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Loquat seed starch (Eriobotrya japonica Lindl.) was isolated, characterized, and subjected to physical modifications
using ultrasound techniques at amplitudes of 40%, 50%, 60%, and 70%. Proximate analysis of the native starch
revealed the following composition: moisture content (5.48%), lipid content (0.19%), protein content (3.56%),
dietary fiber content (4.51%), crude fiber content (1.37%), and carbohydrate content by difference (84.77%).
Thermogravimetric analysis (TG/DTG) identified three main mass loss events for all samples. The lowest onset
temperature of degradation was observed in the native starch, recording 156.40°C, whereas the highest temperature
was 235.18°C for the US40% sample. Changes in the L, a, and b* color parameters were observed between native
and ultrasound-modified samples. A decrease in both the initial and peak gelatinization temperatures was noted for
sonicated samples. Native loquat seed starch exhibited a reduction in pasting temperature as the ultrasonic vibration
amplitude increased. Peak viscosity showed a more pronounced increase up to 50% treatment, then gradually
decreased when reaching 70% amplitude. Isolated starch granules were examined using polarized light microscopy
and scanning electron microscopy, which revealed a mixture of irregular, truncated, and spherical granules. The
molecular structure of the starch remained unchanged regardless of the treatment method applied, as confirmed by
unaltered functional groups in the FT-IR spectra. However, the intensity of the characteristic peaks was affected by
the different treatments. Starch is an excellent source of biodegradable material derived from plant sources, which is
environmentally friendly and cost-effective. Therefore, it is potentially used as an alternative to plastic in food
packaging. In this context, various efforts have been made to develop biodegradable antioxidant films using loquat
seed starch.
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INTRODUCTION

Eriobotrya japonica Lindl., commonly known as loquat, is a fruit of
the Rosaceae family and originates from Japan. It features a yellow
color, velvety skin, and a sweet, slightly acidic pulp. The skin is rich
in bioactive compounds, and the fruit can contain up to five brown
seeds inside (ZHU et al., 2021; LI et al., 2023; WU et al., 2022).
Loquat seeds account for approximately 30% of the fruit's fresh
weight (CHEN et al., 2020; CAO & SONG, 2019) and are often
discarded despite containing the highest starch content in the loquat
fruit (THORY & SANDHU, 2017; LIU et al., 2023). Starch is widely
used in both food and non-food industries due to its low cost and
abundant availability. However, the morphology, structure, and
properties of starch vary significantly among plant sources,
influencing its usability in diverse applications (GUO et al., 2022;
MARTINEZ et al., 2023). With the advancement of food and non-
food industries, there is an increasing interest in exploring new starch
sources with innovative and functional properties suitable for a wide
range of industrial contexts.

*Corresponding author: Egon Schnitzler
State University of Ponta Grossa (UEPG), Av. Carlos Cavalcanti, 4748 -
Uvaranas, ZIP 84030-900, Ponta Grossa, PR, Brazil

According to Brazilian legislation (RDC No. 263 of September 2005),
starch is defined as:

"[...] the starchy product extracted from edible parts of cereals,
tubers, roots, or rhizomes, which may undergo processes such as
soaking, grinding, extraction, heat treatment, and/or other safe
technological processes for food production" (ANVISA, 2005).

Due to its versatility, starch acts as a stabilizer, gelling agent,
thickener, moisture retainer, and viscosity and volume agent in food
products (COLMAN et al., 2021). To enhance the physical, chemical,
and functional characteristics of native starch for specific industrial
applications, starch undergoes modifications that may be physical,
chemical, enzymatic, or combined (dual modification) (PUNIA et al.,
2020; KHAN ez al., 2022). Among these techniques, ultrasound-
assisted physical modification has gained prominence in the food
industry due to its advantages, such as increased yield and purity,
reduced processing time, and the absence of chemicals (SCHMIELE
et al., 2021; ZHANG et al., 2023). Starch modifications enable the
enhancement of specific functionalities, including texture, clarity,
cooking properties, retrogradation, reduced syneresis, gelling, and
thermal stability (ASHOGBON, 2021). Therefore, this study aims to
evaluate the effects of ultrasound application on Eriobotrya japonica
starch using thermal, morphological, structural, and pasting profile
analyses.
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MATERIALS AND METHODS

The loquat seeds used were extracted from ripe fruits obtained from
wild cultivar trees located in the city of Caetano Mendes, Parana,
Brazil, at a latitude of 24°37'35"S and a longitude of 50°3824"W.

Starch extraction: The starchy material was extracted in an aqueous
medium without the use of chemicals, following an adapted
methodology based on Bet et al. (2018) and Bet er al. (2021).
Initially, the seeds were removed from the fruit and dried in a forced-
air oven at 45°C for 48 hours. Once dried, the seeds were separated
from the spicules and ground using an industrial blender. The starch
extraction involved mixing the ground seeds with distilled water in a
1:4 ratio (w/w) and stirring for 10 minutes. The resulting suspension
was filtered sequentially through 150-mesh and 270-mesh sieves, then
allowed to settle under refrigeration for 24 hours. Afterward, the
sediment was dried again in a forced-air oven at 40°C for 24 hours.
The dried starch was subsequently ground, standardized through
sieving, stored in airtight containers, and placed in a desiccator until
further analysis.

Physical modification: The starch granules were modified using
ultrasound, performed with the assistance of a USC 1400 device
operating at a constant frequency of 20 kHz and a generator output
power of 750 W. Ultrasound waves were applied to suspensions of
starch and deionized water (10% w/v), which were kept in an ice bath
to control the heating of the starch during the process. The sample
treatment was set for 30 minutes, with amplitudes of 40%, 50%, 60%,
and 70%, and a controlled temperature of 45°C to prevent starch
gelatinization during modification (LIU ef al., 2018).

Physicochemical Analyses: The proximate analysis was conducted
following the official AOAC methods for proteins (920.87), lipids
(968.20), ash (923.03), moisture (934.01), and dietary fiber (994.43).
The carbohydrate content was calculated by difference.

Fourier-transform infrared spectroscopy (FTIR): The Fourier-
transform infrared (FTIR) spectrometer used was the IRPrestige21
model from Shimadzu Corp., Kyoto, Japan, where the samples were
characterized. For the analysis, pellets were prepared using 2 mg of
the sample (dry basis) and 100 mg of dry KBr. The spectra were
recorded at a resolution of 4 cm™ with an average of 64 scans in the
range of 4000-400 cm™ (DUPUIS, 2017).

Viscoamylography (RVA): To obtain the pasting profile of the
samples using a viscoamylograph, model RVA-4 (Newport,
Australia), the methodology proposed by Ito et al. (2018) was
employed with some modifications. The moisture content of the
samples was determined using an infrared moisture analyzer balance
(Sartorius MA 35M-000230V1, AR, Germany), at a temperature of
105°C for 15 minutes. Suspensions of 8% (w/w) dry basis were
mixed with deionized water to achieve a final mass of 28 g. To
determine the amount of starch needed to mix with the deionized
water, Equation 3 was used, which requires 2.24 g of dry basis
sample:

224
~ 100-U

(M

Where: x = mass of starch to be measured (g); U = moisture content
of the native starch.

The controlled heating and cooling system was performed under
constant agitation, maintaining 50°C for 2 minutes, heating from
50°C to 95°C at 6°C per minute, holding at 95°C for 5 minutes,
cooling back to 50°C at 6°C per minute, and finally maintaining 50°C
for 2 minutes.

Colour analysis: A previously calibrated colorimeter (MiniScan EZ
4500L Reston, USA) was used to measure the colour parameters of
the samples: brightness (L*, where 0 = black and 100 = white) and a*

and b* chromaticity values (where -a* = green and +a* = red; -b* =
blue and +b* = yellow) (FALADE, OMIWALE, 2015).

Thermal analysis: The thermogravimetric curves were obtained in
thermobalance (TGA-50, Shimadzu, Japan). A mass of approximately
8 mg was weighed in an alpha alumina crucible and subjected to
controlled heating (30 - 650 °C) under airflow of 150 mL min-1, at a
heating rate of 10 °C min-1. The curves that correspond to the first
derivative of the TG curve (DTG) and the percentages of mass loss
were obtained using the data analysis software TA-60 WS (BET,
2021). To evaluate the starch gelatinization process, differential
scanning calorimetry (DSC) was used. A starch suspension (1:4, w/v)
was prepared in aluminium crucibles, sealed, and kept at room
temperature for 1 h before analysis, to balance the moisture content.
The sample was then heated from 30 to 100 °C under airflow (50 mL
min-1) and heating rate of 5 °C min-1. The DSC Q-200 equipment
(T.A. Instr. Ltd., USA) was used, previously calibrated and verified
with the Indium standard (99.99% purity) according to the
manufacturer's specifications. To obtain and interpret the curves, the
Universal Analysis software (OLIVEIRA et al., 2014) was used.

Field emission gun-Scanning electron microscopy (FEG-SEM):
The size and shape of the taro starch granules were evaluated using
the field scanning electron microscope (MIRA 3 Tescan, Czech
Republic). A metallisation (120 s; 40 mA) of the samples with gold
before the analysis was necessary to promote the passage of electrons
in the samples that were placed on a carbon tape. The parameters
were: 15 kV of voltage in the field emission gun generated by a lamp
with tungsten filament (ITO et al., 2018; KUBIAKI et al., 2018).

X-ray powder diffractometry (XRD): The following parameters were
used to obtain the relative crystallinity patterns of starch samples:
CuKo radiation (A = 1.544 A), configured at a voltage of 40 kV, and a
current of 20 mA, scan time of 0.5° min-1 and Bragg-Brentano
geometry of 3° < 0 < 50° (20). The instrument was an X-ray
diffractometer (Ultima IV; Rigaku, Japan). The relative crystallinity
(RC) was calculated quantitatively according to the literature
(COLMAN et al., 2014) using the Origin software (Microcal Inc.,
Northampton, MA, version 6.0) according to Eq. 2:

A
RC =22
Ap+Ab

x 100 )
Where: RC=relative crystallinity; A,=peak area; A,=basis area,
which refers to the amorphous area of the diffractograms.

Statistical analysis: Following the normality of the data, the Levene
test was used to evaluate the homoscedasticity of variances (p >
0.05). Analysis of variance (ANOVA) was applied to check the
differences between the samples, then Tukey's test (o = 0.05) was
performed to compare the means. The program used was Action Stat
(version 3.3.2, Statcamp, Brazil).

RESULTS AND DISCUSSION

Physicochemical analyses: The physicochemical analyses for
characterizing the proximate composition of native loquat seed starch
are presented in Table 1. The native starch sample showed a moisture
content below 15% (5.48%) and an ash content below 1.4% (1.37%),
in accordance with Brazilian legislation for commercial starches
(ANVISA, 2005). The protein content (3.56%) is slightly higher than
that reported in the literature (BARBI et al., 2018; LOPES et al.,
2018). These differences may be due to variations in cultivars and
different starch extraction methods. The lipid content of the native
loquat seed starch sample (0.19%) is somewhat similar to values
reported for other seed starches in the literature, such as corn starch
(0.51%) (YUAN et al., 1993). Another study reported a lipid content
of 0.34% for loquat seed starch (COSTA et al., 2022). According to
the literature on starches, lower levels of protein, ash, lipids, and fiber
generally indicate higher starch quality and purity (HOOVER, 2001).
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Table 1. Proximal composition of native loquat starch
Sample Moisture (%) Ash (%) Protein (%) Lipids (%) Dietary fiber (%) | Carbohydrates by difference (%)
Native Starch | 5.48 +0.1 1.37 £0.02 3.56+0.09 0.19+0.007 | 4.51+£0.13 84.77 +0.35
Source: The author (2023).
Table 2. Color parameters of the starches
Starches L a* b*
Native 65.07+0.14™ 9.59+0.05" 20.75+0.19*
40% 66.85+0.23% 8.65+0.02° 18.71+0.03¢
50% 65.30+£0.17° | 8.50+0.06° 17.86+0.17°
60% 62.61+0.19¢ 7.99+0.08° 16.89+0.307
70% 64.46+0.18° 7.99+0.09° 16.86+0.19¢
p-value <0.001 <0.001 <0.001
d Dyifferent letters in the same column represent significant differences according to the Tukey Test (p<0.05).
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Figure 1. TG curves for native and modified loquat starch US 40%, US 50%, US 60%, and US 70%
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Colour Analysis: The color system established by the International
Commission on Illumination (CIE) offers a precise definition of the
color space. Within this system, color perception is based on three
essential components: luminosity or brightness, hue or color tone, and
saturation or chromatic intensity. The underlying theory assumes that
humans possess three types of color receptors (cones) that are
specifically sensitive to red, green, and blue. By combining these
primary colors, all other shades are generated. The colorimetric
parameters of native and modified starches are shown in Table 2. The
L value (luminosity) of loquat seed starches varied significantly (p <
0.05) from 66.96 to 62.71, showing a decrease in L value for starches
modified with ultrasound at 60% and 70% amplitudes. Other research
reported a higher L* value (79.23) due to its extraction in a neutral
pH (COSTA et al., 2022). The cavitation induced by ultrasound
treatment causes the collapse of bubbles, resulting in high-speed
collisions between particles and the impact of liquid jets on the starch
granule surface. This phenomenon may be responsible for the passage
of pigments, impurities, or even antioxidant compounds through
fissures in the starch granule structure. This process enables the
binding of starch molecules and, as a consequence, reduces the
whiteness of the material. According to the literature, color is an
important quality characteristic of starch (SIT et al., 2014). The study
results showed that ultrasound modification had a significant impact
on the a and b values of the samples, resulting in a decrease in red
(a*) and a decrease in yellow (b*) compared to native starch. This
effect of reducing starch color intensity after ultrasound modification
has also been corroborated in previous research (KRISHNAKUMAR,
SAJEEV, 2017, BERNARDO et al., 2018). A lower shift towards
yellow was associated with a lower protein content, resulting in a
decreased b chromaticity value (ZHANG et al., 2005). Other
researchers observed an increase in yellow hue (b) in water yam
starch, attributed to the release of pigments during the breakdown of
the cellular structure, which then passed through the sieve used to
isolate the starch (BERNARDO et al., 2018). A similar observation
was suggested in a study on ultrasound-extracted taro starch (SIT et
al.,2014).

Thermogravimetry and Derivative Thermogravimetry (TG/DTG):
The method of subjecting starch to different temperature ranges, both
high and low, is widely employed in the food industry and in the
manufacturing of starch-based materials. During food processing,
thermal degradation and monitoring the stability of starch-containing
materials are crucial factors. This approach facilitates the
understanding of degradation mechanisms and the tracking of starch
structure behavior during thermal treatment (LIU et al., 2018).The
thermogravimetric technique has been applied to investigate the
thermal stability and decomposition of polymers. When used in
conjunction with other analyses, thermogravimetry can provide more
accurate information for understanding the thermal properties of both
native and modified starches (SOWINSKA-BARANOWSKA;
MACIEJEWSKA, 2022). Loquat seed starch exhibited three mass
loss stages, similar to amaranth starch (BET, 2021). The
thermogravimetric curves obtained for loquat seed starch are shown
in Figure 1. As observed in the thermogravimetric curves, the loquat
seed starch samples exhibited three mass loss stages. The first stage
was related to moisture loss, ranging between 6.70-11.21%, as shown
in Table 4. The moisture content of the starch was lower than that
found by Costa et al. (2022) in their study of loquat seed starch. The
second stage involved the depolymerization of amylose and
amylopectin, as well as starch degradation, followed by the oxidation
of the sample until ash formation. Other researchers observed that the
second stage of mass loss involves the depolymerization of amylose
and amylopectin chains, with amylose showing an endothermic
melting temperature range between 140°C and 180°C (BET, 2021).
Thermogravimetric Derivative (DTG) curves are useful for
distinguishing mass loss events, as they indicate the decomposition
rate relative to temperature (ANDRADE et al., 2020). The loquat
seed starches exhibited three main mass loss events. The first loss
occurred between 30°C and 136.27°C. The temperature peak
calculated by DTG during this first event ranged from 72.0°C to
82.37°C, followed by a period of stability, varying from 115.81°C to
235.18°C.

The largest range was observed in the US40% sample (137.13°C —
235.18°C) compared to native starch. Decomposition and oxidation of
organic matter occurred in consecutive stages during the second and
third mass losses (OLIVEIRA et al., 2014). The lowest onset
degradation temperature was observed in native starch, registering
156.40°C, while the highest was 235.18°C for the US40% sample.
Ultrasound treatment has the capacity to break down starch chains,
with longer and more linear chains being affected more rapidly than
smaller molecules. This happens because larger molecules have
longer relaxation times, making them more susceptible to ultrasound
action. These changes in thermal behavior may be associated with the
collapse of high-intensity bubbles in the liquid medium, releasing a
significant amount of energy. This process results in the formation of
hotspots in the suspension, which play a crucial role in breaking down
or destructuring starch molecules. Consequently, there is a loss of
alignment between amylose and amylopectin, allowing starch
molecules dispersed in the liquid medium to bond with different
attractive forces (CUIL; ZHU, 2020). The depolymerization process of
starches typically begins above 300°C and can be confirmed by the
temperature peak (Tp) recorded by DTG during the second mass loss
(OLIVEIRA et al., 2014). The modified samples showed a higher
temperature compared to the native starch sample, which exhibited
the lowest initial temperature (Ti) of 387.65°C. The ash content of the
samples was 3.03% (native), 2.38% (US40%), 2.95% (US50%),
2.59% (US60%), and 2.71% (US70%), respectively, which is related
to the amount of minerals that remain after aqueous extraction.

Differential scanning calorimetry (DSC): Heating starch granules in
the presence of water causes swelling due to the disruption of the
crystalline structure and the formation of hydrogen bonds between
water molecules and the hydroxyl groups of amylose and amylopectin
(ZOBEL et al., 2021). This process results in changes in starch
composition, leading to the destabilization of the granules' internal
crystalline structure when the temperature reaches a specific range, as
observed in studies by Odeniyi et al. (2023), Wang et al. (2022), and
Kaur ef al. (2021). This phenomenon, known as gelatinization, can be
assessed using Differential Scanning Calorimetry (DSC), represented
by the endothermic event exhibited by all samples, as shown in
Figure 2.

1

Native
2 —
£ 40%
~ | T~
= 50%
o ™ = ——
70%
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50 60 70 80 90

Temperature [ °C

Figure 2. DSC curves of native and ultrasound-modified starch US 40%,
US 50%, US 60%, and US 70%

The application of ultrasound to starch granules has shown significant
impacts on morphological and physicochemical properties, as
observed by Amini et al. (2015).
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A leftward shift in the onset of the gelatinization curve was observed,
suggesting a decrease in the initial temperature of the process. The
narrowing of the peak associated with ultrasound treatment may
indicate that sonication distorted the amorphous and disorganized
regions of the starch granule, thereby increasing the homogeneity of
the material (AMINI et al., 2015). More recent studies support these
findings, highlighting that ultrasound application can enhance
gelatinization efficiency and promote structural reorganization of the
granules (ZHOU et al., 2023; MA et al., 2022). In the present work,
the results regarding the gelatinization of both native and modified
loquat starch are presented in Table 4. It was observed that the
modified starch exhibited higher gelatinization efficiency, attributed
to the increased homogeneity of the granules after ultrasound
modification. These findings are consistent with recent studies on
starches from various botanical sources, where ultrasound has been
shown to be an effective tool for modifying thermal and functional
properties (LI et al., 2021).

modified rice starch following physical treatments, further
corroborating the changes in enthalpy seen in previous studies.
Additionally, a statistical similarity (p < 0.05) was observed in the
gelatinization process between the US40% and US50% samples, with
peak temperatures (Tp) being nearly identical, ranging from 61.46 to
61.38°C. These values were lower than those typically reported in the
literature for traditional starch sources, such as corn starch (Tp—
73.2°C) and cassava starch (Tp—69.0°C), and also lower than for
non-traditional starches like amaranth, as mentioned in recent studies
(WANG et al., 2022). Intensive ultrasound parameters may damage
starch granules, potentially altering their crystallinity. The cavitation
induced by ultrasound facilitates water penetration into the starch
structure, accelerating the gelatinization process and reducing the
enthalpy energy associated with it (ZHANG et al., 2023). No
significant changes in gelatinization enthalpy (AHgel) were observed
between the US50% and US60% samples (Table 4), indicating that
the modification was insufficient to completely disrupt some of the

Table 4. DSC results of native and modified starches

Samples To/°C Tp/°C Tc/°C AHga /) g!
Native 60.19+0.45 65.37+0.28" 70.64+0.16* 3.71£0.19°
40% 57.27+0.16° 61.46+0.14° 66.59+0.06° 4.53+0.13°
50% 57.46+0.11° 61.38+0.05° 66.38+0.18° 436+0.13®
60% 58.73+0.29° 62.18+0.05° 66.23+0.05° 4.23+0.29”
70% 57.64+0,.6° 61.62+0.09° 67.10+0.17° 3.95+0.12%

*) T, “onset” or initial temperature, T, peak temperature, T. “endset” or conclusion temperature, 4H,,; gelatinization enthalpy. Values followed by same letter
p »P p p gel 8 py y

in the same column are not significantly different by Tukey’s test (p<0.05).

Figure 3. Microimages of native and modified loquat seed starch US 40%, US 50%, US 60%, and US 70%

The sample treated with 40% amplitude showed a slight decrease in
the onset temperature (57.27°C) compared to the native starch. The
lowest gelatinization temperature range (AT = 7.53°C) was found in
the starch modified with 60% amplitude ultrasound. Similarly, the
lowest peak temperatures (Tp) during the gelatinization process were
observed in the sonicated samples (Table 4). The US60% sample
exhibited the lowest Tc (66.23°C). These results align with recent
studies, such as Zhang et al. (2023), which observed comparable
behavior in cassava and yam starches subjected to higher ultrasound
levels. This suggests that the breakdown of weaker crystals leaves
behind those with greater resistance. The impact of ultrasound on
starches can vary based on botanical source, medium concentration,
temperature, starch composition, and equipment type, complicating
the direct comparison of experimental data across different studies
(WANG et al., 2022). Changes in gelatinization enthalpy due to
ultrasound treatment have been reported in a variety of starches.
Recent work by Liu ef al. (2021) demonstrated similar patterns in

double helices in the amorphous and crystalline regions of the
granules.

Field emission gun-scanning electron microscopy (FEG): The
isolated starches were observed using polarized light and scanning
electron microscopy (Figure 3). The loquat starch granules displayed
a combination of irregular, truncated, and spherical shapes, similar to
those of jackfruit and longan starches, as reported by Guo et al.
(2018). Recent studies by Li, Fan, and Hu (2023) further confirm that
loquat starch granules exhibit semicircular, square, and irregular
shapes, with notable variations compared to other botanical sources
like amaranth, whose granules typically exhibit polyhedral or
polygonal shapes (BET et al.,, 2021). The observed differences in
starch morphology, hilum position, and granule size are often
attributed to the distinct botanical origins, biosynthetic pathways
within the amyloplast, and unique physiological characteristics of
each plant (WANG et al., 2022).
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The application of ultrasound (US) to starch suspensions can induce
two main mechanisms: erosion and fracture. Erosion refers to the
gradual detachment of particles from the surface of starch granule
clusters, while fracture, also referred to as "fissuring," involves the
splitting of clusters into smaller aggregates due to the propagation of
cracks initiated at surface defects. The specific process that dominates
depends on the energy levels applied during ultrasound treatment
(ZHANG et al., 2023). However, the opposite effect can also occur,
where ultrasound may promote the agglomeration of starch granules,
increasing their size and altering their morphology due to the
formation of new bonds between liberated polymer chains (JAIN et
al., 2022). Ultrasound treatment typically results in the formation of
visible pores and cracks on the surface of starch granules, a
phenomenon widely observed in ultrasound-modified starches from
various botanical sources. Studies on wheat and corn starches have
shown similar structural modifications, where the surface integrity of
the granules is disrupted (KAUR; GILL, 2019). Wang et al. (2021)
observed that rice starch granules subjected to ultrasound underwent
notable surface fissuring, with the extent of damage increasing
proportionally to the ultrasound power applied. Despite these surface
alterations, it is worth noting that granule size is not always
significantly affected by the ultrasound process, with changes in size
being more dependent on treatment parameters such as amplitudes
and duration (WANG et al., 2021).

X-ray powder diffractometry (XRD): The X-ray diffraction (XRD)
patterns for the native and modified loquat seed starch samples are
shown in Figure 4, and the percentages of relative crystallinity are
presented in Table 5.
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70%

Figure 4. X-ray diffraction (XRD) patterns for native and
modified loquat starch samples US 40%, US 50%, US 60%, and
US 70%.

Table 5. Crystallinity and peaks for the diffraction pattern

Sample | Relative crystallinity (%) Standard deviation
Native 27.77° 0.001

40% 21.01° 0.001

50% 25.02° 0.01

60% 2531° 0.001

70% 27.29® 0.001

ted Different letters in the same column represent significant differences
according to the Tukey Test (p<0.05).

The main peaks observed in the diffractograms for the loquat seed
starches were at 15°, 17°, and 23°, with the peak at 17° being the
most pronounced. These peaks give them a type C diffraction pattern.
Similar peak values were found by Li, Fan, and Hu et al. (2023) at

5.6°,15.1°,17.1°, 17.9°, and 23°, which represented the characteristic
combined peaks of type A and type B starch and indicated that loquat
seed starch is a complex type C starch. These data are consistent with
Costa et al. (2022). A mixture of type A and type B starches is
produced by certain roots and seeds (SING et al., 2003). Higher
levels of crystallinity are interrelated with a lower amylose content, as
the degree of crystallinity has been shown to be inversely
proportional to the amylose content. Thus, the amylose content in
starch is highly responsible for retrogradation, which has a negative
effect on food compositions due to the occurrence of gelatinization at
high temperatures. It was observed that the peaks remained similar
after modification, which was not sufficient to cause significant
changes in the peaks.

Fourier-transform infrared spectroscopy (FTIR): Fourier-transform
infrared (FT-IR) spectroscopy is an essential technique for
characterizing molecular structures by recording absorption bands in
the mid-infrared region (4000-400 cm™), which enables the
identification of functional groups based on their vibrational
frequencies (CARPENA et al., 2020). This method allows for
detailed investigation of the chemical composition of starches, and it
was applied to analyze loquat seed starch in this study. The
transmittance spectra for both native and ultrasound (US)-modified
loquat starches (US 40%, US 50%, US 60%, and US 70%) are
presented in Figure 5.
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Figure 5. Transmittance spectra for native and US-modified
loquat starch US 40%, US 50%, US 60%, and US 70%.

The FT-IR spectra were divided into three main regions for clearer
interpretation: the lipid region, protein region, and carbohydrate
(starch) region (GHARSALLAH et al., 2021). In the native starch
spectrum, broad bands in the range of 3400-3200 cm™* were detected,
corresponding to O-H stretching vibrations, which are commonly
found in starch and were present in all modified samples.
Occasionally, this band may show a triangular shape due to the
overlap with asymmetric N—H stretching vibrations (GONCALVES
et al., 2019). Additionally, absorption in the region between 2700 and
3300 cm™', associated with the asymmetric stretching of C—H bonds,
is attributed to the presence of lipids in the starch matrix, as also
observed in similar studies (ZHAO et al., 2020). Characteristic
protein-related bands were found around 1700 cm™ (amide I) and
1450 cm™ (amide II), corresponding to peptide C=O stretching and
N-H bending vibrations, respectively (ALAMRI et al., 2021). These
amide bands are related to the conformational structure of proteins
within the starch granules, with amide I specifically indicating protein
secondary structure (RAMOS-GUZMAN et al., 2023). The presence
of these bands suggests minimal protein contamination within the
starch sample, which is common in starches extracted from seeds.
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The absorption bands around 1100 cm™ correspond to C—O and C-C
stretching, along with C—O-H bending vibrations, which are
characteristic of the polysaccharide backbone of starch (WANG et al.,
2023). The bands in the region of 1000-1100 cm™, particularly those
near 1000 cm™, can be associated with the amorphous regions of the
starch structure, as these correspond to C—O-C glycosidic bond
vibrations and ring vibrations (NURHADI et al., 2022). Similar bands
were observed in previous studies of modified starches from various
botanical sources (ZHAO et al., 2020).

Despite the different ultrasound treatments applied, the molecular
structure of the loquat starch granules remained unchanged, as
indicated by the preservation of the main functional groups in the FT-
IR spectra. However, changes in the intensity of characteristic peaks
suggest that the treatments did affect the molecular ordering and
interaction between components within the starch granules. For
instance, regions below 1000 cm™, which are considered the
fingerprint region of starch molecules, showed peaks corresponding
to C-O-C linkages that align with amylose and amylopectin
structures (KODAMA et al., 2023). Overall, the FT-IR analysis
confirmed that the ultrasound treatments did not significantly alter the
primary molecular structure of the starch, although they did induce
subtle changes in peak intensities, reflecting modifications in granule
morphology and molecular interactions.

Viscoamylography (RVA): The Rapid Visco Analyzer (RVA) is a
vital tool for evaluating the pasting properties of starch by controlling
the heating and cooling cycles of a starch-water suspension while
applying a constant shear force. The RVA profile reveals how
temperature, mechanical agitation, and time influence the viscosity
behavior of starch paste, offering valuable insights into key processes
such as gelatinization, granule swelling, leaching of starch
components (primarily amylose), and granule rupture. Additionally, it
provides information on starch retrogradation, a process where starch
molecules reassociate, leading to a reduction in molecular distance
and the formation of a gel-like structure upon cooling (RHA et al.,
2017). It can be observed that the pastes exhibited a shiny appearance
and that the starch modified at 50% showed a more viscous texture
compared to the paste modified at 70%, which appeared more fluid.
This can be confirmed by the RVA curves shown in Figure 7. The
modified loquat starch exhibited an increase in paste viscosity across
all treatments, with the most significant enhancement noted at a 50%
vibration amplitude. However, a reduction in viscosity was observed
with higher amplitudes. This decrease in viscosity can be attributed to
the breakdown of long starch chains, which diminishes the interaction
strength between particles (WANG et al., 2023). Additionally, Zhao
et al. (2023) suggest that a reduction in starch granule size may lead
to decreased water retention capacity, impacting the overall viscosity
of the starch paste. The data extracted from the RVA curves is
presented in Table 6.

Figure 6. Native and US-modified loquat starch pastes
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Figure 7. RVA curves for native and US-modified loquat starch
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Table 6. Data on the viscosity of native and modified loquat starch

Samples Tp Vp Vm Breakdown A% Retrogradation Tp (s)
(°C) (mPa.s) (mPa.s) (mPa.s) (mPa.s) (mPa.s)

Native 78.70 1605 1155 450 2705 920 547.80
40% 74.85 1868 1260 608 2606 1246 535.80
50% 74.90 2137 1398 739 2869 1471 535.80
60% 76.40 1933 1360 573 2559 1199 532.20
70% 74.00 1859 1251 608 2458 1207 528.00

Tp: paste temperature (°C); Vp: peak viscosity; Vm: average viscosity; Vf: final viscosity; Tp: peak temperature. mPa-s = millipascal-seconds, s = seconds.

Notably, native loquat starch demonstrated a decrease in paste
temperature with increasing ultrasound vibration amplitude. Peak
viscosity exhibited a marked increase up to the 50% treatment,
followed by a gradual decline at the 70% amplitude. This trend
indicates that higher peak viscosities are associated with more
significant starch breakdown, although the minimum viscosity during
shear remained higher than that of native starch. The tendency for
retrogradation was also found to increase more substantially with
higher peak viscosity, while its intensity diminished at higher
vibration amplitudes due to lower viscosity levels. Consequently, the
final viscosity reflected this trend, being higher than that of native
starch only in the 40% and 50% treatments. In contrast, starches
treated at 60% and 70% exhibited lower final viscosity values
compared to the native starch. Importantly, the time required to reach
maximum viscosity was shorter for all treatments relative to the
native starch. This is consistent with findings from ultrasound-treated
rice starch, where an increase in peak viscosity and a reduction in
peak time and paste temperature were observed (LI et al., 2023). The
authors emphasized that the viscosity profile following ultrasound
modification is influenced by the specific type of starch employed.

CONCLUSION

The detailed analysis of native and ultrasound-modified loquat seed
starch provided comprehensive insights into its physicochemical and
rheological properties. Ultrasound modifications led to significant
changes, including alterations in color, degradation and gelatinization
temperatures, and starch rheological properties. Infrared spectroscopy
confirmed that the starch's molecular structure remained stable, which
is beneficial for its application in various industries. Rheological
properties, assessed through RVA, revealed a complex behavior of
the starch in response to ultrasound. Initially, there was an increase in
paste viscosity with treatment at 50%, followed by a reduction at
higher amplitudes. These findings are crucial for understanding the
effects of ultrasound on starch rheology and have important
implications for industrial processes requiring specific viscosity
characteristics. These results highlight the potential of loquat seed
starch as a biodegradable and cost-effective alternative to plastics in
food packaging. Ultrasound modification can be an effective tool for
tailoring starch properties for specific applications, but variability in
experimental conditions should be considered when comparing with
other studies. This work contributes to the development of new
sustainable materials, leveraging the unique properties of loquat seed
starch.
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