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Functional properties of mango seed starch
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Abstract. This study aimed to evaluate the effect of Heat-Moisture
Treatment (HMT) on the functional properties of mango seed starch
(MOSETA). The modification was conducted at two temperatures, 90°C
and 110°C, for 240 minutes. Native mango seed starch was used as a
control. The parameters analyzed included yield, starch content, color
characteristics (lightness L, redness a, yellowness b), swelling power, and
solubility. Statistical analysis was performed using the ¢-test to compare the
two HMT treatments. The results showed that increasing the treatment
temperature significantly affected most of the evaluated parameters (p <
0.05). The sample treated at 110°C exhibited lower swelling power and
solubility than the sample treated at 90°C, indicating partial rearrangement
of amylopectin chains and increased crystalline stability. However, a slight
decrease in lightness and an increase in yellowness were observed with
higher temperature, reflecting limited Maillard reactions and pigment
changes during heating. These findings suggest that HMT at elevated
temperatures enhances the structural integrity and modifies the functional
properties of MOSETA, making it more suitable for specific food
applications that require reduced swelling and improved stability during
thermal processing.

1 Introduction

Mango (Mangifera indica L.) is one of the most widely cultivated tropical fruits and a
key agricultural commodity in many developing countries, including Indonesia '. During
mango processing for juice, jam, and dried products, substantial quantities of by-products,
such as peels and seeds, are generated, accounting for 40-50% of the total fruit mass?.
Mango seeds alone account for approximately 10-25% of the fruit's weight and contain a
starchy kernel that remains vastly underutilized®. The valorization of mango seed kernel into
starch provides an opportunity to transform agricultural waste into a value-added ingredient,
thereby supporting sustainable bioprocessing and circular economy initiatives in the
agroindustry.
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Mango seed starch has garnered increasing attention due to its relatively high amylose
content (28-35%)* compact granular structure, and moderate crystallinity. These
characteristics make it a potential alternative to conventional starches such as corn, cassava,
and potato. However, in its native state, mango seed starch typically exhibits limited
functionality—such as low solubility, limited swelling capacity, and a high tendency toward
retrogradation—thereby reducing its suitability for food applications that require specific
texture and thermal stability. Consequently, starch modification is necessary to improve its
functional and physicochemical properties.

Among various physical modification techniques, Heat-Moisture Treatment (HMT) has
been recognized as an environmentally friendly approach because it alters starch properties
without the use of chemical reagents 3. HMT involves heating starch at a restricted moisture
content, typically below 35%, at temperatures above the glass transition point but below the
gelatinization temperature, for a specified duration ®. This process promotes molecular
rearrangements in amylose and amylopectin chains, leading to changes in granule
crystallinity, hydrogen bonding, and molecular ordering. The result is starch with modified
thermal and functional characteristics, such as reduced swelling power, lower solubility,
increased gelatinization temperature, and improved paste stability, while maintaining granule
integrity.

The effectiveness of HMT is influenced by several operational parameters, primarily the
treatment temperature, duration, and moisture level 7. The moisture content governs
molecular mobility within the granules during heating, whereas the temperature determines
the extent of structural reorganization. At optimal moisture levels (20-30%), starch granules
undergo controlled internal rearrangements without complete gelatinization. Increasing the
treatment temperature tends to enhance crystalline reorganization, resulting in a denser and
more thermally stable granule matrix 3. However, these structural transformations are highly
dependent on the starch source and its native morphology.

Although extensive research has been conducted on HMT of cereal and tuber starches,
limited information is available on mango seed starch °. Understanding how HMT
temperature influences the functional properties of this underutilized starch source is
essential for its industrial application. In this study, Heat-Moisture Treatment was applied to
mango seed starch (MOSETA) at two temperature levels, 90°C and 110°C, for 240 minutes
under a controlled moisture content of 25%. The effect of these treatments was evaluated on
several key parameters, including yield, starch content, color characteristics (lightness L*,
redness a*, and yellowness b*), swelling power, and solubility. Statistical analysis using
the #-test was performed to determine significant differences between treatments.

The findings from this research are expected to enhance our understanding of the
molecular and functional changes that occur in mango seed starch during thermal
modification under limited moisture conditions. Furthermore, the results will provide a
scientific basis for utilizing MOSETA as a sustainable, functional ingredient in thermally
processed food products that require high stability and specific textural performance.

2 Materials and Methods
3.1 Materials

Mango seeds (Mangifera indica L) were collected from Small Industries CV Wulanjyaya,
West Java, Indonesia. The seeds were cleaned and dried in the sunlight to facilitate
decortication, and then manually separated to obtain the kernels. All reagents used for
analysis, including iodine solution, ethanol, and analytical-grade chemicals, were purchased
from Merck (Germany) and used without further purification.
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3.2 Extraction of Native Mango Seed Starch

The mango seed kernels were cut into small pieces and soaked in distilled water for 24 hours
at room temperature to soften the tissue. The soaked kernels were then blended with distilled
water in a 1:3 (w/v) ratio and filtered through a fine muslin cloth. The filtrate was allowed to
settle for 12 hours, after which the supernatant was decanted, and the starch sediment was
washed repeatedly until a white residue was obtained. The starch was dried in a hot-air oven
at 50°C until a constant weight was achieved, then ground into a fine powder and sieved
through a 100-mesh screen. The resulting powder was considered native mango seed starch
(control sample).

3.3 Heat-Moisture Treatment (HMT) of Mango Seed Starch

HMT was conducted following a controlled moisture equilibration procedure.
Approximately 100 g of dried native starch was weighed, and its initial moisture content was
determined by oven drying at 105°C for 24 hours. The required amount of distilled water was
then added to adjust the starch moisture content to 25% (w/w). The starch and water were
thoroughly mixed, sealed in polyethylene bags, and equilibrated at 4°C for 24 hours to ensure
uniform moisture distribution. After equilibration, the sealed starch samples were subjected
to heat treatment at 90°C and 110°C for 240 minutes each in a temperature-controlled
oven. After the heating period, the samples were immediately cooled to room temperature
and then dried again at 50°C to achieve a final moisture content of below 10%. The treated
samples were then ground and passed through a 100-mesh sieve to obtain a uniform particle
size. The modified starches were denoted as HMT-90 and HMT-110, respectively.

3.4 Determination of Yield and Starch Content

The extraction yield was calculated as the ratio of the dry weight of starch obtained to the dry
weight of the mango kernel, expressed in percentage. The starch content was determined
using the anthrone-sulfuric acid colorimetric method, with glucose as the calibration
standard.

3.5 Color Measurement

The color attributes of the starch samples were determined using a chromameter (Minolta
CR-400, Japan). The L(lightness), a (redness/greenness), and b (yellowness/blueness) values
were recorded from triplicate measurements.

3.6 Swelling power and solubility

Swelling power and solubility were determined following the method of Leach et al. (1959)
with slight modification. A 1% (w/v) starch suspension was prepared and heated in a water
bath at 85°C for 30 minutes. The suspension was then centrifuged at 3000 rpm for 15 minutes.
The supernatant was carefully collected and evaporated to determine solubility, while the
weight of the swollen sediment was used to calculate swelling power. Both parameters were
expressed as percentages on a dry weight basis.

3.7 Statistical Analysis

All experiments were conducted in triplicate, and the data are expressed as the mean =+
standard deviation. Statistical analysis was performed using a #-test (independent samples) to
evaluate significant differences (p < 0.05) between the two HMT temperature treatments
(90°C and 110°C). The analyses were conducted using SPSS version 25.0 (IBM Corp.,
Armonk, NY, USA).
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Brief procedural notes:

1. All measurements were performed in three independent replicates (n = 3), and
results are reported as mean + SD.

2. Before conducting the ANOVA, the normality assumption was tested with the
Shapiro—Wilk test, and the homogeneity of variance assumption was tested with
Levene's test.

3. One-way ANOVA was considered significant if p < 0.05. If the ANOVA yielded p
< 0.05, a post-hoc Tukey's HSD test was performed to determine which groups
differed significantly.

4. If the assumption of normality or homogeneity of variance is violated, it is
recommended to transform the data (e.g., log or square root) and then repeat the
ANOVA,; if violations persist, consider a nonparametric test (e.g., the Kruskal-
Wallis test).

3 Results and Discussion

3.1 Statistical Analysis (t-Test) of HMT Treatments

The t-test was applied to determine whether the difference between the two HMT
temperature treatments (90°C and 110°C) was statistically significant. The results are
presented in Table 1.

Table 1. Results of t-test analysis between HMT 90°C and 110°C (n =3, a = 0.05)

Parameter Mean (90 C) Mean (110  t-value p-value  Significance Remarks
s O) ®<0.05)
745 506 Higher temperatures reduce yield
Yield (%) ' ' 4.82 0.009 significant significantly
L 36.5 335 significant ~ sample becomes darker at higher
(lightness) ' ' 3.12 0.034 temperature
a* 71 35 significant Reddish tone increases with
(Redness) ’ ’ 2.74 0.048 temperature
b*
(Yellowne 20.2 21.4
ss) 1.86 0.097 ns Slight increase, not significant
Starch
Content 63.2 62.6
(%) 0.91 0.406 ns No significant difference
Swelling
Power 17.4 16.5 higher temperature decreases
(g/g) 2.98 0.041 significant swelling
Solubility
(%) 0.15 0.16 1.22 0.278 ns slight increase, not significant

The one-way ANOVA results further substantiate that the variations in processing
temperature during heat-moisture treatment (HMT) significantly influenced the structural
and functional behavior of MOSETA. The observed decline in yield and lightness (L*) is
accompanied by an increase in redness (a*) at 110 °C, reflecting the onset of thermally
induced transformations under restricted moisture conditions (25%). These phenomena are
likely attributed to partial dextrinization, pigment condensation, and limited Maillard-
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type browning, which are known to occur when polysaccharides are exposed to high thermal
energy in low-water systems !°. The reduced lightness and enhanced redness indicate that
molecular rearrangements and non-enzymatic reactions alter the optical characteristics of
starch granules, resulting in surface browning and decreased reflectance !!. Such color
alteration may also imply partial degradation of surface polysaccharides and protein-
associated components within the mango seed starch matrix '2.

The significant reduction in swelling power at 110 °C demonstrates that elevated thermal
intensity strengthens intra- and intermolecular hydrogen bonding, promoting the formation
of more ordered double helices and crystalline domains. Under these conditions, amylose
chains may undergo partial realignment or complex with lipid residues, limiting granules'
ability to hydrate and expand !*. This structural reorganization results in reduced molecular
mobility and diminished water penetration, a characteristic commonly reported in other
starches subjected to intense HMT, such as yam, sweet potato, and maize starch 4. Therefore,
the decreased swelling capacity at higher temperatures can be interpreted as an indication of
improved thermal and structural stability, which is advantageous for applications
requiring starch functionality under harsh processing conditions (e.g., retort or extrusion
systems) 5.

In contrast, the non-significant changes observed in yellowness (b), starch content, and
solubility* indicate that the compositional integrity of MOSETA was essentially maintained.
The absence of significant solubility differences suggests that no substantial
depolymerization or leaching of amylose occurred, confirming that the HMT process
primarily alters the physical arrangement of starch molecules rather than inducing chemical
degradation '*. This aligns with the nature of HMT as a non-chemical, eco-friendly
modification technique that enhances starch performance while preserving its natural
composition 6.

Overall, the statistical outcomes reinforce that temperature acts as a selective
modifier in the HMT of mango seed starch. While higher temperature (110 °C) amplifies
changes in color and hydration properties due to intensified molecular rearrangements and
pigment darkening, it does not drastically affect the total starch content or solubility. This
suggests that MOSETA can be thermally engineered to balance color stability with
functional performance, offering tailored properties for specific food applications such as
bakery fillings, emulsified sauces, or thermally processed desserts, where controlled swelling
and improved heat tolerance are desired.

3.2 Yield of Modified Starch

The significant reduction in the starch yield following Heat-Moisture Treatment (HMT)
at elevated temperature (Table 1) reflects complex physicochemical transitions occurring
within the starch granules under restricted moisture conditions. At a moisture content of 25%,
starch is in a semi-crystalline, glassy state where thermal input primarily promotes molecular
mobility rather than complete gelatinization. When the treatment temperature increased from
90°C to 110°C, the intensified molecular vibration and internal pressure likely disrupted
weak hydrogen bonds that stabilize the amorphous-lamellar interface. This process promotes
partial gelatinization and reorganization of amylopectin double helices, producing compact
and aggregated domains that are less dispersible during subsequent isolation steps.

The decrease in yield from 74.5% to 50.6% can thus be attributed to the loss of these
aggregated fractions, which tend to sediment or adhere firmly to the processing matrix during
washing. Additionally, the formation of resistant structures—possibly type III resistant
starch—under elevated thermal stress may render a portion of the granules insoluble in
aqueous extraction, thereby lowering apparent recovery '”. The structural rearrangement
during high-temperature HMT mirrors findings in yams, rice, and cassava starches, where
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granule rigidity increases due to enhanced inter- and intramolecular hydrogen bonding 8.
This phenomenon limits water penetration and disrupts the efficient liberation of starch
during drying and sieving *°.

Thermodynamically, exposure to 110°C at low water content intensifies the transition
from amorphous to semi-crystalline states through annealing-like reorganization 2°.
However, unlike conventional annealing, which increases order without fragmentation,
extreme temperatures may induce local melting of crystalline lamellae, followed by rapid
retrogradation upon cooling 2!. This dynamic restructuring leads to non-homogeneous
granule morphology and contributes to the lower mass yield. From an industrial standpoint,
these results suggest that while higher HMT temperatures can improve granule stability and
reduce swelling power, they compromise extraction efficiency. Hence, an optimal thermal
threshold—around 90°C under 25% moisture—achieves a balance between functional
enhancement and material recovery, ensuring both processing practicality and product
consistency.

3.3 Color Characteristics

Color changes are among the most visible indicators of structural and compositional
modifications in starch during thermal processing. The lightness (L) value of MOSETA
decreased markedly from 51.6 in the native starch to 36.5 and 33.5 after HMT at 90°C and
110°C, respectively (Table 1). This decline in brightness suggests progressive browning or
pigment formation associated with non-enzymatic reactions under restricted moisture and
high temperature. The limited water environment during HMT enhances localized heating,
promoting Maillard-type reactions between trace reducing sugars and amino groups inherent
in the mango seed matrix ?2. Such reactions yield melanoidin-like polymers that absorb light
in the visible region, thereby reducing the L value.

Concurrently, the redness index (a) slightly increased from 6.8 to 7.1 and 8.5, while the
yellowness () rose from 19.6 to 21.4 with increasing temperature. The enhancement of
both a and b coordinates confirms the development of yellow-red hues, characteristic of
mild Maillard products and caramelization intermediates. These chromatic shifts align with
observations in thermally treated starches from sweet potato, maize, and jackfruit seeds,
where higher temperatures and low water activity favor pigment formation 2*. Moreover,
oxidative reactions involving residual phenolic compounds in mango seed tissue may
contribute to pigment generation, particularly at 110°C, where oxidation kinetics are
significantly accelerated.

At the microstructural level, color darkening may also reflect subtle changes in the
crystalline—amorphous balance of starch granules. High-temperature HMT disrupts hydrogen
bonds and promotes partial amylose leaching or chain scission, exposing more reactive sites
that can interact with minor non-starch components 2. The compact, less hydrated structure
formed at 110°C tends to trap these reaction products within the granule matrix, intensifying
visible color.

From a functional perspective, while color alteration does not directly affect the
physicochemical functionality of starch, it can influence its sensory acceptability and
potential applications. For instance, the darker color may limit its use in white or transparent
food systems (e.g., confectionery gels or film-forming agents). Still, it could be acceptable
or even desirable in bakery or cereal-based products where slight browning is not detrimental.
Therefore, controlling HMT temperature becomes critical not only for functional
optimization but also for maintaining aesthetic quality in the final product.
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3.4 Starch Content

The starch content of mango seed starch decreased significantly after Heat-Moisture
Treatment, from 82.1% in the native form to 63.2% and 62.6% at 90°C and 110°C,
respectively (Table 1). This reduction indicates that HMT induced both physical and
chemical changes within the granule matrix, resulting in partial degradation or transformation
of the starch polymers. During heating at low moisture (25%), the limited water molecules
act as plasticizers, increasing molecular mobility and promoting amylose—amylopectin
interactions 2°. However, prolonged exposure to elevated temperatures (>100°C) may cause
chain scission of amylose or the release of low-molecular-weight dextrins, which can be
partially lost during washing steps, thereby reducing apparent starch purity 2°.

Additionally, the reduced starch content may also result from non-starch components
becoming more tightly associated with the granule surface during the treatment process.
Bound lipids, proteins, and phenolic compounds could form new complexes with amylose
helices, especially under heat stress, thereby decreasing extractable starch 27. Similar effects
have been observed in jackfruit seeds and rice starch subjected to HMT, where structural
rearrangements led to the formation of amylose—lipid complexes and a concomitant reduction
in the measured starch fraction ?%. The relatively stable values between 90°C and 110°C
suggest that the degradation has reached a thermodynamic plateau 2°, where further
temperature increases no longer substantially alter the starch matrix composition but continue
to affect its functionality.

The decrease in starch content, therefore, reflects both chemical transformation and
physical loss of fine starch particles. From a processing standpoint, this phenomenon suggests
that HMT at a moderate temperature (approximately 90°C) may balance molecular
reorganization with minimal material loss. In contrast, higher temperatures (>110°C) may
reduce product yield and starch purity without corresponding improvements in functional
stability.

3.5 Swelling Power and Solubility

The swelling power and solubility of starch are key indicators of granule integrity and
molecular interactions within the starch matrix. Native MOSETA exhibited a swelling power
0f20.4 g/g and solubility of 0.17%. After HMT, these values decreased to 17.4 and 0.15% at
90°C, and further to 16.5 and 0.16% at 110°C, respectively (Table 1). The consistent decline
in swelling power suggests that the granules became more rigid and less capable of water
absorption following modification '®. This is attributed to the strengthening of intra- and
intermolecular hydrogen bonds between amylose and amylopectin chains during HMT,
which restricts granule expansion when the granule is hydrated *°.

At the molecular level, the limited moisture during treatment (25%) promotes
reorganization of double helices in amylopectin and partial crystallite perfection, resulting in
a more ordered and less permeable structure 3!. The compact network resists water
penetration and thermal disruption, which accounts for its lower swelling power. Meanwhile,
the minor reduction in solubility indicates restricted leaching of amylose from the granule
surface, suggesting improved thermal stability and reduced susceptibility to gelatinization.

The slightly higher solubility at 110°C (0.16%) compared to 90°C (0.15%) could be
attributed to localized chain scission or melting of imperfect crystallites, which allows for
limited amylose diffusion into the surrounding medium. This dual effect—structural
tightening and minor molecular breakdown—is characteristic of high-temperature HMT
systems and has been similarly reported for yam, corn, and lentil starches.

Functionally, the reduced swelling power and solubility enhance the suitability of HMT-
modified starch for applications that require stability under shear or heat, such as noodle
doughs, baked goods, or sauces. By limiting granule rupture, HMT confers improved
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viscosity control and resistance to retrogradation during storage. For MOSETA, HMT at
110°C appears to yield the most stable structure, though with trade-offs in yield and color
intensity. Thus, process optimization should target a temperature regime that maintains
functional performance while preserving extraction efficiency and visual quality.

3.6 Functional Implications

Overall, the modification of mango seed starch (MOSETA) by Heat-Moisture Treatment
(HMT) under 25% moisture profoundly altered its structural and functional behavior. The
observed reduction in lightness, starch content, and swelling capacity, coupled with a slight
increase in yellowness and solubility at higher temperatures, reflects a transition toward a
more compact, thermally stable granular system. These transformations suggest that HMT
induced molecular reorganization, particularly in amylopectin double helices and
amorphous—crystalline boundaries, creating a network characterized by enhanced hydrogen
bonding and reduced water accessibility.

Functionally, this restructured starch matrix exhibits behavior favorable for food
applications requiring heat and shear stability 32. The decreased swelling power indicates a
lower tendency for granule rupture or paste thinning under mechanical stress—attributes
critical in high-temperature processes such as extrusion, frying, or baking. For instance, in
extruded snacks or bakery formulations, limited water uptake prevents undesirable stickiness
and allows better control of texture development during thermal expansion. Similarly, in
noodle or pasta systems, reduced swelling contributes to firmer texture and improved cooking
tolerance, minimizing surface disintegration and starch leaching during boiling.

The moderate increase in solubility, particularly at 110°C, may enhance the dispersibility
of the starch without compromising its structural integrity, thereby improving binding and
cohesiveness in dough matrices. This dual nature—rigid yet slightly soluble—makes HMT-
modified MOSETA potentially valuable as a functional binder or stabilizer in composite food
matrices. The lower L value and higher yellowness, while potentially limiting its use in
products that demand high whiteness (e.g., clear soups, confectionery coatings), could be
neutral or even beneficial in colored formulations such as multigrain snacks or whole-grain
bakery products, where a slightly toasted hue is acceptable.

From a technological perspective, the differential effects of temperature during HMT
underline the tunability of MOSETA functionality. Treatment at 90°C yielded a higher yield
and a lighter color, making it suitable for formulations that prioritize appearance and cost
efficiency. In contrast, the 110°C treatment yielded starch with superior structural rigidity
and reduced hydration tendency—optimal for thermally intensive or long-shelf-life products.
This tunable functionality aligns with the current industrial trend toward clean-label starch
modifications, providing an environmentally friendly alternative to chemically modified
starches that does not require additives or reagents.

Beyond food applications, such HMT-induced improvements in granule stability and
reduced swelling can also enhance film-forming performance, suggesting potential
for biodegradable packaging or edible coatings where dimensional stability under varying
moisture conditions is critical. Thus, the HMT process, conducted at controlled moisture and
temperature, not only improves starch performance but also broadens its applicability within
sustainable food and material innovation frameworks.

4 Conclusion

Heat-Moisture Treatment (HMT) effectively modified the structural and functional
properties of mango seed starch (MOSETA) under a restricted moisture level of 25%.
Increasing the treatment temperature from 90°C to 110°C resulted in a pronounced decrease
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in yield, lightness, starch content, and swelling power, while slightly increasing yellowness
and solubility. These changes reflect a partial reorganization and strengthening of the starch
granular structure, resulting in a more thermally stable and less hydrophilic matrix.
Functionally, HMT at 110°C enhanced the structural rigidity and reduced the water affinity
of the starch, making it suitable for heat-processed products such as noodles, baked goods,
and extruded snacks that require stable viscosity and minimal gelatinization. Conversely, the
treatment at 90°C maintained a better recovery and lighter color, making it more suitable for
applications sensitive to appearance. Overall, HMT offers a clean-label, sustainable approach
to valorize mango seed starch into functional biopolymers for food and packaging
applications. Future studies should focus on evaluating the rheological, thermal, and
structural (XRD, FTIR, and SEM) characteristics of MOSETA obtained under these
conditions to elucidate further its molecular transformation and performance in different food
systems.
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