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AbstractIndonesia has the most sago plantations in the world, which means that sago can be used for a wide range of things, including food,animal feed, fuel, fiber, and fertilizer. However, Indonesian sago starch can’t be used more widely in either domestic or internationalmarkets because there isn’t enough information about its chemical composition and contaminant levels. This study examinesthe chemical composition and heavy metal levels of sago starch from various regions of Indonesia. The results show that thechemical properties of sago starch vary from province to province. For example, the carbohydrate content ranges from 84.26%to 94.93%, while the fat and protein content are relatively low. There are also reports of differences in the amounts of amyloseand amylopectin. The levels of heavy metals are very low and meet international safety standards, which means that Indonesiansago starch is safe to eat. Sago starch from Indragiri Hilir, Banjarmasin, and Lingga exhibits chemical properties similar to those fromMeranti, Indonesia’s primary sago-producing region, suggesting their potential as alternative sources. The appropriate amounts ofamylose and amylopectin in these areas make it suitable for food products that require very high flexibility. These results supportimproving the use of sago starch and help raise the quality and safety standards for Indonesian sago products.
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1. INTRODUCTION

Indonesia has the largest sago plantation area in the world,
with ten major sago-producing provinces: Aceh, Riau, Riau Is-
lands, South Kalimantan, South Sulawesi, Southeast Sulawesi,
Maluku, North Maluku, West Papua, and Papua (Statistik-
Perkebunan, 2023) . A single sago palm is capable of producing
approximately 200–250 kg of wet starch per tree annually.
When estimated based on planting density, this yield is equiv-
alent to about 25 tons of dry starch per hectare (Ehara et al.,
2018; Abbas et al., 2017) . Due to its high carbohydrate con-
tent, reaching approximately 84.7 g per 100 g, sago starch is
considered a promising alternative food source (Susanto et al.,
2024) . In addition, sago starch has a relatively low glycemic
index and contains a notable amount of dietary fiber, which
enhances its potential as a functional food ingredient (Wardono
et al., 2021) .

The sago starch production process involves several stages,
from felling the sago palm, splitting the trunk, crushing the pith,

extraction, washing, sedimentation, and drying (Budiyanto
et al., 2023; Hammado et al., 2020; Azman et al., 2021) . Ex-
traction by grating, in particular, significantly impacts starch
yield (Azman et al., 2021) and production capacity (Cipto and
Parenden, 2022) . Various pretreatment techniques, such as
ultrasonic, microwave, and enzymatic, can improve the extrac-
tion yield and starch quality (Pinyo et al., 2017) . Small farmers
mainly produce sago starch in Indonesia, although it is also
produced by micro, medium, and large industries.

Sago starch is essential for making local dishes such as
papeda, which are closely liked to culture and nutrition (Seti-
awan et al., 2022) . Sago starch, extracted from sago palms in
regions such as Indonesia and India, is used as a thickener, sta-
bilizer, and gelling agent in food products. Sago starch can be
used in various food and non food industries due to its unique
properties. The enhanced functional properties of modified
sago starch indicate its potential as a viable alternative to con-
ventional starch sources, including wheat (Lee et al., 2022) .
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Sago starch’s physicochemical and functional properties make
it suitable for application in food products such as Chinese
steamed buns (Bunyasetthakun et al., 2020) . In the non-food
industry, sago starch is used for renewable fuels (Jahiding et al.,
2024) , innovative packaging materials (Fadhallah et al., 2023) ,
with glycerol to increase the flexibility of films for various in-
dustrial purposes (Sondari and Iltizam, 2018) , and coating
materials for packaging (Tabari, 2017) .

Understanding the chemical properties of sago starch is
crucial for optimizing its use in various applications. Explo-
ration of various chemical aspects of sago starch to improve
its function and utility. Hydroxypropylation and cross linking
of sago starch produce a modified starch with desired proper-
ties. The effect of cationization on the thermal profile, pasting,
and emulsifying properties of sago starch, indicating changes
in its chemical characteristics (Siau et al., 2004) . A thorough
understanding of sago starch’s chemical properties is critical for
optimizing its functional properties and enhancing its perfor-
mance across a broad range of industrial and technological ap-
plications. Various chemical modification strategies have been
developed to improve its functional performance. Hydrox-
ypropylation, for example, enhances swelling capacity while
decreasing gelatinization temperature and retrogradation be-
havior (Paramitasari et al., 2024) . Cross linking treatments
enhance thermal stability and resistance to viscosity degrada-
tion (Punia Bangar et al., 2024) . In addition, cationization
alters crystalline structure and granule morphology, thereby
affecting thermal behavior (DSC) and pasting properties, while
also enhancing emulsifying activity and stability (Nasir et al.,
2020; Zhang et al., 2024) . The high content of resistant starch
in sago starch indicates its potential as a source of resistant
starch (Zailani et al., 2023) . The synthesis of graft copolymers
and phosphorylated sago starch has shown improvements in
adhesiveness, water absorption, and biodegradability, demon-
strating the chemical versatility of sago starch (Sondari and
Iltizam, 2018; Ng et al., 2018) .

Currently, 75% of sago starch production is concentrated
in Riau province (Statistik-Perkebunan, 2023) , which is dis-
tributed both locally and internationally. This sago starch meets
the chemical specifications required by consumers. While de-
mand for sago starch continues to rise, production, particu-
larly in Riau, has not kept pace. In contrast, Indonesia’s sago
plantation potential outside of Riau remains largely untapped.
Despite the significant potential of Indonesian sago starch, its
comprehensive characterization, hinders its use in both local
and international markets. The effects of geographic and envi-
ronmental factors on the chemical characteristics of sago starch
are not well understood. One critical aspect that has received
little attention is the presence of heavy metals, such as Pb, Cd,
Hg, and As, which can come from soil, water, or processing
methods. These heavy metals pose health risks and may af-
fect the competitiveness of sago products in the global market.
Therefore, strict monitoring is essential to ensure safety and
compliance with international food standards.

An in-depth analysis of the chemical composition of sago

starch from various regions in Indonesia is essential. This study
will assess the proximate content, the proportions of starch,
amylose, amylopectin, and the levels of metal contamination.
These factors will indicate the quality and safety of sago starch
sourced from several sago-producing regions in Indonesia. The
novelty of this research lies in its comprehensive profile of
chemical composition and metal contamination, which aims
to enhance the utilization and export potential of Indonesian
sago starch through clustering.

This study’s theoretical foundation is bolstered by a concep-
tual framework that distinctly delineates exposure, vulnerability,
and resilience concerning the quality and safety evaluation of
sago starch. In this study, exposure refers to the measurable
physicochemical and contaminant attributes of sago starch, in-
cluding proximate composition, amylose–amylopectin ratio,
pH, and heavy metal concentrations. These indicators repre-
sent observable conditions derived from laboratory analysis.
Vulnerability refers to the susceptibility of starch quality to de-
terioration, regulatory non-compliance, or safety risks arising
from intrinsic compositional characteristics (such as elevated
moisture or ash content) and external environmental or pro-
cessing factors.

Resilience refers to the capacity of regional sago produc-
tion systems to maintain consistent and acceptable quality and
safety standards despite variations in geography, environment,
and processing methods. This study concludes that there is
resilience because the performance of the indicators is the same
across regions and the clustering outcomes stay the same no
matter how the weights are set. By clarifying these dimensions,
the clustering methodology surpasses simple statistical classi-
fication and is anchored in a unified theoretical framework of
quality exposure patterns, vulnerability gradients, and regional
resilience characteristics.

2. EXPERIMENTAL SECTION

2.1 Materials
The sago starch examined in this study was sourced from 17
prominent sago producing districts in Indonesia, encompassing
10 provinces with significant sago plantations. The regions en-
compass Banda Aceh, Meranti, Indragiri Hilir, Lingga, North
Luwu, Luwu, Central Moluccas, Banjarmasin, Kendari, Ma-
muju, Biak, Sentani, Timika, and Pontianak. The choice of
these sites was determined by their geographic diversity and
substantial production capacity, deemed essential for obtaining
representative samples. Each region has unique environmen-
tal conditions and production methods that may affect the
attributes and quality of sago starch. Consequently, sampling
from several areas was aimed at capturing the heterogeneity of
sago starch produced across Indonesia. Furthermore, these lo-
cations function as significant hubs for sago processing, predom-
inantly operated by Micro, Small, and Medium Enterprises
(MSMEs). Thus, the sago starch samples sourced from MSMEs
in these regions are deemed indicative of the overall conditions
of sago starch production in Indonesia. The research assessed
several physicochemical characteristics of the starch, including
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proximate composition, pH, total starch content, amylose and
amylopectin levels, and heavy metal concentrations. The an-
alytical techniques were generally conducted in line with the
Indonesian National Standard (SNI). The SNI is the national
standards system established by the National Standards Agency
of Indonesia (BSN) to ensure the quality, safety, and reliability
of products, processes, and services.

2.2 Methods
2.2.1 Determination of Proximate Composition
Moisture content was determined using the oven-drying method
according to ISO-1666 (1996) at 130 ◦C for 1.5 h, followed
by cooling in a desiccator prior to weighing. Protein content
was analyzed using the Macro-Kjeldahl method (AOAC, 1995) ,
with nitrogen content converted to protein using a factor of
6.25. Ash content was determined by dry ashing, and fat con-
tent was analyzed by Soxhlet extraction, both following AOAC
(1995) procedures. All analyses were conducted in triplicate,
and the results were expressed as percentages.

2.2.2 Determination of pH
The pH was analyzed using a magnetic stirrer to mix 0.1 g of
the sample with 100 mL of distilled water in a glass beaker.
The suspension was then measured with a calibrated pH meter
at room temperature. The reading displayed on the pH meter
was subsequently recorded (Sabirin et al., 2024) .

2.2.3 Determination of Starch Content (SNI-3729, 2008)
Starch content was determined using the Luff–Schoorl method.
A 5 g starch sample was hydrolyzed with 200 mL of 3% HCl
under reflux for 3 h, then cooled, neutralized with 30% NaOH,
and slightly acidified with 3% acetic acid. The solution was
diluted to volume (500 mL), filtered, and an aliquot of 10 mL
was reacted with 25 mL of Luff–Schoorl reagent and distilled
water, heated to boiling for 10 min. After cooling, 25 mL of
25% H2SO4 and 15 mL of 20% KI were added, and the liber-
ated iodine was titrated with 0.1 N sodium thiosulfate using
starch as an indicator. Glucose content was calculated based on
sodium thiosulfate consumption using the Luff–Schoorl table,
and starch content was calculated as 0.90 × glucose content.

2.2.4 Determination of Metal Content of Sago Starch
2.2.4.1 Determination of Cd and Pb Content (SNI-3729,
2023)
A 10 g starch sample was dry-ashed in a furnace at 450 ± 5 ◦C
until carbon-free. The ash was dissolved in 6 M HCl, evapo-
rated to dryness, redissolved in 0.1 M HNO3, and diluted to
50 mL with distilled water. Metal concentrations (Pb and Cd)
were determined by Atomic Absorption Spectroscopy (AAS) at
283.3 nm and 228.8 nm, respectively, using calibration curves.
Metal content was calculated from sample weight and the final
solution volume.

2.2.4.2. Determination of Hg Content (SNI-3729, 2023)
A 0.5 g starch sample was digested with concentrated HNO3

and H2O2 at 180 ◦C for ≥20 min, cooled, and diluted to 50
mL with distilled water. Mercury (Hg) concentration was de-
termined by Atomic Absorption Spectrometry at 253.7 nm
using reagent blanks and calibration standards. Hg content was
calculated using the calibration curve, the final volume, and the
sample weight.

2.2.4.3. Determination of As Content (SNI-3729, 2023)
A 0.5 g sample was digested with concentrated HNO3 and
H2O2 at 180 ◦C for ≥20 min, diluted to 50 mL, and an aliquot
was dried, ashed at 450 ± 5 ◦C, and redissolved in 8 M HCl
with KI addition. Arsenic (As) concentration was determined
by Atomic Absorption Spectrometry at 253.7 nm using calibra-
tion curves, and results were calculated based on final volume
and sample weight.

2.2.4.4. Determination of Sn Content (SNI-3729, 2023)
A 0.5 g starch sample was digested with HNO3-HCl followed
by H2O2 using microwave digestion at 180 ◦C for 20 min,
cooled, and diluted to 50 mL. Tin (Sn) concentration was
determined by Atomic Absorption Spectrometry at 286.3 or
235.5 nm using calibration curves, with analyses performed in
duplicate.

2.2.5 Clustering Analysis and Composite Index Validation
2.2.5.1. Clustering Analysis
Clustering effectively classifies observations into homogeneous
groups based on similarities in quantitative charac-teristics
(Marhamah et al., 2023) . Clustering was performed using the
K-means algorithm to group observations into K clusters by
minimizing within-cluster variation and maximizing between-
cluster separation (Everitt and Hothorn, 2011) .

2.2.5.2. Data Structure and Preprocessing
The dataset consisted of n sago starch samples and p measured
variables arranged in a data matrix by calculating using Equa-
tion 1.

X = [xi j] , i = 1, 2, . . . , p (1)

where xi j denotes the value of the variable j for sample i.
Range standardization was applied to account for differences
in measurement scales, with calculations using Equation 2.

Zi j =
xi j −min(x j)

max(x j) −min(x j)
(2)

where min(x j) and max(x j) represent the minimum and
maximum of the variable j, and Zi j are standardized values
scaled to the 0-1 range to prevent dominance by larger numer-
ical values.

2.2.5.3. K-Means Clustering Algorithm
The K-means algorithm partitions n samples into K clusters by
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Figure 1. Clustering of Starch, Amylose, and Amylopectin Content Sago Starch

minimizing the within-cluster sum of squares (WCSS) using
Equation 3 and Equation 4.

WCSS = min
C1 , ...,CK

K∑︁
k=1

∑︁
i∈Ck

∥Zi − 𝜇k ∥2 (3)

where:
• Zi is the p-dimensional standardized vector for sample i,
• 𝜇k is the centroid (mean vector) of cluster k,
• ∥·∥2 denotes the squared Euclidean distance:

∥Zi − 𝜇k ∥2 =
p∑︁
j=1

(zi j − 𝜇k j)2 (4)

The cluster centroid k is calculated using Equation 5.

𝜇k =
1
|Ck |

∑︁
i∈Ck

Zi (5)

where Ck denotes the observations in cluster k, and the
algorithm iteratively assigns data to the nearest centroid and
updates centroids until cluster assignments stabilize or WCSS

changes minimally.

2.2.5.4. Determination of Optimal Number of Clusters
The optimal number of clusters K was determined before fi-
nal partitioning by minimizing total within-cluster variance to
ensure robust separation using Equation 6.

Total WCSS =

K∑︁
k=1

∑︁
i∈Ck

∥Zi − 𝜇k ∥2 (6)

The elbow method was used to identify the optimal K
by examining WCSS reductions, and cluster separation was
further evaluated using the between-cluster sum of squares
(BCSS) (Steinley, 2008) . BCSS calculation using Equation 7.

BCSS =

K∑︁
k=1

|Ck |∥ 𝜇k − 𝜇∥2 (7)

where 𝜇 is the overall mean vector of the dataset. A larger
BCSS relative to total variance indicates better defined clusters.
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Table 1. Starch, Amylose and Amylopectin Content of Indonesian Sago Starch

Origin Sago Starch Starch Content (%) Amylose (%) Amylopectin (%)
Banda Aceh, Aceh 83.55±0.50fg 32.01±0.08g 51.54±0.42b

Lingga, Riau Islands 84.54±0.25cdef 35.33±0.27ef 49.21±0.52cd

Indragiri Hilir, Riau 82.59±0.25gh 37.35±0.12bc 45.24±0.37b

Tembilahan, Riau 81.63±0.50h 35.44±0.33ef 46.19±0.18gh

Meranti, Riau 85.02±0.25abcde 35.64±0.30ef 49.38±0.80c

Banjarmasin, South Borneo 85.53±0.25abc 38.67±0.17a 46.86±0.42fgh

Pontianak, West Borneo 83.86±0.50defg 36.26±0.45cde 47.60±0.95defg

Mamuju, West Sulawesi 84.53±0.25cdef 37.72±0.18ab 46.81±0.07fgh

Kendari, Southeast Sulawesi 83.45±0.25fg 35.10±0.22f 48.35±0.47cdef

North Luwu, South Sulawesi 84.52±0.25cdef 36.21±0.33de 48.31±0.08cdef

East Luwu, South Sulawesi 83.72±0.25efg 35.08±0.15f 48.65±0.40cde

Luwu, South Sulawesi 85.12±0.25abcd 35.65±0.30ef 49.47±0.05c

Halmahera, North Moluccas 86.25±0.25a 37.00±0.05bcd 49.26±0.21cd

Central Moluccas 83.11±0.25g 34.63±0.20f 48.48±0.05cdef

Biak, Papua 84.61±0.25bcdef 37.19±0.38bcd 47.42±0.13efg

Sentani, Papua 85.96±0.25ab 32.21±0.30g 53.76±0.57a

Timika, Papua 83.68±0.49efg 31.68±0.40g 52.00±0.10b

Notes: The numbers followed by the same letter in the same column indicate no significant difference by Tukey test (p < 0.05).

2.2.6 Validation and Robustness Assessment of the Compos-
ite Quality Safety Index

To ensure that clustering results were statistically robust and
interpretable, the composite quality–safety index underwent
multiple validations and robustness checks.
2.2.6.1. Internal Consistency
Internal consistency of the composite quality safety index was
evaluated using Cronbach’s alpha to assess the reliability of the
aggregated standardized indicators. A Cronbach’s alpha value
of 0.70 indicated acceptable internal consistency, supporting
the robustness of the composite index structure.

2.2.6.2. Multicollinearity Diagnostics
Along with testing for reliability and sensitivity, multicollinear-
ity among the standardized indicators was formally checked
before combining the indices. For each physicochemical and
contaminant variable used in the clustering and index construc-
tion process, we calculated the Variance Inflation Factor (VIF).
All VIF values were below the widely accepted limit of 5, indi-
cating no multicollinearity and no indicators with excessive lin-
ear dependence on others. This result shows that each variable
adds unique information to the composite quality-safety index
and that the weighting scheme does not introduce unnecessary
variance. The lack of significant multicollinearity makes the ag-
gregated index more statistically valid and easier to understand.

2.2.6.3. Uncertainty Estimation
To improve interpretability and inferential robustness, the un-
certainty associated with the composite quality safety index
was quantified by computing 95% confidence intervals for each
regional index score. Using a non-parametric bootstrap resam-

pling procedure (1,000 iterations), we estimated confidence in-
tervals for the standardized and weighted indicators before they
were combined. This method accounts for sampling variabil-
ity and potential instability in the weighting structure, without
requiring strict normality assumptions. This makes it a more
reliable way to show how spread out the index is.

2.2.6.4. Sensitivity to Alternative Weighting Schemes
A sensitivity analysis was conducted using different objective
weighting methods to ensure that the clustering results weren’t
based solely on the MCDA based weights assigned at the start.
First, an equal-weighting scheme was used, meaning all stan-
dardized indicators were given the same weight. This method
works as a neutral baseline model, assuming that physicochem-
ical and contaminant variables are equally important. Second,
we used an entropy-based weighting method to obtain objective
weights based on each variable’s spread across samples. Indi-
cators with more variability provided more information, so
they got higher weights. After range standardization, entropy
weights were calculated to enable comparison of the indicators.
We then used the same K-means method to cluster the data
again, but this time with different weighting schemes. Cluster
stability was assessed by analyzing cluster membership consis-
tency, within-cluster sum of squares (WCSS), between-cluster
separation, and the overall grouping structure. This method
made it possible to assess the reliability of the clustering results
without altering the original variable structure or reducing the
number of dimensions.

2.2.6.5. Robustness Check
To evaluate the robustness of the clustering results, supple-
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mentary analyses were performed utilizing different data nor-
malization methods and outlier diagnostics. In addition to
range (min–max) standardization, z-score normalization was
used, yielding very consistent clustering structures with only
minor changes at the sample edges. This shows that the choice
of normalization method did not affect the clustering results.
Outlier detection was performed using standardized scores and
interquartile range (IQR) criteria prior to clustering. No sub-
stantial outliers were identified that could significantly influence
centroid estimation or cluster association. The re-evaluation,
after excluding borderline observations, produced analogous
cluster patterns and variance metrics, thereby confirming the
stability and robustness of the findings.

2.2.7 Composite Index Computation and Validation
The composite quality safety index (CI) for each sample was
calculated as a weighted aggregation of standardized indicators
using Equation 8.

CIi =
p∑︁
j=1

w jzi j (8)

where w j is the assigned weight for indicator j. Confidence
intervals were used to rigorously compare regions: samples
within the same cluster had overlapping intervals, indicating
internal homogeneity, while clusters were clearly separated,
affirming discriminative validity.

All statistical analyses, including clustering, weighting, and
validation, were performed in (R Development Core Team,
2011) , ensuring transparency and reproducibility. Data were
analyzed with a one-way analysis of variance. The significant
differences among the origin sago starch means were deter-
mined using the Tukey test at the 5% significance level.

3. RESULTS AND DISCUSSIONS

Sago (Metroxylon sp.) is a plant found abundantly in Indonesia
and produces sago starch, which can be used as both a food and
an industrial ingredient. Sago starch has various characteristics,
including functional (starch, amylose, and amylopectin con-
tent), chemical/proximate (moisture, fat, protein, and carbohy-
drate content), pH, and metal content. These characteristics
influence its quality and usefulness in various applications, both
in the food and industrial sectors.

3.1 Characteristics of the Functional Properties of Sago Star-
ch

The functional characteristics of sago starch include its starch,
amylose, and amylopectin content, which significantly influ-
ence its rheological properties and applications across various
industries. Sago starch, derived from the Metroxylon species,
has attracted considerable attention for its high starch content
and versatile uses (Chua et al., 2022) . The physicochemical
and mechanical performance of starch-based materials is gov-
erned by the chemical composition of sago starch (Kusumawati

et al., 2025) . Several factors affect sago starch yield, including
the harvest stage, traditional varieties, environmental condi-
tions, and cultivation methods (Chua et al., 2022) . Notably,
sago starch exhibits unique properties, including lower peak
viscosity, higher setback, and excellent gel-forming properties,
positioning it as a potential food stabilizer (Du et al., 2020) .
In this study, the sago starch content from different regions in
Indonesia varied, ranging from 81.63% in Tembilahan, Riau,
to 86.25% in Halmahera, North Moluccas (Table 1). The high
starch content in sago makes it a valuable energy source in the
food industry and other applications. Specifically, sago varieties
from Halmahera (86.25%), Banjarmasin (85.53%), and Luwu
(85.12%) demonstrate particularly high starch content. Fur-
thermore, the starch content in sago is significantly influenced
by the harvesting time; for instance, sago harvested at 12.5
years can yield up to 97.9% starch (Litaay et al., 2022) .

The amylose content of sago starch, typically around 21.7%,
significantly influences its physicochemical properties (Yadav
and Garg, 2013) . Sago starch has a type C crystal structure
with a crystallinity of approximately 28.13%. Notably, it con-
tains higher levels of amylose and resistant starch than corn and
potatoes (Yadav and Garg, 2013) . This unique composition
offers significant potential for sago starch as a food stabilizer.
Additionally, the growth stages of Metroxylon sagu plants affect
both the resistant starch content and amylose levels, impacting
the physicochemical properties of type III resistant starch (Bun-
yasetthakun et al., 2020) . Research indicates that the amylose
and amylopectin content in sago starch greatly influences its
characteristics and applications in the food and other industries
(Setiawan et al., 2022; Trisia et al., 2021) . In various regions
of Indonesia, the amylose content of sago starch ranges from
32.01% to 38.67%, indicating a relatively high amylose value.
Higher amylose content generally results in a more complex
and denser texture. This is due to amylose’s linear structure,
which forms hydrogen bonds and denser crystals, enhancing
the final product’s strength.

In this study, the amylopectin content ranged from 45.24%
and 53.76% (Table 1). This is comparable to the amylopectin
content of sago starch, which ranges from 43.69% to 48.4%
(Dewayani et al., 2022) . The structure of amylopectin plays
a crucial role in determining starch viscosity. Low-viscosity
amylopectin is characterized by a smaller molecular size and
slightly longer chain length than high viscosity amylopectin
(Fadhallah et al., 2023) .

Clustering the functional properties of sago starch is highly
beneficial for identifying potential areas for developing pro-
cessed sago products intended for industrial applications. It also
aids in helps standardize sago product quality and regulations
at national and international levels. By averaging clustering re-
sults, the industry and government can develop more effective
strategies to utilize Indonesia’s sago resources to meet various
needs. Figure 1 displays the clustering of sago starch produc-
ing regions in Indonesia, based on key components: starch,
amylose, and amylopectin.

Clustering analysis can be used to assess chemical varia-
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Figure 2. Clustering of pH Sago Starch

tion in starch materials from different geographical sources
(Oliveira et al., 2020; Santos et al., 2021) . The first two princi-
pal dimensions, Dim1 and Dim2, explain approximately 84.0%
of the total variance, indicating a strong representation of the
differences in starch chemical characteristics among the sam-
ples.

The characteristics of sago starch, including its amylose and
amylopectin content, can be grouped into five distinct clusters
based on their geographical origins (Figure 1). Cluster 1 (Red)
includes the Timika and Sentani regions. This cluster exhibits
similarities in chemical composition and is closely related in
terms of sago starch properties. The high amylose content
in this cluster contributes to products with a denser texture
and greater structural complexity, such as sago crackers, which
require structural integrity (Sulaiman et al., 2023) , cookies, and
snacks (Burakorn et al., 2024) . Cluster 2 (Yellow) encompasses
the Banda Aceh and Lingga regions. This cluster has a relatively
high amylose content and moderate amylopectin levels. The
unique properties of sago starch from this region result in
products with a well-balanced texture, being neither too hard
nor too soft. Traditional foods like pempek and sago cakes are
particularly well-suited to these qualities, as they offer a pleasing
combination of chewiness and softness (Romero-Rosales et al.,
2025; Hu et al., 2024; Horstmann et al., 2017) .

Cluster 3 (Green) includes the Central Moluccas, Biak,
Halmahera and Luwu regions. Sago starch from this cluster has
a higher amylopectin content, which affects its viscosity. This
increased amylopectin content is ideal for creating softer and
chewier products, making it perfect for sweet sago porridge and
soft sago cakes (Romero-Rosales et al., 2025; Horstmann et al.,
2017) . The viscosity of amylopectin contributes to achiev-
ing the desired texture in these applications (Burakorn et al.,
2024) . Cluster 4 (Blue) comprises regions such as Pontianak,
Mamuju, Banjarmasin, Meranti, Indragiri Hilir and Tembila-
han. This cluster exhibits relatively high starch content with
a balanced amylose amylopectin composition, contributing
to good functional stability and suitability for food products
such as noodles, vermicelli, starch-based snacks, sauces, and
instant soups (Romero-Rosales et al., 2025; Hu et al., 2024;
Horstmann et al., 2017) .

Cluster 5 (Purple) includes East Luwu, North Luwu and
Kendari. This cluster exhibits a balance between amylose and
amylopectin, making it suitable for food products that require
good elasticity, such as sago noodles and traditional cakes. It
is characterized by regions with higher water and very low fat
content. The increased water content and softer texture make
it ideal for soft-textured foods like sago porridge and wet sago
cake (Novianti et al., 2024) .
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Figure 3. Clustering of Sn Analysis Sago Starch

3.2 Characteristics of the pH of Sago Starch
The pH is an important parameter in characterizing sago starch.
Sago starch pH influences the chemical and functional prop-
erties, as well as the quality of the final product. Sago starch
has a relatively neutral to slightly acidic pH. Studies show that
the natural pH of sago starch ranges from 4.35 to 6.97 (Table
2). Variations in sago starch pH depend on the region and
environmental conditions in which sago palms grow. This pH
value is influenced by the mineral content, such as phosphate
and sulfate, found in the starch. pH affects the solubility and
swelling power of sago starch. Starch solubility tends to increase
at a low pH (more acidic), but swelling power may decrease.
Conversely, swelling power may increase at a higher pH (more
alkaline), but solubility may decrease. A pH value that is too
low or too high can disrupt the gelatinization process and affect
the final texture of products containing sago starch. At a neutral
to slightly acidic pH, the viscosity of sago starch paste is usually
more stable. However, viscosity can decrease at extreme pHs
due to damage to starch molecules.

Cluster 1 (red) consists of sago starch samples from Luwu,
Halmahera, and Central Moluccas, characterized by moderate
to high pH levels (Figure 2). Cluster 2 (yellow) includes sago
starch from Banda Aceh, Lingga, Indragiri Hilir, and Tembila-
han, which display lower pH characteristics. Cluster 3 (green)
encompasses samples from Biak, Sentani, and Timika, show-
ing a reasonably stable pH that tends to be higher. Cluster 4
(blue) contains samples from Meranti, Banjarmasin, Pontianak,

and Mamuju, each with distinct pH values that suggest unique
chemical properties. Cluster 5 (purple) comprises the Kendari,
North Luwu, and East Luwu samples, reflecting varying pH val-
ues but remaining within certain limits. Adjacent clusters such
as Clusters 1 and 3 may share overlapping chemical characteris-
tics, including similar pH levels or nutrient content. In contrast,
distant clusters, such as Cluster 2 and Cluster 4, demonstrate
significant differences in pH values and other chemical prop-
erties. A lower pH in Cluster 2 may indicate higher acidity,
which can impact the starch’s resistance to enzymatic degra-
dation or fermentation. A high pH (Cluster 3 or 4) indicates
that a material is more basic, which may be associated with
a higher mineral content. A pH range from slightly acidic to
neutral can improve water retention and enhance system stabil-
ity, making it suitable for applications such as sauces (Seet Chi
et al., 2021) . Conversely, elevated pH levels may promote
enzymatic activity and alter the pathways of starch conversion
during fermentation (Lin, 2025) . Sago starch performs best
at a neutral to slightly acidic pH, improving viscosity stability
and a final product that aligns with consumer expectations for
quality and taste (Puspantari et al., 2023) . Moderate pH levels
promote reasonable solubility while allowing adequate swelling,
which is essential for achieving the right texture and moisture
retention, especially in sweet applications (Miao et al., 2015) .
Although a more alkaline pH offers higher swelling power, it re-
duces solubility, making it suitable for both traditional culinary
practices and contemporary food trends emphasizing texture
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(Ismail and Zaaba, 2014) .

Table 2. The pH of Indonesian Sago Starch

Origin Sago Starch pH
Banda Aceh, Aceh 6.28±0.01fg

Lingga, Riau Islands 6.63±0.01bc

Indragiri Hilir, Riau 6.70±0.01b

Tembilahan, Riau 6.74±0.04b

Meranti, Riau 6.24±0.01g

Banjarmasin, South Borneo 4.37±0.03i

Pontianak, West Borneo 6.97±0.02a

Mamuju, West Sulawesi 4.17±0.03j

Kendari, Southeast Sulawesi 6.36±0.01efg

Halmahera, North Moluccas 4.35±0.04h

North Luwu, South Sulawesi 5.86±0.02b

East Luwu, South Sulawesi 6.69±0.01bc

Luwu, South Sulawesi 6.49±0.08i

Central Moluccas 6.41±0.01def

Biak, Papua 6.24±0.01g

Sentani, Papua 6.50±0.08b

Timika, Papua 6.47±0.01i

Notes: The numbers followed by the same letter in the same column
indicate no significant difference by Tukey test (p < 0.05).

3.3 Metal Contamination
The content of heavy metals such as Cd, Pb, Hg, As, and Sn in
sago starch poses a health risk to humans. These heavy metals
can contaminate food products and pose serious health risks, in-
cluding neurotoxicity, carcinogenic effects, and other systemic
toxicities (Tchounwou et al., 2012; Genchi et al., 2020) . Sn
is the most dominant heavy metal contaminant (Table 3). Pb
content is also found in sago starch from North Luwu, Luwu,
Central Moluccas, Banda Aceh, and Timika. Meanwhile, cad-
mium, mercury, and arsenic were not detected in sago starch
from 17 locations in Indonesia. The heavy metal content of
Sn and Pb in sago starch remains below the maximum thresh-
olds set by the Indonesian National Standard (SNI), namely
Cd ≤ 0.05 ppm, Pb ≤ 0.25 ppm, Hg ≤ 0.03 ppm, As ≤ 0.1
ppm, and Sn ≤ 40 ppm (28). Accumulation of heavy met-
als in food products, including sago starch, can occur through
environmental pollution, agricultural practices, and industrial
waste disposal (de Almeida et al., 2022; Pandiangan and Au-
dah, 2022) . The presence of metals in sago starch can also be
influenced during the production process (Uthumporn et al.,
2014) . In addition, sago pith, a component of the sago tree,
is known to contain starch, soluble solids, and ash, which may
contain metal components (Pinyo et al., 2017) .

There are five clusters of sago starch in Indonesia based on
stannum contamination (Figure 3). This clustering is based on
the stannum (Sn) content in sago starch from several regions,
as Pb, Cd, Hg, and As were undetected. This clustering process
groups sago producing regions into several clusters, each with

similar Sn value characteristics. In general, a higher Sn value
indicates a more digestible sago starch. Conversely, a lower Sn
value indicates a more difficult to digest sago starch, which slows
digestion. Based on the clustering results, five main clusters
of sago starch are produced from various regions in Indone-
sia. The first cluster, which includes regions such as Luwu,
Halmahera, and Central Moluccas, shows high Sn values, in-
dicating that sago starch from these regions is easily digested
and suitable for food products that require rapid absorption.
The second cluster, consisting of Lingga, Indragiri Hilir, Banda
Aceh, and Tembilahan, showed lower Sn values, making sago
starch from these regions more difficult to digest and more
suitable for food products that do not require rapid digestion.
The third cluster, which includes Biak, Sentani, and Timika,
had moderate Sn values, indicating that this sago starch is suit-
able for food products that require normal digestion speeds.
Meanwhile, the fourth cluster, Pontianak, Mamuju, Meranti,
and Banjarmasin, had relatively low Sn values, making it more
suitable for food products requiring slower digestion or longer
shelf life. The fifth cluster, including Kendari, East Luwu, and
North Luwu, showed high Sn values, making it suitable for
food products that are easily digested and quickly absorbed by
the body. By understanding this clustering, the food industry
can more accurately select sago starch suitable for the food
products they want to produce, whether for rapid or slower
digestion.

3.4 Proximate Content
Sago starch has excellent potential as a sustainable carbohydrate
source (Yusuf et al., 2019) . This starch plays a significant role in
food security, especially in certain regions in Indonesia where
sago consumption is a tradition. Proximate content measures
the main nutrient composition of a food ingredient, including
water, ash, protein, fat, and carbohydrates (including starch).
The proximate content of Indonesian sago starch is presented
in Table 4.

The moisture content of sago starch ranges from 10.63-
15.37% (Table 4), whereas the SNI standard for sago starch
3729: 2023 is a maximum of 13%. The moisture content of
the sago starch produced has largely met the SNI standard
except for the Banda Aceh, Mamuju, and Kendari areas. Based
on a statistical analysis of moisture content in sago starch from
various regions in Indonesia, the average moisture content is
12.75%, which is below the maximum limit established by SNI
3719:2023 (13%). There is a significant variation in moisture
content, with a standard deviation of 1.61%. Approximately
64.7% of the samples meet the SNI standard, indicating that
some areas must improve their extraction or storage methods
to achieve the required standards. The differences in mois-
ture content among sago starch products can be attributed to
varying standards and drying processes in different sago starch-
producing industries. Inadequate drying methods often result
in moisture content exceeding 13%. A starch product with more
than 13% moisture usually has a shorter shelf life. Additionally,
higher moisture content can negatively impact product quality,
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Table 3. Metal Contamination of Indonesian Sago Starch

Origin Sago Starch Cd Pb Hg As Sn (ppm)
Banda Aceh, Aceh nd 0.0019 nd nd 2.87 ± 0.03a

Lingga, Riau Islands nd nd nd nd 1.37 ± 0.03h

Indragiri Hilir, Riau nd nd nd nd 1.15 ± 0.01k

Tembilahan, Riau nd nd nd nd 0.97 ± 0.01l

Meranti, Riau nd nd nd nd 1.14 ± 0.01k

Banjarmasin, South Borneo nd nd nd nd 0.98 ± 0.01l

Pontianak, West Borneo nd nd nd nd 1.31 ± 0.01i

Mamuju, West Sulawesi nd nd nd nd 1.38 ± 0.00h

Kendari, Southeast Sulawesi nd nd nd nd 1.24 ± 0.01j

North Luwu, South Sulawesi nd 0.0013 nd nd 1.98 ± 0.01e

East Luwu, South Sulawesi nd nd nd nd 2.81 ± 0.01b

Luwu, South Sulawesi nd 0.0009 nd nd 2.61 ± 0.00c

Halmahera, North Moluccas nd nd nd nd 2.38 ± 0.00d

Central Moluccas, Moluccas nd 0.001 nd nd 1.61 ± 0.02f

Biak, Papua nd nd nd nd 1.45 ± 0.01g

Sentani, Papua nd nd nd nd 1.28 ± 0.02i

Timika, Papua nd 0.0014 nd nd 1.16 ± 0.01k

Notes: The numbers followed by the same letter in the same column indicate no significant difference by Tukey test (p < 0.05), nd: no detected

accelerating spoilage. Several factors influence the moisture
content of sago starch, including processing methods and en-
vironmental conditions. Traditional drying methods tend to
result in higher moisture levels, which limit market potential
and affect quality (Kamal et al., 2019) . Lower moisture content
in dried sago starch results in more resistant starch and a higher
water absorption index, but it also reduces solubility index and
swelling capacity (Kamal et al., 2019) . The harvesting stage,
traditional varieties, the surrounding environment, and culti-
vation practices significantly influence sago starch yield and
water content (Chua et al., 2022) . Understanding the moisture
content of sago starch is essential for optimizing its produc-
tion and quality in Indonesia. Recognizing the importance of
maintaining low moisture content can positively impact the
industry. Consistent processing standards and strict quality
control measures are needed to ensure that sago starch meets
national standards and can be safely and efficiently used in
various food applications.

The ash content of sago starch in Indonesia varies between
0.03% and 0.61% (Table 4), with a maximum allowable ash
content of 0.3% as established by SNI-3729 (2023) for sago
starch. Most regions in Indonesia produce sago starch that
meets this standard, except for Banda Aceh, Mamuju, and
Kendari. Several factors influence sago starch’s ash content
and composition, including the harvesting stage, variety, en-
vironmental conditions, and cultivation methods (Chua et al.,
2022) . A statistical analysis of the ash content in samples from
various regions shows that approximately 82.4% comply with
the SNI standard. While many regions produce sago starch
with acceptable ash levels, some need improvements in their
processing methods. The processing of sago starch significantly

affects the ash content of the final product. Factors such as the
quality of raw materials, cleaning methods, drying techniques,
milling, and refining can influence the ash content (Cammerata
et al., 2021) . Improper processing, such as the use of contami-
nated raw materials or uncontrolled drying, may increase the
ash content of sago starch (Baasandorj et al., 2021) .

The fat content of sago starch in Indonesia ranges from 0
to 0.14% (Table 4). Several factors influence the fat content
and overall composition of sago starch. Fat content in sago
starch is influenced by various factors, including harvesting
stage, local varieties, environment, and cultivation methods
(Chua et al., 2022) . Processing techniques such as lintneriza-
tion and autoclaving can alter the physicochemical properties
of sago starch, including its fat content (Pratiwi et al., 2015) .
Based on statistical analysis, the average fat content of sago
starch (0.042%) is very low, making it a nearly fat-free carbo-
hydrate source. Variation in fat content is relatively slight, with
a standard deviation of 0.038%, indicating consistency in fat
composition across most samples.

The protein content of sago starch in Indonesia ranges from
0.15-0.27% (Table 4). Sago starch derived from Metroxylon
sagu is a promising crop with high carbohydrate but low protein
content (Sarungallo et al., 2021) . The protein content of sago
starch can vary significantly, with one study reporting a range
of 0.015% to 0.06% (Rickard et al., 1991) . Other factors that
influence the characteristics of sago starch include processing
time, which can affect color, mineral content, solubility, and
rheological properties (Rickard et al., 1991) . Based on statisti-
cal analysis, the average protein content of sago starch (0.225%)
indicates that it has a very low protein content. The variation in
protein content is relatively slight, with a standard deviation of
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Figure 4. Clustering of Proximate Sago Starch

0.036%, indicating consistency in protein composition across
most samples.

The carbohydrate content of sago starch in Indonesia ranges
from 84.26% to 94.93% (Table 4). Carbohydrate is an impor-
tant component of sago starch. The carbohydrate content of
dry sago starch ranges from 84% to 89% of its composition
(Jading et al., 2017) . Based on statistical analysis, the average
carbohydrate content of sago starch (87.86%) indicates that it
is a very high-carbohydrate source. The variation in carbohy-
drate content is quite significant, with a standard deviation of
3.54%, indicating that some regions produce sago starch with
very high carbohydrate content, while others produce lower
levels.

Proximate composition studies indicate that sago starch has
a high carbohydrate content, ranging from 96.95% to 97.72%
(Sarungallo et al., 2021) . This high carbohydrate content makes
sago starch a highly valuable raw material for various food
products and industrial applications. Furthermore, sago starch
is also utilized as a carbon source in producing kojic acid, further
confirming its potential as an abundant carbohydrate source
(Devi et al., 2015) . With its exceptionally high carbohydrate
content, sago starch is a versatile ingredient in the food industry
and plays a vital role in various industrial processes, further
emphasizing its strategic value as a high-value carbohydrate

source.
Clustering based on similar content has identified five dis-

tinct clusters (Figure 4). Cluster 1 (red) encompasses the Biak,
Halmahera, and Sentani regions. The sago starch from this
cluster is better suited for products with a shorter shelf life,
as indicated by studies on its physicochemical characteristics
(Sumardiono et al., 2021) . Cluster 2 (yellow) includes Banda
Aceh and Tembilahan, where the sago starch exhibits signifi-
cantly different chemical properties. These variations are likely
influenced by local processing techniques and the specific types
of sago used, resulting in unique starch characteristics. As a re-
sult, this cluster’s sago starch is ideal for fresher food products,
such as cakes and other quickly consumed culinary delights
(Novianti et al., 2024) . Cluster 3 (green) consists of regions
such as the Central Moluccas and Timika. Sago starch from
this area has a notably higher carbohydrate content, which
is advantageous for producing high-carbohydrate foods like
noodles and pastries. This increased carbohydrate potential
confirms that sago can be an adequate substitute for conven-
tional raw materials in high-energy food products (Simatupang
and Simbolon, 2023) . Cluster 4 (blue) includes Pontianak,
Kendari, Mamuju, East Luwu, Luwu, and North Luwu. These
areas share similar chemical compositions, with stable nutrient
content. Sago starch from this cluster is particularly well-suited
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Table 4. Proximate Content of Indonesian Sago Starch

Origin Sago Starch Moisture (%)
Ash Content
(%)

Fat Content
(%)

Content Protein
(%)

Carbohydrate
Content (%)

Banda Aceh, Aceh 11.64±0.01i 0.61±0.01a 0.14±0.03a 0.26±0.00ab 87.35±0.07f

Lingga, Riau Islands 15.37±0.03a 0.09±0.01ghi 0.03±0.00def 0.26±0.00ab 84.26±0.03m

Indragiri Hilir, Riau 14.07±0.01d 0.035±0.01i 0.035±0.01def 0.24±0.03abcd 85.62±0.09i

Tembilahan, Riau 14.34±0.02c 0.215±0.01cd 0.055±0.01cde 0.26±0.00ab 85.13±0.01h

Meranti, Riau 14.34±0.04bc 0.07±0.01hi 0.04±0.01cde 0.18±0.01abcd 85.36±0.03j

Banjarmasin, South Borneo 11.35±0.06j 0.05±0.01hi 0.025±0.01def 0.15±0.04d 94.93±0.10a

Pontianak, West Borneo 11.45±0.06j 0.21±0.01cd 0.065±0.02bcd 0.27±0.02a 88.01±0.06d

Mamuju, West Sulawesi 10.63±0.02m 0.33±0.03c 0±0.00f 0.16±0.02cd 93.82±0.02b

Kendari, Southeast Sulawesi 14.42±0.02c 0.435±0.02b 0.035±0.01def 0.24±0.02abc 84.87±0.03l

Halmahera, North Moluccas 11.15±0.08l 0.23±0.03fgh 0.01±0.01ef 0.20±0.03abc 94.79±0.02c

North Luwu, South Sulawesi 10.95±0.04b 0.1±0.01ghi 0.015±0.01ef 0.25±0.01abcd 88.68±0.04jk

East Luwu, South Sulawesi 14.51±0.01e 0.09±0.03ef 0.02±0.00bc 0.21±0.05abc 85.17±0.04h

Luwu, South Sulawesi 12.96±0.01k 0.16±0.01d 0.085±0.01ef 0.25±0.01abcd 86.53±0.01a

Central Moluccas 12.55±0.05f 0.255±0.01d 0.04±0.00def 0.25±0.01abc 86.90±0.04g

Biak, Papua 12.16±0.02g 0.14±0.03fg 0.015±0.03ef 0.24±0.03abcd 87.45±0.03f

Sentani, Papua 11.93±0.06h 0.06±0.01hi 0.07±0.01def 0.18±0.00bcd 87.80±0.04e

Timika, Papua 11.09±0.03e 0.06±0.01hi 0.1±0.01ab 0.24±0.02abc 88.50±0.06c

Notes: The numbers followed by the same letter in the same column indicate no significant difference by Tukey test (p < 0.05).

for industrial applications that require consistent quality, such
as producing sago flour for baby food, sago chips, or ready to
eat meals (Kamal et al., 2019) . Cluster 5 (purple) comprises
Indragiri Hilir, Banjarmasin, and Meranti, where sago starch
is produced. The starch from this region is characterized by
high carbohydrate and low ash content, making it significant
for local diets and industrial food production, especially as a
carbohydrate source in various processed foods (Grace and
Jeyakumar Henry, 2020) .

The 95% confidence intervals obtained from bootstrap re-
sampling, along with the composite index scores, further sub-
stantiate the robustness of the clustering results. The confidence
intervals for regions in the same cluster usually overlapped, in-
dicating that their combined quality and safety performance
was statistically consistent. On the other hand, clusters with
different composite index levels had, little overlap in intervals,
suggesting that the groups are significantly different from each
other. These results confirm that the regional patterns we saw
are not just the result of how we weighted the data. Instead,
they show that there are statistically stable differences in the
quality of sago starch and the types of contaminants present.

The clustering results provide a structured classification of
exposure patterns based on measurable indicators; however, the
policy implications of these results require meticulous analysis.
The exposure categories identified in this study are derived
from the analytical grouping of observed factors and are not
associated with actual cyber event data. So, the clusters don’t
show real events or confirmed risk outcomes. Instead, they
show different kinds of exposure based on the underlying signs.

The suggested exposure framework is not intended to serve

as a guide for predicting or explaining cyber incidents. It is
meant to be an exploratory, risk-informed tool that helps pri-
oritize strategies, compare evaluations, and monitor initiatives.
The data may help policymakers and practitioners identify
which areas need more attention or research, especially when
exposure indicators appear simultaneously and consistently.

Nonetheless, establishing a direct empirical correlation be-
tween exposure categories and recorded cyber incidents neces-
sitates longitudinal incident datasets and integrated event-level
analysis, which exceed the parameters of the current study.
Subsequent research must explicitly connect exposure-based
classifications with authenticated incident records to substanti-
ate and enhance the policy significance of the proposed frame-
work.

4. CONCLUSIONS

The results of this study indicate that the chemical character-
istics of Indonesian sago starch vary across provinces. The
carbohydrate content ranges from 84.26% to 94.93%, while
fat and protein levels are low. There are also variations in the
amylose, amylopectin, and crude fiber content. Furthermore,
Indonesian sago starch has low metal levels of contamination
and meets international safety standards, making it suitable for
consumption. Sago starch from Indragiri Hilir, Banjarmasin,
and Lingga exhibits characteristics such as starch, amylose,
amylopectin, crude fiber, digestibility, pH, metal contaminants,
and proximate composition that are comparable to those of
sago starch from Meranti. This finding suggests that sago starch
from Indragiri Hilir, Banjarmasin, and Lingga can substitute
for that from Meranti, which is regarded as Indonesia’s primary
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source of sago starch. The balance between amylose and amy-
lopectin in the sago starch from these areas makes it particularly
suitable for food products that require good elasticity.
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