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ABSTRACT

This study successfully made starch from taro tuber flour using immersion methods Colocasia esculenta Sressnkngematon

(AQ, SM) and centrifugation methods (CE). Taro starch with the AQ method produced Rava et
the most starch content, thus improving the viscosity parameter in the pasting prop-  Topung Q._q:nf M/ .

s Talas (!

Aa (1% SM (13%)

erties test. A simple mathematical model was used to control the taro starch pasting
process and product. The highest R-value in the AQ sample was 309.88 s, indicating
the strongest starch granule resistance. Meanwhile, the S-value in this study showed
that all samples were above 1, which indicated that water penetration affected the
swelling rate of starch granules. Taro starch with different isolation methods was
analyzed for hydrogel formation using optical microscopy, SEM, swelling degree test,
weight loss, color analysis, and texture profile analysis (TPA). The morphological
images show three phases of a taro starch hydrogel formation: granular, potential
cross-linking, and cross-linking hydrogel with a firm structure. Optimization of freeze-

thaw process parameters was carried out to determine the optimum parameters of '~ oces
starch hydrogel formation, which was obtained under freezing conditions for 17 hours
at -23°C and thawing for 7 hours at 4°C. The sample CE resulted in the most stable
hydrogel formation, showing the highest amylose content, protein content, and the
lowest impurities or ash content. The CE starch concentration of 10% resulted in the
highest swelling degree and the lowest weight loss, indicating that the ability of the
hydrogel to maintain its structure was stronger and more elastic. The textural properties of CE hydrogel at a concentration of 10% showed the most
stability. It had the highest hardness, fracturability, chewiness, and springiness. Physical characteristics showed that the starch hydrogels had
a dense, porous surface and formed a cross-linking structure. It can potentially be used in functional food applications to control the release of
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1. INTRODUCTION

aro, scientifically known as Colocasia esculenta, is clas-
T sified as a minority or orphan crop within the tuber
category. Although not commonly traded worldwide, it is
crucial to regional food security [1, 2]. Orphan crops provide
carbohydrates, resistant starch, protein, minerals, potassium,
vitamins, and dietary fiber. These nutrients can enhance nu-
trition and maintain food security [3, 4]. People worldwide
consume rice, corn, and wheat; taro has yet to be fully utilized
to address chronic malnutrition. However, the limited variety
of foods indicates a potential danger to nutritional stability
worldwide [5, 6]. Efforts to enhance food security through
functional food innovations, particularly in food products for-
tified with nutraceutical content, are gaining attention. Grand
View Research reported that the global market for functional
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food products reached USD 280.7 billion in 2022. The value
is projected to rise to USD 586.1 billion by 2030 [7].

In 2021, hydrogel-based functional food products were
marketed to reach approximately USD 9,928 million [8]. Hy-
drogels, which are 3D materials composed of polymer cross-
linking networks, play a crucial role in our research on taro
hydrogel-based functional foods. Traditionally, many hydro-
gels have been produced from synthetic polymers. However,
our team’s previous research has successfully developed hy-
drogels from polyvinyl alcohol (PVA) loaded with bioactive
compounds, demonstrating their potential for nutraceutical
functions in biomedical applications [9-13]. Although there
has been some development, there is a crucial need to eval-
uate hydrogels for future food applications, considering en-
vironmental issues, toxic materials, and expensive materials.
Finding alternative polymers that are more suitable, such
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Figure 1. Isolation process of taro starch

as natural ones, is not just a challenge but a significant step
towards a sustainable and healthy food industry. Taro starch
is included in the category of safe starch, which can improve
gastric health and help control blood sugar [3]. In addition,
taro starch can be a source of natural polymers to synthesize
environmentally friendly hydrogels. So, it can be used as a
source of polymers to improve body health. In its utilization,
the concentration of natural polymers, mainly taro starch,
depends on the isolation method. The presence of amylose
and amylopectin in different contents will impact the com-
position of the hydrogel, hence influencing its structure [14].
High amylose content leads to the firm and elastic structure
possessed by taro starch hydrogel. This structure enhances
its stability, particularly in water, as the high amylose con-
tent resists water solubility and structural degradation [15].
Compared with other starches (e.g., potato, corn), taro starch
can produce high amylose content with a simple isolation
method.

In contrast, corn and potato starches obtain high amylose
content with modified isolation methods. Corn and potato
starches with high amylopectin and low amylose content can
produce hydrogels that retain water but have low stability
because they are more susceptible to disintegration in water
[25, 26]. Regarding functional properties, taro starch products
offer advantages in applications requiring sustained release,
encapsulation, or biomedical uses, due to their enhanced
mechanical strength and structural stability. Potato and corn
starches, with their softer and more water-absorbent gels, are
better suited for applications where rapid swelling, hydration,
or a softer texture is desired, such as in food texturizing and
cosmetics [15, 27, 28].

The starch isolation process is a critical step that defines
the functional characteristics of starch and has a fundamen-
tal influence on hydrogel formation [16]. Conventional and
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enzymatic methods are typically used to isolate taro starch.
Conventional techniques involve immersing and centrifuging
with solvents such as sodium hydroxide (NaOH), calcium car-
bonate (CaCQO3), distilled water, sodium chloride (NaCl), or
sodium metabisulfite (NayS;0Os). Distilled water and sodium
metabisulfite are widely used as solvents in the food indus-
try [29, 30]. The precipitate from the immersion process is
manually isolated to obtain starch powder. In contrast, the
precipitate obtained from the centrifugation process is sepa-
rated using a centrifuge. On the other hand, using enzymes
in the process may result in the material becoming contami-
nated when it is used as a functional food [31]. Considering
toxicity concerns, the conventional method of isolating taro
starch is preferable due to its simple process and ability to
produce starch with high purity [32].

Therefore, this research focuses on analyzing the forma-
tion of hydrogels in samples with taro starch isolation using
the immersing method (distilled water and sodium metabisul-
fite) and the centrifugation method. The isolation method
with the highest purity of starch was then synthesized into
hydrogels at various concentrations. Then, the swelling de-
gree, weight loss, optical microscopy, scanning electron micro-
scope (SEM), color analysis, and texture profile analysis (TPA)
were characterized to determine the formation of the hydro-
gel structure. The hydrogel structure is composed of cross-
linking between polymer chains. The cross-linking method
used in this study for taro starch hydrogel is a freeze-thaw
method. This physical cross-linking method is a green syn-
thesis, which has simple, economical, and non-toxic charac-
teristics [33]. So, it has the potential to produce hydrogels as
a matrix for functional food.
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Table 1. Proximate characteristics of taro starch with different isolation methods according to the references [16-24]

Sample Starch (%) Amylose (%) Fat (%) Protein (%) Ash (%) Moisture (%)
AQ 98 20.7 0.23 0.23 0.24 10.43
SM 84.2 11.58 0.26 0.19 0.94 13.6
CE 87.68 30.62 0.27 1.46 0.28 11.5
Table 2. Pasting properties of taro starch with various isolation methods.
Sample PT (°C) PV (mPa.s) HV (mPa.s) FV (mPa.s) BV (mPa.s) SV (mPa.s)
AQ 85.17 1575 957 2183 618 1226
SM 90.47 775 265 663 510 398
CE 86.42 1031 423 813 608 390
2. METHODS pasting temperature (PT), final viscosity (FV), breakdown
2.1 Materials viscosity (BV), and setback viscosity (SV). For mathematical

Taro flour was obtained from CV Primanaya, Indonesia for
taro starch isolation. The distilled water and sodium metabisul-
fite (Na25,0s, food grade) were purchased from PT Brataco
Chemistry, an Indonesian supplier. The phosphate-buffered
saline (PBS) solvent was acquired from the School of Phar-
macy ITB (Institut Teknologi Bandung) in Bandung, Indone-
sia.

2.2 Taro Starch Isolation and Hydrogel Synthesis

Starch isolation was carried out with reference to Ahmed et al.
[32] and Vithu et al [16], with slight modifications, including
an immersion method using distilled water (AQ), sodium
metabisulfite (SM), and a centrifugation method (CE). SM
and AQ methods were simple with a 2:5 (w/v) blend of taro
powder in 1% NayS>Os solution and distilled water (10 g/30
mL). After cheesecloth filtering, the liquid was sedimented
for 24 hours at room temperature. All suspended impurities
were removed using distilled water, and the residue was
dried at 50°C for 12 hours to make starch powder. The CE
method used a 3500-rpm centrifuge to separate the sediment.
The dry powder, after centrifugation, was crushed in a mortar
and screened through an 80-mesh screen for fine taro starch
powder. The isolation process of taro starch was summarized
in Figure 1.

Taro starch hydrogel was started by optimizing the freeze-
thaw process parameters, including freezing-thawing time for
16-8 hours (a), 17-7 hours (b), 20-4 hours (c), respectively, with
freezing/thawing temperature of samples a and b of -23/4°C,
while sample ¢ was -23/37°C. The great freeze-thaw parame-
ters (the highest swelling degree, the lowest weight loss) were
then fabricated with variations in taro starch concentration of
7%, 10%, and 13% (w/w) in different isolation methods (AQ,
SM, CE). Starch was dissolved in distilled water and stirred
at 100°C for 2 hours. After viscous and gelatinization, the
precursor solution was frozen and thawed with parameter
b, resulting from optimizing before: freezing for 17 hours
at -23 °C and thawing for 7 hours at 4 °C. This freeze-thaw
process was done for four cycles. The schematic of taro starch
hydrogel synthesis is illustrated in Figure 2a.

2.3 Characterization of Taro Starch

Taro starch paste was characterized and modeled using Rapid
Visco Analyzer (model RVA-4, Newport Scientific, Australia)
with Standard Analysis 1 profile. The paste parameters ob-
tained were pasting viscosity (PV), holding viscosity (HV),

© 2025 The Authors | CC-BY 4.0 @ ®

modeling analysis, according to Palabiyik et al., in the four
model parts [34]: The first part, Eqn (1)’s modified Hill model,
explains the first part of the curve’s beginning area to PV.

PVt
RS +1#5
V is viscosity (mPa.s), t is time (s), R is time to reach
50% of PV (s), and S is starch coefficient, which measures
starch swelling. S>1 implies that water entry into starch
granules accelerates swelling. If S<1, starch granule swelling
is prevented, and if S=1, water infiltration does not cause
swelling.
The second component is explained by Eqn (2)’s Arrhe-
nius model. It’s in PV till the temperature peaks before stabi-
lizing.

)

n = Agexp (%) 2)

1,A0, Eq,R, dan T represent viscosity (mPa.s), Arrhenius
model constants, gas constant (8.314 J/mol.K), and tempera-
ture (K). The third part is the exponential model in Eqn (3),
which explains the steady temperature third component. 5
represent viscosity (mPa.s), t represent the time during the
third part model (s), K and n are model parameters.

1 = Kexp(nt) )

The fourth part is similar to the second part model with
Eqn (2).

The formability of the hydrogels was evaluated using
an optical microscope, SEM, swelling degree, weight loss,
color analysis, and TPA. The internal morphology of the hy-
drogels was analyzed using an optical microscope and SEM
by cutting the hydrogels transversely. Magnification of 10x
was performed using AmScope MUI1000, United States, and
5000x was performed using SEM (JEOL, JSM-6510LA, USA).

The swelling degree was also investigated to see the be-
havior of the hydrogels when exposed to liquids. This test
was conducted by immersing the hydrogel in a phosphate-
buffered saline (PBS) solution for 48 hours. Previously, the
hydrogel was dried for three days at 50°C to evaporate the
water, then weighed and referred to as Wjy. Throughout the
testing procedure, the hydrogel was weighed at intervals,
precisely at 0, 3, 6,9, 12, 24, and 48 hours, and labeled as W;.
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Table 3. Mathematical modelling of pasting curve with various isolation methods of taro starch.

Sample 1st part 2nd part 3rd part 4th part
R S R? E, R? K (Pa-s) R? E, R?
(kJ/mol)
AQ 309.88 16.42 0.9984 N.A N.A 7.57 0.9968 78.90 0.9828
SM 304.59 26.47 0.9905 N.A N.A 15.33 0.9954 92.06 0.9762
CE 306.92 16.64 0.9975 N.A N.A 8.79 0.9817 95.86 0.9297
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Figure 2. Schematic of taro starch hydrogel (a) synthesis process, (b) molecular information, and (c) cross-linking formation
between OH groups

The ratio between the weight before and after immersion is
calculated as the swelling degree shown by Eqn (4).

Wi — Wo
0

Swelling degree = x 100% 4)

The soaked hydrogel was then dried again for three days
at 50 °C and weighed as W; to see the weight loss of the
starch hydrogel. Weight loss can be calculated by Eqn (5).
Wo — Wy

1

Weight loss = % 100% (5)

The color analysis of starch hydrogel was analyzed using
starch photographs, using the bivariate histogram approach
with the PULUZ foldable LED Ring Light Studio and Nikon
D3100 camera. The software used for analysis was Image]
(version 64-bit Java 1.8.0172, NIH, USA), which provided
white-level histograms [35].

The texture of the hydrogel can be analyzed using TPA
tests conducted with a texture analyzer (TA. XTExpress, Sta-
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ble Micro Systems). The hydrogel samples were dehydrated
using a dehydrator at 50°C for 12 hours. This test was con-
ducted by pressing the hydrogel using a cylindrical P36 probe
with a diameter of 36 mm so that the amount of adhesiveness,
hardness, springiness, cohesiveness, gumminess, chewiness,
and resilience could be obtained.

3. RESULTS AND DISCUSSION

Taro starch with different isolation methods resulted in the
proximate characteristics shown in Table 1. Samples with the
AQ method produced the highest starch content because dis-
tilled water is a polar solvent that effectively dissolves other
polar solutes, such as ash and other impurities, in taro sam-
ples. These impurities can be easily dissolved and separated
from the starch to produce a purer isolate. In addition, starch
is a polysaccharide that tends to be hydrophobic and insolu-
ble in water at room temperature. Taro starch will precipitate,
while other components soluble in distilled water remain in
the liquid phase.
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Figure 3. (a) Pasting curves of AQ, CE, and SM hydrogels, (b) the area under the viscosity versus time curves, and (c) the area
values of AQ, CE, and SM hydrogels

The AQ method facilitates the separation of starch from
other components. Distilled water does not react with starch
or cause chemical degradation of its structure, as may occur
with other chemical solvents. As a result, it helps preserve
starch content during the isolation process [36, 37]. In con-
trast, the SM isolation method contains sulfur that can bind
with minerals contained in taro starch, such as calcium, mag-
nesium, or potassium, and form sulfate compounds. The
sulfate compounds will bind to the taro starch and cause an
increase in the ash content of the taro starch [38].

The CE isolation method showed the highest amylose con-
tent of 30.62% [24]. Centrifugation is a method of extracting
taro starch by separating starch particles with other compo-
nents based on their specific gravity. Amylose has a smaller
molecular size than amylopectin, so amylose is more easily
separated from other components. The separated amylose
then collects at the bottom of the centrifuge container and
causes high levels of amylose. The higher amylose content
and the lower amylopectin content, the better the hydrogel
synthesis process will have physical properties as a conduct-
ing matrix [39].

3.1 Pasting Properties of Taro Starch

Starch gelatinization is one of the interesting characteristics
to be discussed. During the gelatinization process, a phase
transition occurs that is stimulated by the starch suspension
being heated in water, resulting in granule swelling. This
reduces crystallinity and releases amylose from the starch
granules. The resulting hydrogen bonds between the OH
groups of amylose and amylopectin, which change the prop-
erties of the paste, as shown by the amylograph curve (Figure
3) [40]. Amylograph characteristics are influenced by sev-

© 2025 The Authors | CC-BY 4.0 @ ®

eral factors, including granular morphology, starch content
(amylose/amylopectin), and non-starch components such as
phosphorus, lipids, and proteins [41].

Figure 3a shows the curve of the change in viscosity of
starch against time during temperature increase and decrease.
This curve shows the characteristics of taro starch with dif-
ferent isolation methods. Pasting temperature (PT), pasting
viscosity (PV), holding viscosity (HV), final viscosity (FV),
breakdown viscosity (BV), and setback viscosity (SV) rep-
resent the properties of the starch paste [42]. The specific
values of the starch paste properties are summarized in Table
2. The PT is the temperature at which the viscosity of starch
starts to rise, indicating the onset of starch granule gelatiniza-
tion. Due to increased temperature, water is absorbed into
the starch granules in the gelatinization process. The higher
moisture content was the higher the PT, which indicates a
longer absorption process. The SM method showed the high-
est moisture content of about 13.6% and the highest PT value.
The sample with the AQ isolation method showed the lowest
moisture content of about 10.46% [17, 22].

PV is influenced by fat and starch content. During gela-
tinization, the presence of fat leads to the formation of starch-
fat complexes around the granules, making it more difficult
for water to be absorbed into the granules [41]. Furthermore,
the PV value is influenced by the starch content as the rise in
viscosity during the gelatinization process is a result of the
swelling of starch granules [43, 44]. The AQ method with the
lowest lipid and highest starch content has the most signifi-
cant PV, suggesting a more rapid gelatinization process.

The parameters SV and FV are related to the retrograda-
tion process of starch granules. SV indicates that the starting
point of viscosity increases again during the retrogradation
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process. Meanwhile, FV relates to the final viscosity after the
process. Both describe the retrogradation ability of starch,
which depends on the starch content (amylose and amy-
lopectin) [34]. The AQ method with the highest SV and FV
values demonstrated the most uncomplicated retrogradation
process. The retrogradation process includes the cross-linking
of molecules that contain amylose and amylopectin.

HYV is the viscosity of starch granules disrupted during
shearing and heating. Starch granules become increasingly
susceptible to shear and heat disintegration as they swell,
especially in starches with lower amylose content [45, 46].
Amylose is released from the granule during the gelatiniza-
tion process. When amylose is small, the susceptibility of the
granule to disintegration is smaller, as shown in the sample
using the SM method. BV is correlated with swelling capacity,
temperature stability, and the ability of starch granules to
maintain their structure [47]. AQ, with the highest BV value,
shows a firmer structure and superior starch granule integrity.
In contrast, SM, with the lowest BV value, exhibits the lowest
strength and stability. This is directly proportional to the
starch content in each sample, according to the reference in
Table 2.

The area under the viscosity versus time curve (Figures
3b-c) depicts the state of the starch sample from liquid-paste-
gel during the gelatinization and retrogradation processes. It
can be helpful to control the starch product by considering the
amylose and amylopectin content [48, 49]. The AQ sample
with the highest starch content showed the highest area of
139.58 Pa.s?, indicating the stability of the sample in paste
form. On the other hand, in the SM sample, the shape of the
sample changes quickly to either liquid or solid again.

© 2025 The Authors | CC-BY 4.0 @ ®

Simple mathematical modeling was conducted to ana-
lyze product development and starch characteristics, such
as understanding how quickly the viscosity peak is reached
to determine the processing time for product manufactur-
ing. In addition, it can understand the swelling kinetics of
starch granules during the gelatinization process and predict
various parameters such as starch texture and rheological
properties, which are helpful for quality control and product
processing design [34, 43]. The pasting curve is segmented
into four sections of mathematical models and quantitatively
shown in Table 3. In the initial model, the R-value repre-
sents the time at which the viscosity hits 50%. This mea-
surement is useful for examining the resistance of the starch
to gelatinization and retrogradation processes [43]. The AQ
method with the highest starch content exhibited a higher
duration for granule disintegration, measuring 309.88 s, fol-
lowed by CE and SM at 306.92 s and 304.59 s, respectively.
The S-value in this model is the starch coefficient, which in-
dicates the swelling rate. Regarding our result, the entry of
water into the starch granule increases the swelling rate of
the granules as S>1 for all starch samples. The SM method
has the highest S of 26.47, followed by CE and SM of 16.64
and 16.42, respectively. These findings are consistent with
prior research, which found that starch amylose content is
inversely related to S-value. R-value and S-value are related
to the gelatinization process, which involves hydrogen bond
breaking in the amorphous part and water absorption related
to granule swelling in the amorphous region [34, 50].

The second model shows granule degradation as the tem-
perature increases. The curve obtained from this study did
not fit the model because the granule degradation indicated
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by the viscosity decrease occurred when the temperature was
already stable. This phenomenon aligns with prior studies
finding that in corn and wheat samples that have reached
a stable temperature state at maximal viscosity, it is not fit
using this model [34]. In the third model, the K-value relates
to the viscosity influenced by amylopectin [51]. The high
content of amylopectin leads to reduced stability of starch as
the swollen granules during stirring and heating [34]. The
SM method with the highest amylopectin content and the
lowest amylose content has a K-value of 15.33 Pa.s, indicating
the lowest starch stability. The coefficient of determination
(R?) for this model varied between 0.9817 and 0.9954, which
implies a high level of accuracy in fitting the curve presented
in Figure 3a.

In the fourth model, Ea correlates with the rate of retrogra-
dation. Upon cooling, amylose molecules within the starch
granule interact with amylopectin, resulting in the formation
of a solid structure [34]. The sample with the highest amylose
concentration exhibited the highest activation energy (Ea)
value and retrogradation rate.

3.2 Macro-microscopic Analysis of Taro Starch Hydrogel
Formation
The macro-micro properties of hydrogel formation are influ-
enced by the amylose-amylopectin ratio. The ratio of amy-
lose/amylopectin is crucial in determining the textural prop-
erties and stability of starch-based hydrogels. The high amy-
lose content in hydrogels forms dense and rigid structures
with low water absorption and increased stability, making
them ideal for applications requiring firm and durable gels.
During freezing, amylose chains released from the granules
are compressed by ice crystals, promoting the formation of
hydrogen bonds. Upon thawing, the remaining free hydroxyl
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Table 4. Hydrogel formation based on variations in
freeze-thaw parameters, isolation methods, and taro starch
concentration.

Isolation method of Concentration Freezing: —23°C,
taro starch of taro starch 17 h, Thawing;:
(Wt%) 4°C,7h

Immersion with 7 X
distilled water
solvent (AQ)

10 X

13 o
Immersion with 7 X
Na, 5405 solvent
(SM)

10 X

13 o
Centrifuge (CE) 7 o

10 v

13 v

x: no hydrogel formed; o: hydrogel formed with brittle structure; v':
hydrogel formed with firm structure.

groups establish additional bonds (Figure 2b). Hydrogen
bonds of the linear amylose chains form a cross-linking hy-
drogel network (Figure 2c). In contrast, hydrogels with higher
amylopectin content have a more porous structure, facilitat-
ing enhanced water absorption and resulting in softer, less
firm gels that tend to disintegrate more easily in water [34, 39].
These differences allow the amylose-amylopectin ratio to con-
trol properties suitable for various applications.

& 10.62755/greensusmater.2025.2.2.36-48 | Page 42


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.62755/greensusmater.2025.2.2.36-48

Halida Rahmi Luthfianti et. al.

Greensusmater, 2 (2025) 36-48

600
500 - — . ’
- Cross-linking
S CE (10%)
o 400 4 CE (13%)
o
o CE (7%)  Potential cross-linking
@ 300 4 \
T AQ (13%); SM (13%)
(o)}
= 200 4
;’ : SM (10%)
@ 100 {0\ 4

W%)

Granular swelling

0 \ The phases
) AQ (7%) of hydrogel
formation
-100 T T T T T T T
0 5 10 15 20 25 30

Time (hours)

Figure 6. Formation of taro starch hydrogel with swelling degree test.

Figures 4 show the freeze-thaw parameter optimization
of CE hydrogel using swelling degree and weight loss analy-
sis. A higher degree of swelling and weight loss represents
good structural integrity as a delivery platform. The con-
centrations used were 10% and 13% (w/w). The swelling
degree is related to the hydrogel’s ability to swell, which can
be used in the loading and controlling release of nutraceu-
ticals [52], and can help reduce hunger by enlarging as it
traverses the digestive system [48]. Swelling can be tuned
through process parameters including polymer composition,
cross-linking density, porosity, and external stimuli (pH, ionic
strength, temperature). The advantage of swelling-controlled
release is that it allows for tuning of the release profile by
adjusting the hydrogel design parameters [52]. While weight
loss reflects the structural stability and degradation profile
of the hydrogel. Controlled degradation is essential for tran-
sient delivery systems, where excessive weight loss ensures
network erosion and can compromise structural integrity and
lead to burst release, which is undesirable for precise dosing
[9]. According to our results, the sample with the param-
eters of freezing for 17 hours at -23 °C and thawing for 7
hours at 4 °C produced the highest swelling degree and the
lowest weight loss, which are the most optimum parameters
for hydrogel formation. In contrast, freezing for 20 hours at
-23 °C and thawing for 4 hours at 37 °C showed the lowest
swelling degree and the highest weight loss. The swelling
degree and low durability of the hydrogel structure at 37°C
thawing conditions were caused by the extreme temperature
during the thawing process. At the same time, the starch
chain (amylose/amylopectin) is a long polymer chain that
requires a longer cross-linking process to produce a stronger
cross-link at a lower thawing temperature (4 °C) [53].

Moghadam et al. (2022) reported that a starch-based hy-
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drogel as a drug delivery system, composed of PEG and
loaded with quercetin, showed a swelling degree of 103-
140% [54]. Another study reported a swelling degree of
starch/polyacrylamide/ gelatin composite hydrogels of around
500% [55]. In this study, the taro starch hydrogel synthesis
process is presented without adding other polymer reinforce-
ments, and it is an environmentally friendly method. Taro
starch hydrogel successfully achieved a swelling degree of
150-500%. The highest swelling degree is helpful for the con-
trolled release of nutraceuticals, so taro starch hydrogel has
the potential as a delivery system.

Table 4 shows the formation of hydrogels macroscopi-
cally with different starch isolation methods and different
starch concentrations. Hydrogels formed with brittle struc-
tures have a swelling degree of less than 12 hours, while
hydrogels formed with firm structures can swell beyond 12
hours. The viscosity of the paste has a significant impact on
the formation of hydrogels during the gelatinization process.
However, in this case, the sample has not thickened suffi-
ciently to become a paste. Amylose, a fundamental factor in
the formation of hydrogel structure, significantly impacts the
viscosity throughout the gelatinization process [41]. In the CE
isolation method, formation began at a starch concentration
of 7%, while in the AQ and SM isolation methods, forma-
tion began at a starch concentration of 13%. The CE isolation
method might have a higher amylose content (in reference to
Table 2) as a cross-linking agent for the hydrogel structure.

Figure 5 shows the hydrogel formation process to ex-
plain Table 4 with a microscopic analysis. The formation of
hydrogel, shown in the morphological structure of optical
microscope and SEM images, is divided into three phases:
granular swelling, potential cross-linking, and cross-linking
phases. The granular swelling phase indicates unformed
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Figure 7. Color analysis of taro starch hydrogel with various
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hydrogels (Figure 5a), where starch granules expand due to
gelatinization. These phases are observed in samples with SM
and AQ isolation methods at 7% and 10% concentrations. As
studied in previous research, swelling of granules occurred
in native starch that was not prepared with the cross-linking
process [32, 56]. In addition, the potential cross-linking phase
indicates that hydrogels formed with a brittle structure have
begun to show porosity (Figure 5b). These potential cross-
linking consist of amylose at low concentrations, where the
O-H bonds are weak to form stable bindings. The potential
cross-linking phases were observed in samples with AQ and
SM isolation methods at a concentration of 13% and in sam-
ples with the CE isolation method at a concentration of 7%.
Finally, hydrogels with 10% and 13% starch concentrations
demonstrated that the cross-linking structure phase in the
CE isolation method forms hydrogels with a firm structure
(Figure 5¢).

The formation of the hydrogel structure is influenced by
amylose as a linear chain and amylopectin as a branched
chain. During gelatinization, amylopectin expands into a
large gel-like structure, often referred to as a "gel-ball" or
"super-globe," while amylose diffuses out of the granule. Dur-
ing the freeze-thaw process, the amylose chains then cross-
link through interactions between hydroxyl (O-H) groups, en-
hancing the gel network structure [39, 57, 58]. Cross-linking
between the O-H groups of amylose in the freeze-thaw pro-
cess occurs with the help of ice crystals that push the polymer
chains to bond and reorganize during thawing [53]. Typically,
the freeze-thaw method is used for OH-rich polymers such
as polyvinyl alcohol [10-12], [59-61]. However, by tuning the
process parameters, freeze-thaw can be used to synthesize
OH-rich natural polymers such as starch. Several previous
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studies have developed freeze-thawed starch hydrogels by
adding synthetic polymers or cross-linkers as reinforcement
[39, 62, 63]. These taro starch hydrogels, with entirely natural
polymers without synthetic polymer reinforcement, and non-
toxic solvents and processes, successfully formed cross-linked
hydrogels and porous hydrogel structures. Prior research has
indicated that hydrogels with cross-linked and porous struc-
tures have the potential to be a delivery platform for nutraceu-
ticals. Porosity determines the structural design of hydrogels,
controlling nutraceuticals loading, diffusion pathways, and
swelling kinetics. However, high porosity increases loading
and accelerates release, compromising mechanical stability.
Therefore, a balance between permeability and structural
integrity is essential for reliable delivery performance [64].

Figure 6 shows the swelling degree analysis to confirm
the quantitative results under the morphological analysis.
The swelling degree is a critical characteristic for practical
applications as a potential delivery matrix. The three phases
of hydrogel formation are indicated by a blue background
for the granular swelling phase, a green background for the
potential cross-linked phase, and an orange background for
the completely cross-linked phase. The granular swelling
phases are shown by samples SM (7%, 10%) and AQ (7%,
10%), which can swell in less than 3 hours. The potential
cross-linking phases are shown by AQ (13%), SM (13%), and
CE (7%), which can swell up to 12 hours, while the cross-
linking phases are shown by samples CE (10%, 13%), which
can swell up to 24 hours.

Overall, cross-linking formation of hydrogel is influenced
by: (1) starch content, especially amylose which is the main
cross-linking factor of hydrogel structure, (2) impurities/ash
content, which makes it more difficult for OH to bond, (3)
protein, which can help cross-linking through electrostatic
interaction, hydrogen bonding, and Van der Waals interaction
[65, 66]. Samples prepared with the CE method showed the
highest amylose content, allowing potential cross-linking to
form at a concentration of 7%. Meanwhile, in samples with
AQ and SM methods that show lower amylose levels than
CE, potential cross-linking is formed at a starch concentration
of 13%. Furthermore, the high protein levels and low ash
content affect the process of hydrogel cross-linking in CE
samples.

The whiteness of taro starch hydrogels serves as an indica-
tor of the purity of starch. It can validate the test results on the
ability of hydrogel formation. Color analysis is crucial in the
food industry as it helps determine the freshness, ripeness,
diversity, and appeal of food products, ultimately leading
to higher consumer acceptability [67, 68]. Starch whiteness
corresponds to amylose content [39] and is a sensory color
characteristic that the industry desires [69]. Figure 7 shows
the highest whiteness level in the CE sample at 163.34, fol-
lowed by AQ and SM at 143.45 and 132.24, respectively. This
is directly proportional to the amylose content shown in Table
1. The amylose chain is a linear structure that prevents the
formation of colors or other substances that cause a decrease
in whiteness [69].

3.3 Texture Properties of Taro Starch Hydrogel

The textural properties of taro starch hydrogels were char-
acterized using dried hydrogels (Table 5). Hardness is the
mechanical resistance of a material, while fracturability is
the ability of a material to crack or crumble. Both parame-
ters increased in hydrogels with concentrations of 7% and
10% while decreasing at 13%. The decrease in hardness and
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Table 5. Texture properties of hydrogel with variation concentration of taro starch.

Parameter CE-7%

CE-10% CE-13%

1559.25 + 157.56%
885.24 =+ 953.927

Hardness (gForce)
Fracturability (gForce)

Springiness (%) 0.07 £+ 0.107
Cohesiveness (%) 0.31 4+ 0.44°
Gumminess (gForce) 445.56 + 630.70%
Chewiness (gForce) 60.39 + 85.41°
Resilience (%) 0.62 + 0.88"

1752.13 + 255.867
2244.02 + 799.75

855.70 4+ 41.297
749.64 £+ 222.91°

0.68 £ 0.58” 0.41 £ 0.45°
0.14 £+ 0.017 0.11 £+ 0.09*
252.63 + 51.79% 98.26 + 82.26"
156.02 £+ 110.95" 58.65 + 78.01°
0.17 £ 0.07° 0.05 £+ 0.037

fracturability was caused by excessive glucose unit length
in taro starch amylose and inhibited the O-H cross-linking
process [39]. The observation indicates that the weight loss
was lower when the concentration of taro starch was 13%
compared to 10% (Figure 4). The decrease in weight loss sig-
nifies a degradation of the hydrogel’s ability to retain its form
[9]. Likewise, chewiness and springiness, which are related
to the elasticity of the hydrogel, decreased at 13% concen-
tration. The decrease in these parameters was confirmed by
the results of the swelling degree test in Figures 4a-b, which
show an up-and-down graph (unstable) during the 24-hour
test. The swelling degree is the ability of cross-links to stretch
(elasticity) and is influenced by water trapped in the pores of
the hydrogel structure [39, 70]. However, the cohesiveness,
gumminess, and resilience reduced as the concentration of
taro starch. The decrease in these parameters is attributed to
the elevated concentration of taro starch, which inhibits gran-
ular swelling and consequently prevents cross-link formation
in the hydrogel network structure. The gel network structure
is weaker after the concentration is increased. The findings
align with prior studies [26], indicating that elevating the
corn starch concentration reduced cohesiveness, gumminess,
and resilience.

The texture properties of the taro starch hydrogel ob-
tained in this study showed distinctive characteristics com-
pared to other natural and starch-based polymer hydrogels
reported in several previous studies. Wu et al. (2017) reported
that the hardness of quinoa and corn starch hydrogels was
201-900 g and around 721 g, respectively [71]. Additionally,
the hardness of pea starch hydrogels with alcohol solvents
is 928-1696 g [72]. The hardness of taro starch hydrogels
reached 855-1752 g, indicating that hydrogels can achieve
greater cross-linking stiffness. Regarding chewiness [15], corn
starch hydrogels with xanthan gum or sodium alginate re-
ported values between 30-164 g, while taro starch hydrogels
were in the 58-156 g range. Taro starch hydrogels synthesized
using the freeze-thaw method without adding other polymer
reinforcements and toxic solvents showed comparable mas-
tication resistance to composite hydrogels. Thus, taro starch
has the potential as a single biopolymer for hydrogel forma-
tion, offering a simpler and more environmentally friendly
alternative with competitive texture performance and good
structural integrity.

4. CONCLUSION

This research analyzes taro starch using various isolation
methods to determine its effect on hydrogel formation, start-
ing from the phases of granule formation, potential cross-
linking, and cross-linking, ultimately producing a firm hy-
drogel structure. Starch paste properties influence hydrogel
formation, demonstrating a linear increase in PV, HV, FV, BV,
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and SV values as the starch content increases. The freeze-
thaw parameters were optimized by freezing the sample for
17 hours at a temperature of -23°C and subsequently thawing
it for 7 hours at a temperature of 4°C. We analyzed the ef-
fect of the taro starch isolation method and concentration on
hydrogel formation using optical microscopy, SEM, swelling
degree test, color analysis, and TPA test. The CE isolation
method with the highest amylose content, the highest protein
content, and the lowest impurities or ash content resulted
in the firmest hydrogel structure. Meanwhile, the CE starch
concentration of 10% produced the highest swelling degree
and the lowest weight loss. The textural properties test at
10% CE starch concentration confirmed the firm structure of
taro starch hydrogel. Physical properties demonstrated the
cross-linking structure and dense, porous surface of the taro
starch hydrogels. Thus, the formation process of taro starch
hydrogels in this study has the potential for synthesizing
environmentally friendly, freeze-thaw hydrogels. These hy-
drogels are beneficial as a delivery platform of nutraceuticals
for edible matrices in future applications.
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