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Abstract

Although canna (Canna edulis Ker) starch possesses high swelling power, it remains an
underutilized resource. This study aimed to engineer highly porous, food-grade canna
starch aerogels as carriers for cyanidin-3-glucoside (C3G), incorporating enzymatically
modified starch fractions prepared via a-amylase hydrolysis followed by lyophilization.
Moderate enzymatic modification (sample AG1) effectively tailored the aerogel archi-
tecture by selectively removing amorphous regions. This targeted hydrolysis yielded
a highly interconnected, hierarchical porous network with a high porosity (92%). Im-
portantly, although this architectural transformation increased the average macroscopic
pore size, it preserved mechanical integrity, as evidenced by a compressive strength ex-
ceeding 4000 kPa. In contrast, excessive hydrolysis led to pore collapse and structural
failure. The AG1 aerogel exhibited a markedly enhanced C3G equilibrium adsorption
capacity (43.9 mg/g), outperforming the native starch aerogel (36.0 mg/g). Adsorption
data adhered to pseudo-second-order kinetics, indicating that this model provided a better
description of the adsorption process, while the underlying adsorption mechanism may
involve interactions between C3G and the aerogel matrix, potentially including hydrogen
bonding. These results suggest that controlled enzymatically hydrolysis may provide a
useful strategy for modulating the hierarchical microstructure of canna starch aerogels,
thereby supporting their potential as effective carriers for sensitive bioactive compounds in
functional food systems.
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availability, low cost, biodegradability, and excellent biocompatibility. These attributes
render starch a promising candidate for the preparation of aerogels [5].

Starches from different botanical sources exhibit variations in chain structure, amy-
lose/amylopectin ratio, and functional group composition [6]. These variations can signif-
icantly influence the structural characteristics and physicochemical properties of starch-
based aerogels, particularly after enzymatic modification, which can alter the branch
chain distribution, crystallinity, and rheological behavior of starch matrices [7]. Starch-
based aerogels with varying amylose contents (ranging from 0% to 100%) have been
reported to exhibit significant differences in morphology, density, surface area, and thermal
conductivity [8]. This indicates that the concentration of amylose plays a key role in deter-
mining both the structure of the aerogel and its insulation performance. The food industry
has a considerable demand for starch. In certain instances, unconventional starches can
partially or fully replace traditional starches [9]. Consequently, the food industry needs to
identify new sources of starch.

Canna edulis Ker is a member of the Cannaceae Juss. family and the Canna L. genus,
originally cultivated in the Andes region of South America. Over time, it has been intro-
duced to various countries across Asia and Africa. This species serves as a non-traditional
source of starch and is extensively cultivated in numerous provinces of China, particularly
in Yunnan [10]. The tuber of canna (Canna edulis Ker) is rich in starch, making it a valuable
starch crop with considerable economic value. As a highly adaptable starch source, canna
has considerable potential to replace traditional food raw materials, thereby promoting
the agricultural economy in mountainous regions and expanding its applications across
various industrial sectors [11].

Currently, aerogels prepared with natural starch exhibit insufficient porosity and
non-uniform pore structures [12], which significantly limits their potential applications.
However, moderate structural modifications to the starch framework through enzy-
matic treatment can enhance both its porous architecture and adsorption capabilities.
Dura et al. [13] observed by scanning electron microscopy (SEM) that x-amylase or amy-
loglucosidase treatment induced porous structures in starch granules, with obvious surface
cavities and erosion compared with untreated starch. Research has demonstrated that
a-amylase hydrolysis of tapioca starch before aerogel formation reduced amylose content
by 9.46% and increased the adsorption capacity of starch aerogels by 25.40% compared with
untreated samples, owing to the regulation of starch molecular structure [14]. Similarly;,
Jiang et al. [15] demonstrated that microwave-assisted enzymatic hydrolysis improved the
absorption properties of porous starch, with water and oil absorption capacities increasing
from 110.99% and 133.11% to 128.29% and 143.30%, respectively. Enzymatic modification
broadens the application scope of starch-based aerogels, thereby providing a foundation for
their use in food packaging and preservation materials [16]. In addition to structural opti-
mization, starch-based aerogels have shown considerable potential as carriers for bioactive
compounds due to their abundant hydroxyl groups and tunable pore networks.

Anthocyanins are excellent natural antioxidants and functional active ingredients,
with reported benefits related to antioxidative and anti-inflammatory activities and car-
diovascular health [17]. However, anthocyanins are highly sensitive to environmen-
tal factors, making the enhancement of their stability a critical challenge in functional
food applications. Among anthocyanins, cyanidin 3-glucoside (C3G) is the most widely
distributed [18]. In this context, assessing the adsorption behavior of C3G onto both na-
tive and a-amylase-modified canna starch aerogels provides essential insights into their
functional performance and broadens the applicability of canna-derived materials in value-
added applications.
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In summary, as shown in Scheme 1, this study focuses on canna starch. The aim is to
address the problems of low porosity and inhomogeneous pore structure in native starch
aerogels by controlled x-amylase hydrolysis, and to explore its potential for preparing
high-performance aerogels. The physicochemical properties of native canna starch were
systematically characterized first. Subsequently, enzymatic modification was performed
to construct a highly interconnected porous structure, and the structural, morphological,
thermal, and mechanical properties of unmodified and modified canna starch aerogels
were compared and analyzed. The results provide insights into how enzymatic hydroly-
sis regulates the porous structure, providing theoretical support for the development of
canna starch-based porous adsorbents and the high-value utilization of this characteristic
agricultural product.
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Scheme 1. Schematic diagram of the preparation of canna starch-based aerogels.

2. Results and Discussion
2.1. Physicochemical and Morphological Characterization of Canna Starch

The extraction yield of canna starch on a dry basis ranged from 57% to 62%, which is
slightly lower than the typical yields (65-80%) reported for commercial corn and wheat
starches. This variance primarily reflects the anatomical characteristics of C. edulis storage
rhizomes. Unlike cereal endosperms, C. edulis starch granules are embedded within a
complex matrix enriched with mucilage, pectic substances, and coarse dietary fibers. This
composition creates stronger associations between the granules and cell walls, making
complete granule liberation during extraction more difficult. In contrast, corn and wheat
feature more loosely organized starch—protein matrices and highly optimized extraction
protocols. A comparative analysis of macromolecular constituents (Table 1) revealed distinct
characteristics. Canna starch exhibited a higher moisture content than the commercial
starches, suggesting differences in hygroscopic behavior. The ash content was markedly
lower than in wheat starch but notably higher than in corn starch. Notably, the crude
protein content of canna starch was significantly higher than both reference starches, likely
resulting from intrinsic differences in the protein matrix or incomplete removal. Conversely,
its crude fat content was significantly lower, suggesting an inherently reduced capacity
for lipid complexation. Regarding polysaccharide composition, canna starch exhibited a
significantly lower amylose content, and a correspondingly higher amylopectin content,
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compared to wheat and corn starches. Despite these structural differences, the total starch
content of canna starch remained exceptionally high and comparable to the commercial
references [19]. Collectively, these compositional distinctions position canna starch as a
promising precursor for aerogel applications. In particular, it showed markedly lower
amylose and higher amylopectin contents, together with moderate protein and minimal
lipid levels.

Table 1. Physicochemical characteristics of Canna edulis, wheat, and corn starch samples.

Parameter Canna Starch Wheat Starch Corn Starch
Ash (%) 0.31 £0.02P 0.42 +£0.03 ¢ 0.25 +0.012
Crude Protein (%) 0.70 £ 0.05 P 0.28 +0.022 0.30 + 0.012
Crude fat (%) 0.05 + 0.005 2 0.10 £ 0.01 © 0.07 + 0.008 b
Amylose (%) 18.354+ 0.52 21.18 +£0.6° 2453 +0.7°¢
Amylopectin (%) 80.63 £ 1.0°¢ 78.09 + 0.8 7488 £09?
Moisture (%) 13.36 £ 0.4 ¢ 11.40 +£ 0.3 2 12.02 +0.2b
Total starch (%) 98.99 + 0.3 2 99.27 +0.2b 99.41+0.1°

Values are mean =+ SD (1 = 3). #P€: Values with different lowercase letters among the canna starch,
wheat starch, and corn starch groups show a significant difference in a Tukey test (p < 0.05).

The dominant amylopectin fraction facilitates the formation of an extensive polymeric
network that supports a robust hydrogel matrix, enhancing swelling capacity and me-
chanical integrity [20]. Furthermore, the lower amylose content reduces retrogradation
tendencies that could compromise long-term gel stability, while the minimal lipid content
promotes unhindered polymer interactions during gelation and drying, which are essential
for aerogel microstructure development [21].

Scanning electron micrographs (Figure 1) illustrate the morphological differences
among the starches. Native canna starch granules exhibited smooth surfaces with oval-
to-elliptical shapes and a particle size ranging from 10 to 20 pm, notably larger than corn
(5-8 um) and wheat (46 um) starches. This larger size confers a lower surface-to-volume
ratio, which influences gelatinization behavior and facilitates more pronounced structural
modifications during the development of porous features [14,22,23]. Following enzymatic
treatment, the ACASt granules exhibited distinctive surface erosion, characterized by pores
and cavities distributed throughout their exterior. This morphology may result from the
preferential hydrolysis of amorphous regions by «-amylase, leaving the crystalline lamellae
relatively intact. Such modifications increase both specific surface area and porosity [13].
Consequently, ACASt granules act as effective nucleation sites and templates that facilitate
the assembly of porous aerogel frameworks, ultimately enhancing internal void volume
and gas adsorption potential. In addition to enzymatic modification, previous studies [24]
have shown that structural reinforcement strategies, such as nanocellulose incorporation,
can further improve the integrity and morphological stability of starch aerogels, particularly
by preventing pore collapse during drying.

2.2. Hydration Properties of Native Canna Starch

In Figure 2, the swelling power (SP), water absorption index (WAI), and water sol-
ubility index (WSI) of native canna, wheat, and corn starch samples are presented at
temperatures of 65, 75, 85, and 95 °C. The SP, WAI, and WSI of native canna starch were
evaluated over this temperature range and compared with those of wheat and corn starches.
The results indicated that native canna starch exhibited significantly higher SP values than
both control starches at all tested temperatures, increasing from approximately 1100% at
65 °C to around 2600% at 95 °C. This pronounced swelling capacity may indicate that
native canna starch granules possess a relatively open granular architecture along with

https://doi.org/10.3390/gels12090753


https://doi.org/10.3390/gels12090753

Gels 2026, 12, 753 50f22

weaker internal associations between amylose and amylopectin, which facilitate rapid
water penetration and granule expansion. In contrast, wheat starch displayed moderate SP
values ranging from 550% to 1050%, showing a gradual increase dependent on temperature.
Corn starch exhibited very low SP at 65 °C (~150%) but demonstrated a sharp rise after
reaching temperatures above 75 °C, ultimately achieving 1550% by the time it reached
95 °C. This behavior is consistent with its higher gelatinization temperature and the pres-
ence of more ordered crystalline regions.

200 p:x: (b)<i p A r{\m um

3 )

Figure 1. Micrographs and appearance characteristics of canna starch (a—c), enzymatically modified
canna starch (d—f), wheat starch (g-i), and corn starch (j-1) samples.

a b c
( )35 ( )3000 — ( )30
CASt WHSt —a— CASL

30 e WHSt 2500 TAcon I
o —4—COSt Fs

ot ~

M —

g» F 2000 £ P\}\§__/—{
= 20 5 Zw

K] £ 1500 z

EI‘-. - =

S5 S El

z £ 1000 =15

e : £

5 10 ® 5

E 500 50

Eg &

0
0 5
65 70 75 B0 85 90 95 65 70 75 B0 85 90 95 65 70 75 80 85 90 95
Temperature (°C) Temperature (°C) Temperature (°C)

Figure 2. Swelling power (a), water absorption index (b), and water solubility index (c) of native
canna starch (CASt), wheat starch (WHSt), and corn starch (COSt) at temperatures of 65 °C, 75 °C,
85°C, and 95 °C.
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A similar trend was observed for WAI. Native canna starch consistently showed the
highest water-binding capacity, starting at approximately 15-16 g/g. After a slight dip at
around 70 °C, WAI rose steeply above 75 °C, peaking at 34 g/g. The strong correlation
between SP and WALI in native canna starch underscores the role of granule swelling as the
primary driver for water uptake during gelatinization. Wheat starch exhibited a steady
increase in WAI from 2.5 g/g to 19.5 g/g, while corn starch rose modestly from 7 g/g
to 14 g/g, notably displaying a minor plateau between 75 °C and 85 °C. For WSI, native
canna starch showed the highest solubility among the three starches at lower temperatures.
Solubility then declines slightly to approximately 21% at 85 °C before stabilizing. This
implies that, despite extensive swelling properties, leaching of soluble fractions such as
amylose and small amylopectin chains was somewhat controlled. In comparison, wheat
starch displayed a gradual increase in WSI from 14% to 16% across the temperature range
examined. Corn starch maintained low solubility levels until reaching about 75 °C before
sharply increasing to 18% at 95 °C; this rise may be associated with the gelatinization-
induced release of amylose.

The starch hydration properties indicate that native canna starch possesses an excep-
tional combination of high swelling capacity, strong water-binding ability, and relatively
stable solubility characteristics that distinguish it from conventional cereal starches. Such
properties are advantageous for applications requiring rapid hydration along with high
viscosity and thickening efficiency; however, the relatively high baseline solubility may
influence retrogradation behavior [25], considerations that should be taken into account
during the production of hydrogels and aerogels.

2.3. Fourier Transform Infrared Spectroscopy (FTIR) Analysis

FT-IR spectra (Figure 3) revealed that the native starches, enzymatically modified
samples, and composite aerogels shared similar absorption profiles without the appearance
of new bands. This suggested that enzymatic treatment and gelation did not result in the
formation of detectable new functional groups. The observed structural changes were
mainly related to variations in intermolecular interactions and molecular organization.
The broad -OH stretching band (32003600 cm ') was broader in modified and aerogel
samples, suggesting changes in hydroxyl group environments that may be associated with
variations in intermolecular hydrogen-bonding interactions [26]. Concurrently, shifts in
the C-H stretching bands (29262930 cm ! and 2880-2896 cm 1) [27] indicated possible
conformational adjustments of starch chains during enzymatic modification and aerogel
formation. The enhanced intensity of the H-O-H bending vibration near 1640 cm~! in the
aerogels suggested stronger interactions with absorbed water, which may be related to
their porous structure and increased accessibility of water-binding sites [28].

In the fingerprint region (1200900 cm 1), characteristic bands of glycosidic linkages
became broader and weaker in the modified and aerogel samples [29], suggesting changes
in the local molecular arrangement of starch chains. These spectral changes were consistent
with the decreased intensity of peaks at 930-950 cm ! («-1,4 glycosidic bonds) and at
883 cm~!,821 cm ™!, and 740 cm ! (pyranose ring and skeletal vibrations) [29].

To assess short-range order semi-quantitatively, the region (800-1200 cm~!) was

1 and

analyzed based on the absorbance values at approximately 995 cm ™!, 1022 cm ™
1047 cm ™! obtained from the converted spectra, and the absorbance ratios Ryg47,1022 and
R1022/995 were used as semi-quantitative indicators of short-range structural order and
potential changes in the hydrogen-bonding environment, respectively. As shown in Table 2,
Ri047/1022 decreased from 0.9712 (CASt) to 0.8545 (ACASt) after enzymatic hydrolysis,
suggesting partial disruption of short-range order [30]. In aerogels, AGO recovered to

0.9773, while AG1 (1.3718) and AG2 (1.3863) yielded the highest ratios, potentially reflecting
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selective removal of amorphous regions and enrichment of ordered domains, analogous
to lintnerized starch residues. Excessive hydrolysis (AG3, AG4) returned ratios to near-
baseline. Rygp7 /995 dropped from 1.0120 to 0.7322 (ACASt) and 0.7230 (AGO), potentially
reflecting changes in the hydrogen-bonding environment associated with hydroxyl groups
during hydrolysis. These ratios give only semi-quantitative insight, and their link to order
is non-linear [30]. Overall, the FTIR results suggested that the transformation process
induced molecular rearrangement and changes in structural ordering, rather than the

formation of new chemical bonds.
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Figure 3. FTIR spectra of starch samples and aerogels AG0—AG4.
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Table 2. Absorbance ratio values of starch samples and aerogels AG0-AG4.

Sample Ri047/1022 R1022/995
CASt 0.9712 1.0120
WHSt 1.0541 1.0417
COSt 0.9773 0.9851
ACASt 0.8545 0.7322
AGO 0.9773 0.7230
AG1 1.3718 1.0000
AG2 1.3863 1.0003
AG3 0.9988 0.9882
AG4 0.9990 0.9851

2.4. Morphology of the Aerogels

The density and porosity of the aerogels are summarized in Table 3. As the ACASt
content increased, the density decreased from 0.11 g/cm?® in AGO to about 0.09 g/cm? in
AG2-AG4, while the porosity increased from 86% to around 91-92%. This suggests that the
overall aerogel structure became more open after ACASt was introduced.

Table 3. Density and porosity of aerogels AGO-AGA4.

Group Density (g/cm®) Porosity (%)
AGO 0.11 £ 0.0029 © 86 + 3.67 2
AG1 0.10 £ 0.0031 b 92 4+282°¢
AG2 0.09 £ 0.0029 2 92 4+251°¢
AG3 0.09 + 0.0051 2 91 +4.29b
AGA 0.09 -+ 0.0035 2 91 +£1.94b

Values are mean =+ SD (1 = 3). *P<: Values with different lowercase letters in the same column show
a significant difference in a Tukey test (p < 0.05).

SEM images show clear differences among the samples (Figure 4). AG0 had a relatively
compact structure, with only a few visible pores, suggesting relatively dense packing of
the starch network [31]. After adding ACASt, the structure became more open. In AG1
and AG2, more pores could be seen, and the surface became rougher, but the network
was still continuous. This matches the trend in Table 3. When the ACASt content was
further increased (AG3 and AG4), the pore structure became less uniform. Some areas
showed thinner pore walls and slight collapse. AG4, in particular, presented a more broken
and irregular structure, suggesting that too much ACASt may disturb the stability of the
gel network during freeze-drying. Even though the porosity values did not change much
among AG1-AG4, the SEM results suggest that additional ACASt mainly affected structural
uniformity rather than substantially increasing pore formation.

Overall, a moderate amount of ACASt helped form a more open structure, while too
much led to some structural disruption.

2.5. XRD Analysis of Starches and Enzyme-Modified Canna Starch Aerogels

As shown in Figure 5 and Table 4, the XRD patterns of canna starch (CASt), enzyme-
modified starch (ACASt), and the corresponding aerogels indicate changes in crystalline
structure after enzymatic treatment and aerogel processing. Native CASt exhibited a
typical B-type crystalline pattern, with a main peak at approximately 17° and secondary
peaks at 15°, 22°, and 24°. A low-angle peak at around 5.6° was also observed, which
is characteristic of B-type crystallinity. Luo et al. reported that this peak is associated
with the hydration state, chain packing, and lamellar spacing of amylopectin [32]. The
relative crystallinity of CASt was 24.6%, falling within the typical range reported for B-
type starches [33]. After x-amylase treatment, ACASt showed a higher apparent relative
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crystallinity of 89.27% and a crystallite size of 40.55 nm; Kenar et al. [26] reported similar
behavior. The increase in apparent relative crystallinity after enzymatic treatment may
reflect the preferential hydrolysis of amorphous regions by x-amylase. This selective
removal may facilitate the rearrangement and packing of the remaining starch chains
into more ordered structures. This increase mainly reflects the enhanced contribution of
ordered regions after partial removal of amorphous components rather than the formation
of new crystalline structures. The aerogel sample AGO showed a relative crystallinity of
84.07% with a crystallite size of 40.81 nm, indicating the presence of ordered structures after
processing [34]. Compared with native CASt (24.6%), the higher crystallinity of AG0 may
be attributed to the structural rearrangement of starch chains during aerogel preparation.
Although gelatinization disrupts the original crystalline regions, subsequent cooling and
freeze-drying can promote chain reassociation and the formation of ordered structures.
This results in higher apparent crystallinity in the aerogel matrix. With increasing ACASt
content, the crystallinity varied across samples. AG1 showed 78.99% and 37.20 nm; AG2
showed 92.41% and 36.96 nm; AG3 showed 72.64% and 39.35 nm; and AG4 decreased
to 46.89% [35]. Crystallite size remained between 36.96 and 40.81 nm. AG2 having the
highest crystallinity suggests that an appropriate ACASt content may facilitate starch chain
rearrangement and the formation of ordered regions. However, excessive ACASt addition
may disturb the organization of starch chains within the aerogel network, resulting in
reduced structural ordering and decreased relative crystallinity in AG3 and AG4. Changes
in crystallinity with ACASt addition were also reported in related systems [36].

Figure 4. SEM images and macroscopic appearances of canna starch aerogels prepared with different
ACASt contents: (a—c) AGO, (d—f) AG1, (g-i) AG2, (j-1) AG3, and (m—0) AG4.
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Figure 5. XRD patterns of starch samples and canna starch aerogels.
Table 4. Relative crystallinity and grain size of enzyme-modified starch-based aerogels.
Sample Relative Crystallinity (%) Crystallite Size (nm)
CASt 24.60 -
ACASt 89.27 40.55
AGO 84.07 40.81
AG1 78.99 37.20
AG2 92.41 36.96
AG3 72.64 39.35
AG4 46.89 -

2.6. Thermal Stability Analysis of Starch and Aerogels

The thermal stability and degradation behavior of starch (CASt and ACASt) as well
as starch-based aerogels (AG0O-—AG4) were evaluated using thermogravimetric analysis
(TGA) and differential thermogravimetry (DTG), as illustrated in Figure 6. All samples
exhibited three similar weight-loss stages. The initial low-temperature weight loss phase
occurring from room temperature (25 °C) to approximately 120 °C was attributed to
moisture desorption and loosely bound water. A major mass-loss event between 280 °C and
340 °C followed, corresponding to the primary thermal decomposition of the starch polymer
involving glycosidic bond cleavage, dehydration, and depolymerization [37]. A distinct
thermal decomposition peak centered at approximately 300 °C suggested that starch was the
dominant component responsible for thermal degradation. This is consistent with previous
studies on native and modified starches as well as starch-—based aerogels [14,21,38]. A
gradual mass loss accompanied by concurrent carbonization was observed when the
temperature exceeded 400 °C.

The TGA and DTG curves of CASt, ACASt, and AG0-AG4 were highly similar, which
may be attributed to their comparable chemical composition. All samples were mainly com-
posed of starch polysaccharides; thus, their thermal degradation was primarily governed
by the decomposition of starch chains, resulting in similar thermal degradation profiles.
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Figure 6. TGA (a) and DTG (b) curves of starch samples and canna starch aerogels.

Among all samples, the unhydrolyzed AGO formulation exhibited the highest thermal
stability, featuring an onset decomposition temperature (Tonset) of 303.90 °C and a peak
decomposition temperature (Tmax) of 319.64 °C, which were slightly higher than those
of native CASt (Topset = 300.53 °C; Tmax = 315.88 °C). This improvement may be associ-
ated with the formation of a relatively stable starch network during gelatinization and
subsequent freeze-drying [39].

However, as ACASt substitution increased from 0.5% to 4%, Tonset gradually decreased
from 301.22 °C to 294.48 °C, whereas Tmax remained relatively stable (315.88-317.76 °C).
This slight variation may reflect partial hydrolysis of starch chains during x-amylase
treatment, which altered the molecular arrangement of starch. Meanwhile, moderate chain
depolymerization induced by low-dose ACASt may contribute to improved interactions
among starch chains and the formation of a more homogeneous gel network. This could
partially maintain the thermal stability of AG1 and AG2 [40]. Nevertheless, enzymatic
modification did not change the fundamental chemical structure of starch, resulting in
similar thermal degradation behaviors among the samples.

Opverall, although enzymatic modification and aerogel formation influenced the struc-
tural characteristics of starch, their effects on the intrinsic thermal degradation mechanism
were limited. Therefore, no pronounced differences were observed in the overall TGA and
DTG curves among starch powder, enzyme-modified starch, and starch-based aerogels.

2.7. Mechanical and Structural Properties of Aerogels

The mechanical properties of the canna starch aerogels were assessed through
stress—strain curves and compressive strength measurements. As illustrated in Figure 7, the
aerogels exhibited distinct stress—strain behaviors that vary according to the degree of -
amylase modification, highlighting the interdependence among porosity, network integrity,
and load-bearing capacity. The results from compressive strength tests further quantify
these effects, providing insights into the trade-offs between mechanical robustness and
structural functionality. The stress—strain curves showed that AGO, the unmodified control
sample, exhibited the highest load-bearing capacity, with stress values reaching approxi-
mately 5000 kPa at 50% strain. This observation suggests that the aerogel maintains a dense
and well-interconnected starch network capable of resisting compressive deformation.

The curve for AG0 demonstrates a steep initial rise followed by a gradual increase,
characteristic of rigid, mechanically strong [41] porous solids where deformation primarily
involves elastic and plastic bending of the network skeleton. Similar findings have been
reported for native starch-based aerogels [12], where limited enzymatic or chemical modi-
fication leads to a more compact microstructure and enhanced compressive strength. In
contrast, AG1 exhibits slightly lower maximum stress (4300-4500 kPa) while maintaining
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a comparable stress—strain curve to that of AG0. This suggests that limited enzymatic
modification resulted in a relatively small reduction in network strength while contributing
to increased porosity. Therefore, AG1 exhibited a more favorable balance between struc-
tural strength and pore development among the tested aerogels, providing both enhanced
structural accessibility and sufficient mechanical stability. The relatively modest decline
in compressive strength compared to the control underscores the capacity of partial en-
zymatic hydrolysis to fine-tune aerogel structures without markedly compromising their
load-bearing capabilities. Literature on porous polysaccharide-based aerogels is consistent
with this observation [33], suggesting that moderate enzymatic or chemical modification
can improve pore connectivity while preserving adequate mechanical integrity.
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Figure 7. Mechanical properties (a) and compressive strength (b) of canna starch aerogels.

Further enzymatic treatment, as observed in AG2, AG3, and AG4, leads to marked
reductions in compressive performance. Specifically, AG2 exhibits a compressive strength
of approximately 2500 kPa, about half that of AGO. This reduction is attributed to increased
enzymatic degradation of starch chains, potentially resulting in reduced molecular en-
tanglement and weaker pore-wall cohesion. The stress—strain curve for AG2 no longer
displays the steep rise characteristic of AGO and AG1, indicating lower apparent stiffness
and resistance to deformation. For both AG3 and AG4, the compressive strength declines
sharply to approximately 700 kPa and below 500 kPa, respectively, signifying an almost
complete loss of load-bearing capacity. These highly porous yet mechanically fragile aero-
gels showed pronounced deformation even under relatively low compressive stress and
exhibited limited resistance to further loading. Similar findings have been reported for
aerogels derived from over-modified starches and other biopolymers [16], where excessive
porosity severely compromises structural cohesion.

The bar chart depicting compressive strength further illustrates these trends by clearly
illustrating the descending order of mechanical resistance: AG0 > AG1 > AG2 > AG3 > AG4.
From a structure—property perspective, these results underscore the delicate trade-off
between porosity and strength. While increased porosity may be advantageous for ap-
plications such as adsorption, drug delivery, or insulation, excessive weakening renders
the aerogels unsuitable for practical applications requiring mechanical stability [38]. It
should be noted that AG1 was not the highest-performing in all individual properties.
For example, AGO exhibited the highest compressive strength, whereas AG2 showed the
highest relative crystallinity among the tested samples. Therefore, AG1 was considered
the most favorable sample within the tested formulations based on the overall balance
between pore accessibility and mechanical stability, rather than as a mathematically op-
timized formulation. In practical terms, AG1 provided a favorable compromise between
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higher porosity and mechanical stability, maintaining a compressive strength exceeding
4000 kPa while achieving improved porosity compared with AGO0. This combination aligns
with documented trends observed in starch- and cellulose-based aerogels [16,42], wherein
modest structural modification can yield multifunctional performance.

2.8. Equilibrium and Kinetic Study of the Adsorption of C3G with Aerogels
2.8.1. Equilibrium Adsorption Behavior

To preliminarily evaluate the influence of x-amylase modification on C3G adsorption
behavior, AGO and AG1 were selected as the unmodified control and the low-dose o-
amylase-modified aerogel, respectively. The equilibrium adsorption capacities (Q.) of AGO
and AGI1 at different initial C3G concentrations (Cp) are shown in Figure 8. In general, Qe
increased with increasing Cy from 5 to 1000 mg/L. At low concentrations (5-25 mg/L),
both aerogels showed relatively low adsorption capacities, which may be attributed to
the limited amount of C3G available in solution. Nevertheless, AG1 consistently showed
slightly higher Q. values than AG0 under low-C conditions.

(a) (b)
50 e 50
Bl ~Gl
40 40
Z IN =] 1
5 30 X = 30
80 £
) =)
g =
= =
A = ...
o 20 <20
= AGO
{ AGI
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H —— pscudo-second order of AG1
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Figure 8. The adsorption performance of AGO and AG1 for C3G. (a) C3G equilibrium adsorption

behavior. (b) Time curve of C3G adsorption and the fitting curves of the pseudo-first-order kinetic
model and the pseudo-second-order kinetic model.

When Cj increased to 50-200 mg/L, the adsorption capacities of both samples in-
creased rapidly. At 200 mg/L, AG1 reached 35.85 mg/g, while AGO reached 29.69 mg/g.
The higher adsorption capacity of AG1 may be associated with the structural changes
induced by ax-amylase modification, which could improve the accessibility of adsorp-
tion sites. Similar effects of porous structures on adsorption behavior have also been
reported in polysaccharide-based composite aerogels containing starch nanoparticles and
chitosan nanofibers [43].

At higher concentrations (250-1000 mg/L), the adsorption curves gradually ap-
proached a plateau. AG1 showed a saturation adsorption capacity of 43.3-43.9 mg/g,
whereas AGO remained at 35.0-36.0 mg/g. This result is consistent with the gradual
saturation of available adsorption sites at high concentrations.

Enzymatic modification may alter the ordered structure of starch and potentially
increase the exposure of hydroxyl groups. Since C3G contains multiple hydroxyl groups,
hydrogen-bonding interactions may contribute to the adsorption behavior of AG1, although
the present results do not directly establish this interaction as the dominant adsorption
mechanism. Overall, AG1 exhibited higher adsorption capacity than AGO over the tested
concentration range.
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2.8.2. Kinetic Adsorption Behavior

Based on the previously discussed Q.-Cy relationship, a concentration of 300 mg/L
was selected for kinetic analysis. At this concentration, adsorption approached saturation
while still showing clear dynamic changes. The kinetic adsorption curves of AG0 and
AGT1 are shown in Figure 8. Both samples exhibited rapid adsorption during the initial
stage (0-120 min), followed by a slower adsorption process. During the initial stage, C3G
was quickly adsorbed onto the external surface and onto the readily available adsorption
sites. AG1 showed a steeper initial adsorption trend, which may be related to the enhanced
accessibility of adsorption sites after x-amylase modification.

After 120 min, the adsorption rate gradually decreased and approached equilibrium.
This stage may be associated with the diffusion of C3G into internal pores and its inter-
actions with the starch matrix. Compared with AG0, AG1 maintained a relatively higher
adsorption rate during this stage, which may be attributed to the modified starch structure
and increased availability of adsorption sites.

As shown in Table 5, the pseudo-second-order model gave higher R? values than the
pseudo-first-order model for both aerogels. In addition, the calculated Q, values from the
pseudo-second-order model were closer to the experimental results. These results suggest
that the pseudo-second-order model was more suitable for describing the adsorption
behavior of C3G on the aerogels.

Table 5. Kinetic parameters of C3G adsorption by aerogel.

Kinetic Model Parameter AGO AG1
Pseudo-first-order ki (g/mg min) 0.0129 0.01255
Qe (mg/g) 36.56181 43.07036
R? 0.96326 0.94272
Pseudo-second-order k; (g/mg min) 0.00047 0.00039
Qe (mg/g) 41.23448 46.93357
R? 0.96799 0.97203

Values are mean + SD (n = 3). Differences between groups were considered statistically significant
(p <0.05).

Overall, AG1 exhibited higher adsorption capacity and faster adsorption behavior
than AGO, suggesting that x-amylase modification may have increased the accessibility of
adsorption sites and enhanced interactions between C3G molecules and the starch-based
aerogel matrix, which may have contributed to the observed adsorption behavior.

A limitation of the present study is the absence of Brunauer-Emmett-Teller (BET) (N,
adsorption—desorption) analysis, which would provide quantitative data on the specific
surface area and micro/mesopore size distribution of the starch aerogels. Given the hierar-
chical pore structure of these materials, BET pore characterization is warranted and will be
the focus of our future work. This will enable robust structure-performance correlations,
particularly between nanoscale pore features and the observed adsorption behavior.

3. Conclusions

This study successfully developed canna starch aerogels through controlled «-amylase
hydrolysis combined with freeze-drying and examined how different hydrolysis levels
influenced the aerogel structure and C3G adsorption behavior. Moderate hydrolysis (AG1)
partially disrupts the granular architecture and shortens starch chains, which facilitates
more uniform ice-crystal templating and yields a highly interconnected porous network
(porosity 92%) while preserving network integrity; by contrast, excessive hydrolysis thins
the pore walls and weakens inter-chain associations, causing local collapse and a marked
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loss of compressive strength. This porosity—stability trade-off reflects a general challenge
in polysaccharide-based aerogels, where open porosity and mechanical integrity must be
balanced through network design.

The pseudo-second-order model provided a better description of the adsorption
behavior, while the underlying adsorption mechanism may involve interactions between
the hydroxyl-rich starch matrix and the polyphenolic C3G structure, potentially including
hydrogen bonding. Compared with recently reported starch-based carriers, the AG1
aerogel achieved a competitive equilibrium adsorption capacity (43.9 mg/g) using only
enzymatic restructuring, without chemical crosslinking or nanofiller addition. Overall,
controlled enzymatic hydrolysis regulates the structural evolution of canna starch aerogels,
and adsorption performance is closely tied to the balance between pore openness and
network stability, supporting the potential of enzymatically tailored starch aerogels as
sustainable, high-performance carriers for sensitive bioactive compounds in functional
food systems.

4. Materials and Methods
4.1. Materials

Fresh canna tubers were procured from the local market in Wenshan, Yunnan Province,
China. Commercial wheat starch and corn starch for control experiments were obtained
from Hubei Yucheng E-commerce Co., Ltd. (Jingmen, Hubei, China) and Jingshan Jijiang
Food Co., Ltd. ((Jingmen, Hubei, China). Amylopectin standard (87.6%) and amylose
standard (from potato) (96.0%) were sourced from Northern Weiye Measurement Group
Co., Ltd. (Xinyang, Henan, China). a-Amylase (99%) and cyanidin 3-glucoside (C3G) (98%)
were purchased from Aladdin Scientific (Shanghai, China). All other reagents were of
analytical grade or above. The water used in the experiment was ultrapure water, prepared
in the laboratory.

4.2. Extraction of Canna Starch

Fresh canna tubers were cleaned, peeled, and diced. Canna starch was extracted follow-
ing a previously described method with slight modifications [44]. Briefly, the diced tubers
were mixed with distilled water at a solid-to-liquid ratio of 1:4 (w/v) and homogenized
using a commercial blender for 1 min. The homogenate was filtered through eight layers
of gauze to remove fibrous residues. After gravitational sedimentation, the supernatant
was decanted. The crude starch slurry was resuspended in distilled water at the same 1:4
(w/v) ratio, thoroughly stirred, and refiltered; this washing cycle was repeated three times.
Subsequently, the precipitate was centrifuged at 2000 rpm for 10 min. The supernatant
was discarded, and the yellowish impurity layer on the surface of the white starch pellet
was manually scraped off. The pellet was resuspended in distilled water and centrifuged
again. This purification process was repeated three times until the supernatant became
clear. Finally, the purified white starch precipitate was dried in a constant-temperature
oven at 40 °C to a constant weight. The dried starch was then pulverized and passed
through a 60-mesh sieve to yield a uniform canna starch powder.

4.3. Physicochemical Characterization of Canna Starch
4.3.1. Starch Extraction Yield

The starch extraction yield on a dry basis was calculated following the method of
Dorantes-Fuertes et al. [45], according to the following equation:

oy 1
Ed(%) = M < 1 1)
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where Ed is the extraction yield on a dry basis (%), W is the extracted starch mass (g), M is
the raw material mass (g), and U is the moisture content of the raw material (%).

4.3.2. Characterization of the Composition of Canna Starch

The moisture, ash, protein, and fat contents of the starches were determined following
the procedures outlined by Su et al. [46]. The amylose and amylopectin contents were
quantified based on the method of Lucas-Aguirre et al. with slight modifications [47].

4.3.3. Water Absorption Index, Water Solubility Index, and Swelling Power of Starch

The water absorption index (WAI), water solubility index (WSI), and swelling
power (SP) of the canna starch were evaluated following the protocol described by
Martinez-Rubio et al. [48]. Commercial wheat and corn starches were used as references
for comparative analysis.

Briefly, an accurately weighed starch sample (0.5 g, dry basis) was dispersed in 30 mL
of distilled water in a 100 mL Erlenmeyer flask. The mixture was continuously agitated
to form a uniform suspension, placed in a thermostatic oil bath with magnetic stirring
(500 rpm), and heated at target temperatures (65 °C, 75 °C, 85 °C, or 95 °C) for 30 min.
After gelatinization, the suspension was cooled to room temperature and centrifuged at
5000 rpm for 15 min, separating the mixture into a clear supernatant and a wet precipitate.

The entire supernatant was transferred into a pre-weighed Petri dish and dried in an
oven at 105 °C to a constant weight to determine the soluble residue mass. Concurrently,
the centrifuge tube containing the wet precipitate was inverted on absorbent paper for
10 min to drain excess free water, and the wet precipitate was weighed. Finally, the
precipitate was dried at 105 °C to a constant weight to record its dry mass. WAL, WSI, and
SP were calculated according to the Equations (2)—(4):

PRC

WAL= oA —PRE @
PRE
WSI = —= x 100 3)
PRC — PRCD
SP = ——— —— x 100 (4)

where PRC is the weight of wet centrifugal precipitation (g), PRCD is the dry weight of the
precipitate (g), PA is the initial dry weight of the starch sample (g), and PRE is the weight
of the dried supernatant residue (g).

4.4. Enzymatic Modification of Canna Starch

Enzymatically modified canna starch was prepared based on the protocol of
Li et al. [49] with minor modifications. Briefly, an aqueous starch suspension (1:6, w/w) in
an acetic acid-sodium acetate buffer (pH 4.8) was incubated in a 50 °C oil bath under con-
tinuous magnetic stirring (200 rpm). x-Amylase (activity > 500 KNU/g) was introduced at
1.5% (w/w, dry starch basis), and the hydrolysis was carried out at room temperature for
8 h until the dextrose equivalent (DE) reached 4 £ 0.5.

The reaction was rapidly terminated by neutralizing the mixture to pH 7.0 with
1 M NaOH. Following centrifugation (8000 rpm, 10 min), the obtained starch pellet was
washed in triplicate with distilled water, pre-frozen at —80 °C, and lyophilized for 48 h.
The resultant powder was sifted through a 250-mesh sieve to obtain the modified starch,
denoted as ACASt.
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4.5. Preparation of Starch-Based Aerogels

Aqueous suspensions with a total solid concentration of 10% (w/v) were prepared by
blending ACASt and unmodified canna starch using distilled water as the solvent. The
mass ratios of ACASt to unmodified starch were set at 0:10, 0.5:9.5, 1:9, 2.5:7.5, and 4:6.
The suspensions were gelatinized in an oil bath at 105 °C for 15 min under continuous
magnetic stirring at 500 rpm. Immediately after gelatinization, the hot starch paste was cast
into 6-well cylindrical molds (internal diameter 3.5 cm, height 2.3 cm). The samples were
subjected to a stepwise cooling program (25 °C, followed by 4 °C, and finally pre-frozen
at —80 °C). Once fully frozen, the samples were lyophilized (—80 °C, 48 h) to yield the
composite aerogels. The resulting aerogels were designated as AG0, AG1, AG2, AG3, and
AG4, corresponding to their respective mass ratios, with AGO serving as the blank control.

4.6. Physical Properties of Starch-Based Aerogels
4.6.1. Mechanical Properties

The mechanical properties of the composite aerogels were evaluated using a texture
analyzer (Brookfield CT3, Middleboro, MA, USA). Uniaxial compression tests were per-
formed to determine the compressive strength and obtain the stress—strain curves of the
samples. During the testing, each aerogel sample was compressed by a 5-mm diameter
cylindrical probe at a constant crosshead speed of 0.2 mm/s.

4.6.2. Density and Porosity

The density of the aerogels was determined using a fine sand displacement
method [50]. Briefly, a graduated cylinder was partially filled with fine sand and lev-
eled. The aerogel sample was then placed into the cylinder and covered with additional
fine sand to completely fill any void spaces between the sample and the cylinder walls. This
initial total volume (V1) was recorded. After carefully removing the aerogel, the remaining
sand was leveled again, and the second volume (V2) was recorded. The volume (V) and
apparent density (p) of the aerogels were calculated according to the following equation:

V=Vv2-V1 (5)

1%

P=M (6)

where V1 is the initial volume reading of the graduated cylinder, V2 is the second volume
reading after aerogel removal, and M is the mass of the dry aerogel.

The porosity was determined based on the liquid displacement method described by
Horvat et al. [51], with minor modifications. The pre-weighed dry aerogel was immersed
in ethanol until saturation. Upon removal, excess ethanol on the surface was gently wiped
off using filter paper, and the wet sample was immediately reweighed. The porosity of the
aerogels was calculated according to the following equation:

M2 — M1
— X

Porosity (%) = oV

100 ()

where M1 is the mass of the dry aerogel (g), M2 is the mass of the wet aerogel after ethanol
immersion (g), V is the volume of the dry aerogel obtained from Equation (7) (cm3), and p
is the density of ethanol (0.785 g cm—3).

4.7. Scanning Electron Microscope (SEM)

The morphology and size of the starch granules, as well as the porous structure of the
aerogels, were evaluated using SEM (S-3000N, Hitachi, Tokyo, Japan) based on the method
of Xiang et al. [52]. Starch powder samples were dusted onto double-sided conductive
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carbon tape, while the aerogel samples were sectioned and similarly affixed. All samples
were sputter-coated with gold prior to observation. The micrographs were acquired at
an accelerating voltage of 15 kV, with magnifications of 250 x and 500x for both starch
granules and aerogel sections. Following the procedure outlined by Boruczkowski et al. [53],
the sizes of at least 30 individual starch granules per sample were measured from the SEM
images using Image] software (version 1.54r).

4.8. Fourier Transform Infrared (FT-IR)

Various starches (unmodified canna, wheat, and corn starches), ACASt, and the
composite aerogels were prepared for FI-IR analysis. The spectra were recorded using a
Nicolet 5700 FT-IR spectrometer (Thermo Nicolet, Madison, WI, USA) in transmittance
mode at room temperature. Each spectrum was acquired over a wavenumber range of

4000 to 400 cm ™!, accumulating 32 scans with a spectral resolution of 4 cm ™!

, according
to the methodology described by Warren et al. [30]. The transmittance spectra were
converted to absorbance using A = —1gT, where T represents transmittance expressed as
a decimal fraction. The absorbance values at approximately 1047, 1022, and 995 cm~! in
the fingerprint region (1200800 cm 1) were obtained from the converted spectra, and
the absorbance ratios Ryp47,/1022 (ratio of absorbance at 1047 cm~! to that at 1022 cm™1)
and Rygpy /995 (ratio of absorbance at 1022 cm ™~ to that at 995 cm~!) were calculated and
used as semi-quantitative indicators of short-range molecular order and changes in the

hydrogen-bonding environment, respectively.

4.9. X-Ray Diffraction (XRD)

The crystalline structures of the starch and aerogel samples were characterized using
an X-ray diffractometer (D8 Advance, Bruker, Karlsruhe, Germany) [54]. The diffractograms
were recorded over a 20 scanning range of 5° to 80°. The instrument was operated at a
voltage of 40 kV and a current of 40 mA, with a scanning speed of 1°/min.

Calculations for relative crystallinity (RC) and crystallite size were based on the
method reported by Barros et al. [9]. The XRD patterns were first baseline-corrected,
and the crystalline peaks were separated from the amorphous region by peak deconvo-
lution using Origin software (version 2024). The RC was calculated based on the ratio
of the integrated crystalline peak area to the total fitted area, following the approach of
Staker et al. [55]. When severe overlap occurred between crystalline and amorphous re-
gions, peak deconvolution was applied to obtain reliable separation, and crystallite size
calculations were correspondingly excluded. The RC was determined according to the

following equation:

Ac
RC = ——— x 100% 8
AT A (®)

where A, is the integrated area of the crystalline peaks and A, is the integrated area of the
amorphous region.
The crystallite size (D) was estimated according to the following equation:

KA
~ Bcosf

©)

where K is a constant, A is the X-ray wavelength, § is the full width at half maximum of the
peak, and 6 is the Bragg angle.

4.10. Thermal Stability Analysis

The thermal stability of the samples was evaluated via thermogravimetric analysis
(TGA) using a TA Q500 thermal analyzer (TA Instruments, New Castle, DE, USA) un-
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der a dynamic nitrogen atmosphere. Based on the method of Staker et al. with minor
modifications [55], approximately 5.0 mg of each sample was placed in a crucible and
heated from 30 °C to 600 °C at a constant heating rate of 10 °C-min 1.

4.11. Adsorption Performance of ACASt Aerogels for C3G
4.11.1. Equilibrium Adsorption of C3G

Equilibrium C3G adsorption experiments were conducted according to the method
described by Fan et al. [56], with minor modifications. The ACASt aerogels (AG0O and
AG1) were ground and passed through a 50-mesh sieve. Subsequently, 50 mg of the
aerogel powder was added to 10 mL amber glass bottles containing 10 mL of aqueous
C3G solutions with varying initial concentrations (Cy = 5-1000 mg/L). The sealed bottles
were incubated in a thermostatic shaker at 150 rpm and 25 °C for 24 h to reach adsorption
equilibrium. Following incubation, the suspensions were filtered through a 0.22 pm
membrane filter, and the equilibrium concentrations (C.) of C3G in the filtrates were
determined spectrophotometrically at 520 nm. The equilibrium adsorption capacity, Qe
(mg/g), was calculated according to the following equation:

(Co—cg)XVXN

Qe = M (10)

where C is the initial concentration of C3G in the solution (mg/L), Ce is the equilibrium
concentration of C3G in the solution (mg/L), V is the volume of the C3G solution (mL), M
is the mass of the adsorbent (mg), and N is the dilution factor.

4.11.2. Adsorption Kinetics of C3G

The adsorption kinetics of C3G were investigated using a modified procedure. To
ensure the kinetic profile captured both the rapid initial uptake and the subsequent intra-
particle diffusion stage, the initial C3G concentration was selected based on the isothermal
equilibrium results. A concentration near adsorption saturation was targeted. Briefly,
50 mg of the sieved aerogel powder (50-mesh) was dispersed in 10 mL of the selected
C3G solution in amber bottles and agitated at 150 rpm and 25 °C. At predetermined time
intervals (5-1440 min), aliquots of the suspension were withdrawn, filtered (0.22 pm), and
analyzed at 520 nm. The adsorption capacity at time (Q;) (mg/g), was calculated according
to the following equation:

(Co—Ct) x VXN
M

where C; is the concentration of C3G in the liquid phase at time t (mg/L). The variables Cy,

Qt:

(11)

V, M, and N are defined identically to those in Equation (10). Both pseudo-first-order and
pseudo-second-order kinetic models were employed to fit the experimental data.

4.12. Statistical Analysis

All experiments were performed in triplicate, and the results are expressed as the
mean =+ standard deviation (SD). Data regarding the physicochemical parameters of the
starch samples, as well as the density and porosity of the aerogels, were evaluated using
a one-way analysis of variance (ANOVA). Differences between the mean values were
determined using Tukey’s test, and statistical significance was defined at a 95% confidence
level (p < 0.05).

https://doi.org/10.3390/gels12090753


https://doi.org/10.3390/gels12090753

Gels 2026, 12, 753 20 of 22

Author Contributions: Conceptualization, X.Z. and R.Y.; methodology, X.Z., X.H., and ].Y.; software,
X.H.,, J.Y,, CS., and Y.L.; validation, X.H., ].Y., C.S., and Y.L.; data curation, X.Z., X.H., J.Y., and
R.Y,; investigation, X.H., ].Y., C.S., and Y.L.; writing—original draft preparation, X.Z., X.H., and J.Y.;
writing—review and editing, X.Z., X.H., and R.Y,; funding acquisition, R.Y. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (grant
number 22478147).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Franco, P,; Cardea, S.; Tabernero, A.; De Marco, I. Porous aerogels and adsorption of pollutants from water and air: A review.
Molecules 2021, 26, 4440. [CrossRef] [PubMed]

2. Lou, EE; Dong, SJ.; Zhu, K.Y.; Chen, X.N.; Ma, Y.W. Thermal insulation performance of aerogel nano-porous materials:
Characterization and test methods. Gels 2023, 9, 220. [CrossRef] [PubMed]

3. Lee, J.H.; Park, S.J. Recent advances in preparations and applications of carbon aerogels: A review. Carbon 2020, 163, 1-18.
[CrossRef]

4. Li, M.X,; Xiong, Y.S.; Huang, Q.Q.; Luo, YW, Wei, W,; Lu, H.Q.; Hang, EX.; Li, W,; Liu, EJ.; Li, K. Sustainable pro-
tein/polysaccharide aerogel for the simultaneous and efficient removal of multiple organic contaminants: Insights from DFT
calculations and phenomenological mass-transfer modeling. J. Hazard. Mater. 2024, 479, 135575. [CrossRef] [PubMed]

5. Lin, Q.; Zhao, W.Q,; Liang, W.; Wang, X.Y.; Zeng, ].; Gao, H.Y.; Li, W.H. Ion type-based formation rules and functional properties
of polysaccharide-starch aerogels with chitooligosaccharide, xanthan gum, and locust bean gum: A comparative study. Food Res.
Int. 2025, 202, 115674. [CrossRef] [PubMed]

6.  Aberle, T.; Burchard, W.; Vorwerg, W.; Radosta, S. Conformational contributions of amylose and amylopectin to the structural
properties of starches from various sources. Starch 1994, 46, 329-335. [CrossRef]

7. Guo, L. Sweet potato starch modified by branching enzyme, 3-amylase and transglucosidase. Food Hydrocoll. 2018, 83, 182-189.
[CrossRef]

8. Druel, L.,; Bardl, R.; Vorwerg, W.; Budtova, T. Starch aerogels: A member of the family of thermal superinsulating materials.
Biomacromolecules 2017, 18, 4232—-4239. [CrossRef] [PubMed]

9.  Barros, J.H.T.; Frasson, S.E; Colussi, R. Characterization of pupunha starch (Bactris gasipaes var. gasipaes) and its application in
aerogel production. Food Biosci. 2024, 59, 104243. [CrossRef]

10.  Thitipraphunkul, K.; Uttapap, D.; Piyachomkwan, K.; Takeda, Y. A comparative study of edible canna (Canna edulis) starch from
different cultivars. Part I. Chemical composition and physicochemical properties. Carbohydr. Polym. 2003, 53, 317-324. [CrossRef]

11. Lai, K.L.; Tsai, Y.Z. Cultivation and processing of edible canna in subtropical Taiwan. Acta Hortic. 1990, 275, 117-122. [CrossRef]

12.  Falua, K.J.; Babaei-Ghazvini, A.; Acharya, B. Comparative study of the structure and mechanical properties of starch aerogels
fabricated from air-classified and isolated pulse starches. Int. |. Biol. Macromol. 2024, 257, 128478. [CrossRef] [PubMed]

13. Dura, A.; Blaszczak, W.; Rosell, C.M. Functionality of porous starch obtained by amylase or amyloglucosidase treatments.
Carbohydyr. Polym. 2014, 101, 837-845. [CrossRef] [PubMed]

14. Xie, J.; Ding, S. Composite modification of starch and adsorption capacity of starch microspherical aerogel. Int. J. Biol. Macromol.
2023, 226, 102-110. [CrossRef] [PubMed]

15. Jiang, K.L.; Wang, W.X.; Ma, Q.Y.; Wang, J.; Sun, J.F. Microwave-assisted enzymatic hydrolysis as a novel efficient way to prepare
porous starch. Carbohydr. Polym. 2023, 301, 120306. [CrossRef] [PubMed]

16. Zhao, D.; Zhang, X.Y.; Zhang, Y.Y.; Xu, E.B.; Yan, S.K.; Xu, H.D.; Li, M. Recent advances in the fabrication, characterization and
application of starch-based materials for active food packaging: Hydrogels and aerogels. Sustain. Food Technol. 2024, 2, 615-634.
[CrossRef]

17. Song, Z.; Ni, W.; Zheng, Y.; Ma, Y.; Cao, Y.; Han, L.; Yu, Q. A polysaccharide smart packaging materials: Anthocyanin

microcapsules synergized with nanosilver co-filled gellan gum/sodium alginate film for monitoring chilled mutton freshness.
Carbohydr. Polym. 2025, 368, 124221. [CrossRef] [PubMed]

https://doi.org/10.3390/gels12090753


https://doi.org/10.3390/molecules26154440
https://www.ncbi.nlm.nih.gov/pubmed/34361593
https://doi.org/10.3390/gels9030220
https://www.ncbi.nlm.nih.gov/pubmed/36975669
https://doi.org/10.1016/j.carbon.2020.02.073
https://doi.org/10.1016/j.jhazmat.2024.135575
https://www.ncbi.nlm.nih.gov/pubmed/39208631
https://doi.org/10.1016/j.foodres.2025.115674
https://www.ncbi.nlm.nih.gov/pubmed/39967144
https://doi.org/10.1002/star.19940460903
https://doi.org/10.1016/j.foodhyd.2018.05.005
https://doi.org/10.1021/acs.biomac.7b01272
https://www.ncbi.nlm.nih.gov/pubmed/29068674
https://doi.org/10.1016/j.fbio.2024.104243
https://doi.org/10.1016/s0144-8617(03)00081-x
https://doi.org/10.17660/actahortic.1990.275.10
https://doi.org/10.1016/j.ijbiomac.2023.128478
https://www.ncbi.nlm.nih.gov/pubmed/38029915
https://doi.org/10.1016/j.carbpol.2013.10.013
https://www.ncbi.nlm.nih.gov/pubmed/24299846
https://doi.org/10.1016/j.ijbiomac.2022.12.026
https://www.ncbi.nlm.nih.gov/pubmed/36495986
https://doi.org/10.1016/j.carbpol.2022.120306
https://www.ncbi.nlm.nih.gov/pubmed/36436855
https://doi.org/10.1039/d4fb00030g
https://doi.org/10.1016/j.carbpol.2025.124221
https://www.ncbi.nlm.nih.gov/pubmed/40947273
https://doi.org/10.3390/gels12090753

Gels 2026, 12, 753 21 0f22

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Bao, Y.; Wang, M.; Si, X.; Li, D.; Gui, H,; Jiang, Q.; Li, J.; Yang, S.; Yang, Y.; Li, Z.; et al. Customized development of 3D
printed anthocyanin-phycocyanin polychromatic oral film via chondroitin sulfate homeostasis: A platform based on starch and
k-carrageenan. Carbohydr. Polym. 2024, 330, 121817. [CrossRef] [PubMed]

Mojo-Quisani, A.; Licona-Pacco, K.; Choque-Quispe, D.; Calla-Florez, M.; Ligarda-Samanez, C.A.; Pumacahua-Ramos, A;
Huamani-Meléndez, V.J. Characterization of nano- and microstructures of native potato starch as affected by physical, chemical,
and biological treatments. Foods 2024, 13, 2001. [CrossRef] [PubMed]

Ubeyitogullari, A.; Ciftci, O.N. Formation of nanoporous aerogels from wheat starch. Carbohydr. Polym. 2016, 147, 125-132.
[CrossRef] [PubMed]

da Costa, D.A.; da Silva, ET.; da Cruz, E.P,; Fonseca, L.M.; Jansen, E.T.; Oliveira, R.M.; Souza, A.S.; Zavareze, E.d.R.; Zambiazi, R.C.
Water-absorbent biodegradable aerogels based on potato, cassava, bean, and maize starches applied in the absorption of chicken
exudate. Starch 2024, 76, 2300070. [CrossRef]

Li, M.; Daygon, V.D.; Solah, V.; Dhital, S. Starch granule size: Does it matter? Crit. Rev. Food Sci. Nutr. 2023, 63, 3683-3703.
[CrossRef] [PubMed]

Saari, H.; Heravifar, K.; Rayner, M.; Wahlgren, M.; Sj66, M. Preparation and characterization of starch particles for use in Pickering
emulsions. Cereal Chem. 2016, 93, 116-124. [CrossRef]

Panti¢, M.; Nowak, M.; Lavri¢, G.; Knez, Z.; Novak, Z.; Zizovic, L Enhancing the properties and morphology of starch aerogels
with nanocellulose. Food Hydrocoll. 2024, 156, 110345. [CrossRef]

Zhang, J.; Liu, Z.H.; Sun, ].X,; Yao, Z.].; Lu, H. The formation and performance tuning mechanism of starch-based hydrogels.
Carbohydr. Polym. 2025, 350, 123048. [CrossRef] [PubMed]

Kenar, J.A,; Eller, EJ.; Felker, EC.; Jackson, M.A_; Fanta, G.F. Starch aerogel beads obtained from inclusion complexes prepared
from high amylose starch and sodium palmitate. Green Chem. 2014, 16, 1921-1930. [CrossRef]

Joshi, P.; Gupta, K.; Uniyal, P; Jana, A.; Banerjee, A.; Kumar, N.; Ghosh, D.; Srivastava, M.; Ray, A.; Khatri, O.P. Cassava
starch-derived aerogels as biodegradable packaging materials. Mater. Chem. Phys. 2023, 296, 127282. [CrossRef]

Zou, EX.; Budtova, T. Starch alcogels, aerogels, and aerogel-like xerogels: Adsorption and release of theophylline. ACS Sustain.
Chem. Eng. 2023, 11, 5617-5625. [CrossRef]

Fernandes Pereira, PH.; da Silva, A.I.C.; Barbosa, R.ES.; Arantes, V.; Mulinari, D.R.; Rosa, D.S. Insights in the adsorption of
eco-friendly starch hydrogel. Adsorption 2024, 30, 1685-1702. [CrossRef]

Warren, EJ.; Gidley, M.].; Flanagan, B.M. Infrared spectroscopy as a tool to characterise starch ordered structure-a joint FTIR-ATR,
NMR, XRD and DSC study. Carbohydr. Polym. 2016, 139, 35—-42. [CrossRef] [PubMed]

Zou, E; Budtova, T. Tailoring the morphology and properties of starch aerogels and cryogels via starch source and process
parameter. Carbohydr. Polym. 2021, 255, 117344. [CrossRef] [PubMed]

Luo, Q.; Huang, X.; Gao, F; Li, D.; Wu, M. Preparation and characterization of high amylose corn starch-microcrystalline cellulose
aerogel with high absorption. Materials 2019, 12, 1420. [CrossRef] [PubMed]

Feng, ].H.; Luo, Q.L,; Liu, PL.; Niu, C.L,; Lu, Y.; Ye, FY. The structural and physicochemical properties of isolated starches from
Canna (Canna edulis Ker.) cultivated from different regions of China. Gels 2026, 12, 267. [CrossRef] [PubMed]

Clare, G.; Simoes, P.; Costa, B.F.O.; Duraes, L. Dual-function starch aerogels: Nutraceutical carriers for iron and folic acid delivery.
J. Drug Deliv. Sci. Technol. 2024, 100, 106069. [CrossRef]

Blanco-Vales, M.; Rodriguez-Quesada, L.F,; Passos, C.P.; Carracedo-Pérez, M.; Starbird, R.; Lépez-Iglesias, C.; Garcia-Gonzélez, C.A.
Moving forward into a second golden age: Innovative and sustainable production of reprocessed starch aerogels. Carbohydr.
Polym. 2026, 371, 124516. [CrossRef] [PubMed]

Dhua, S.; Mishra, P. Microwave drying: A novel technique in the sustainable development of corn starch-based aerogel and its
comparison with traditional freeze dried aerogel. Colloids Surf. A 2025, 720, 137135. [CrossRef]

Li, H,; Lv, H.N,; Yang, T.X.; Zhao, Q.S.; Zhao, B. Wheat starch-based aerogel for cannabidiol encapsulation: Structural analysis
and enhanced stability. . Mol. Lig. 2024, 413, 125923. [CrossRef]

Kaster, ].B.; Cruz, EP.d.; Silva, ET.d.; Hackbart, H.C.d.S.; Siebeneichler, T.J.; Camargo, T.M.; Radiinz, M.; Fonseca, L.M.;
Zavareze, E.d.R. Bioactive aerogels based on native and phosphorylated potato (Solanum tuberosum L.) starches incorporated with
star fruit extract (Averrhoa carambola L.). Int. ]. Biol. Macromol. 2024, 272, 132907. [CrossRef] [PubMed]

Tomas, A.A.F; Jiang, C.; Zakariyaou, S.Y.; Yang, F.; Li, Y.; Yan, H.; Xu, ]J.; Yu, X. The preparation of eco-friendly cassava starch
aerogel with hydrophobic properties for oil/water separation application. Next Res. 2026, 8, 101484. [CrossRef]

Fonseca, L.M.; Silva, ET.d.; Bruni, G.P; Borges, C.D.; Zavareze, E.d.R.; Dias, A.R.G. Aerogels based on corn starch as carriers for
pinhao coat extract (Araucaria angustifolia) rich in phenolic compounds for active packaging. Int. J. Biol. Macromol. 2021, 169,
362-370. [CrossRef] [PubMed]

Fang, ].Q.; Lu, . H.; Zhao, X.C.; Zhang, T.H.; Ye, H.Q.; Fang, T.Q.; Wang, Y.; Guo, N. Zearalenone removal using inactivated yeast
embedded in porous modified yam starch aerogels and its application in corn silk tea. Food Chem. 2024, 460, 140593. [CrossRef]
[PubMed]

https://doi.org/10.3390/gels12090753


https://doi.org/10.1016/j.carbpol.2024.121817
https://www.ncbi.nlm.nih.gov/pubmed/38368099
https://doi.org/10.3390/foods13132001
https://www.ncbi.nlm.nih.gov/pubmed/38998507
https://doi.org/10.1016/j.carbpol.2016.03.086
https://www.ncbi.nlm.nih.gov/pubmed/27178916
https://doi.org/10.1002/star.202300070
https://doi.org/10.1080/10408398.2021.1992607
https://www.ncbi.nlm.nih.gov/pubmed/34704861
https://doi.org/10.1094/cchem-05-15-0107-r
https://doi.org/10.1016/j.foodhyd.2024.110345
https://doi.org/10.1016/j.carbpol.2024.123048
https://www.ncbi.nlm.nih.gov/pubmed/39647951
https://doi.org/10.1039/c3gc41895b
https://doi.org/10.1016/j.matchemphys.2022.127282
https://doi.org/10.1021/acssuschemeng.2c07762
https://doi.org/10.1007/s10450-024-00509-z
https://doi.org/10.1016/j.carbpol.2015.11.066
https://www.ncbi.nlm.nih.gov/pubmed/26794944
https://doi.org/10.1016/j.carbpol.2020.117344
https://www.ncbi.nlm.nih.gov/pubmed/33436187
https://doi.org/10.3390/ma12091420
https://www.ncbi.nlm.nih.gov/pubmed/31052387
https://doi.org/10.3390/gels12030267
https://www.ncbi.nlm.nih.gov/pubmed/41892589
https://doi.org/10.1016/j.jddst.2024.106069
https://doi.org/10.1016/j.carbpol.2025.124516
https://www.ncbi.nlm.nih.gov/pubmed/41198326
https://doi.org/10.1016/j.colsurfa.2025.137135
https://doi.org/10.1016/j.molliq.2024.125923
https://doi.org/10.1016/j.ijbiomac.2024.132907
https://www.ncbi.nlm.nih.gov/pubmed/38862318
https://doi.org/10.1016/j.nexres.2026.101484
https://doi.org/10.1016/j.ijbiomac.2020.12.110
https://www.ncbi.nlm.nih.gov/pubmed/33340627
https://doi.org/10.1016/j.foodchem.2024.140593
https://www.ncbi.nlm.nih.gov/pubmed/39111046
https://doi.org/10.3390/gels12090753

Gels 2026, 12, 753 22 0f 22

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Machado, N.D.; Gofii, M.L.; Gafidn, N.A. Effect of supercritical CO, drying variables and gel composition on the textural
properties of cellulose aerogels. . Supercrit. Fluids 2025, 215, 106414. [CrossRef]

Sohrabi, N.; Almasi, H.; Moradi, M. Controlled porosity intelligent aerogel based on chitosan nanofiber, anthocyanins and starch
nanoparticles: Preparation, characterization and application in monitoring food spoilage. Food Hydrocoll. 2024, 156, 110261.
[CrossRef]

Ali, SM,; Siddique, Y.; Mehnaz, S.; Sadiq, M.B. Extraction and characterization of starch from low-grade potatoes and formulation
of gluten-free cookies containing modified potato starch. Heliyon 2023, 9, e19581. [CrossRef] [PubMed]

Dorantes-Fuertes, M.G.; Lépez-Méndez, M.C.; Martinez-Castellanos, G.; Meléndez-Armenta, R.A.; Jiménez-Martinez, H.E. Starch
extraction methods in tubers and roots: A systematic review. Agronomy 2024, 14, 865. [CrossRef]

Su, Q.Q.; Cai, S.Q.; Duan, Q.F; Huang, W.; Huang, Y.W.; Chen, P.; Xie, FW. Combined effect of heat moisture and ultrasound
treatment on the physicochemical, thermal and structural properties of new variety of purple rice starch. Int. J. Biol. Macromol.
2024, 261, 129748. [CrossRef] [PubMed]

Lucas-Aguirre, J.C.; Quintero-Castarfio, V.D.; Beltran-Bueno, M.; Rodriguez-Garcia, M.E. Study of the changes on the physico-
chemical properties of isolated lentil starch during germination. Int. J. Biol. Macromol. 2024, 267, 131468. [CrossRef] [PubMed]
Martinez-Rubio, L.M.; Pinzén-Cortes, G.J.; Alonso-Gomez, L.A.; Londofio-Restrepo, S.M.; Barrén-Garcia, O.Y.; Rodriguez-Garcia, M.E.
Study of the morphological, structural, thermal, pasting, and vibrational changes of acetylated isolated rice starch. J. Food Sci.
Technol. 2025. [CrossRef]

Li, RM.; Zhang, H.X,; Pan, S.K.; Zhu, M.W.; Zheng, Y. Preparation of slowly digested corn starch using branching enzyme and
immobilized a-amylase. ACS Omega 2022, 7, 17632-17640. [CrossRef] [PubMed]

Gupta, T.; Yellishetty, M.; Singh, T.N. Measurement of bulk volume and density of irregular solid samples by sand displacement
method. Rock Mech. Rock Eng. 2017, 50, 639-645. [CrossRef]

Horvat, G.; Panti¢, M.; Knez, Z.; Novak, Z. A brief evaluation of pore structure determination for bioaerogels. Gels 2022, 8, 438.
[CrossRef] [PubMed]

Xiang, Y.; Hu, Y.; Yu, W,; Huang, R.; Guo, X,; Tang, Z.; Xing, C.; Tan, Z. Kenaf cellulose nanofiber-based aerogel loading and
sustained-release cinnamon essential oil for chilled pork preservation. LWT 2026, 239, 118927. [CrossRef]

Boruczkowski, T.; Boruczkowska, H.; Drozdz, W.; Miszczak, M.; Leszczyniski, W. Use of Image] software for assessment of
mechanical damage to starch granules. Processes 2022, 10, 630. [CrossRef]

Yan, X.X.; Bai, J.L.; Liu, Z.Y,; Li, S.Y.; Zhang, T.H. Formation and properties of mung bean resistant starch nanoparticles. Int.
J. Food Sci. Technol. 2023, 58, 6234—6242. [CrossRef]

Staker, J.; Scheiman, D.A.; Mather, J.; Stokes, J.L.; Guo, H. Varying synthesis parameters of potato starch aerogel for aerospace
applications. Gels 2025, 11, 467. [CrossRef] [PubMed]

Fan, K.H.; Zhang, T.].; Xiao, S.Y.; He, H.; Yang, ]J.S.; Qin, Z.Y. Preparation and adsorption performance of functionalization
cellulose-based composite aerogel. Int. ]. Biol. Macromol. 2022, 211, 1-14. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/gels12090753


https://doi.org/10.1016/j.supflu.2024.106414
https://doi.org/10.1016/j.foodhyd.2024.110261
https://doi.org/10.1016/j.heliyon.2023.e19581
https://www.ncbi.nlm.nih.gov/pubmed/37809979
https://doi.org/10.3390/agronomy14040865
https://doi.org/10.1016/j.ijbiomac.2024.129748
https://www.ncbi.nlm.nih.gov/pubmed/38281537
https://doi.org/10.1016/j.ijbiomac.2024.131468
https://www.ncbi.nlm.nih.gov/pubmed/38599432
https://doi.org/10.1007/s13197-025-06422-9
https://doi.org/10.1021/acsomega.2c00462
https://www.ncbi.nlm.nih.gov/pubmed/35664616
https://doi.org/10.1007/s00603-016-1104-z
https://doi.org/10.3390/gels8070438
https://www.ncbi.nlm.nih.gov/pubmed/35877523
https://doi.org/10.1016/j.lwt.2025.118927
https://doi.org/10.3390/pr10040630
https://doi.org/10.1111/ijfs.16710
https://doi.org/10.3390/gels11060467
https://www.ncbi.nlm.nih.gov/pubmed/40558768
https://doi.org/10.1016/j.ijbiomac.2022.05.042
https://www.ncbi.nlm.nih.gov/pubmed/35551949
https://doi.org/10.3390/gels12090753

	Introduction 
	Results and Discussion 
	Physicochemical and Morphological Characterization of Canna Starch 
	Hydration Properties of Native Canna Starch 
	Fourier Transform Infrared Spectroscopy (FTIR) Analysis 
	Morphology of the Aerogels 
	XRD Analysis of Starches and Enzyme-Modified Canna Starch Aerogels 
	Thermal Stability Analysis of Starch and Aerogels 
	Mechanical and Structural Properties of Aerogels 
	Equilibrium and Kinetic Study of the Adsorption of C3G with Aerogels 
	Equilibrium Adsorption Behavior 
	Kinetic Adsorption Behavior 


	Conclusions 
	Materials and Methods 
	Materials 
	Extraction of Canna Starch 
	Physicochemical Characterization of Canna Starch 
	Starch Extraction Yield 
	Characterization of the Composition of Canna Starch 
	Water Absorption Index, Water Solubility Index, and Swelling Power of Starch 

	Enzymatic Modification of Canna Starch 
	Preparation of Starch-Based Aerogels 
	Physical Properties of Starch-Based Aerogels 
	Mechanical Properties 
	Density and Porosity 

	Scanning Electron Microscope (SEM) 
	Fourier Transform Infrared (FT-IR) 
	X-Ray Diffraction (XRD) 
	Thermal Stability Analysis 
	Adsorption Performance of ACASt Aerogels for C3G 
	Equilibrium Adsorption of C3G 
	Adsorption Kinetics of C3G 

	Statistical Analysis 

	References

