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ABSTRACT

Background. The potential of palado seeds (4glaia sp.) is a local starch source that has the potential to be
developed as an alternative local flour to reduce the use of wheat flour in the food industry. However, the
limitations of the functional properties of natural starch, such as resistance to heating, low solubility, high
retrogradation, and less stable pasta, limit its use in the food industry. This study aims to analyse the effect
of pregelatinization, cross-linking, and acetylation modifications on the profile and functional properties of
palado seeds (Aglaia sp.) flour pasta, produced, and compare each modification method to determine the best
potential in its development as an alternative local flour.

Materials and methods. The analysis was carried out using the Rapid Visco Analyzer (RVA) method to
determine the gelatinization temperature, peak viscosity, breakdown viscosity, maximum viscosity, setback
viscosity, final viscosity, and peak gelatinization time.

Results. The gelatinization temperature of pasta increases with cross-linking, requiring high heat; converse-
ly, it decreases in pregelatinization and acetylation, making it easier to gelatinize. Peak viscosity decreases
in cross-linking, meaning swelling is inhibited, while it increases in acetylation, resulting in greater swell-
ing. High breakdown viscosity in cross-linking pasta is easily damaged but decreases in pregelatinization,
with acetylation pasta being more stable. Minimum viscosity indicates that pasta is stable in cross-linking
and unstable in pregelatinization and acetylation. High setback viscosity in acetylation and pregelatinization
pasta tends to experience retrogradation, while in low cross-linking pasta, it is more stable against syneresis.
High final viscosity in acetylation gel is more solid, while in pregelatinization and low cross-linking, the gel
structure is weak. The time required for flour to form a paste in pregelatinization and acetylation is shorter
than in cross-linking.

Conclusion. Modification of true palado (4glaia sp.) seed flour has the potential to increase its functionality
as an alternative local flour in processed food applications.
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INTRODUCTION

The widespread use of wheat flour as a raw material
in food processing has led to a dependency on wheat
flour imports, particularly in Indonesia (Herawati
and Kamsiati, 2022). One effort to address this high
dependence involves researching and exploring vari-
ous local resources that have the potential to substi-
tute wheat flour, or alternative local flours, in order
to reduce high wheat imports (Widyasari and Risqul-
lah, 2024). The concept of reducing wheat imports by
substituting wheat flour with alternative local flours
sourced from local crops aims to improve food secu-
rity in vulnerable areas (Wang and Jian, 2022).

The past few decades have witnessed a high inter-
est in local plant-based resources, which have not been
optimally utilized for applications in the food industry
(Valle et al., 2021). One alternative food raw mate-
rial based on local plants is palado (4glaia sp.), which
is an alternative food ingredient that is not widely
known and not as popular as other grains (Rahman,
2017; Rahman et al., 2021). Local plant-based food
sources have the potential to be processed for food di-
versification and to reduce the use of gluten sourced
from wheat flour (Arifin et al., 2024). Diversification
of local food sources is necessary to improve the sus-
tainability of the global food system. In addition, it
can reduce environmental impacts, and the use of local
grain crops (Wang and Jian, 2022), such as the use of
palado (Aglaia sp.) and its processed products (Rah-
man, 2017; Rahman et al., 2021) in the food industry
process can contribute to local economic development
(Jian, 2022). One effort to increase the utility and eco-
nomic value of palado (Aglaia sp.) seeds is through
the production of flour (Rahman, 2017). Flour-based
food diversification has greater potential for develop-
ment due to its widespread acceptance (Arifin et al.,
2024).

However, natural flours often have limited func-
tionality, thus affecting the sensory and textural proper-
ties of the final product, depending on the composition
and interaction of components during food processing
(Vicente et al., 2025). The application of natural flours
in the food industry is limited due to their low shear re-
sistance, thermal decomposition, high retrogradation
tendency (Sandhu et al., 2021; Guzman et al., 2023),
relatively low water absorption capacity, and swelling
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power of natural flours without gelatinization (Ma et
al., 2022), poor water solubility, low thermostability,
sensitivity to enzymes and acids, high viscosity, and
rapid retrogradation (Chi et al., 2023; Galkowska et
al., 2023), swelling ability, absorption capacity, solu-
bility, starch clarity, and low freezing stability (Sub-
roto et al., 2023). To improve these properties, it can
be applied in various branches of the food industry,
which usually utilize modified processed products,
namely flour that has undergone various treatments to
change its properties (Zdybel et al., 2021).

Modified flour is natural flour that has been modi-
fied by changing one or more of its initial physical or
chemical properties (Galkowska et al., 2023). Flour
modification can improve the physicochemical prop-
erties of flour so that it can be used as a flour substitute
(Arifin et al., 2024). Therefore, flour modification is
essential to improve its functional properties and make
it suitable for certain applications (Ma et al., 2022).
The use of certain types of modification can eliminate
unfavourable properties and give flour new, desired
functional features (Galkowska et al., 2023). Starch or
flour modification methods can be divided into physi-
cal, chemical, and enzymatic methods, but a com-
bination of both can also be used to achieve desired
starch or flour properties (Zdybel et al., 2021; Guz-
man-Otero et al., 2023). However, in this study, only
three modification methods were used: physical modi-
fication (pregelatinization) and chemical modifica-
tion (cross-linking and acetylation). Pregelatinization
modification can create high solubility and viscosity,
susceptibility to amylase hydrolytic reactions, retain
moisture, can be used in products with low water con-
tent, such as cakes and bread, and create a uniform
structure in the final product (Hosseini et al., 2024).
In addition, the pregelatinization modification method
is an effective way to improve its physicochemical
properties and functionality with a modified granule
structure. Pregelatinization can also improve solubil-
ity and swelling properties, increasing absorption and
viscosity of flour in cold water (Hasna et al., 2020; Ma
et al., 2022).

Cross-linking modification methods for starch or
flour granules can improve their resistance to high
temperatures, acidity, and shear forces, making them
very useful in processed foods. Furthermore, cross-
linking modified flour can provide better thickening
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ability, contributing to the desired consistency in prod-
ucts such as sauces, thick soups, and desserts (Bangar
et al., 2024). Meanwhile, acetylation modification of
starch or flour can improve swelling ability, paste clar-
ity, starch or flour stability against retrogradation, and
provide a good thickening effect in various types of
foods (Subroto et al., 2023). Based on this, the purpose
of this study was to determine the effect of pregelati-
nization, cross-linking, and acetylation modification
methods on the gelatinization profile of palado (4gla-
ia sp.) flour paste produced, and to compare the ef-
fectiveness of each modification method to determine
the best potential in the development of alternative
local flours. Meanwhile, the novelty of this research
lies in the fact that while studies on starch or flour
modification have been widely carried out on popular
commodities, they have never researched palado seed
flour (4glaia sp.). Furthermore, no comprehensive
study exists that compares three types of modifica-
tion (pregelatinization, cross-linking, and acetylation)
on the viscosity of paste and gelatinization profile of
palado seed flour (4glaia sp.).

MATERIALS AND METHODS

Materials

The main material used is palado seeds (Aglaia sp.)
obtained from the Karama River basin, Sampaga
District, Mamuju Regency, West Sulawesi Province,
Indonesia. While the chemicals used are sodium trip-
olyphosphate (STTP) for cross-linking modification,
and acetic anhydride for acetylation modification, as
well as supporting materials such as NaOH, NacCl,
HCI, distilled water, buffer, and others available in
the Laboratory of the Department of Food Science
and Technology, Faculty of Agricultural Technology,
IPB University, Indonesia. All chemicals used in the
analysis are of analytical standard. The equipment
used is an oven (Binder Gmbh Im Mittleren Tuttingen,
Germany), cabinet dryer (Type U15, Memmert, Ger-
many), powder grinding machine (HR 2115, Philips,
Jakarta, Indonesia), blender (BioloMix, Whirlpool
Corporation, Benton Harbor, MI, USA), 80-mesh
sieve (D-42757; Retsch Gmbh, Dusseldorf, Germa-
ny), hot place, water bath, centrifuge (Fisherbrand
Refrigerated Centrifuge GT2, Hamburg, Germany),
Ravid Visco Analyzer (RVA-TecMaster, Macquarie
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Park, Sydney, Australia), FTIR spectrophotometer
(Bruker Company, Karlsruhe, Germany), Brookfield
CT3 Texture Analyzer viscosimeter (Brookfield En-
gineering Laboratories, Inc., Middleboro, MA, USA),
halogen moisture analyzer (HB-43S, Mettler — Toledo,
Switzerland), and others.

Flour processing process

The process of processing palado seeds (Aglaia sp.)
into flour was carried out by adopting the method used
(Hasna et al., 2020; Sukaenah et al., 2022; Ngo and
Luangsakul, 2025), with slight modifications, namely
the palado seeds were washed with running water,
dried in the sun at a temperature of between 30-35°C
for 36 hours, the dried nutmeg seeds were soaked for
12 hours. After that, they were drained, ground into
flour, sieved through an 80-mesh sieve, and dried in
a cabinet dryer at a temperature of 60°C for 7 hours.
The resulting flour was considered a control sample
(natural flour). Based on the proximate test, the pro-
tein, fat, carbohydrate, and ash content of the flour
were 8.91%, 12.37%, 66.72% and 3.61%, respectively
(Rahman et al., 2019). The flour was stored in vacuum
bags for further processing.

Flour modification procedure

Pregelatinization. Palado (4glaia sp.) seed flour was
modified by pregelatinization by adopting the method
(Hasna et al., 2020): dry nutmeg seed flour was sus-
pended with water (3:1 w/v) then steamed in a water
bath shaker at 60°C for 7 minutes, followed by passing
the flour slurry into an aluminium tray with a thickness
of 3 mm, then dried in a cabinet dryer at 45°C for 6
hours. The collected flakes were ground with a blender
and sieved with an 80-mesh shaker sieve. The dried
pregelatinized flour was stored in aluminium foil bags
for further analysis. Cross-linking. Palado (Agla-
ia sp.) seed flour was cross-linked by adopting the
method used (Jannasch and Wang, 2025), with slight
modifications, namely the flour was dispersed in a so-
lution containing 1, 2, or 5% sodium tripolyphosphate
(STTP, based on the dry weight of the flour) and 5%
NaCl (based on the dry weight of the flour). The slur-
ry was then readjusted to 10.5 pH with 1 M NaOH,
and stirred at 40°C for 20 hours at 300 rpm. The re-
action was stopped by adjusting the pH to 6.5 using
1.5 M HCI. The flour was washed with distilled water,
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adjusted to 6.5 pH, and centrifuged at 7520 x G for
10 minutes, and the supernatant was discarded. The
washing process was repeated three times. The cross-
linked flour was dried in a convection oven at 40°C for
6 hours, ground with a mortar and pestle, and sieved
with an 80-mesh sieve. Acetylation. Palado seed flour
(Aglaia sp.) was modified by acetylation by adopting
the method carried out (Aryantoro et al., 2024), with
a slight modification, namely, the flour was soaked for
60 minutes, using acetic acid with a concentration of
2%. Wet flour was obtained through a centrifugation
process using a centrifuge. The wet flour was dried
with a cabinet dryer at 50°C for 4 hours. After that,
the flour was ground using a blender and sieved using
an 80-mesh sieve to obtain acetylated flour. Acetylat-
ed flour was characterized based on physicochemical
properties, such as paste viscosity, swelling power,
solubility, and others.

Gelatinization profile analysis of palado seed
flour paste (Aglaia sp.)

Analysis of the gelatinization profile of palado (4Agla-
ia sp.) seed flour was carried out according to the
method (Rahman et al., 2017; Manu et al., 2022; Fri-
ero et al., 2024; Mohamed et al., 2024) with slight
modifications. A Rapid Visco Analyzer (RVA, New-
port Scientific, Sydney, Australia) was used to meas-
ure the gelatinization profile of the flour paste. Each
modified flour sample (pregelatinization, cross-link-
ing, and acetylation) of approximately 3 g of flour
(14% moisture content) was mixed with 25 g of dis-
tilled water so that the suspension contained a total
weight of 28 g. The slurry was heated to 50°C for
30 seconds, then maintained at 95°C for 4 minutes,
after heating for 4.40 minutes at 95°C at a rate of
10.23/minute. The sample was cooled to 50°C in 4
minutes and maintained for 2 minutes. Before being
reduced to 160 rpm during the test, the paddle ro-
tated at 960 rpm for the first 10 seconds. The param-
eters assessed were gelatinization temperature, peak
viscosity, trough viscosity (minimum viscosity at
95°C), final viscosity (viscosity at 50°C), breakdown
viscosity, setback viscosity, and the corresponding
peak gelatinization time read on a computer connect-
ed to the RVA. The RVA instrument plotted the ge-
latinization profile curve as the relationship between
viscosity value (cP) on the y-axis and temperature
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change (°C) during the heating and cooling phases
on the x-axis.

Statistical analysis

All analytical measurements were performed in trip-
licate, and the results are presented as mean values.
Differences in the means between samples were tested
using ANOVA, followed by Tukey’s test at a signifi-
cance level of 0.05 (p < 0.05), using SPSS (ver. 21).

RESULTS AND DISCUSSION

Gelatinization profile of palado seed flour paste
(Aglaia sp.)

The gelatinization profile of the modified nutmeg seed
flour paste is depicted by a curve using the RVA in-
strument, as shown in Figures 1, 2, 3, and 4, while
proximate characteristics and chemical properties of
modified nutmeg seed flour (Table 1), as well as the
characteristics of the gelatinization profile, are pre-
sented in (Table 2).

Initial temperature of gelatinization of paste
(pasting temperature)
The initial gelatinization temperature is the temperature
at which starch or flour granules begin to absorb water
or can be seen by the start of an increase in viscosity
(Rahman et al., 2017; Nastasi et al., 2025). The initial
gelatinization temperature is related to resistance to
swelling and can be described as the minimum tempera-
ture required to induce changes in viscosity (Fiero et al.,
2024). In pasta profiles, the process of starch or flour
gelatinization at a certain temperature is called the paste
temperature (Nahar et al., 2024). The results showed
that modified nutmeg flour ranged from 89.40-95.40°C,
namely pregelatinization at 89.40°C, acetylation at
89.90°C, and cross-linking at 95.40°C, while unmodified
flour had a temperature of 91°C (Table 1). This shows
that different flour modification methods will have dif-
ferent gelatinization temperatures. Modification of
pregelatinization, gelatinization temperature is 89.40°C,
cross-linking 95.40°C, and acetylation 89.90°C.
According to Rahman et al. (2017), several fac-
tors can influence the initial gelatinization tempera-
ture of both starch and flour, two of which are protein
and fat content. The protein and fat content of modi-
fied nutmeg flour are 5.46-9.37% and 9.46-9.75%,
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Fig. 1. Gelatinization profile of unmodified (natural) nutmeg flour

Fig. 2. Gelatinization profile of pre-gelatinized modified palado flour

respectively (Table 2). The higher the protein and fat
content in the flour, the higher the interaction between
the protein and fat with the starch or flour granules,
which will inhibit the release of amylose from the
granules and require more energy to release the amyl-
ose (Rahman et al., 2017). This is what causes the ini-
tial gelatinization temperature of starch or flour to also
be higher. Thus, the initial gelatinization temperature
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of nutmeg seed flour is higher than the initial gelati-
nization temperature of pregelatinized red lentil flour,
56.96-59.11°C (Bresciani et al., 2023), and the initial
gelatinization temperature of acetylated arrowroot
starch is 67.00—70.90°C (Ariyantoro et al., 2024). The
initial gelatinization temperature is needed to under-
stand the processing conditions required for starch and
flour-based products (Nastasi et al., 2025).
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Fig. 4. Gelatinization profile of acetylase-modified palado flour

Fig. 3. Gelatinization profile of cross-linked modified palado flour

Peak viscosity

During heating, starch or flour granules swell until they
reach their maximum viscosity, known as peak viscos-
ity (Friero et al., 2024). Peak viscosity reflects the de-
gree of expansion of starch or flour granules and their
ability to bind water during the heating process (Liu et
al., 2022). Peak viscosity indicates the initial state of
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gelatinized starch or flour granules, or reaches maxi-
mum expansion until they subsequently rupture. In ad-
dition, peak viscosity indicates water binding capacity
and has a positive correlation with the quality of the
final product, namely swelling and the amount of pol-
ymer released (Rahman et al., 2017). Peak viscosity
indicates the maximum swelling point of granules in
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Table 1. Proximate characteristics and chemical properties of modified palado seed flour (in 100 g)

Modified flour
Characteristics
Natural flour (control) Pregelatinization Cross-linking Acetylase

Water content, % 8.35 6.87 8.23 6.72
Ash content, % 3.61 3.26 3.27 1.25
Fat content, % 12.37 9.46 9.54 9.75
Protein content, % 8.91 9.37 5.46 8.97
Carbohydrate content, % 66.72 71.04 73.50 73.31
Energy, kcal 414 407 402 417

Starch content, % 52.78 63.98 59.40 57.99
Amylose content, % 1.00 0.85 0.44 0.53
Amylopectin content, % 51.78 63.13 58.96 57.44

Table 2. Characteristics of gelatinization profile of modified palado (4glaia sp.) seed flour paste using RVA

Gelatinization profile of palado seed flour paste (4glaia sp.)

Modification process Gelatiniza- 1 Viccos- Breakdown Trough vis- Setback vis- Final viscos- Peak ge-
tion temper- ity, cP viscosity, cP cosity, cP cosity, cP ity, cP latinization
ature, °C ¥ Y Y ¥ ¥ time, min
Natural flour (unmodified) 91 1089 117 972 177 1149 12.87
Pregelatinization 89.40 1421 307 1114 520 1634 9.40
Cross-linking 95.40 1147 606 541 64 477 13.00
Acetylation 89.90 2193 305 1 888 573 2461 9.73

hot water, which reflects the ability of starch or flour to
hydrate and expand (Ma et al., 2022). Research shows
that the modification method significantly affects the
peak viscosity of modified nutmeg flour.

The results showed that the peak viscosity of the
three modification methods ranged from 1147-2193
cP (Table 1), while the peak viscosity of unmodi-
fied flour was 1089 cP. The highest peak viscosity of
modified nutmeg seed flour is in acetylation, namely
2193 cP, and the lowest peak viscosity of nutmeg seed
flour occurs in cross-linking modification, 1147 cP,
higher than the peak viscosity of wheat flour ranging
from 709-930 cP (Liu et al., 2022), the peak viscos-
ity of Pearl barley flour ranges from 375.8-839.2 cP,
but the peak viscosity of nutmeg seed flour is lower
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than the peak viscosity of tapioca flour (5591 cP),
and MOCAF flour (5489 cP) (Abduh et al., 2024),
as well as the peak viscosity of acetylated modified
arrowroot starch of 3645 cP (Ariyantoro et al., 2024).
The reduced peak viscosity indicates a decrease in
the swelling capacity of starch granules (Vicente
et al., 2025). Samples with a high amylose content
generally have lower peak viscosities (Mauro et al.,
2023). Furthermore, thermal degradation of amylo-
pectin and amylose during heating may be responsi-
ble for lower peak viscosities (Vicente et al., 2025).
Peak viscosity provides an indication of how quickly
starch or flour reaches its maximum viscosity, which
is useful for evaluating processing time (Nastasi et
al., 2025).
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Breakdown Viscosity
Breakdown viscosity, often called viscosity decrease
during the heating process, indicates the stability of the
paste during heating, where the lower the breakdown,
the more stable the paste formed will be against heat
(Rahman et al., 2017). Breakdown viscosity refers to
the viscosity measured based on the difference between
peak viscosity and holding strength, which is the low-
est viscosity achieved during the holding phase (Abdul
et al., 2024). The results of the study (Table 1) show
that the modification method for nutmeg seed flour has
an effect on the breakdown viscosity value. The highest
breakdown viscosity of nutmeg seed flour is found in
cross-linking modification, namely 606 cP, and the low-
est is acetylation-modified flour at 305 cP, while unmod-
ified nutmeg seed flour is still lower at 91 cP (Table 1).
This indicates that the breakdown viscosity value
of nutmeg seed flour is lower than the breakdown vis-
cosity of arrowroot starch with acetylation modifica-
tion, which is 2593 cP (Ariyantoro et al., 2024), and the
breakdown viscosity of wheat flour, which is between
485-687 cP (Liu et al., 2022). Meanwhile, when com-
pared to pearl barley flour with a breakdown viscosity
between 99.6-300.9 cP (Friero et al., 2024), the break-
down viscosity of nutmeg seed flour is higher. Ac-
cording to Rahman et al. (2017), the high breakdown
viscosity value during the heating process indicates
that the starch granules or flour that have completely
swollen, have brittle properties, and are not resistant to
heating. Furthermore, Rahman et al. (2017) explained
that in making noodles, the desired breakdown viscos-
ity value is low, thus it produces noodles that are not
easily destroyed during the heating process.

Trough viscosity

Minimum viscosity indicates the stability of starch or
flour paste during cooking. Heat stability is calculated
from the difference in viscosity values before and after
holding at 95°C so that the viscosity decreases (Rah-
man et al., 2017). Minimum viscosity is the lowest
viscosity recorded during the heat setting stage when
starch or flour granules that have lost birefringence
and the starch or flour structure are destroyed after
continuous heating in excess water (Ayetigbo et al.,
2025). Meanwhile, Friero et al. (2024) explained that
minimum viscosity is the temperature holding phase,
the process of granules experiencing disruption,
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releasing water, and significantly reducing viscosity.
The results of the study showed that the minimum
viscosity of modified nutmeg seed flour (Table 1) was
1114 cP pregelatinization, 541 cP cross-linking, 1888
cP acetylation, and 972 cP unmodified flour.

This shows that the minimum viscosity of nutmeg
seed flour is higher than the minimum viscosity of
wheat flour given inulin ranging from 221-244 cP (Liu
et al., 2022), and the minimum viscosity of acetyla-
tion-modified arrowroot starch is 1052 cP (Ariyantoro
et al., 2024), except for nutmeg seed flour modified
cross-linking (541 cP), and without modification (972
cP) the minimum viscosity is still lower than arrow-
root starch. According to Rahman et al. (2017), the in-
stability of the minimum viscosity value in both starch
and flour is due to the instability of the paste to heat-
ing during the cooking process. Nastasi et al. (2025)
added that minimum viscosity is a criterion used to
determine the ability of starch or flour to maintain its
viscosity during cooking.

Setback viscosity

Setback viscosity is the difference between the mini-
mum viscosity and the final viscosity, which reflects
the increase in secondary viscosity during the cooling
stage, which is mainly caused by the rearrangement of
amylose and amylopectin (Ma et al., 2022). Setback
viscosity indicates the tendency of starch granules or
flour to experience retrogradation when cooled, which
is due to recrystallization and rearrangement of am-
ylose molecules (Abduh et al., 2024). Meanwhile,
Rahman et al. (2017) explained that setback viscos-
ity is the change in viscosity during cooling, which
is a measurement of recrystallization during cooling.
The results of the study (Table 1) showed that modi-
fied nutmeg flour included the highest acetylation
modification at 573 cP, then pregelatinization modi-
fication 520 cP, and cross-linking modification —64
cP, while unmodified flour had 177 cP. The setback
viscosity of nutmeg seed flour, specifically for acetyla-
tion and pregelatinization modification, is higher than
pearl barley flour, ranging from 176.9-251.6 cP (Fri-
ero et al., 2024). The setback viscosity of wheat flour
ranges from 368—413 cP (Liu et al., 2022), the setback
viscosity of acetylation-modified arrowroot starch is
356 cP (Ariyantoro et al., 2024), but is lower for cross-
linking modified nutmeg seed flour.
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A high setback viscosity indicates a tendency
for starch or flour to retrograde more easily and has
a tendency to form a gel during cooling. In addition,
the higher the amylose content of starch or flour, the
higher the setback viscosity will be (Rahman et al.,
2017). Therefore, differences in the setback viscosity
values of nutmeg seed flour can occur due to differ-
ences in amylose content (Table 2). A lower setback
viscosity, such as that found in cross-linked modified
nutmeg seed flour (—64), indicates a lower tendency
for starch or flour granules to retrograde (Balet et al.,
2019), as well as a low retrogradation index due to its
lower amylose content (Friero et al., 2024). Accord-
ing to Rahman et al. (2017), low setback viscosity is
a desirable characteristic of starch or flour as a raw
material for making noodles, especially to improve the
characteristics of noodles, namely, reducing the level
of hardness of noodles after cooking.

Final viscosity

Final viscosity is the viscosity value of starch or flour
paste after the cooling stage (final holding at 50°C).
This stage can determine the stability of starch or flour
viscosity against the processing process (heating, stir-
ring, and cooling) (Rahman et al., 2017). Final viscos-
ity is the viscosity at the end of the cold paste stage of
the paste process, and in general, there is no difference
between starch and flour (Ayetigbo et al., 2025). Final
viscosity is measured when the storage temperature is
constant (50°C) until an increase in viscosity occurs in
a certain period (Abduh et al., 2024). Final viscosity
reflects the viscosity of the starch or flour gel after be-
ing heated and then cooled (Nastasi et al., 2025).

This study showed that nutmeg seed flour modified
with acetylation had a higher final viscosity of 2461
cP, modified with pregelatinization 1634 cP, and modi-
fied with cross-linking 477 cP (Table 1). This shows
that the final viscosity of nutmeg seed flour is higher
than the final viscosity of acetylation-modified arrow-
root starch of 1408 cP (Ariyantoro et al., 2024), and
the final viscosity of barley flour ranges from 547—
805.6 cP (Friero et al., 2024), but the final viscosity of
cross-linking-modified nutmeg seeds is lower at 477
cP. The final viscosity indicates the ability of starch
or flour to form a gel after the heating and cooling
process. High and low final viscosity values can be
influenced by the amylose and amylopectin content in
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starch or flour (Rahman et al., 2017). The amylopectin
content of modified nutmeg seed flour during the study
was 63.13% pregelatinization, 58.96% cross-linking,
and 57.44% acetylation, respectively. Rahman et al.
(2017) stated that sorghum flour with a high amylo-
pectin content has a high final viscosity value, whereas
sorghum flour with a high amylose content has a low
final viscosity value. Meanwhile, Nastasi et al. (2025)
explained that final viscosity is a key indicator of the
final texture and stability of starch or flour-based prod-
ucts. Meanwhile, Balet et al. (2019) noted that final
viscosity indicates the ability of flour to form a thick
paste after cooking and cooling.

Peak gelatinization time

Peak gelatinization time is the time required to
reach peak viscosity during analysis (Nastasi et al.,
2025). Peak gelatinization time is a parameter of cook-
ing time or the time required for starch or flour to form
a paste (Ariyantoro et al., 2024). Rahman et al. (2017)
explained that peak gelatinization time is the time when
the RVA reads the maximum viscosity value during the
heating stage. The results showed that the modification
methods for nutmeg seed flour recorded different peak
gelatinization times. The highest peak gelatinization
time for nutmeg seed flour occurred in the cross-linking
modification, namely 13.00 minutes, acetylation 9.73
minutes, and pregelatinization modification 9.40 min-
utes, while the unmodified nutmeg seed flour was 12.87
minutes (Table 2). This indicates that the peak gelati-
nization time of modified nutmeg seed flour is higher
than that of acetylated modified arrowroot starch 4.27
minutes and unmodified arrowroot starch 4.53 minutes
(Ariyantoro et al., 2024), as well as the peak gelatiniza-
tion time of red rice flour 9.24 minutes, black rice flour
9.67 minutes, and white rice flour 8.80 minutes (Rahman
etal., 2017).

The decrease in starch and flour gelatinization time
is related to the increase in amylose content. The ge-
latinization time and swelling properties of each type
of starch or flour are partly controlled by the amylo-
pectin structure and starch composition (Table 1). The
decrease in starch gelatinization time in pregelatinized
modified flour is shorter than that of other modifica-
tion methods (Rahman et al., 2017). According to
Nastasi et al. (2025), the peak gelatinization time pro-
vides information regarding how quickly the starch or
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flour reaches its maximum viscosity, which is useful
for evaluating cooking time.

Functional properties of modified palado seed
flour paste

Pregelatinization

The pregelatinization modification method is a physi-
cal modification method that has attracted significant
attention due to its advantages, such as not using chem-
icals, being environmentally friendly, and its safety and
simplicity. For example, pregelatinization can increase
the absorption and swelling capacity of starch or flour
in cold water, so that pregelatinized starch or flour can
increase the viscosity of the system and have thickening
properties in food processing (Ma et al., 2022). In ad-
dition, pregelatinized starch or flour is commonly used
to increase the solubility and digestibility of starch or
flour without changing its chemical structure (Rashwan
etal., 2024). Pregelatinized starch or flour also has high
solubility and viscosity, can retain moisture, and is of-
ten used in products with low water content, such as
cakes and bread, and can create a uniform structure in
the final product (Hosseini et al., 2024).

During the pregelatinization process, amylose and
amylopectin in starch or flour granules are disrupted,
thereby reducing crystallinity and increasing water
absorption capacity, which contributes to excellent
swelling properties in cold water (Rahma et al., 2025).
Pregelatinized starch or flour generally has good solu-
bility in cold water and can provide the desired pasta
characteristics and texture. Because of these advan-
tages, gelatinized starch or flour is often used in dough
and noodle processing (Ma et al., 2022).

Cross-linking

Cross-linking modification is a widely used chemical
modification technique (Compart et al., 2023; Mo-
hamed et al., 2024; Agvaandorj et al., 2025) used to
change the properties of starch or flour and is used in
food processing, the pharmaceutical industry, and bio-
plastic production (Compart et al., 2023). It is used in
the food industry because of its stable granular struc-
ture and limited swelling (Mohamed et al., 2024), and
can improve the functional properties of starch or flour
(Agvaandorj et al., 2025). The cross-linking process
involves the formation of ether or ester bonds between
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the hydroxyl groups of the original starch or flour mol-
ecules using a cross-linking agent (Agvaandorj et al.,
2025). Some frequently used reagents include epichlo-
rohydrin, phosphoryl chloride, adipic acid mixed with
anhydride, and sodium tripolyphosphate (Compart et
al., 2023). However, sodium tripolyphosphate is one
of the most frequently used cross-linkers in the food
industry because it is cost-effective, stable in supply,
and non-toxic (Agvaandorj et al., 2025).

Cross-linked starch or flour has high tolerance to
acid, heat, and shear forces. In addition, it offers im-
proved characteristics such as reduced retrogradation,
higher viscosity, and better paste clarity. Several fac-
tors, including starch parameters, concentration and
composition of the cross-linking reagent, pH, reaction
time, and temperature, have been found to influence
cross-linking efficiency (Compart et al., 2023). The
cross-linking modification process of starch or flour
granules can improve their resistance to high tem-
peratures, acidity, and shear forces, making them very
useful in food processing. Cross-linked starch or flour
also provides better thickening ability, contributing
to the desired consistency in products such as sauces,
gravies, and desserts (Bangar et al., 2024). According
to Bangar et al. (2024), the texture enhancement fa-
cilitated by cross-linking opens up opportunities for
producing smoother and more appealing foods.

Acetylation

Acetylation modification of both starch and flour can
improve swelling ability, paste clarity, and stability of
starch or flour against retrogradation. Acetylated starch
is also often used to improve the texture and appear-
ance of products whose quality might be reduced due
to damage during processing or retrogradation (Subroto
et al., 2023). Acetylated starch or flour can increase
the oil absorption capacity, water absorption capac-
ity, swelling power, solubility, and amylose content of
starch (Shrivastava et al., 2024). The increased water
absorption capacity of acetylated starch or flour is due
to acetylation, which can reduce the amount of regular
structure in starch, thereby increasing water migration
to the amorphous region of starch, while the increase in
oil absorption in acetylated starch or flour is more due to
the reduction of the regular starch structure with acetyl
groups (Chi et al., 2023). Another advantage of acety-
lated starch or flour is that it can improve the stability,
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clarity, and freeze-thaw resistance of starch or flour-based
products. Furthermore, it can improve hydrophobicity,
reduce retrogradation, and enhance film formation prop-
erties (Shrivastava et al., 2024). Table 3 presents more
details regarding the effects of modifying several types
of starch-based commodities on their characteristics
and functional properties, as cited from various sources.

Comparison of functional properties of natural
palado flour paste with modified flour solubility
and water absorption

Natural flour (unmodified) has low solubility at room
temperature and moderate water absorption (Gong et

al., 2024). Pregelatinized flour has drastically high
solubility and water absorption, and can absorb wa-
ter without heating, making it suitable for use as an
instant powder (Wang et al., 2025). Meanwhile, cross-
linked flour has low or no water absorption because
the network can withstand swelling; consequently, its
solubility remains low. Products like this are suitable
when swelling control is needed (Bangar et al., 2024).
Meanwhile, acetylated flour has high water absorp-
tion and high solubility, especially at high degrees of
substitution, thus making the product moister or softer
(Subroto et al., 2023).

Table 3. Effect of starch or flour modification on its characteristics and functional properties

Types of . . .
YPes o Characteristics and functional properties of starch/flour paste Reference
modifications
Pregelatinization 1. Pregelatinization can increase the gel strength and viscosity of corn starch in cold water. Ma et al.

Pregelatinized starch can improve the quality of noodle processing. This is positively cor-  (2022)
related with the gel strength of pregelatinized starch and the viscosity of cold water.
2. Pregelatinization of starch or flour can increase solubility and swelling properties, vis-  Hasna et al.
cosity, index. The absorption and solubility of cassava flour can be increased improve with (2020)
pregelatinization.
3. Pregelatinized cassava starch experiences swelling irreversible granules and loss of Rahma et al.
crystallinity, thus resulting in increased flow capacity, compaction, water absorption, and  (2025)

Cross-linking

Acetylation

solubility in cold water, and swelling power.

1. Simply comparing potato and corn flour and starch, cross-linking can reduce swelling
volume while increasing molecular interactions through covalent bonds.

2. Starch or cross-linking flour can provide resistance to heat, acid and shear forces during
processing. Increases the structural integrity and viscosity of starch.

3. Increase in temperature and enthalpy of gelatinization. Decrease swelling capacity,
increased paste viscosity, increased cohesiveness of paste and gel, increased gel strength,
increased thermal stability of pastes and gels, and susceptibility to amylolytic enzymes.

1. Addition of acetylated palm starch up to 50% can improve the quality of the bread pro-
duced, increase-sensory properties, oven spring, oil absorption, and oil-holding capacity.

2. Acetylated corn starch can increase the brightness of han mi, and reduce tensile proper-
ties, elasticity, adhesive power and noodle hardness, as well as increasing resistant starch,
and slow-digesting noodle starch.

3. Acetylated starch or flour can increase stability, clarity, and liquid-grade resistance in
various products starch sis, increasing hydrophobicity, reducing retrogradation, and can
increase the formation of property film.

4. Acetylated starch or flour can increase the capacity swelling and water absorption, tem-
perature decrease gelatinization, increase in maximum viscosity, decrease in retrogradation
and syneresis, increased clarity pasta, and increased susceptibility to enzymes amylolytic.

Mohamed et al.
(2024)

Shrivastava
et al. (2024)

Galkowska
et al. (2023)

Subroto et al.
(2023)

Subroto et al.
(2023)

Shrivastava
et al. (2024)

Galkowska
et al. (2023)
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Swelling power and gelatinization paste

Natural flour swells and gelatinizes over a specific tem-
perature range, forming a paste with a characteristic vis-
cosity peak (Gong et al., 2024). As pregelatinized flour
has damaged granules, it does not exhibit traditional
gelatinization. It can provide instant viscosity, but its
peak changes after heating (Wang et al., 2025). Mean-
while, cross-linked flour has decreased swelling power,
a more stable or lower-viscosity peak, and is resistant
to breakdown under shear/high temperatures (Bangar
et al., 2024). Meanwhile, acetylated flour has slightly
increased swelling power, and gelatinization can shift,
making the working viscosity smoother or more stable
against retrogradation (Subroto et al., 2023).

Stability against Shear, Heat, and Acid

Natural flour is susceptible to breakdown under high
shear and high temperatures (Gong et al., 2024). Prege-
latinized flour is not suitable for processes requiring
high mechanical resistance, as it is already degraded
(Wang et al., 2025). Meanwhile, cross-linked flour is
best for stability, such as resistance to shear, acidic pH,
and high temperatures, making it ideal for thick sauces
and long-cooked fillings (Bangar et al., 2024). Mean-
while, acetylated flour can increase stability against
retrogradation and provide a soft texture; however, it
is not as strong as cross-linked flour against extreme
shear (Subroto et al., 2023).

Retrogradation and syneresis

Natural flours tend to undergo rapid retrograda-
tion, especially those containing amylose, which can
lead to hardening and syneresis (Gong et al., 2024).
Pregelatinized flours, depending on the treatment, can

accelerate retrogradation, allowing them to be used as
preservatives (sugars, lipids) to mitigate this (Wang
et al., 2025). Cross-linking flours, on the other hand,
reduces retrogradation, or the bonded structure main-
tains geometry, thus reducing syneresis (Bangar et al.,
2024). Acetylated flours, on the other hand, reduce ret-
rogradation and syneresis by disrupting the H-bonds
between chains. Therefore, they are suitable for prod-
ucts stored in cold conditions (Subroto et al., 2023).

Gel clarity and texture

Natural flour gels can be cloudy depending on the
source of the flour or starch (Gong et al., 2024). Prege-
latinized flour gels, with transparency depending on
the method, are often used for body but not high clar-
ity (Wang et al., 2025). Meanwhile, cross-linked flour
gels are usually thicker or have a stable viscosity, less
clear than acetylated flour (Bangar et al., 2024). Acet-
ylated flour, on the other hand, can improve clarity and
provide a softer texture (Subroto et al., 2023).

Digestibility/resistant starch content

Natural flours vary depending on their source, wheth-
er they contain amylose or amylopectin (Xie et al.,
2025). Pregelatinized flours can improve their digest-
ibility, or be more easily digested, unless they are ret-
rograded into specific types of resistant starch upon
cooling (Wang et al., 2025). Meanwhile, for cross-
linked and acetylated flours, some modifications can
increase resistance when combined with esterification,
depending on the agent and conditions, thus poten-
tially affecting the glycaemic index (Liu et al., 2025).
For more details, Table 4 shows a comparison between
natural and modified flours.

Table 4. A brief comparison of the functional properties between natural (non-modified) flour and modified flour

Main Characteristics Natural Flour Pregelatinization Cross-linking Acetylation
Solubility low high (instant) low go on
Swelling normal disturbed (granule rupture) down up a little
Shear/thermal stability low medium-low tall currently
Retrogradation tall variables low low
Gel clarity turbid-variable variables not enough good

Source: Gong et al. (2024)
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Practical applications

Based on the analysis of modified nutmeg (4glaia sp.)
seed flour, the selection of flour types is based on its
functional properties, namely its high solubility and wa-
ter absorption capacity so that it is suitable for instant
foods, meatballs, nuggets (to increase juiciness), bread,
cakes (to add moisture), sausages and food emulsions, as
well as for pharmaceutical products (Wang et al., 2025).
As acetylated flour has high water absorption and solu-
bility, it is suitable for use in products that require clar-
ity, soft, moist, and tender texture, such as pudding, wet
cakes, and cold products that require clarity and soft-
ness (Subroto et al., 2023). Meanwhile, cross-linking
flour is best for stability, such as shear resistance, acidic
pH, and high temperatures, making it suitable for use in
thick sauces, long-cooked filling products, or products
heated and stirred strongly (Bangar et al., 2024).

CONCLUSIONS

Modifications to pregelatinization, cross-linking and
acetylation affect the gelatinization and properties
of nutmeg (Aglaia sp.) flour paste. Pregelatinization
improves instantization, making it suitable for instant
ready-to-drink products; cross-linking improves heat
stability, making it suitable for products that require
repeated heating, and acetylation reduces retrograda-
tion and improves paste clarity, making it good for
frozen products or products that are stable during cold
storage. Of the three methods of nutmeg flour modi-
fication, namely pregelatinization, cross-linking, and
acetylation, the latter two show great promise for ap-
plication in the food industry.
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