



Review Article
Material design, mechanism, and sustainable applications of waxy maize starch based self-healing polymer composites

ABSTRACT
Herein, we reviewed a highly branched, amylopectin-rich biopolymer, waxy maize starch (WMS), which promises to be a good matrix for durable self-healing polymer composites.  Its flexibility, chemical tunability, and compatibility with green cross-linkers, nanocrystal fillers, and biodegradable polymers like Poly Vinyl Alcohol (PVA) enable the design of strong, renewable, and biodegradable functional materials.  Modern innovations, including enzymatic WMS modification, dynamic borate ester bonding, double-network hydrogel designs, and microcapsule-based healing agents, have increased mechanical strength, healing efficiency, and barrier characteristics.  In thermoset composites, enzyme-treated WMS promotes healing by over 58% while oxidised WMS microcapsules recover up to 72%.  This makes waxy maize starch-based self-healing systems scalable, eco-friendly, and suitable for next-generation packaging, coatings, and functional films.
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1.0 INTRODUCTION
The environmental effect of traditional materials and the need for sustainable alternatives have become more apparent in recent years. Self-healing materials have transformed building and infrastructure by increasing durability and lifespan. Self-repairing micro-cracks in concrete and cementitious composites minimise maintenance costs and environmental effects [1].
Based on this idea, self-healing polymer composites are becoming sustainable packaging, coatings, and functional films. Among bio-based polymers, starch is renewable, biodegradable, and chemically flexible for dynamic healing networks.
Starch, a natural polymer characterised by its abundant availability, cost-effectiveness, renewability, and full biodegradability, is one of the most promising and applicable natural degradable materials [2–4].
There are three categories of starch based on amylose concentration: native starch (15-30 wt% amylose), waxy starch (0-5 wt% amylose), and high amylose starch (35-70 wt% amylose) [5, 6].
More so, Starch granules consist of linear amylose and branching amylopectin macromolecules in varying ratios depending on their source and classification.  Normal maize starch (25% amylose, 75% amylopectin), waxy maize starch (0–2% amylose, 98% amylopectin), and amylose-starch (up to 70% amylose) exemplify several maize starch varieties characterised by distinct amylose and amylopectin ratios [7]. When starch dispersion is heated to its gelatinisation temperature with water and a plasticiser like glycerol, the resultant films exhibit brittleness and inferior mechanical and barrier properties [8].
High amylopectin concentration in waxy maize starch creates a highly branched structure for flexible films and rapid self-repair. It generates reversible bonding networks that can self-heal mechanical damage when paired with green, plant-derived cross-linkers like tannic acid or citric acid. Waxy maize starch nanocrystals, hydrolysed from native granules, reinforce thermoplastic starch and demonstrate remarkable reinforcing and barrier capabilities in natural rubber [9, 10].
Starch-based composites improve material durability and minimise environmental impact, supporting circular economy and green chemistry. Bio-based polymers and self-healing systems have advanced, but waxy maize starch in self-healing polymer composites for sustainable applications has not.
The paper discusses waxy maize starch-based self-healing polymer composites' design, healing mechanisms, structure-property linkages, production, and applications.  It addresses mechanical strength, healing efficiency, processing issues, and environmental stability, offering scalable and sustainable packaging and functional film solutions.
2.0 THE SELECTION OF MATRIX
Eco-friendly biodegradable films created from natural polymers can replace petroleum-based food packaging plastics [11–14]. Starch is a promising sustainable material due to its cost-effectiveness, biodegradability, and abundance [15–18]
The ratio of amylose to amylopectin affects the functional properties of starch-based films. Amylose is straight, but amylopectin is heavily branched [15–20]
The structural difference of different starches greatly affects film performance.  High-amylose starches make better oxygen barriers and mechanically stable films, especially at high humidity [21, 22]. Amylose's linearity creates an organised, stable network through hydrogen bonding, making the film rigid and strong [23, 24]. However, amylopectin-only films are commonly amorphous [25, 26].
Strategic alteration and mixing can make high-performance films from waxy starches, which are essentially completely amylopectin. High-amylose starches have structural benefits.  Synthetic polymers like polyvinyl alcohol can make native starch films less brittle and more mechanically efficient.  Due to its many hydroxyl groups, Poly Vinyl Alcohol (PVA) is compatible with starch and improves composite film tensile strength and elongation [8, 27–32].
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Figure 1. The self-healing capability of a renewable and biodegradable starch hydrogel [33]
3.0 POLYMER COMPOSITES 
To solve petroleum-based resin sustainability and disposal difficulties, green composites produced from plant-based proteins, polysaccharides, oils, and other agricultural products have been created [34, 35]. Zein protein from maize includes functional sites like amine, carboxyl, and hydroxyl that may be exploited to generate crosslinks to create thermoset resins with improved mechanical qualities [36–39]. However, thermoset zein resins are brittle and crack-prone [40, 41]. Plasticisers and tougheners minimise brittleness but cannot prevent service failure [42–44].
Continuous stress generates microcracks in resins and composites, reducing mechanical characteristics and causing early failure [45, 46]. Self-healing polymers fix micro-damages autonomously [46, 47]. Synthetic polymers have microcapsule (MC)-based, microvascular, and intrinsic self-healing mechanisms [34, 48], with MC-based systems being the best.  MC-based systems contain resin-dispersed polymer microcapsules with healing ingredients.  Microcapsules shatter upon microcracks, releasing the healing ingredient to mend the resin [49]. Certain studies indicate self-healing green thermoplastic composites[34, 45, 50–52].
Self-healing microcapsules are usually made by emulsification-solvent evaporation. Kim and Netravali [34, 36] effectively encapsulated waxy maize starch (WMS) in poly-lactic-co-glycolic acid (PLGA) shells using water-in-oil-in-water (w/o/w) emulsification.  PLGA's low brittleness, fracture toughness, biodegradability, and hydrolytic instability make it a desirable green shell polymer [53].
3.1 DESIGN OF COMPOSITES AND THE GREEN SYNTHESIS
Designing high-performance starch-based materials requires composite design, not simple formulas.  This requires deliberately mixing a starch matrix with reinforcing fillers and functional additives to overcome native starch's mechanical strength and barrier characteristics [54–58].
3.1.1 REINFORCING WITH NANOCRYSTAL FILLERS:
Fillers increase starch film mechanical characteristics.  Because they can be made from starch, starch nanocrystals are biodegradable and chemically compatible. This process is divided into two viz:
a) Chemical reinforcement: A thermoplastic starch study employed waxy maize starch nanocrystals made by acid hydrolysis of natural starch granules.  Filler and matrix have comparable chemical structures; therefore, they establish strong hydrogen bonds [59]. This increases mechanical strength and delays starch matrix ageing and recrystallisation [59].
b) Stabilised Nanofillers: Starch nanoparticles work well but clump in water. Waxy maize starch nanoparticles (WMSNs) were stabilised using κ-carrageenan (KC), a natural food gum, to address this issue [60–62]. A starch film with this WMSNs/KC filler has higher tensile strength and water vapour barrier [63].
3.1.2 ADVANCED CROSSLINKING STRATEGIES
Crosslinking strengthens the starch gel network, although results vary.  The unique "ionic synergistic multiple crosslinking" method greatly improves gel characteristics [64]. This process involve:
a) Synergy Effect: This process uses citric acid, etherifying crosslinkers, and Ca²⁺ ions from calcium citrate [64]. Wei and colleagues highlighted that competing interactions may make utilising two crosslinkers wasteful [64].  Therefore, adding Ca²⁺ ions have a synergistic effect [65, 66].
b) Mechanism: Electrostatic interactions between Ca²⁺ cations and starch molecules improve crosslinking efficiency and efficacy [66–68]. The gel's thick, porous honeycomb structure resists deformation and is stronger [64, 69–71].
3.1.3 UTILISING FUNCTIONAL INGREDIENTS
Composite design can combine antibacterial activity to structural integrity, providing "active" materials for food packaging.
a) Antimicrobial:  Salicylic acid (SA), a harmless, plant-derived chemical, may be added directly to starch-based films to boost antibacterial capabilities [63, 72–85].
b) Proven Effectiveness: SA-containing films performed well against E. coli, S. aureus, and B. subtilis food pollutants.  Its potential for active food packaging was shown when the SA-infused film prevented bacterial growth and increased the shelf life of yoghurt compared to a regular film [63] . 
4.0 SELF-HEALING MECHANISMS IN STARCH SYSTEMS







Figure 2: Method and Mechanism of Synthesis of Borax Cross-Linked Acrylamide-Grafted Starch Hydrogels [33]
Dynamic linkages can make starch-based hydrogels self-heal. These linkages may be broken and restored, allowing the material to heal itself.  The main processes include dynamic covalent bonding and noncovalent bonds [86–97]. This involves the following factors as stated by researchers: 
a) Dynamic Borate Ester Bonds:  This mechanism is key.  Reversible cross-linker borax dissociates in water to create borate ions.  These ions generate dynamic and reversible ester linkages with starch molecules' numerous hydroxyl groups [98–102]. Cutting or breaking the hydrogel breaks these bonds.  When broken surfaces are reconnected, ester bonds can rebuild without external stimulus, "healing" the structure and restoring its mechanical qualities [102].
b) Hydrogen bonding: The hydrogel network's self-healing characteristics come from borate ester bonds and hydrogen bonds [102]. According to the study, hydrogen bonding alone are less successful at healing.  Hydrogel samples constructed without borax, which depended primarily on hydrogen bonding, only partially restored mechanical integrity after injury [102].
These dynamic borate ester linkages and hydrogen bonds offer the hydrogel extraordinary recovery and temperature responsiveness.  After extreme strain broke down the hydrogel's structure, rheological testing showed that the dual-bond system worked promptly to restore its stability [102].
Additionally, utilising a Double-network (DN) hydrogel improves starch reinforcement to build strong, self-healing materials.  These hybrid hydrogels have a chemically crosslinked network of poly acrylic acid (PAA) and 2-acrylamido-2-methyl-1-propanesulfonic acid (AMPS) and a physical network of gelatinised cassava starch.  Starch increases mechanical characteristics, resulting in a tensile strength above 200 kPa and excellent stretchability and flexibility.  This stable chemical network and dynamic physical network allow the composite gel to heal up to 99% after 24 hours at ambient temperature [103].
Although microcapsules are not mentioned, in the study by (Sánchez et al., 2009; Taylor & In Het Panhuis, 2016; R. Zhang et al., 2019), it howeverreveals that inherent dynamic connections underlie the self-healing mechanism.  Gelatinised starch creates a huge network of reversible physical interactions, mostly hydrogen bonding and chain entanglements, that heals [104–106]. Branching starch chains can reorganise and rejoin across the cracked interface of a damaged hydrogel, repairing noncovalent connections and restoring structure [103, 105, 106]. Hence it emphasises that starch gelatinisation and ethanol treatment increase the material's excellent self-healing capabilities by enhancing physical interactions [103, 107].
5.0 THE SELF‑HEALING SYSTEM OF WAXY MAIZE STARCH
The study conducted by [108] strongly supports enzyme-treated waxy maize starch (WMS) as a better biodegradable film self-healing agent.  Researchers changed normal WMS by sequentially treating α-amylase and transglucosidase, resulting in "enzyme-treated waxy maize starch" (EWMS) with higher branching degree (21.88%) and decreased viscosity [108]. This EWMS was encapsulated and implanted in a starch film matrix.  These capsules break when a microcrack occurs, allowing EWMS to flow into the injured region and chemically react to rebuild the film's structure [108–111]. The results prove that enzymatic alteration works.  The modified EWMS microcapsules improved film healing efficiency by 58.33%, compared to 44.65% for untreated WMS films.  The EWMS's reduced viscosity and more active reaction sites made crack mending more successful.  Thus, better-healed films had reduced water vapour permeability, indicating a more compact and repaired structure.  The study concludes that increasing WMS branching and fluidity creates a more powerful self-healing agent [108]
5.1 WMS MICROCAPSULES IN SELF-HEALING COMPOSITES
[112] introduced waxy maize starch (WMS) as a biodegradable healing agent in thermoset zein composites.  Using a unique co-axial injection approach, they encased WMS in PLGA shells to construct elongated multi-geometrical microcapsules with aspect ratios >1.  The capsules broke and released WMS that crosslinked with excess glutaraldehyde in the resin to build bridges over microcracks in the composite, restoring structural integrity.  With 15wt% WMS/PLGA microcapsules at room temperature, the system self-healed 51% in 24 hours. The researchers improved performance by oxidising WMS with sodium periodate to generate aldehyde functional groups, oxidised waxy maize starch (OWMS), which allowed covalent connection with zein's amine groups instead of hydrogen bonding.  The redesigned WMS improved self-healing efficacy by 42% with 15wt% OWMS/PLGA loading to 72%.  Compared to spherical capsules, elongated capsules had rougher surfaces and a greater microcrack path probability, which improved mechanical bonding with resin.  This totally bio-based technology shows that agricultural starches may repair autonomously, providing a sustainable alternative to petroleum-based products[112].
6.0 APPLICATIONS OF WMS IN SUSTAINABLE PACKAGING AND FUNCTIONAL FILMS
Waxy maize starch (WMS) is a potential biodegradable packaging material that degrades completely while keeping functionality.  After 21 days, modified waxy maize starch films mixed with polyvinyl alcohol and plasticised with sorbitol-cardanol combinations degrade 95.5% and lose 96% of their weight [113]. These coatings can safeguard light-sensitive food products by absorbing up to 69% of UV rays [113, 114]. The increased thermal stability, with degradation temperatures reaching 318°C, and tensile strength by pre-gelatinization make these materials viable alternatives to petroleum-based packaging [113, 115, 116].
Antimicrobial starch-based composite films increase food preservation active packaging technology.  New films containing salicylic acid (SA) and WMSNs/KC show strong antibacterial action against E. coli, S. aureus, and B. subtilis, with inhibition zones of 52-56 mm. WMSNs/KC nanofillers improve tensile strength, water vapour barrier, and film transparency.  Application on yoghurt samples showed strong bacteriostatic activity throughout time, proving that biodegradable, non-toxic coatings can minimise microbial contamination and increase shelf life [117].
Amylose customises starch-gelatin composite films' barrier properties for various packaging purposes.   30% starch lowers water vapour permeability at 90% relative humidity (RH), but 20% high amylose and normal maize starches reduce oxygen permeability [117]. High-amylose starch increases film strength, whereas waxy maize starch (rich in amylopectin) increases flexibility, allowing film compositions to be optimised for specific purposes [117–119]. High-amylose starch–gelatin films with B-type crystallinity have better mechanical qualities and barrier performance, making them suitable for food packaging that requires durability and eco-friendliness [117].
8.0 CONCLUSION
Waxy maize starch is a versatile and sustainable platform for self-healing polymer composites with improved mechanical integrity, environmental stability, and functional performance.  WMS-based materials can self-repair microcracks and maintain protective barrier properties for long-term use through nanocrystal reinforcement, citric acid and Ca²⁺ cross-linking, antimicrobial agents, and advanced microcapsule technologies.  Recent studies demonstrate advances in healing efficiency, tensile strength, thermal stability, and biodegradability, proving WMS is a renewable alternative to petroleum-based systems.  Waxy maize starch-based self-healing composites offer a promising path to circular, green, and high-performance packaging and functional films for industrial use as sustainable materials gain worldwide relevance.
7.0 CHALLENGES AND FUTURE OUTLOOK 
Despite encouraging developments in self-healing starch materials, numerous key constraints remain across techniques viz:  
A. Starch-Based Self-Healing Materials Limitations:   The microcapsule-based technology heals microcracks at 58.33% for enzyme-modified waxy maize starch (EWMS) and 44.65% for WMS, demonstrating inadequate repair even under ideal circumstances [108]. Dynamic imine networks improve mechanical recovery (87.5% tensile strength, 92.9% elongation at break) [120], both methods struggle with moisture sensitivity, with microcapsule sheets exhibiting transmission coefficients of 2.875-3.512 × 10⁻¹² g·cm/cm²·s·Pa [108] , even hydrophobic imine-crosslinked films need water resistance engineering to reach 109.2° [120] . In the intricate multi-step production of the microcapsule system, precision emulsification, high-speed dispersion (10,000 rpm), overnight solvent evaporation, and several centrifugation cycles provide scale-up issues [108], while the imine network requires 8-hour reaction periods at 50°C, 30 MPa heat-pressing conditions at 70°C, and careful amino-to-aldehyde ratio monitoring to preserve excellent characteristics [120]. These processing difficulties, specialised equipment, and precise environmental control hinder industrial-scale manufacture and practical use of self-healing starch materials.
B. Starch-Based Hydrogel System Research Directions:  Three key areas of study should develop starch-based hydrogel technology.
i. Hybridisation: Procedures might combine calcium-mediated ionic synergistic crosslinking [64–66] using natural starch reinforcement in double-network hydrogels [103], developing materials with high mechanical characteristics (>200 kPa tensile strength) and self-healing efficiency (>99%).
ii. Smart responsiveness: Is promising since current systems have self-healable ionic conductivity and variable rheology [103], which can possibly become pH, temperature, and electrically sensitive materials for soft robotics and wearable sensors.
iii. Scalability and processing optimisation:  Studies involving extrusion modification parameters [64] can be integrated using gelatinisation processes, hence, allowing industrial-scale production using dense microporous networks [64] that support gel excellence.  Alternatively, natural polysaccharides and metal ion combinations beyond Ca²⁺ may reveal synergistic crosslinking processes [64–66], while systematic investigations on long-term stability, biodegradability, and biocompatibility would help develop tissue engineering, medication delivery, and sustainable packaging materials from lab to market.

DISCLAIMER (ARTIFICIAL INTELLIGENCE)
Author(s) hereby declare that NO generative AI technologies such as Large Language Models (ChatGPT, COPILOT, etc) and text-to-image generators have been used during the writing or editing of this manuscript.
[bookmark: _GoBack]
COMPETING INTERESTS DISCLAIMER:
Authors have declared that they have no known competing financial interests OR non-financial interests OR personal relationships that could have appeared to influence the work reported in this paper.

References
1. 	Arum, C. T., Bbumba, S., Kigozi, M., Karume, I., Kato, M., Yikii, C. L., & Kiganda, I. (2024). Self-healing Building Materials for Enhanced Durability and Sustainability in Construction. Asian Journal of Chemical Sciences, 14(5), 25–36. https://doi.org/10.9734/ajocs/2024/v14i5321 
2. 	Engel, J. B., Ambrosi, A., & Tessaro, I. C. (2019). Development of biodegradable starch-based foams incorporated with grape stalks for food packaging. Carbohydrate Polymers, 225, 115234. https://doi.org/10.1016/j.carbpol.2019.115234 
3. 	Jiang, T., Duan, Q., Zhu, J., Liu, H., & Yu, L. (2020). Starch-based biodegradable materials: Challenges and opportunities. Advanced Industrial and Engineering Polymer Research, 3(1), 8–18. https://doi.org/10.1016/j.aiepr.2019.11.003 
4. 	Nevoralová, M., Koutný, M., Ujčić, A., Horák, P., Kredatusová, J., Šerá, J., Růžek, L., Růžková, M., Krejčíková, S., Šlouf, M., & Kruliš, Z. (2019). Controlled biodegradability of functionalized thermoplastic starch based materials. *Polymer Degradation and Stability*, *170*, 108995. https://doi.org/10.1016/j.polymdegradstab.2019.108995 
5. 	Moad, G. (2011). Chemical modification of starch by reactive extrusion. Progress in Polymer Science, 36(2), 218–237. https://doi.org/10.1016/j.progpolymsci.2010.11.002 
6. 	Gao, J., Vasanthan, T., Hoover, R., & Li, J. (2012). Structural modification of waxy, regular, and high‐amylose maize and hulless barley starches on partial acid hydrolysis and their impact on physicochemical properties and chemical modification. Starch‐Stärke, 64(4), 313–325. https://doi.org/10.1002/star.201100128 
7. 	Stepto, R. F. T. (2009). Thermoplastic starch. *Macromolecular Symposia*, *279*, 163–168. https://doi.org/10.1002/masy.200950525 
8. 	Abral, H., Atmajaya, A., Mahardika, M., Hafizulhaq, F., Kadriadi, Handayani, D., Sapuan, S. M., & Ilyas, R. A. (2020). Effect of ultrasonication duration of polyvinyl alcohol (PVA) gel on characterizations of PVA film. Journal of Materials Research and Technology, 9(2), 2477–2486. https://doi.org/10.1016/j.jmrt.2019.12.078 
9. 	Angellier, H., Molina-Boisseau, S., & Dufresne, A. (2005). Mechanical properties of waxy maize starch nanocrystal reinforced natural rubber. Macromolecules, 38(22), 9161–9170. https://doi.org/10.1021/ma0512399 
10. 	Angellier, H., Molina-Boisseau, S., & Dufresne, A. (2005). Mechanical properties of waxy maize starch nanocrystal reinforced natural rubber. Macromolecules, 38, 9161–9170. https://doi.org/10.1021/ma0512399 
11. 	Alabi, O. A., Ologbonjaye, K. I., Awosolu, O., & Alalade, O. E. (2019). Public and environmental health effects of plastic wastes disposal: a review. Journal of Toxicology and Risk Assessment, 5, 1–13. https://doi.org/10.23937/2572-4061.1510021 
12. 	Gupta, K. K., Sharma, K. K., & Chandra, H. (2022). Micrococcus luteus strain CGK112 isolated from cow dung demonstrated efficient biofilm-forming ability and degradation potential toward high-density polyethylene (HDPE). Archives of Microbiology, 204(7), 402. https://doi.org/10.1007/s00203-022-03023-4 
13. 	Queiroz, A. U. B., & Collares-Queiroz, F. P. (2009). Innovation and industrial trends in bioplastics. Journal of Macromolecular Science®, Part C: Polymer Reviews, 49(2), 65–78. https://doi.org/10.1080/15583720902834759 
14. 	Luckachan, G. E., & Pillai, C. K. S. (2011). Biodegradable Polymers- A Review on Recent Trends and Emerging Perspectives. Journal of Polymers and the Environment, 19(3), 637–676. https://doi.org/10.1007/s10924-011-0317-1 
15. 	Li, J., Dou, Y., Yang, J., Yin, Y., Zhang, H., Yao, F., Wang, H., & Yao, K. (2009). Surface characterization and biocompatibility of micro- and nano-hydroxyapatite/chitosan-gelatin network films. Materials Science and Engineering: C, 29(4), 1207–1215. https://doi.org/10.1016/j.msec.2008.09.038 
16. 	Kadam, S. U., Pankaj, S. K., Tiwari, B. K., Cullen, P. J., & O’Donnell, C. P. (2015). Development of biopolymer-based gelatin and casein films incorporating brown seaweed Ascophyllum nodosum extract. Food Packaging and Shelf Life, 6, 68–74. https://doi.org/10.1016/j.fpsl.2015.09.003 
17. 	Cano, A., Jiménez, A., Cháfer, M., Gónzalez, C., & Chiralt, A. (2014). Effect of amylose:amylopectin ratio and rice bran addition on starch films properties. Carbohydrate Polymers, 111, 543–555. https://doi.org/10.1016/j.carbpol.2014.04.075 
18. 	Zhang, Y., Thompson, M., & Liu, Q. (2011). The effect of pea fiber and potato pulp on thermal property, surface tension, and hydrophilicity of extruded starch thermoplastics. Carbohydrate Polymers, 86, 700–707. https://doi.org/10.1016/j.carbpol.2011.05.009 
19. 	Vilaplana, F., Hasjim, J., & Gilbert, R.G. (2012). Amylose content in starches: Toward optimal definition and validating experimental methods. Carbohydrate Polymers, 88(1), 103–111. https://doi.org/10.1016/j.carbpol.2011.11.072 
20. 	Li, M., Liu, P., Zou, W., Yu, L., Xie, F., Pu, H., Liu, H., & Chen, L. (2011). Extrusion processing and characterization of edible starch films with different amylose contents. Journal of Food Engineering, 106(1), 95–101. https://doi.org/10.1016/j.jfoodeng.2011.04.021 
21. 	Romero-Bastida, C. A., Bello-Pérez, L. A., Velazquez, G., & Alvarez-Ramirez, J. (2015). Effect of the addition order and amylose content on mechanical, barrier and structural properties of films made with starch and montmorillonite. Carbohydrate Polymers, 127, 195–201. https://doi.org/10.1016/j.carbpol.2015.03.074 
22. 	Vandeputte, G. E., Vermeylen, R., Geeroms, J., & Delcour, J. A. (2003). Rice starches. III. Structural aspects provide insight in amylopectin retrogradation properties and gel texture. Journal of Cereal Science, 38(1), 61–68. https://doi.org/10.1016/S0733-5210(02)00142-X 
23. 	Bodini, R. B., Sobral, P. J. do A., Fávaro-Trindade, C. S., & Carvalho, R. A. de. (2013). Properties of gelatin-based films with added ethanol–propolis extract. LWT - Food Science and Technology, 51(1), 104-110. https://doi.org/10.1016/j.lwt.2012.10.013 
24. 	Sun, Q., Sun, C., & Xiong, L. (2013). Mechanical, barrier and morphological properties of pea starch and peanut protein isolate blend films. Carbohydrate Polymers, 98(1), 630–637. https://doi.org/10.1016/j.carbpol.2013.06.040 
25. 	Jiamjariyatam, R., Kongpensook, V., & Pradipasena, P. (2015). Effects of amylose content, cooling rate and aging time on properties and characteristics of rice starch gels and puffed products. Journal of Cereal Science, 61, 16–25. https://doi.org/10.1016/j.jcs.2014.10.001 
26. 	Rindlav-Westling, A., Stading, M., Hermansson, A. M., & Gatenholm, P. (1998). Structure, mechanical and barrier properties of amylose and amylopectin films. Carbohydrate Polymers, 36, 217–224. https://doi.org/10.1016/S0144-8617(98)00025-3 
27. 	Sabetzadeh, M., Bagheri, R., & Masoomi, M. (2015). Study on ternary low density polyethylene/linear low density polyethylene/thermoplastic starch blend films. Carbohydrate Polymers, 119, 126–133. https://doi.org/10.1016/j.carbpol.2014.11.038 
28. 	Kaseem, M., Hamad, K., & Deri, F. (2012). Rheological and mechanical properties of polypropylene/thermoplastic starch blend. Polymer Bulletin, 68(4), 1079–1091. https://doi.org/10.1007/S00289-011-0611-Z 
29. 	Noivoil, N., & Yoksan, R. (2021). Compatibility improvement of poly(lactic acid)/thermoplastic starch blown films using acetylated starch. Journal of Applied Polymer Science. https://doi.org/10.1002/app.49675 
30. 	Temesgen, S., Rennert, M., Tesfaye, T., & Nase, M. (2021). Review on spinning of biopolymer fibers from starch. Polymers, 13(7), 1121. https://doi.org/10.3390/polym13071121 
31. 	Abral, H., Ariksa, J., Mahardika, M., Handayani, D., Aminah, I., Sandrawati, N., Sapuan, S. M., & Ilyas, R. A. (2020). Highly transparent and antimicrobial PVA based bionanocomposites reinforced by ginger nanofiber. Polymer Testing, 81, 106186. https://doi.org/10.1016/j.polymertesting.2019.106186 
32. 	Ge, C., Lansing, B., & Lewis, C. L. (2021). Thermoplastic starch and poly(vinyl alcohol) blends centered barrier film for food packaging applications. *Food Packaging and Shelf Life*, *27*, 100610. https://doi.org/10.1016/j.fpsl.2020.100610 
33. 	Lu, K., Lan, X., Folkersma, R., Voet, V. S. D., & Loos, K. (2024). Borax Cross-Linked Acrylamide-Grafted Starch Self-Healing Hydrogels. Biomacromolecules, 25(12), 8026–8037. https://doi.org/10.1021/acs.biomac.4c01287 
34. 	Kim, J. R., & Netravali, A. N. (2016). Self-healing properties of protein resin with soy protein isolate-loaded poly (D, L-lactide-co-glycolide) microcapsules. Advanced Functional Materials, 26(26), 4786–4796. https://doi.org/10.1002/adfm.201600786 
35. 	Gandini, A. (2008). Polymers from Renewable Resources: A Challenge for the Future of Macromolecular Materials. Macromolecules, 41, 9491–9504. https://doi.org/10.1021/ma801735u 
36. 	Kim, J. R., & Netravali, A. N. (2017). Self-healing starch-based ‘green’ thermoset resin. Polymer, 117, 150–159. https://doi.org/10.1016/J.POLYMER.2017.04.026 
37. 	Kim, J. R., & Netravali, A. N. (2017). Self-healing green composites based on soy protein and microfibrillated cellulose. Composites Science and Technology, 143, 22–30. https://doi.org/10.1016/j.compscitech.2017.02.030 
38. 	Kim, J. T., & Netravali, A. N. (2010). Mechanical, thermal, and interfacial properties of green composites with ramie fiber and soy resins. Journal of Agricultural and Food Chemistry, 58(9), 5400–5407. https://doi.org/10.1021/jf100317y 
39. 	Gross, R. A., & Kalra, B. (2002). Biodegradable polymers for the environment. Science, 297(5582), 803–807. https://doi.org/10.1126/science.297.5582.803 
40. 	Lin, T., Zhang, X., Tang, Z., & Guo, B. (2015). Renewable conjugated acids as curatives for high-performance rubber/silica composites. Green Chemistry, 17, 3301–3305 https://doi.org/10.1039/C5GC00834D 
41. 	Venkatanarasimhan, S., & Raghavachari, D. (2013). Epoxidized natural rubber–magnetite nanocomposites for oil spill recovery. Journal of Materials Chemistry A, 1(3), 868–876. https://doi.org/10.1039/C2TA00445C 
42. 	Matsuda, S., Iwata, H., Se, N., & Ikada, Y. (1999). Bioadhesion of gelatin films crosslinked with glutaraldehyde. Journal of Biomedical Materials Research: An Official Journal of The Society for Biomaterials, The Japanese Society for Biomaterials, and The Australian Society for Biomaterials, 45(1), 20–27. https://doi.org/10.1002/(sici)1097-4636(199904)45:13.0.co;2-6 
43. 	Wu, J., & Muir, A. D. (2008). Comparative structural, emulsifying, and biological properties of 2 major canola proteins, cruciferin and napin. Journal of Food Science, 73(3), C210–C216. https://doi.org/10.1111/j.1750-3841.2008.00675.x 
44. 	Liu, Z., Luo, Y., Bai, H., Zhang, Q., & Fu, Q. (2016). Remarkably enhanced impact toughness and heat resistance of poly(l-Lactide)/Thermoplastic Polyurethane Blends by Constructing Stereocomplex Crystallites in the Matrix. ACS Sustainable Chemistry & Engineering, 4(1), 111–120. https://doi.org/10.1021/acssuschemeng.5b00816 
45. 	Kim, J. R., & Netravali, A. N. (2017). Self-healing starch-based 'green' thermoset resin. Polymer, 117, 150–159. https://doi.org/10.1016/j.polymer.2017.04.026 
46. 	Samadzadeh, M., Boura, S. H., Peikari, M., Kasiriha, S. M., & Ashrafi, A. (2010). A review on self-healing coatings based on micro/nanocapsules. Progress in Organic Coatings, 68(3), 159–164. https://doi.org/10.1016/j.porgcoat.2010.01.006 
47. 	White, S. R., Sottos, N. R., Geubelle, P. H., Moore, J. S., Kessler, M. R., Sriram, S. R., Brown, E. N., & Viswanathan, S. (2001). Autonomic healing of polymer composites. Nature, 409(6822), 794-797. https://doi.org/10.1038/35057232 
48. 	Lanzara, G., Yoon, Y., Liu, H., Peng, S., & Lee, W. I. (2009). Carbon nanotube reservoirs for self-healing materials. Nanotechnology, 20(33), 335704. https://doi.org/10.1088/0957-4484/20/33/335704 
49. 	Wu, D. Y., Meure, S., & Solomon, D. (2008). Self-healing polymeric materials: A review of recent developments. Progress in Polymer Science, 33(5), 479–522. https://doi.org/10.1016/j.progpolymsci.2008.02.001 
50. 	Wertz, J. T., Mauldin, T. C., & Boday, D. J. (2014). Polylactic acid with improved heat deflection temperatures and self-healing properties for durable goods applications. ACS Applied Materials & Interfaces, 6(21), 18511–18516. https://doi.org/10.1021/am5058713 
51. 	Burfield, D. R., Lim, K.-L., Law, K.-S., & Ng, S. (1984). Analysis of epoxidized natural rubber. A comparative study of d.s.c., n.m.r., elemental analysis and direct titration methods. Polymer, 25, 995–998. https://doi.org/10.1016/0032-3861(84)90086-7 
52. 	Wei, Z., Yang, J. H., Liu, Z. Q., Xu, F., Zhou, J. X., Zrínyi, M., Osada, Y., & Chen, Y. M. (2015). Novel biocompatible polysaccharide-based self-healing hydrogel. Advanced Functional Materials, 25(9), 1352–1359. https://doi.org/10.1002/adfm.201401502 
53. 	Ogawa, Y., Okada, H., Yamamoto, M., & Shimamoto, T. (1988). In vivo release profiles of leuprolide acetate from microcapsules prepared with polylactic acids or copoly(lactic/glycolic) acids and in vivo degradation of these polymers. Chemical & Pharmaceutical Bulletin (Tokyo), 36(7), 2576–2581. https://doi.org/10.1248/cpb.36.2576 
54. 	Zdanowicz, M., & Johansson, C. (2016). Mechanical and barrier properties of starch-based films plasticized with two- or three component deep eutectic solvents. Carbohydrate Polymers, 151, 103–112. https://doi.org/10.1016/j.carbpol.2016.05.061 
55. 	Fabra, M. J., López-Rubio, A., Cabedo, L., & Lagaron, J. M. (2016). Tailoring barrier properties of thermoplastic corn starch-based films (TPCS) by means of a multilayer design. Journal of Colloid and Interface Science, 483, 84–92. https://doi.org/10.1016/j.jcis.2016.08.021 
56. 	Maran, J. P., Sivakumar, V., Thirugnanasambandham, K., & Kandasamy, S. (2013). Modeling and analysis of film composition on mechanical properties of maize starch based edible films. International Journal of Biological Macromolecules, 62, 565–573. https://doi.org/10.1016/j.ijbiomac.2013.09.027 
57. 	Da Silva, J. B. A., Pereira, F. V, & Druzian, J. I. (2012). Cassava starch-based films plasticized with sucrose and inverted sugar and reinforced with cellulose nanocrystals. Journal of Food Science, 77(6), N14–N19. https://doi.org/10.1111/j.1750-3841.2012.02710.x 
58. 	Fazeli, M., Keley, M., & Biazar, E. (2018). Preparation and characterization of starch-based composite films reinforced by cellulose nanofibers. International Journal of Biological Macromolecules. https://doi.org/10.1016/j.ijbiomac.2018.04.186 
59. 	Angellier, H., Molina-Boisseau, S., Dole, P., & Dufresne, A. (2006). Thermoplastic starch−waxy maize starch nanocrystals nanocomposites. Biomacromolecules. https://doi.org/10.1021/bm050797s 
60. 	Maran, J. P., Sivakumar, V., Sridhar, R., & Thirugnanasambandham, K. (2013). Development of model for barrier and optical properties of tapioca starch based edible films. Carbohydrate Polymers, 92(2), 1335–1347. https://doi.org/10.1016/j.carbpol.2012.09.069 
61. 	Wang, Y., Yuan, C., Liu, Y., Xu, D., & Cui, B. (2019). The influence of a hydroxypropyl-beta-cyclodextrin composite on the gelation of kappa-carrageenan. Food Hydrocolloids, 90, 276–284. https://doi.org/10.1016/j.foodhyd.2018.12.037 
62. 	Saltmarsh, M. (2015). Recent trends in the use of food additives in the United Kingdom. Journal of the Science of Food and Agriculture, 95(4), 649–652. https://doi.org/10.1002/jsfa.6715 
63. 	Fang, Y., Fu, J., Tao, C., Liu, P., & Cui, B. (2020). Mechanical properties and antibacterial activities of novel starch-based composite films incorporated with salicylic acid. International Journal of Biological Macromolecules, 155, 1350–1358. https://doi.org/10.1016/j.ijbiomac.2019.11.110 
64. 	Wei, W., Wu, M., Zhang, T., Zhang, X., Ren, W., & He, T. (2024). Enhancement of Starch Gel Properties Using Ionic Synergistic Multiple Crosslinking Extrusion Modification. Foods, 13(1), 24. https://doi.org/10.3390/foods13010024 
65. 	Sornsumdaeng, K., Seeharaj, P., & Prachayawarakorn, J. (2021). Property improvement of biodegradable citric acid-crosslinked rice starch films by calcium oxide. International Journal of Biological Macromolecules, 193, 748–757. https://doi.org/10.1016/j.ijbiomac.2021.10.157 
66. 	Wurm, F., Rietzler, B., Pham, T., & Bechtold, T. (2020). Multivalent Ions as Reactive Crosslinkers for Biopolymers—A Review. Molecules, 25(8), 1840. https://doi.org/10.3390/molecules25081840 
67. 	Ning, D., Songfeng, E., Ma, Q., Zhao, R., Jia, F., Lu, Z.: Strong, tough and degradable cellulose nanofibers-based composite film by the dual crosslinking of polydopamine and iron ions. Compos Sci Technol. 220, 109299 (2022)
68. 	Su, T., Wu, L., Zuo, G., Pan, X., Shi, M., Zhang, C., Qi, X., & Dong, W. (2020). Incorporation of dumbbell-shaped and Y-shaped cross-linkers in adjustable pullulan/polydopamine hydrogels for selective adsorption of cationic dyes. *Environmental Research*, *182*, 109010. https://doi.org/10.1016/j.envres.2019.109010 
69. 	Camani, P. H., Gonçalo, M. G. M., Barbosa, R. F. S., & Rosa, D. S. (2021). Comprehensive insight of crosslinking agent concentration influence on starch‐based aerogels porous structure. Journal of Applied Polymer Science, 138(34), e50863. https://doi.org/10.1002/app.50863 
70. 	da Silva Fernandes, R., Tanaka, F. N., de Moura, M. R., & Aouada, F. A. (2019). Development of alginate/starch-based hydrogels crosslinked with different ions: Hydrophilic, kinetic and spectroscopic properties. Materials Today Communications, 21, 100636. https://doi.org/10.1016/j.mtcomm.2019.100636 
71. 	Sabadini, R. C., Fernandes, M., de Zea Bermudez, V., Pawlicka, A., & Silva, M. M. (2022). Eco‐friendly superabsorbent hydrogels based on starch, gellan gum, citric acid, and nanoclays for soil humidity control. *Journal of Applied Polymer Science*, *139*(e52998). https://doi.org/10.1002/app.52998 
72. 	Qin, Y., Zhang, S., Yu, J., Yang, J., Xiong, L., & Sun, Q. (2016). Effects of chitin nano-whiskers on the antibacterial and physicochemical properties of maize starch films. Carbohydrate Polymers, 147, 372–378. https://doi.org/10.1016/j.carbpol.2016.03.095 
73. 	Ortega-Toro, R., Collazo-Bigliardi, S., Roselló, J., Santamarina, P., & Chiralt, A. (2017). Antifungal starch-based edible films containing Aloe vera. Food Hydrocolloids, 72, 1–10. https://doi.org/10.1016/j.foodhyd.2017.05.023 
74. 	Nouri, L., & Nafchi, A. M. (2014). Antibacterial, mechanical, and barrier properties of sago starch film incorporated with betel leaves extract. International Journal of Biological Macromolecules, 66, 254–259. https://doi.org/10.1016/j.ijbiomac.2014.02.044 
75. 	Qiu, C., Qin, Y., Zhang, S., Xiong, L., & Sun, Q. (2016). A comparative study of size-controlled worm-like amylopectin nanoparticles and spherical amylose nanoparticles: Their characteristics and the adsorption properties of polyphenols. Food Chemistry, 213, 579–587. https://doi.org/10.1016/j.foodchem.2016.07.023 
76. 	da Rocha Neto, A. C., Maraschin, M., & Di Piero, R. M. (2015). Antifungal activity of salicylic acid against Penicillium expansum and its possible mechanisms of action. International Journal of Food Microbiology. https://doi.org/10.1016/j.ijfoodmicro.2015.08.018 
77. 	Panahirad, S., Zaare-Nahandi, F., Safaralizadeh, R., & Alizadeh-Salteh, S. (2012). Postharvest control of Rhizopus stolonifer in peach (Prunus persica L. Batsch) fruits using salicylic acid. Journal of Food Safety, 32(4), 502–507. https://doi.org/10.1111/jfs.12013 
78. 	Daw, B. D., Zhang, L. H., & Wang, Z. Z. (2008). Salicylic acid enhances antifungal resistance to Magnaporthe grisea in rice plants. Australasian Plant Pathology, 37(6), 637–644. https://doi.org/10.1071/AP08054 
79. 	Gillgren, T., Faye, M.-V., & Stading, M. (2011). Mechanical and barrier properties of films from millet protein pennisetin. Food Biophysics, 6(4), 474–480. https://doi.org/10.1007/s11483-011-9228-x 
80. 	Martínez-Ortiz, M. A., Vargas-Torres, A., Román-Gutiérrez, A. D., Chavarría-Hernández, N., Zamudio-Flores, P. B., Meza-Nieto, M., & Palma-Rodríguez, H. M. (2017). Partial characterization of chayotextle starch-based films added with ascorbic acid encapsulated in resistant starch. International Journal of Biological Macromolecules, 98, 341–347. https://doi.org/10.1016/j.ijbiomac.2017.02.016 
81. 	Liu, P., Wang, R., Kang, X., Cui, B., & Yu, B. (2018). Effects of ultrasonic treatment on amylose-lipid complex formation and properties of sweet potato starch-based films. Ultrasonics Sonochemistry, 44, 215–222. https://doi.org/10.1016/j.ultsonch.2018.02.029 
82. 	Qiao, D., Li, S., Yu, L., Zhang, B., Simon, G., & Jiang, F. (2018). Effect of alkanol surface grafting on the hydrophobicity of starch-based films. International Journal of Biological Macromolecules, 112, 761–766. https://doi.org/10.1016/j.ijbiomac.2018.01.205 
83. 	Issa, A., Ibrahim, S. A., & Tahergorabi, R. (2017). Impact of sweet potato starch-based nanocomposite films activated with thyme essential oil on the shelf-life of baby spinach leaves. *Foods*, *6*(6), 43. https://doi.org/10.3390/foods6060043 
84. 	Liu, S., Li, X., Chen, L., Li, L., Li, B., & Zhu, J. (2018). Tunable d-limonene permeability in starch-based nanocomposite films reinforced by cellulose nanocrystals. Journal of Agricultural and Food Chemistry, 66(4), 979–987. https://doi.org/10.1021/acs.jafc.7b05457 
85. 	Dai, L., Qiu, C., Xiong, L., & Sun, Q. (2015). Characterisation of corn starch-based films reinforced with taro starch nanoparticles. Food Chemistry, 174, 82–88. https://doi.org/10.1016/j.foodchem.2014.11.005 
86. 	Ai, J., Li, K., Li, J., Yu, F., & Ma, J. (2021). Super flexible, fatigue resistant, self-healing PVA/xylan/borax hydrogel with dual-crosslinked network. International Journal of Biological Macromolecules, 172, 66–73. https://doi.org/10.1016/j.ijbiomac.2021.01.038 
87. 	Li, M., Han, X., Fan, Z., Zhang, Y., Li, Q., & Xie, G. (2021). Autonomous ultrafast-self-healing hydrogel for application in multiple environments. Colloids and Surfaces A: Physicochemical and Engineering Aspects, 631, 127669. https://doi.org/10.1016/j.colsurfa.2021.127669 
88. 	Long, T., Li, Y., Fang, X., & Sun, J. (2018). Salt‐Mediated Polyampholyte Hydrogels with High Mechanical Strength, Excellent Self‐Healing Property, and Satisfactory Electrical Conductivity. Advanced Functional Materials. https://doi.org/10.1002/adfm.201804416 
89. 	Nakahata, M., Takashima, Y., Yamaguchi, H., & Harada, A. (2011). Redox-responsive self-healing materials formed from host–guest polymers. Nature Communications, 2, 511. https://doi.org/10.1038/ncomms1521 
90. 	Chao, A., Negulescu, I., & Zhang, D. (2016). Dynamic covalent polymer networks based on degenerative imine bond exchange: Tuning the malleability and self-healing properties by solvent. Macromolecules, 49(17), 6277–6284. https://doi.org/10.1021/acs.macromol.6b01443 
91. 	Chen, Y., & Guan, Z. (2014). Multivalent hydrogen bonding block copolymers self-assemble into strong and tough self-healing materials. Chemical Communications, 50, 10868–10870. https://doi.org/10.1039/C4CC03168G 
92. 	Huang, S., Shuyi, S., Gan, H., Linjun, W., Lin, C., Danyuan, X., Zhou, H., Lin, X., & Qin, Y. (2019). Facile fabrication and characterization of highly stretchable lignin-based hydroxyethyl cellulose self-healing hydrogel. Carbohydrate Polymers, 223, 115080. https://doi.org/10.1016/j.carbpol.2019.115080 
93. 	Shao, C., Wang, M., Chang, H., Xu, F., & Yang, J. (2017). A self-healing cellulose nanocrystal-poly(ethylene glycol) nanocomposite hydrogel via Diels–Alder click reaction. *ACS Sustainable Chemistry & Engineering*, *5*(7), 6167–6174. https://doi.org/10.1021/acssuschemeng.7b01060 
94. 	Pepels, M., Filot, I., Klumperman, B., & Goossens, H. (2013). Self-healing systems based on disulfide–thiol exchange reactions. Polymer Chemistry, 4, 4955–4965. https://doi.org/10.1039/C3PY00087G 
95. 	Cheng, H., Fan, Z., Wang, Z., Guo, Z., Jiang, J., & Xie, Y. (2023). Highly stretchable, fast self-healing nanocellulose hydrogel combining borate ester bonds and acylhydrazone bonds. International Journal of Biological Macromolecules, 245, 125471. https://doi.org/10.1016/j.ijbiomac.2023.125471 
96. 	Rumon, M. M. H., Akib, A. A., Sultana, F., Moniruzzaman, M., Niloy, M. S., Shakil, M. S., & Roy, C. K. (2022). Self-Healing Hydrogels: Development, Biomedical Applications, and Challenges. Polymers, 14(21), 4539. https://doi.org/10.3390/polym14214539 
97. 	Ren, Z., Ke, T., Ling, Q., Zhao, L., & Gu, H. (2021). Rapid self-healing and self-adhesive chitosan-based hydrogels by host-guest interaction and dynamic covalent bond as flexible sensor. Carbohydrate Polymers, 273, 118533. https://doi.org/10.1016/j.carbpol.2021.118533 
98. 	Seidi, F., Jin, Y., Han, J., Saeb, M. R., Akbari, A., Hosseini, S. H., Shabanian, M., & Xiao, H. (2020). Self‐healing Polyol/Borax Hydrogels: Fabrications, Properties and Applications. The Chemical Record, 20, 1142–1162. https://doi.org/10.1002/tcr.202000060 
99. 	Mate, C. J., & Mishra, S. (2020). Synthesis of borax cross-linked Jhingan gum hydrogel for remediation of Remazol Brilliant Blue R (RBBR) dye from water: Adsorption isotherm, kinetic, thermodynamic and biodegradation studies. International Journal of Biological Macromolecules, 151, 677–690. https://doi.org/10.1016/j.ijbiomac.2020.02.192 
100. 	Dai, L., Nadeau, B., An, X., Cheng, D., Long, Z., & Ni, Y. (2016). Silver nanoparticles-containing dual-function hydrogels based on a guar gum-sodium borohydride system. Scientific Reports, 6(1), 36497. https://doi.org/10.1038/srep36497 
101. 	Koga, K., Takada, A., & Nemoto, N. (1999). Dynamic light scattering and dynamic viscoelasticity of poly(vinyl alcohol) in aqueous borax solutions. 5. Temperature effects. Macromolecules, 32(26), 8872–8879. https://doi.org/10.1021/ma990493w 
102. 	Lu, K., Lan, X., Folkersma, R., Voet, V. S. D., & Loos, K. (2024). Borax Cross-Linked Acrylamide-Grafted Starch Self-Healing Hydrogels. Biomacromolecules, 25(12), 8026–8037. https://doi.org/10.1021/acs.biomac.4c01287 
103. 	Shang, X., Wang, Q., Li, J., Zhang, G., Zhang, J., Liu, P., Wang, L. (2021). Double-network hydrogels with superior self-healing properties using starch reinforcing strategy. Carbohydrate Polymers, 257, 117626. https://doi.org/10.1016/j.carbpol.2021.117626 
104. 	Sánchez, T., Salcedo, E., Ceballos, H., Dufour, D., Mafla, G., Morante, N., Calle, F., Pérez, J. C., Debouck, D., Jaramillo, G., & Moreno, I. X. (2009). Screening of starch quality traits in cassava (Manihot esculenta Crantz). *Starch‐Stärke, 61*(1), 12–19. https://doi.org/10.1002/star.200800058 
105. 	Taylor, D. L., & In Het Panhuis, M. (2016). Self‐healing hydrogels. Advanced Materials, 28, 9060–9093. https://doi.org/10.1002/adma.201601613 
106. 	Zhang, R., Ruan, H., Zhou, T., Fu, Q., Peng, H., Zhu, X., & Yao, Y. (2019). High-performance poly(acrylic acid) hydrogels formed with a block copolymer crosslinker containing amino-acid derivatives. Soft Matter, 15, 7381–7389. https://doi.org/10.1039/C9SM01512D 
107. 	Xu, D., Huang, J., Zhao, D., Ding, B., Zhang, L., & Cai, J. (2016). High-flexibility, high-toughness double-cross-linked chitin hydrogels by sequential chemical and physical cross-linkings. Advanced Materials, 28(28), 5844–5849. https://doi.org/10.1002/adma.201600448 
108. 	Guo, L., Yang, N., Gao, W., Tao, H., Cui, B., Liu, P., Zou, F., Lu, L., Fang, Y., & Wu, Z. (2023). Self-healing properties of retrograded starch films with enzyme-treated waxy maize starch as healing agent. Carbohydrate Polymers, 299, 120238. https://doi.org/10.1016/j.carbpol.2022.120238 
109. 	Ramesh, M., Kumar, L. R., Khan, A., & Asiri, A. M. (2020). Self-healing polymer composites and its chemistry. In A. Khan, M. Jawaid, S. N. Raveendran, & A. M. A. Asiri (Eds.), *Self-healing composite materials: From design to applications* (pp. 415–427). Woodhead Publishing. https://doi.org/10.1016/B978-0-12-817354-1.00022-3 
110. 	Scheiner, M., Dickens, T. J., & Okoli, O. I. (2016). Progress towards self-healing polymers for composite structural applications. Polymer, 83, 260–282. https://doi.org/10.1016/j.polymer.2015.11.008 
111. 	Thakur, V. K., & Kessler, M. R. (2015). Self-healing polymer nanocomposite materials: A review. Polymer, 69, 369–383. https://doi.org/10.1016/j.polymer.2015.04.086 
112. 	Souzandeh, H., & Netravali, A. N. (2019). Self-healing of ‘green’ thermoset zein resins with irregular shaped waxy maize starch-based/poly (D, L-lactic-co-glycolic acid) microcapsules. Composites Science and Technology, 183, 107831. https://doi.org/10.1016/j.compscitech.2019.107831 
113. 	Yahia, R., Owda, M.E., Abou-Zeid, R.E., Abdelhai, F., El-Gamil, H.Y., Abdo, A.M., Ali, A.A.: Biodegradable, UV absorber and thermal stable bioplastic films from waxy corn starch/polyvinyl alcohol blends. Biomass Convers Biorefin. 14, 27989–28006 (2024)
114. 	Guimarães Jr, M., Botaro, V. R., Novack, K. M., Teixeira, F. G., & Tonoli, G. H. D. (2015). Starch/PVA-based nanocomposites reinforced with bamboo nanofibrils. Industrial Crops and Products, 70, 72–83. https://doi.org/10.1016/j.indcrop.2015.03.014 
115. 	Salleh, M. S. N., Mohamed Nor, N. N., Mohd, N., & Syed Draman, S. F. (2017). Water resistance and thermal properties of polyvinyl alcohol-starch fiber blend film. *AIP Conference Proceedings*, *1809*(1), 020045. https://doi.org/10.1063/1.4975460 
116. 	Turco, R., Ortega-Toro, R., Tesser, R., Mallardo, S., Collazo-Bigliardi, S., Chiralt Boix, A., Malinconico, M., Rippa, M., Di Serio, M., & Santagata, G. (2019). Poly (lactic acid)/thermoplastic starch films: Effect of cardoon seed epoxidized oil on their chemicophysical, mechanical, and barrier properties. *Coatings*, *9*(9), 574. https://doi.org/10.3390/coatings9090574 
117. 	Wang, K., Wang, W., Ye, R., Xiao, J., Liu, Y., Ding, J., Zhang, S., & Liu, A. (2017). Mechanical and barrier properties of maize starch–gelatin composite films: effects of amylose content. Journal of the Science of Food and Agriculture, 97(11), 3613–3622. https://doi.org/10.1002/jsfa.8220 
118. 	Acosta, S., Jiménez, A., Cháfer, M., González-Martínez, C., & Chiralt, A. (2015). Physical properties and stability of starch-gelatin based films as affected by the addition of esters of fatty acids. Food Hydrocolloids, 49, 135–143. https://doi.org/10.1016/j.foodhyd.2015.03.015 
119. 	Almasi, H., Ghanbarzadeh, B., & Entezami, A. A. (2010). Physicochemical properties of starch–CMC–nanoclay biodegradable films. International Journal of Biological Macromolecules, 46(1), 1–5. https://doi.org/10.1016/j.ijbiomac.2009.10.001 
120. 	Zhang, X., Zhang, H., Zhou, G., Su, Z., & Wang, X. (2024). Flexible, thermal processable, self-healing, and fully bio-based starch plastics by constructing dynamic imine network. Green Energy & Environment. https://doi.org/10.1016/j.gee.2023.08.002 
 






2

image3.jpeg
CAN \/]/W\r/
O 0

OH ’
OH OH OH Initiator \ = QH 0

Gelatinization

NH,
Borax A/ AM

Crosslinkin, Graft pol menzanoni
. Starch -g-PAM .. i

[ ———_

N
)





image1.jpg
- Borate bond

Hydrogen Bond

Self-healing





image2.jpg
CAN \/]/W\r/
O 0

OH ’
OH OH OH Initiator \ = QH 0

Gelatinization

NH,
Borax A/ AM

Crosslinkin, Graft pol menzanoni
. Starch -g-PAM .. i

[ ———_

N
)





