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Abstract

Jaboticaba (Myrciaria jaboticaba) is a polyphenol-rich fruit, particularly abundant in anthocyanins concentrated
within its thick peel, which exhibits potent antioxidant activity. Owing to the thermal sensitivity of these com-
pounds, nonthermal processing techniques, such as high-pressure processing (HPP) and enzymatic maceration,
were compared to enhance anthocyanin extraction while minimizing degradation. In this study, whole jaboticaba
fruits were subjected to HPP at 400, 500, and 600 MPa for 3, 6, and 10 min, while enzymatic maceration was per-
formed using 0.2% amylase, 0.2% pectinase, and a combination of 0.1% amylase + 0.1% pectinase (v/w) at 50 + 1°C
for 30 min. Treatment with 0.2% amylase significantly (p < 0.05) increased total anthocyanin content, total phe-
nolic content, and antioxidant activity while effectively reducing residual polyphenol oxidase activity. Conversely,
HPP at 600 MPa for 6—-10 min significantly decreased peroxidase activity, whereas the 400 MPa (3 min) treatment
yielded the highest total sugar content. Among the HPP treatments, the highest total anthocyanin content was
recorded at 400 MPa, suggesting that moderate pressure, regardless of holding time, enhances anthocyanin release
from the fruit matrix. Overall, these findings demonstrate that both HPP and enzymatic maceration are promis-
ing nonthermal pre-treatment strategies for improving anthocyanin recovery, antioxidant capacity, and enzymatic
stability in jaboticaba juice, thereby contributing to the development of high-quality, minimally processed func-
tional beverages.

Keywords: amylase; anthocyanins-rich juice; anthocyanins stability; antioxidant activity; nonthermal juicing
pre-treatment; residual enzyme activity

Introduction

Jaboticaba (Myrciaria jaboticaba), a berry native to
Southeastern Brazil and a member of the Myrtaceae fam-
ily, has attracted considerable attention for its appealing
sensory qualities and rich phytochemical composition.

Approximately one-third of the fruit comprises peel and
two-thirds pulp and seeds, with the peel notably thicker
than that of grapes. The pulp possesses a sweet, mildly
acidic, jelly-like texture (Chua et al., 2023), and is rich
in essential minerals, vitamins, dietary fiber, organic
acids, sugars, and polyphenols. The peel, in particular,
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contains abundant phenolic compounds, such as ellagic
acid, tannins, and anthocyanins (Ramos Boldori et al.,
2023), which are known for their antioxidant, anti-
inflammatory, lipid-lowering, and antimicrobial proper-
ties (Fernandes et al., 2020).

Despite its exceptional nutritional and functional
value, the commercialization of fresh jaboticaba
remains limited due to its high perishability and
short postharvest life. To reduce losses and increase
market potential, jaboticaba is often processed into
value-added products, such as jams, juices, vine-
gars, and fermented beverages (Inada et al., 2021).
Among its bioactives, anthocyanins, particularly del-
phinidin-3-O-glucoside (D3G) and cyanidin-3-O-
glucoside (C3G), are the key pigments responsible for
its deep purple color and strong antioxidant capacity
(Fernandes et al., 2022). However, these compounds
are highly sensitive to environmental and processing
factors, such as temperature, pH, oxygen exposure,
and enzymatic oxidation, which accelerate their deg-
radation and limit their functional stability (Azman
et al., 2022).

Juice production provides a practical means of extend-
ing jaboticaba’s shelf life while retaining its nutritional
and biofunctional properties (Geraldi et al., 2021).
Nevertheless, the fruit’s thick peel and robust cell wall
structure hinder the efficient extraction of anthocy-
anins and phenolics through conventional juicing.
Overcoming this structural barrier requires pre-treat-
ment strategies that can enhance cell wall disrup-
tion and facilitate the release of bioactive compounds
(Marquetti et al., 2018).

High-pressure processing (HPP) subjects food matri-
ces to pressures of 100—600 MPa, promoting cell mem-
brane permeabilization and enhanced mass transfer
without substantial thermal input. The effects of HPP
on endogenous enzymes are highly enzyme-dependent
and influenced by processing conditions; while cer-
tain oxidative enzymes, such as polyphenol oxidase
(PPO) and peroxidase (POD), may be partially or fully
inactivated under specific pressure—time combina-
tions, others may retain activity or undergo reversible
conformational changes. Nevertheless, when appro-
priately optimized, HPP can contribute to improved
extractability of bioactive compounds while minimiz-
ing thermal degradation of vitamins, pigments, and
phenolics, supporting its application in minimally
processed functional beverages (Abera, 2019; Barba
et al., 2015; Jamaluddin et al., 2022). Conversely, enzy-
matic maceration utilizes hydrolytic enzymes, such
as amylase and pectinase, to degrade structural poly-
saccharides and pectic substances, thereby loosening

the cell wall and promoting the release of intracellular
compounds. This method also allows modulation of
key juice characteristics, including yield, viscosity, and
clarity (Paludo et al., 2019).

Therefore, this study aims to evaluate and compare the
efficacy of HPP and enzymatic maceration as sustain-
able, nonthermal pre-treatment strategies for producing
jaboticaba juice. The work focuses on improving antho-
cyanin release, phenolic content, antioxidant activity,
and enzymatic inactivation while employing multivar-
iate analyses (principal component analysis [PCA] and
correlogram) to elucidate interrelationships among
physicochemical and bioactive parameters. The out-
comes of this study contribute to the scientific founda-
tion for green, low-carbon processing technologies that
enhance food quality, minimize waste, and advance the
United Nations Sustainable Development Goals (SDGs
2,9,12, and 13).

Materials and Method
Chemicals

Cyanidin-3-O-glucoside and D3G were purchased from
Extrasynthese, France. Folin reagent, 2,2-diphenyl-
1-picrylhydrazyl (DPPH), and other chemicals and sol-
vents of analytical grade were obtained from Fisher
Scientific (Leicestershire, UK). Pectinase Ultra SP-L and
a-amylase were purchased from Novo Nordisk Ferment
Ltd., Dittigen, Switzerland and Novozymes, Denmark,
respectively.

Sample preparation

Jaboticaba fruits of the commercial maturity stage (fully
purple in color) were obtained from a local farm in
Senai, Johor, Malaysia. Prior to analysis, the fruits were
cut in half and subjected to steam blanching at 100°C
for 1 min.

Nonthermal juicing pre-treatment methods

High-pressure processing

Approximately 200 g of blanched jaboticaba fruits were
manually cut into half pieces to optimize substrate—
enzyme contact and packed in multilayer packaging
material (polypropylene—aluminium foil-polyethylene)
prior to treatment. HPP pre-treatments were con-
ducted at 400, 500, and 600 MPa for 3, 6, and 10 min
at 25 + 1°C using a 55-L capacity HPP unit (Hiperbaric;
Burgos, Spain) located at the Faculty of Food Science
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and Technology, Universiti Putra Malaysia, Malaysia
(Figure 1). Following the treatment, jaboticaba juice was
extracted using a high-speed juicer (Panasonic, Model
M]J-70M; Malaysia) for further analyses.

Enzyme maceration

In all, 200 g of blanched jaboticaba was macerated using
0.2% pectinase, 0.2% amylase, or a mixture of 0.1% pecti-
nase and 0.1% amylase (v/w). The fruits were incubated
with enzyme solutions at 50 + 1°C for 30 min (Figure 1).
Subsequently, the jaboticaba juice was extracted using
a high-speed juicer (Panasonic, Model MJ-70M) for
further analyses.

Determination of pH, titratable acidity (TA), and total soluble
solids (TSS)

pH value, TA, and TSS were determined according
to Ismail et al. (2024) . The pH was measured using
a pH meter (Mettler-Toledo, Model SevenEasy pH;
Switzerland). Total TA was determined by titration
with 0.1 mol/L NaOH to an endpoint pH of 8.2-8.4,
and the results were expressed as grams of citric
acid equivalent per millilitre (g CAE/mL). TSS was
measured using a refractometer (ATAGO, Japan) and
expressed in °Brix.

Flow chart of nonthermal pre-treatment methods for producing jaboticaba juice.

Quantification of anthocyanins using high-performance liquid
chromatography (HPLC)

The HPLC analysis of anthocyanin compounds was
based on the method described by Jjod et al. (2025).
Mobile phase consisted of 2% (v/v) formic acid (solvent
A) and 100% (v/v) methanol (solvent B). The gradient
elution profile was as follows: 15% (solvent B) at 0 min-
ute, increasing to 35% (solvent B) at 15 minutes, 60% (sol-
vent B) at 30 minutes, and reaching 80% (solvent B) at
40 minutes. The analysis utilized a Purospher STAR RP18
end-capped column (250 mm x 4.6 mm inner diameter
[i.d.], with a particle size of 5 pm; Merck, Darmstadt,
Germany) within a Waters 2695 Alliance HPLC system
(Waters Corp., Milford, MA, USA). This system was
equipped with a two-channel ultraviolet (UV) detec-
tor (Waters 2478), two HPLC pumps (Waters 515),
an auto-sampler, a column oven, and an online degas-
ser. The column temperature was set at 30°C, and the
flow rate was kept constant at 1.0 mL/min. The analysis
took 45 min overall, with an injection volume of 20 pL.
For anthocyanins at 520 nm, calibration curves cover-
ing concentration ranges of 10-100 mg/L were created
using external standards. The following formula was used
for the limit of quantification (LOQ), limit of detection
(LOD), standard deviation (S ) and & (slope):
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LOD = —@,and
b
LOQ = ].0;61 ’

where S_represents the standard deviation of the y-in-
tercepts obtained from replicate calibration curves
(reflecting baseline noise and instrumental variability),
and b denotes the slope of the calibration curve, which
describes the analytical sensitivity of the method. The
numerical factors 3 and 10 correspond to signal-to-noise
ratios of approximately 3:1 and 10:1 for LOD and LOQ,
respectively, ensuring reliable detection and accurate
quantification of anthocyanins.

Determination of total phenolic content (TPC)

The TPC was determined according to the method
described by Ijod et al. (2025). The mixture was
incubated for 2 h at room temperature, and the
absorbance was measured at 765 nm using a spec-
trophotometer (Optizen POP QX, Mecasys, South
Korea). A calibration curve was prepared using gal-
lic acid (GAE, 0-100 mg/L) as the standard. Results
were expressed as milligrams of GAE equivalent per
100 mL of juice (mg GAE/100 mL).

Determination of residual enzyme activities of polyphenol
oxidase and peroxidase

The PPO and POD activities were determined according to
the method described by Jjod et al. (2024). Increase in absor-
bance at 420 nm and 480 nm was monitored to measure
PPO and POD enzymatic activities, respectively. The resid-
ual PPO and POD activities were calculated subsequently.

Determination of antioxidant activities

Trolox equivalent antioxidant capacity (TEAC)

The TEAC activity was determined by following the
method described by Nawawi et al. (2025) with minor
modifications. The mixture was incubated in the dark at
30°C for 30 min, after which the absorbance was mea-
sured at 517 nm using a spectrophotometer (Optizen
POP QX). Results were expressed as micromoles of
Trolox (TE) equivalent per 100 mL of juice (umol
TE/100 mL). Mean values were calculated from duplicate
measurements.

Determination of ferric reducing antioxidant power (FRAP)
The FRAP assay was conducted according to the method
described by Ismail et al. (2024). The absorbance was
measured at 595 nm using a spectrophotometer (Optizen
POP QX). A Trolox calibration curve (0-2,000 uM) was
used for quantification, and results were expressed as
pmol TE/100 mL of juice.

Total sugar content

Sugar compositions, including glucose, fructose, and
sucrose, were analyzed using HPLC (Waters Corp.)
according to the method described by Dasaesamoh et al.
(2016). The mobile phase, consisting of 80% acetonitrile
in water, was delivered at a flow rate of 1.2 mL/ min.
Separation and quantification was performed using a
Purospher STAR NH, end-capped column (5 um particle
size, 250 mm x 4.6 mm i.d.). The HPLC system comprised
a column oven, an online degasser, an autosampler, two
Waters 515 pumps, and a refractive index (RI) detector.
The injection volume was 20 pL, and the column tem-
perature was maintained at 40°C. Calibration curves
for glucose, fructose, and sucrose were prepared within
the concentration range of 1.0-3.0 mg/mL. Sugar con-
tents were expressed as milligrams per 100 mL of juice
(mg/100 mL).

Statistical analysis

Data were analyzed using One-way Analysis of Variance
(ANOVA) with a significance level of 95% (p < 0.05).
Data were expressed as mean * standard deviation.
Correlations between the tested analysis and parameters
were determined by using the correlogram and (PCA)
through the Minitab version 21.4 software (Minitab Inc.,
PA, USA).

Results and Discussion
pH, TA, and TSS

As shown in Figure 2A, enzymatic maceration resulted
in a slight but statistically significant reduction in pH
compared with HPP-treated samples (p < 0.05). While
this pH decrease may be associated with the enzy-
matic disruption of plant cell wall structures, it cannot
be conclusively attributed to polysaccharide hydrolysis
alone. Enzymatic maceration may facilitate the release
of pre-existing organic acids (e.g., citric acid and malic
acid) that are bound or compartmentalized within the
pectin-rich middle lamella and vacuolar regions, thereby
increasing the concentration of dissociated acids in the
medium (Jia et al., 2023; Yilmaz et al., 2019).

Alternatively, the observed pH reduction may partly
reflect microbial activity during enzymatic macera-
tion, leading to the production of organic acids as met-
abolic by-products. This hypothesis is supported by
the absence of a similar pH decrease in HPP-treated
samples, as HPP is known to be highly effective in
inactivating vegetative microorganisms in acidic fruit
matrices. In contrast, enzymatic maceration is typ-
ically conducted under milder conditions that may
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Figure 2. Effect of different juicing pre-treatments using high-pressure processing (HPP) and enzyme maceration on the pH,
titratable acidity (TA), and total soluble solids (TSS) of jaboticaba juice.
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permit limited microbial survival or growth if not cou-
pled with an effective microbial inactivation step.

As microbial analyses were not conducted in the present
study, the relative contribution of enzymatic effects ver-
sus microbial metabolism to the observed pH changes
cannot be definitively distinguished. Future work incor-
porating microbial enumeration or sterilization controls
(e.g., blanching or antimicrobial treatments prior to
enzymatic maceration) would be necessary to clarify the
underlying mechanisms.

High-pressure processing induced extensive disruption
of cellular structures beyond the middle lamella, releas-
ing intracellular buffering components (proteins, potas-
sium ions, and weak bases) that may neutralize free
protons, slightly increasing pH (Dhenge et al., 2023).
Consistent with this, Yang et al. (2022) reported mini-
mal change in pH (=0.06 units) in 400 MPa-treated fruit
purées, confirming that HPP exerts only minor effects
on acidity.

No significant differences were observed in TA between
enzyme- and HPP-treated samples (p > 0.05; Figure 2B).
TA reflects the total concentration of proton-donat-
ing acids, primarily citric acid, malic acid, and tartaric
acid, which are relatively stable under both nonthermal
treatments. HPP preserves organic acids by avoiding
heat-induced degradation, while enzyme maceration
mainly hydrolyzes polysaccharides rather than organic
acids (Marsol-Vall et al., 2021). These results agree with
Yuan et al. (2018), who observed unchanged TA in aronia
purée treated at 200—600 MPa.

As illustrated in Figure 2C, TSS increased progres-
sively with HPP intensity, whereas enzymatic treat-
ments had a less pronounced effect. The mechanical
rupture caused by HPP promotes the diffusion of sol-
uble constituents (sugars, organic acids, and minerals)
from disrupted cells into the juice matrix (Barba et al.,
2015). In contrast, pectinase activity during enzyme
maceration is more selective, primarily degrading pec-
tin without affecting cellulose or lignin (Li et al., 2021),
thus leading to modest TSS enhancement. Collectively,
pH, TA, and TSS were not significantly correlated,
confirming that HPP and enzyme maceration act
through distinct mechanisms of cell wall modification
and solute diffusion.

Residual enzyme activity

Enzymatic pre-treatment with 0.2% amylase achieved
the greatest reduction in PPO activity (~63.5%), followed
by the combined enzyme treatment (~69.5%) and HPP
(=72.4%) (Figure 3A). This pronounced effect of amylase

stems from its ability to hydrolyze starch and other poly-
saccharides, leading to substantial cell wall disintegration
and increased exposure of PPO to denaturing conditions
(Wang et al., 2022). The combined amylase and pecti-
nase treatment produced milder disruption because
pectinase primarily hydrolyzes pectic substances, rather
than starch, explaining the slightly higher residual PPO
activity (Tapre and Jain, 2014). HPP was less effective in
reducing PPO activity under the tested pressure, as com-
plete inactivation generally requires pressure of above
800 MPa (Gonzalez-Cebrino et al., 2013). Although HPP
disrupts membranes and alters protein conformation
(Sehrawat et al., 2021), PPO’s tertiary structure remains
partly intact at <600 MPa.

In contrast, POD was more pressure sensitive. POD
activity declined significantly (p < 0.05) at 500-600 MPa,
with maximum inactivation at 600 MPa for 6—-10 min.
This effect reflects disruption of hydrogen bonds and
hydrophobic interactions stabilizing the enzyme’s active
conformation (Liu et al., 2024; Marszatek et al., 2019).
Enzymatic maceration exerted limited influence on POD
because it mainly affects structural polysaccharides,
rather than enzyme conformation. A strong correlation
between PPO and POD residual activities (r = 0.975 for
enzyme-treated, r = 0.851 for HPP samples) indicates a
coordinated oxidative response to processing. Overall,
these results confirm that HPP effectively inactivates
POD, while amylase-based maceration more strongly
reduces PPO, supporting their complementary poten-
tial in nonthermal juice stabilization strategies aligned
with SDG 9 (Innovation in Food Processing) and SDG 12
(Responsible Production).

Anthocyanin content using HPLC

As summarized in Table 1, 0.2% amylase treat-
ment yielded the highest total anthocyanin content
(43.50 mg/100 mL), with C3G (=75.8%) predomi-
nating over D3G (=24.2%) (p < 0.05). The enhanced
recovery results from enzymatic hydrolysis of starch
and pectin, which loosens cell wall structures and lib-
erates vacuolar pigments (de Barros et al., 2024; Ijod
et al., 2024). Amylase effectively disrupts anthocy-
anin—polysaccharide complexes, reducing pigment
entrapment and improving diffusion into the aque-
ous phase (Zhang et al., 2024). Pectinase, in contrast,
acts mainly in the middle lamella and contributes
moderately to the release of anthocyanin (Daher and
Braybrook, 2015).

The HPP-treated samples showed markedly lower antho-
cyanin content. Only C3G was detected, with D3G
below the quantification limit across all pressure levels.
C3G decreased progressively with higher pressure and
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Figure 3. Effect of different juicing pre-treatments using HPP and enzyme maceration on the residual enzyme activity of

jaboticaba juice. REA: residual enzyme activity; PPO: polyphenol oxidase; POD: peroxidase; HPP: high-pressure processing.

longer holding period, with 400 MPa treatments showing
the best retention. Decline at elevated pressures proba-
bly results from pigment degradation and disruption of
stabilizing complexes under high shear and oxidative
conditions (Enaru et al., 2021; Marszalek et al., 2017).
Comparable results were reported by Guo et al. (2024)
for mulberry juice, where anthocyanin degradation
increased beyond 400 MPa. Collectively, these findings
indicate that enzyme-assisted maceration (especially
amylase) maximizes pigment recovery, while moderate
HPP (~400 MPa) better preserves the existing anthocya-
nins, supporting the design of low-energy, pigment-stabi-
lizing juicing processes.

Total phenolic content

Enzyme-assisted treatments significantly increased TPC
compared with both control and HPP samples (p < 0.05;
Figure 4A). The highest TPC occurred with 0.2% amylase,
followed by mixed enzyme and 0.2% pectinase treatments.
Enzymatic hydrolysis of polysaccharides facilitates the
release of bound phenolics otherwise trapped within the
cell walls. Amylase primarily attacks starch, while pectinase
degrades the middle-lamella pectins, collectively enhanc-
ing mass transfer and phenolic liberation (Rocchetti et al.,
2022). Similar improvements were observed by Zubaidi
et al. (2025) in enzyme-treated grape juice.
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Table 1. Anthocyanin composition of jaboticaba juice after different juicing pre-treatments using high-pressure processing (HPP) and

enzyme maceration as quantified by HPLC.

Extraction pre-treatment

Anthocyanins (mg/100 mL)

D3G C3G Total
Control <LOQ 22.33 £0.04° 22.33 £ 0.04°
0.2% Amylase 10.52 + 0.512 32.98 £ 0.25 43.50 £ 0.76°
0.2% Pectinase 9.42 £ 0.482° 30.38 + 0.94° 39.80 £ 1.42°
0.1% Amylase + 0.1% pectinase 8.67 £ 0.39° 30.50 £ 0.912 39.17 + 1.30°
HPP-400 MPa (3 min) <LoQ 17.64 £ 0.49° 17.64 £ 0.49¢
HPP-400 MPa (6 min) <LoQ 14.06 + 0.55¢ 14.06 £ 0.55°
HPP-400 MPa (10 min) <LoQ 14.67 £ 0.26¢ 14.67 £ 0.26%
HPP-500 MPa (3 min) <LoQ 10.11 + 1.068 10.11 + 1.061
HPP-500 MPa (6 min) <LoQ 10.28 + 0.20° 10.28 + 0.201
HPP-500 MPa (10 min) <LoQ 8.80 + 0.48°f 8.80 + 0.48
HPP-600 MPa (3 min) <LOQ 7.69 £ 1.008 7.69 + 1.001
HPP-600 MPa (6 min) <LoQ 10.24 + 0.08° 10.24 £ 0.08
HPP-600 MPa (10 min) <LoQ 7.56 + 1.02f 7.56 £ 1.02

Notes: Values with the same superscript alphabets® in each row are not significantly different (p < 0.05).
D3G: delphinidin 3-O-glucoside; C3G: cyanidin 3-O-glucoside; LOQ: limit of quantification; HPLC: high-performance liquid chromatography.

In contrast, HPP caused a significant reduction in TPC,
particularly above 500 MPa. High pressure may induce
oxidation or polymerization of phenolics because of
transient oxygen exposure and mechanical stress (Chen
et al., 2024). Furthermore, disruption of phenolic—mac-
romolecule interactions may reduce extractable pheno-
lics (Guo et al., 2024; Navarro-Baez et al., 2022). Notably,
TPC showed strong negative correlations with PPO
(r = -0.987) and POD (r = -0.972) activities in enzyme-
treated samples, confirming that enzyme inactivation
contributes to phenolic preservation. These findings sug-
gest that enzymatic maceration is superior to HPP for
phenolic recovery, highlighting its value as a low-energy,
SDG 13-aligned approach that enhances bioactive yield
while minimizing processing stress.

Antioxidant activities

The trends in antioxidant capacity (TEAC and FRAPD;
Figures 4B and 4C) reflected those of TPC. Enzyme-
assisted maceration, especially 0.2% amylase produced
the highest TEAC and reducing power values (p < 0.05).
This increase reflected improved extraction and solu-
bilization of antioxidant phenolics and anthocyanins
because of enzymatic cell wall disruption. The released
phenolics served as potent radical scavengers and reduc-
ing agents (Streimikyte et al, 2022). Similar enhance-
ments in antioxidant activity were reported by Zubaidi
et al. (2025) in enzyme-treated grape juice.

In contrast, antioxidant activity declined with increas-
ing HPP intensity, consistent with the concurrent
loss of phenolics and anthocyanins. Pressure-induced
molecular rearrangements and oxidation under high
shear conditions potentially compromised antioxidant
efficacy (Guo et al., 2024). Significant positive correla-
tions between reducing power and TPC (r = 0.818)
and between reducing power and total anthocyanins
(r = 0.716) in HPP-treated samples reaffirmed the
dependency of antioxidant capacity on phenolic con-
tent. Overall, amylase-based maceration markedly
improved the functional quality of jaboticaba juice,
validating enzyme-assisted extraction as a sustainable
and efficient strategy for producing antioxidant-rich
beverages.

Sugar composition

Table 2 summarizes the sugar composition (fructose,
glucose, and sucrose) of jaboticaba juice after enzy-
matic and HPP treatments. The highest total sugar
content (11.84 g/100 mL) occurred at 400 MPa for
3 min (p < 0.05), primarily because of higher fructose
and glucose levels with detectable sucrose. Moderate
pressure appears to facilitate sucrose release from
vacuoles without complete hydrolysis, whereas at
>500 MPa sucrose may convert to reducing sugars
through enzymatic or nonenzymatic hydrolysis (Liu
et al., 2014).
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Table 2. Sugar composition of jaboticaba juice extract after different juicing pre-treatments, including high-pressure processing (HPP) and
enzyme maceration, as quantified by HPLC.

Juicing pre-treatment Sugar (g/100 mL)
Fructose Glucose Sucrose Total

Control 452 +0.19%¢ 3.21£0.10° 1.66 + 0.04 9.39 £ 0.34¢¢
0.2% Amylase 5.28 + 0.092° 5.00 + 0.092° <LOD 10.28 £ 0.18°¢
0.2% Pectinase 5.1110.05%¢ 3.98 + 0.03¢ <LOD 9.09 £ 0.07¢
0.1% Amylase + 0.1% pectinase 5.34 £0.032° 4,57 £0.08° <LOD 9.91 £ 0.11¢d
HPP-400 MPa (3 min) 5.49 + 0.00° 4.80 £ 0.00°¢ 1.55 + 0.00° 11.84 £ 0.022
HPP-400 MPa (6 min) 4.36 + 0.08° 3.73+£0.024 1.28 + 0.05° 9.37 £ 0.01%¢
HPP-400 MPa (10 min) 4.74 £0.08%¢ 4.43 £0.10° 1.22 £ 0.06° 10.39 + 0.04b¢
HPP-500 MPa (3 min) 4.32+0.16° 3.95 + 0.06¢ <LOD 8.27 £ 0.21°
HPP-500 MPa (6 min) 458 + 0.04%¢ 4.57 £ 0.00° <LOD 9.16 £ 0.04°
HPP-500 MPa (10 min) 478 +0.02%¢ 4.67 £ 0.03% <LOD 9.45 £ 0.02¢¢
HPP-600 MPa (3 min) 5.18 £ 0.132° 4.97 £ 0.132° <LOD 10.16 £ 0.00°¢
HPP-600 MPa (6 min) 5.40 £ 0.012° 5.02 £ 0.162° <LOD 10.42 + 0.14b¢
HPP-600 MPa (10 min) 5.39 £ 0.102° 5.28 £ 0.222 <LOD 10.68 + 0.12°

Notes: Values with the same superscript alphabets® in each row are not significantly different (p < 0.05).

LOD: limit of detection; HPLC: high-performance liquid chromatography.

Enzymatic maceration also enhanced sugar release,
but through different mechanisms. Amylase hydro-
lyzes a-1,4-glycosidic bonds in starch, generating glu-
cose, maltose, and maltotriose (Corkovié¢ et al., 2022),
while pectinase primarily improves juice yield and
clarity with limited sugar formation (Sharma et al,
2017). HPP at 600 MPa increased glucose content
because of enhanced cell disruption and diffusion but
eliminated sucrose, confirming its pressure sensitiv-
ity. Overall, both moderate-pressure HPP (400 MPa)
and enzyme maceration improved sugar extraction
efficiency, although through distinct physicochemical
routes. These treatments support the production of
naturally sweeter juices without added sugars, contrib-
uting to SDG 12 (Responsible Consumption) by pro-
moting cleaner-label beverage processing.

PCA and correlogram

The PCA effectively discriminated between different
juicing pre-treatments based on the compositional
and functional attributes of jaboticaba juice. The score
plot (Figure 5A) revealed a clear separation of samples
along the first two principal components, with PC1
explaining 62.8% and PC2 20.9% of the total variance.
The enzyme-treated samples were tightly clustered on
the right side of the score plot, indicating homogeneity
in their physicochemical and antioxidant characteris-
tics. In contrast, the HPP-treated samples were more

dispersed in the left and lower quadrants, reflecting
higher variability in response to pressure—time com-
binations. The control sample was positioned near the
enzyme-treated cluster but slightly displaced, suggest-
ing an intermediate composition between untreated
and processed juices.

The biplot (Figure 5B) further illustrates that enzyme-
treated samples were strongly associated with higher
total anthocyanin content, TPC, and antioxidant param-
eters (TEAC and reducing power) as well as reduced
PPO activity. These variables had high positive loadings
on PC1, confirming that enzymatic maceration promoted
cell wall degradation, enhanced bioactive compound
release, and improved antioxidant potential. In contrast,
the HPP-treated samples exhibited stronger associa-
tions with TA and TSS, as well as reduced POD activity,
indicating that pressure treatment primarily influenced
structural disintegration and enzyme inactivation rather
than phenolic enhancement.

The correlogram analysis (Figures 5C and 5D) pro-
vides further insight into the interrelationships among
quality attributes. Enzyme maceration produced
stronger positive correlations (p < 0.05) among TPC,
total anthocyanins, and antioxidant activities (TEAC
and FRAP), coupled with negative correlations with
PPO and POD residual activities. This indicates that
phenolic and anthocyanin enrichment is closely linked
to oxidative enzyme suppression, leading to improved
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functional stability. In contrast, the HPP correlogram
displayed weaker associations among these param-
eters, suggesting that pressure intensity and dura-
tion independently affect biochemical traits without
producing a synergistic enhancement of bioactive
compounds.

Overall, PCA and correlation analyses corroborate the
experimental results, confirming that enzyme-assisted
maceration exerts a more coordinated influence on the
compositional and antioxidant profile of jaboticaba juice,

while HPP primarily drives physical cell disruption and
enzymatic inactivation. These findings highlight the dis-
tinct mechanistic pathways by which the two nonthermal
technologies modulate juice quality.

Conclusion

This study demonstrated that enzyme-assisted maceration,
particularly using 0.2% amylase, was the most effective
nonthermal pre-treatment for improving the anthocyanin
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Figure 5.

(A) Score plot and (B) biplot of principal component analysis (PCA), (C) correlogram plot of enzyme maceration and

(D) high-pressure processing (HPP). TA: titratable acidity; TSS: total soluble solid; PPO: polyphenol oxidase; POD: peroxidase;
TPC: total phenolic content; TEAC: Trolox equivalent antioxidant capacity; ATC: anthocyanin.
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yield, TPC, and antioxidant capacity of jaboticaba juice. The
enzymatic hydrolysis of cell wall polysaccharides facilitated
efficient pigment and phenolic release, while concurrently
suppressing oxidative enzyme activity (PPO and POD),
resulting in superior bioactive retention and functional

quality. In contrast, HPP exerted a pressure-dependent
effect on juice characteristics. While moderate pressures
(=400 MPa) enhanced sugar release and effectively reduced
POD activity, higher pressures (>500 MPa) led to partial
degradation of anthocyanins and phenolics because of
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pressure-induced oxidation and structural destabilization.
Overall, both technologies offered viable green, nonthermal
alternatives to conventional juice processing. Enzyme mac-
eration is particularly advantageous for maximizing bio-
active compound recovery, while moderate-pressure HPP
serves as an effective complementary step for stabilization
of juice and enhancement of sweetness. These findings pro-
vide a scientific basis for developing minimally processed,
anthocyanin-rich functional beverages with improved
nutritional and antioxidant properties. Although HPP was
investigated independently in this study, combining HPP
with enzymatic pre-treatment represents a promising strat-
egy for future research. Such an integrated approach may
promote more effective cell wall degradation and improved
extraction efficiency while preserving thermolabile bioac-
tives under nonthermal conditions.
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