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The development of sustainable and functional alternatives to conventional plastic packaging is critical in

addressing environmental concerns and food preservation challenges. Here, we develop self-healable

biodegradable films based on sodium alginate and konjac glucomannan, plasticized with sorbitol, using

a straightforward single-step casting method. Besides being investigated in terms of their water-

triggered autonomous self-healing performance, these films have been applied on fresh fruit products,

which clearly show their outstanding properties and high potential in real applications. The resulting films

exhibit water-triggered intrinsic self-healing capability, achieving tensile strength recovery efficiencies of

95.76% and 73.65% for pure sodium alginate and konjac-glucomannan-blended sodium alginate

composite films, respectively. Physicochemical and mechanical characterization studies confirm that the

film healing process does not significantly alter film thickness, tensile strength, elongation at break,

Young's modulus, or water vapor transmission rate. Application trials on red grapes (Vitis vinifera L.) using

brushing and wrapping techniques demonstrate the films' effectiveness in preserving weight, firmness,

titratable acidity, vitamin C content, and visual appearance over a 20-day storage period under ambient

conditions. These findings highlight the dual role of konjac-glucomannan-blended sodium alginate films

as both biodegradable packaging and active self-repairing materials, offering a scalable, environmentally

friendly solution for fresh produce preservation.
Sustainability spotlight

This study presents a sustainable solution to growing environmental concerns about plastic packaging by developing self-healable and biodegradable lms. The
lms are based on renewable materials (sodium alginate and konjac glucomannan) and incorporate intrinsic self-healing properties. These lms not only offer
a solution for reducing reliance on plastic packaging but also enhance food preservation. The application of these lms to fresh produce such as red grapes
demonstrates their effectiveness in maintaining nutritional quality and visual appeal while providing an environmentally friendly alternative to conventional
plastic packaging. The simplicity of the casting method makes this approach scalable, supporting the transition towards more sustainable food packaging
technologies and minimizing reliance on conventional plastics.
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1. Introduction

The widespread reliance on plastic packaging in modern food
systems stems from its low weight, moldability, and excellent
barrier performance.1 However, most synthetic polymers are
non-biodegradable, leading to persistent environmental accu-
mulation and fragmentation into microplastics—pollutants
now detected across ecosystems and even in human tissues.2,3

These ecological and health concerns have spurred global
interest in biodegradable packaging alternatives that not only
preserve food quality but also mitigate environmental impact.

Among emerging solutions, biodegradable lms derived
from polysaccharides are especially promising due to their
natural abundance, renewability, and designation as generally
Sustainable Food Technol., 2026, 4, 2953–2966 | 2953
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recognized as safe (GRAS), making them suitable for direct food
contact applications.4 Sodium alginate (SA), a linear anionic
polysaccharide extracted from brown algae, forms transparent,
exible lms via ionic crosslinking and is easily processed in
aqueous systems.5 Konjac glucomannan (KGM), on the other
hand, is a high-molecular-weight polysaccharide that generates
viscous, hydrophilic matrices and can be combined with active
agents, such as lycopene microcapsules, to enhance antioxi-
dants and antimicrobial functionality in composite lm
systems.6 When blended, the low viscosity of SA and the
hydration-retentive nature of KGM produce composite matrices
with tunable mechanical and barrier properties.

Despite these benets, polysaccharide-based biolms
remain prone to mechanical damage such as cracking and
pinholing, which compromise their protective functions and
accelerate product spoilage.7 Inspired by self-repair mecha-
nisms in biological tissues, recent efforts have focused on
developing intrinsic self-healing lms. These materials are
capable of autonomously repairing microdamage through
reversible interactions such as hydrogen bonding, ionic
complexation, or host–guest chemistry, typically triggered by
mild environmental stimuli such as moisture or gentle pres-
sure.8 While promising, many existing self-healable biopolymer
systems are produced using complex fabrication techniques
(e.g., layer-by-layer deposition and deep eutectic solvent pro-
cessing), which limit scalability and industrial adoption.9–11

To address these challenges, we develop and produce self-
healable and biodegradable lms composed of SA and KGM,
plasticized with sorbitol, using a scalable single-step casting
method. The lms exhibit rapid, water-triggered healing and
can retain key physical and functional characteristics aer the
repair process. A comprehensive comparison of their physico-
chemical, mechanical, and healing properties against pure SA
lms is provided. Furthermore, to validate their practical
application in food preservation, the lms are applied via
brushing and wrapping to red grapes (Vitis vinifera L.), a non-
climacteric fruit prone to dehydration and browning. Storage
trials over 20 days under ambient conditions assess weight loss,
rmness, titratable acidity, vitamin C content, color, and visual
appearance. This work contributes to the growing eld of smart
biodegradable packaging by introducing a scalable self-healing
system and demonstrating its efficacy in extending the shelf life
of fresh produce.

2. Results and discussion
2.1. Material characteristics of biodegradable lms

Self-healable and biodegradable konjac-glucomannan-blended
sodium alginate (SAKGM) composite lms were fabricated
using a single-step casting method (see Fig. 1a). The lm-
forming solution was prepared by weighing the required
amounts of polymers, dissolving them in distilled water, and
stirring continuously at 70–80 °C for 40 minutes until a homo-
geneous mixture was obtained. Besides the SAKGM lm that
was fabricated at 1.5% SA and 0.5% KGM (w/v), the SA lm was
prepared at 2% (w/v) as a control. These used material
concentrations were determined based on our preliminary
2954 | Sustainable Food Technol., 2026, 4, 2953–2966
study, in which we had evaluated several SA : KGM ratios (i.e.,
1.75% SA and 0.25% KGM, 1.5% SA and 0.5% KGM, 1.25% SA
and 0.75% KGM, and 1.0% SA and 1.0% KGM). The selected
recipe (1.5% (w/v) SA and 0.5% (w/v) KGM) showed great
mechanical property (tensile strength), exibility (elongation at
break), and barrier characteristic (WVTR), indicating an
appropriate polymer interaction and lm-forming ability.
Besides that, higher KGM proportion was found to increase the
viscosity of the lm solution, leading to non-uniform casting
and poor drying performance. This behavior is due to the high
water-binding capacity of KGM, which is affected by the high
degree of acetylation of the glucomannan structure.12 Therefore,
the opted formula represents an optimal compromise between
functional performance and practical processing. Here, sorbitol
with a concentration of 1.5% (v/v) was also blended in the
solutions of both SA and SAKGM lms and used as a plasticizer.
The lm-forming solution was poured into a glass mold (20 cm
× 15 cm) and subsequently dried in a food dehydrator at 35 °C
for 18 hours. The lms were conditioned at 25 °C and 65–75%
relative humidity (RH) before further analysis. Fig. 1b and S1
depict the exemplary fabricated SAKGM lm.

Thematerial characteristics of both SA and SAKGM lms were
rst investigated prior to their self-healing performance evalua-
tion and real application on fresh produce. Fourier-transform
infrared (FTIR) spectroscopy was employed to identify func-
tional groups and investigate molecular interactions within the
developed lms, as shown in Fig. 1c. The FTIR spectra conrm
the successful formation of SA and KGM in both granule and lm
states, as well as the composite SAKGM lm, each displaying
characteristic absorption bands. Notably, absorption peaks at
3266 cm−1 and 2929 cm−1 correspond to O–H and C–H stretch-
ing vibrations, respectively, indicating the presence of hydroxyl
and alkyl groups. These groups likely originate from the incor-
poration of sorbitol as a plasticizer, which was not evident in the
granule forms due to the absence of these peaks in that region.
This observation aligns with previous ndings, where sorbitol
was reported to participate in intermolecular interactions with
polysaccharide matrices, enhancing the exibility and mechan-
ical integrity of the resulting lms.13,14

Further evidence of interaction between SA and KGM is
provided by the appearance of absorption bands at 1023 cm−1

and 882 cm−1. This range, which is attributed to C–O stretching
of the polysaccharide backbone, is consistent with that found in
the previous investigation of SAKGM composite lms.15 These
bands suggest the formation of a hydrogen-bonded network
between the two biopolymers rather than a covalent linkage.
The presence and slight shis of these characteristic peaks
compared to the individual spectra indicate improved molec-
ular compatibility and synergy in the composite matrix.15

Additionally, bands around 1000 cm−1 and 800 cm−1 reported
in the literature further support the existence of robust poly-
saccharide interactions,16 reinforcing the formation of a cohe-
sive, physically crosslinked lm structure. Besides that, the
bands observed near 1000–1600 cm−1 correspond to C–O and
C–O–C stretching of the polysaccharide backbone,17 and the
bands near 1200–960 cm−1 are associated with the skeletal
vibration absorption of the pyranose ring of SA.6
© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5fb00585j


Fig. 1 Material characteristics of self-healable and biodegradable films. (a) Fabrication process of biodegradable films based on sodium alginate
(SA) and konjac glucomannan (KGM) using a single-step casting method. (b) Photographs of the fabricated sodium alginate-based (SA) and
konjac-glucomannan-blended sodium alginate (SAKGM) composite films. (c) Fourier-transform infrared (FTIR) spectra of SA granule, KGM
granule, SA film, KGM film, and SAKGM film. (d) X-ray diffraction (XRD) analysis of the SA and SAKGM films. (e) Scanning electron microscopy
(SEM) images of SA and SAKGM films, showing their morphologies in top-view (left) and cross-sectional view (right). (f) Water contact angle
(WCA) measurement results of SA and SAKGM films, indicating their surface wettability. Both films are indicated to possess hydrophilic surfaces
(WCA < 90°).
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X-ray diffraction (XRD) analysis was performed to examine
the structural organization of the SA and SAKGM lms (Fig. 1d).
Both samples exhibited nearly identical diffraction proles
© 2026 The Author(s). Published by the Royal Society of Chemistry
characterized by a broad amorphous halo centered at approxi-
mately 2q z 20.7°, along with a weak shoulder near 14°. Both
lms also show a weak, broad diffuse scattering feature around
Sustainable Food Technol., 2026, 4, 2953–2966 | 2955
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2q z 38°, which is commonly observed in amorphous poly-
saccharide systems.18,19 These features conrm that both SA and
KGM, as well as their blend, possess predominantly amorphous
structures, consistent with typical polysaccharide-based lms.20

No additional peaks or peak shis were detected upon incor-
poration of KGM, indicating that the short-range packing
distance of the polymer chains remained unchanged and that
no new crystalline phases were formed. However, the SAKGM
lm displayed a slightly lower halo intensity compared to pure
SA, suggesting a reduction in local chain ordering.21 Collec-
tively, the XRD and FTIR evidence conrms that blending SA
with KGM yields a homogeneous, physically crosslinked amor-
phous lm without altering the intrinsic structural signature of
either polysaccharide.

Scanning electron microscopy (SEM) images offer insights
into the surface morphology of the self-healing biodegradable
lms based on SA and SAKGM (see Fig. 1d and S1). Both SA and
SAKGM lms exhibit continuous, crack-free, and pore-free
surfaces, indicating successful lm formation. The smooth
morphology observed in the SA lm can be attributed to the
presence of sorbitol, which, as also suggested by FTIR analysis,
facilitates hydroxyl and alkyl bonding. Acting as an internal
lubricant, sorbitol promotes chain mobility and uniform poly-
mer rearrangement during solvent evaporation.22 This obser-
vation is consistent with previous studies reporting that
sorbitol-plasticized polysaccharide lms, such as those based
on alginate and starch, tend to form smoother, more ductile
structures compared to unplasticized variants.23 Besides that,
the SAKGM lm exhibited a smoother and more compact
morphology. The surface micrographs show a uniform matrix
with slight undulations, conrming proper gelatinization and
homogeneous dispersion of the polymers. These features are
attributed to the strong hydrogen bonding between SA and
KGM, as also supported by the FTIR results showing charac-
teristic shis in the COO− and C–O bands. In contrast, granular
structures were reported in other studies, where composite
lms contain insoluble starch particles or partially gelatinized
polysaccharides.16,24

Water contact angle (WCA) analysis is a key method for
evaluating the surface wettability of packaging materials. A
surface is typically classied as hydrophilic when the contact
angle is below 90°.25 As depicted in Fig. 1f, both SA and SAKGM
lms exhibit hydrophilic behaviors with WCA values of (67.63 ±

5.27)° and (64.83 ± 5.36)°, respectively. Since there was no
statistically signicant difference between them (p > 0.05), their
surface wettability is considered comparable. This observation
is consistent with previous studies, which reported WCA in the
range of 60–65° for SA and KGM-based lms.16 These values
reect the inherent hydrophilic nature of polysaccharide-based
matrices, attributed to the abundance of hydroxyl groups.
Interestingly, earlier work had demonstrated that the incorpo-
ration of hydrophobic agents such as cinnamon essential oil
can increase the contact angle toward or beyond 90°, indicating
a shi toward more hydrophobic surfaces. This suggests
a potential strategy for tuning the surface properties of biode-
gradable lms by integrating functional additives. Thus,
although in the current study, the hydrophobicity of the SAKGM
2956 | Sustainable Food Technol., 2026, 4, 2953–2966
lm has not been optimized, the combination of self-healing
capability with tunable wettability through essential oil incor-
poration presents a promising direction for the future devel-
opment of multifunctional food packaging materials.
2.2. Self-healing performance

Self-healing biodegradable lms offer a novel approach to
sustainable packaging by enabling the autonomous repair of
mechanical damage, thereby extending product shelf-life while
maintaining environmental compatibility and barrier perfor-
mance.8,26 The healing behavior of the biodegradable lms was
assessed optically using a setup shown in Fig. 2a. Film samples
were xed onto glass slides and scratched using a razor blade.
To trigger the healing process, distilled water with a volume of
∼100 mL was applied directly to the damaged area on the lms.
The repair dynamics were observed and recorded in real-time
using a digital microscope. As depicted in Fig. 2b and c (see
Videos S1 and S2 for video illustration of self-healing perfor-
mance), SA and SAKGM lms demonstrate effective healing
when activated by water. Both SA and SAKGM possess inherent
self-healing properties based on reversible hydrogen bonding.
SA can reform bonds between –COO− and –OH groups upon
rehydration.9 The presence of KGM enhances this process
through its strong water-absorption capacity and chain mobility
derived from its acetylated glucomannan structure.27 Notably,
the SAKGM lm achieved full visual recovery within ∼120
seconds, while the SA lm required ∼240 seconds for complete
healing (see Fig. S2).

This accelerated self-repair in the SAKGM lm can be
attributed to the superior water-absorption capacity of konjac
glucomannan (KGM), which facilitates polymer chain swelling
and contributes additional hydroxyl groups to promote rapid
hydrogen bonding across damaged areas. Previous studies
report that 1 g of KGM can bind up to 100 g of water through
a dense network of hydrogen bonds, greatly enhancing molec-
ular mobility in moist environments.28 Comparable water-
triggered healing behavior was observed in a KGM–xanthan–
gallic acid composite system, which repaired damage within
approximately 15 minutes, emphasizing the potential of
polysaccharide-based matrices for rapid, food-safe self-healing
applications.29 This self-repair behavior is classied as an
intrinsic self-healing mechanism, in which the polymer
network is governed by dynamic, reversible interactions such as
hydrogen bonding, ionic cross-linking, metal–ligand coordina-
tion, and reversible covalent chemistries (e.g., Schiff-base and
boronate ester formation). These interactions enable repeated
healing of microdamage when triggered by external stimuli
such as water, humidity, gentle pressure, or mild pH
uctuations.8

In this study, the self-healing biodegradable lms were
fabricated using a single-step casting method, which does not
require sophisticated equipment, toxic solvents, or multistep
processing. This simplicity enhances its practicality and scal-
ability for industrial applications. In contrast, several previously
reported self-healable biopolymer systems, such as multilayer
chitosan/alginate lms prepared via layer-by-layer assembly9
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Self-healing performances of the developed biodegradable films. (a) Experimental setup for the self-healing observation of the developed
films. It employs an optical microscope connected to a personal computer (PC) for real-time monitoring of the healing process of a damaged
film assisted by a water droplet from a syringe. Optical microscopy images showing the water-assisted healing process of (b) pure sodium
alginate (SA) and (c) konjac-glucomannan-blended sodium alginate (SAKGM) films. Healing progression is observed from the initial state, after
scratching (0 s), partially healed states (at 10–170 s), to fully healed states (at 120–240 s), demonstrating faster healing performance in SAKGM
films compared to SA films.
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and deep eutectic solvent-based chitosan lms,11 rely on
complex or energy-intensive processes that limit scalability. The
present SAKGM lm system utilizes only water as a solvent,
heals autonomously under ambient conditions, and demon-
strates a suitable alternative.

Similarly, a multilayer chitosan/carboxymethyl-cellulose lm
fabricated via successive spray coatings and curing steps has its
own drawback.10 While effective, this method demands high-
temperature curing (50 °C) aer each deposition, increasing
energy consumption and introducing risks such as lm
delamination, optical haze, and reduced gas permeability under
uctuating humidity. Meanwhile, our developed SAKGM lm
can be produced and healed in an ambient environment (room
temperature). Additionally, the development of a citric-acid/
choline-chloride deep eutectic solvent system for chitosan
lm formation carries the risk of solvent migration and hygro-
scopic instability and requires external pressure to initiate
healing, indicating a non-autonomous process.11 In contrast,
the single-step casting method used in this work employs only
© 2026 The Author(s). Published by the Royal Society of Chemistry
potable water as the solvent, yields no hazardous residues, and
enables spontaneous, water-triggered healing without addi-
tional physical intervention. This intrinsic, solvent-free, and
energy-efficient process underscores the practical advantages of
the proposed SAKGM lm system for sustainable packaging
applications.
2.3. Mechanical performance

In addition to their self-healing capability, biodegradable lms
intended for food packaging must exhibit adequate mechanical
strength and barrier properties, including suitable thickness,
tensile strength, elongation at break, Young's modulus, and
water vapor transmission rate (WVTR), to ensure performance
and reduce reliance on conventional plastics.30 Fig. 3a, b, and
Table S2 show the physical and mechanical characteristics of
both biodegradable SA and SAKGM lms before and aer the
healing process. Themeasured lm thicknesses are in the range
of 0.15–0.20 mm. No signicant difference is observed in
thickness between the initial and self-healed samples for both
Sustainable Food Technol., 2026, 4, 2953–2966 | 2957
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Fig. 3 Physical andmechanical characteristics of self-healable and biodegradable films. Comparison of thickness, tensile strength, elongation at
break, Young's modulus, and water vapor transmission rate (WVTR) for both (a) pure sodium alginate (SA) and (b) konjac-glucomannan-blended
sodium alginate (SAKGM) composite films. The initial characteristics of film samples before being scratched are presented as SA and SKGM, while
their properties after being scratched and fully self-healed are indicated as SA-SH and SAKGM-SH, respectively.
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SA (SA and SA-SH) and SAKGM (SAKGM and SAKGM-SH) lms,
indicating that the self-healing process does not compromise
structural integrity. The slightly higher thickness observed in
the SAKGM and SAKGM-SH lms compared to their SA coun-
terparts can be attributed to the presence of konjac gluco-
mannan (KGM), which contributes a greater solid content to the
lm-forming solution. This increase in solid load enhances the
nal lm thickness, as more material is retained upon drying. A
similar trend was found in whey protein isolate-based edible
lms, where their thickness increased with higher solid-phase
content in the formulation.31 These results underscore the
importance of polymer composition in modulating lm thick-
ness and support the role of KGM as a reinforcing biopolymer in
biodegradable lm systems.

With respect to self-healing performance, the water-assisted
healing process was found to have a minimal impact on the
thickness of the biodegradable lms.30,31 Water diffuses into the
damaged region, facilitating molecular rearrangement and
hydrogen bond reformation without inducing signicant
changes in lm thickness. This observation is critical, as
thickness plays a pivotal role in determining the mechanical
and barrier properties of packaging lms, such as tensile
strength, elongation at break, and water vapor transmission
rate (WVTR).32 The preservation of thickness following the
healing process further supports the structural robustness and
functional stability of the SA and SAKGM lm matrices under
moisture-triggered repair conditions.

Tensile strength, elongation at break (EAB), and Young's
modulus are critical parameters for evaluating the mechanical
2958 | Sustainable Food Technol., 2026, 4, 2953–2966
performance of biodegradable lms.33 These mechanical prop-
erties were measured using a texture analyzer (see Fig. S3). As
presented in Fig. 3a and b, all prepared and treated lms do not
show signicant differences in tensile strength. The tensile
strength values for the initial SA and healed SA-SH lms are
(0.23 ± 0.04) MPa and (0.22 ± 0.08) MPa, respectively. Similarly,
for the initial SAKGM and healed SAKGM-SH lms, the tensile
strengths are (0.27 ± 0.08) MPa and (0.20 ± 0.10) MPa,
respectively, indicating that the self-healing process does not
substantially compromise tensile integrity. In terms of elonga-
tion at break (EAB), the initial SA and healed SA-SH lms
possess EAB values of (78.55 ± 13.79)% and (73.69 ± 15.86)%,
respectively, again showing no statistically signicant change
aer the healing process. In contrast, the SAKGM lms
demonstrated lower EAB values (see Table S2), suggesting
increased brittleness likely due to the denser matrix formed by
KGM incorporation. Furthermore, the obtained Young's
modulus of lms also supports this interpretation. The Young's
modulus values of SA and SA-SH are measured to be (0.30 ±

0.06) MPa and (0.31 ± 0.13) MPa, respectively, while those of
SAKGM and SAKGM-SH are notably higher, at (0.62 ± 0.12) MPa
and (0.60± 0.39) MPa, respectively. These ndings indicate that
the addition of KGM strengthens and stiffens the lm matrix,
likely through increased intermolecular interactions and
a more compact network structure. However, this increased
rigidity is accompanied by reduced exibility, as evidenced by
the lower EAB. A similar trend was reported in smart edible
lms based on chitosan and beeswax–pollen blends.34 Their
study showed that while tensile strength and Young's modulus
© 2026 The Author(s). Published by the Royal Society of Chemistry
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increased with the addition of structural modiers, the EAB
decreased, reecting a typical trade-off between strength and
elasticity for reinforced biopolymer systems.

The self-healing capability of the developed biodegradable
lms was demonstrated not only through visual recovery but
also through the restoration of mechanical integrity, particu-
larly tensile strength. Besides that, the lms were also
conrmed to be biodegradable, as evidenced by the biode-
gradability test conducted in this study (see Fig. S4). The water-
assisted healing process effectively repaired the damaged
regions, resulting in high self-healing efficiency. Quantitatively,
the self-healing efficiency values of SA and SAKGM lms are
calculated to be (95.76 ± 0.06)% and (73.65 ± 0.10)%, respec-
tively. These results highlight the potential of the system to
restore mechanical function following structural damage. In
comparison, another research has reported a 62% reduction in
tensile strength aer the healing process in sodium alginate–
chitosan lms fabricated using a layer-by-layer assembly tech-
nique, indicating less effective recovery.9 Higher self-healing
efficiencies of 83–92% were demonstrated by multilayer
chitosan/carboxymethyl cellulose (CMC) lms.10 The relatively
high healing performance observed in the current study,
particularly for the SA-based lm, demonstrates the effective-
ness of the single-step casting method and the role of water as
a benign, food-safe healing stimulus. Table S1 lists a compar-
ison of the proposed SAKGM lm with other state-of-the-art self-
healable biopolymer lms in regard to their materials, fabri-
cation methods, healing mechanisms, healing triggers, and
recovery times.

The efficiency of self-healing in biodegradable lms encom-
passes not only mechanical restoration but also the recovery of
barrier performance. Water vapor transmission rate (WVTR) is
a critical parameter that directly reects a lm's ability to func-
tion as an effective moisture barrier. As shown in Fig. 3a, b, and
Table S2, the WVTR values for both SA and SAKGM lms before
and aer the self-healing process show no statistically signicant
difference (p > 0.05), suggesting that healing process did not alter
their barrier properties. Specically, the WVTR values of the
initial SA and SA-SH lms are (7.81± 0.83) g m−2 h−1 and (6.56±
1.35) g m−2 h−1, respectively. Likewise, the SAKGM and SAKGM-
SH lms show WVTR values of (6.18 ± 1.25) g m−2 h−1 and (7.09
± 0.49) g m−2 h−1, respectively, indicating no signicant degra-
dation in barrier properties post-healing. These results suggest
that the intrinsic self-healing process not only mends visible and
mechanical damage but also preserves the functional integrity of
the lm as a moisture barrier. This nding contrasts with the
previously reported results on a chitosan–beeswax/propolis-
glycerol (PG) composite lm, which exhibited reduced WVTR
from (2065.23 ± 10.80) g m−2 d−1 to (1038.07 ± 5.78) g m−2 d−1

following the healing process.34 The decrease in WVTR in that
system was attributed to the incorporation of beeswax, a hydro-
phobic component that forms amore effectivemoisture barrier.35

In the present study, the absence of such hydrophobic additives
likely contributed to the consistent WVTR values before and aer
healing, indicating that the barrier recovery was primarily gov-
erned by polymer matrix restoration through hydrogen bonding.
© 2026 The Author(s). Published by the Royal Society of Chemistry
2.4. Film applications on grapes

Aer evaluating the mechanical characteristics and self-healing
performances of both fabricated SA and SAKGM lms, we
conducted application tests on fresh fruits. Here, only SAKGM
lms were used due to their enhanced self-healing properties
(i.e., faster recovery time) compared to their SA counterparts.
For the fresh produce models, red grapes (Vitis vinifera L.) of
uniform size, shape, and ripeness were selected and subjected
to three treatments: (1) uncoated control, (2) brushing with the
SAKGM lm solution (see Fig. 4a), and (3) wrapping with the
pre-formed SAKGM lm (see Fig. 4b). Grapes were placed in
trays and stored at room temperature (27–29 °C, 70–80% RH)
for 20 days. Observations on ve different parameters (i.e.,
weight loss, rmness, titratable acidity, vitamin C content, and
color change) of samples were conducted on days 0, 5, 10, 15,
and 20. Table S3 shows the physicochemical and nutritional
value of grapes aer 20 days of storage.

First, weight loss in fresh produce is primarily attributed to
moisture loss through respiration and transpiration.36 In this
application test, all samples experienced progressive mass
reduction during 20 days of storage under ambient conditions
((28 ± 2) °C, (75 ± 5)%RH) (see Fig. 4c). Uncoated grapes
exhibited a rapid decline, losing 11.38% of their initial mass by
day 5 and becoming visibly spoiled by day 8. This trend is
consistent with previous ndings where uncoated fruits
browned and dehydrated rapidly due to unregulated water
loss.36 In contrast, grapes treated via brushing and wrapping
with the developed lms exhibited improved retention of water,
with total weight loss values of (21.82 ± 1)% and (22.93 ±

1.67)%, respectively, aer 20 days. No signicant difference was
observed between the brushing and wrapping methods (p >
0.05), indicating comparable performance in mitigating the
reduction of weight. This reduction suggests that both lm
application methods effectively created a semi-permeable
barrier that can reduce transpiration. These ndings are in
line with other polysaccharide-based coatings that reported
a 57% reduction in weight loss using a jackfruit-seed starch lm
with pomegranate-peel extract, while another research has re-
ported a 53% reduction in ‘Kyoho’ grapes coated with a konjac-
glucomannan/curdlan/camellia-oil composite layer.36,37

Second, fruit rmness is a critical indicator of freshness and
consumer acceptability.38 As shown in Fig. 4d, since there was
no statistically signicant difference between them (p > 0.05),
the rmness declines gradually in all samples throughout
storage. Uncoated fruit shows high degradation, attributable to
increased water loss and enzymatic soening. In contrast,
brushing and wrapping treatments can retain rmness more
effectively, likely due to reduced moisture loss and the forma-
tion of a modied microenvironment that suppressed enzy-
matic activity, such as polygalacturonase and pectin-
methylesterase, which are involved in cell wall degradation.
This mechanism is supported by previous studies, where
a 54.5% lower rmness loss was observed in ‘Kyoho’ grapes
treated with KGM/curdlan/camellia oil lms,36 and pome-
granate peel extract-functionalized coatings reduced rmness
decline by z30% over 21 days in white grapes.37
Sustainable Food Technol., 2026, 4, 2953–2966 | 2959
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Fig. 4 Self-healable and biodegradable film applications on red grapes (Vitis vinifera L.). Application tests of konjac-glucomannan-blended
sodium alginate (SAKGM) films on grapes were conducted using (a) brushing and (b) wrapping methods. Changes in (c) weight loss, (d) firmness,
(e) titratable acidity, and (f) vitamin C content of samples during 20 days of storage under different treatments (i.e., bare/uncoated, brushing with
the SAKGM solution, and wrapping with the SAKGM film).
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Third, titratable acidity is a reliable freshness index in non-
climacteric fruits such as grapes and reects the organic acid
pool, including tartaric, malic, and citric acids.36 From the
application tests, titratable acidity levels in uncoated grapes
decline steadily (see Fig. 4e) showing no statistically signicant
change aer storage, which indicates progressive metabolic
degradation both in brushing and wrapping. However, both
brushing and wrapping treatments maintain relatively stable
acidity over the storage period. The observed minor uctuations
2960 | Sustainable Food Technol., 2026, 4, 2953–2966
are attributed to the balance between respiration and gluconeo-
genic regeneration of organic acids during the tricarboxylic acid
cycle (TCA).39 The SAKGM lms, regardless of the application
method, buffered the organic acid reservoir, likely due to reduced
gas exchange and moisture loss. Similar metabolic buffering has
been reported for KGM/curdlan lms36 and in gluconeogenic
behavior observed in coated fruit systems.40

Fourth, vitamin C (ascorbic acid) degradation in postharvest
fruit is largely driven by oxidative stress and water loss rather
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Visual monitoring of grape color changes during application tests. (a) Visual appearance of grapes stored for 20 days under different
treatments (uncoated, brushing, and wrapping). (b) Color transition of the grape from its pre-ripe to overripe condition. (c) Color difference
values of grapes after being stored for 20 days, showing improved color retention in treated samples compared to the uncoated group.

Paper Sustainable Food Technology

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
4/

20
26

 9
:3

6:
17

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
than ethylene action, given the non-climacteric nature of
grapes.41 As shown in Fig. 4f, there was no statistically signi-
cant difference between brushing and wrapping treatment.
However, vitamin C levels declined highly in uncoated fruit but
remained substantially preserved in the brushed and wrapped
groups throughout the 20 days. This retention is attributed to
the lms' ability to reduce oxygen permeability and moisture
evaporation, which can slow down oxidative degradation of
ascorbic acid. Comparable ndings were reported when ascor-
bic acid was embedded into polyurethane matrices, resulting in
a 25% higher vitamin C content in coated grapes aer 14 days.42

Another research had improved antioxidant retention in
‘Kyoho’ grapes using KGM-based coatings.36 These results
© 2026 The Author(s). Published by the Royal Society of Chemistry
conrm the protective effect of biopolymer lms in moderating
oxidative reactions and preserving nutritional quality during
extended storage.

Lastly, color is a critical sensory attribute inuencing
consumer perception and acceptance of fresh fruit quality.43 As
displayed in Fig. 5a, the visual appearance of grapes stored
under different treatments varies signicantly over the 20 days.
Fig. 5b shows the illustration of the ripening stages of grapes
from pre-ripe to overripe. Quantitative analysis of color differ-
ence (DE*) values (Fig. 5c) showed that both brushing and
wrapping treatments effectively preserved the visual quality of
the grapes, exhibiting signicantly lower DE* values compared
to the uncoated control. No signicant difference was observed
Sustainable Food Technol., 2026, 4, 2953–2966 | 2961
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between the brushing and wrapping methods, indicating
comparable performance in mitigating color change.

The uncoated samples, by contrast, show substantial
browning and discoloration, reected by higher DE* values.
This is consistent with previous studies that demonstrated the
ability of biopolymer-based lms and coatings to reduce visible
color degradation by limiting oxygen and moisture diffusion.
For example, banana-pseudostem-ber-derived nanocellulose/
polyvinyl alcohol (PVA) lms reduced DE* and extended the
visual appeal of ‘Bangalore Blue’ grapes for over ten days.44

Similarly, lotus-root-starch lms fortied with quercetin nano-
particles maintained DE* values around two units over three
weeks at room temperature.43 Another research also demon-
strated that jackfruit-seed-starch coatings enriched with
pomegranate peel extract preserved the color of white grapes
during eight days of storage.37 These ndings align with the
present study, conrming that both brushing and wrapping
with SA/KGM lms provide effective barriers to oxygen and
moisture, which in turn suppresses enzymatic browning reac-
tions. The enhanced color retention in treated samples under-
scores the potential of these biodegradable lms to preserve
visual quality and extend the marketable shelf-life of fresh
produce.

3. Conclusions

Self-healable and biodegradable lms based on sodium alginate
(SA) and konjac glucomannan (KGM) have been developed
using a simple, scalable single-step casting method. The
resulting lms have demonstrated excellent intrinsic self-
healing capability, triggered by water exposure, with healing
efficiencies of up to 95.76% for pure SA and 73.65% for konjac-
glucomannan-blended sodium alginate (SAKGM) composite in
tensile strength recovery. Notably, the self-healing process has
preserved both mechanical and barrier properties, including
thickness, elongation at break, Young's modulus, and water
vapor transmission rate (WVTR), conrming the structural
integrity and functionality of the lms aer repair. Application
trials on grapes have further highlighted the potential of the
lms in fresh produce preservation. Both brushing and wrap-
ping treatments using the developed lms have effectively
reduced weight loss, retained rmness, maintained titratable
acidity and vitamin C levels, and preserved color during 20 days
of storage at room temperature. These ndings underscore the
dual functionality of the SAKGM lms in enhancing food shelf-
life while supporting sustainable packaging initiatives. Given
their food-safe composition, ease of application, and water-
triggered repairability, these self-healing biodegradable lms
represent a promising candidate for practical implementation
in food packaging systems. The single-step castingmethod used
in this study demonstrates strong industrial relevance, as it is
simple, practical and adaptable to larger-scale production,
without the need for specialized equipment or complex pro-
cessing steps. However, several challenges remain for future
upscaling, particularly the need to maintain consistent lm
quality and structural uniformity under high-volume
manufacturing conditions. From a cost perspective, the
2962 | Sustainable Food Technol., 2026, 4, 2953–2966
reduced number of processing steps and the use of readily
accessible, food-grade components offer clear advantages for
lowering production expenses compared to multistages or
solvent-intensive fabrication methods. Furthermore, the
biodegradable nature of this lm aligns with global sustain-
ability goals by reducing reliance on single-use plastic pack-
aging and contributing to waste reduction. Future research may
focus on extending the material's functionalization, such as
incorporating active agents, to further enhance antimicrobial or
antioxidant properties.

4. Methods
4.1. Materials, lm preparation, and application

Sodium alginate (SA) was obtained from PT Samiraschem
Indonesia (Jakarta, Indonesia), and konjac glucomannan
(KGM) was sourced from Chengdu Root Industry Co., Ltd
(Chengdu, China). Food-grade sorbitol and laboratory-grade
distilled water were purchased from Prima Chemical Store
(Purwokerto, Indonesia). In total, 440 grapes (Vitis vinifera L.)
were harvested at commercial maturity ($85% surface color
break) and selected individually for uniform shape and weight
(i.e., (20 ± 10) g). These grapes were purchased from a single
commercial orchard in Purwokerto, Central Java, Indonesia, to
ensure consistent treatment and evaluation. In our study,
grapes were selected as the application fruit because they are
highly perishable, possess a thin epidermis, and are prone to
rapid moisture loss and microbial decay aer harvest. These
characteristics make grapes an ideal system for evaluating the
effectiveness of biodegradable and self-healing lms in
reducing dehydration and maintaining postharvest quality. For
testing on a laboratory scale, individual grapes were used to
ensure uniform coating coverage, reproducible physicochem-
ical measurements, and to minimize cross-contamination
between fruits. Analyzing individual samples also allows for
controlled observation of the self-healing and barrier perfor-
mance of the lms. Comparable studies have employed similar
mechanisms; laboratory-scale approaches investigated the
coating and preservation of individual grapes using biopolymer-
based lms under laboratory conditions, highlighting that this
approach allows precise assessment of moisture loss and
microbial inhibition at the single-fruit level.42,45 All chemicals
and fruit samples were used as received without any further
purication or pretreatment.

The fabrication process for the self-healing biodegradable
lms is schematically illustrated in Fig. 1a, which comprises
three main stages (i.e., solution preparation, one-step casting,
and lm drying processes). The total polymer concentration was
maintained at 2% (w/v). For the control formulation, the SA was
used at 2% (w/v), while the composite lm formulation con-
sisted of 1.5% SA (w/v) and 0.5% KGM (w/v). Sorbitol was
incorporated as a plasticizer at a concentration of 1.5% (v/v). A
total of 250 mL of the prepared lm-forming solution was
poured into a clean glass mold (20 cm × 15 cm) and subjected
to a single-step casting method. The lms were dried in a food
dehydrator at 35 °C for 18 hours. Following drying, the trans-
parent lms were gently removed from the mold and
© 2026 The Author(s). Published by the Royal Society of Chemistry
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conditioned at 25 °C and 65–75% relative humidity (RH) prior to
further use and analysis.
4.2. Physical and mechanical characterizations

Physical and mechanical characterization studies of the lms
include evaluations of water content, lm thickness, tensile
strength, elongation at break (EAB), Young's modulus, water
vapor transmission rate (WVTR), and self-healing efficiency.10

The lm thickness was measured using a screw micrometer
(Krisbow) at ten random locations, where the results were re-
ported in millimeters.46

Mechanical properties (tensile strength, EAB, and Young's
modulus) were determined using a texture analyzer (TA-XT,
Stable Microsystems, UK) in accordance with ASTM D882-12.
Film strips with a dimension of 20 × 100 mm2 were tested
with pre-test, test, and post-test speeds of 5 mm s−1, 1 mm s−1,
and 5 mm s−1, respectively. The testing distance was set to
150 mm with a 5 g trigger force. Mechanical parameters were
calculated using the following equations:

st ¼ F

A
(1)

3b ¼
�
L� L0

L0

�
� 100% (2)

E ¼ st

3b
(3)

Healing efficiency ¼
�
Healed tensile strength

Initial tensile strength

�
� 100% (4)

where st is the tensile strength, F is the maximum tensile force
at break, A is the cross-sectional area, 3b is EAB, L0 is the initial
gauge length, L is the length at rupture, and E is Young's
modulus.

The water vapor transpiration rate (WVTR) was measured by
the desiccant method according to a previous study following
the ASTM standard test method (ASTM, 2003) with several
modications.24,47 Silica gel was placed into ceramic desiccant
cups, which were sealed with the test lms and placed in
a controlled environment chamber set at 25 °C and ∼75% RH
using saturated NaCl solution (Merck, Germany). The cups were
periodically weighed using an analytical balance. WVTR was
calculated using the following equation (eqn (5)):

WVTR ¼ G

tA
(5)

where G is the weight gain (g), t is the time (hour), and A is the
exposed lm area (m2), with the slope G/t determined via linear
regression.
4.3. Material characterizations

The surface morphology of the lms was analyzed using scanning
electron microscopy (SEM, Hitachi TM3000, Japan). Film speci-
mens were affixed onto copper stubs using double-sided conductive
adhesive and observed at 1000×magnication.Hydrophobicity was
evaluated via water contact angle (WCA) measurement using the
© 2026 The Author(s). Published by the Royal Society of Chemistry
sessile drop method. A 6 mL droplet of deionized water was gently
placed on the lm surface using a micro-syringe, and images were
captured at 0–30 s intervals using an optical camera. Image analysis
and contact angle quantication were performed using ImageJ
soware, with each measurement repeated in triplicate. Fourier-
transform infrared (FTIR) spectroscopy was employed to identify
functional groups and analyze molecular interactions within the
lms. FTIR spectra were recorded in the range of 400–4000 cm−1

using a Thermo Scientic Nicolet iS10 spectrometer.
4.4. Analysis of grapes during lm application tests

Five different parameters (i.e., weight loss, rmness, titratable
acidity, vitamin C level, and color characteristic) of biodegrad-
able lms were monitored and determined in their applications
on grapes for a 20-day storage time. First, weight loss was
calculated using the initial and nal weights of grapes and
expressed as a percentage loss using eqn (6):

Weight loss ¼
�
w0 � w1

w0

�
� 100 (6)

where w0 and w1 are the weights of grapes at the start and end of
the storage period, respectively. Second, rmness was deter-
mined using a texture analyzer (TA-XT, Stable Microsystems, UK)
with a P/2N needle probe. The same speed of 1 mm s−1 was set
during pre-test, test, and post-test. The compression distance was
7 mm, in accordance with protocols.42 Third, titratable acidity
(TA) was quantied by titrating 10 mL of grape juice with
phenolphthalein as the pH indicator, using 0.1 mol L−1 NaOH.
The result was expressed as % tartaric acid using eqn (7):

Titratable acidity ¼ VNaOH �NNaOH � 0:075

Sample weight ðgÞ � 1000
� 100% (7)

where VNaOH and NNaOH are the volume and normality of NaOH,
respectively. Meanwhile, the value of 0.075 is the conversion
factor for tartaric acid. Fourth, vitamin C content was deter-
mined using the iodine titrationmethod.48 A 1% starch solution
was added to 20–30 mL of grape juice, and the mixture was
titrated with 0.01 N iodine until a persistent color change was
observed. Vitamin C level was calculated using eqn (8):

Vitamin C level = Viodine × 0.88 × dilution factor (8)

Color characteristics were measured using a Chroma Meter
(CR-400, Konica Minolta, USA) based on the CIE Lab* color
space. Measurements were carried out on days 0 and 20 to
evaluate lightness (L*), red-green (a*), and yellow-blue (b*)
values. Total color difference (DE) was calculated using eqn (9):

DE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
L*

2 � L*
1

�2 þ ða*2 � a*1Þ2 þ
�
b*2 � b1

2
�2q

(9)

where L*1 and L*2 are lightness levels on days 0 and 20, respec-
tively. Meanwhile, a*1, a

*
2, b

*
1, and b*2 are red-green and yellow-

blue values on days 0 and 20, respectively.
4.5. Statistical analysis

All experiments were conducted in triplicate, and the resulting
data were expressed as (mean ± standard deviation). Statistical
Sustainable Food Technol., 2026, 4, 2953–2966 | 2963
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analyses were performed using SPSS version 28 soware with
one-way analysis of variance (ANOVA) at a 95% condence level
to evaluate differences among treatments, and the results were
considered signicant at p < 0.05. Data visualization was carried
out using OriginPro 2025 soware.
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