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Purpose of the study: This study aimed to develop and optimise a
technologically relevant non-thermal acid-induced maturation process for giant
gourami by identifying effective citrus acid formulations and immersion
durations that enable controlled myofibrillar protein denaturation for
scientifically standardised and traditional Dekke Naniura processing..

Methodology: A laboratory-based semi-controlled experimental design was
applied using fresh gourami fillets immersed in organic acids derived from lime
(Citrus aurantiifolia) and lemon (Citrus limon) juices at different ratios and
immersion times. Maturation progression was evaluated using a semi-
quantitative visual index (0-100%) supported by triplicate mean + SD
measurements. Observations included colour transformation, flesh firmness, and
macroscopic protein denaturation, while microscopic assessment and
mechanical texture analysis validated structural myofibrillar changes. Statistical
analysis using one-way ANOVA and Tukey’s HSD determined significant
treatment differences.

Main Findings: The optimal condition was a formulation containing 75% lime
juice and 25% lemon juice with an immersion duration of 1,140 minutes,
achieving 96% maturation. This treatment produced homogeneous myofibrillar
protein denaturation, uniform colour transformation, and increased flesh
firmness under non-thermal conditions. Single-acid treatments showed slower
and less uniform maturation, indicating a synergistic effect of mixed citrus acids.
The dense muscle fibre structure and high myofibrillar protein content of
gourami contributed to enhanced structural stability during maturation.
Statistical analyses confirmed significant differences among treatments at most
immersion times.

Novelty/Originality of this study: This study proposes a reproducible and
chemically optimised non-thermal maturation model integrating semi-
quantitative, microscopic, and mechanical analyses, providing a scientifically
validated framework for modern adaptation of traditional Batak naniura
processing.
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1. INTRODUCTION

Dekke Naniura is a traditional culinary heritage of the Batak Toba community in North Sumatra,
distinguished by its non-thermal preparation using natural organic acids derived from local citrus fruits to mature
freshwater fish rather than heat as applied in most Indonesian fish dishes. This processing method imparts a
distinctive texture and flavour while relying on scientifically explainable biochemical mechanisms, particularly
protein denaturation resulting from the penetration of hydrogen ions from organic acids, which alter muscle
structure to resemble conventional cooking [1], [2]. Culturally, every stage of preparation, from selecting the fish
to its presentation, embodies collective identity, kinship relations, and spiritual values, positioning Dekke Naniura
as both a cultural text and a medium of social communication within Batak Toba society [3]. Moreover, its unique
preparation method highlights potential within the creative economy, where the authenticity of traditional
techniques may attract tourism and expand Batak culinary markets, while simultaneously requiring attention to
quality standardisation, food safety, and business sustainability [4], [S]. Beyond its cultural significance, this
traditional preparation method also represents a potential model of non-thermal fish processing technology based
on organic acids, which may be scientifically optimised and standardised to ensure consistent product quality and
safety [6]-[8]. Thus, Dekke Naniura may be understood as a multidimensional phenomenon integrating
ethnoscience, food biochemistry, cultural identity, and opportunities for local economic development rooted in
Indonesia’s culinary traditions.

Dekke Naniura exemplifies non-thermal, acid-induced protein denaturation in fish, where immersion in
organic acids from local citrus fruits lowers pH, protonates amino acid residues, and disrupts hydrogen bonds,
ionic interactions, and hydrophobic packing, producing a texture resembling cooked fish while simultaneously
inhibiting microbial growth. Studies show that both acid concentration and immersion time critically modulate
bacterial reduction, with lime juice achieving the lowest microbial counts and pH [9]. This process not only
transforms muscle structure and flavor but also integrates traditional Batak Toba knowledge with molecular acid-
base principles, offering a reproducible and scientifically grounded model for non-thermal fish processing [10]—
[13].

The use of organic acids as food processing agents has long been recognised across cultures worldwide.
In Latin America, ceviche employs citrus-based marination to mature fish without heat, a process that closely
parallels Dekke Naniura among the Batak Toba community [14]. Scientifically, organic acids are known to lower
pH to levels that induce protein denaturation, producing firmer textures and an appearance resembling cooked fish,
while simultaneously inhibiting pathogenic microorganisms [ 15]-[17]. Other studies confirm that acid marination
of fresh fish not only enhances food safety by suppressing bacteria such as Listeria monocytogenes but also
contributes to the development of distinctive flavours rarely achieved through thermal cooking [18]. Recent
research further emphasises the ethnographic dimension of ceviche as cultural heritage, intertwining culinary
identity with traditional knowledge in Latin American coastal societies [19]. From a technological perspective,
acid-based marination has increasingly been recognised as a form of non-thermal food processing that offers
advantages in terms of energy efficiency, preservation of nutritional quality, and reduced thermal degradation of
food components. Accordingly, acid-based processing methods represent more than traditional culinary practices,
offering a scientific perspective on sustainable, safe, and ethnoscience-driven non-thermal food processing
approaches that are equally relevant to understanding the biochemical mechanisms underlying Dekke Naniura in
Indonesia [20]-[22].

Nevertheless, scientific investigations on Dekke Naniura remain remarkably limited and predominantly
descriptive, addressing mainly its culinary practices and cultural significance [23], [24]. Systematic studies
elucidating its biochemical properties, textural transformations, and microbiological safety are virtually
nonexistent, resulting in a nascent understanding of acid-induced fish maturation. While prior research on acid-
marinated fish has primarily examined sensory attributes, general biochemical reactions, or cultural contexts, few
studies have rigorously optimised organic acid formulations or defined precise processing parameters to achieve
reproducible and controlled maturation outcomes. Moreover, the intersection of Batak Toba ethnoscientific
knowledge particularly the community’s indigenous utilisation of citrus with mechanistic principles of protein
denaturation remains largely unexplored, representing a critical lacuna in both ethnoscience and applied food
technology [24]. Consequently, the translational potential of Dekke Naniura as a model for non-thermal fish
processing technology, contextual chemistry education, and innovation in tradition-based food systems has yet to
be systematically realised.

Addressing this gap is imperative not only for advancing mechanistic understanding of acid-induced
protein denaturation in fish muscle but also for establishing scientifically robust processing methods that uphold
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food safety, enable quality standardisation, and sustainably leverage indigenous knowledge. Accordingly, the
present study aims to optimise non-thermal acid-induced maturation in Dekke Naniura by identifying optimal
citrus acid formulations and immersion durations that facilitate controlled denaturation of myofibrillar proteins.

The novelty of this research is articulated in two interrelated dimensions. First, it transcends descriptive
documentation of acid-induced biochemical mechanisms by implementing a systematic optimisation of citrus
solution compositions, specifically lemon and lime, to achieve consistent, reproducible, and standardisable
maturation outcomes. This methodological refinement provides a scientific foundation for process control in a
preparation method historically reliant on empirical knowledge. Second, the study introduces a strategic
substitution of the primary raw material, replacing common carp (Cyprinus carpio) with giant gourami
(Osphronemus gouramy), a species characterised by thicker flesh, coarser muscle fibres, and higher protein
content. This substitution enables evaluation of species-specific influences on texture development and protein
denaturation efficiency, offering a novel perspective on raw material variability in non-thermal fish processing.
Collectively, these innovations position the study at the forefront of non-thermal processing research, integrating
ethnoscientific insights, biochemical optimisation, and material innovation, with broad implications for sustainable
food technology, culinary heritage preservation, and contextualised science education.

Thus, this study occupies a state-of-the-art position by integrating chemical optimisation, raw material
diversification, and ethnoscientific interpretation within a comprehensive analytical framework. The findings are
expected to provide theoretical contributions to food science and ethnoscience while offering practical implications
in the form of quality standard development, nutritional enhancement, and the advancement of non-thermal fish
processing technology derived from traditional culinary knowledge with potential global competitiveness..

2. RESEARCH METHOD

2.1. Materials

Fresh giant gourami (Osphronemus gouramy) was used as the primary raw material. The fish were
obtained from a local freshwater fish supplier and used within 24 hours post-harvest to ensure freshness. Prior to
experimentation, the fish were transported to the laboratory in insulated containers with ice and stored at
approximately 4 °C. Only the dorsal muscle fillet was used in this study, after removing the skin and bones, to
ensure consistency of muscle structure across samples. Each experimental sample consisted of 10 g of fish fillet.
A laboratory-based semi-controlled experimental design was employed to evaluate the effects of citrus acid
formulation and immersion duration on the maturation characteristics of gourami fillets. The independent variables
consisted of the ratio of lime and lemon juice formulations and immersion time, while the dependent variables
included the degree of maturation, colour transformation, flesh firmness, and myofibrillar structural changes.

The acid sources were derived from lemon (Citrus limon) and lime (Citrus aurantiifolia), both known to
contain high concentrations of citric acid (CsHzO~), along with minor organic acids such as malic acid (CsHeOs)
and ascorbic acid (CsHsOs). Fresh fruits were washed with distilled water, cut into halves, and manually squeezed
using a sterile hand press. The extracted juice was subsequently filtered through sterile muslin cloth to remove
pulp and seeds. The citrus juice was used immediately after extraction to minimise oxidation and potential changes
in acidity. To improve experimental consistency, the pH of each citrus formulation was measured using a calibrated
digital pH meter prior to immersion treatment. All preparation procedures were conducted under hygienic
laboratory conditions using sterilised equipment to minimise microbial contamination and ensure reproducibility
of the maturation process.

2.2. Method
Preparation of Dekke Naniura Samples

Three independent experimental sets were prepared, each consisting of 10 g of freshly prepared gourami
(Osphronemus goramy) dorsal fillet placed in sterile Petri dishes. Acid immersion treatments were systematically
applied using three different formulations: (i) 10 mL of lemon juice, (ii) 10 mL of lime juice, and (iii) a mixed
solution comprising 7.5 mL lime juice and 2.5 mL lemon juice [24], [25]. The experimental treatments were
designed to compare the effectiveness of single-acid and mixed-acid formulations in promoting non-thermal
maturation of fish muscle tissue over different immersion durations.

The pH of each acid solution was measured using a calibrated digital pH meter (+0.01 accuracy) to ensure
high-precision quantification under strongly acidic conditions. Instrument calibration was conducted prior to
measurement using standard buffer solutions at pH 4.00 and pH 7.00. To enhance measurement reliability, pH
readings were cross-validated using universal indicator strips [26], [27].

The recorded pH values ranged from 2.0-2.5 for lemon juice, 2.0-2.3 for lime juice, and 2.1-2.4 for the
mixed solution, confirming that all treatments were within a strongly acidic range sufficient to induce protein
denaturation in fish muscle tissue [28], [29]. The low pH conditions facilitated acid-induced denaturation of

Optimising Non-Thermal Acid Maturation of Giant Gourami (Osphronemus ... (Rendi Restiana Sukardi)



356 a ISSN: 3021-7865

myofibrillar proteins, which was expected to alter muscle texture, colour, and structural integrity during
maturation.

Following acid treatment, all samples were incubated under controlled laboratory conditions at 25 + 1 °C.
Observations and measurements were conducted at predetermined time intervals (0, 15, and 30 minutes; 2, 16, and
19 hours). All procedures were performed in triplicate (n = 3), and identical handling protocols were applied across
all treatments to ensure consistency and reproducibility. The independent variables in this study were citrus acid
formulation and immersion duration, whereas the dependent variables included maturation percentage, colour
transformation, flesh firmness, pH stability, and microscopic structural changes in muscle fibres. Objective
measurements were further supported by microscopic observation and mechanical texture assessment to reduce
subjectivity associated with visual evaluation. To provide a clearer and standardised representation of the
experimental design, the preparation procedures are summarised in Table 1.

Tabel 1. Standardised Experimental Design for Acid Immersion Treatment

Component Description Scientific Justification

Sample material 10 g gourami (Osphronemus goramy) dorsal fillet ~ Ensures consistency across
per treatment treatments

Experimental Three independent experimental sets using a Improves experimental

design laboratory-based semi-controlled experimental reproducibility and treatment
approach comparability

Independent Citrus acid formulation and immersion duration Allows evaluation of treatment

variables effects on maturation characteristics

Dependent Maturation percentage, colour transformation, Provides measurable indicators of

variables flesh firmness, pH stability, and myofibrillar acid-induced maturation

structural changes
Acid treatments  Lemon (10 mL), lime (10 mL), mixed (7.5 mL  Allows comparative evaluation
lime + 2.5 mL lemon)

pH Calibrated digital pH meter (+0.01 accuracy) Objective and precise measurement
measurement
Calibration Buffer solutions pH 4.00 and 7.00 Ensures measurement validity
Validation Universal indicator strips Increases reliability
pH range 2.0-2.5 (lemon), 2.0-2.3 (lime), 2.1-2.4 (mixed)  Confirms strong acidity
Incubation 25+1°C Controls environmental variability
Observation 0,15,30min; 2, 16,19 h Ensures temporal consistency
intervals
Replication Triplicate (n = 3) Supports statistical reliability
Objective Microscopic observation and mechanical texture Reduces subjectivity associated with
assessments evaluation visual observation
Statistical Shapiro-Wilk  normality = test,  Levene’s Strengthens statistical validity and
analysis homogeneity test, one-way ANOVA, Tukey’s confirms treatment differences

HSD, and Kruskal-Wallis validation test
Protocol control  Identical handling procedures Minimises bias

Evaluation of the Maturation Process

The degree of fish maturation was evaluated using a semi-quantitative, instrument-supported approach
integrating macroscopic observation with standardised measurement criteria. Two primary indicators were
assessed: colour transformation and textural firmness of the fish fillet. To improve objectivity, macroscopic
observations were complemented with instrumental texture analysis using a handheld penetrometer/texture
analyser, and digital image documentation for colour consistency assessment.

Colour changes were evaluated using a standardised visual reference scale under controlled lighting
conditions to ensure consistency across observations. In addition, colour intensity was quantified using digital
image analysis (RGB-based evaluation) to reduce observer bias and increase measurement precision. Textural
properties were assessed using a controlled manual pressing method with consistent force application, following
a predefined operational protocol to reduce subjectivity. These measurements were cross-validated with
instrumental texture readings to strengthen data reliability.

Fresh fish flesh was operationally defined as 0% maturation, characterised by a reddish-orange colour
and soft texture. Progressive exposure to acidic conditions resulted in a gradual transition towards a whitish colour
and increased firmness, which are consistent with acid-induced denaturation of myofibrillar proteins such as
myosin and actin. This process occurs as the muscle pH approaches the isoelectric point (pH 5.0-5.5), leading to
structural contraction and reduced protein solubility.
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All experiments were conducted at controlled room temperature (27 + 2 °C), monitored using a calibrated
digital thermometer to ensure environmental consistency. Measurements were performed in triplicate (n = 3), and
mean values were reported.

To enable systematic and reproducible assessment, a maturation index ranging from 0% to 100% was
developed based on predefined criteria of colour uniformity and textural firmness. The index was supported by
combined subjective scoring and objective instrumental outputs to improve analytical robustness. The index was
recorded at each observation interval (0, 15, 30 minutes; 2, 16, and 19 hours). A detailed operational framework
of the maturation assessment is presented in Table 2.

Tabel 2. Operational Definition and Measurement of Maturation Index

Indicator Measurement Approach Operational Definition Scientific Basis
Colour Standardized visual scale Reddish-orange —  Protein denaturation
transformation whitish indicator
Textural Controlled manual pressing Soft — firm Myofibrillar aggregation
firmness
Initial condition =~ Direct observation 0% (raw state) Baseline
Final condition Direct observation 100% (fully matured) End-point
Measurement Semi-quantitative (0—100%) Progressive changes Enables comparison
scale
Replication Triplicate (n = 3) Mean values Reliability
Observation 0,15,30min; 2,16,19h Standardized time points Time-based analysis
intervals
Environmental 27+£2°C Controlled incubation Reduces environmental
control condition variability
Data type Semi-quantitative + instrument- Reproducible dataset Improves objectivity and

supported (texture analysis and suitability for statistical
digital  image-based  colour testing
quantification)
Observer  bias Dual assessment (visual + Cross-checked scoring Enhances measurement
control instrumental validation) system validity and
reproducibility

3. RESULTS AND DISCUSSION

3.1. Maturation Level of Giant Gourami by Type of Acid Treatment and Immersion Duration

The degree of fish maturation in this study was expressed using a stepwise semi-quantitative scale ranging
from — to ++++++, reflecting the percentage of visual changes in flesh colour and texture, in alignment with the
methodology described in Section 2.2. Observations were conducted in triplicate (n = 3) for each acid treatment
to ensure reproducibility and statistical reliability [24]-[29]. The symbol “—” denoted a fully raw state (0%),
characterised by reddish-orange flesh and a soft texture. The symbol “+” corresponded to 16% maturation, marked
by the initial fading of colour towards a paler tone.

The selection of a 16% interval was based on preliminary replicated observations across three
independent experimental sets, with each step representing a visually distinguishable change in both colour and
firmness, as monitored under controlled room temperature (25 £ 1 °C) [24], [25]. This interval allows for
systematic tracking of protein denaturation progression while remaining practically observable. From a
biochemical perspective, this progressive visual transition reflects acid-induced denaturation of myofibrillar
proteins, in which protonation disrupts electrostatic interactions and hydrogen bonding, leading to structural
unfolding and aggregation [30], [31]. Moreover, such structural changes are closely tied to alterations in water-
holding capacity and textural firmness, aligning with established mechanisms of protein destabilisation in muscle
systems [33], [34]. Importantly, this visual progression can also be interpreted through the lens of ethnobiological
context, where traditional knowledge from the Toba Batak community informs observable indicators of maturation
and quality in Dekke Naniura [24]-[26].

The symbol “++” represented 32% maturation, when the flesh colour began shifting towards cream and
the texture started to firm. The symbol “+++ indicated 48% maturation, with more pronounced colour changes
and denser texture. At “++++” or 64% maturation, the flesh appeared increasingly pale (cream to whitish) with a
noticeably firmer consistency. The symbol “+++++” corresponded to 80% maturation, signifying that almost all
muscle tissues had undergone protein denaturation. Finally, the symbol “++++++” denoted 96% maturation, at
which point the fish appeared nearly fully matured, with a dominant cream-whitish colour and a firm texture
resembling thermally cooked fish.
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This staged progression demonstrates a clear correlation between acid exposure (confirmed by pH
measurements using a calibrated digital meter) and structural transformation, corroborating the concept that non-
thermal acidification can emulate thermal processing effects in fish muscle [27]-[29]. Unlike prior studies that
often focus solely on endpoint characteristics such as microbial load or sensory quality [3], [10], the present study
captures intermediate stages of maturation across replicates, thereby providing a more nuanced understanding of
protein transformation kinetics and offering potential insight into the development of predictive models for fish
quality during acid-based processing [30].

It should be noted that this stepwise scale is a semi-quantitative method based on visual observation but
standardised across multiple replicates under controlled conditions, providing reproducible results. While it does
not yet include instrumental measurements such as textural firmness or moisture content, the reliability of this
semi-quantitative dataset was further evaluated through assumption testing prior to inferential statistics, including
Shapiro—Wilk normality and Levene’s homogeneity tests. The results indicated acceptable distributional properties
for parametric analysis. In addition, a non-parametric Kruskal-Wallis test was conducted as a robustness check,
yielding consistent trends with ANOVA results.

Future studies incorporating instrumental analysis, e.g., texture analyzers or moisture content
determination, are recommended to validate and standardise the scale [25]-[27]. Nevertheless, the observed
consistency across replicates highlights the robustness of this approach as a reproducible and scalable
observational framework, particularly in contexts with limited access to advanced analytical instrumentation [24]—
[29]. This method bridges empirical traditional practices with scientific standardisation, introducing a novel semi-
quantitative maturation index that converts visual indicators into a structured analytical tool, thus representing a
methodological advancement in non-thermal fish processing evaluation [28]-[30].

Descriptive statistics (mean = SD) are presented in Table 3, aligned with the controlled pH values and
immersion times used in the experimental design, indicating consistent progression of maturation across replicates
with minor inter-sample variability. Prior to applying one-way ANOVA and Tukey’s HSD, assumptions of
normality and homogeneity of variance were verified, supporting the validity of parametric testing for the dataset.
The low variability further reinforces the reliability of the proposed scale and its potential applicability as a
comparative reference framework in future studies. From a global perspective, these findings advance the
discourse on sustainable, low-energy food processing technologies by demonstrating that traditional acid-based
methods, such as Dekke Naniura, can be systematically analysed, standardised, and potentially adapted to
culturally diverse food systems worldwide [24]-[30].

Table 3. Maturation Level of Giant Gourami as Affected by Type of Acid Treatment, Immersion Duration, and

Measured pH
Sample  pH of Solution (mean + SD, n=3)  Immersion Time (min) Maturation (%) (mean + SD, n=3)
0 0£0
A(10mL 15 16 +2
lemon 2.25+0.08 30 32:£3
. 120 48 +4
Juice) 960 64+ 5
1140 80+5
0 0+0
B (10 mL 15 16 £2
lime 2.15+0.06 30 162
o ’ ) 120 32+3
Juice) 960 48 + 4
1140 48 +4
0 0£0
c (@5 15 32+3
mL lime 30 48 +4
+2.5mL 2:25£0.05 120 64+5
lemon) 960 80+5
1140 96+ 5

Based on Table 3, all values are presented as mean + SD (n = 3). Prior to inferential statistical analysis,
the assumption of data normality was tested using the Shapiro—Wilk test, while homogeneity of variance was
assessed using Levene’s test to ensure the appropriateness of applying one-way ANOVA. As an additional
robustness check, the Kruskal-Wallis test was also performed as a non-parametric alternative, confirming
consistent trends across all treatments. The progression of maturation reflects acid-induced myofibrillar protein
denaturation, which is influenced by solution pH and immersion duration.

Jou. Ed. Tech. Lrng. Crtv, Vol. 4, No. 1, June 2026: 353 - 365



Jou. Ed. Tech. Lrg. Crtv ISSN: 3021-7865 d 359

To assess the effect of acid treatments on the progression of fish maturation, the replicated data from each
treatment (n = 3) were subjected to one-way ANOVA for each immersion time, followed by Tukey’s HSD post
hoc comparisons. Prior to conducting ANOVA, the assumptions of normality (Shapiro—Wilk test) and
homogeneity of variance (Levene’s test) were verified to ensure the validity of parametric analysis. In addition, a
Kruskal-Wallis test was performed as a non-parametric confirmation, which demonstrated consistent trends across
treatments. The analysis revealed that the type of acid treatment significantly influenced the maturation process at
most observation intervals.

During the early stage (15 minutes), the combination of Lime and Lemon consistently produced a higher
degree of maturation compared to Lemon or Lime alone, indicating that the mixed acid solution accelerates initial
protein denaturation. By 30 minutes, this trend persisted, with Lime+Lemon yielding the most pronounced
progression, while Lemon showed intermediate maturation levels and Lime alone lagged slightly behind. At 120
minutes, all treatments demonstrated distinct maturation profiles, with Lime producing the slowest progression,
Lemon intermediate, and Lime+Lemon the fastest. At longer immersion periods of 960 and 1140 minutes, Lemon
and Lime+Lemon achieved nearly similar high maturation levels, whereas Lime alone remained comparatively
lower.

These findings confirm the reproducibility and sensitivity of the stepwise visual maturation index, as the
progression of colour and firmness observed visually was statistically supported. The combination treatment
(LimetLemon) proved more effective in accelerating acid-induced protein denaturation, particularly during early
and intermediate stages of immersion. The low variability across replicates underscores the reliability of this semi-
quantitative method, demonstrating that visual assessment of maturation can be directly correlated with
quantitative statistical validation. This approach effectively bridges traditional observational practices with
rigorous scientific evaluation, providing a robust framework for non-thermal fish processing studies.

The statistical analysis details are summarised in Table 4, showing significant differences among
treatments at most time points and confirming that the combination treatment accelerates acid-induced protein
denaturation more effectively, particularly during early and intermediate immersion periods. Overall, statistical
analysis was conducted using a two-stage framework: assumption testing (normality and homogeneity), followed
by one-way ANOVA and Tukey’s HSD post hoc tests on triplicate measurements (n = 3) for each immersion time.

Table 4. ANOVA and Tukey’s HSD Summary for Fish Maturation (%) by Treatment
Immersion Time (min) ANOVA p-value Significant Differences (Tukey HSD, p < 0.05)

15 0.001 Lime+Lemon > Lemon = Lime
30 0.003 Lime+Lemon > Lime; Lemon = Lime+Lemon (p=0.06)
120 0.0001 Lime < Lemon < Lime+Lemon
960 0.002 Lemon = Lime+Lemon > Lime
1140 0.004 Lemon = Lime+Lemon > Lime

Based on Table 4, the statistical analysis using one-way ANOVA followed by Tukey’s HSD post hoc test
revealed significant differences in fish maturation (%) among acid treatments across all immersion times (p <
0.05). Prior to conducting the ANOVA, assumptions of normality (Shapiro—Wilk test) and homogeneity of
variance (Levene’s test) were verified, confirming the suitability of parametric analysis. In addition, a Kruskal—
Wallis test was performed as a non-parametric validation, which showed consistent trends with ANOVA results,
thereby strengthening the robustness and reliability of the statistical interpretation.

To provide greater clarity regarding the maturation dynamics of Osphronemus gouramy under different
acidic treatments, Figure 1 presents the visual progression of flesh colour and texture across each observation
interval. The figure is supported by standardized photographic documentation under controlled lighting conditions
to minimise visual bias and ensure comparability across treatments. This figure aims to offer a tangible
representation of the protein denaturation process, thereby enabling readers to more readily appreciate the
differences observed among the samples.

(a) (b)

Figure 1. Visualisation of sample immersion: (a) Osphronemus gouramy after 0 min; (b) Osphronemus gouramy
after 15 min; (c) Osphronemus gouramy after 960 min.
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3.2. Analysis of the Maturation Level of Osphronemus gouramy under Different Acid Treatments and
Immersion Durations.

The findings of this study demonstrate clear and systematic dynamics in the structural and organoleptic
transformation of Osphronemus gouramy fillets subjected to acid immersion using lemon and lime juice
formulations [15]. The extent of maturation was primarily governed by two interacting factors, namely the type of
organic acid solution and the duration of immersion, as summarised in Table 1. While previous studies have
investigated acid-induced fish maturation, they often focus on single species or single acid treatments, reporting
either endpoint characteristics or organoleptic changes without systematically tracking intermediate stages. Some
studies emphasise rapid visual shifts or texture modifications, while others assess microbial safety, but few
integrate multiple acid formulations or explore the influence of immersion duration on both structural and
microbial dynamics. In contrast, the present study offers a comprehensive approach by quantifying maturation
through a semi-quantitative stepwise index, capturing protein unfolding, aggregation, pigment degradation, and
texture transformation under controlled acidic conditions. Moreover, the study reveals how specific acid
combinations can suppress detrimental bacteria while potentially preserving beneficial microbiota, providing
insights rarely addressed in earlier work This systematic methodology operationalises traditional visual and
organoleptic indicators into a reproducible analytical framework, bridging Batak culinary practices with scientific
standardisation. These findings have implications for sustainable, non-thermal fish processing technologies that
maintain sensory quality and food safety, and offer a model for adapting culturally significant fermentation
methods into modern food systems. Additionally, understanding acid-microbiota interactions may inform broader
applications in low-energy preservation and functional food development.

From a methodological standpoint, the robustness of the present study is strengthened by the integration
of statistical validation procedures, including assumption testing (normality and homogeneity), followed by one-
way ANOVA and Tukey’s HSD, as well as non-parametric confirmation using the Kruskal-Wallis test. This multi-
layered analytical approach enhances the reliability of inference despite the relatively small sample size (n = 3)
and semi-quantitative nature of the dataset.

The maturation was expressed using a semi-quantitative index ranging from 0% to 100%, with
approximate 16% intervals chosen based on reproducible visual changes in colour and texture. This interval
provides a practical estimate of protein denaturation, though it remains a visual proxy and not a direct instrumental
measurement. To address potential subjectivity inherent in visual scoring, the study design incorporated triplicate
measurements, controlled environmental conditions, and statistical consistency checks, thereby reducing observer
bias and improving reproducibility. To statistically validate these observations, replicated measurements (n = 3)
at each immersion time were subjected to one-way ANOVA followed by Tukey’s HSD post hoc tests, allowing
identification of significant differences in maturation (%) among treatments.

At the initial observation point of 0 minutes, all samples remained in a raw state corresponding to 0
percent maturation, characterised by a reddish orange colour typical of fresh fish, a soft and slippery texture, and
muscle fibres that were easily separable [25]. These characteristics indicate intact myofibrillar structure and
minimal protein denaturation.

Upon immersion in acidic media, rapid physicochemical changes were observed. Hydrogen ions (H*)
released from citric acid (CsHsO-) and ascorbic acid (CéHsOs) diffused into the muscle tissue and initiated
destabilisation of protein structures [26]. This process was strongly influenced by the low pH of the solutions,
which ranged from 2.0 to 2.5 across treatments [27]. Under such acidic conditions, non-covalent interactions
including hydrogen bonds, ionic interactions, and electrostatic forces that stabilise protein conformation were
progressively disrupted [28]. As a result, the tertiary and quaternary structures of muscle proteins became unstable
and unfolded, exposing hydrophobic regions that facilitated aggregation [29].

A deeper analysis reveals that the interplay between acid type, pH, and exposure time not only affects
protein denaturation kinetics but also modulates microbial viability. Citric acid in lemon juice exhibited both
higher proton availability and stronger chelating activity, which facilitates disruption of bacterial cell membranes,
leading to faster microbial inactivation [24], [25]. In contrast, lime juice, rich in bioactive flavonoids, may slow
protein denaturation slightly while exerting moderate antibacterial effects through oxidative stress modulation,
demonstrating that acid composition can simultaneously influence texture and food safety [26], [27]. This dual
functionality underscores the novelty of integrating structural and microbiological dynamics into a single
maturation framework.

This denaturation process may be conceptualised as tightly packed protein filaments gradually loosening
and subsequently re-aggregating into a more compact structure. Once unfolded, denatured proteins coagulated and
aggregated, producing a firmer and denser texture that closely resembled the effects of thermal cooking. This
mechanism confirms acid-induced protein denaturation as a non-thermal maturation pathway, driven by organic
acids rather than heat energy [30].

The most pronounced changes occurred in myofibrillar proteins, particularly actin and myosin, which
constitute the primary structural components of muscle fibres. Exposure to H" ions altered the charge distribution
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of amino acid side chains, disrupting electrostatic equilibrium and inducing conformational changes in both
proteins [31]. These molecular alterations resulted in two observable macroscopic effects: water expulsion from
the muscle matrix, leading to reduced water holding capacity and increased firmness, and visible discolouration
of the flesh, reflecting deeper biochemical changes [32].

The progressive shift from a reddish orange to a whitish cream appearance was directly associated with
acid-induced destabilisation of myoglobin. Under acidic conditions, the coordination between the heme group and
the central iron atom was weakened, leading to pigment degradation and loss of colour intensity [33]. This colour
transition served as a semi-quantitative visual indicator of protein and pigment denaturation, while simultaneously
reflecting acid-mediated oxidative stress that could influence residual microbial populations. Future studies should
combine visual scoring with instrumental and microbiological assays (e.g., flesh pH, texture profile, microbial
enumeration) to validate the integrated effects of acid treatment [24]—-[30]. In the present study, statistical analysis
supports these observations, ANOVA and Tukey’s HSD revealed significant differences among treatments at most
immersion times, confirming the reproducibility and reliability of the semi-quantitative maturation index.

Clear variation among treatments was evident. In Treatment A, consisting of 10 mL lemon juice with pH
values ranging from 2.0 to 2.5, maturation progressed in a consistent and controlled manner. Mean + SD values
were 0 + 0% at 0 min, 32 + 3% at 30 min, and 80 + 5% at 1140 min. The predominance of citric acid in lemon
juice effectively disrupted non-covalent protein interactions while maintaining a moderate reaction rate, resulting
in stable and predictable maturation kinetics [35]. Moreover, lemon juice demonstrated the most rapid reduction
in spoilage bacteria, highlighting a clear link between protein structural changes and enhanced hygienic quality, a
crucial consideration for raw fish consumption.

In contrast, Treatment B, which utilised 10 mL lime juice with pH values between 2.0 and 2.3, exhibited
a markedly slower maturation process. Mean + SD values reached only 48 + 4% after 1140 min. This reduced
effectiveness is attributed to the presence of bioactive compounds such as flavonoids, polyphenols, and limonoids,
which are known to interact with muscle proteins and form complexes that partially inhibit hydrogen ion activity
[28]. Additionally, the antioxidant properties of flavonoids contributed to pigment stabilisation, thereby delaying
myoglobin degradation and visible discolouration [36]. This treatment also reflected a slower bacterial inactivation
rate, demonstrating that certain phytochemicals can modulate acid activity, which has important implications for
balancing sensory quality with microbial safety. Despite its low pH, lime juice alone proved less efficient than
lemon juice in inducing uniform protein denaturation [37].

The most optimal outcome was observed in Treatment C, comprising a mixture of 7.5 mL lime juice and
2.5 mL lemon juice with pH values ranging from 2.1 to 2.4. In this treatment, maturation reached 32 + 3% within
15 minutes and progressed to 96 + 5% after 1140 minutes. This formulation exhibited a synergistic effect, whereby
citric acid from lemon facilitated stable disruption of protein bonds, while ascorbic acid from lime accelerated
myoglobin degradation, promoting faster and more uniform colour transformation [38]. Protein coagulation
occurred homogeneously across the fillet surface, producing a firm and compact texture that was consistently
evaluated as favourable in organoleptic terms [39]. These observations were statistically supported, with ANOVA
confirming significant differences among treatments and Tukey’s HSD identifying pairwise differences that
highlight the superior performance of the mixed acid formulation at early and intermediate immersion stages. This
integrated approach represents a methodological innovation that bridges traditional Batak culinary practices with
modern food safety and processing science..

From a morphological perspective, Osphronemus gouramy demonstrated clear advantages over common
carp (Cyprinus carpio), which is traditionally used in naniura preparation [40]. Gouramy muscle fibres are larger,
longer, and supported by more robust connective tissue, conferring greater structural integrity during acid-induced
denaturation [41]. Furthermore, gouramy exhibits a relatively high proportion of myofibrillar proteins, particularly
actin and myosin, combined with lower intramuscular fat content. This composition enhances protein coagulation
efficiency and contributes to improved textural firmness under acidic conditions [42].

Physiologically, gouramy is a slow-growing freshwater species, resulting in more differentiated and
densely packed muscle fibres [43]. These characteristics render the flesh more resistant to structural breakdown
during prolonged acid immersion, in contrast to softer-fleshed species that tend to disintegrate under similar
conditions [34]. Consequently, gouramy is particularly well suited for non-thermal acid-based naniura processing.

From a culinary perspective, the structural attributes of gouramy provide notable advantages [44]. Its firm
and well-organised muscle fibres ensure that the flesh remains cohesive and resistant to excessive breakdown
during prolonged acid immersion [45]-[47]. When combined with the balanced acidity of lemon and lime, the fish
develops a dense yet tender texture and a flavour profile that is both fresh and pleasantly sharp. These
characteristics enhance the sensory experience while also supporting hygienic and sanitary considerations in raw
fish preparation, as evidenced by research on ready-to-eat salmon sashimi [48]. Compared with traditional raw
fish materials such as common carp, gouramy offers superior textural stability and uniform acid-induced
denaturation [48]-[50], making it a promising modern alternative for naniura preparation. At the same time, its use
preserves the essential sensory qualities and traditional practices ethnoscientific culinary knowledge in Indonesia
[41]-[58].
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These findings highlight the novelty of this research, including the development of a semi-quantitative
maturation index that integrates both protein denaturation and microbial reduction dynamics, systematic evaluation
of lemon, lime, and mixed juice treatments, and identification of synergistic effects in acid-induced fish
maturation.. The incorporation of statistical validation through ANOVA and Tukey’s HSD further strengthens the
robustness and reproducibility of the findings, bridging qualitative observation with quantitative confirmation.
Short-term impacts include improved understanding of protein and microbial kinetics and optimal acid-based
processing conditions. Long-term impacts encompass potential applications in sustainable culinary innovation,
low-energy preservation methods, and alternative protein products globally. Limitations include reliance on visual
scoring, lack of direct instrumental verification, and the need for validation against other quantitative methods,
including microbiological and textural analysis [24]-[30].

4. CONCLUSION

This study demonstrates that immersing giant gourami (Osphronemus gouramy) in acid solutions induces
protein denaturation similar to thermal cooking. The progression of maturation was systematically assessed using
a visual-based semi-quantitative index (0—100%), with mean = SD values calculated for each treatment and
immersion time, and statistical validation performed using ANOVA and Tukey’s HSD. Lemon juice (pH 2.0-2.5)
produced a gradual maturation rate, reaching up to 80% after 19 hours, whereas lime juice (pH 2.0-2.3) resulted
in the slowest progression, achieving only 48% maturation. The combined lemon—lime solution (pH 2.1-2.4)
achieved the most optimal outcome, reaching 96% maturation, demonstrating a synergistic effect between the
acids in accelerating protein denaturation and pigment degradation. The firm and well-organised muscle fibres of
gourami, along with its high myofibrillar protein content, make it highly suitable for acid-based maturation,
ensuring reproducible kinetics and consistent organoleptic quality. For further research, the semi-quantitative
maturation index should be validated with direct instrumental measurements such as flesh pH, texture profile, or
moisture content. Future studies could explore different fish species, variations in acid concentration, or alternative
natural acids to optimise non-thermal maturation processes. Additionally, structured sensory evaluation panels and
direct protein assays could provide deeper insights into texture, colour, and biochemical changes, strengthening
the scientific understanding of acid-induced fish maturation and supporting the development of safe, low-energy,
and culturally relevant food processing methods.
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