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Sustainability Spotlight

This study presents a sustainable solution to growing environmental concerns about plastic 
packaging by developing self-healable and biodegradable films. The films are based on renewable 
materials (sodium alginate and konjac glucomannan) and incorporate intrinsic self-healing 
properties. These films not only offer a solution for reducing reliance on plastic packaging, but 
also enhance food preservation. The application of these films 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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20 Abstract

21 The development of sustainable and functional alternatives to conventional plastic packaging is 
22 critical in addressing environmental concerns and food preservation challenges. Here, we develop 
23 self-healable biodegradable films based on sodium alginate and konjac glucomannan, plasticized 
24 with sorbitol, using a straightforward single-step casting method. Here, we develop self-healable 
25 biodegradable films based on sodium alginate and konjac glucomannan, plasticized with sorbitol, 
26 using a straightforward single-step casting method. Besides being investigated in terms of their 
27 water-triggered autonomous self-healing performance, these films have been applied on fresh fruit 
28 products, which clearly show their outstanding properties and high potential in real applications. 
29 The resulting films exhibit water-triggered intrinsic self-healing capability, achieving tensile 
30 strength recovery efficiencies of 95.76% and 73.65% for pure sodium alginate and konjac-
31 glucomannan-blended sodium alginate composite films, respectively. Physicochemical and 
32 mechanical characterizations confirm that healing does not significantly alter film thickness, 
33 tensile strength, elongation at break, Young’s modulus, or water vapor transmission rate. 
34 Application trials on red grapes (Vitis vinifera L.) using brushing and wrapping techniques 
35 demonstrate the films' effectiveness in preserving weight, firmness, titratable acidity, vitamin C 
36 content, and visual appearance over a 20-day storage period under ambient conditions. These 
37 findings highlight the dual role of konjac-glucomannan-blended sodium alginate films as both 
38 biodegradable packaging and active self-repairing materials, offering a scalable, environmentally 
39 friendly solution for fresh produce preservation.
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40 Keywords: biodegradable film; self-healable polymer, sodium alginate, konjac glucomannan, 
41 food preservation

42 1. Introduction

43 The widespread reliance on plastic packaging in modern food systems stems from its low weight, 
44 moldability, and excellent barrier performance [1]. However, most synthetic polymers are non-
45 biodegradable, leading to persistent environmental accumulation and fragmentation into 
46 microplastics—pollutants now detected across ecosystems and even in human tissues [2], [3]. 
47 These ecological and health concerns have spurred global interest in biodegradable packaging 
48 alternatives that not only preserve food quality but also mitigate environmental impact.

49 Among emerging solutions, biodegradable films derived from polysaccharides are especially 
50 promising due to their natural abundance, renewability, and designation as generally recognized 
51 as safe (GRAS), making them suitable for direct food contact applications [4]. Sodium alginate 
52 (SA), a linear anionic polysaccharide extracted from brown algae, forms transparent, flexible films 
53 via ionic crosslinking and is easily processed in aqueous systems [5]. Konjac glucomannan 
54 (KGM), on the other hand, is a high-molecular-weight polysaccharide that generates viscous, 
55 hydrophilic matrices and can be combined with active agents, such as lycopene microcapsules, to 
56 enhance antioxidants and antimicrobial functionality in composite film systems [6]. When 
57 blended, the low viscosity of SA and the hydration-retentive nature of KGM produce composite 
58 matrices with tunable mechanical and barrier properties.

59 Despite these benefits, polysaccharide-based biofilms remain prone to mechanical damage such as 
60 cracking and pinholing, which compromise their protective functions and accelerate product 
61 spoilage [7]. Inspired by self-repair mechanisms in biological tissues, recent efforts have focused 
62 on developing intrinsic self-healing films. These materials are capable of autonomously repairing 
63 microdamage through reversible interactions such as hydrogen bonding, ionic complexation, or 
64 host–guest chemistry, typically triggered by mild environmental stimuli like moisture or gentle 
65 pressure [8]. While promising, many existing self-healable biopolymer systems are produced using 
66 complex fabrication techniques (e.g., layer-by-layer deposition and deep eutectic solvent 
67 processing), which limit scalability and industrial adoption [9], [10], [11]. 

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

79 2. Results and discussion

80 2.1. Material characteristics of biodegradable films

81 Self-healable and biodegradable konjac-glucomannan-blended sodium alginate (SAKGM) 
82 composite films were fabricated using a single-step casting method (see Figure 1a). The film-
83 forming solution was prepared by weighing the required amounts of each polymer, dissolving them 
84 in distilled water, and stirring continuously at 70-80 °C for 40 minutes until a homogenous mixture 
85 was obtained. Besides the SAKGM film that was fabricated at 1.5% SA and 0.5% KGM (w/v), the 
86 SA film was prepared at 2% (w/v) as a control. These used material concentrations were 
87 determined based on our preliminary study, in which we had evaluated several SA:KGM ratios 
88 (i.e., 1.75% SA and 0.25% KGM, 1.5% SA and 0.5% KGM, 1.25% SA and 0.75% KGM, and 
89 1.0% SA and 1.0% KGM). The selected recipe (1.5% (w/v) SA and 0.5% (w/v) KGM) showed 
90 great mechanical properties (tensile strength), flexibility (elongation at break), and barrier 
91 properties (WVTR), indicating an appropriate polymer interaction and film-forming ability. 
92 Besides that, higher KGM proportion was found to increase the viscosity of the film solution, 
93 leading to non-uniform casting and poor drying performance. This behavior is due to the high 
94 water-binding capacity of KGM affected by the high degree of acetylation glucomannan structure 
95 [12]. Therefore, the opted formula represents an optimal compromise between functional 
96 performance and practical processing. Here, sorbitol with a concentration of 1.5 % (v/v) was also 
97 blended in the solutions of both SA and SAKGM films and used as a plasticizer. The film-forming 
98 solution was poured into a glass mold (20 cm × 15 cm) and subsequently dried in a food dehydrator 
99 at 35 °C for 18 hours. The films were conditioned at 25 °C and 65 – 75% relative humidity (RH) 

100 before further analysis. Figure 1b and Figure S1 depict the exemplary fabricated SAKGM film. 

101 The material characteristics of both SA and SAKGM films were first investigated prior to their 
102 self-healing performance evaluation and real application on fresh produce. Fourier-transform 
103 infrared (FTIR) spectroscopy was employed to identify functional groups and investigate 
104 molecular interactions within the developed films, as shown in Figure 1c. The FTIR spectra 
105 confirm the successful formation of SA and KGM in both granule and film states, as well as the 
106 composite SAKGM film, each displaying characteristic absorption bands. Notably, absorption 
107 peaks at 3266 cm⁻¹ and 2929 cm⁻¹ correspond to O–H and C–H stretching vibrations, respectively, 
108 indicating the presence of hydroxyl and alkyl groups. These groups likely originate from the 
109 incorporation of sorbitol as a plasticizer, which was not evident in the granule forms due to the 
110 absence of these peaks in that region. This observation aligns with previous findings, where 
111 sorbitol was reported to participate in intermolecular interactions with polysaccharide matrices, 
112 enhancing the flexibility and mechanical integrity of the resulting films [13], [14].
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113 Further evidence of interaction between SA and KGM is provided by the appearance of absorption 
114 bands at 1023 cm⁻¹ and 882 cm⁻¹. This range, which is attributed to C-O stretching of 
115 polysaccharide backbone, is consistent with that found in the previous investigation of SAKGM 
116 composite films [15]. These bands suggest the formation of a hydrogen-bonded network between 
117 the two biopolymers rather than a covalent linkage. The presence and slight shifts in these 
118 characteristic peaks compared to the individual spectra indicate improved molecular compatibility 
119 and synergy in the composite matrix [15]. Additionally, bands around 1000 cm⁻¹ and 800 cm⁻¹ 
120 reported in the literature further support the existence of robust polysaccharide interactions [16], 
121 reinforcing the formation of a cohesive, physically crosslinked film structure. Besides that, the 
122 bands observed near 1000 – 1600 cm⁻¹ correspond to C-O and C-O-C stretching of polysaccharide 
123 backbone [17], and the bands near 1200-960 cm⁻¹ are associated with the skeletal vibration 
124 absorption of the pyranose ring of SA [6]. 

Page 5 of 31 Sustainable Food Technology

S
us

ta
in

ab
le

Fo
od

Te
ch

no
lo

gy
A

cc
ep

te
d

M
an

us
cr

ip
t

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
 2

/2
5/

20
26

 1
1:

13
:5

7 
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

DOI: 10.1039/D5FB00585J

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


5

125

126 Figure 1. Material characteristics of self-healable and biodegradable films. (a) Fabrication process of 
127 biodegradable films based on sodium alginate (SA) and konjac glucomannan (KGM) using a single-step 
128 casting method. (b) Photographs of the fabricated sodium alginate based (SA) and konjac-glucomannan-
129 blended sodium alginate (SAKGM) composite films. (c) Fourier-transform infrared (FTIR) spectra of SA 
130 granule, KGM granule, SA film, KGM film, and SAKGM film. (d) X-ray diffraction (XRD) analysis of the 
131 SA and SAKGM films. (e) Scanning electron microscopy (SEM) images of SA and SAKGM films, 
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132 showing their morphologies in top-view (left) and cross-sectional view (right). (f) Water contact angle 
133 (WCA) measurement results of SA and SAKGM films, indicating their surface wettability. Both films are 
134 indicated to possess hydrophilic surfaces (WCA < 90°). 

135 X-ray diffraction (XRD) analysis was performed to examine the structural organization of the SA 
136 and SAKGM films (Figure 1d). Both samples exhibited nearly identical diffraction profiles 
137 characterized by a broad amorphous halo centered at approximately 2θ ≈ 20.7°, along with a weak 
138 shoulder near 14°. Both films also show a weak, broad diffuse scattering feature around 2θ ≈ 38°, 
139 which is commonly observed in amorphous polysaccharide systems [18], [19]. These features 
140 confirm that both SA and KGM, as well as their blend, possess predominantly amorphous 
141 structures, consistent with typical polysaccharide-based films [20]. No additional peaks or peak 
142 shifts were detected upon incorporation of KGM, indicating that the short-range packing distance 
143 of the polymer chains remained unchanged and that no new crystalline phases were formed. 
144 However, the SAKGM film displayed a slightly lower halo intensity compared to pure SA, 
145 suggesting a reduction in local chain ordering [21]. Collectively, the XRD and FTIR evidence 
146 confirms that blending SA with KGM yields a homogeneous, physically crosslinked amorphous 
147 film without altering the intrinsic structural signature of either polysaccharide.

148 Scanning electron microscopy (SEM) images offer insights into the surface morphology of the 
149 self-healing biodegradable films based on SA and SAKGM (see Figure 1d and Figure S1). Both 
150 SA and SAKGM films exhibit continuous, crack-free, and pore-free surfaces, indicating successful 
151 film formation. The smooth morphology observed in the SA film can be attributed to the presence 
152 of sorbitol, which, as also suggested by FTIR analysis, facilitates hydroxyl and alkyl bonding. 
153 Acting as an internal lubricant, sorbitol promotes chain mobility and uniform polymer 
154 rearrangement during solvent evaporation [22]. This observation is consistent with previous 
155 studies reporting that sorbitol-plasticized polysaccharide films, such as those based on alginate and 
156 starch, tend to form smoother, more ductile structures compared to unplasticized variants [23]. 
157 Besides that, the SAKGM film exhibited smoother and more compact morphology. The surface 
158 micrographs show a uniform matrix with slight undulations, confirming proper gelatinization and 
159 homogeneous dispersion of the polymers. These features are attributed to the strong hydrogen 
160 bonding between SA and KGM, as also supported by the FTIR results showing characteristic shifts 
161 in the COO⁻ and C–O bands. In contrast, granular structures were reported other studies, where 
162 composite films contain insoluble starch particles or partially gelatinized polysaccharides [16], 
163 [24]. 

164 Water contact angle (WCA) analysis is a key method for evaluating the surface wettability of 
165 packaging materials. A surface is typically classified as hydrophilic when the contact angle is 
166 below 90° [25]. As depicted in Figure 1f, both SA and SAKGM films exhibit hydrophilic 
167 behaviors with WCA values of (67.63 ± 5.27)° and (64.83 ± 5.36)°, respectively. Since there was 
168 no statistically significant difference between them (p > 0.05), their surface wettability is 
169 considered comparable. This observation is consistent with previous studies, which reported WCA 
170 in the range of 60 – 65° for SA and KGM-based films [16]. These values reflect the inherent 
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171 hydrophilic nature of polysaccharide-based matrices, attributed to the abundance of hydroxyl 
172 groups. Interestingly, earlier work had demonstrated that the incorporation of hydrophobic agents 
173 such as cinnamon essential oil can increase the contact angle toward or beyond 90°, indicating a 
174 shift toward more hydrophobic surfaces. This suggests a potential strategy for tuning the surface 
175 properties of biodegradable films by integrating functional additives. Thus, although in the current 
176 study, the hydrophobicity of the SAKGM film has not been optimized, the combination of self-
177 healing capability with tunable wettability through essential oil incorporation presents a promising 
178 direction for the future development of multifunctional food packaging materials.

179 2.2. Self-healing performance 

180 Self-healing biodegradable films offer a novel approach to sustainable packaging by enabling the 
181 autonomous repair of mechanical damage, thereby extending product shelf-life while maintaining 
182 environmental compatibility and barrier performance [8], [26]. The healing behavior of the 
183 biodegradable films was assessed optically using a setup shown in Figure 2a. Film samples were 
184 fixed onto glass slides and scratched using a razor blade. To trigger the healing process, distilled 
185 water with a volume of ~100 µL was applied directly to the damaged area on the films. The repair 
186 dynamics were observed and recorded in real-time using a digital microscope. As depicted in 
187 Figure 2b and Figure 2c (see Supplementary Video 1 and Supplementary Video 2 for video 
188 illustration of self-healing performance), SA and SAKGM films demonstrate effective healing 
189 when activated by water. Both SA and SAKGM possess inherent self-healing properties based on 
190 reversible hydrogen bonding. SA can reform bonds between –COO⁻ and –OH groups upon 
191 rehydration [9]. The presence of KGM enhances this process through its strong water-absorption 
192 capacity and chain mobility derived from its acetylated glucomannan structure [27].  Notably, the 
193 SAKGM film achieved full visual recovery within ~120 seconds, while the SA film required ~240 
194 seconds for complete healing (see Figure S2).  

195 This accelerated self-repair in the SAKGM film can be attributed to the superior water-absorption 
196 capacity of konjac glucomannan (KGM), which facilitates polymer chain swelling and contributes 
197 additional hydroxyl groups to promote rapid hydrogen bonding across damaged areas. Previous 
198 studies report that 1 g of KGM can bind up to 100 g of water through a dense network of hydrogen 
199 bonds, greatly enhancing molecular mobility in moist environments [28]. Comparable water-
200 triggered healing behavior was observed in a KGM–xanthan–gallic acid composite system, which 
201 repaired damage within approximately 15 minutes, emphasizing the potential of polysaccharide-
202 based matrices for rapid, food-safe self-healing applications [29]. This self-repair behavior is 
203 classified as an intrinsic self-healing mechanism, in which the polymer network is governed by 
204 dynamic, reversible interactions such as hydrogen bonding, ionic cross-linking, metal–ligand 
205 coordination, and reversible covalent chemistries (e.g., Schiff-base and boronate ester formation). 
206 These interactions enable repeated healing of microdamage when triggered by external stimuli 
207 such as water, humidity, gentle pressure, or mild pH fluctuations [8].
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208
209 Figure 2. Self-healing performances of the developed biodegradable films. (a) Experimental setup for 
210 the self-healing observation of the developed films. It employs an optical microscope connected to a 
211 personal computer (PC) for real-time monitoring of the healing process of damaged film assisted by a water 
212 droplet from a syringe. Optical microscopy images showing the water-assisted healing process of (b) pure 
213 sodium alginate (SA) and (c) konjac-glucomannan-blended sodium alginate (SAKGM) films. Healing 
214 progression is observed from the initial state, after scratching (0 s), partially healed states (at 10–170 s), to 
215 fully healed states (at 120–240 s), demonstrating faster healing performance in SAKGM films compared to 
216 SA films.

217 In this study, the self-healing biodegradable films were fabricated using a single-step casting 
218 method, which does not require sophisticated equipment, toxic solvents, or multistep processing. 
219 This simplicity enhances its practicality and scalability for industrial applications. In contrast, 
220 several previously reported self-healable biopolymer systems, such as multilayer chitosan/alginate 
221 films prepared via layer-by-layer assembly [9] and deep eutectic solvent-based chitosan films [11], 
222 rely on complex or energy-intensive processes that limit scalability. The present SAKGM film 
223 system utilizes only water as a solvent, heals autonomously at ambient conditions, and 
224 demonstrates a suitable alternative. 
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225 Similarly, a multilayer chitosan/carboxymethyl-cellulose film fabricated via successive spray 
226 coatings and curing steps has its own drawback [10]. While effective, this method demands high-
227 temperature curing (50 °C) after each deposition, increasing energy consumption and introducing 
228 risks such as film delamination, optical haze, and reduced gas permeability under fluctuating 
229 humidity. Meanwhile, our developed SAKGM film can be produced and healed in an ambient 
230 environment (room temperature). Additionally, the development of citric-acid/choline-chloride 
231 deep eutectic solvent system for chitosan film formation carries the risk of solvent migration and 
232 hygroscopic instability and requires external pressure to initiate healing, indicating a non-
233 autonomous process [11]. In contrast, the single-step casting method used in this work employs 
234 only potable water as the solvent, yields no hazardous residues, and enables spontaneous, water-
235 triggered healing without additional physical intervention. This intrinsic, solvent-free, and energy-
236 efficient process underscores the practical advantages of the proposed SAKGM film system for 
237 sustainable packaging applications.

238 2.3. Mechanical performance  

239 In addition to their self-healing capability, biodegradable films intended for food packaging must 
240 exhibit adequate mechanical strength and barrier properties, including suitable thickness, tensile 
241 strength, elongation at break, Young’s modulus, and water vapor transmission rate (WVTR), to 
242 ensure performance and reduce reliance on conventional plastics [30]. Figure 3a, Figure 3b, and 
243 Table S2 show the physical and mechanical characteristics of both biodegradable SA and SAKGM 
244 films before and after the healing process. The measured film thicknesses are in the range of 0.15 
245 – 0.20 mm. No significant difference is observed in thickness between the initial and self-healed 
246 samples for both SA (SA and SA-SH) and SAKGM (SAKGM and SAKGM-SH) films, indicating 
247 that the self-healing process does not compromise structural integrity. The slightly higher thickness 
248 observed in the SAKGM and SAKGM-SH films compared to their SA counterparts can be 
249 attributed to the presence of konjac glucomannan (KGM), which contributes a greater solid content 
250 to the film-forming solution. This increase in solid load enhances the final film thickness, as more 
251 material is retained upon drying. A similar trend was found in whey protein isolate-based edible 
252 films, where their thickness increased with higher solid-phase content in the formulation [31]. 
253 These results underscore the importance of polymer composition in modulating film thickness and 
254 support the role of KGM as a reinforcing biopolymer in biodegradable film systems. 
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255
256 Figure 3. Physical and mechanical characteristics of self-healable and biodegradable films. 
257 Comparison of thickness, tensile strength, elongation at break, Young’s modulus, and water vapor 
258 transmission rate (WVTR) for both (a) pure sodium alginate (SA) and (b) konjac-glucomannan-blended 
259 sodium alginate (SAKGM) composite films. The initial characteristics of film samples before being 
260 scratched are presented as SA and SKGM, while their properties after being scratched and fully self-healed 
261 are indicated as SA-SH and SAKGM-SH, respectively.

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

270 Tensile strength, elongation at break (EAB), and Young’s modulus are critical parameters for 
271 evaluating the mechanical performance of biodegradable films [33]. These mechanical properties 
272 were measured using a texture analyzer (see Figure S3). As presented in Figure 3a and Figure 
273 3b, all prepared and treated films do not show significant differences in tensile strength. The tensile 
274 strength values for the initial SA and healed SA-SH films are (0.23 ± 0.04) MPa and (0.22 ± 0.08) 
275 MPa, respectively. Similarly, for the initial SAKGM and healed SAKGM-SH films, they have 
276 tensile strengths of (0.27 ± 0.08) MPa and (0.20 ± 0.10) MPa, respectively, indicating that the self-
277 healing process does not substantially compromise tensile integrity. In terms of elongation at break 
278 (EAB), the initial SA and healed SA-SH films possess EAB values of (78.55 ± 13.79) % and 
279 (73.69 ± 15.86) %, respectively, again showing no statistically significant change after the healing 
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280 process. In contrast, the SAKGM films demonstrated lower EAB values (see Table S2), 
281 suggesting increased brittleness likely due to the denser matrix formed by KGM incorporation. 
282 Furthermore, the obtained Young’s modulus of films also supports this interpretation. The 
283 Young’s modulus values of SA and SA-SH are measured to be (0.30 ± 0.06) MPa and (0.31 ± 0.13) 
284 MPa, respectively, while those of SAKGM and SAKGM-SH are notably higher, at (0.62 ± 0.12) 
285 MPa and (0.60 ± 0.39) MPa, respectively. These findings indicate that the addition of KGM 
286 strengthens and stiffens the film matrix, likely through increased intermolecular interactions and a 
287 more compact network structure. However, this increased rigidity is accompanied by reduced 
288 flexibility, as evidenced by the lower EAB. A similar trend was reported in smart edible films 
289 based on chitosan and beeswax–pollen blends [34]. Their study showed that while tensile strength 
290 and Young’s modulus increased with the addition of structural modifiers, the EAB decreased, 
291 reflecting a typical trade-off between strength and elasticity for reinforced biopolymer systems.

292 The self-healing capability of the developed biodegradable films was demonstrated not only 
293 through visual recovery but also through the restoration of mechanical integrity, particularly tensile 
294 strength. Besides that, the films were also confirmed to be biodegradable, as evidenced by the 
295 biodegradability test conducted in this study (see Figures S4). The water-assisted healing process 
296 effectively repaired the damaged regions, resulting in high self-healing efficiency. Quantitatively, 
297 the self-healing efficiency values of SA and SAKGM films are calculated to be (95.76 ± 0.06) % 
298 and (73.65 ± 0.10) %, respectively. These results highlight the potential of the system to restore 
299 mechanical function following structural damage. In comparison, another research has reported a 
300 62% reduction in tensile strength after the healing process in sodium alginate–chitosan films 
301 fabricated using a layer-by-layer assembly technique, indicating less effective recovery [9]. Higher 
302 self-healing efficiencies of 83 – 92% were demonstrated by multilayer chitosan/carboxymethyl 
303 cellulose (CMC) films [10]. The relatively high healing performance observed in the current study, 
304 particularly for the SA-based film, demonstrates the effectiveness of the single-step casting method 
305 and the role of water as a benign, food-safe healing stimulus. Table S1 lists a comparison of the 
306 proposed SAKGM film with other state-of-the-art self-healable biopolymer films in regard to their 
307 materials, fabrication methods, healing mechanisms, healing triggers, and recovery times. 

308 The efficiency of self-healing in biodegradable films encompasses not only mechanical restoration 
309 but also the recovery of barrier performance. Water vapor transmission rate (WVTR) is a critical 
310 parameter that directly reflects a film’s ability to function as an effective moisture barrier. As 
311 shown in Figure 3a, Figure 3b, and Table S2, the WVTR values for both SA and SAKGM films 
312 before and after the self-healing process show no statistically significant difference (p > 0.05), 
313 suggesting that healing process did not alter their barrier properties. Specifically, the WVTR values 
314 of the initial SA and SA-SH films are (7.81 ± 0.83) g m-2 h-1 and (6.56 ± 1.35) g m-2 h-1, 
315 respectively. Likewise, the SAKGM and SAKGM-SH films show WVTR values of (6.18 ± 1.25) 
316 g m-2 h-1 and (7.09 ± 0.49) g m-2 h-1, respectively, indicating no significant degradation in barrier 
317 properties post-healing. These results suggest that the intrinsic self-healing process not only mends 
318 visible and mechanical damage but also preserves the functional integrity of the film as a moisture 
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319 barrier. This finding contrasts with the previously reported results on a chitosan–
320 beeswax/propolis–glycerol (PG) composite film, which exhibited reduced WVTR from (2065.23 
321 ± 10.80) g/ m² d-1 to (1038.07 ± 5.78) g/m² d-1 following the healing process [34]. The decrease in 
322 WVTR in that system was attributed to the incorporation of beeswax, a hydrophobic component 
323 that forms a more effective moisture barrier [35]. In the present study, the absence of such 
324 hydrophobic additives likely contributed to the consistent WVTR values before and after healing, 
325 indicating that the barrier recovery was primarily governed by polymer matrix restoration through 
326 hydrogen bonding.

327 2.4. Film applications on grapes

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

338 First, weight loss in fresh produce is primarily attributed to moisture loss through respiration and 
339 transpiration [36]. In this application test, all samples experienced progressive mass reduction 
340 during 20 days of storage at ambient conditions ((28 ± 2) °C, (75 ± 5) % RH) (see Figure 4c). 
341 Uncoated grapes exhibited a rapid decline, losing 11.38% of their initial mass by day 5 and 
342 becoming visibly spoiled by day 8. This trend is consistent with previous findings where uncoated 
343 fruits browned and dehydrated rapidly due to unregulated water loss [36]. In contrast, grapes 
344 treated via brushing and wrapping with the developed films exhibited improved retention of water, 
345 with total weight loss values of (21.82 ± 1) % and (22.93 ± 1.67) %, respectively, after 20 days. 
346 No significant difference was observed between the brushing and wrapping methods (p > 0.05), 
347 indicating comparable performance in mitigating the reduction of weight. This reduction suggests 
348 that both film application methods effectively created a semi-permeable barrier that can reduce 
349 transpiration. These findings are in line with other polysaccharide-based coatings that reported a 
350 57% reduction in weight loss using a jackfruit-seed starch film with pomegranate-peel extract, 
351 while another research has reported a 53% reduction in ‘Kyoho’ grapes coated with a konjac-
352 glucomannan/curdlan/camellia-oil composite layer [36], [37].
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353
354 Figure 4. Self-healable and biodegradable film applications on red grapes (Vitis vinifera L.). 
355 Application tests of konjac-glucomannan-blended sodium alginate (SAKGM) films on grapes were 
356 conducted using (a) brushing and (b) wrapping methods. Changes in (c) weight loss, (d) firmness, (e) 
357 titratable acidity, and (f) vitamin C content of samples during 20 days of storage under different treatments 
358 (i.e., bare/uncoated, brushing with SAKGM solution, and wrapping with SAKGM film). 

359 Second, fruit firmness is a critical indicator of freshness and consumer acceptability [38]. As 
360 shown in Figure 4d, since there was no statistically significant difference between them (p > 0.05), 
361 the firmness declines gradually in all samples throughout storage. Uncoated fruit shows high 
362 degradation, attributable to increased water loss and enzymatic softening. In contrast, brushing and 
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363 wrapping treatments can retain firmness more effectively, likely due to reduced moisture loss and 
364 the formation of a modified microenvironment that suppressed enzymatic activity, such as 
365 polygalacturonase and pectin-methylesterase, which are involved in cell wall degradation. This 
366 mechanism is supported by previous studies, where a 54.5% lower firmness loss was observed in 
367 ‘Kyoho’ grapes treated with KGM/curdlan/camellia oil films [36], and pomegranate peel extract-
368 functionalized coatings reduced firmness decline by ≈30% over 21 days in white grapes [37].

369 Third, titratable acidity is a reliable freshness index in non-climacteric fruits like grapes and 
370 reflects the organic acid pool, including tartaric, malic, and citric acids [36]. From the application 
371 tests, titratable acidity levels in uncoated grapes decline steadily (see Figure 4e) again showing no 
372 statistically significant change after storage, indicating progressive metabolic degradation both in 
373 brushing and wrapping. However, both brushing and wrapping treatments maintain relatively 
374 stable acidity over the storage period. The observed minor fluctuations are attributed to the balance 
375 between respiration and gluconeogenic regeneration of organic acids during the tricarboxylic acid 
376 cycle (TCA) [39]. The SAKGM films, regardless of application method, buffered the organic acid 
377 reservoir, likely due to reduced gas exchange and moisture loss. Similar metabolic buffering has 
378 been reported for KGM/curdlan films [36] and in gluconeogenic behavior observed in coated fruit 
379 systems [40]. 

380 Fourth, vitamin C (ascorbic acid) degradation in postharvest fruit is largely driven by oxidative 
381 stress and water loss rather than ethylene action, given the non-climacteric nature of grapes [41]. 
382 As shown in Figure 4f there was no statistically significant difference between brushing and 
383 wrapping treatment, vitamin C levels decline highly in uncoated fruit but remain substantially 
384 preserved in the brushed and wrapped groups throughout the 20 days. This retention is attributed 
385 to the films' ability to reduce oxygen permeability and moisture evaporation, which slows down 
386 oxidative degradation of ascorbic acid. Comparable findings were reported when ascorbic acid 
387 was embedded into polyurethane matrices, resulting in a 25% higher vitamin C content in coated 
388 grapes after 14 days [42]. Another research had improved antioxidant retention in ‘Kyoho’ grapes 
389 to KGM-based coatings [36]. These results confirm the protective effect of biopolymer films in 
390 moderating oxidative reactions and preserving nutritional quality during extended storage. 

391 Lastly, color is a critical sensory attribute influencing consumer perception and acceptance of fresh 
392 fruit quality [43]. As displayed in Figure 5a, the visual appearance of grapes stored under different 
393 treatments varies significantly over the 20 days. Figure 5b shows the illustration of the ripening 
394 stages of grapes from pre-ripe to overripe. Quantitative analysis of color difference (ΔE*) values 
395 (Figure 5c) showed that both brushing and wrapping treatments effectively preserved the visual 
396 quality of the grapes, exhibiting significantly lower ΔE* values compared to the uncoated control. 
397 No significant difference was observed between the brushing and wrapping methods, indicating 
398 comparable performance in mitigating color change. 
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399
400 Figure 5. Visual monitoring of grape color changes during application tests. (a) Visual appearance of 
401 grapes stored for 20 days under different treatments (uncoated, brushing, and wrapping). (b) Color transition 
402 of the grape from its pre-ripe to overripe condition. (c) Color difference values of grapes after being stored 
403 for 20 days, showing improved color retention in treated samples compared to the uncoated group.

404 The uncoated samples, by contrast, show substantial browning and discoloration, reflected by 
405 higher ΔE* values. This is consistent with previous studies that demonstrated the ability of 
406 biopolymer-based films and coatings to reduce visible color degradation by limiting oxygen and 
407 moisture diffusion. For example, banana-pseudostem-fiber-derived nanocellulose/polyvinyl 
408 alcohol (PVA) films reduced ΔE* and extended the visual appeal of ‘Bangalore Blue’ grapes for 
409 over ten days [44]. Similarly, lotus-root-starch films fortified with quercetin nanoparticles 
410 maintained ΔE* values around two units over three weeks at room temperature [43]. Another 
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411 research also demonstrated that jackfruit-seed-starch coatings enriched with pomegranate peel 
412 extract preserved the color of white grapes during eight days of storage [37]. These findings align 
413 with the present study, confirming that both brushing and wrapping with SA/KGM films provide 
414 effective barriers to oxygen and moisture, which in turn suppresses enzymatic browning reactions. 
415 The enhanced color retention in treated samples underscores the potential of these biodegradable 
416 films to preserve visual quality and extend the marketable shelf-life of fresh produce. 

417 3. Conclusions 

418 Self-healable and biodegradable films based on sodium alginate (SA) and konjac glucomannan 
419 (KGM) have been developed using a simple, scalable single-step casting method. The resulting 
420 films have demonstrated excellent intrinsic self-healing capability, triggered by water exposure, 
421 with healing efficiencies of up to 95.76% for pure SA and 73.65% for konjac-glucomannan-
422 blended sodium alginate (SAKGM) composite in tensile strength recovery. Notably, the self-
423 healing process has preserved both mechanical and barrier properties, including thickness, 
424 elongation at break, Young’s modulus, and water vapor transmission rate (WVTR), confirming 
425 the structural integrity and functionality of the films after repair. Application trials on grapes have 
426 further highlighted the potential of the films in fresh produce preservation. Both brushing and 
427 wrapping treatments using the developed films have effectively reduced weight loss, retained 
428 firmness, maintained titratable acidity and vitamin C levels, and preserved color during 20 days of 
429 storage at room temperature. These findings underscore the dual functionality of the SAKGM 
430 films in enhancing food shelf-life while supporting sustainable packaging initiatives. Given their 
431 food-safe composition, ease of application, and water-triggered repairability, these self-healing 
432 biodegradable films represent a promising candidate for practical implementation in food 
433 packaging systems. The single-step casting method used in this study demonstrates strong 
434 industrial relevance, as it is simple, practical and adaptable to larger-scale production, withour the 
435 need for specialized equipment or complex processing steps. However, several challenges remain 
436 for future scale-up, particularly the need to maintain consistent film quality and structural 
437 uniformity under high-volume manufacturing conditions. From a cost prespective, the reduced 
438 number of processing steps and the use of readily accessible, food-grade components offer clear 
439 advantages for lowering production expenses compared to multistages or solvent-intensive 
440 fabrication methods. Furthermore, the biodegradable nature of this film aligns with global 
441 sustainability goals by reducing reliance on single-use plastic packaging and contributing to waste 
442 reduction. Future research may focus on extending the material’s functionalization, such as 
443 incorporating active agents, to further enhance antimicrobial or antioxidant properties.
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444 4. Methods 

445 4.1. Material, film preparation, and application

446 Sodium alginate (SA) was obtained from PT Samiraschem Indonesia (Jakarta, Indonesia), and 
447 konjac glucomannan (KGM) was sourced from Chengdu Root Industry Co., Ltd. (Chengdu, 
448 China). Food-grade sorbitol and laboratory-grade distilled water were purchased from Prima 
449 Chemical Store (Purwokerto, Indonesia). In total, 440 grapes (Vitis vinifera L.) were harvested at 
450 commercial maturity (≥85% surface color break) and selected individually for uniform shape and 
451 weight (20 ± 10 g). These grapes were purchased from a single commercial orchard in Purwokerto, 
452 Central Java, Indonesia, to ensure consistent treatment and evaluation. In our study, grapes were 
453 selected as the application fruit because they are highly perishable, possess a thin epidermis, and 
454 are prone to rapid moisture loss and microbial decay after harvest. These characteristics make 
455 grapes an ideal system for evaluating the effectiveness of biodegradable and self-healing films in 
456 reducing dehydration and maintaining postharvest quality. For testing in a laboratory scale, 
457 individual grapes were used to ensure uniform coating coverage, reproducible physicochemical 
458 measurements, and to minimize cross-contamination between fruits. Analyzing individual samples 
459 also allows for controlled observation of the self-healing and barrier performance of the films. 
460 Comparable studies have employed similar mechanisms, laboratory-scale approaches investigated 
461 coating and preservation of individual grapes using biopolymer-based films under laboratory 
462 conditions, highlighting that this approach allows precise assessment of moisture loss and 
463 microbial inhibition at the single-fruit level [42], [45]. All chemicals and fruit samples were used 
464 as received without any further purification or pretreatment.

465 The fabrication process for the self-healing biodegradable films is schematically illustrated in 
466 Figure 1a, which comprises three main stages (i.e., solution preparation, one-step casting, and 
467 film drying processes). The total polymer concentration was maintained at 2% (w/v). For the 
468 control formulation, the SA was used at 2% (w/v), while the composite film formulation consisted 
469 of 1.5% SA (w/v) and 0.5% KGM (w/v). Sorbitol was incorporated as a plasticizer at a 
470 concentration of 1.5% (v/v). A total of 250 mL of the prepared film-forming solution was poured 
471 into a clean glass mold (20 cm × 15 cm) and subjected to a single-step casting method. The films 
472 were dried in a food dehydrator at 35 °C for 18 hours. Following drying, the transparent films were 
473 gently removed from the mold and conditioned at 25 °C and 65–75% relative humidity (RH) prior 
474 to further use and analysis.

475 4.2. Physical and mechanical characterizations

476 Physical and mechanical characterizations of the films include evaluations of water content, film 
477 thickness, tensile strength, elongation at break (EAB), Young’s modulus, water vapor transmission 
478 rate (WVTR), and self-healing efficiency [10]. The film thickness was measured using a screw 
479 micrometer (Krisbow) at ten random locations, where the results were reported in millimeters [46]. 
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480 Mechanical properties (tensile strength, EAB, and Young’s modulus) were determined using a 
481 texture analyzer (TA-XT, Stable Microsystems, UK) in accordance with ASTM D882-12. Film 
482 strips with a dimension of 20 × 100 mm2 were tested with pre-test, test, and post-test speeds of 5 
483 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 
484 trigger force. Mechanical parameters were calculated using the following equations:

485 𝜎𝑡 = 𝐹
𝐴 (1)

486 𝜀𝑏 = 𝐿―𝐿0

𝐿0
× 100% (2)

487 𝐸 = 𝜎𝑡

𝜀𝑏
 (3)

488 Healing efficiency = Healed tensile strength
Initial tensile strength

× 100% (4)

489 where 𝜎𝑡 is tensile strength, F is the maximum tensile force at break, A is the cross-sectional area, 
490 𝜀𝑏 is EAB, L0 is the initial gauge length, L is the length at rupture, and E is Young’s modulus. 

491 The water vapor transpiration rate (WVTR) was measured by the desiccant method according to a 
492 previous study following ASTM standard test method (ASTM, 2003) with several modifications 
493 [24], [47]. Silica gel was placed into ceramic desiccant cups, which were sealed with the test films 
494 and placed in a controlled environment chamber set at 25 °C and ~75% RH using saturated NaCl 
495 solution (Merck, Germany). The cups were periodically weighed using an analytical balance. 
496 WVTR was calculated using the following equation Eq (5). 

497 WVTR G
tA

=  (5)

498 where G is the weight gain (g), t is the time (hour), and A is the exposed film area (m²), with the 
499 slope G/t determined via linear regression. 

500 4.3. Material characterizations 

501 Surface morphology of the films was analyzed using scanning electron microscopy (SEM, Hitachi 
502 TM3000, Japan). Film specimens were affixed onto copper stubs using double-sided conductive 
503 adhesive and observed at 1000× magnification. Hydrophobicity was evaluated via water contact 
504 angle (WCA) measurement using the sessile drop method. A 6 µL droplet of deionized water was 
505 gently placed on the film surface using a micro-syringe, and images were captured at 0 – 30 s 
506 intervals using an optical camera. Image analysis and contact angle quantification were performed 
507 using ImageJ software, with each measurement repeated in triplicate. Fourier-transform infrared 
508 (FTIR) spectroscopy was employed to identify functional groups and analyze molecular 
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509 interactions within the films. FTIR spectra were recorded in the range of 400 – 4000 cm⁻¹ using a 
510 Thermo Scientific Nicolet iS10 spectrometer.

511 4.4. Analysis of grapes during film application tests

512 Five different parameters (i.e., weight loss, firmness, titratable acidity, vitamin C level, and color 
513 characteristic) of biodegradable films were monitored and determined in their applications on 
514 grapes for a 20-day storage time. First, weight loss was calculated using the initial and final weights 
515 of grapes and expressed as a percentage loss using Equation (6): 

516 Weight loss = 𝑤0―𝑤1

𝑤0
× 100 (6)

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

523

524 Titratable acidity = 𝑉NaOH×𝑁NaOH×0.075
Sample weight (𝑔)×1000

× 100% (7)

525 where VNaOH and NNaOH are the volume and normality of NaOH, respectively. Meanwhile, the value 
526 of 0.075 is the conversion factor for tartaric acid. Fourth, vitamin C content was determined using 
527 the iodine titration method [48]. A 1% starch solution was added to 20–30 mL of grape juice, and 
528 the mixture was titrated with 0.01 N iodine until a persistent color change was observed. Vitamin 
529 C level was calculated using Equation (8):

530 Vitamin C level = Viodine × 0.88 × Dilution factor (8)

531 Color characteristics were measured using a chromameter (CR-400, Konica Minolta, USA) based 
532 on the CIE Lab* color space. Measurements were taken on days 0 and 20 to evaluate lightness 
533 (L*), red–green (a*), and yellow–blue (b*) values. Total color difference (ΔE) was calculated using 
534 Equation (9):

535 𝛥𝐸 = (𝐿∗
2 ― 𝐿∗

1)2 + (𝑎∗
2 ― 𝑎∗

1)2 + 𝑏∗
2 ― 𝑏2

1
2
 (9)

536 where 𝐿∗
1 and 𝐿∗

2 are lightness levels on days 0 and 20, respectively. Meanwhile, 𝑎∗
1, 𝑎∗

2, 𝑏∗
1, and 

537 𝑏∗
2 are red–green and yellow-blue values on days 0 and 20, respectively. 
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538 4.5. Statistical Analysis 

539 All experiments were conducted in triplicate, and the resulting data were expressed as mean ± 
540 standard deviation. Statistical analyses were performed using SPSS version 28 software with one-
541 way analysis of variance (ANOVA) at a 95% confidence level to evaluate differences among 
542 treatments, and the results were considered significant at p < 0.05. Data visualization were carried 
543 out using OriginPro 2025 software. 
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749 List of Figure Captions
750
751 Figure 1. Material characteristics of self-healable and biodegradable films. (a) Fabrication process of 
752 biodegradable films based on sodium alginate (SA) and konjac glucomannan (KGM) using a single-step 
753 casting method. (b) Photographs of the fabricated sodium alginate based (SA) and konjac-glucomannan-
754 blended sodium alginate (SAKGM) composite films. (c) Fourier-transform infrared (FTIR) spectra of SA 
755 granule, KGM granule, SA film, KGM film, and SAKGM film. (d) X-ray diffraction (XRD) analysis of the 
756 SA and SAKGM films. (e) Scanning electron microscopy (SEM) images of SA and SAKGM films, 
757 showing their morphologies in top-view (left) and cross-sectional view (right). (f) Water contact angle 
758 (WCA) measurement results of SA and SAKGM films, indicating their surface wettability. Both films are 
759 indicated to possess hydrophilic surfaces (WCA < 90°). 

760 Figure 2. Self-healing performances of the developed biodegradable films. (a) Experimental setup for 
761 the self-healing observation of the developed films. It employs an optical microscope connected to a 
762 personal computer (PC) for real-time monitoring of the healing process of damaged film assisted by a water 
763 droplet from a syringe. Optical microscopy images showing the water-assisted healing process of (b) pure 
764 sodium alginate (SA) and (c) konjac-glucomannan-blended sodium alginate (SAKGM) films. Healing 
765 progression is observed from the initial state, after scratching (0 s), partially healed states (at 10–170 s), to 
766 fully healed states (at 120–240 s), demonstrating faster healing performance in SAKGM films compared to 
767 SA films.

768 Figure 3. Physical and mechanical characteristics of self-healable and biodegradable films. 
769 Comparison of thickness, tensile strength, elongation at break, Young’s modulus, and water vapor 
770 transmission rate (WVTR) for both (a) pure sodium alginate (SA) and (b) konjac-glucomannan-blended 
771 sodium alginate (SAKGM) composite films. The initial characteristics of film samples before being 
772 scratched are presented as SA and SKGM, while their properties after being scratched and fully self-healed 
773 are indicated as SA-SH and SAKGM-SH, respectively.

774 Figure 4. Self-healable and biodegradable film applications on red grapes (Vitis vinifera L.). 
775 Application tests of konjac-glucomannan-blended sodium alginate (SAKGM) films on grapes were 
776 conducted using (a) brushing and (b) wrapping methods. Changes in (c) weight loss, (d) firmness, (e) 
777 titratable acidity, and (f) vitamin C content of samples during 20 days of storage under different treatments 
778 (i.e., bare/uncoated, brushing with SAKGM solution, and wrapping with SAKGM film). 

779 Figure 5. Visual monitoring of grape color changes during application tests. (a) Visual appearance of 
780 grapes stored for 20 days under different treatments (uncoated, brushing, and wrapping). (b) Color transition 
781 of the grape from its pre-ripe to overripe condition. (c) Color difference values of grapes after being stored 
782 for 20 days, showing improved color retention in treated samples compared to the uncoated group.
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Data availability 
All data supporting the findings of this study are available within the article and 

Supplementary Information files. They are also available from the corresponding authors upon 
reasonable request.
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