity of the 
pectin is a measure of the AUA content (characterizing the GalA) 
(Kheowmung 2024). The higher the AUA value, the purer the 
pectin. The higher the purity, the higher the gel strength. The 
pectin extracted with cellulase, xylanase, and α‐amylase from 
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marang peel and marang core shows a significant variation in the 
AUA content obtained. As shown in Figure 2c, the data indicate 
differences in the efficacy of each enzyme in producing high‐quality 
pectin. The highest AUA content was obtained with α‐amylase 
extraction at 58.3%, which was significantly higher (p < 0.05) than 
with xylanase (p < 0.05) and cellulase (p < 0.05), resulting in 53.8% 
and 43.2%, respectively. A similar trend was observed in the marang 
core pectin, where α‐amylase yielded the highest AUA content, 
resulting in 56.4%. Pectin that had been extracted using xylanase 
and cellulase resulted in 56.0% and 50.1%, respectively. The AUA 
content of α‐amylase is significantly higher (p < 0.05) than that 
of cellulose, but no significant difference (p > 0.05) in the AUA 
content of xylanase.

The AUA results for both the marang peel and core using 
α‐amylase were higher than those with other enzymes. This is 
contrary to expectations regarding the primary role of pectin‐ 
liberating enzymes, and there is a need to understand the 
composition of marang fruit better. Although enzymes such as 
cellulase and xylanase are designed to degrade the cell wall 
matrix, thereby physically releasing pectin, the primary activity 
of α‐amylase is the hydrolysis of starch into small sugar units 
(Jiang et al. 2024).

The higher AUA content obtained using the α‐amylase enzyme 
can be attributed to the purification process rather than to 
direct extraction. Marang, being a known source of starch, is an 
Artocarpus species that includes the edible pulp of the type and 
the central fibrous core (Alvarado 2023). During extraction, 
other polysaccharides, such as starch and other non‐pectin 
glucans, co‐extract with pectin (Noorfarahzilah et al. 2019). In 
this regard, α‐amylase could target contaminating starch mo
lecules for degradation. Hydrolysis of these non‐pectin carbo
hydrates by α‐amylase increases the proportion of the relative 
concentration of the uronic acid‐rich pectin in the final product. 
This would be reflected directly in a higher AUA percentage, as 
observed in the results. This implies that, for starchy biomass, 
the enzyme used for pectin extraction should not only be able to 
handle the cell wall structure but also account for and coun
teract the effects of co‐extracted contaminants. The AUA results 
for both the marang peel and core using α‐amylase were higher 
than those with other enzymes. This is contrary to expectations 
regarding the primary role of pectin‐liberating enzymes, and 
there is a need to understand the composition of marang fruit 
better. Although enzymes such as cellulase and xylanase are 
designed to degrade the cell wall matrix, thereby physically 
releasing pectin, the primary activity of α‐amylase is the 
hydrolysis of starch into small sugar units (Jiang et al. 2024).

The higher AUA content obtained using the α‐amylase enzyme 
can be attributed to the purification process rather than to 
direct extraction. Marang, being a known source of starch, is an 
Artocarpus species that includes the edible pulp of the type and 
the central fibrous core (Alvarado 2023). During extraction, 
other polysaccharides, such as starch and other non‐pectin 
glucans, co‐extract with pectin (Noorfarahzilah et al. 2019). In 
this regard, α‐amylase could target contaminating starch mo
lecules and degrade them. Hydrolysis of these non‐pectin car
bohydrates by α‐amylase increases the proportion of the relative 
concentration of the uronic acid‐rich pectin in the final product. 
This would be reflected directly in a higher percentage of AUA, 
as observed in the results. This implies that, for starchy bio
mass, the enzyme used for pectin extraction should not only be 

able to handle the cell wall structure but also account for 
and counteract the effects of co‐extracted contaminants.

The comparative performance of cellulase and xylanase in the 
present study is consistent with the study by Wikiera et al. 
(2016) on pectin extraction from apple pomace, which indicated 
that xylanase (or hemicellulase) is better than cellulase at 
breaking down the cell wall network by hydrolyzing pectin. The 
improved efficiency of xylanase indicates that the cross‐linking 
of xylanase with pectin with the hemicellulose, specifically 
xylans, in the marang cell wall may pose a greater barrier to the 
liberation of pectin than the cellulose network. Hence, with 
xylanase, it would be more efficient to aim at these xylan‐rich 
chains to release the pectin polymer. This observation indicates 
that EAE protocols are not universal and must be specifically 
designed to suit the unique polysaccharide structure of the 
target biomass to achieve optimal outcomes.

The amount of AUA in the pectin obtained after extraction of 
the marang peel was always greater than that of the core, ir
respective of the enzyme. This observation suggests the pres
ence of fundamental compositional differences between the two 
sections of the fruit. The outer protective coat, known as the 
peel, is a recognized source of dietary fiber, including pectin 
(Liang et al. 2022), and the fibrous core is the fruit's axis, located 
near the starchy, edible pulp. The reduced AUA values of the 
core indicate that the non‐pectin compounds extracted are more 
likely to be co‐extracted and primarily starch, which would 
dilute the overall purity of the sample. This is consistent with 
the hypothesis that α‐amylase is so effective because it can 
degrade these specific contaminants. This increased base AUA 
in the peel indicates that it is a better, cleaner source of 
high‐purity pectin extraction and that it requires less purifica
tion of co‐extracted materials than the core.

As per the Food and Agriculture Organization (FAO) and Food 
Chemical Codex (FCC), the recommended value of AUA should 
not be less than 65% in pectin as a food additive or as a phar
maceutical agent on an ash and moisture‐free basis (FCC 2004). 
The AUA values of marang pectin in the current study, 
although showing significant differences between treatments, 
are all below the 65% purity level commonly reported in the 
literature. This implies that, despite the use of particular en
zymes, high levels of co‐extracted non‐pectin material remain. 
A complete characterization of the extracted marang pectin 
would require further testing of these other physicochemical 
characteristics to establish its applicability for specific industrial 
uses, such as a gelling agent in jam or a stabilizer in drinks 
(Liang et al. 2022).

3.1.6 | Degree of Esterification 

The relationship of the DE, MeO, and AUA relates to the 
properties of pectin. The content of methoxyl and AUAs is used 
to determine the degree of esterification, where AUA is the 
percentage of the pectin molecule composed of galacturonic 
acid. The degree of esterification is directly proportional to the 
MeO content and inversely proportional to the AUA content 
(Sayah et al. 2016). The level of esterification (DE) is a valuable 
measure of the structural properties and potential pectin gelling 
properties (Dixit et al. 2025). The DE values in this study varied 
with enzyme treatment and the origin of the raw material (peel 
vs. core). In the peel, the treatment with α‐amylase yielded the 
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highest DE (p < 0.05), followed by xylanase and cellulase 
(p > 0.05). The same trend was observed in the marang core 
pectin, where α‐amylase has the highest DE, followed by cel
lulase and xylanase. These findings indicate that α‐amylase 
helped to retain or increase esterified galacturonic acid residues 
in pectin, which was probably due to its capacity to degrade the 
associated starches and expose more esterified areas of homo
galacturonan. Conversely, cellulase and xylanase, which are 
predominant in the action on the cell wall polysaccharides, 
might have liberated the pectin fractions with relatively lower 
esterification.

The differences in DE show a strong correlation with MeO, as 
DE indicates the extent of carboxyl group esterification. The 
study's results align with the trends in MeO, which were similar 
to those of DE: pectin samples after α‐amylase treatment pro
duced the highest MeO, and cellulase produced the lowest. 
Such interaction validates the notion that the extent of enzyme‐ 
mediated structural adjustment directly affects the extent of 
methyl esterification, thereby informing the classification of the 
extracted pectins. In particular, DE values below 50% and all 
treatments are characterized as LM pectin that can gel in the 
presence of divalent cations (such as Ca2+) rather than in high‐ 
sugar/acid conditions.

The same pattern was observed with AUA content, indicating 
the purity of pectin and the percentage of galacturonic acid in 
the pectin polymer. Extraction with enzymes, which led to 
increased DE and MeO, was also associated with increased 
AUA. For instance, the marang peel pectin extracted with 
α‐amylase had higher DE and MeO values than the respective 
AUA. For the marang core‐derived pectin, α‐amylase also 
increased DE and MeO, as well as AUA. The positive 

relationship shows that enzymatic extractions that favor ester
ification also increase the percentage of galacturonic acid‐rich 
fractions, consistent with the idea that both the structural 
integrity of pectin and the degree of esterification depend on 
each other (Levigne et al. 2002).

3.2 | Appearance and Color Visualization  
of Pectin 

Visual inspection of the six pectin samples shows varying col
ors, depending on the source material and the extraction en
zyme (Figure 3). The peel samples (a, b, c) are darker and have 
a richer, more saturated reddish‐brown hue. In contrast, the 
core samples (d, e, f) are lighter and have a more moderate tan 
or cream color. The visually lightest sample is the one extracted 
by α‐amylase (f), and the darkest is the one extracted by 
cellulase (a).

Analysis of the color of marang‐derived pectin from peel‐ and 
core‐derived samples revealed apparent differences. The core 
pectin consistently shows a lighter (L*) and lower yellowness 
(b*) compared to peel, which implies a lighter and less 
intense colored product. The xylanase‐extracted core sample 
had the highest lightness, consistent with its visual appear
ance. The EAE has influenced the color parameters. There 
was a gradual increase in lightness with cellulase (PC, 
L* = 57.21), xylanase (PX, L* = 66.54), and α‐amylase (PA, 
L* = 67.72), and the latter produced the lightest pectin. On 
the other hand, the cellulase‐extracted sample had the 
highest redness (a* = 12.01) and yellowness (b* = 36.23), and 
the lowest in the alpha‐amylase‐extracted sample (a* = 10.32 
and b* = 22.69) (Table 3).

FIGURE 3 | Visual appearance of the extracted pectin. The pectin samples (a–c) were from the peel and (d–f) were from the core. The pectin 
samples were extracted with cellulase (a and d), xylanase (b and e), and α‐amylase (c and f), respectively. 

437 Food Bioengineering, 2025



Pectin color is not a native characteristic feature of the poly
saccharide, but the result of having co‐extracted non‐pectin 
compounds of the plant matrix. The result color is a direct indi
cation of the purity of the extracted product, which is primarily 
determined by two main factors: the chemical composition of the 
source material and the specificity of the extraction technique. 
The difference in the distribution of phytochemicals in the fruit 
can directly explain the distinct color profile of the marang peel 
and core pectin. Most bioactive compounds, such as phenolic 
compounds, flavonoids, and pigments, are found at much higher 
concentrations in the peeled parts of fruits and vegetables, which 
serve as a protective layer (Bhardwaj et al. 2022). The core of the 
marang is in the internal part, which has a low concentration of 

these protective pigments and phytochemicals. Thus, the pectin 
extracted from the core is considerably lighter and less colored. 
This is an intrinsic chemical difference between the materials 
used in a source, which essentially determines the starting color 
of the end pectin product.

The ΔE values for the marang pectin are high, ranging from 
24.93 to 38.19. The ΔE values are high, indicating that the various 
extraction methods do not yield a homogeneous product. This 
has severe implications for quality and product application. On 
the other hand, the WI data for the samples agree with the 
results for L* and b*. Both the pectin recovered with xylanase 
(CX) and α‐amylase (CA) have high WI values (57.70 and 42.63, 

FIGURE 4 | Functional properties of the extracted pectin from marang by‐products using different enzymes. (a) Water holding capacity (WHC, 
g/g), (b) Oil holding capacity (OHC, g/g), (c) Emulsifying capacity (EC, %), (d) Emulsifying stability (ES, %), and (e) Swelling capacity (SC, %) of 
pectin obtained from different sources: PC, PX, PA (peel) and CC, CX, CA (core). Significant differences (p ≤ 0.05) between treatments are indicated 
by different letters. Error bars represent standard deviations. 
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respectively), whereas that of the peel‐obtained pectin that was 
recovered with cellulase (PC) has the lowest WI (42.63). This 
result is the interplay between the lightness (L*) and yellowness 
(b*) values. While the lightness of PA (L* = 67.72) is slightly 
lower than that of CX (L* = 72.16), the extremely low yellowness 
(b* = 22.69) offsets this difference, resulting in a superior overall 
whiteness index. This is another indication that α‐amylase has a 
great capacity to reduce the co‐extraction of the yellowing pig
ments, which are especially detrimental to the whiteness of a 
product. A high WI indicates greater whiteness and lightness in 
the product.

This observation has implications for the industrial valorization 
of marang by‐products. When a food manufacturer is interested 
in a premium ingredient needed for applications where a neu
tral or white color is essential, such as a clear beverage, a jelly, 
or a dairy product, it may be more economical and functional to 
focus exclusively on the core ingredient as a raw material. On 
the contrary, if a darker final product is acceptable or prefera
ble, the peel may be a more effective source. This explains the 
strategic approach to valorizing various fruit by‐products, which 
considers not only yield volume but also the quality and mar
ketability of the end product.

3.3 | Functional Properties of Extracted Pectin 

The functional properties of the marang pectin extracted from the 
peel and core using EAEs were evaluated in relation to WHC, 
OHC, SC, EC, and ES (Figure 4). The findings revealed significant 
differences depending on the tissue source (peel vs. core) and the 
pretreatment enzyme (cellulase, xylanase, or α‐amylase).

3.3.1 | WHC and OHC 

The lowest WHC was observed when peel pectin was extracted 
with cellulase (PC), whereas treatments with xylanase (PX) and, 
in particular, α‐amylase (PA) resulted in significant WHC. The 
same trend was followed with OHC, with PA recording the 
highest oil retention among peel fractions. Core pectin tended 
to have higher WHC and OHC than peel, and cellulase and α‐ 
amylase showed the highest hydration and oil‐binding proper
ties. Such observations show that the enzymatic breakdown of 
structural polysaccharides (cellulose, hemicellulose, starch) 
increases porosity and exposes hydrophilic and hydrophobic 
domains, thereby enhancing pectin's capacity to hold water and 
interact with lipids (Vardhan et al. 2025). The WHC increased 
(12.81 g of water/g of pectin) in the xylanase treatment, likely 
due to the successful degradation of hemicellulose, which ex
posed more hydrophilic sites. On the same note, cellulase pro
cessing enhanced WHC in the core (9.93 g of water/g of pectin) 
and peel (10.61 g of water/g of pectin).

The α‐amylase extraction showed moderate effects, with WHC 
values of 8.11 g of water/g of pectin in the core and 9.11 g of 
water/g of pectin in the peel, suggesting that starch hydrolysis 
does occur, although not as much as with fiber‐degrading en
zymes. Therefore, this supports the potential of marang fruit 
byproducts, particularly the peel and core, as functional ingre
dients in food systems that require high water retention. The 
pectin extracted by xylanase has the potential to improve WHC, 
suggesting the possibility of developing a natural hydrocolloid 

from underutilized tropical fruits. Moreover, it was determined 
that the OHC of the marang pectin studied was higher com
pared to that of pectin that was previously studied and obtained 
from Mada et al. (2022) and Ognyanov et al. (2018). This is due 
to the raw materials consumed and the extraction conditions 
used. It increases the likelihood of oil uptake by increasing the 
surface area of the introduced materials (pectin), increasing the 
thickness of the introduced materials (pectin), and increasing 
the hydrophobicity of the pectin (Mada et al. 2022).

3.3.2 | EC and ES 

Emulsion properties of pectin are the ability to create the 
emulsion and apply as a stabilizer in the food product that 
enables the solubilization of the two immiscible liquids, or to 
maintain the stability of an emulsion (Pasandide et al. 2018). 
Figure 4c,d reveals the significant (p < 0.05) effect of the EC and 
ES of marang pectin. The EC of pectin from the peel is higher 
than that from the marang core, with peel‐extracted pectin 
yielding 16.37% compared to core‐extracted pectin at 9.8%.

On the other hand, ES is significantly higher (p < 0.05) with 
peel pectin extracted using xylanase, yielding 8.36% ES and a 
CX of 7.11%. This finding is notable because it indicates that 
both the source and the EAE are critical determinants of 
emulsifying properties. The emulsifying properties of pectin are 
still the subject of ongoing studies, but the most accepted 
mechanism is based on its amphiphilic properties and the 
ability to stabilize oil‐in‐water emulsions by adsorbing at the 
oil–water interface. There are also claims that the presence of a 
hydrophobic component within the hydrophilic pectin structure 
is the main factor enabling the formation of a stable emulsion. 
Acetyl groups also increase the hydrophobicity of the pectin 
molecule, which may have a considerable positive effect on its 
emulsifying capabilities, particularly in pectin with lower pro
tein content (Shuai et al. 2022).

It has also been reported that pectin's molecular weight influ
ences its emulsifying capacity. Low molecular weight pectin was 
more effective in the stabilization of small emulsion droplets 
compared to the high‐molecular‐weight pectin (Vanitha and 
Khan 2019). Therefore, the higher emulsifying capability and 
stability of peel pectin, especially in the PX and PA samples, 
indicate that the marang peel has a higher concentration of 
protein moieties and acetyl groups, which determine emulsifi
cation ability, compared to the core. This observation has high
lighted that, to be used effectively in emulsifying applications, the 
best approach with marang pectin is to use the peel as the raw 
material and a non‐conventional, mild extraction technique, 
such as enzyme‐assisted pectin extraction.

3.3.3 | SC 

The SC, as indicated in Figure 4e, can be considered to be 
similar in all the samples (p > 0.05), although those of the core 
and those of the peel pectin indicate slightly higher values. The 
SC is considered to depend on the fiber's structural character
istics and chemical orientation, which play a crucial role in 
water uptake. The SC property reflects the ability of pectin to 
take in water and swell to form viscous gels. Moreover, it pro
vides the inflammatory content of the fiber lattice in case water 
is consumed (Mada et al. 2022). It is well known that the 
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chemical structure and composition of dietary fiber significantly 
influence water uptake. Studies revealed that dietary fiber could 
be affected by water in two ways, which included (i) water 
retained in capillary structures due to the capacity of surface 
tensions and (ii) water retained by hydrogen bonds and dipole 
forms (Huang et al. 2020). Thus, a higher amount of SC can 
be associated with high fiber, which can retain large amounts of 
water and oil present in food products (Mada et al. 2022) and 
can be applied to stabilize phase separation in yogurt.

3.4 | Solubility of Pectin 

The solubility of pectin is determined by its degree of ester
ification, molecular weight, pH, temperature, and the presence 
of ions in the solution (Arias et al. 2021). In this study (Tables 4
and 5), peel‐derived pectin was insoluble in cold water but 
soluble in hot water, whereas core‐derived pectin had low sol
ubility and often formed suspensions. These are characteristics 
of LM pectin from by‐products of tropical fruits that have 
minimal refinement, inter‐chain associations, and non‐pectic 
contaminants interfere with hydration at ambient temperature 
(Arias et al. 2021). The inability to dissolve in cold water and 
propensity to form a suspension indicate that the pectin in the 
raw marang by‐products is in the insoluble protopectin form. 
One of the main environmental factors that affects pectin sol
ubility is temperature. Thus, extracted pectin can form lumps in 
cold water because the kinetic energy required for hydration 

and dispersion is insufficient (Ubieko et al. 2023). Pectin mo
lecules in cold water are likely to form a net of hydrogen bonds 
with themselves and not with water. They may become less 
hydrated and less soluble as a result of reduced water exposure 
(Akhter et al. 2024). It is soluble in hot water because the pectin 
absorbs it, causing it to swell. The arrangement of pectin's 
hydrophilic and hydrophobic groups is what makes it soluble in 
hot water. The solubility may have resulted from hydrophilic 
groups attaching to water, as hydrophobic bonds weakened 
during the hot‐water treatment (Akhter et al. 2024).

The solubility behavior of marang pectin under cold and hot 
alkali conditions can be used to understand its structural 
stability and its potential for use compared to commercial 
pectin sources. The results indicate that the peel and core of 
marang exhibit partial solubility in cold alkali, resulting in 
suspensions in alkali and swelling of the products when ex
posed to cellulase, xylanase, and α‐amylase. In a cold alkali 
solution, pectin demethylates, forming a calcium pectate with 
yellow precipitation (Akhter et al. 2024). On the other hand, 
pectin exposed to hot alkali disintegrated into pieces and 
formed a milk‐like substance. When pectin is hydrolyzed into 
smaller, soluble fragments via backbone hydrolysis in hot alkali, 
it takes on a milky appearance (Wehr et al. 2004), as observed in 
this study.

Overall, marang pectin is partially soluble in water, alkali, and 
acid solutions because the marang used in the study is a com
bination of ripe and overripe, as the goal is to utilize the peel 

TABLE 4 | Solubility in cold and hot water from various enzymes.

Conditions
Marang by‐ 

products Cellulase Xylanase α‐Amylase
Commercial 

pectin (citrus)
Commercial 

pectin (apple)

Solubility in 
cold water

Peel Insoluble, produce 
suspension

Insoluble, produce 
suspension

Insoluble, produce 
suspension

Partly soluble, 
produce 
suspension

Insoluble, 
produce 
suspensionCore Insoluble, produce 

suspension
Insoluble, produce 
suspension

Insoluble, produce 
suspension

Solubility in 
hot water

Peel Soluble Soluble with/some 
insoluble part

Soluble Soluble Soluble

Core Soluble w/some 
insoluble part

Partly soluble, 
produce suspension

Partly soluble, 
produce suspension

TABLE 5 | Solubility of marang pectin in cold alkali and hot alkali.

Conditions
Marang by‐ 

products Cellulase Xylanase α‐Amylase
Commercial 

pectin (citrus)
Commercial 

pectin (apple)

Changes in 
cold alkali

Peel Partly soluble, 
produce suspension, 
swell

Soluble, w/ 
insoluble part, 
swell

Soluble, w/ 
insoluble part, 
swell

Soluble Partly soluble

Core Partly Soluble, w/ 
insoluble part, swell

Soluble, w/ 
insoluble part, 
swell

Soluble, w/ 
insoluble part, 
swell

Soluble Partly soluble

Changes in 
hot alkali

Peel Partly Soluble, 
produce suspension

Partly soluble, 
produce 
suspension, swell

Soluble Soluble Soluble

Core Soluble w/suspension Soluble w/ 
suspension

Soluble w/ 
suspension
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FIGURE 5 | Biplot of Principal Component Analysis (PCA) of marang pectin. (a) Effect of different enzyme extraction in marang peel pectin. 
(b) Effect of different enzyme extraction in marang core pectin. (c) Relationship of marang peel versus core with different enzyme extraction. 
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and core waste after the flesh is consumed. As the fruit ages, 
pectin becomes more soluble. As the fruit ages, pectinolytic 
enzyme activity increases, resulting in greater pectin solubility. 
During fruit ripening, hydrolytic enzymes such as pectin methyl 
esterase and polygalacturonase break the long pectin chain into 
smaller units. Additionally, by breaking down the sugar chain 
in pectin, the enzyme β‐galactosidase increases its solubility. 
Therefore, the amount of pectin in fruits decreases as they 
mature or ripen, but the solubility of the extracted pectin 
increases (Rahman et al. 2023).

3.5 | PCA of Pectin 

The Principal Component Analysis (PCA) of pectin extracted 
from peel and core using different enzymes, based on % yield, 
physico‐chemical properties, and functional properties, is 
depicted in Figure 5a–c. The PCA offers a summary of multi
variate correlations among the pectin functional properties and 
the physico‐chemical properties using enzyme‐assisted extrac
tion in marang peel (Figure 5a). The overall variance was ex
plained by the two factors, which were 99.9%, with PC1 (72.4%) 
explaining most of the variability and PC2 (27.6%). This shows 
that there is a strong differentiation of enzyme‐assisted extrac
tion and the pectin properties along these two axes. The PC, PX, 
and PA were separated on the biplot with a clustering that 
indicates a variation of how the enzymes modify each of the 
pectin properties. The position of PC on component 1 was on 
the negative axis, and PX and PA were closer to the positive 
axis, which implies that cellulase extraction produced different 
compositional and functional properties as compared to xyla
nase and α‐amylase. The variable loading plot indicates that the 
% yield, EC, ES, EW, WHC, OHC, MC, AC, MeO, and DE had a 
positive correlation along PC1. This implies that the pectin 
fractions obtained using xylanase and α‐amylase had improved 
yield and functionality, including hydration and emulsification 
ability. The PCA of the enzyme‐assisted extraction of pectin 
from the marang core is highlighted in Figure 5b. The first two 
components explain a total variance of 100% (PC1 = 64.5, 
PC2 = 35.5). The parameters of the functional properties and 
the AUA, MeO, DE, and EW were in great agreement along 
PC1, and there is an interdependence between them. The 

clustering of enzyme‐assisted extractions was different in the 
score plot of PCA. Xylanase‐extracted pectin was closer to the 
group of physico‐chemical and functional properties, which 
means that it is effective in extracting high‐quality pectin with 
improved functional properties. Pectin extracted with cellulase 
was in the intermediate position, which implies moderate ex
traction and functional properties. However, the α‐amylase‐ 
extracted pectin was found to be further from the attributes, 
indicating a lack of high structural integrity and low functional 
properties. The PCA revealed the effect of various enzymes, 
cellulase (CC, PC), xylanase (CX, PX), and amylase (CA, PA), 
on the physico‐chemical and functional characteristics of mar
ang core‐ and peel‐derived pectin (Figure 5c). The first two 
components accounted for 79.1% of the overall variance 
(PC1 = 56.3, PC2 = 22.8), showing clear groupings between 
core‐derived and peel‐derived pectin and the related quality 
parameters. The CC and CA were clustered on the negative side 
of PC1, associated with higher AC and lower functional prop
erties. This suggests that enzymatic action in the core matrix, 
which is lignified and low in pectin‐rich cell walls, may have 
led to partial solubilization but co‐extraction of non‐pectic 
residues (minerals, proteins), reducing functionality. The CX, 
however, was positioned closer to neutral, indicating moderate 
improvements in yield and structural integrity, consistent with 
xylanase's ability to disrupt hemicellulosic linkages surrounding 
pectin. Moreover, the biplot indicates a high positive correlation 
between DE, MeO, EW, and AUA, which are parameters rep
resenting the structural integrity of pectin. These properties 
were localized with peel‐derived pectin, especially PC and PA, 
indicating that enzyme treatments did not interfere with ester 
formation but enhanced solubilization.

3.6 | Pearson's Correlation Analysis 

The correlation heatmap of pectin extracted from marang peel 
using cellulase (PC), xylanase (PX), and α‐amylase (PA) 
(Figure 6a) clearly shows relationships among yield, structural, 
and functional properties. Functional characteristics, including 
WHC, OHC, SC, EC, and ES, showed strong, positive correla
tions with % yield. This implies that greater pectin recovery was 
associated with enhanced hydration and emulsifying properties. 

FIGURE 6 | Pearson's correlation analysis of the marang pectin. (a) Effect of different enzyme extraction in marang peel pectin. (b) Effect of 
different enzyme extraction in marang core pectin. (c) Relationship of marang peel versus core with different enzyme extractions. 
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EAE likely increased the solubility of cell wall polysaccharides, 
producing pectin fractions with high water and oil affinity. The 
AUA, MeO, DE, and EW were also strongly positively corre
lated with functional properties. This supports the importance 
of the physico‐chemical properties of pectin in determining the 
functional properties of pectin. Higher AUA pectin contributes 
to structural integrity, whereas DE and MeO determine its 
gelling mechanism (HM vs LM), which, in turn, determines its 
effects on food system hydration, emulsification, and stability. 
Color variables (L, a, b, hue angle, chroma) showed only weak 
or negative correlations with % yield and functional properties; 
the higher the pectin recovery and better functional quality, the 
darker the pectin. The correlation coefficients for the interest 
variable, % yield, were negative or low with DE and MeO, 
suggesting that a high peel extraction rate may release LM 
pectin fractions. The LM pectin has lower solubility but form 
stronger gels when calcium is present; thus, they are highly 
desirable in a given food application. This implies that cellulase, 
xylanase, and amylase extractions can equally enhance extrac
tion performance, but the structural characteristics of the ex
tracted pectin depend on enzyme selectivity. The correlation of 
marang core pectin using cellulase, xylanase, and α‐amylase is 
presented in Figure 6b. There were also strong positive corre
lations in MeO, DE, and EW. These qualities were positively 
correlated with functional properties, including WHC, EC, and 
ES, indicating that galacturonic acid content and DE are sig
nificant in determining hydration and emulsifying properties. 
The results agree with previous reports that the galacturonic 
acid‐rich pectin demonstrates strong gelling and stabilizing 
properties. The correlation heat map in Figure 6c shows the 
relationships among % yield, physicochemical parameters, and 
functional properties of pectin extracted using cellulase (CC/ 
PC), xylanase (CX/PX), and α‐amylase (CA/PA) from the 
marang peel and core. Clearly separated variable clusters 
highlight the roles of enzyme type and marang by‐products 
(core vs. peel) in determining pectin quality and performance. 
The AUA, DE, MeO, and EW were positively associated with 
pectin yield, especially in peel‐derived fractions. This implies 
that solubilization of homogalacturonan regions by enzymatic 
hydrolysis, particularly with xylanase and amylase (PA), 
increased galacturonic acid content while maintaining ester
ified pectin. Core‐derived pectin (CC, CX, CA), on the other 
hand, showed weaker correlations between yield and physico
chemical properties, suggesting that the peel was a preferable 
substrate for EAE because it is a richer pectin matrix. The 
moisture and ash content had a positive correlation, especially 
in pectin fractions of the core, indicating a higher concentration 
of bound materials and hydrophilic residues. These parameters 
have been inversely correlated with functional properties such 
as EC and WHC, indicating that higher mineral residues may 
reduce the pectin's ability to interact with oil‐water interfaces. 
The WHC, OHC, and SC were found to be clustered tightly with 
EC and ES. This interdependence implies that the hydration 
characteristics of pectin profoundly determine its emulsification 
properties, as water‐binding polysaccharides emulsify by 
increasing viscosity and forming interfacial films. Peel‐derived 
pectin, especially that extracted using xylanase and α‐amylase, 
displayed better correlations between these functional propert
ies and thus better than core‐derived pectin. Compared with the 

core (CC, CX, CA), the peel (PC, PX, PA) consistently produced 
better results, yielding pectin with high positive correlations 
among % yield, AUA, DE, and functional properties. This 
indicates that the EW, MeO, AUA, and DE of marang peel have 
higher pectin‐associated hemicellulose content, along with 
cellulose, which is readily broken down by xylanase and cel
lulase. The most favorable pattern was observed for PX, which 
produced higher pectin yield, DE, MeO, and EC. Xylanase de
stabilizes the hemicellulose linkages, releasing pectin without 
the excessive de‐esterification. The effect of α‐amylase (PA) on 
% yield and functional properties was also lower, indicating that 
starch‐related polysaccharides in the peel are involved in the 
release of pectin. In comparison, core‐derived cellulase (CC) 
produced pectin with higher mineral content and weaker 
functional properties, probably because of the limited accessi
bility of pectin domains within the lignified core matrix.

4 | Conclusions 

The current study demonstrated that the peel and core waste of 
marang (A. odoratissimus Blanco) have potential use as un
derutilized fruit byproducts for the EAE of LM pectin, specifi
cally when cellulase, xylanase, and α‐amylase are used. Among 
the treatments, the highest yield was obtained from cellulase 
extraction of the marang core, whereas xylanase improved the 
emulsifying properties of the peel. The α‐amylase increased the 
purity of the end product pectin by hydrolyzing the starch 
impurities, resulting in higher EW pectin and higher AUA 
content. These results demonstrate the critical role of enzyme 
selectivity in maximizing pectin recovery from underutilized 
fruit byproducts. The marang‐derived pectin was classified as 
low‐methoxyl (DE < 50%) pectin that allows calcium‐induced 
gelation and may be helpful in food applications requiring 
gelation, thermal stability, and low sugar content. Evaluation of 
the functional properties of the core and peel showed that core 
pectin was able to hydrate more fully and swell more than the 
peel, while the peel pectin was able to emulsify more than the 
core. These functional properties of marang pectin indicate that 
it is suitable for several industries, spanning nutraceuticals, 
dairy, beverages, and pharmaceuticals. Despite the positive 
outcomes, some physicochemical attributes, including ash 
content, exceeded industry standards; thus, further improve
ment and purification techniques are needed. Moreover, opti
mizing EAE conditions could improve pectin purity and 
consistency. The current study highlights the potential use of 
marang fruit waste as a functional hydrocolloid. It converts 
underutilized biomass into a high‐value product, thereby 
helping reduce waste, optimize resource use, and increase 
benefits in the circular economy. With ongoing improvements, 
pectin from marang fruit could also serve as a substitute for 
commercial‐grade pectin, thereby strengthening food innova
tion ideas while supporting environmental preservation.

Author Contributions 

Kenneth Tumilap: investigation, validation, visualization, writing – 
review and editing, writing – original draft, formal analysis, method
ology. Loren Mae D. Ranario: investigation, writing – original draft, 
writing – review and editing, visualization, validation, methodology, 

443 Food Bioengineering, 2025



formal analysis. Fabio D. Guno Jr.: conceptualization, investigation, 
writing – original draft, methodology, validation, visualization, writing 
– review and editing, software, formal analysis, supervision. Phoebe L. 
Galeon: supervision, conceptualization, validation, writing – review 
and editing. Erlyn Grace P. Aguilar: supervision, conceptualization, 
validation, writing – review and editing. Vilma P. Zacal: supervision, 
conceptualization, validation, writing – review and editing. Jonathan 
H. Perez: supervision, conceptualization, validation, writing – review 
and editing.

Funding 

The authors received no specific funding for this work.

Conflicts of Interest 

The authors declare no conflicts of interest.

Data Availability Statement 

The data that support the findings of this study are available from the 
corresponding author upon reasonable request.

References 

Abu Bakar, F. I., and M. Abu Bakar. 2018. “Tarap—Artocarpus Odor
atissimus.” In Exotic Fruits: Reference Guide, 413–418. Academic Press. 
https://doi.org/10.1016/B978-0-12-803138-4.00041-1.

Ajila, C., M. Aalami, K. Leelavathi, and U. Rao. 2009. “Mango Peel 
Powder: A Potential Source of Antioxidant and Dietary Fiber in Mac
aroni Preparations.” Innovative Food Science & Emerging Technologies 
11, no. 1: 219–224. https://doi.org/10.1016/j.ifset.2009.10.004.

Akhter, M. J., S. Sarkar, T. Sharmin, and S. Mondal. 2024. “Extractionof 
Pectin From Powdered Citrus Peels Using Various Acids: An Analysis 
Contrasting Orange With Lime.” Applied Food Research 4, no. 2: 
100614. https://doi.org/10.1016/j.afres.2024.100614.

Alvarado, M. C. 2023. “Marang Fruit (Artocarpus odoratissimus) Waste: 
A Promising Resource for Food and Diverse Applications: A Review of 
Its Current Status, Research Opportunities, and Future Prospects.” Food 
Bioengineering 2, no. 4: 350–359. https://doi.org/10.1002/fbe2.12065.

AOAC. 2005. Association of Official Analytical Chemistry International. 
Official Methods of Analysis of AOAC International.

Arancon, R., C. Lin, K. Chan, T. Kwan, and R. Luque. 2013. “Advances 
on Waste Valorization: New Horizons for a More Sustainable Society.” 
Energy Science & Engineering 1, no. 2: 53–71. https://doi.org/10.1002/ 
ese3.9.

Arias, D., J. Rodríguez, B. López, and P. Méndez. 2021. “Evaluation of 
the Physicochemical Properties of Pectin Extracted From Musa Para
disiaca Banana Peels at Different pH Conditions in the Formation of 
Nanoparticles.” Heliyon 7, no. 1: e06059. https://doi.org/10.1016/j. 
heliyon.2021.e06059.

Bai, Y., and R. G. Gilbert. 2022. “Mechanistic Understanding of the 
Effects of Pectin on In Vivo Starch Digestion: A Review.” Nutrients 14, 
no. 23: 5107. https://doi.org/10.3390/nu14235107.

Baraiya, K., V. K. Yadav, N. Choudhary, et al. 2023. “A Comparative 
Analysis of the Physico‐Chemical Properties of Pectin Isolated From the 
Peels of Seven Different Citrus Fruits.” Gels 9, no. 11: 908. https://doi. 
org/10.3390/gels9110908.

Bhardwaj, K., A. Najda, R. Sharma, et al. 2022. “Fruit and Vegetable 
Peel‐Enriched Functional Foods: Potential Avenues and Health Per
spectives.” Evidence‐Based Complementary and Alternative Medicine 
2022: 1–14. https://doi.org/10.1155/2022/8543881.

Castillo‐Israel, K. A. T., J. F. R. Amian, Z. J. S. Garibay, V. E. B. Leyeza, and 
A. J. T. Sarte. 2019. “A Comparative Study on Characteristics of Pectins 

From Various Fruit Peel Wastes Extracted Using Acid and Microbial 
Enzymes.” Journal of Microbiology, Biotechnology and Food Sciences 9, 
no. 2: 216–221. https://doi.org/10.15414/jmbfs.2019.9.2.216-221.

Castillo‐Israel, K., S. Baguio, M. Diasanta, R. Lizardo, E. Dizon, and 
M. Mejico. 2014. “Extraction and Characterization of Pectin From Saba 
Banana [Musa ‘saba’ (Musa acuminata × Musa balbisiana)] Peel 
Wastes: A Preliminary Study.” University Knowledge Digital Reposi
tory. https://www.ukdr.uplb.edu.ph/journal-articles/1882.

Cui, J., C. Zhao, L. Feng, et al. 2021. “Pectins From Fruits: Relationships 
Between Extraction Methods, Structural Characteristics, and Functional 
Properties.” Trends in Food Science & Technology 110: 39–54. https:// 
doi.org/10.1016/j.tifs.2021.01.077.

Cui, S. W., and Y. H. Chang. 2014. “Emulsifying and Structural Prop
erties of Pectin Enzymatically Extracted From Pumpkin.” LWT ‐ Food 
Science and Technology 58, no. 2: 396–403. https://doi.org/10.1016/j.lwt. 
2014.04.012.

De Medeiros, V., T. Pimentel, R. Varandas, et al. 2020. “Exploiting the 
Use of Agro‐Industrial Residues From Fruit and Vegetables as Alter
native Microalgae Culture Medium.” Food Research International 137: 
109722. https://doi.org/10.1016/j.foodres.2020.109722.

Dixit, S. S., L. Muruganandam, and I. Ganesh Moorthy. 2025. “Pectin 
From Fruit Peel: A Comprehensive Review on Various Extraction Ap
proaches and Their Potential Applications in Pharmaceutical and Food 
Industries.” Carbohydrate Polymer Technologies and Applications 9: 
100708. https://doi.org/10.1016/j.carpta.2025.100708.

Elsyana, V., and L. Alvita. 2022. “Characterization of Pectin From 
Cincau (Premna oblongifolia Merr.) Leaves.” IOP Conference Series: 
Earth and Environmental Science 1012, no. 1: 012050. https://doi.org/10. 
1088/1755-1315/1012/1/012050.

Estudillo, P. M. N., and J. H. Tolentino. 2024. “Antioxidant and Anti
proliferative Properties of Artocarpus altilis (Breadfruit) and Artocarpus 
odoratissimus (‘Marang’) Fruit Wastes.” Philippine Journal of Science 
153, no. 5: 1703–1712. https://philjournalsci.dost.gov.ph.

Fcc, V. 2004. Food Chemical Codex. National Academy of Science, 
322–323.

Freitas, C. M. P., J. S. R. Coimbra, V. G. L. Souza, and R. C. S. Sousa. 
2021. “Structure and Applications of Pectin in Food, Biomedical, and 
Pharmaceutical Industry: A Review.” Coatings 11, no. 8: 922. https:// 
doi.org/10.3390/coatings11080922.

Garcia‐Garcia, G., J. Stone, and S. Rahimifard. 2018. “Opportunities for 
Waste Valorisation in the Food Industry – A Case Study With Four UK 
Food Manufacturers.” Journal of Cleaner Production 211: 1339–1356. 
https://doi.org/10.1016/j.jclepro.2018.11.269.

Ghoshal, G., and P. Negi. 2020. “Isolation of Pectin From Kinnow 
Peels and its Characterization.” Food and Bioproducts Processing 124: 
342–353. https://doi.org/10.1016/j.fbp.2020.09.008.

Harholt, J., A. Suttangkakul, and H. Scheller. 2010. “Biosynthesis of 
Pectin.” Plant Physiology 153, no. 2: 384–395. https://doi.org/10.1104/ 
pp.110.156588.

Hrabovska, O., H. Pastukh, O. Lysyi, V. Miroshnyk, and N. Shtangeeva. 
2018. “The Use of Enzyme Preparations for Pectin Extraction From 
Potato Pulp.” Ukrainian Food Journal 7, no. 2: 215–243. https://doi.org/ 
10.24263/2304-974x-2018-7-2-5.

Huang, J., J. Liao, J. Qi, W. Jiang, and X. Yang. 2020. “Structural and 
Physicochemical Properties of Pectin‐Rich Dietary Fiber Prepared From 
Citrus Peel.” Food Hydrocolloids 110: 106140. https://doi.org/10.1016/j. 
foodhyd.2020.106140.

IPPA. 2014. IPPC, Pectin Commercial Production and Pectin in Organic 
Food Products. https://pectinproducers.com/.

Islam, M. R., M. M. H. Biswas, M. K. H. Esham, P. Roy, M. R. Khan, and 
S. M. K. Hasan. 2023. “Jackfruit (Artocarpus heterophyllus) By‐Products: 

444 Food Bioengineering, 2025

https://doi.org/10.1016/B978-0-12-803138-4.00041-1
https://doi.org/10.1016/j.ifset.2009.10.004
https://doi.org/10.1016/j.afres.2024.100614
https://doi.org/10.1002/fbe2.12065
https://doi.org/10.1002/ese3.9
https://doi.org/10.1002/ese3.9
https://doi.org/10.1016/j.heliyon.2021.e06059
https://doi.org/10.1016/j.heliyon.2021.e06059
https://doi.org/10.3390/nu14235107
https://doi.org/10.3390/gels9110908
https://doi.org/10.3390/gels9110908
https://doi.org/10.1155/2022/8543881
https://doi.org/10.15414/jmbfs.2019.9.2.216-221
https://www.ukdr.uplb.edu.ph/journal-articles/1882
https://doi.org/10.1016/j.tifs.2021.01.077
https://doi.org/10.1016/j.tifs.2021.01.077
https://doi.org/10.1016/j.lwt.2014.04.012
https://doi.org/10.1016/j.lwt.2014.04.012
https://doi.org/10.1016/j.foodres.2020.109722
https://doi.org/10.1016/j.carpta.2025.100708
https://doi.org/10.1088/1755-1315/1012/1/012050
https://doi.org/10.1088/1755-1315/1012/1/012050
https://philjournalsci.dost.gov.ph
https://doi.org/10.3390/coatings11080922
https://doi.org/10.3390/coatings11080922
https://doi.org/10.1016/j.jclepro.2018.11.269
https://doi.org/10.1016/j.fbp.2020.09.008
https://doi.org/10.1104/pp.110.156588
https://doi.org/10.1104/pp.110.156588
https://doi.org/10.24263/2304-974x-2018-7-2-5
https://doi.org/10.24263/2304-974x-2018-7-2-5
https://doi.org/10.1016/j.foodhyd.2020.106140
https://doi.org/10.1016/j.foodhyd.2020.106140
https://pectinproducers.com/


A Novel Source of Pectin—Studies on Physicochemical Characteriza
tion and Its Application in Soup Formulation as a Thickener.” Food 
Chemistry Advances 2: 100273. https://doi.org/10.1016/j.focha.2023. 
100273.

Jayasekara, S., and R. Ratnayake. 2019. “Microbial Cellulases: An 
Overview and Applications.” In Cellulose, edited by A. R. Pascual and 
M. E. E. Martín. IntechOpen. https://doi.org/10.5772/intechopen.84531.

Jiang, W., J. Gao, J. Ming, and F. Li. 2024. “Influence of Mulberry, 
Pectin, Rutin, and Their Combinations on α‐Amylase Activity and 
Glucose Absorption During Starch Digestion.” Food Chemistry 465: 
142136. https://doi.org/10.1016/j.foodchem.2024.142136.

Kamal, M. M., M. R. Ali, A. Hossain, and M. R. I. Shishir. 2020. 
“Optimization of Microwave‐Assisted Extraction of Pectin From 
Dillenia indica Fruit and Its Preliminary Characterization.” Journal of 
Food Processing and Preservation 44, no. 4: 14466. https://doi.org/10. 
1111/jfpp.14466.

Kheowmung, W. 2024. “Pectin From Durian (Durio zibethinus Murray) 
Peel: Microwave‐Assisted Extraction Followed by Solvent Extraction.” 
Trends in Sciences 21, no. 7: 7627. https://doi.org/10.48048/tis. 
2024.7627.

Leong, Y., and J. Chang. 2022. “Valorization of Fruit Wastes for Circular 
Bioeconomy: Current Advances, Challenges, and Opportunities.” 
Bioresource Technology 359: 127459. https://doi.org/10.1016/j.biortech. 
2022.12745.

Levigne, S., M. C. Ralet, and J. F. Thibault. 2002. “Characterisation of 
Pectins Extracted From Fresh Sugar Beet Under Different Conditions 
Using an Experimental Design.” Carbohydrate Polymers 49, no. 2: 
145–153. https://doi.org/10.1016/s0144-8617(01)00314-9.

Liang, Y., Y. Yang, L. Zheng, et al. 2022. “Extraction of Pectin From 
Passion Fruit Peel: Composition, Structural Characterization and 
Emulsion Stability.” Foods 11, no. 24: 3995. https://doi.org/10.3390/ 
foods11243995.

Liu, D., J. Qian, J. Xu, N. C. Carpita, M. C. McCann, and H. Yang. 2022. 
“Pectin‐Associated Mannans and Xylans Play Distinct Roles in Cell‐Cell 
Adhesion in Pine and Poplar Wood.” Industrial Crops and Products 184: 
115054. https://doi.org/10.1016/j.indcrop.2022.115054.

Noorfarahzilah, N., L. Jau‐Shya, and A. H. Mansoor, et al. 2019. 
“Physicochemical Properties of Tarap (Artocarpus adoratisimus) 
Starch.” Food Research 4, no. 3: 602–611. https://doi.org/10.26656/fr. 
2017.4(3).337.

Mada, T., R. Duraisamy, and F. Guesh. 2022. “Optimization and 
Characterization of Pectin Extracted From Banana and Papaya Mixed 
Peels Using Response Surface Methodology.” Food Science & Nutrition 
10, no. 4: 1222–1238. https://doi.org/10.1002/fsn3.2754.

Mamiru, D., and G. Gonfa. 2023. “Extraction and Characterization of 
Pectin From Watermelon Rind Using Acetic Acid.” Heliyon 9, no. 2: 
e13525. https://doi.org/10.1016/j.heliyon.2023.e13525.

Marić, M., A. Grassino, Z. Zhu, F. Barba, M. Brnčić, and S. Brnčić. 2018. 
“An Overview of the Traditional and Innovative Approaches for Pectin 
Extraction From Plant Food Wastes and By‐Products: Ultrasound‐, 
Microwaves‐, and Enzyme‐Assisted Extraction.” Trends in Food Science 
& Technology 76: 28–37. https://doi.org/10.1016/j.tifs.2018.03.022.

Mohamad Zahari, N., S. Muhammad, J. Bakar, and N. Mohd Adzahan. 
2016. “Functional Properties of Pectin From Dragon Fruit (Hylocereus 
polyrhizus) Peel and Its Sensory Attributes.” Journal of Tropical 
Agriculture and Food Science 44, no. 1: 95–101. https://www. 
cabidigitallibrary.org/doi/pdf/10.5555/20163257236.

Muhmadzadeh, J., A. Sadeghi‐Mahoonak, M. Yaghbani, and M. Aalami. 
2010. “Extraction of Pectin From Sunflower Head Residues of Selected 
Iranian Cultivars.” World Applied Sciences Journal 8: 21–24. http:// 
www.idosi.org/wasj/wasj8(1)10/3.pdf.

Nirmal, N., A. Khanashyam, A. Mundanat, et al. 2023. “Valorization of 
Fruit Waste for Bioactive Compounds and Their Applications in the 
Food Industry.” Foods 12, no. 3: 556. https://doi.org/10.3390/ 
foods12030556.

Obodo‐Ovie, O., M. Alyassin, A. M. Smith, and G. A. Morris. 2024. “The 
Effect of Different Extraction Conditions on the Physicochemical 
Properties of Novel High Methoxyl Pectin‐Like Polysaccharides From 
Green Bell Pepper (GBP).” Macromol 4, no. 2: 420–436. https://doi.org/ 
10.3390/macromol4020024.

Ognyanov, M., Y. Georgiev, N. Petkova, I. Ivanov, I. Vasileva, and 
M. Kratchanova. 2018. “Isolation and Characterization of Pectic 
Polysaccharide Fraction From In Vitro Suspension Culture of Fumaria 
officinalis L.” International Journal of Polymer Science 2018: 1–13. 
https://doi.org/10.1155/2018/5705036.

Panchev, I. N., A. Slavov, K. Nikolova, and D. Kovacheva. 2010. “On 
the Water‐Sorption Properties of Pectin.” Food Hydrocolloids 24, no. 8: 
763–769. https://doi.org/10.1016/j.foodhyd.2010.04.002.

Panwar, D., P. S. Panesar, and H. K. Chopra. 2022. “Green Extraction of 
Pectin From Citrus limetta Peels Using Organic Acid and Its Charac
terization.” Biomass Conversion and Biorefinery 14, no. 1: 159–171. 
https://doi.org/10.1007/s13399-021-02127-z.

Pasandide, B., F. Khodaiyan, Z. Mousavi, and S. S. Hosseini. 2018. 
“Pectin Extraction From Citron Peel: Optimization by Box–Behnken 
Response Surface Design.” Food Science and Biotechnology 27, no. 4: 
997–1005. https://doi.org/10.1007/s10068-018-0365-6.

Pattarapisitporn, A., and S. Noma. 2025. “Alternative Solvents for Pectin 
Extraction: Effects of Extraction Agents on Pectin Structural Char
acteristics and Functional Properties.” Foods 14, no. 15: 2644. https:// 
doi.org/10.3390/foods14152644.

Peighambardoust, S. H., M. Jafarzadeh‐Moghaddam, M. Pateiro, 
J. M. Lorenzo, and R. Domínguez. 2021. “Physicochemical, Thermal 
and Rheological Properties of Pectin Extracted From Sugar Beet Pulp 
Using Subcritical Water Extraction Process.” Molecules 26, no. 5: 1413. 
https://doi.org/10.3390/molecules26051413.

Rahman, M. S., S. S. Khan, M. W. Ahmed, M. E. Jony, P. C. Das, and 
M. B. Uddin. 2023. “Extraction of Pectin From Elephant Apple and 
Pomelo Fruit Peels: Valorization of Fruit Waste Towards Circular 
Economy.” Food Chemistry Advances 3: 100544. https://doi.org/10. 
1016/j.focha.2023.100544.

Rascón‐Chu, A., A. Martínez‐López, E. Carvajal‐Millán, 
N. De León‐Renova, J. Márquez‐Escalante, and A. Romo‐Chacón. 2009. 
“Pectin From Low Quality ‘Golden Delicious’ Apples: Composition and 
Gelling Capability.” Food Chemistry 116, no. 1: 101–103. https://doi.org/ 
10.1016/j.foodchem.2009.02.016.

Rodulfo, R. S., K. A. T. Castillo‐Israel, P. J. V. Gaban, et al. 2024. 
“Downstream Processing of Crude Ultrasound‐Extracted Pectin From 
Saba Banana (Musa acuminata x balbisiana (BBB Group) ‘Saba’) Peel.” 
International Journal of Food Science 2024, no. 1: 9892858. https://doi. 
org/10.1155/2024/9892858.

Roy, M. C., M. Alam, A. Saeid, et al. 2017. “Extraction and Character
ization of Pectin From Pomelo Peel and Its Impact on Nutritional 
Properties of Carrot Jam During Storage.” Journal of Food Processing 
and Preservation 42, no. 1: e13411. https://doi.org/10.1111/jfpp.13411.

Santos, C. R., Z. B. Hoffmam, V. P. De Matos Martins, et al. 2014. 
“Molecular Mechanisms Associated With Xylan Degradation by Xan
thomonas Plant Pathogens.” Journal of Biological Chemistry 289, no. 46: 
32186–32200. https://doi.org/10.1074/jbc.m114.605105.

Sayah, M. Y., R. Chabir, H. Benyahia, et al. 2016. “Yield, 
Esterification Degree and Molecular Weight Evaluation of Pectins Iso
lated From Orange and Grapefruit Peels Under Different Conditions.” 
PLoS One 11, no. 9: e0161751. https://doi.org/10.1371/journal.pone. 
0161751.

445 Food Bioengineering, 2025

https://doi.org/10.1016/j.focha.2023.100273
https://doi.org/10.1016/j.focha.2023.100273
https://doi.org/10.5772/intechopen.84531
https://doi.org/10.1016/j.foodchem.2024.142136
https://doi.org/10.1111/jfpp.14466
https://doi.org/10.1111/jfpp.14466
https://doi.org/10.48048/tis.2024.7627
https://doi.org/10.48048/tis.2024.7627
https://doi.org/10.1016/j.biortech.2022.12745
https://doi.org/10.1016/j.biortech.2022.12745
https://doi.org/10.1016/s0144-8617(01)00314-9
https://doi.org/10.3390/foods11243995
https://doi.org/10.3390/foods11243995
https://doi.org/10.1016/j.indcrop.2022.115054
https://doi.org/10.26656/fr.2017.4(3).337
https://doi.org/10.26656/fr.2017.4(3).337
https://doi.org/10.1002/fsn3.2754
https://doi.org/10.1016/j.heliyon.2023.e13525
https://doi.org/10.1016/j.tifs.2018.03.022
https://www.cabidigitallibrary.org/doi/pdf/10.5555/20163257236
https://www.cabidigitallibrary.org/doi/pdf/10.5555/20163257236
http://www.idosi.org/wasj/wasj8(1)10/3.pdf
http://www.idosi.org/wasj/wasj8(1)10/3.pdf
https://doi.org/10.3390/foods12030556
https://doi.org/10.3390/foods12030556
https://doi.org/10.3390/macromol4020024
https://doi.org/10.3390/macromol4020024
https://doi.org/10.1155/2018/5705036
https://doi.org/10.1016/j.foodhyd.2010.04.002
https://doi.org/10.1007/s13399-021-02127-z
https://doi.org/10.1007/s10068-018-0365-6
https://doi.org/10.3390/foods14152644
https://doi.org/10.3390/foods14152644
https://doi.org/10.3390/molecules26051413
https://doi.org/10.1016/j.focha.2023.100544
https://doi.org/10.1016/j.focha.2023.100544
https://doi.org/10.1016/j.foodchem.2009.02.016
https://doi.org/10.1016/j.foodchem.2009.02.016
https://doi.org/10.1155/2024/9892858
https://doi.org/10.1155/2024/9892858
https://doi.org/10.1111/jfpp.13411
https://doi.org/10.1074/jbc.m114.605105
https://doi.org/10.1371/journal.pone.0161751
https://doi.org/10.1371/journal.pone.0161751


Schmelter, T. 2002. “Enzymatic Modifications of Pectins and the Impact 
on Their Rheological Properties.” Carbohydrate Polymers 47, no. 2: 
99–108. https://doi.org/10.1016/s0144-8617(01)00170-9.

Sharma, H. P., H. Patel, and I. Sugandha. 2016. “Enzymatic Added 
Extraction and Clarification of Fruit Juices—A Review.” Critical 
Reviews in Food Science and Nutrition 57, no. 6: 1215–1227. https:// 
doi.org/10.1080/10408398.2014.977434.

Shuai, X., J. Chen, Q. Liu, et al. 2022. “The Effects of Pectin Structure on 
Emulsifying, Rheological, and In Vitro Digestion Properties of Emul
sion.” Foods 11, no. 21: 3444. https://doi.org/10.3390/foods11213444.

Sindhu, R., E. Gnansounou, S. Rebello, et al. 2019. “Conversion of Food 
and Kitchen Waste to Value‐Added Products.” Journal of Environmental 
Management 241: 619–630. https://doi.org/10.1016/j.jenvman.2019. 
02.053.

Ubieko, E., A. Onugwu, J. Ogbonna, E. Okoye, C. Nwakile, and 
A. Attama. 2023. “Phytochemistry of the Extracted Pectin From Citrus 
sinensis Fruit Peels.” Universal Journal of Pharmaceutical Research 8, 
no. 4: 70–77. https://doi.org/10.22270/ujpr.v8i4.978.

Vanitha, T., and M. Khan. 2019. Role of Pectin in Food Processing and 
Food Packaging. IntechOpen eBooks.

Vardhan, H., N. Singhal, P. Vashistha, et al. 2025. “Starch– 
Biomacromolecule Complexes: A Comprehensive Review of Interac
tions, Functional Materials, and Applications in Food, Pharma, and 
Packaging.” Carbohydrate Polymer Technologies and Applications 11: 
101001. https://doi.org/10.1016/j.carpta.2025.101001.

Wehr, J. B., N. W. Menzies, and F. P. C. Blamey. 2004. “Alkali 
Hydroxide‐Induced Gelation of Pectin.” Food Hydrocolloids 18, no. 3: 
375–378. https://doi.org/10.1016/S0268-005X(03)00124-3.

Wikiera, A., M. Mika, and M. Grabacka. 2015. “Multicatalytic Enzyme 
Preparations as Effective Alternative to Acid in Pectin Extraction.” Food 
Hydrocolloids 44: 156–161. https://doi.org/10.1016/j.foodhyd.2014. 
09.018.

Wikiera, A., M. Mika, A. Starzyńska‐Janiszewska, and B. Stodolak. 
2016. “Endo‐Xylanase and Endo‐Cellulase‐Assisted Extraction of Pectin 
From Apple Pomace.” Carbohydrate Polymers 142: 199–205. https://doi. 
org/10.1016/j.carbpol.2016.01.063.

446 Food Bioengineering, 2025

https://doi.org/10.1016/s0144-8617(01)00170-9
https://doi.org/10.1080/10408398.2014.977434
https://doi.org/10.1080/10408398.2014.977434
https://doi.org/10.3390/foods11213444
https://doi.org/10.1016/j.jenvman.2019.02.053
https://doi.org/10.1016/j.jenvman.2019.02.053
https://doi.org/10.22270/ujpr.v8i4.978
https://doi.org/10.1016/j.carpta.2025.101001
https://doi.org/10.1016/S0268-005X(03)00124-3
https://doi.org/10.1016/j.foodhyd.2014.09.018
https://doi.org/10.1016/j.foodhyd.2014.09.018
https://doi.org/10.1016/j.carbpol.2016.01.063
https://doi.org/10.1016/j.carbpol.2016.01.063

	A Preliminary and Comparative Study on the Valorization of Marang (Artocarpus odoratissimus Blanco) Fruit Waste Through Enzyme-Assisted Pectin Extraction
	1 Introduction
	2 Materials and Methods
	2.1 Sample Collection and Preparation
	2.2 Chemicals and Reagents
	2.3 EAE of Pectin
	2.4 Physico-Chemical Characterization of Marang Pectin
	2.4.1 Pectin Yield (%)
	2.4.2 Determination of Moisture and Ash Content
	2.4.3 Determination of Equivalent Weight (EW)
	2.4.4 Determination of Methoxyl Content (MeO)
	2.4.5 Determination of Anhydrouronic Acid (AUA)
	2.4.6 Determination of Degree of Esterification (DE)

	2.5 Appearance and Color Visualization of Pectin
	2.6 Functional Properties
	2.6.1 Water-Holding Capacity (WHC)
	2.6.2 Oil-Holding Capacity (OHC)
	2.6.3 Emulsion Stability (ES) and Capacity (EC)
	2.6.4 Swelling Capacity (SC)

	2.7 Solubility of Pectin
	2.7.1 Solubility of Dry Pectin in Cold and Hot Water
	2.7.2 Solubility of Dry Pectin in Cold and Hot Alkali Solutions

	2.8 Statistical Analysis

	3 Results and Discussions
	3.1 Physico-Chemical Properties
	3.1.1 Pectin Yield
	3.1.2 Moisture Content and Ash Content
	3.1.3 EW of Pectin
	3.1.4 Methoxyl Content of Pectin
	3.1.5 AUA of Pectin
	3.1.6 Degree of Esterification

	3.2 Appearance and Color Visualization of Pectin
	3.3 Functional Properties of Extracted Pectin
	3.3.1 WHC and OHC
	3.3.2 EC and ES
	3.3.3 SC

	3.4 Solubility of Pectin
	3.5 PCA of Pectin
	3.6 Pearson's Correlation Analysis

	4 Conclusions
	Author Contributions
	Funding
	Conflicts of Interest
	Data Availability Statement
	References




