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[bookmark: _Toc216975381]Introduction
The widespread use of petroleum-based plastic has profoundly influenced modern society thanks to its remarkable durability, lightness, versatility, and low production cost. These characteristics have made it indispensable in numerous industrial sectors, improving product preservation, transport, and overall functionality [1]. However, the same characteristics that make plastic valuable also make it highly resistant to degradation, creating a persistent environmental challenge [2]. Current estimates indicate that nearly 9 million metric tonnes of plastic waste have been generated worldwide, of which only 9% has been recycled and 12% incinerated, while nearly 79% remains accumulated in landfills or dispersed in natural environments. Projections suggest that by 2050, plastic waste could reach approximately 12 million metric tonnes, further intensifying global pollution [3]. One of the most pressing concerns is that plastic, if not properly managed, can fragment into microplastics that infiltrate ecosystems and food chains, potentially posing a risk to human health. Furthermore, limited recycling infrastructures worldwide are unable to keep up with the growing production of plastic materials, leading to significant waste accumulation. In addition to landfill saturation, the persistence of plastic in soil and aquatic environments contributes to long-term ecological damage, such as soil and water contamination [4].
In response to the growing concern over the environmental impact of conventional plastics, considerable efforts are being directed toward developing more sustainable materials, innovative production technologies, improved end-of-life (EoL) strategies, and supportive policy measures to address the accumulation of plastic waste. Key features expected from sustainable alternatives include the use of renewable feedstocks, biodegradability, and reduced energy consumption. Within this context, the term bioplastic broadly encompasses materials that are bio-based, biodegradable, or both. Although bioplastics currently represent only a small fraction of total plastic production, their market is expanding rapidly, accounting for approximately 10–15% of the global plastics sector. Derived from renewable resources, bio-based plastics are regarded as promising substitutes for fossil-based counterparts, offering comparable performance while delivering notable environmental benefits [5]. 
These biomacromolecules are classified as biopolymers, which are known for their biocompatibility and biodegradability. These properties make them valuable in a wide range of applications, including edible films, emulsions, food packaging, as well as drug delivery systems, medical implants, wound dressings, and tissue scaffolds [6]. Biopolymers consist of linear or branched/cross-linked molecular chains, and their introduction has revolutionised the field of materials science. Their monomeric units are typically nucleotides, amino acids, or saccharides derived from sugars, making plants, animals, microorganisms, and agricultural waste key natural sources of these polymers [7]. Indeed, biodegradable and bio-based polymers can be classified into three main groups based on their origin, namely natural, synthetic, and microbial biopolymers (Figure 1). 
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[bookmark: _Ref209102064]Figure 1. Classification of biodegradable and biobased polymers
Synthetic biopolymers are produced through chemical synthesis from renewable or partially renewable monomers. Unlike polymers extracted directly from plants or animals, these materials are produced trough controlled processes that allow for a high degree of customisation. Well-known examples include polybutylene succinate (PBS), polybutylene adipate terephthalate (PBAT), and polylactic acid (PLA), all derived from the fermentation of plant sugars. Some, such as polycaprolactone, are derived from petrochemical sources but remain biodegradable and are of interest for applications requiring good thermal stability, mechanical strength, and workability.  Microbial biopolymers are produced by microorganisms, most commonly through fermentation processes. A representative example is the polyhydroxyalkanoate (PHA) family, which is accumulated by bacteria when they metabolise sugars, vegetable oils, or lipid-rich residues. Lastly, natural biopolymers are macromolecules found in nature that can be extracted from the biomass of plant or animal origin. Among the most important are polysaccharides such as cellulose, starch, alginate, pectin, carrageenan, pullulan, gums, and chitosan. Proteins such as gelatin, casein, soy protein, and silk, as well as lipids, also belong to this category. Their abundance, relatively low cost, intrinsic biodegradability, and, in many cases, biocompatibility make them highly suitable for applications in the food, agricultural, pharmaceutical, and biomedical engineering sectors [8].
Despite their advantages, biodegradable polymers still face some challenges. Although production costs are relatively acceptable, ongoing research focuses on enhancing their functional properties. In recent years, several strategies have been developed to address these limitations [9]. Among the different classes of natural biopolymers, starch is one of the most widely investigated due to its abundance, renewability, biodegradability, and low cost.
Starch is the most widespread carbohydrate, composed of numerous glucose units linked by glycosidic bonds, and is synthesised mainly in plants and some cyanobacteria. It occurs in granules composed of two types of alpha-glucan, amylose and amylopectin, which are present in varying ratios and with different structures and properties. Amylose is a relatively long, linear alpha-glucan containing α (1→4) glycosidic bonds, and its size and structure vary with botanical origin. Amylopectin, by contrast, has a highly branched structure that also includes α (1→6) glycosidic bonds and primarily determines the characteristics of the starch granule (Figure 2). 
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[bookmark: _Ref216111312]Figure 2. Structure of the starch granule [10]
Like amylose, its molecular size, shape, structure, and polydispersity depend on the botanical source [11]. In amylopectin, however, the branching points cluster together, enabling the formation of allomorphs: the vicinal glucan chains form double helices that arrange into ordered and less ordered regions. The ordered regions correspond to crystalline domains. Typically, cereal starches exhibit A-type crystalline patterns; tuber starches and those with a high amylose content show B-type patterns; while legume, root, and some fruit or stem starches display C-type patterns, a combination of A and B. The double helices present in both polymorphic forms exhibit an essentially identical helical conformation.
[image: Immagine che contiene testo, diagramma, mappa

Il contenuto generato dall'IA potrebbe non essere corretto.]
[bookmark: _Ref209102179]Figure 3. Schematic view of the two polymorphic crystalline arrangements of the starch [12]
Nevertheless, their spatial organization differs. In detail, the A-type structure has a monoclinic unit structure that contains two double helices and four water molecules. Instead, the B-type is organized as a hexagonal unit with two double helices and 36 water molecules (Figure 3) [13]. In addition to their complex and organised structures, starch granules contain alternating concentric amorphous regions. The periodic sequence of crystalline and amorphous lamellae gives rise to semi-crystalline domains. The semi-crystalline nature of starch, combined with its ability to form strong intermolecular and intramolecular hydrogen bonds [14], often results in starches exhibiting physicochemical properties that are not ideal for further processing. For this reason, starches often need to be modified or combined with other substances to improve their physical and functional characteristics. 
Chemical or physical modifications, such as esterification, blending with other polymers, or adding plasticizers, are the most common and widely adopted strategies for overcoming the brittle nature of starch. Among the most common chemical modifications, esterification by introducing acetyl groups is one of the most widespread techniques [15]. This treatment is generally applied to improve the functional properties of starch, such as solubility, stability, and compatibility with other components in food and industrial applications. The process consists of partially replacing hydroxyl groups with acetyl groups, thereby increasing heat resistance and reducing the tendency to retrogradation, a phenomenon in which disaggregated amylose and amylopectin chains in a gelatinized starch paste re-associate to form more ordered structures. 
Another strategy to overcome the disadvantages of starch and provide additional functional properties is to blend starch with other natural macromolecules to obtain composite materials. Polymer blends are often used in industrial processes to improve the workability of a natural polymer, adapting it to industrial applications and improving its physical, chemical and mechanical properties [16]. Following this approach, the performance of starch-based materials can be enhanced by blending them with chitosan. Chitosan is a linear polysaccharide obtained from the partial deacetylation of chitin, one of the most abundant biomasses in nature (Figure 4).
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[bookmark: _Ref216112120]Figure 4. Structure of chitin and chitosan [17]
It is biodegradable, biocompatible, and non-toxic, which makes it suitable for use in numerous sectors. Thanks to its protonatable amino groups, chitosan exhibits polycationic behaviour, which is responsible for its antibacterial properties and its ability to interact with other macromolecules and charged surfaces. These characteristics make it particularly suitable for the preparation of films and coatings for packaging, biomedical devices, and controlled release systems. Furthermore, its chemical structure allows for various functional modifications, further expanding its application potential [18,19].
Nevertheless, the use of plasticizers is one of the simplest methods for obtaining flexible and plastic starch-based materials. The production of plasticized starch requires the breakdown of starch granules during gelatinisation. In this phase, the amylose molecules dissolve, and the crystalline regions of the amylopectin melt, giving rise to a gel. To prevent the formation of strong hydrogen bonds between polymer chains, plasticizer molecules are added to disrupt the native starch structure. Polyols, such as glycerol and sorbitol, together with other substances such as urea and citric acid, are the most studied and used plasticizers. However, these small molecules tend to migrate out of the polymer matrix over time, causing changes in the properties of the material [20]. In this context, there is growing interest in the use of ionic compounds known as ionic liquids (ILs) as starch plasticizers. ILs are salts that remain in the liquid phase at temperatures below 100 °C. Being composed exclusively of ions, they have remarkable properties such as non-volatility, non-flammability, negligible vapour pressure, as well as chemical and electrochemical stability, low viscosity, solvent power, conductivity, and reduced toxicity (Figure 5). A particularly interesting aspect is the possibility of combining numerous cations and anions, with a potential of millions of variants, allowing intrinsic characteristics to be precisely tailored [12]. 
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[bookmark: _Ref209102191]Figure 5. Main physicochemical properties of ILs
In recent years, dicationic ILs (DILs), a new category of ILs, have attracted great attention. These ionic salts consist of two distal cationic head groups connected by a linking fragment, which can be a simple alkyl chain or a more functional structure, and are associated with two counteranions. Thanks to the possibility of selecting the type of the two head cationic groups, which can be identical or different, choosing the nature of the binding fragments, and varying the anions, a large number of DILs have been synthesized [21]. 
Despite the numerous advantages of ionic compounds, their use may be limited by certain drawbacks, such as limited biocompatibility and poor biodegradability. In this regard, choline chloride and other ionic liquids derived from choline represent a more suitable option. Their reduced toxicity, combined with improved biocompatibility and biodegradability, is mainly attributed to the choline cation. This molecule is naturally present in living organisms, where it plays a fundamental role as one of the essential constituents of vitamin B4 [22,23].
Beyond the structural design of ionic liquids themselves, incorporating different types of active substances into the biopolymer matrix can further enhance and diversify the system’s overall functional properties. The inclusion of agents such as essential oils, plant extracts, antimicrobial peptides, or functional molecules like dopamine and polydopamine, for instance, has been shown to provide specific activities [24–26]. Their presence within the films may result in a valuable and long-lasting protective action, particularly in food preservation, pharmaceutical formulations, and electronic packaging, while also offering additional ecological benefits when employed as sustainable protective mulches in agricultural industries. The use of these substances allowed starch to be processed into a material with good plastic properties, but also to produce highly versatile materials in many fields of application, such as solid starch-based electrolytes, as well as materials with good antibacterial and antioxidant properties [27,28]. 
Building on this potential, it becomes increasingly important to consider not only the performance of biobased materials but also their end-of-life management. Recycling plays a crucial role in reducing the environmental burden of plastics and conserving valuable resources. By keeping materials in circulation, recycling minimizes waste, lowers greenhouse gas emissions, and reduces the reliance on fossil-based raw materials. Transitioning from conventional, non-biodegradable petroleum-based food packaging to materials that are both biobased and biodegradable, while establishing a closed-loop recovery system with biodegradation as the ultimate carbon endpoint, is currently the only viable strategy to mitigate the severe impact of plastic pollution. Achieving a circular economy for plastics requires that all plastics, including biodegradable types, remain in use within the economy for as long as possible, preventing their release into natural ecosystems [29]. Despite significant scientific advances in bioplastic development, research on their end-of-life pathways remains limited. Misconceptions about the technical and economic challenges of mechanically recycling biodegradable plastics contribute to this situation. These concerns include low production volumes, the risk of contaminating conventional recycling streams, and the increased susceptibility of bioplastics to degradation under thermal recycling conditions. However, these challenges are neither unique to biodegradable plastics nor insurmountable, as certain conventional plastics face similar barriers to recycling [30].
Evaluating the mechanical recyclability of selected biobased and biodegradable polymers such as PLA, PBS, and PBAT within a closed-loop framework requires understanding the mechanisms of thermal degradation and the structural evolution of the polymers during processing. It is also important to investigate how contaminants are absorbed and released within the polymer matrix during both contamination and cleaning stages. Furthermore, the interactions between polymers and contaminants are complex and interdependent. The chemical structure, molecular weight, and polarity of contaminants can influence how the polymer structure changes under heat treatment, while the structural evolution of the polymer in turn affects the desorption behaviour of these contaminants [31].

[bookmark: _Toc213252324]
[bookmark: _Toc216975382]Aim of the work
The overall aim of this doctoral thesis was to investigate starch-based materials plasticized and functionalized with different classes of ionic liquids (ILs) and bio-inspired additives. The objective was to overcome the intrinsic limitations of starch and tailor its properties for various applications, including flexible and wearable electronics, active packaging, and healthcare applications.
The first part of the work focused on the use of imidazolium-based mono and dicationic ILs as plasticizers for starch. The goal was to understand how their molecular structure influences the morphology, crystallinity, glass transition temperature, thermal stability, mechanical behaviour, and ionic conductivity of the resulting films. Particular attention was given to the effect of linker length and nature in dicationic ILs and to how this structural variation impacts the multifunctional properties of starch films. Based on these insights, conductive and antibacterial hybrid films were fabricated and tested for wearable devices such as strain sensors. In addition, starch–IL membranes were employed as solid electrolytes in all solid-state flexible micropseudocapacitors, allowing the evaluation of the relationship between IL chemical structure and the electrochemical performance of the devices.
The second part of the thesis explored different strategies to enhance starch-based materials for active packaging and healthcare applications. Starch was chemically modified by acetylation, blended with biopolymers such as chitosan, and combined with bioactive additives such as polydopamine. These approaches were designed to reduce the typical drawbacks of starch films, including brittleness, water sensitivity, and poor long-term stability, while introducing new functionalities such as antioxidant activity, UV-shielding, and improved transparency. A further step was the use of naturally derived ionic liquids, in particular choline-based salts, which provide plasticizing ability together with biocompatibility and sustainability. Their incorporation into starch–chitosan composite films offered an eco-friendly alternative to conventional plasticizers and allowed further control over morphology, crystallinity, wettability, and thermal stability.
A part of the PhD work was then carried out at the INRAE research institute in Montpellier, France. This activity focused on circular-economy aspects of biodegradable materials, emphasizing the importance of their recycling. An additional film production technique, namely thermo-compression, was explored using biodegradable polymers such as PLLA, PBAT, and PBS. The behaviour of these materials when exposed to common contaminants encountered in recycling streams was studied, as well as how their molecular structure influences interactions with these contaminants.
Overall, this thesis provides a comprehensive framework on how ionic liquid structure, starch modification, and functional additives can be combined to design next-generation starch-based materials. The results demonstrate the feasibility of tailoring starch films for sustainable applications in both the flexible electronics and healthcare and packaging sectors, highlighting the role of ionic liquids, both synthetic and natural, as key enablers in the development of renewable, multifunctional polymeric materials. In addition, the work conducted at the INRAE research institute in Montpellier expanded the scope of the thesis by addressing circular-economy aspects for biodegradable materials. The study of thermocompressed films based on PLLA, PBAT, and PBS, and their interactions with contaminants commonly found in recycling streams, provided important insights into the recyclability and structural-performance relationships of biodegradable polymers.

[bookmark: _Toc213252325]
[bookmark: _Toc216975383]MATERIALS AND METHODS
[bookmark: _Toc208580342][bookmark: _Toc213252326][bookmark: _Toc216975384]Chemicals
[bookmark: _Toc208580343]Arrowroot starch (16–27% amylose, Sigma-Aldrich), chitosan (90% degree of deacetylation, Sigma-Aldrich), 1-methylimidazole (Alfa Aesar), choline chloride (Alfa Aesar), choline acetate (Sigma-Aldrich), dopamine hydrochloride (Sigma-Aldrich), 2,2-Diphenyl-1-picrylhydrazyl (DPPH, Sigma-Aldrich), acetic anhydride (Sigma-Aldrich), 1-ethyl-3-methylimidazolium chloride (EMIm-Cl, Sigma-Aldrich), 1-ethyl-3-methylimidazolium acetate (EMIm-OAc, Sigma-Aldrich), 1-ethyl-3-methylimidazolium ethyl sulphate (EMIm-SO4Et, Sigma-Aldrich), 1-ethyl-3-methylimidazolium dicyanamide (EMIm-N(CN)2, Sigma-Aldrich), dimethyl sulfoxide (DMSO, Sigma-Aldrich), diethyl ether (Sigma-Aldrich), acetone (Sigma-Aldrich), ethanol (Sigma-Aldrich), methanol (Sigma-Aldrich), toluene (Sigma-Aldrich), chloroform (Sigma-Aldrich), chlorobenzene (Sigma-Aldrich), methyl salycilate (Sigma-Aldrich), phenylcyclohexane (Sigma-Aldrich), methyl stearate (Sigma-Aldrich), benzophenone (Sigma-Aldrich), diethylhydroxylamine (Sigma-Aldrich), dichloromethane (Sigma-Aldrich), potassium permanganate (KMnO4, Sigma-Aldrich), potassium hydroxide (Sigma-Aldrich), sodium hydroxide (Sigma-Aldrich), hydrochloric acid (Carlo Erba), 1,5-dichloropentane (Sigma-Aldrich), α,α′-dichloro-p-xylene (Sigma-Aldrich), bis[2-(2-chloroethoxy)ethyl] ether (Sigma-Aldrich), and carbon paper (HCP020N Shanghai Hesen Electric Co. Ltd., China) were used as received. Pellet of Poly-L-Lactide Acid (PLLA), Polybutylene Succinate (PBS), Polybutylene Adipate Terephthalate (PBAT), and Polyethylene Terephthalate (PET) were purchased from Natureplast (France).
[bookmark: _Toc213252327][bookmark: _Toc216975385]Starch films preparation using Imidazolium-based ILs as plasticizers
[bookmark: _Toc213252328][bookmark: _Toc216975386]Synthesis of Imidazolium-based DILs
1H NMR and 13C NMR spectra were recorded in DMSO solvent at 400 MHz and confirmed the synthesis of imidazolium-based DILs.
[bookmark: _Toc213252329][bookmark: _Toc216975387]Synthesis of 3,3’-methylenebis(1-methyl-1H-imidazol-3-ium) dichloride
The preparation of the DIL (C1H2(MIm)2Cl2) was performed with little changes from the method described by Penn et al [32]. In a round bottom flask, 1-methylimidazole (20 mmol) and CH2Cl2 (60 mmol) were added together in 1.15 mL of DMSO. The reaction was conducted under stirring at 100 °C for 24 h. The resulting white insoluble precipitate was washed three times with diethyl ether to remove the DMSO and any trace of unreacted imidazole. The product was dried in a rotavapor without the need for further purification.
[bookmark: _Toc213252330][bookmark: _Toc216975388]Synthesis of 1,5-bis(1-methyl-1H-imidazol-3-ium) pentane dichloride
The synthesis of C5H10(MIm)2Cl2 was conducted under the same experimental conditions and procedure used for C1H2(MIm)2Cl2, adding 50 mmol of 1-methylimidazole and 25 mmol of (CH2)5Cl2 in 1.2 mL of DMSO. The product was dried in a rotavapor without the need for additional purification steps.
[bookmark: _Toc213252331][bookmark: _Toc216975389]Synthesis of 3,3’-bis(1-methyl-1H-imidazol-3-ium) 1,3-phenylenedimethylene dichloride
The preparation of C6H4(CH2MIm)2Cl2 was performed with little changes from the method described by Dutta et al. [33]. In a round bottom flask, 1-methylimidazole (50 mmol) and bis[2-(2-chloroethoxy) ethyl] ether (25 mmol) were mixed in 1.2 mL of DMSO. The reaction proceeds for 24h at 95 °C. The yellowish product was dissolved in a small amount of methanol and then precipitated in ethyl acetate. Following the removal of ethyl acetate through decantation, the resulting yellowish product was dried in a rotavapor.
[bookmark: _Toc213252332][bookmark: _Toc216975390]Preparation of starch films with imidazolium-based ILs
Starch films were prepared by the solvent casting and evaporation method. First, 1 g of arrowroot starch was dissolved in 30 mL of distilled water for 30 min with stirring until completely gelatinized at 95 °C. Although a specific gelatinization temperature range exists for each type of starch, there is a consensus in the literature that above 90−95 °C gelatinization can be considered complete [34]. Subsequently, 0.4 g of each plasticizer (ILs and DILs) was added to the solution and heated for 10 min at the same temperature until a homogeneous mixture was obtained. The solution was then cooled to 65 °C, poured into a silicone 90 mm Petri dish, dried for 24 h in an oven at 45 °C, and finally left at room temperature for an additional 24 h. The dried films were peeled off the casting plate and stored at 50% relative humidity (RH).
[bookmark: _Toc213252333][bookmark: _Toc216975391]Starch films preparation using Choline-based ILs as plasticizers
[bookmark: _Toc213252334][bookmark: _Toc216975392]Preparation of Acetylated Starch
Starch was acetylated according to the procedure reported by Colussi et al. [35]. A suspension of 15 g of arrowroot starch in 34 mL of distilled water underwent agitation for 60 minutes at room temperature. The pH of the suspension was adjusted to 8.0 using a NaOH 3% (v/v) solution, followed by a gradual addition of 1.5 g (10 wt%) of acetic anhydride (expressed as starch dry basis), while carefully maintaining the pH within the range of 8.0 to 8.4 with a 3% NaOH solution. Once the complete addition of acetic anhydride was achieved, the reaction was continued for an additional 15 minutes. Termination of the reaction was carried out by adjusting the pH to 4.5 with a 0.5 M HCl solution. The resulting mixture was centrifuged for 3 minutes at 500 rpm and thoroughly washed with distilled water. The acetylated starch was then dried in an oven at 40 °C for 24h.
[bookmark: _Toc213252335][bookmark: _Toc216975393]Determination of degree of substitution (DS) and the acetyl percentage (Ac%)
Back titration with HCl was used to determine the acetyl group percentage (Ac%) and degree of substitution (DS) of the acetylated starch following the procedure of Colussi et al. [35]. 1 g of acetylated starch was dispersed in 50 mL of 7.5% (v/v) ethanol solution. The resulting slurry was placed in a 250 mL flask, covered with aluminium foil, and heated at 50 °C for 30 minutes. Following cooling, 40 mL of 0.5 M KOH solution were added. The slurry was consistently stirred at 200 rpm for 72 hours. The alkali excess was titrated using 0.05 M HCl with phenolphthalein as the indicator. The solution was then allowed to stand for a further 2 hours, and any residual alkali that might have leached from the sample was also titrated. A blank test employing the original, unmodified starch was concurrently conducted for reference. The acetyl content (Ac%) content was calculated according to Equation (1):  
     
1
The  was then used to calculate the degree of substitution (DS), following Equation (2):
 
2
Where Vblank is the titration volume (mL) of the blank sample, Wsample is the sample weight, 43 is the molecular weight of the acetyl group, and 162 is the molecular weight of the anhydrous glucose unit. 
[bookmark: _Toc213252336][bookmark: _Toc216975394]Preparation of starch films with Choline-based ILs
Starch films were prepared by the solvent casting and evaporation method. 1 g of arrowroot starch (acetylated or unmodified) was dissolved in 30 mL distilled water, and the mixture was heated at 95 °C under stirring for 20 min until completely gelatinized. The preparation then followed different procedures depending on the additives used and the type of film produced. 
[bookmark: _Toc213252337][bookmark: _Toc216975395]Starch-based films with only choline chloride as a plasticizer
An amount of 0.4 g of choline chloride was added to the hot solution of gelatinized starch, maintained at the same temperature (95 °C) for 10 min until complete homogenization, and cooled to 65 °C. The solution was poured into silicone Petri dishes, dried for 24 h in a static oven at 45 °C, and left at room temperature for at least 24 h. Dried films were peeled off the casting plate and conditioned at 50% relative humidity (RH%) for 48 h prior to testing.

[bookmark: _Toc213252338][bookmark: _Toc216975396]Starch-based films with choline chloride and polydopamine as plasticizers
An amount of 39 wt% or 35 wt% of choline, relative to the dry starch, was added to a hot solution of gelatinized starch and heated for 10 min at 95 °C. Following Xu et al. procedure [36], the solution was then cooled to 50 °C, and 1 or 5 wt% of dopamine hydrochloride, with respect to the initial dry starch, was added. Thus, a total of 40 wt% plasticizing substances was maintained with respect to the initial dry starch. Rapidly, the pH was adjusted to 8.5 using an 8% (v/v) NaOH solution and left under stirring for 30 minutes. The obtained solution was poured into silicone Petri dishes, dried for 24 h in a static oven at 45 °C, and left at room temperature for at least 24 h. Dried films were peeled off the casting plate and conditioned at 50 % relative humidity (RH %) for 48 h prior to testing. 
[bookmark: _Toc213252339][bookmark: _Toc216975397]Starch-Chitosan blended films plasticized with choline-based ILs
Three starch/chitosan ratios (75:50, 50:50, and 25:75) and two different plasticizers, such as choline chloride and choline acetate ionic liquid, were evaluated. The preparation of the films was the same for all blends, following the procedure of Karua et al., with a few variations [37]. First, the corresponding amount of starch (3%, 2%, or 1% w/v) was dissolved in distilled water (16.5 mL) for 30 min under stirring at 95 °C, until complete gelatinization. Then, 40 pph of choline chloride or choline acetate, based on the total dry weight of the biopolymers, was added to the starch solution. Plasticizer dissolution was immediate, and the solution was heated for an additional 10 min at the same temperature to ensure homogeneity. When the solution reached 50 °C after cooling, a corresponding volume (16.5 mL) of chitosan solution (1%, 2%, or 3% w/v), dissolved in 1% (v/v) acetic acid solution, was added and stirred for 10 min. The obtained mixture was poured into a silicone Petri dish and dried at 45 °C for 24 h. Before the characterizations, the films were stored under controlled conditions at room temperature and 50% relative humidity (RH %).

[bookmark: _Toc213252340][bookmark: _Toc216975398]Activated Carbon Paper Electrode Preparation
The activated carbon paper (CP) was prepared following the procedure described by Zewen et al. [38] with slight modifications. Initially, the CP was cleaned by ultrasonic treatment in acetone, hydrochloric acid (6 M), and ethanol. Subsequently, it was rinsed with distilled water for 15 min and dried at 70 °C. A conventional wet-chemical method was then employed to grow MnO2 on the cleaned CP. To this end, a 0.01 M KMnO4 solution was prepared, and a CP sample was immersed in this solution. The mixture was maintained at 80 °C for 90 min. Following the reaction, MnO2 nanostructures formed on the CP surface. Finally, the sample was thoroughly washed with distilled water and dried at 70 °C. The resulting composite was designated as ACP. 
[bookmark: _Toc213252341][bookmark: _Toc216975399]Thermo-pressed film preparation
Each polymer, supplied in pellet form, was dried in a glass oven (Buchi, B-585) at 50 °C under vacuum for 24h to remove any residual water. All the films were produced by thermo-compression, with an average thickness of 300 , using a heated hydraulic press (20 T, Pinette Emidecau Industries). The pressure was first set to 5 bars for 5 min to melt the pellets and then gradually increased. The thermopressing conditions, after pellets melting are reported in Table 1. After the thermocompression, the films were cooled at room temperature (RT) or immersed in an ice-water bath (0 °C). Films cooled in the ice-water bath underwent another drying step at 30 °C for 24 h. Each film was stored at room temperature under controlled relative humidity. 
[bookmark: _Ref209182455]Table 1. Polyester films thermo-pressing conditions
	Polymer
	Temperature (°C)
	Pressure (bars)
	Time (min)

	PLLA
	190
	50
	7

	PBS
	145
	100
	10

	PBAT
	145
	65
	7

	PET
	265
	150
	10




[bookmark: _Toc213252342][bookmark: _Toc216975400]Bacterial Strains
Staphyloccocus epidermidis ATCC 35984 (Gram-positive) and Pseudomonas aeruginosa PAO-1 (Gram-negative) were selected as model strains due to their association with infections on biomedical devices. Each strain was plated on agar and incubated overnight at 37 °C. Once discrete colonies were obtained, three of the isolated colonies were inoculated in 5 mL of their culture medium, Luria Bertani broth (LB) for P. aeruginosa and Tryptone soya broth (TSB) for S. epidermidis, and left under agitation for 3 h until the exponential growth phase was reached. Subsequently, cultures were diluted to obtain a final optical density at 600 nm (OD600) of 0.05 for Microbial Inhibition Concentration (MIC) and bacterial growth curve inhibition, respectively.
[bookmark: _Hlk215409982][bookmark: _Toc213252343][bookmark: _Toc216975401]Microbial Inhibition Concentration (MIC) of DILs
The MIC value of each DIL was determined by the broth microdilution method. Firstly, each DIL was solubilized in sterile water (100 mg/mL) and then filtered at 0.2 m (Artiglass). Two-fold serial dilutions of each DIL were made in Mueller-Hinton (MH) broth (100 μL) in a 96-well microtiter plate over the range of 200–2 mM. Overnight cultures of each bacterial strain (100 μL) were added to the wells and diluted to an OD600 = 0.05. As a negative control, 100 μL of sterile LB or TSB were added to 100 μL of MH broth. Instead, 100 μL of each inoculum were added to 100 μL of MH broth as a positive control. Each plate was incubated for 24 hr at 37 °C. MIC values were chosen considering the absence of turbidity and measured using a microplate reader ( = 620 nm).
[bookmark: _Toc213252344][bookmark: _Toc216975402]Film characterizations
The physicochemical characterization of the films was carried out using several techniques. For clarity, the methodologies commonly applied across all the work presented in this thesis are described first; subsequently, the additional techniques specifically used in each individual study are reported.
[bookmark: _Toc213252345][bookmark: _Toc216975403]Film thickness
The thickness of the films was determined by a digital caliber, making three measurements on three distinct points for each film.
[bookmark: _Toc213252346][bookmark: _Toc216975404]Scanning Electron Microscopy (SEM)
A scanning electron microscope (SEM, MIRA3 by Tescan, Brno, Czech Republic), operated at 5.0 kV, was employed to examine the morphology of the films. For all the images, a magnification of 1000× was used. The film samples were mounted on aluminium stubs and fixed with double- sided adhesive tape. Subsequently, the samples were coated with a thin golden layer to prevent charging.
[bookmark: _Toc213252347][bookmark: _Toc216975405]X-ray Diffraction Analysis (XRD)
XRD analyses were performed on film samples (stored at room temperature at 50% RH) at ambient conditions by an XRD apparatus (Smartlab SE, Rigaku Corporation, Tokyo, Japan) with Cu-Kα radiation source (λ=1.54 Å) at 40 kV voltage and 50 mA current. Intensities were collected by step scanning in the 5°–40° (2θ) range, with a step of 0.01° and a scan speed of 1.50 °/min. The following equation 3 was used to estimate the crystallinity of the different samples: 
 
3
where Aci is the area under each crystalline peak, and At is the total area, both amorphous and crystalline, under the diffractogram.
[bookmark: _Toc213252348][bookmark: _Toc216975406]Fourier-Transform Infrared Spectroscopy (FTIR)
FTIR spectra in the 4000−650 cm−1 region were acquired using a Nicolet iN10 IR microscope (Thermo Fisher Scientific IT, Milano, Italy) featuring a mercury-cadmium-telluride (MCT-A) nitrogen-cooled detector in the ATR mode. Each spectrum was generated by averaging 64 interferograms and applying a Blackman-Harris correction for apodization. The background spectrum was obtained in ambient air. The nominal spectral resolution was set at 8 cm−1. Data acquisition and spectral processing were conducted using OMNIC SPECTA software provided by Thermo Fisher Scientific.
[bookmark: _Toc213252349][bookmark: _Toc216975407]Thermogravimetric Analysis (TGA)
The thermal stability of starch films was assessed by using thermogravimetric analysis (TGA) with a Mettler TG 50 thermobalance. The analysis involved a thermal scanning range of 25−500 °C and a scanning speed of 10 °C min-1. Samples weighing 5−6 mg were analyzed under a nitrogen flow. The degradation temperature was identified as the peak of the first derivative of weight with respect to temperature.
[bookmark: _Toc213252350][bookmark: _Toc216975408]Mechanical Tests
The films’ mechanical properties, including tensile strength (TS), Young’s modulus (E), and elongation at break (ε%), were determined through tensile testing using an Instron 4502 instrument from Instron Inc. (Norwood, MA, USA). For the analysis, films stored at room temperature with 55% RH were cut into rectangular specimens measuring 63.5 mm × 9.53 mm × (0.120−0.200) mm. These specimens were securely clamped between two flat-jaw grips, and measurements were conducted at a deformation rate of 10 mm min−1 with a 2 kN load cell.
[bookmark: _Toc213252351][bookmark: _Ref216275017][bookmark: _Ref216275040][bookmark: _Toc216975409]Static Contact Angle Determination
Contact angle measurements were performed utilizing the sessile drop method with an Attension Theta Optical Tensiometer (Biolin Scientific, Sweden/Finland). Each measurement spanned 3 s, during which 125−140 images were analyzed. The device automatically established the baseline during the measurements. The contact angle (θ) was determined by fitting the drop’s shape to the Young−Laplace equation. When needed, contact angle measurements with diiodomethane (CH2I2, γL = 50.8 mJ m-2) were performed.  The total surface free energy (SFE) was calculated using the Owens-Wendt method [39,40], which assumes that the total surface energy is the sum of its dispersive and polar components:
                                          
[bookmark: _Ref216274964]4

[bookmark: _Toc213252352][bookmark: _Toc216975410]Characterization of starch films plasticized with Imidazolium-based ILs
The physical-chemical characterizations presented in this chapter were designed in line with the specific objectives of the research, with particular attention to the development of conductive and flexible systems. These systems are becoming increasingly important in the field of flexible electronics and wearable devices.
[bookmark: _Toc213252353][bookmark: _Toc216975411]Differential Scanning Calorimetry (DSC)
Thermal properties of the cast films (conditioned at an RH of 50%) were evaluated by differential scanning calorimetry (DSC) (Mettler Toledo DSC 822e). All of the analyses were carried out under a nitrogen flow (50 mL min−1) on about 5 mg of sample. The glass transition temperature was defined as the midpoint of the increase in heat capacity. The applied temperature program is as follows: first, the samples were placed in open capsules, cooled to −70 °C, and then a temperature ramp up to 180 °C at 10 °C min−1 was applied, detecting water evaporation. Subsequently, the dry samples were first cooled to 20 °C and then heated from 20 up to 250 °C at 10 °C min−1. The glass transition temperatures were reported as dry Tg.
[bookmark: _Toc213252354][bookmark: _Toc216975412]Simultaneous X-ray Diffraction–Differential Scanning Calorimetry (XRD–DSC)
Combined XRD–DSC measurements were carried out using a SmartLab X-ray diffractometer (Rigaku, Japan). Samples were placed in flat aluminium pans. XRD patterns were recorded in the 2θ range of 5° to 35°, with a step size of 0.01° and a scan rate of 1.5° min⁻¹. The DSC heating rate was set at 10 °C min⁻¹. A Cu Kα radiation source was used, with the X-ray generator operating at 40 kV and 50 mA.
[bookmark: _Toc213252355][bookmark: _Toc216975413]Moisture content 
The total amount of moisture absorbed into the films, conditioned at 50% RH, was calculated gravimetrically through equation 5:

5
where Mi and Mf are the weights of the films before and after drying at 105 °C for 24 h.
[bookmark: _Toc213252356][bookmark: _Toc216975414]Stability in Artificial Sweat
Film stability in artificial sweat, prepared according to the ISO standard ISO 3160-2, was assessed following Anyango et al. [41] procedure with some modifications. Films (2  2 cm) were dried in an oven at 100 °C for 2 h, then weighed (Wi). The dried films were immersed in 10 mL of artificial sweat solution and left for 7 days. After this time, the films were dried in an oven under the same conditions as before and weighed (Wf). The weight loss was calculated through equation 6:

6
[bookmark: _Toc213252357][bookmark: _Toc216975415]Topography Measurements
Surface topography was characterized by digital holographic microscopy using a DHM-R2100 system (Lynceé Tec SA, Lausanne, Switzerland) operated in the reflection mode. Before the measurements, all films were conditioned for 24 h at 23 °C and 50% RH to match the conditions used for the contact angle experiments. Each film was imaged in three randomly selected regions. Optical phase maps were acquired in the single wavelength configuration (λ = 666 nm) with automatic phase unwrapping and a 5× objective, resulting in a 0.5× 0.5 mm field of view. Raw phase data were converted to height information and analyzed with the Koala surface roughness module (Lynceé Tec) in order to compute the mean height (Sa) and root-mean-square height (Sq) roughness parameters.
[bookmark: _Toc213252358][bookmark: _Toc216975416]Antimicrobial Activity
Starch films were cut into disks ( = 6 mm) and immersed in plastic tubes containing 100 μL of inoculum and 4900 μL of broth (LB or TSB) to a final OD600 = 0.05. Positive controls were arranged by putting 100 μL of each inoculum to 4900 μL. Blanks were also made adding 100 μL of each sample to 4900 μL of TSB or LB broth. 
All the samples were incubated under agitation at 37 °C. Bacterial growth inhibition (BGI%) was calculated measuring OD600 at 24 hr using a spectrometer and calculated as follow:

BGI (%) = 1- (  )100
7
Where  is the absorbance measured at the predetermined times.
[bookmark: _Toc213252359][bookmark: _Toc216975417]Electrochemical properties
The electrochemical behaviour was characterized using impedance spectroscopy (EIS), linear sweep voltammetry (LSV), cyclic voltammetry (CV), and galvanostatic charge-discharge (GCD), using a Metrohm Autolab PGSTAT204. Impedance spectroscopy experiments were performed over a frequency range from 1 MHz to 1 Hz using a polarisation voltage of 0 V and an amplitude of 10 mV.  The starch film conductivity was assessed at room temperature under controlled humidity conditions and during a temperature scan (RH = 55%). The conductivity was calculated using equation 8, where l represents the film thickness, A denotes the film area, and R () represents the film resistance derived from the intercept of the Nyquist plot (Z' vs. Z'') with the real axis:

8
The working electrochemical window of the samples was measured by using the linear sweep voltammetry (LSV) technique. The voltage applied increases from 0 to 3 V with the scan rate of 1 mV s−1. Cyclic voltammetry was conducted at scan rates ranging from 5 mVs-1 to 200 mVs-1. GCD charge-discharge measurements were conducted at different current densities (1, 2, 3, and 5 A/cm2). The specific capacitance (Cm), obtained from cyclic voltammograms and from the galvanostatic charge/discharge as well, the areal energy (Ea) and the areal power (Pa) densities were calculated as follows:
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Where Q is the average charge, I is charge/discharge current, ∆t is the discharge time, ∆V is the potential range, m is the mass of the total active materials, and Ca is the areal capacitance.
The change in electrical resistance as a function of stretch was also evaluated. Samples of 5 cm  0.5 cm were cut from each film and fixed to the forefinger of an operator by copper tape and insulating tape. The two pieces of copper tape were used as electrical terminals to be connected to a digital multimeter (Yokogawa DM7560) for electrical resistance measurement. The same operator repeatedly performed a bending-and-relaxing movement of the finger under the same environmental and measurement conditions. The relaxation position, achieved with the finger outstretched, was taken as the initial position, while the maximum bending position of the forefinger, assumed as the final position, was reached by grasping a 7 cm diameter cardboard cylinder. Twenty finger-bending relaxation cycles were performed for each sample and acquired through a digital multimeter at a sampling rate of 20 Hz.
[bookmark: _Toc213252360][bookmark: _Toc216975418]Characterization of starch films plasticized with Choline-based ILs
The physicochemical characterizations described in this chapter were conducted in line with the objectives of the different studies, with particular attention to active materials designed for applications in sustainable packaging and biomedical technologies.
[bookmark: _Toc213252361][bookmark: _Toc216975419]Colour Determination
Colour measurement of the films was performed using an image processing system following the procedure of Razavi et al. [42] with slight modifications. The film images were obtained with a digital camera and subjected to noise reduction. They were converted to the CIELAB colour space, and the corresponding L*, a*, and b* parameters were extracted with ImageJ 1.47n software (National Institutes of Health, USA). L* represents the lightness of the sample, ranging from 0 (black) to 100 (white), coordinate a* represents red colour (+) or green (− ), and coordinate b* represents yellow colour (+) or blue (− ). Measurements were replicated three times for each sample.
[bookmark: _Toc213252362][bookmark: _Toc216975420]Swelling Measurements
All prepared samples were subjected to swelling measurements necessary to evaluate their behaviour in an aqueous environment. Briefly, the films were weighed (W0) and immersed in a buffer solution (phosphate buffered saline, PBS, pH = 7.4). The samples were taken at predetermined times, lightly blotted with filter paper, and weighed (Wt). The Swelling Ratio (SR %) was calculated using the following relationship:

13
To determine the standard deviation value, 5 experiments were carried out for each sample.
[bookmark: _Toc213252363][bookmark: _Toc216975421]Water Vapor and Oxygen Permeability
The water vapor transmission rate (WVTR) of the films was evaluated according to the ASTM E96 standard. Film samples were sealed in cups containing 15 mL of distilled water. Test cups were maintained at room temperature and controlled relative humidity (25 °C at 50% RH), and their weight was periodically recorded. The WVTR and the water vapor permeability (WVP) were calculated through equations 14 and 15 [43]:

14

15
where   is the weight loss of the cup per unit of time, A is the exposed area, L is the thickness of the samples, and  is the water vapor pressure differential calculated at 25 °C and assuming a full water vapor saturation in the headspace.
The films were cut into circles with a 12.5 cm2 diameter, and their oxygen permeability (OP, mol m-2 s−1 Pa−1) was measured at 23 °C and 50% RH using an oxygen permeation cell (OTR, Presens-GmbH, Germany) according to a modified ASTM Standard (2007) procedure. The oxygen partial pressure in the upper chamber was measured using an optical luminescence quenching method (Presens, GmbH).
[bookmark: _Toc213252364][bookmark: _Toc216975422]UV Barrier Properties
The assessment of light transmission through the films was carried out using a UV-VIS-NIR V-670 spectrophotometer (Jasco Inc., Easton, Maryland, United States), following the Zhang et al. procedure [44]. This instrument is equipped with a D2/WI light source and an ISN-723 single beam integrating sphere (Jasco Inc., Easton, Maryland, United States) capable of operating on solid samples. It has a resolution of 2 nm and operates in a range between 190 and 800 nm. To evaluate the light barrier properties, the hydrated film samples were scanned over a wavelength range from 200 to 800 nm, with air serving as the reference medium and measuring the absorbance values. 
[bookmark: _Toc213252365][bookmark: _Toc216975423]Antioxidant Activity
The antioxidant properties of the films were evaluated using 2,2-diphenyl-1-picrilhydriacyl (DPPH) as a model radical, according to the Brand-Williams method [45]. Since the matrices are insoluble, the test was performed by contacting variable amounts of solid sample, ranging from 0.1 to 100 mg, with 2 mL of DPPH at a concentration of 0.2 mM. After a 30-minute contact time, sufficient to allow the pDA diffusion within the DPPH solution, absorbance was detected at 520 nm. To determine the concentration of DPPH after the contact time, a calibration curve was previously prepared that plotted DPPH solutions absorbance against the concentration of DPPH. This made it possible to calculate the percentage of residual DPPH at steady state (DPPH%) for each amount of matrix placed in contact with the model radical as follows (equation 16):

16
Where C1 is the concentration of DPPH brought into contact with mg of matrix, and C0 is the concentration of DPPH before being brought into contact with the film. By plotting the steady-state DPPH percentage as a function of the ratio of grams of matrix (g) to volume of DPPH (L), it was possible to extrapolate from the graph the EC50 value (efficient concentration in g/L) for each film tested, defined as the amount of antioxidant required to reduce the initial concentration of DPPH by 50%.
[bookmark: _Toc213252366][bookmark: _Toc216975424]Biodegradability test
The biodegradability of the films was assessed using the weight-loss method, following the procedure of Rodrigues et al. [46] and the ISO 20200 International Standard (2004) procedure with slight modifications. Samples of each film (1  1 cm) were dried at 80 °C in an oven for 2 h and then weighed (Wi). They were placed on a grid and buried to a depth of 2 cm in the soil. The samples were stored under ambient temperature and controlled relative humidity (25 °C at 90% RH). Water was sprayed once a day to sustain the compost’s moisture. Film samples were extracted from the soil after 5, 7, and 12 days, dried at 80 °C in an oven, and their weight was recorded [47]. The weight loss observed after the testing is related to each film sample’s biodegradability level. The biodegradation value of films was calculated using equation 6 (Section 3.8.4).
[bookmark: _Toc215686174][bookmark: _Toc216975425]Characterization of Activated Carbon Paper Electrode
[bookmark: _Toc216975426]Energy-dispersive X-ray Spectrometry (EDS)
 The determination of the elements present on the sample surface was performed using an Oxford Instruments INCA 200 system coupled to a scanning electron microscope (c.f.r par 3.7.2). The measurements were conducted at an accelerating voltage of 15 kV, using a backscattered electron detector (BCD) and a working distance of 7.5 mm.
[bookmark: _Toc215686175][bookmark: _Toc216975427]X-ray Photoelectron Spectroscopy (XPS)
XPS measurements were performed at the PHELIX beamline of the SOLARIS synchrotron (Kraków, Poland). The PHELIX beamline employs an APPLE-II undulator as a soft X-ray source, providing variable polarization and a photon energy range of ~50–1500 eV. The PHELIX end-station is optimized for ultra-high vacuum photoelectron spectroscopy and X-ray absorption and supports total-electron-yield (TEY) detection, among other modes [48]. 
In our measurements, the pass energy of the hemispherical analyser was set to 40 eV in TEY mode. For the C1s, N1s and Si2p spectral regions, photon energy of 500 eV was used; O1s and Mn2p were measured with PE=700 eV and PE=1000 eV, respectively. Energy resolution was about ΔE = 0.1 eV for all signals. The binding energy scale was calibrated to the C1s aliphatic component at 285.0 eV. Curve-fitting analysis was performed using Gaussian peak shapes after polynomial background subtraction; when multiple components were present within the same spin–orbit doublet, the same FWHM was imposed for internal consistency: Si2p3/2,1/2 doublets were fitted using the same full width at half-maximum (FWHM) for both components, a spin−orbit splitting of 0.6 and a branching ratio (2p3/2/2p1/2) of 2/1. For the third sample, the Si2p doublet was instead modelled as a single peak, given the little separation and the noisier spectrum. Mn2p3/2,1/2 doublets were fitted using a splitting of 11.7 and a branching ratio (2p3/2/2p1/2) of 2/1. The Mn2p peaks were fitted using a fixed FWHM for the main components (2.00 eV), while the satellite features required broader widths, consistent with previously reported multiplet splitting in Mn oxides [49–52].
[bookmark: _Toc213252367][bookmark: _Toc216975428]Evaluation of contaminant-biopolymer interactions
Closed-loop mechanical recycling of biopolymers implies that the recycled polymer must not contain harmful levels of contaminants, introduced through different pathways. Therefore, before studying decontamination and safety assessment, it is crucial to reveal the behaviour of the different polyesters towards contaminants.
[bookmark: _Toc213252368][bookmark: _Ref216277026][bookmark: _Toc216975429]Sorption Kinetics
Sorption kinetics experiments were carried out for each polyester at both cooling temperatures. Three flakes of 1.5 × 1.5 cm (≈ 0.3 g) were placed in sealed glass containers, and a mixture of contaminants (500 ppm) was added under mechanical agitation. The contaminants solution was obtained by dissolving the solid contaminants (Benzophenone, Methyl Stearate) in the other liquid contaminants (Chloroform, Chlorobenzene, Methyl Salicylate, Phenylcyclohexane, Diethylhydroxylamine (DEHA), and Toluene) without any additional solvent. Kinetics lasted 10 days, at 25 °C. 
After 1, 2, 3, 7, and 10 days, the flakes were collected, rapidly washed with ethanol to remove the non-sorbed contaminants, and immersed in 5 mL of methanol to extract the absorbed contaminants. Extraction was carried out at 40 °C for 24 h, under magnetic agitation, and the supernatant was collected to calculate each contaminant concentration. All experiments were performed in triplicate.
[bookmark: _Toc213252369][bookmark: _Toc216975430]Gas Chromatography Analysis
Extracts were analyzed using an Agilent 7980A GC equipped with a 7693A Automatic Sampler and a flame ionization detector (FID). A total of 1 of the methanolic extract was injected and analysed through an HP-5 (5%-phenyl) methyl polysiloxane capillary column of 32 mm ID and 30 m length. 
Nitrogen served as the carrier gas (8.11 mL min-1), and the chromatographic parameters were set as follows: the initial oven temperature remained constant at 40 °C for 5 min, then increased at a rate of 6 °C min-1 until reaching 270 °C, where it remained stable for 15 min. The injector temperature was 250 °C. Identification of peaks and quantification of the substances were carried out using the different contaminants as external standards for the calibration curves (concentration range of 0.010-0.045 mg mL-1). 
[bookmark: _Toc213252370]
[bookmark: _Toc216975431]Results And Discussion

[bookmark: _Toc213252371][bookmark: _Toc216975432]Influence of Anionic Structures on the Physicochemical Properties of the Starch Films Plasticized by Imidazolium-Based ILs
In recent years, ionic liquids based on imidazole have gained significant attention as plasticizers for starch. These compounds are highly efficient in converting starch into biodegradable films that exhibit both favourable mechanical performance and ionic conductivity. Such films hold potential for applications in flexible electronics and solid polymer electrolytes. Given the wide range of possible cation–anion combinations, it is important to investigate how variations in the ionic liquid’s anionic structures influence the properties of starch films, to identify the most appropriate ionic liquid for specific uses. Four ionic liquids with 1-ethyl-3-methyl imidazolium [EMIm]+ as cation and different anions, namely, [SO4Et]−, [N(CN)2]−, [OAc]−, and [Cl]−, were selected as plasticizers (Figure 6). These specific ions were chosen based on their different size and charge distributions to investigate their different distinct ability to plasticize starch and produce conductive films [53].
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[bookmark: _Ref209444025]Figure 6. Imidazolium-based ILs selected as plasticizers
[bookmark: _Toc213252372][bookmark: _Toc216975433]Appearance, Morphology and Water Content
All the obtained films (TPS_EMIm-SO4Et, TPS_EMIm-OAc, TPS_EMIm-N(CN)2, TPS_EMIm-Cl) presented uniform surfaces free from bubbles. The film thickness ranged from 0.14 to 0.16 mm across most samples, with the exception of TPS_EMIm-N(CN)2, which reached approximately 0.18 mm. The moisture content varied depending on the ionic liquid used, with TPS_EMIm-SO4Et and TPS_EMIm-N(CN)2 exhibiting the lowest water uptake, 8% and 9% respectively, likely due to the greater hydrophobic character of these plasticizers, which reduces their capacity to retain moisture. The more hydrophilic nature of EMIm-OAc and EMIm-Cl ionic liquids resulted in films with these plasticizers having 19% and 14% moisture content, respectively [54,55]. All starch films displayed good transparency, indicating proper plasticization of starch by the ionic liquids used (Figure 7).  
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[bookmark: _Ref209448782]Figure 7. Images of the films TPS_EMIm-SO4Et (A), TPS_EMIm-N(CN)2 (B), TPS_EMIm-OAc (C), and TPS_EMIm-Cl (D)
Scanning electron microscopy was employed to examine the morphology of the samples. The plasticized films (Figure 8 A–E) revealed smooth and uniform surfaces without residual granular structures, indicating that the plasticizers effectively disrupted starch granules during gelatinization [56]. In the film prepared with EMIm-SO4Et (Figure 8A), the surface appeared slightly rougher, which may be attributed to weaker interactions between the starch matrix and the plasticizer.
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[bookmark: _Ref209449324]Figure 8. Scanning electron microscopy images of surface morphologies of (A) TPS_EMIm-SO4Et, (B) TPS_EMIm-N(CN)2, (C) TPS_EMIm-OAc, and (D) TPS_EMIm-Cl
[bookmark: _Ref210134628][bookmark: _Ref210134665][bookmark: _Toc213252373][bookmark: _Toc216975434]X-ray Diffraction Analysis
The crystalline structure of the starch-based films was investigated using X-ray diffraction (XRD). As reported in previous studies [57,58], amylopectin in native starch can crystallize into two polymorphic arrangements, A-type and B-type, each displaying distinct diffraction patterns. Upon processing and the incorporation of plasticizers, the non-crystalline amylose fraction may organize into a VH-type structure. These polymorphs also differ in their interactions with water (Figure 3) [59].
The diffractogram of native starch displayed the typical A-type profile, with intense reflections at 15° and 23° and the characteristic doublet at 2θ = 17–18°, as well as minor peaks near 26°, 30°, and 33° (Figure 9). In contrast, films plasticized with ionic liquids showed the disappearance of the doublet, weakening of the 15° peak, indicating a reduction in A-type crystallinity, and an enhanced signal at 20°, characteristic of VH-type ordering. Additionally, all plasticized samples exhibited a reflection at 2θ ≈ 17° along with smaller peaks around 22° and 24°, corresponding to B-type crystalline domains. Compared to native starch, the films had lower overall crystallinity, as evidenced by reduced XRD intensities (Figure 9). Among the samples, TPS_EMIm-N(CN)2 and TPS_EMIm-SO4Et displayed a stronger VH-type contribution, reflected by the more prominent peak at 20°, whereas TPS_EMIm-Cl and TPS_EMIm-OAc were dominated by B-type structures, as indicated by higher intensities at 22° and 24° and the reduced signal at 20°. The prevalence of B-type crystallinity is consistent with the higher water retention measured for the films containing EMIm-Cl and EMIm-OAc. Supporting this, the diffractogram of the TPS_EMIm-OAc sample also showed a peak at 2θ ≈ 5°, a feature typically associated with B-type starch under significant hydration. The XRD parameters reported in Figure 9, related to the crystalline structure, confirmed the considerations reported above.
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[bookmark: _Ref209451176]Figure 9. XRD patterns and parameters for the crystalline structure of native starch and TPS films.
[bookmark: _Ref213240174][bookmark: _Toc213252374][bookmark: _Toc216975435]FTIR Analysis
FTIR analyses were performed to study the interaction between the plasticizers and starch. The spectra of the samples are reported in Figure 10. The spectrum of the starch film without ILs (Figure 10a) showed absorption bands associated with C−O−C stretching in the region 700−950 cm−1, signals related to C−C, C−O stretching, and the C−O−H bending in the region 950−1200 cm−1 as well as a broad band between 3000 and 3600 cm−1 due to the stretching of O−H groups. The bands between 2800 and 3000 cm−1 are characteristic of C−H stretching, and the signal at 1642 cm−1 was attributed to the bending of the absorbed water [60]. In the spectra of plasticized starch films (Figure 10 b−e), in addition to the typical starch bands, some characteristic signals of the corresponding added IL can be observed (APPENDIX A, Figure 52)). It is important to note that the film spectra showed no signals of additional bands, indicating that the ionic liquids did not react with the starch. However, in the region 3200−3400 cm−1, slight changes in the position of the vibrational bands associated with stretching of the -OH groups occurred, resulting from an interaction among the starch, the corresponding added IL, and the water molecules absorbed by the films. Indeed, when the -OH groups of starch are involved in hydrogen bonding, their vibrational absorption bands shift toward lower wavenumbers. Conversely, when the hydrogen bond strength decreases, the signals shift toward higher wavenumbers. According to this effect, the interaction between ionic liquids EMIm-X and the starch chains in plasticized films depends on the anion characteristics. When [N(CN)2]− and [SO4Et]− anions were employed, significant shifts to higher wavenumbers were observed, from 3327 to 3340 and 3356 cm−1, respectively. This suggested that these ionic liquids could weaken the hydrogen bonds between the starch chains. Using EMIm-Cl, the slight increase in wavenumber (3330 cm−1) evidenced that chloride also weakened the hydrogen bonds between the starch chains, as reported in the literature [61]. This effect was probably not pronounced because of the counteracting effect exerted by absorbed water. On the contrary, with the [OAc]− anion, a shift toward lower wavenumbers (3279 cm−1) occurred. This can be associated with an increase in hydrogen bonds related to the interaction between the [OAc]− anions and the -OH groups of starch and the concomitant greater amount of water absorbed by the films with this IL.
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[bookmark: _Ref209451580]Figure 10. FTIR spectra of the TPS samples
[bookmark: _Toc213252375][bookmark: _Toc216975436]Thermogravimetric Analysis
The thermal stability of TPS films was evaluated by using thermogravimetric analysis. Figure 11 shows the thermograms of the different starch films compared to that of native starch. For samples, a first weight loss was observed between 25 and 150 °C, associated with the evaporation of absorbed water. The weight loss of the native starch was about 10 wt%, which is approximately the moisture content of arrowroot starch [62], while the water loss of the films plasticized with the ILs confirms the MC values. Afterward, the films maintained the mass almost unchanged up to 230 °C. All the plasticized films showed a very similar thermal decomposition profile. However, the thermal degradation temperature occurred between 260 and 300 °C, earlier than that of the native starch. This behaviour is in agreement with results reported in the literature for films plasticized with ionic liquids [56]. 
[image: ]
[bookmark: _Ref210053600]Figure 11. Thermogravimetric curves of TPS samples
The thermal stability of starch films plasticized with ionic liquids depends mainly on the nature of the anion [63]. The starch film prepared by choosing [SO4Et]− as the anion exhibited a higher thermal decomposition temperature due to the poorly coordinating nature of the anion [64]. On the other hand, the films containing chloride as the anion showed low thermal stability because of the strong coordinating effect of [Cl]− [65]. A higher residual weight was observed when the anion was [N(CN)2]−, which can polymerize when heated, giving solid residues [66].
[bookmark: _Toc213252376][bookmark: _Toc216975437]Differential Scanning Calorimetry 
The glass transition temperatures were obtained from DSC analysis and evaluated as the midpoint of the heat capacity increase. In the first heating experiment performed on sealed capsules, the wet samples did not show any transition, confirming a behaviour previously reported in the literature [67]. In the second series of temperature ramps, carried out on open capsules to minimize water influence, the thermograms of the dry samples showed a transition (referred to as dry Tg), whose values are reported in Table 2.
[bookmark: _Ref210054189]Table 2. Glass Transition Temperatures of the Different Dry TPS Films
	Sample
	dry Tg (°C)
	Cp (J/gK)

	Starch Control
	120
	0.259

	TPS_EMIm-SO4Et
	51
	0.244

	TPS_EMIm-OAc
	78
	0.343

	TPS_EMIm-N(CN)2
	55
	0.263

	TPS_EMIm-Cl
	63
	0.295


Generally, good plasticizers should decrease the intermolecular forces between the polymer matrix and reduce the dry Tg [60]. All the ILs used exhibited a plasticizing effect; in fact, the Tg values of the films were lower than those of native starch. An assessment of the effect of different anions showed that the lower glass transition temperatures belong to the TPS films plasticized with the [SO4Et]− (dry Tg = 51 °C) and [N(CN)2]− (dry Tg = 55 °C) anions, which allow greater molecular mobility of starch chains in the dry state. The evidence for this effect on the weakening of hydrogen bonds between the polymer chains had already been provided by the FTIR analysis. Instead, the higher hydrophilicity shown by the [OAc]−- and [Cl]−-containing samples, together with the related higher moisture content, affects their glass transition temperatures. In fact, the higher water content leads to an increase in the free volume between starch chains, occupied by water molecules [68]. When the samples are dried, the polymer structure is rearranged, forming interactions between the polymer chains, resulting in lower molecular mobility in the dry state [69]. This could be the reason for the dry Tg values of the films obtained with EMIm-Cl and EMIm-OAc being slightly higher than those of the films containing EMIm- SO4Et and EMIm-N(CN)2 as plasticizers. 
[bookmark: _Toc213252377][bookmark: _Toc216975438]Mechanical Properties
Mechanical properties can be affected by different factors like the type and concentration of plasticizer, the starch granule remaining in the matrix, and the film crystallinity [70]. External factors such as the temperature, the relative humidity, and the moisture content of the samples can also assume a relevant role. Indeed, water molecules act as plasticizers too, behaving as mobility enhancers due to their low molecular weight [71,72]. The results obtained by the mechanical tests are reported in Table 3. Due to the brittleness of the native starch film, it was not possible to perform tensile tests, while the results obtained for the TPS samples confirmed the plasticizing effect of all the ILs. Young’s modulus (E), which measures the stiffness of the materials at low deformation, ranged from 14 to 70 MPa, the tensile strength (TS) from 1 to 6 MPa, and the elongation at break (ε%) from 22 to 42%. Films with different anions showed comparable mechanical properties. A slight difference was found for the film obtained using EMIm-Cl as an additive, which exhibited lower Young’s modulus and tensile strength values, indicating greater compliance. Probably this is due to the ability of the chloride ion to weaken the interactions between the starch chains, as shown by FTIR analysis, and the higher water content of films with EMIm-Cl compared with those containing EMIm-N(CN)2 and EMIm-SO4Et.
[bookmark: _Ref210054997]Table 3. Young's Modulus (E), Tensile Strength (TS), and Elongation at Break (ε%) of the TPS Films
	Sample
	Young modulus (E)
(MPa)
	Tensile strength (TS)
(MPa)
	Elongation at break (ε)
(%)

	Native starch
	-
	-
	-

	TPS_EMIm-SO4Et
	
	
	

	TPS_EMIm-OAc
	
	
	

	TPS_EMIm-N(CN)2
	
	
	

	TPS_EMIm-Cl
	
	
	


[bookmark: _Toc213252378][bookmark: _Toc216975439]Electrochemical Properties
Using ILs as plasticizers of starch, the resulting films can obtain interesting features that are related to electrical conductivity, making these materials good candidates as constituents in many applications of flexible electronics [27]. Conductivity is greatly dependent on the ion diffusivity and mobility favoured by small size and delocalized charge [73] as well as by a polymer matrix that facilitates their movement. The conductance of the TPS film can also be affected by the absorbed water [74]. The results of the impedance measurements on all prepared films after conditioning at 50% relative humidity at room temperature are shown in Table 4. 
[bookmark: _Ref210055415]Table 4. Ionic Conductivity of TPS Films at RT and 50% RH and the Electrochemical Stability Windows
	Sample
	𝝈 (S/cm)
	Working electrochemical window (V)

	TPS_EMIm-SO4Et
	
	2.4 

	TPS_EMIm-OAc
	
	2.4 

	TPS_EMIm-N(CN)2
	
	2.0 

	TPS_EMIm-Cl
	
	1.2 



Among TPS_EMIm-X, the highest conductivity value belongs to TPS_EMIm-Cl. This could be caused by the small chloride size and the good flexibility of the material, evidenced by the Young’s modulus value and higher moisture content.
The electrochemical stability of conducting polymers in contact with electrode materials is a key issue to ensure adequate performance in their applications as solid electrolytes in batteries, since secondary and decomposition reactions must be avoided. Knowledge of the electrochemical stability window is one of the main requirements for the application of films [75]. The working electrochemical window for all the TPS films was determined by linear sweep voltammetry measurements. The calculated electrochemical stability window values for the TPS films are listed in Table 4.
Although TPS_EMIm-Cl showed the highest conductive capacity, its stability window is between 0 and about 1.2 V, narrower than that of the other prepared films. It is worth noting that this value is still adequate for use in proton batteries, for which the required standard value is ∼1 V [76].
The temperature dependence of ionic conductivity was also evaluated (Figure 12). The measurements were carried out on a temperature scan from 18 up to 70 °C, at two values of relative humidity (RH = 40% and RH = 50%), to investigate the effect of conditioning.
The conductivity of all the samples increased as the temperature increased, with no abrupt change, indicating no phase transition in the explored temperature range [77]. Moreover, the regression values of the temperature-dependence fit were close to unity, implying that all the samples follow the Arrhenius law (equation 17)

[bookmark: _Ref210056155]17
where A is a constant, Ea is the activation energy, k is the Boltzmann constant, and T is the absolute temperature. Based on these results, the ions constituting the IL dissociate in the starch matrix, and an ion hopping mechanism within the polymer matrix is inferred [78,79].
The conductivity of TPS_EMIm-SO4Et, TPS_EMIm-N(CN)2, and TPS_EMIm-Cl films conditioned at RH of 40% decreased with respect to the results acquired at RH = 50%. On the other hand, an interesting result was found for films plasticized with EMIm-OAc, for which the conductivity and the activation energy at 50% and 40% RH remained almost unchanged. This behaviour is probably due to the ability of the acetate anion to form stronger hydrogen bonds with respect to the other anions [80] so that the amount of water in the film remained unchanged at 40% humidity. This suggests greater stability of the EMIm-OAc plasticized film compared to the others at the relative humidity range of 40−50%.
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[bookmark: _Ref210056044]Figure 12. Variation of ionic conductivity with temperature at RH = 40% and RH = 50% for (A) TPS_EMIm-SO4Et, (B) TPS_EMIm-OAc, (C) TPS_EMIm-N(CN)2 and (D) TPS_EMIm-Cl
[bookmark: _Toc213252379][bookmark: _Toc216975440]Conclusions
Starch films plasticized with imidazolium-based ionic liquids (ILs) were successfully prepared by solution casting, resulting in homogeneous and transparent materials. All the tested ILs acted as effective plasticizers, as confirmed by DSC, XRD, FTIR, and mechanical analyses. Compared to native starch, the plasticized films showed a reduction in glass transition temperature and crystallinity. Stress-strain tests also revealed that ILs significantly improved the strength of the otherwise brittle starch. The properties of the films depended strongly on the nature of the anion. The hydration behaviour, for example, was markedly different, with [N(CN)2]− and [SO4Et]− showing limited water absorption, while [Cl] − and [OAc]⁻ favoured a higher water content. These differences were also reflected in the structural organisation, as EMIm-OAc and EMIm-Cl films tended to recrystallise into B-type structures, most likely due to their higher hydration. In contrast, EMIm-SO4Et conferred the highest thermal stability. Spectroscopic data suggested that acetate anions strengthened interactions with starch hydroxyl groups, while the other anions reduced interchain hydrogen bonds.
The electrical properties were also determined by the anion. Conductivity increased with temperature according to Arrhenius' law in all systems, although EMIm-OAc films showed stable conductivity in the 40–50% RH range, regardless of humidity.

[bookmark: _Toc213252380]
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[bookmark: _Toc216975441]Investigation of Dicationic Ionic Liquids and the Effect of Cationic Structure on Film Properties
The rapid growth of flexible electronics requires materials that combine mechanical adaptability, ionic conductivity, and biocompatibility. Dicationic ionic liquids (DILs) are particularly attractive in this field thanks to their modular architecture, composed of two cationic head groups connected by a variable linker and paired with two counteranions. This structural flexibility allows the fine-tuning of conductivity, thermal stability, and mechanical response when incorporated into polymer matrices. Compared to monocationic analogues, imidazolium-based DILs often exhibit lower toxicity and enhanced antibacterial activity, especially when longer alkyl substituents are introduced on the cationic heads. This feature is highly relevant for wearable electronics, where intimate, prolonged skin contact makes antimicrobial protection a critical parameter alongside reliable electrical performance. By tailoring the type of cationic head, linker, and anion, DILs provide an effective route to adjust the balance between flexibility, conductivity, and durability. When used to plasticize starch, they yield biodegradable films that not only conduct ions but also reduce microbial colonization. By coupling ionic conductivity with antimicrobial protection, DIL-based systems represent promising candidates for applications such as strain sensors, where maintaining user comfort, signal stability, and hygienic safety are equally important.
For this purpose, flexible thermoplastic starch (TPS) films were prepared by solution casting using four symmetrical dicationic liquids based on 1-ethyl-3-methylimidazolium as plasticizers (Figure 13). The influence of chain length and composition (-CH2-, -(CH2)5-, -CH2C6H4CH2-, -CH2(CH2OCH2)3CH2-) on the mechanical properties, electrical conductivity, antimicrobial activity, thermal stability, and hydrophobicity of the films was examined. In addition, the behaviour of the prepared films as materials suitable for the production of strain sensors was considered [81].
[image: ]
[bookmark: _Ref210129966]Figure 13. DILs used as plasticizers
[bookmark: _Toc213252381][bookmark: _Toc216975442]Appearance, Morphology, Water Content, and Stability in Artificial Sweat
All prepared films (TPS_C1H2(MIM)2Cl2, TPS_C5H10(MIM)2Cl2, TPS_C6H4(CH2MIM)2Cl2, and TPS_C8H16O3(MIM)2Cl2) presented similar thicknesses ranging from 0.17 to 0.20 mm, with a homogeneous surface, free of bubbles. They appeared white in colour, with a good transparency, as shown in Figure 14.
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[bookmark: _Ref210130732]Figure 14. Digital images of the TPS_DIL films, from the left: TPS_C1H2(MIM)2Cl2, TPS_C5H10(MIM)2Cl2, TPS_C6H4(CH2MIM)2Cl2, and TPS_C8H16O3(MIM)2Cl2
The prepared films’ transparency confirmed the DILs’ ability to function as excellent starch plasticizers. The morphology of the films’ surface was evaluated by scanning electron microscopy (Figure 15). All the plasticized films showed a homogeneous surface, indicating good miscibility and plasticizing effect of all the DILs [73]. The micrographs did not reveal aggregation phenomena, defects, or pores, and showed only slight surface heterogeneity when C8H16O3(MIm)2Cl2 was used (Figure 15D). The water content resulted comparable across the different types of samples, obtaining for all the films a moisture content of MC% = 10%  1%.  
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[bookmark: _Ref210133685]Figure 15. SEM images of surface morphology of (A) TPS_C1H2(MIM)2Cl2, (B) TPS_C5H10(MIM)2Cl2, (C) TPS_C6H4(CH2MIM)2Cl2, (D) TPS_C8H16O3(MIM)2Cl2
The stability of the film in an artificial sweat solution was also evaluated. All samples remained intact, with no visible changes. The percentage weight loss after 7 days immersion was approximately 20%  4% for all films.  Therefore, the moderate weight loss observed suggests that the films are sufficiently stable for wearable applications involving limited skin contact and exposure to sweat.
[bookmark: _Toc213252382][bookmark: _Toc216975443]FTIR Analysis
FT-IR analyses were conducted to investigate the interactions between plasticizers and starch. The spectra of the starch powder and the different DILs are reported in the appendix (APPENDIX B, Figure 61), and the spectra of the samples are presented in Figure 16. Notably, the film spectra showed no additional bands, indicating that the DILs did not undergo a reactive process with the starch. All spectra exhibited absorption bands indicative of the starch structure, showing the  C–O–C stretching in the 700–950 cm−1 region, signals associated with C–C, C–O stretching, and C–O–H bending in the 950–1200 cm−1 range, as well as a broad band between 3000–3600 cm−1, attributed to the stretching of -OH groups. The bands between 2800 cm−1 and 3000 cm−1 are characteristic of C–H stretching, and the signal at 1642 cm−1 is ascribed to the bending of absorbed water [82].
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[bookmark: _Ref210133906]Figure 16. FTIR spectra of the different TPS_DIL films
Within the 3200-3400 cm−1 range, slight changes in the position of vibrational bands associated with the stretching of -OH groups were observed. These changes resulted from an interaction involving the starch, the introduced DIL, and the water molecules absorbed by the films. Specifically, when the -OH groups of starch engage in hydrogen bonding, the vibrational absorption band shifts towards lower wavenumbers. Conversely, a decrease in hydrogen bond strength leads to a shift in signals towards higher wavenumbers [53]. Considering this phenomenon, the interactions between starch chains and various DILs primarily depend on the characteristics of the cationic moiety. With an increase in steric hindrance of the cationic structure, a noticeable redshift in the absorption band is observed. This shift suggests a greater capacity of the ionic liquid to weaken hydrogen bonding interactions among starch chains. Specifically, in the presence of plasticizer C1H2(MIm)2Cl2, the absorption band associated with -OH stretching occurs at 3310 cm-1 [53]. As the alkyl chain length between the two imidazolium rings increases (C5H10(MIm)2Cl2), the stretching of -OH shifted to 3314 cm-1, indicating a greater spatial separation among the starch chains. Films plasticized with C6H4(CH2MIm)2Cl2 display an absorption band associated with -OH stretching vibrations at 3321 cm-1. Therefore, when the distance between the two cation groups increases, a shift toward higher wavenumbers of the -OH vibrational mode is still observed even when the linking segment is nonlinear, as in the presence of the phenyl group. Employing ionic liquid C8H16O3(MIm)2Cl2, characterized by a longer linear linker between imidazolium rings containing ether groups, results in a notable redshift of the -OH band, reaching 3332 cm-1. Based on the results from the IR analysis, the length of the segment linking the two cationic groups predominates in determining the interaction with starch chains, irrespective of the presence or absence of functional groups along this segment. This finding suggests that the spatial separation between the cationic groups exerts a more significant influence on their interaction with the starch network than the specific chemical functionalities of the connecting linker.
[bookmark: _Toc213252383][bookmark: _Toc216975444]Thermogravimetric Analysis
Thermogravimetric analysis was employed to assess the thermal stability of TPS films. Figure 17 illustrates the thermograms of the various starch films plasticized with DILs and a non-plasticized starch film, allowing for comparative analysis. Across all samples, an initial weight reduction occurred between 25 and 150 °C, attributed to the evaporation of absorbed moisture. The TPS film without plasticizers showed a decomposition temperature of 315 °C, while the plasticized films displayed a similar thermal decomposition profile, with degradation temperatures ranging from 245 to 260 °C. This result confirms the previous exploration on the anions’ influence [53], indicating that the thermal stability of starch films, when plasticized with ILs, primarily depends on the nature of the anion, while the influence from the cation remains minimal.
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[bookmark: _Ref210134158]Figure 17. Thermogravimetric curves of TPS and TPS_DIL films
[bookmark: _Toc213252384][bookmark: _Toc216975445]Differential Scanning Calorimetry
Through DSC analysis, the glass transition temperature of the different films was determined. The analyses were carried out on dried samples to minimise the effect of water and to assess the influence of ionic liquids as plasticizers. The transition temperatures (reported as dry Tg) are shown in Table 5. All DILs showed good plasticising ability, as the Tg values of the TPS_DIL films were lower than the non-plasticised starch film (TPS). This is because plasticization leads to a reduction in Tg by reducing the intermolecular forces between the polymer chains and increasing their mobility [83]. Indeed, the glass transition temperature gradually decreases from around 121 °C (TPS) to 86 °C (TPS_C8H16O3(MIM)2Cl2). The evidence for this effect on weakening polymer chain interactions is consistent with the findings from FTIR analysis, confirming that the length of the segment linking the two cationic groups significantly influences matrix interactions.
[bookmark: _Ref210134277]Table 5. Glass transition temperatures of the different dry TPS_DIL films
	Sample
	dry Tg (°C)

	TPS
	 

	TPS_C1H2(MIM)2Cl2
	 

	TPS_C5H10(MIM)2Cl2
	 

	TPS_C6H4(CH2MIM)2Cl2
	

	TPS_C8H16O3(MIM)2Cl2
	



[bookmark: _Toc213252385][bookmark: _Toc216975446]X-Ray Diffraction Analysis
The X-ray diffraction technique was employed to evaluate the crystallinity of the starch film samples. As described in section  4.1.2, in native starch, three polymorphic structures, A-type, B-type, and VH-type, can be distinguished, each displaying typical XRD patterns [84]. 
The XRD patterns for the native starch and the DIL plasticized starch films are shown in Figure 18. 
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[bookmark: _Ref210135312]Figure 18.  XRD patterns and parameters for the crystalline fraction of native starch and TPS_DIL films
In the spectrum of the native starch, the main diffraction patterns are related to the typical A-type structure, with characteristic diffraction peaks at 15° and 23° and a doublet at 17° and 18°. In the plasticized films, this typical doublet disappeared, revealing a loss of the A-type pattern. Instead, the plasticized samples showed the B-type pattern as indicated by the peaks at 17°, 22°, and 24° and a weak VH-type structure suggested by the presence of the peak at 20°. Figure 18 shows the table of total crystallinity values and the respective fractions for A-, B-, and VH-type structures.  For all films, the overall crystallinity was lower than that of native starch, showing that DILs act as good plasticizers. In detail, the films obtained with C1H2(MIm)2 Cl2 had the highest crystallinity content, while the other samples showed comparable crystallinity. These results are in agreement with observations from FTIR analysis, which revealed an increasing distance between starch chains as the steric hindrance of the plasticizer molecules increased. The more disordered distribution can impede compact packing, thereby reducing crystallinity.
[bookmark: _Toc213252386][bookmark: _Toc216975447]Mechanical Properties
Understanding the mechanical properties of the starch films is pivotal in assessing their potential for prospective applications. These properties can be influenced by variables such as the polymer network and the type of plasticizer used [85]. The mechanical property values, including the tensile strength (TS), elongation at break (%), and Young’s modulus (E), for the analysed films are reported in Table 6. 
[bookmark: _Ref210136014]Table 6. Young's Modulus (E), Tensile Strength (TS), and Elongation at break (ε%) of TPS_DIL films
	Sample
	Young Modulus (MPa)
	Tensile Strength (MPa)
	ɛ (%)

	TPS_C1H2(MIM)2Cl2
	 
	
	

	TPS_C5H10(MIM)2Cl2
	 
	
	

	TPS_C6H4(CH2MIM)2Cl2
	
	
	

	TPS_C8H16O3(MIM)2Cl2
	
	
	



The structure of the cation influences the mechanical properties of starch films. DILs inducing the more pronounced weakening of interchain interactions, according to FTIR, are responsible for low E and TS values, indicating a direct correlation between the cationic structure and the mechanical behaviour of the films. 
When plasticizer C1H2(MIm)2Cl2 is employed, the highest values of E and TS are observed, reaching 490 MPa and 11 MPa, respectively. Increasing the carbon chain length of the linker (C5H10(MIm)2Cl2) results in decreased values of these properties, dropping to 170 MPa and 6 MPa, respectively. The lowest values are possessed by films plasticized with C6H4(CH2MIm)2Cl2 and C8H16O3(MIm)2Cl2, with comparable results between them. 
Similarly, elongation at break is affected by the characteristics of the plasticizing DIL, rising significantly as the length of the chain connecting the two cationic groups increases. Indeed, going from C1H2(MIm)2Cl2 to C5H10(MIm)2Cl2 e% increases from 24% to 36%, comparable with the value of TPS_C8H16O3(MIM)2Cl2. The highest value of elongation at break is obtained for films plasticized with C6H4(CH2MIm)2Cl2. It can be deduced that the increase in steric hindrance of the dication, combined with the greater distance between the two imidazolium rings, promotes chain mobility within the film matrix, resulting in increased flexibility. Therefore, understanding the relationships between cationic structure and mechanical properties is crucial for designing starch-based films with tailored functionalities for various electronic applications, such as motion sensors [86]. 
[bookmark: _Toc213252387][bookmark: _Toc216975448]Electrochemical Properties
The electrochemical properties of films are related to an interplay between polymer segment motions and ion-polymer interactions, which at the same time dissociate ions. As a result, various factors can affect the conductivity of these materials, including van der Waals forces, temperature, electrostatic forces, interaction between cations and anions, and the water content [87]. The electrochemical stability window is an important parameter for a material that could be used in flexible electronic devices. To investigate the decomposition voltage of the studied films, linear sweep voltammetry (LSV) measurements were performed [88,89]. Figure 19 presents the current vs voltage plot for all the samples. TPS_C6H4(CH2MIM)2Cl2 and TPS_C8H16O3(MIM)2Cl2 samples showed similar behaviour, with the current increasing significantly when the potential reaches 1.35 V and 1.40 V, respectively, indicating the electrolyte decomposition. TPS_C5H10(MIM)2Cl2 film showed a voltage breakdown slightly higher than 1.6 V, while TPS_C1H2(MIM)2Cl2 had the higher values of around 1.8 V. A working potential above 1 V allows the application of such materials in flexible supercapacitors based on biodegradable components [90]. 
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[bookmark: _Ref210136300]Figure 19. Electrochemical stability windows of TPS_DIL films
The ionic conductivity of the different starch films was investigated through electrochemical impedance spectroscopy (EIS). 
Since the conductivity of these membranes can be significantly affected by ambient moisture, systematic characterisation at different humidity levels provides valuable insights into their performance. The room-temperature ionic conductivity of the samples, at different relative humidity (RH) conditions (55%, 69%, and 84%), is reported in Table 7. 
[bookmark: _Ref210136455]Table 7. Ionic conductivity at room temperature (T = 25 °C) of the TPS_DIL films at different relative humidity conditions (RH 55%, 69%, and 84%)
	Sample
	𝝈 (S/cm) 
RH 55%
	𝝈 (S/cm)
RH 69%
	𝝈 (S/cm)
RH 84%

	TPS_C1H2(MIM)2Cl2 
	
	
	

	TPS_C5H10(MIM)2Cl2
	
	
	

	TPS_C6H4(CH2MIM)2Cl2
	
	
	

	TPS_C8H16O3(MIM)2Cl2 
	
	
	



All samples exhibited a clear increase in conductivity with increasing RH, indicating enhanced ionic mobility facilitated by water uptake [91]. The conductivity of the TPS_C1H2(MIM)2Cl2, sample was generally the lowest among all films for all humidity conditions tested. As suggested by FTIR analysis and mechanical properties, this may be attributed to excessive interactions between the polymer matrix and the cation, as reported in the literature [92], which reduces cation mobility and, consequently, the film’s ionic conductivity.
The TPS_C8H16O3(MIM)2Cl2 sample, on the other hand, although initially following a trend comparable to that of the other films, showed a limited increase in conductivity from 69% to 84% RH, potentially due to moisture saturation. 
To investigate the ionic conductivity transport mechanism and potential phase transitions within the operational temperature range, EIS measurements were conducted at various temperatures and at a relative humidity of 55%. Generally, ion conductivity can follow two main relationships for the temperature dependence of polymer dynamics: in totally amorphous polymers, it mainly follows the Vogel-Tamman-Fulcher relationship, while in crystalline or semi-crystalline regions, it commonly follows an Arrhenius form.
Figure 20 shows the temperature dependence of ionic conductivity for the prepared films at RH 55% in the 25 °C–65 °C range, which is commonly adopted in the literature to identify the conduction mechanism in similar systems [93–95]. The overall conductivity linearly increases with temperature, indicating no phase transition in the explored temperature range. The increasing temperature aids the movement of polymer chain segments, generating more free volume in which ions can move [96,97]. This phenomenon combines with the ion hopping mechanism [98], following the Arrhenius relationship (equation 17). The  values, which are now associated with ion hopping, were obtained from the slope of the curves and are reported in Figure 20 (inset). 
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[bookmark: _Ref210136789]Figure 20. Variation of the conductivity as a function of temperature at RH 55%
The Arrhenius plot confirms that the TPS_C1H2(MIM)2Cl2, sample exhibits slightly lower conductivity compared to the other films which display comparable values. Considering the complexity of the studied systems, no direct correlation can be established between high conductivity values and low activation energies, as already reported in the literature [99–101].
[bookmark: _Toc213252388][bookmark: _Toc216975449]Static Contact Angle Determination
Besides good conductivity, hydrophobic stability is desirable for flexible electronics [102].  The static water contact angle () technique evaluates surface wettability and interfacial interactions. This technique provides valuable insights into surface properties such as hydrophobicity and hydrophilicity by precisely measuring the angle formed between a water droplet and the film’s surface at equilibrium. Surfaces with water contact angles smaller than 90° are considered hydrophilic, while contact angles larger than or equal to 90° are classified as hydrophobic [103]. Generally, water contact angle values for plasticized starch films lie between 20° and 70° and can be influenced by the roughness of the surface, the type of plasticizer used, film preparation methods, and storage conditions [104–106]. To exclude the effect of roughness on the wettability results, the mean square heights (Sq) and arithmetic mean heights (Sa) of the surfaces were determined. The surface topography and the roughness parameters of the different starch films are shown in Table 8. The TPS_DIL films exhibited comparable surface morphology, with Sa and Sq values falling within a similar range, allowing for a direct comparison between samples [107–109]. 
[bookmark: _Ref210137110]Table 8. Surface topography and roughness parameters of the TPS_DIL films
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The water contact angle values of the different starch films are shown in Figure 21. The plasticized films with C1H2(MIm)2Cl2 and C6H4(CH2MIm)2Cl2 show the highest contact angle, 89° and 85°, respectively, pushing them to the limit of being defined as hydrophobic materials. The wettability also remains close to the hydrophobic limit when the plasticizer C5H10(MIm)2Cl2 is used (73°). Finally, when C8H16O3(MIm)2Cl2 is employed, the contact angle value drops to 52°. In general, as the linker chain length increases, a decrease in the contact angle is observed. This is likely due to weakening of starch interchain interactions as the steric hindrance of the DILs grows. Consequently, the increased distance between starch chains reduces intermolecular hydrogen bonding, leading to a higher number of exposed –OH groups and, thus, enhanced hydrophilicity [110]. However, the TPS_C6H4(CH2MIM)2Cl2 sample deviates from this trend, showing a higher contact angle of 85°, attributed to the more hydrophobic nature of its linker. Thus, the wettability of these materials is influenced not only by the linker chain length but also by its chemical nature.
[image: ]
[bookmark: _Ref210137198]Figure 21. Water contact angle measurements of TPS_DILs
[bookmark: _Toc213252389][bookmark: _Toc216975450]Antimicrobial Activity
To investigate the antimicrobial activity of the starch films plasticized with different DILs, bacteria growth inhibition (BGI) experiments were performed on S. epidermidis (Gram-positive) and P. aeruginosa (Gram-negative), two of the most common bacteria associated with chronic infectious skin diseases and with infections on biomedical devices, responsible for up to 60% of all prosthetic infections [111–113]. Although the exact bactericidal mechanism of DILs remains unknown to date, the main hypothesis involves the preferential adsorption of the cationic compound onto the negatively charged cell wall. This event is followed by the diffusion of the hydrophobic alkyl chains through the lipid bilayer, leading to the disruption of the cell membrane  [114,115]. As already reported in the literature [116], the improved antibacterial efficiency of DILs compared to their monocationic counterparts could be attributed to their 'bolaamphiphilic' structures, typically formed by two ionic heads linked together via an alkyl linker [117]. 
Each film was able to inhibit the growth of the surrounding bacteria (APPENDIX B, Figure 62). As shown in Figure 22, the films were more effective against S. epidermidis, showing a bacterial inhibition of up to 51%. In contrast, they exerted a lower BGI on P. aeruginosa. These results may be related to the additional lipopolysaccharide layer present on the Gram-negative membrane, which hinders its permeation [118]. It is worth noting that a low amount of DIL with respect to its optimal inhibitory concentrations (APPENDIX B, Table 16) is present in the films, as it was primarily introduced for plasticizing purposes. Generally, the higher the hydrophobicity of the cationic alkyl chain, the greater the antimicrobial activity [119]. In agreement with this, TPS_C1H2(MIM)2Cl2 and TPS_C6H4(CH2MIM)2Cl2, showed the highest antibacterial activity against P. aeruginosa. Furthermore, the behaviour of TPS_C6H4(CH2MIM)2Cl2 is consistent with a study showing that the presence of an aromatic ring in the molecular structure of the dicationic ionic liquid allows for greater diffusion through the lipid membrane of bacteria [120].
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[bookmark: _Ref210137418]Figure 22. Bacterial growth inhibition histograms of TPS_DIL films tested on S. epidermidis and P. aeruginosa
[bookmark: _Toc213252390][bookmark: _Toc216975451]Stimuli-responsiveness of the films
In the context of flexible electronics, the devices attracting the most interest are wearable sensors, which can detect and transmit a wide range of physical stimuli, such as strain, pressure, temperature, humidity, and more [121,122]. Prepared starch-based films plasticized with DILs exhibit potential application prospects in strain sensor devices due to their mechanical properties, conductivity, and antibacterial characteristics. Regarding the last aspect, it is worth noting that wearable devices contact the environment of body fluids and sweat, making it easy for bacteria to proliferate, causing some skin diseases. Thus, using materials with intrinsic antibacterial properties is a significant advantage. The electromechanical properties were therefore tested to demonstrate the potential utility of these films as foundational materials for wearable sensor technology [123]. Specimens 5 cm long and 0.5 cm wide were attached to an index finger and subjected to six repeated finger bending cycles. Figure 23 presents the percentage of relative resistance change ( during the bending motion of the finger. The bending and relaxation of the finger are clearly detectable through the observed increases and decreases in relative resistance change for all the films. In addition, it is noted that the resistance decreased as the finger began to bend, rather than increasing as observed for other common conducting materials, such as silver, copper, and carbon. This opposite behaviour of conductivity to strain aligns with previous observations in other conducting materials containing ILs [124]. This consistency in performance over repeated use underscores the reliability of these materials for long-term applications. 
For all the films, it can be observed that there are no significant differences in the relative resistance change between the first and the last bending cycle, indicating their good durability [125]. Only the TPS_C1H2(MIM)2Cl2 sample showed lower sensitivity to movement, failing to accurately register the return to the relaxed finger. TPS_C5H10(MIM)2Cl2 and TPS_C8H16O3(MIM)2Cl2 showed the most stable and identical responses, representative of good reliability as detectors [126].
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[bookmark: _Ref210137534]Figure 23. Response of (A) TPS_C1H2(MIM)2Cl2, (B) TPS_C5H10(MIM)2Cl2, (C) TPS_C6H4(CH2MIM)2Cl2, (D) TPS_C8H16O3(MIM)2Cl2 strain sensor in monitoring finger bending under six bending/relaxation cycles (insets show photographs of index finger motion)
[bookmark: _Toc213252391][bookmark: _Toc216975452]Conclusions
Starch-based films were prepared using four imidazolium-based dicationic liquids (DILs) with distinct linker chain lengths and chemical structures, aiming to understand how these variations affect the films’ properties. The DILs, all derived from 1-ethyl-3-methyl imidazolium, differed in linker length and composition (-CH2-, -(CH2)5-, -CH2C6H4CH2-, -CH2(CH2OCH2)3CH2-), enabling a systematic evaluation of the relationship between cationic structure and film performance. 
Spectroscopic analysis confirmed that DILs’ cationic structures altered the hydrogen bonding network, influencing film organization. Thermal stability remained primarily governed by the anion, but the glass transition temperature and mechanical behaviour were dictated by cation structure. Steric hindrance and reduced mobility of bulky cations lowered tensile strength and Young’s modulus, improving flexibility. Electrochemical studies revealed that ion diffusivity depended on linker length, though overall conductivity differences were minor. All films exhibited stable electrochemical windows, even under humid conditions, making them viable for flexible electronics. The results emphasized that linker length more strongly influenced properties than chemical nature: long, flexible linkers enhanced ion mobility and adaptability, whereas short or rigid linkers increased stiffness. In contrast, wettability was mainly controlled by chemical nature, with aromatic or short linkers imparting hydrophobicity, a desirable property in wearable devices. Antibacterial performance varied with cationic design, particularly against Gram-positive bacteria.
Overall, cationic structure and linker features critically determine mechanical, electrochemical, and surface properties, highlighting their potential for biodegradable wearable electronics.

[bookmark: _Toc216975453]Implementation of Starch Films Plasticized with Imidazolium-Based Ionic Liquids in Flexible Micro-Supercapacitors
Energy storage devices play a pivotal role in modern society, driven by the increasing demand for electric vehicles, portable electronics, and renewable energy systems. In addition to lithium-ion batteries, electrochemical supercapacitors have been extensively investigated and employed for this purpose. In recent years, the rapid advancement of portable and wearable technologies has intensified the search for energy storage systems that are not only efficient but also flexible, lightweight, and cost-effective. These flexible systems have attracted considerable attention within the scientific community, as they offer promising integration into a wide range of wearable and flexible electronic devices for medical, military, and civilian applications. [127–129]. Thus, the increasing demand for compact, flexible, and efficient energy storage devices has driven significant research efforts toward the development of microscale electrochemical systems. Among them, microsupercapacitors (MSCs) have emerged as promising candidates due to their high-power density, fast charge/discharge capability, and potential for on-chip integration in portable and wearable electronics [130,131].   
Generally, supercapacitors can be classified into electrical double-layer capacitors (EDLCs) and pseudocapacitors based on their charge-storage mechanisms. Among pseudocapacitive materials, manganese dioxide (MnO₂), often deposited on conductive substrates, is of particular interest due to its high theoretical capacity, natural abundance, low cost, and environmental compatibility [132]. In addition to electrode materials, the choice of electrolyte plays a critical role in determining the overall performance and stability of supercapacitors, influencing the electrochemical stability window, cycle life, and safety. For this reason, the mechanical flexibility and ionic conductivity of starch-IL membranes were exploited for the fabrication and characterization of all-solid-state flexible micropseudocapacitors based on MnO2-coated carbon paper electrodes. 
[bookmark: _Toc216975454]Preparation and physicochemical properties of TPS-IL membrane
[bookmark: _Hlk211785319]To guarantee the production of stable and flexible starch film, 40 wt% plasticizers relative to the dry starch was selected. The membranes were prepared via solution casting with EMIm-Cl, EMIm-OAc, and C5H10(MIm)2Cl2 as plasticizers, obtaining TPS-IL1, TPS-IL2, and TPS-IL3, respectively. The thermal, mechanical, and electrochemical properties of the resulting materials have been comprehensively investigated in the previous sections. 
[bookmark: _Toc216975455]Simultaneous X-ray Diffraction–Differential Scanning Calorimetry
The influence of different ionic liquids on the structural and thermal behaviour of starch-based membranes was evaluated using simultaneous X-ray diffraction (XRD) and differential scanning calorimetry (DSC), with the corresponding spectra reported in Figure 24.  The spectra showed the characteristic peaks of B-type and V-type crystalline structures associated with starch thermoplasticisation at room temperature [133,134]. 
Overall, the XRD patterns of the three TPS–IL membranes showed broadly similar trends upon heating, with a general reduction in peak intensity and partial loss of ordering. Although some variations were observed in the extent of initial crystallinity or in the rate of decrease in diffraction peaks with temperature, all membranes exhibited a progressive softening of the structure, consistent with enhanced molecular mobility and the plasticising action of the ionic liquids. In detail, the XRD patterns showed that TPS-IL1 and TPS-IL2 remained mostly amorphous across the temperature range, indicating high chain mobility and effective plasticisation. Conversely, the TPS-IL3 membrane initially showed significant ordering, which gradually diminished upon heating, reflecting the melting of these initially ordered regions.
These observations suggested that while EMIm-Cl and EMIm-OAc disrupt hydrogen bonding effectively and prevent structural ordering, the dicationic IL initially promotes a more structured arrangement, which then melts upon heating due to weaker plasticizing efficiency or stronger interactions with the starch matrix [135].
Complementary DSC data supported these findings. In detail, the TPS-IL1 membrane showed two distinct thermal events consisting of a broad endothermic transition around 150 °C, followed by a sharper peak near 190 °C. This two-step behaviour is consistent with the early breaking of hydrogen bonds and the absence of long-range order observed in XRD, indicating efficient plasticisation. The initial transition probably reflects the segmental rearrangement of the chains, while the peak at the higher temperature corresponds to the melting of the residual ordered regions. In contrast, the TPS-IL2 membrane showed a more intense, broad, and slightly earlier main endothermic peak, centred around 135-140 °C, with a second, less pronounced event. 
Finally, the TPS-IL3 membrane showed a broad and less defined endothermic response, with overlapping transitions extending up to 190 °C. This diffuse thermal behaviour supports the XRD evidence of initial crystallinity and slower amorphization and is indicative of limited molecular mobility within a more rigid, possibly cross-linked network. The presence of two cationic heads probably favours stronger interactions and reduced plasticisation efficiency, leading to delayed and less cooperative thermal transitions [136]
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[bookmark: _Ref215509306]Figure 24. Combined XRD-DSC measurements of the different TPS-ILs
[bookmark: _Toc216975456]Preparation and characterization of activated carbon paper electrode
Carbon paper (CP) activation and subsequent deposition of manganese oxides (MnOx) nanostructures were performed to increase its performance. As already known from the literature, depositing pseudocapacitive materials such as RuO2, NiO, and MnO2 on the surface of carbon materials can further enhance their electrochemical efficiency [137]. 
[bookmark: _Toc216975457]Scanning Electron Microscopy and Energy-dispersive X-ray Spectrometry
Scanning Electron Microscopy (SEM) combined with Energy-Dispersive X-ray Spectroscopy (EDS) was employed to investigate the surface morphology and elemental composition of the carbon paper fibers. This approach enables a detailed correlation between structural features observed in SEM images and the spatial distribution of key elements, providing crucial insights into the formation and uniformity of the manganese oxides deposition [138]. 
Figure 25 presents the SEM images and corresponding EDS elemental mapping of the analyzed fibers. In Figure 25A, the layered EDS map reveals the presence of Mn, O, and C signals distributed along the fiber structure. Carbon is uniformly detected throughout the fibers, confirming the integrity of the substrate after the deposition procedure, while oxygen and manganese signals were concentrated in the outer regions, indicating the formation of a surface coating [139]. The Mn Kα1 map highlighted continuous manganese-rich regions, which correlate with the bright areas observed in the SEM image, confirming the deposition of MnOx on the fiber surface. Figure 25B, acquired at higher magnification, further confirmed the deposition through the co-localized distribution of oxygen and manganese, indicating the formation of a Mn oxide–based coating.
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[bookmark: _Ref216285834]Figure 25. SEM images and the corresponding EDS mapping of the ACP sample
[bookmark: _Toc216975458]X-ray Photoelectron Spectroscopy 
The XPS measurements were performed on untreated CP samples, the thermally activated samples (TCP), and the samples after MnOx deposition (ACP). All measured spectral components identified by applying a peak fitting procedure are shown in Figure 26, Figure 27, and Figure 28. Binding energy (BE), full width half maximum (FWHM), atomic percentage values, and proposed assignment are reported in tables (Table 9, Table 17 and Table 18 in APPENDIX C).
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[bookmark: _Ref215518125]Figure 26. SR-XPS spectra collected on sample CP at a) C1s, b) N1s, c) Si2p,
The C1s of CP spectrum (Figure 26a) displays the dominant sp² graphitic carbon peak superimposed on aliphatic C (C-C and C=C are not resolved) at 285 eV (71.83%). Additional contributions include C–N functionalities at 286.06 eV (18.43%), indicating N-doping or surface nitrogenated groups, C–O at 287.21 eV (7.27%), and C=O at 288.49 eV (2.47%). This distribution is characteristic of oxidized carbon surfaces exposed to air and aqueous environments, consistent with literature on carbon-based electrodes [140,141]. The N1s region (Figure 26b) reveals two components: Pyridinic N at 399.07 eV (60.89%), and aminic/pyrrolic N at 400.74 eV (39.11%). The prevalence of pyridinic nitrogen is typical of heat-treated carbon materials and is known to enhance electrochemical activity through improved electronic density and catalytic sites [9,10]. A Si2p doublet (Figure 26c) at 103.40 / 104.01 eV arises presumably from the substrate, consistent with Si⁴⁺ species. The O1s spectrum (Figure 26d) reveals only organic components: a first contribution of C=O at 532.17 eV (14.8%), a second of C–O / hydroxyls at 533.32 eV (75.77%), and a third at 534.56 eV (9.43%), consistent with the presence of physiosorbed water. The XPS analysis confirms that the untreated carbon cloth is mainly composed of graphitic carbon enriched with nitrogen in pyridinic and amine-like environments. The surface shows the expected oxygen-containing groups resulting from adsorption and partial oxidation. No metallic impurities or undesired signals were observed.
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[bookmark: _Ref215518139]Figure 27. SR-XPS spectra collected on sample TCP at a) C1s, b) N1s, c) Si2p, and d) O1s core levels.

The C1s signal of the TCP (Figure 27a) shows a predominant sp² carbon peak at 285 eV (73.10%), similar to that of the untreated cloth, but with slightly reduced oxygenated components. Secondary peaks include C–N at 285.99 eV (18.96%), C–O at 287.10 eV (5.86%), and C=O at 288.27 eV (2.08%), consistent with typical activated carbon cloths, which preserve a graphitic backbone after activation. The relatively low abundance of oxygenated species is consistent with what is commonly reported for thermally activated carbon cloths, where surface oxygen groups are partially removed during high-temperature activation but can re-form through mild oxidative exposure during cooling and handling. Three components were resolved from the N1s spectrum (Figure 27b): Pyridinic N at 399.07 eV (45.10%), Aminic N at 400.96 eV (45.37%), and Protonated amines at 402.74 eV (9.53%). Pyridinic and graphitic/aminic N are characteristic of carbonization at high temperatures, while protonated N species often originate from surface adsorption of water or trace acidic groups formed during steam or CO₂ activation [142,143]. Their presence is therefore consistent with the intrinsic chemistry of activated carbon. SiO₂ substrate contributes a Si2p doublet (Figure 27c) at 103.35 and 103.95 eV, analogously to the first sample. The O1s region (Figure 27d) shows C=O at 531.42 eV (11.97%), C–O at 533.18 eV (81.16%), and physiosorbed water at 534.99 eV. Overall, the activated carbon cloth retains the graphitic sp² backbone but exhibits the heterogeneous nitrogen and oxygen environments expected from industrial activation processes, including the presence of protonated nitrogenated functionalities due to surface hydration and residual acidic surface groups [144].
[bookmark: _Ref215518017]Table 9. BE (eV), FWHM (eV), atomic percentages (in the same signal), and proposed assignments for all measured signals of ACP sample
	sample
	signal
	BE (eV)
	FWHM (eV)
	Atomic %
	Assignment

	ACP
 
 
 
 
 
 
 
	C1s @500eV
	285
	1.34
	68.49
	C–C 

	
	
	286.09
	1,34
	17,54
	C–N 

	
	
	287,26
	1,34
	7.21
	C-O

	
	
	288.49
	1.34
	4.43
	C=O

	
	
	289.73
	1.34
	2.34
	Contaminants

	
	N1s @500eV
	398.94
	1.77
	64.69
	Pyridinic

	
	
	400.79
	1.77
	35.31
	Aminic

	
	Si2p @500eV
	102.71
	2.4
	100%
	2p3/2 (si⁴⁺)

	
	O1s @700eV
 
	530.13
	1.31
	49.75
	Mn oxides

	
	
	531.66
	1.31
	28.08
	C=O

	
	
	532.86
	1.31
	15.17
	C-O

	
	
	534.15
	1.31
	7.01
	physiosorbed water

	
	Mn2p 3/2 
@1000eV
 
	641.17
	2.00
	35.43
	Mn²⁺

	
	
	642.59
	2.00
	26.61
	Mn³⁺

	
	
	644.24
	2.00
	6.76
	Mn4⁺

	
	
	645.17
	6.02
	32.40
	Mnn⁺ satellite  

	
	Mn2p ½
@1000eV

	652.87
	2.00
	39.73
	Mn²⁺

	
	
	654.29
	2.00
	29.84
	Mn³⁺

	
	
	655.94
	2.00
	6.24
	Mn4⁺

	
	
	656.87
	5.12
	24.19
	Mnn⁺ satellite  



[image: ]
[bookmark: _Ref215518141]Figure 28. SR-XPS spectra collected on sample ACP at a) C1s, b) N1s, c) Si2p, d) O1s, and e) Mn2p core levels
ACP’s C1s region (Figure 28a) exhibits the main component (graphitic-aliphatic) at 285 eV (68.49%) along with C–N at 286.09 eV (17.54%), C–O at 287.26 eV (7.21%), C=O at 288.49 eV (4.43%), and a small contamination peak at 289.73 eV (2.34%): when carbon cloth is coated with MnO₂, slight increases in oxygenated species are expected due to oxidative synthesis routes and Mn–O interactions [3-6]. In the C1s spectrum, two peaks were found at 293 and 296, which are attributed to potassium. The presence of K is also confirmed through the survey, and the K2s peak is visible at 378. Two N1s components (Figure 28b) were found as in CP and TCP: Pyridinic N at 398.94 eV (64.69%), Aminic N at 400.79 eV (35.31%), confirming nitrogen functionalities are preserved after MnO₂ deposition. The Si2p signal (Figure 3c) of the substrate is observed at 102.71 eV, modeled with a single component due to the higher noise and small doublet splitting, reasonable for SiO₂. The O1s region (Figure 28d) clearly reveals contributions of MnO₂: Mn–O (oxide lattice) at 530.13 eV (49.75%), C=O at 531.66 eV, C–O at 532.60 eV, and physiosorbed water at 532.86 eV.  The Mnp2 spectrum (Figure 3e) clearly confirms the presence of mixed-valence manganese species on the carbon cloth surface. The Mn2p₃/₂ component is composed of four distinct contributions: Mn²⁺ at 641.17 eV (35.43%), Mn³⁺ at 642.59 eV (26.61%),  Mn⁴⁺ at 644.24 eV (6.76%), and an Mnn⁺ satellite at 645.17 eV (32.40%): the broad Mn²⁺ satellite features observed in both the 2p₃/₂ and 2p₁/₂ regions are consistent with the multiplet splitting typical of Mn²⁺, although partial contributions from Mn³⁺ and Mn⁴⁺ cannot be excluded due to the mixed-valence nature of the MnOₓ layer [145].  Similarly, the Mn2p₁/₂ component displays Mn²⁺ at 652.87 eV, Mn³⁺ at 654.29 eV, Mn⁴⁺ at 655.94 eV (6.24%), and the Mnn⁺ satellite at 656.87 eV (24.19%), and the satellite component, which also arises from the superimposition of all Mnn+ ions satellites. The spin–orbit splitting between the Mn2p₃/₂ and Mn2p₁/₂ components (11.7 eV) is consistent with manganese oxides reported in the literature [49–52]. The binding energies and oxidation-state distribution are consistent with a mixed-valence manganese oxide layer, predominantly composed of Mn²⁺ and Mn³⁺ species, with a minor Mn⁴⁺ contribution. The strong Mnn⁺ satellite peaks in both spin–orbit components confirm the presence of Mnn⁺-rich sites and agree with previously reported spectral fingerprints of manganese oxides exhibiting multiple oxidation states and significant multiplet splitting. These features collectively indicate that the MnOₓ phase is not a single stoichiometric oxide but rather a heterogeneous mixture of Mn²⁺, Mn³⁺ and Mn⁴⁺.
The XPS analysis unequivocally demonstrates successful functionalization of MnO₂ onto the carbon cloth surface, evidenced by the Mn–O components in O1s and Mn2p signals. The carbon chemistry remains largely unchanged, with typical sp² carbon and nitrogen functionalities preserved.
[bookmark: _Toc216975459]Electrochemical performance of flexible solid-state micropseudocapacitors assembled with TPS-IL
Micropseudocapacitors (MPSCs) were assembled employing two activated carbon electrodes in combination with starch-based membranes as electrolyte separators. The assembled systems were named ACP_TPS-IL1, ACP_TPS-IL2, and ACP_TPS-IL3. The complete devices were configured in a symmetric arrangement, sandwiched between two stainless steel blocking electrodes. The electrochemical properties of the assembled MPSCs were investigated using electrochemical impedance spectroscopy (EIS), cyclic voltammetry (CV), and galvanostatic charge–discharge (GCD) measurements.
EIS was performed over a frequency range between 1 MHz and 1 Hz. The Nyquist plot (Figure 29) shows the frequency response in the electrode/electrolyte system. In general, the capacitive behaviour of the device is revealed by the vertical line parallel to the imaginary axis at low frequencies. Among the different systems, the ACP_TPS-IL2 sample is the micropseudocapacitor that showed a vertical line closest to 90°, highlighting a more ideal behaviour for this system [146].
To quantify the resistive contributions within the system, the equivalent series resistance (ESR) can be estimated by extrapolating the vertical line of the Nyquist plot on the x-axis and includes the bulk electrolyte resistance, the intrinsic resistance of the electrodes, the resistance associated with the current collector/electrode interface, and the resistance at the electrolyte/electrode interface [147]. In detail, the equivalent series resistances of the three different systems followed the same trend of the measured membranes’ ionic conductivities, producing ESR values of 49 , 63 , and 260  for ACP_TPS-IL1, ACP_TPS-IL2, and ACP_TPS-IL3, respectively.
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[bookmark: _Ref215509888]Figure 29. Nyquist plot of ACP_TPS-ILs assembled systems with the inset of the magnified view of the Nyquist plot at high frequency
To further investigate the most suitable electrolyte membrane for the MPSC, the capacitive behaviour of the different systems was also studied using cyclic voltammetry (CV) and galvanostatic charge-discharge (GCD). The CV curves (APPENDIX C, Figure 63) at various scan rates for the different systems were reported, while Figure 30A shows the CV curves of the three MPSCs conducted at a scan rate of 50 mV s⁻¹ for comparison. The electrochemical properties of the membranes influenced the capacitive behaviour of the system. TPS-IL1 and TPS-IL2 membranes delivered overall comparable electrochemical performances. While TPS-IL1 achieved the highest ionic conductivity and the lowest ESR, TPS-IL2 membrane appeared to better exploit the pseudocapacitive contribution of the ACP electrodes. In particular, the CV profile displayed a broad peak at approximately 0.1 V, characteristic of the electrochemical redox reaction attributable to MnO2 [148,149], suggesting a better interface nature between the ACP electrodes and the IL2-containing membrane. Conversely, the limited ion mobility in the TPS-IL3 membrane negatively affected the capacitive behaviour of the ACP_TPS-IL3 sample, as its CV curves deviated from the typical rectangular shape, and the low current response reflected poor energy storage capability. These observations are consistent with the specific capacitance values obtained from the cyclic voltammograms: 3.7, 4.5, and 1.6 F/g for ACP_TPS-IL1, ACP_TPS-IL2, and ACP_TPS-IL3, respectively.
The galvanostatic charge-discharge (GCD) curves of the ACP_TPS-ILs systems measured between 0 and 0.8 V at 10 A/cm2 are shown in Figure 30B. The curves showed a nearly triangular shape for the various samples. The slight deviation of the charge and discharge curves from straight lines may be caused by relatively slow ion transport and pseudocapacitive processes [150]. In general, the behaviour of the different samples in the charge-discharge measurements followed the same trend found in the voltametric curves. GCD measurements confirmed that both TPS-IL1 and TPS-IL2 membranes enabled ACP-based devices to deliver enhanced capacitive performance, with the stored charge being released over a longer time compared to the other system. Indeed, although the ACP_TPS-IL3 sample produced the GCD curve closest to the ideal triangular shape, the reduced ionic mobility led to a very rapid discharge. The specific capacitances extrapolated from the GCD measurements were therefore consistent with those obtained from the CV measurements. 
The charge-discharge curves were used to determine the areal energy density (Ea) and power (Pa), providing further confirmation of the capacitive behaviour of the different systems. The ACP_TPS-IL1 micropseudocapacitor had Ea = 0.157 mWh/cm² and Pa = 6.81 mW/cm², and ACP_TPS-IL2 reached Ea = 0.153 mWh/cm² and Pa = 6.77 mW/cm², highlighting the good compromise between energy storage capacity and high-power maintenance for both devices. In contrast, ACP_TPS-IL3 showed Ea = 0.04 mWh/cm² and Pa = 7.44 mW/cm², with power values comparable to the other systems but significantly lower storage capacity.
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[bookmark: _Ref215509931]Figure 30. (A) Cyclic voltammetry curves recorded at 50 mV/s and (B) galvanostatic charge-discharge curves at 1 A/cm2 for the different ACP_TPS-ILs systems
The TPS-IL2 membrane proved to be the optimal electrolyte for an MPSC, also due to its properties observed in previous research [53]. The membrane obtained using EMIm-OAc had, in fact, achieved a good working potential window and, furthermore, its electrochemical properties were stable even when temperature and humidity varied. For this reason, the micropseudocapacitor assembled with this membrane was also tested for durability and mechanical stress to assess its performance as a flexible MPSC. The GCD curves (Figure 31A) measured at different current densities (10 – 15 A/cm2) maintained their almost triangular shape, revealing ideal capacitive performance and an equilibrium charge between the electrode [151]. The ACP_TPS-IL2 system was then tested for 1000 cycles of use (Figure 31B). As the number of cycles increased, the specific capacity of the supercapacitor showed a slight decline, reaching a loss of about 30% after 1000 cycles. This behaviour is consistent with polymer-based membranes, which often exhibit limited cycling stability due to swelling and shrinkage during operation [152]. 
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[bookmark: _Ref215509975]Figure 31. (A) Galvanostatic charge/discharge at different current densities, and (B) cyclic performance of ACP_TPS-IL2
Finally, to verify the performance of ACP_TPS-IL2 under mechanical deformation, CVs were carried out at 50 mV/s, at different MPSC bending angles (0° - 180°). The curves are shown in Figure 32A, while the flexible setup and related bending angles are shown in Figure 32B. In general, no significant deviations in the CV curves were observed when the ACP_TPS-IL2 micropseudocapacitor was bent. However, as the bending angles increased, the electrochemical response area in the CV curves slightly decreased, indicating a variation in the corresponding charge storage capacity [153,154]. Indeed, as the bending angle increased, the specific capacity of the supercapacitor decreased slightly, with 70% capacity retention when fully bent (Figure 32C).
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[bookmark: _Ref215510037]Figure 32. (A) CV curves at 50 mV/s at different bending angles, (B) the flexible setup, and (C) the capacitance retention of the ACP_TPS-IL2
[bookmark: _Toc216975460]Conclusions
Starch-based polymeric membranes were prepared using three different imidazolium-based ionic liquids as plasticizers, employing both mono- and dicationic ILs. The materials were further characterized to evaluate their suitability for application in flexible all-solid-state microsupercapacitors. The results demonstrated that the choice of ionic liquid significantly influenced the structural, thermal, mechanical, and electrochemical behaviour of the resulting TPS-IL systems. In particular, EMIm-Cl and EMIm-OAc effectively disrupted the native starch structure, promoting amorphization and enhanced ionic transport, whereas the dicationic IL led to a more rigid and partially ordered network, resulting in reduced conductivity and limited electrochemical performance.
The MnO2-functionalized activated carbon electrodes showed the expected mixed-valence oxide composition, confirming the successful deposition of pseudocapacitive material and its chemical compatibility with the starch-based electrolytes. When assembled into complete microsupercapacitor devices, the TPS-IL membranes enabled efficient charge storage, with the TPS-IL2 membrane emerging as the most promising electrolyte. The ACP_TPS-IL2 device achieved balanced energy and power densities, stable behaviour over repeated cycling, and remarkable mechanical flexibility, maintaining capacitive performance even under extensive bending. These findings clarify the relationships between ionic liquid structure, starch matrix organization, and device-level electrochemical behaviour, providing a more detailed understanding of how IL-polymer interactions influence the overall performance of solid-state microsupercapacitors. While further optimisation and long-term stability studies would broaden the applicability of these materials, the present results establish a clear basis for their use in compact and deformable energy storage systems.

[bookmark: _Toc216975461]Development of Sustainable Films Plasticized with Choline-Based Ionic Liquid Plasticizers in Starch/Chitosan Blends at Different Ratios
In the production of starch-based bioplastics, plasticizers overcome the fragility of the material caused by high intermolecular forces by providing a more flexible structure [53]. However, applications of starch-based materials can be limited by sensitivity to moisture, brittleness, and low tensile strength. One strategy to overcome these drawbacks and provide additional functional properties is to blend starch with other natural macromolecules to make composite materials [155]. 
Based on this idea, the properties of starch-based materials can be improved by mixing them with chitosan, whose crystallinity and strong intra- and intermolecular hydrogen-bonding interactions result in water insolubility. Chitosan, a natural polysaccharide derived from chitin, exhibits excellent characteristics, including biodegradability, biocompatibility, antibacterial activity, and low immunogenicity. Due to these characteristics, it has been widely used in pharmaceuticals, food preservation, environmental remediation, agriculture, textiles, and other applications. [18,19]. In addition, its high molecular weight and chemical structure enhance its film-forming ability [156].  When blended with starch, it can counterbalance starch’s brittleness and moisture sensitivity while imparting functional properties such as improved mechanical strength, gas barrier performance, and bioactivity. Moreover, the presence of amino groups in chitosan allows for versatile interactions with starch chains and ionic liquids, resulting in more cohesive and tunable network structures.
After investigating the use of imidazole-based ionic liquids as plasticizers and with the aim of enhancing the biocompatibility and biodegradability of the resulting materials, the adoption of choline-based ionic liquids emerges as a promising strategy. Indeed, choline chloride (Ch) and choline-based ILs show better properties compared to traditional plasticizers, such as low toxicity, biocompatibility, and biodegradability, due to the choline cation [22,157].
Investigating different starch/chitosan ratios thus offers an opportunity to tailor materials with targeted mechanical, antimicrobial, and environmental properties. This combined approach not only advances the sustainability of biopolymer films but also opens new pathways for smart packaging, biomedical applications, and eco-friendly alternatives [158].
[bookmark: _Toc216975462]Appearance, Morphology and Colour Parameters
Starch-chitosan blend films with three different ratios (75:25, 50:50, and 25:75) were prepared by solution casting, using 40 wt% of plasticizer relative to the dry biopolymers.  [Ch][Cl] and [Ch][OAc] were selected as plasticisers because of their eco-sustainability. Table 10 reports the acronyms and the different compositions of the samples. The capacity to plasticize the blends of raw choline chloride versus choline acetate, an ionic liquid derived from choline, was evaluated.
[bookmark: _Ref213234997]Table 10. Compositions of starch/chitosan films
	Sample
	Starch Solution
	Chitosan Solution
	Plasticizer

	S75_C25_ChCl
	3% w/v
	0.5% w/v
	[Ch][Cl]

	S50_C50_ChCl
	2% w/v
	2% w/v
	[Ch][Cl]

	S25_C75_ChCl
	0.5% w/v
	3% w/v
	[Ch][Cl]

	S75_C25_ChOAc
	3% w/v
	0.5% w/v
	[Ch][OAc]

	S50_C50_ChOAc
	2% w/v
	2% w/v
	[Ch][OAc]

	S25_C75_ChOAc
	0.5% w/v
	3% w/v
	[Ch][OAc]



All the films produced displayed a homogeneous surface with no phase separation, bubbles, pores, or wrinkles. For each blend ratio, transparent films with a light-yellow coloring (Figure 33) were obtained as the chitosan fraction increased, typically associated with this biopolymer [159,160]. The values of colour parameters are reported in Figure 33. They confirmed the differences in the intensity of the visually observed yellow colour [161]. In general, the values of L* and a* decreased, while those of b* increased as the amount of chitosan increased.  
No differences in the appearance of the films were observed in relation to the plasticisers used. The thickness of the prepared films ranged from 0.18 to 0.20 mm across all samples. 
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[bookmark: _Ref213239198][bookmark: _Ref213239193]Figure 33. Digital images and Colour parameters (L*, a*, and b*) of starch-chitosan films
The morphologies of the different blends were determined by scanning electron microscopy (Figure 34). The images revealed the correct plasticization of the films for both ionic compounds used. It is observed that, as the concentration of chitosan in the blend increases, the surface irregularity increases (Figure 34, A-B-C and D-E-F). This effect is probably related to the interactions between the chitosan and the plasticizing molecules, as already observed in the literature in similar systems [162]. 
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[bookmark: _Ref213239591]Figure 34. SEM images of the starch-chitosan films
[bookmark: _Toc216975463]FTIR Analysis
FTIR spectroscopy was used to examine the interactions between chitosan, starch, and plasticizer.  The IR spectra of chitosan and the plasticizers were reported in APPENDIX D, Figure 64. The spectrum of the starch film, reported in  Figure 35A for a clear comparison, has  already been discussed in section 4.1.3. The spectrum of the chitosan film (Figure 35A) shows the stretching vibrations of -OH groups overlapping with N-H stretching occurring around 3300 cm-1. The bands in the region 2950-2800 cm‑1 correspond to C-H stretching. The absorption signals at 1635 cm-1, 1549 cm-1, and 1410 cm-1 were assigned to C=O stretching of amide, bending of N-H, and bending of C-H, respectively. The bands at 1152 cm-1, 1026 cm-1 and 902 cm-1 were attributed to backbone vibrations [163,164]. When the two biopolymers are mixed together with the plasticizer, some characteristic peaks can overlap [165]. In addition, shifts in some signals resulting from interactions among films components are expected. The spectra of the different blends are shown in Figure 35B. 
In particular, as reported in several studies [166–168] it can be observed that the N-H bending of chitosan shifted from 1549 cm-1 in the film spectrum of pure chitosan (Figure 35A) to around 1560 cm-1 in the spectra of starch/chitosan films ( Figure 35B). This increase suggests that interactions occur between the hydroxyl groups of starch and the amine groups of chitosan and that there is molecular miscibility between these two components.
Typically, when the -OH groups are involved in a hydrogen bond, the vibrational absorption band shifts towards lower wavenumbers. Conversely, when the strength of the hydrogen bond decreases, the signals shift towards higher wavenumbers [53]. In general, regardless of the plasticizer used, increasing the amount of chitosan in the blends causes a shift of the hydroxyl band to higher wavenumbers. In fact, when the starch-chitosan ratio changes from 75:25 to 25:75, there is a shift from 3263 to 3298 cm-1 using [Ch][Cl] as plasticizer (Figure 35B, spectra a, b, and c) and from 3280 to 3295 cm-1 using [Ch][OAc] (Figure 35B, spectra d, e and f). This could be related to the weakening of the inter-chain interactions of the starch, into which the chitosan matrix is inserted. In addition, it can be observed that the ionic liquid [Ch][OAc] reduces hydrogen bonding among polymeric chains of starch more than [Ch][Cl], demonstrating greater plasticizing ability. This effect is evident when the starch-chitosan ratio is 75:25 and 50:50. In fact, in the spectrum of S75_C25_ChCl (a, Figure 35B) and spectrum of  S75_C25_ChOAc (d, Figure 35B), the -OH stretching band occurs at 3263 cm-1 and 3280 cm-1, respectively, and in the spectrum of S50_C50_ChCl (b, Figure 35B) and spectrum of S50_C50_ChOAc (e, Figure 35B) at 3287 cm-1 and 3291 cm-1, respectively. On the other hand, it can be seen that the absorption signals of -OH stretching in the spectra of S25_C75_ChCl (c, Figure 35B) and S25_C75_ChOAc (f, Figure 35B) are similar. Probably, when the films contain a high amount of chitosan, the different ability of the two plasticizers [Ch][Cl] and [Ch][OAc] to interact with the chains was not appreciated. 
[image: Immagine che contiene testo, diagramma, mappa

Il contenuto generato dall'IA potrebbe non essere corretto.]
[bookmark: _Ref213248891]Figure 35. FTIR spectra of starch and chitosan films (A) and the starch-chitosan films (B)
[bookmark: _Toc216975464] X-ray Diffraction Analysis 
The crystallinity of the starch-chitosan blend films was analyzed by X-ray diffraction (XRD) technique. Figure 36A shows the spectra of the starch and chitosan powders, while Figure 36B shows the diffractograms of the different films. The spectrum of native starch has already been described in section 4.1.2 while the diffractogram of chitosan showed two characteristic peaks at 12° and 20.5°. The former is assigned to the regular crystal lattice of chitosan, while the broader peak around 20° indicated an amorphous structure of chitosan [169]. When the two biopolymers were processed to produce the blended films, their typical native crystallographic pattern was destroyed (Figure 36B). In particular, the doublet at 2q of 17° and 18° associated with the A-type starch structure, and the peak at 12° disappeared in all films [170,171]. Indeed, all the samples showed a predominantly amorphous spectrum (Figure 36B), typical of successful plasticization and film formation [172].
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[bookmark: _Ref213249577]Figure 36. XRD diffractograms of starch and chitosan powders (A) and starch-chitosan films (B)
Most of the films showed the crystalline pattern of the plasticized starch, with characteristic peaks at 17°, 20°, 22°, and 24° related to its B-type structure and the typical peaks at 8° and 11° belonging to the hydrated crystalline structure of chitosan [173]. As the fraction of chitosan within the blends increases, this pattern is gradually lost, indicating the dispersion of chitosan within the starch matrix and suggesting that chitosan avoids the retrogradation of starch [174]. In fact, the XRD spectra of the S75_C25_ChCl and S75_C25_ChOAc films, which have the highest starch content, did not exhibit any significant changes due to starch retrogradation after three months of storage (APPENDIX D, Figure 65). In particular, the higher chitosan fraction, combined with the strong plasticising effect of [Ch][OAc], led to the sample S25_C75_ChOAc exhibiting a completely amorphous spectrum. This result confirmed, even for films with a starch-to-chitosan ratio of 25:75, the greater plasticizing capacity of the ionic compound [Ch][OAc] compared to [Ch][Cl] already suggested by the IR spectral analysis for the other ratios.
[bookmark: _Toc216975465]Thermogravimetric Analysis
The thermal stability of the blends was assessed by thermogravimetric analysis. Figure 37 shows the thermograms of the different starch-chitosan films with their first derivatives. The degradation temperatures determined through thermograms are reported in APPENDIX D, Table 19. Generally, once starch and chitosan are mixed, processed, and plasticized, a decrease in degradation temperature is observed, especially in the presence of ionic compounds [56]. By analysing the thermograms, an initial weight loss was observed between 25 °C and 150 °C for all samples, associated with the evaporation of the absorbed water [175]. In particular, the samples with the highest water loss were S50_C50_ChCl (Figure 37B) and S25_C75_ChCl (Figure 37C), with a mass loss of 18% and 17%, respectively. The S75_C25_ChCl and S75_C25_ChOAc (Figure 37A and 34D) blends, on the other hand, underwent a loss of about 15% in weight. Finally, the S50_C50_ChOAc (Figure 37E) and S25_C75_ChOAc (Figure 37F) films exhibited the least weight loss, 11% and 13% , respectively. These results are in line with the X-ray diffractometric analysis, as the samples with the highest water content were those that showed the characteristic peaks of the hydrated crystalline structure of chitosan [176]. 
For the [Ch][Cl] plasticized blends, a second main thermal degradation is observed around 285 °C, with no appreciable differences between the different starch-to-chitosan ratios (Figure 37A-C). When [Ch][OAc] is employed, the second main thermal degradation is observed at lower temperatures. This could be attributed to the better plasticizing capacity of the ionic liquid, which weakens the interactions within the polymer network [56]. The degradation temperature is, indeed, around 265 °C for such blends (Figure 37D-F). 
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[bookmark: _Ref213249777]Figure 37. Thermogravimetric analysis (TGA) and derivative thermogravimetry (DTG) (black) curves of starch-chitosan films
[bookmark: _Toc216975466]Mechanical Properties
The mechanical properties are influenced by various factors, including the starch/chitosan ratio, the compatibility between the polymer matrix and the plasticizer, and the film microstructure [177]. The results obtained by the mechanical tests are reported in Table 11. Young’s Modulus (E), Tensile Strength (TS), and Elongation at Break (ε%) of the starch-chitosan films, and the stress-strain curves are shown in APPENDIX D, Figure 66. 
In composite films plasticized by [Ch][Cl], it is interesting to note the influence of the chitosan content. The increases in this biopolymer led to enhanced resistance and elongation of the films. Indeed, as the chitosan content increased, Young's modulus values increased from 57 MPa (S75_C25_ChCl) to 180 MPa (S25_C75_ChCl). The tensile strength increased from 6 MPa (S75_C25_ChCl) to 22 MPa (S25_C75_ChCl), while the elongation at break reached 76%. 
The same trend was also observed in the [Ch][OAc]-plasticized blends, whose increase in chitosan fraction again resulted in an increase in mechanical properties. However, the excellent plasticizing ability of [Ch][OAc] is reflected in the lower values of Young's modulus of the blends plasticized by this ionic liquid compared to those plasticized with [Ch][Cl]. The amorphous structure resulting from the combined action of the plasticizing capacity of [Ch][OAc] and the high chitosan content resulted in the highest elongation-at-break value of 107% for the S25_C75_ChOAc film [178,179]. 
[bookmark: _Ref213250056]Table 11. Young’s Modulus (E), Tensile Strength (TS), and Elongation at Break (ε%) of the starch-chitosan films
	Sample
	Young
modulus (E) (MPa)
	Tensile strength (TS) (MPa)
	Elongation at break (ε) (%)

	S75_C25_ChCl
	
	
	

	S50_C50_ChCl
	
	
	

	S25_C75_ChCl
	
	
	

	S75_C25_ChOAc
	
	
	

	S50_C50_ChOAc
	
	
	

	S25_C75_ChOAc
	
	
	


[bookmark: _Toc216975467]Wettability
Contact angle measurements were used to characterize the surface properties of different starch-chitosan films. The contact angle values are shown in Figure 38. As can be evident from the measured contact angle values, two sets of data are observed, depending on the plasticizer used. When [Ch][Cl] is employed, the blends showed contact angles ranging from 86° to 92° (Figure 38A). The use of [Ch][OAc] significantly reduced these values, yielding contact angle between 58° and 67° (Figure 38B). These results may be related to the different hygroscopicity of the two compounds, with the acetate anion more prone to interact with water molecules [180], as also observed in previous results [53]. 
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[bookmark: _Ref213251345]Figure 38. Water contact angle values of the starch-chitosan films and representative images of films with [Ch][Cl] (A) and [Ch][OAc] (B)
Although it was expected that the films would increase their hydrophobicity with increasing chitosan content, as already reported in the literature [181], the plasticization of chitosan can result in a decrease in the hydrophobicity of the polymer.
[bookmark: _Toc216975468]Conclusions
Starch–chitosan blend films were prepared using the solvent-casting method and plasticized with two choline-based compounds: choline chloride ([Ch][Cl]) and choline acetate ([Ch][OAc]). Three different starch-to-chitosan ratios (75:25, 50:50, and 25:75) were tested to examine the effect of composition and plasticizer type on the film properties. All films obtained were homogeneous and well plasticized. FT-IR and XRD analyses confirmed the plasticization effect, especially for [Ch][OAc], which reduced starch–starch interactions more effectively than [Ch][Cl]. Thermogravimetric analysis showed that [Ch][OAc]-based films had slightly lower thermal stability, indicating higher polymer chain mobility. Mechanical tests revealed that increasing the chitosan content improved tensile strength, while [Ch][OAc] provided better flexibility than [Ch][Cl]. Wettability tests showed that the type of plasticizer mainly affected surface properties, with [Ch][Cl]‑plasticized films being less hydrophilic. These results agree with previous findings that the acetate anion interacts more strongly with water molecules. Overall, the combination of starch, chitosan, and choline-based plasticizers produced flexible, biodegradable films with tunable properties. Thanks to the presence of chitosan, which can provide antibacterial activity, these materials show great potential for sustainable applications in food packaging and biomedical fields.

[bookmark: _Toc216975469]Enhancing Starch Films’ Applicability by Exploring the Effects of Starch Acetylation and the Active Properties of Dopamine as an Additive
[bookmark: _Int_LlJBu8Nc]Despite starch’s wide availability, low production costs, versatility, and excellent biocompatibility, it entails some drawbacks that prevent its use as a packaging material. The main limitations of starch film, i.e., hydrophilicity and brittle nature, can be effectively overcome by practicing chemical or physical modifications of the starch itself, such as acetylation [182–185]. Moreover, incorporating active substances in the biopolymer matrix further improves the system’s overall properties. The presence of these agents in films, for example, can provide useful protection in food, pharmaceutical, and electronic packaging, and as an ecological protective mulch for agricultural industries [186–189]. Polydopamine (pDA) is a synthetic polymer derived from the spontaneous oxidative polymerization of dopamine, a small organic molecule that plays a crucial role in various physiological functions within the human body. In mild alkaline conditions, dopamine serves as a building block to obtain a versatile and biocompatible polymer with unique properties [190]. The quinone structure in pDA, similar to melanin, enables UV light absorption in the 280-400 nm range. As a result, pDA can act as a protective barrier agent, shielding a significant amount of harmful UV radiation. pDA has also demonstrated good stability and durability, which is crucial for long-term UV shielding effectiveness [191]. In addition, due to its chemical structure, pDA exhibits strong antioxidant properties, acting as an effective free radicals scavenger [192]. With its intrinsic properties, pDA embedded in starch-based films represents a promising option for producing active systems. The effect of this naturally active agent on natural and acetylated starch films was investigated, using a small quantity of dopamine to obtain active materials without losing the acceptable film transparency [193].
[bookmark: _Toc216975470]Appearance and Morphology characterization
Starch and acetylated starch films (TPS/TPAS) were prepared by solution casting. A 40 wt% plasticizer-to-starch ratio was chosen to ensure the formation of films with good plastic properties. Choline chloride (Ch) and small amounts of dopamine (DA) (1 wt% and 5 wt%) were selected as plasticizers. The light-to-dark colour change of the films after the polymerization conditions were applied ensured the formation of polydopamine in the starch matrix. The list of prepared films is shown in Table 12.
[bookmark: _Ref212301514]Table 12. Compositions of the prepared films
	Film
	Starch
	Ch
	Dopamine
	Film
	Starch
	Ch
	Dopamine

	TPS_Ch40
	Native
	40%
	-
	TPAS_Ch40
	Acetylated
	40%
	-

	TPS_Ch39_pDA1
	Native
	39%
	1%
	TPAS_Ch39_pDA1
	Acetylated
	39%
	1%

	TPS_Ch35_pDA5
	Native
	35%
	5%
	TPAS_Ch35_pDA5
	Acetylated
	35%
	5%


All the starch-based films presented a uniform surface without bubbles, with similar thicknesses ranging from 0.16 to 0.18 mm. The choline chloride-based films were white in colour, displaying good transparency, while the ones prepared by adding dopamine had a dark brown colour [194] influenced by the percentage of additive, showing moderate translucency. Digital images and colour parameters of prepared films are reported in Figure 39. In particular, L* values decreased as the amount of pDA increased.
[image: Immagine che contiene schermata, cerchio

Il contenuto generato dall'IA potrebbe non essere corretto.]
[bookmark: _Ref212301790]Figure 39. Digital images and colour parameters of starch-based films
The choline-plasticized samples were analysed by TE-SEM to investigate the morphological changes of starch resulting from the acetylation process and the introduction of plasticizers. The micrographs (Figure 40) revealed distinct structural features for TPS_Ch40 compared to the acetylated film, showing greater homogeneity. Despite the low degree of starch functionalization (DS=0.08), the introduction of acetyl groups favors the breaking of inter- and intra-molecular hydrogen bonds, reducing the interactions between polysaccharide chains. This likely facilitates better distribution of the choline plasticizer within the matrix. The introduction of a low amount of pDA into the choline-plasticized TPS sample further promotes surface homogeneity, especially at low concentrations.
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[bookmark: _Ref212301889]Figure 40. SEM micrographs of the films: TPS_Ch40 (A), TPS_Ch39_pDA1 (B), TPS_Ch35_pDA5 (C), TPAS_Ch40 (D), TPAS_Ch39_pDA1 (E) and TPAS_Ch35_pDA5 (F)
[bookmark: _Toc216975471]FTIR Analysis
FT-IR spectroscopy analysis was conducted to investigate the films composition and obtain information about the interactions of starch with Ch and pDA. Figure 41 displays the spectra of plasticized films, showing the characteristic absorption bands of native or acetylated starch and Ch Polydopamine signals obtained by oxidative self-polymerization of DA monomers were not detected in the films’ spectra, probably because the amount of added DA was low compared to starch and Ch (1 or 5  wt% with respect to starch). The spectra of the starch powders, Ch, and dopamine are reported in APPENDIX E, Figure 67. 
In detail, in the spectra of plasticized films, the signals in the 700–950 cm−1 range are indicative of C–O–C stretching of starch. The bands found in the 950–1200 cm−1 region are due to C–C, C–O stretching, and C–O–H bending of starch. In this same range, the signal located at around 960 cm−1 is characteristic of the N-C stretching of choline chloride [195]. The vibration modes of the -CH2 groups of starch can be observed between 1320 and 1460 cm−1, while the signal around 1480 cm−1 can be associated with the -CH2 bending of Ch [196]. The broad band observed between 3000 and 3600 cm−1 is due to the stretching vibration of the -OH groups in starch, Ch, and water molecules absorbed in the films. The signal at 1642 cm−1 is associated with the corresponding -OH bending [197]. It is worth highlighting that no additional bands in the plasticized film spectra were observed, suggesting no evident reaction between the Ch and pDA with the starch. TPAS_Ch40, TPAS_Ch39_pDA1, and TPAS_Ch35_pDA5 spectra showed an extra peak at 1736 cm−1 assigned to C=O stretching of the acetyl group ( APPENDIX E, Figure 67A) [198]. 
By analysing -OH stretching band, it is possible to obtain information on the interactions between starch and the additives employed. Specifically, when the hydroxyl groups of starch participate in establishing hydrogen bonds, these interactions cause a displacement of the absorption band towards lower wavenumbers. Conversely, a shift towards higher wavenumbers is discernible if these interactions weaken [61,199]. In native and acetylated starch powder spectra, the -OH stretching absorption band occurs at around 3318 cm-1 (APPENDIX E, Figure 67A). When Ch was used as the sole plasticizer, a shift to higher wavenumbers was found in both native (3331 cm-1) and acetylated starch (3330 cm-1). This observation suggests weakening of the hydrogen bonds between starch chains, as reported in the literature for plasticizers similar to Ch [200,201]. Adding pDA to unmodified starch does not substantially change the interaction network, regardless of the additive concentration. Absorption bands, in fact, occur at 3329 cm-1 and 3328 cm-1, respectively, for TPS_Ch39_pDA1 and TPS_Ch35_pDA5. Conversely, acetylated starch systems proved to be more sensitive to pDA, with the absorption band of the -OH groups experiencing a slight shift to lower wavenumbers (3320 cm-1 and 3321 cm-1) compared to the corresponding only plasticized film. Presumably, the starch acetylation separates the polymer chains within the matrix, creating more space for polydopamine to penetrate and form a few interaction sites with the starch matrix [25,202].
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[bookmark: _Ref212302592]Figure 41. FTIR spectra of the films
[bookmark: _Toc216975472]X-ray Diffraction Analysis
The films’ crystalline structure was analysed using the X-ray diffraction technique. When starch undergoes acetylation at low degrees of substitution, the XRD pattern remains nearly unchanged, although a slight decrease in the degree of crystallinity is observed (APPENDIX , Figure 68) [203]. The XRD pattern (Figure 42) reveals a broad amorphous band, and the samples plasticized with Ch (TPS_Ch40 and TPAS_Ch40) possess characteristic diffraction peaks corresponding to the B-type structure at 17° and 22° and the VH-type structure at 20°. Upon the addition of polydopamine, the amorphous nature of the material becomes more pronounced [204]. The combined effect of polydopamine and starch acetylation results in a completely amorphous pattern for the TPAS_Ch39_pDA1 and TPAS_Ch35_pDA5 samples. This observation confirms that acetylation promotes the mobility of the polysaccharide chains, facilitating the penetration of Ch and pDA into the matrices, as hypothesized from TE-SEM data. The two plasticizers, in turn, interact with the polysaccharide functional groups, further limiting the alignment of their chains and destroying the crystalline structure of the starch. In addition, this result highlights a homogeneous pDA distribution in starch.  
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[bookmark: _Ref212303477]Figure 42. XRD patterns of the different starch films
[bookmark: _Toc216975473]Thermogravimetric Analysis
Thermal characterization was performed to evaluate the effect of the acetylation process and the introduction of plasticizers on the thermal resistance of starch. Figure 43 shows the thermogravimetric curves of all prepared samples and their degradation temperature (Table 13) compared with those of unplasticized starch.
[bookmark: _Ref216273480]Table 13. Degradation temperatures of the films. Statistical analysis shows no significant difference when * p-value > 0.05
	Sample
	Td (°C)
	Sample
	Td (°C)

	TPS
	310 ± 1
	TPAS
	339 ± 2

	TPS_Ch40
	270 ± 1*
	TPAS_Ch40
	277 ± 4

	TPS_Ch39_pDA1
	272 ± 1*
	TPAS_Ch39_pDA1
	274 ± 2

	TPS_Ch35_pDA5
	264 ± 2
	TPAS_Ch35_pDA5
	268 ± 3



[image: ]
[bookmark: _Ref212305315]Figure 43. Thermogravimetric curves of the films
As reported by Tupa et al., acetylation results in an increased degradation temperature compared with starch powder [205]. Starch degradation occurs through a process of inter- or intramolecular dehydration of the polysaccharide that produces water molecules as the main degradation product. The introduction of acetyl groups reduces the number of hydroxyl groups that can promote this mechanism. Therefore, the dehydration process is slowed, resulting in increased starch stability [206]. The acetylated and non-acetylated starch samples plasticized with choline showed a decrease in degradation temperature. This result is in agreement with those obtained for starch films plasticized with ionic compounds reported in previous investigations [53]. Finally, the introduction of dopamine, followed by polymerization, also decreased the thermal stability of the matrices by exerting a plasticizing effect as a function of its concentration. In fact, this phenomenon is most evident in the samples containing 5% dopamine. 
[bookmark: _Toc216975474]Mechanical Properties
The influence of the various plasticizers and acetylation on mechanical properties, including the tensile strength (TS), elongation at break (%), and Young’s modulus (E), is reported in Table 14. 
All the starch films showed good flexibility. The acetylation led to a decrease of E and an increase in the % for the TPAS_Ch40 film, compared to the corresponding nonacetylated sample. This reduction in rigidity and the enhanced plasticity of the acetylated films can be attributed to the chemical modifications introduced during acetylation, as in Mehboob et al. [207]. When polydopamine is incorporated, no significant changes in mechanical properties were observed. However, introducing 5% dopamine resulted in a significant increase in the elongation at break, which doubled from around 20% to around 40%. Results suggest that the higher concentration of pDA enhanced the material’s deformability, increasing its capacity to stretch before rupture [36]. TPAS_Ch35_pDA5 also showed a pronounced increase in Young’s modulus. This result can be related to the ability of polydopamine to form aggregates during the polymerization reaction due to the possible competition between the intermolecular condensation and the intramolecular cyclization [208,209]. Thus, when pDA is well dispersed into the matrix, it could act as a reinforcing agent [210], leading to improved stability while counteracting the plasticizing effect of acetylation.
[bookmark: _Ref212305782]Table 14.  Mechanical properties of starch films: Young’s Modulus (E), Tensile Strength (TS), and Elongation at break (ε)
	Sample
	E (MPa)
	TS (MPa)
	 (%)

	TPS_Ch40
	65 ± 10
	3 ± 1
	23 ± 3

	TPS_Ch39_pDA1
	52 ± 3
	4 ± 1
	25 ± 5

	TPS_Ch35_pDA5
	61 ± 13
	4 ± 1
	41 ± 3

	TPAS_Ch40
	29 ± 8
	2 ± 1
	33 ± 5

	TPAS_Ch39_pDA1
	36 ± 8
	2 ± 1
	28 ± 2

	TPAS_Ch35_pDA5
	138 ± 17
	5 ± 1
	39 ± 6


[bookmark: _Toc216975475]Wettability and Surface Free Energy
Contact angle (q) measurements on starch films provide valuable insights into their surface wettability and interactions with water. Enhancing surface hydrophobicity is preferred as starch-based films are primarily hindered by their tendency to interact with water, thereby limiting their applicability [39]. The water contact angles (WCAs) of the prepared films are reported in Figure 44. As expected, the presence of pDA influenced the hydrophilicity typical of starch-based films. Indeed, the contact angles increased from 45° for TPS_Ch40 films to 57° for TPS_Ch39_pDA1, up to 69° for TPS_Ch35_pDA5. These results confirmed polydopamine’s ability to enhance the films hydrophobic behaviour even when present in small amounts.
The same trend was observed in the acetylated starch films, even though starch acetylation provided the materials with a more hydrophilic character. This behaviour could be due to the low degree of starch substitution used in this work. Indeed, for low DS in the range of 0.08-0.21, an increased swelling capacity with respect to native starch is reported in the literature [211], in contrast to what is observed for acetylation degrees from 1.0 and above [212]. The wakening of interchain interactions due to the introduction of sparse -OAc groups may lead to higher water retention by the uncompensated -OH groups, accounting for the observed decrease in the contact angle of the corresponding films. The water contact angle decreased from 45° for TPS_Ch40 to 31° for the TPAS_Ch40. However, when pDA is incorporated into the films, the hydrophobicity increases, with contact angles reaching 52° and 59° for TPAS_Ch39_pDA1 and TPAS_Ch35_pDA5, respectively. Therefore, the effect of pDA counteracts that of acetylation. The wettability trend of the films, as observed through the water contact angles, was confirmed by using diiodomethane as probing liquid (APPENDIX E, Table 20).
The surface free energy of the films is reported in Figure 44. The values of gTOT (see equation 4, section 3.7.7) increased in acetylated samples, while they decreased with the incorporation of pDA, in agreement with the WCA trend [209]. This confirms that low acetylation degree increases the hydrophilicity of the samples, and that pDA enhances surface hydrophobicity. This effect of pDA is further supported by the fact that as the percentage of pDA increases in both acetylated and non-acetylated samples, the values of the dispersive component (gD) rise while those of the polar component (gP) decrease. 
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[bookmark: _Ref216273665][bookmark: _Ref212306095]Figure 44. Water contact angles (WCA) and surface free energy (SFE) values of the films
[bookmark: _Toc216975476]Swelling Measurements
Since the introduction of plasticizing agents increases the interactions between starch and water molecules, which can act as plasticizers, the ability of the films to absorb water was determined. Figure 45 shows the swelling kinetic profiles (A) of the films and their swelling ratio (SR %) at equilibrium (B).
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[bookmark: _Ref213002574]Figure 45. Swelling kinetics of the films (A) and swelling values at equilibrium (B)
The acetylated TPAS_Ch40 sample has higher hydrophilicity than the TPS_Ch40 sample. As mentioned earlier, the acetylation process allows greater penetration of the plasticizer by weakening the inter- and intra-molecular hydrogen bonds between the starch chains. For the same reason, the water molecules interact more strongly with the hydroxyl groups of the polysaccharide, leading to an increase in the hydrophilicity of the sample. The introduction of polydopamine led to a significant decrease in the swelling capacity of the materials produced, as reported by Xu et al. [213], especially in the non-acetylated samples. Probably, in these substrates, the pDA is unable to penetrate deeply into the starch matrix, enhancing the water barrier properties, as already reported in the literature [214,215]. The water absorption results are in agreement with static contact angle measurements, which show increased surface hydrophobicity in non-acetylated pDA-containing matrices. The slight decrease in water absorption in the TPAS_Ch39_pDA1 and TPAS_Ch35_pDA5 samples is probably due to the fact that the amino and catechol groups of pDA, forming hydrogen bonds with the hydroxyls of the starch chains, allowed the water molecules to penetrate to a lesser extent into the starch matrix.
[bookmark: _Toc216975477]Water Vapor and Oxygen Permeability
Water vapour permeability (WVP) provides relevant information on mass transfer processes, hydrophilicity, and biopolymer-plasticizer interactions in biodegradable films. Generally, one limitation of starch-based films is their high WVP, which results from the hydrophilic nature of the polymer and its swelling ability. In addition, the presence of plasticisers favours the weakening of interactions between the chains, increasing their mobility, thus resulting in an increased diffusion rate of gases and water [216,217]. The WVP values of the different films are shown in Table 15. In line with what discussed in previous sections, the presence of pDA increased the hydrophobic character of the samples, limiting the transfer of water molecules [218]. Indeed, a slight increase in barrier ability is observed as pDA increases, for both non-acetylated and acetylated samples.  However, in the acetylated samples, the increased swelling power caused by the low degree of acetylation affected the barrier ability of the samples, with the permeability increasing from  for the TPS_Ch40 sample to   for the TPAS_Ch40 sample. The presence of pDA counteracts the effect of acetylation. Therefore, samples acetylated with pDA have comparable values to corresponding samples that are not acetylated but contain pDA.
[bookmark: _Ref213002979]Table 15. Water Vapor Permeability (WVP) and Oxygen Permeability (OP) of the films.
	Sample
	WVP 
	OP 

	TPS_Ch40
	6.9 ± 0.6
	6.1 ± 0.6

	TPS_Ch39_pDA1
	6.4 ± 0.5
	9.5 ± 0.8

	TPS_Ch35_pDA5
	6.6 ± 0.3
	25.0 ± 1.4

	TPAS_Ch40
	7.4 ± 0.4
	12.6 ± 1.1

	TPAS_Ch39_pDA1
	6.7 ± 0.3
	5.6 ± 0.5

	TPAS_Ch35_pDA5
	6.6 ± 0.3
	16.0 ± 1.2



Oxygen permeability (OP) can determine the effectiveness of starch films in preventing oxidation processes. Changes in gas permeability usually depend on film thickness, microstructure, and the arrangement of the polymer chains [219]. Generally, the oxygen permeability of plasticized starch films is higher compared to that of pure starch films [220]. Indeed, the polymer structure, which contains both crystalline and amorphous regions, results in excellent gas barrier properties [221]. Again, when plasticizer molecules are added, the increased flexibility of the matrix and the enlarged space between starch components also reduce the film's oxygen barrier capacity. As a result, the internal oxygen transport channels within starch-based films are expanded [222]. The challenge with starch-based membranes lies in achieving the right balance between effective barrier properties and mechanical performance. 
Oxygen permeability values are reported in Table 15. As observed, oxygen permeability increases with increasing pDA content for not acetylated starch films. This tendency may be attributed to the pDA, which contributes to greater spacing between starch chains. When comparing the effect of acetylation, permeability increases by about an order of magnitude in TPAS_Ch40. As already discussed, even at a modest degree of functionalization, acetylation weakens the starch network, resulting in a more flexible structure. The same trend is followed by acetylated starch films, whose acetyl groups and the homogeneously dispersed pDA in the matrix result in a more compact network, thereby enhancing the oxygen barrier properties.  
[bookmark: _Toc216975478]UV Shielding Properties
Within the last decade, researchers have faced the challenge of synthesizing advanced UV-shielding materials to address diverse problems caused by UV radiation, particularly regarding its impact on human health and food preservation [223]. The capacity of films to absorb both UV and visible light was assessed. UV-Vis absorption spectra are shown in Figure 46. The spectra of TPS_Ch40 and TPAS_Ch40 indicated that films plasticized only with Ch, both with unmodified and acetylated starch, did not absorb UV light, showing a very high transmittance. This result was indicative of their limited ability to block UV radiation [224]. Instead, all the films containing pDA showed almost 100% UV shielding efficiency. This is due to the phenolic hydroxyl groups on dopamine molecules undergoing oxidation during pDA formation, resulting in a quinone structure resembling melanin, the skin's natural UV protector. Indeed, polydopamine can effectively absorb UV light due to the presence of catechol and quinone groups, which possess conjugated π-systems capable of supporting π → π* and n → π* electronic transitions. These transitions occur in the UV region (200-400 nm), allowing effective radiation shielding. In addition, stacked aromatic domains promote electronic delocalisation, amplifying light absorption [225–227]. In detail, the UV transmittance of TPS_Ch35_pDA5 and TPAS_Ch35_pDA5 was close to zero, making these materials very attractive. The shielding efficacy remains very high even with a lower amount of pDA in the film. For TPS_Ch39_pDA1 and TPAS_Ch39_pDA1 samples, indeed, the transmittance at 400 nm [228], recognized as the limit of UV radiation by the World Health Organization [229], increased only up to 1% (Figure 46). The transmittance values at 400 nm and 500 nm are reported in detail in APPENDIX E, Table 21.
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[bookmark: _Ref213003194]Figure 46. UV–Vis light transmittance of the films
[bookmark: _Toc216975479]Antioxidant Activity
The incorporation of antioxidant substances in the development of biopolymeric films for packaging constitutes a new strategy to delay food degradation by limiting lipid oxidation [230]. The actual radical-catching ability of the pDA-containing films is assessed by measuring the samples’ antioxidant activity against the DPPH radical used as a model. Figure 47 shows the curve of the matrices containing the antioxidant (A) and the determined EC50 values, i.e., the concentration required to obtain a 50% antioxidant effect (B). 
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[bookmark: _Ref213003316]Figure 47. Decrease in DPPH content as a function of grams of solid matrix/volume of DPPH (g/L) and corresponding EC50 values of the produced matrices
As expected, the use of acetylated starch instead of unmodified starch does not significantly affect the antioxidant activity of the films, whereas the inclusion of pDA enhances the antioxidant properties of the films. Specifically, the EC50 value is reduced by one order of magnitude for the films containing 1% of pDA (TPS_Ch39_pDA1and TPAS_Ch39_pDA1), and about two orders of magnitude for the films containing the highest pDA content (TPS_Ch35_pDA5 and TPAS_Ch35_pDA5). Finally, the antioxidant activity of our systems was compared with that of natural antioxidants known for their high radical-scavenging capacity, such as dopamine (DOP), 3,4-dihydroxyhydrocinnamic acid (HCAF), and gallic acid (GA), whose activity curves are shown in APPENDIX E, Figure 70. These molecules showed EC50 values of 0.02, 0.03, and 0.05 for DOP, HCAF, and GA, respectively. Comparing these values ​​with those obtained from the pDA-containing matrices showed that our systems are very promising, given the deviation of the EC50 value by only one order of magnitude for the pDA5-containing matrices and two orders of magnitude for the pDA1-containing matrices. 
[bookmark: _Toc216975480]Biodegradability
Biodegradability plays a crucial role in assessing the environmental sustainability of a material [231].  Factors influencing the biodegradability of starch films include microbial activity, soil moisture level, atmospheric conditions, and film properties such as water absorption and water vapour transmission [232,233].
To assess film degradation, a qualitative and quantitative study was conducted over time by burying the samples in soil. The visual images of the films after recovery from burial in soil over a period of 12 days, and weight-loss profile of the films are shown in Figure 48A and B, respectively. All the films exhibited significant weight losses after 7 days, with greater degradation observed in the acetylated samples  [234]. One of the factors that most influences the degradation of biomaterials in soil is their hydrophilicity, since soil microbes use water to thrive and release hydrolytic enzymes to break down biopolymers [235]. As evidenced by contact angle and swelling measurements, acetylated films showed higher hydrophilicity. Indeed, after 12 days, the samples TPAS_Ch40, TPAS_Ch39_pDA1 and TPAS_Ch35_pDA5 reach weight losses of 88%, 90% and 80%, respectively (Figure 48B). On the other hand, the sample TPS_Ch35_pDA5, which exhibited the highest hydrophobicity and reduced swelling capacity, showed the lowest degradation of 55% after 12 days of burial. This is also correlated with the presence of pDA, which inhibits moisture permeation, thereby delaying degradation processes. 
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[bookmark: _Ref213003481]Figure 48. Visual appearance of the films after 5, 7, and 12 days in soil (A), and weight loss of the films as a function of time (B)
[bookmark: _Toc216975481]Conclusions
Biodegradable active films were prepared via solvent casting using native and mildly acetylated arrowroot starch (degree of substitution = 0.08). Choline (Ch), a non-toxic ionic plasticizer, and small amounts of polydopamine (pDA) were incorporated into the starch matrix. pDA, formed by dopamine self-polymerization, acted as an antioxidant and UV-shielding agent. FTIR spectra confirmed reduced hydrogen bonding among starch hydroxyl groups, indicating effective plasticization. The mild acetylation weakened inter-chain interactions, allowing pDA to penetrate deeper and form new hydrogen bonds between its amino and catechol groups and the starch hydroxyls. Thermogravimetric analysis showed that plasticizers lowered starch thermal stability, while acetylation improved it. Mechanical tests demonstrated that well-dispersed pDA doubled Young’s modulus and increased tensile strength without reducing elongation at break, confirming its dual reinforcing and plasticizing roles. Acetylation and Ch addition increased film hydrophilicity, as observed by swelling and contact angle measurements, whereas pDA reduced water interaction and surface free energy. Gas barrier studies revealed that acetylation enhanced water vapor and oxygen permeability, while pDA counteracted this effect. Films containing 5% pDA displayed superior mechanical, UV-shielding, and antioxidant properties, whereas those with 1% pDA remained transparent yet still functional. Although pDA slowed compost degradation, acetylation accelerated it, enabling nearly complete biodegradation within two weeks. Overall, combining acetylation and pDA addition produced sustainable starch-based films suitable for biodegradable packaging applications.


[bookmark: _Toc216975482]Developing the Eco-design Basis for Recycling and Reuse of Biobased and Biodegradable Plastics
Plastic has become ubiquitous in modern life due to its practicality, convenience, and safety benefits. However, its widespread use has led to significant environmental issues, particularly in the field of food packaging, which is a significant substantial to the world’s plastic waste [236]. Once used, most of this packaging is either incinerated or landfilled, contributing to ecosystem contamination. Plastic pollution could be reduced by replacing conventional plastics with biodegradable ones. However, to ensure the sustainability of these alternatives, it is crucial to keep them in the economy and out of the environment for as long as possible. Hence, the need to study their recycling, particularly in a closed-loop system for food packaging applications. Today, only PET bottles are decontaminated and thermally reshaped in the recycling process [237], and there is a considerable lack of knowledge about the end-of-life (EoL) loops of biodegradable plastics. This is partly due to misconceptions about the technical and economic challenges of their recycling, such as insufficient volumes, contamination risks, and greater degradation under thermal recycling conditions. The project in which this work is included seeks to challenge the misconception that biodegradable plastics are only suitable for composting. It aims to design the end-of-life route for biodegradable plastic packaging by identifying the properties that influence recyclability in a closed-loop system (Figure 49). Regulation (EU) 2022/1616, which establishes a regulatory framework to ensure that recycled plastics intended to come into contact with food are safe, provides that recycling technologies and processes are authorised only if they demonstrate sufficient decontamination capacity in accordance with the European Food Safety Authority (EFSA) recommendations.  Considering that biopolyester-based packaging waste is expected to enter the same disposal streams as conventional plastics, the surrogate contaminants selected in this work for testing are those recommended in the EFSA guideline for PET bottle-to-bottle recycling technologies. These substances cover a broad range of molecular weights and polarities to mimic realistic contamination scenarios (e.g., toluene, chlorobenzene, methyl salicylate, phenyl cyclohexane, benzophenone, methyl stearate). In particular, the present work focuses specifically on the ability of selected biodegradable polyesters, such as PLA, PBS, and PBAT, to absorb these surrogate contaminants.  Importantly, to date, no comprehensive investigation has clarified whether these contaminants are actually absorbed by biodegradable polyesters, nor how such absorption processes occur. This work therefore provides the first systematic evaluation of contaminant uptake in these materials, generating essential insights into their behaviour during recycling and supporting the definition of their suitability for closed-loop applications. 
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[bookmark: _Ref215313244]Figure 49. Recycling strategy scheme for a closed-loop system
[bookmark: _Toc216975483]Films Preparation and Appearance
The thermo-compression process enabled the successful production of polymer films with a target thickness close to 300 μm. All polymers, pre-dried to minimize residual moisture, showed good melt processability under the applied temperature and pressure conditions. The initial compression at low pressure (5 bar) ensured complete pellet melting and homogenization, while the subsequent pressure increase allowed the formation of continuous, defect-free films. Films of PLLA, PBAT, and PBS were prepared. For each polymer type, a film was produced either by cooling at room temperature (RT) or by immersion in an ice–water bath (0 °C). The films exhibited noticeable differences in visual appearance depending on the polymer type (Figure 50). 
Both the PLLA and PBAT films exhibited very similar visual characteristics, appearing semi-transparent and allowing diffuse light transmission. In contrast, the PBS film displayed an opaque surface with a slightly fibrous or crystalline texture, suggesting a higher degree of crystallinity.
Overall, the films produced at both cooling conditions, room temperature and rapid quenching in an ice-water bath, exhibited good structural integrity. No macroscopic defects such as fractures, large bubbles, or incomplete fusion zones were observed.
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[bookmark: _Ref215315256]Figure 50. Optical images of PLLA, PBAT, and PBS films cooled at room temperature
[bookmark: _Toc216975484]Contaminants Sorption Kinetics
Sorption kinetics of the contaminants in the polymer matrices were performed for 10 days, using a mixture of contaminants described in section 3.11.1, comprising chloroform, chlorobenzene, and toluene. Some of the experimental curves, selected as the most representative, are shown in Figure 51 A-D, including PET films for comparison. The remaining curves are provided in Figure 71 (APPENDIX F).
The absorption tests clearly indicated that the diffusion of contaminants into polymer films was governed by multiple factors: the chemical nature of the contaminant, the intrinsic properties of the polymer, and the cooling conditions that defined its microstructure [238]. For all materials examined (PET, PLLA, PBAT, and PBS), the absorption kinetics followed a typical diffusion-controlled trend, characterized by a rapid increase during the initial days, followed by a plateau indicative of sorption equilibrium. The comparison between room temperature (RT) and 0 °C samples revealed a clear cooling temperature dependence, but with varying intensities among polymers. PLLA showed the most pronounced difference. Samples cooled to 0 °C exhibited significantly higher absorption, suggesting that rapid cooling promoted a higher amorphous fraction and reduced structural density, which increased chain mobility and facilitated contaminant diffusion. PET also showed a noticeable effect, although less intense than PLLA, indicating that its crystallinity did not completely neutralize the influence of thermal history. In contrast, PBAT and PBS showed only minor differences between RT and 0 °C, suggesting that their inherently flexible, less crystalline structures made cooling conditions less critical [239]. 
Among the tested contaminants, the more hydrophobic and higher-molecular-weight species (such as DEHA and methyl stearate) exhibited significantly higher sorption in biodegradable polymers compared to PET, confirming the role of polymer polarity and chain flexibility in governing absorption processes. Conversely, aromatic compounds such as benzophenone and chlorobenzene displayed comparatively faster initial uptake, likely due to their smaller molecular size and favourable interaction with amorphous regions of the matrix [240].
Overall, these findings demonstrated that both polymer composition and thermal history critically influenced contaminant absorption capacity, but with variable impact depending on the material’s structure. This knowledge was essential for assessing the safety of food-contact materials, predicting their behaviour under different storage conditions, and designing packaging solutions that minimized migration risks, integrating chemical-physical considerations with sustainability requirements.
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[bookmark: _Ref215505897]Figure 51. Sorption kinetic curves of Benzophenone, DEHA, and Toluene in (A) PET, (B) PLLA, (C) PBAT, and (D) PBS films
[bookmark: _Toc216975485]Conclusions
This preliminary study advanced the scientific basis for the eco-design of closed-loop recycling systems for biobased and biodegradable plastics, addressing the longstanding misconception that these materials are suitable solely for composting. Through the controlled preparation of PLA, PBS, and PBAT films and the systematic evaluation of their contaminant sorption behaviour, the work provided critical insights into how polymer structure and processing history influenced end-of-life performance. Thermo-compression yielded films of consistent morphology, while variations in cooling rate had substantial effects on microstructural development, particularly in PLA, where rapid quenching increased amorphous content and, consequently, diffusion pathways.
Sorption kinetics showed that contaminant uptake was governed by the interplay among polymer polarity, crystallinity, and chain mobility, with more hydrophobic and higher-molecular-weight species exhibiting enhanced sorption in biodegradable matrices compared to PET. The findings further demonstrated that thermal history modulated this behaviour to varying extents among the polymers, underscoring the importance of considering processing-induced structural heterogeneity when assessing safety and recyclability.
Overall, the results provide valuable insight into contaminant absorption in biodegradable plastics and for defining material attributes that support their safe reintroduction into food-contact recycling loops. Such understanding is essential for developing regulatory-compliant, sustainable recycling routes that extend the material life cycle while minimizing environmental impact.















[bookmark: _Toc208580346]
[bookmark: _Toc216975486]Concluding remarks
This thesis explored the versatility of starch as a renewable material for the development of functional, biodegradable products, demonstrating how its properties can be precisely tailored through the selection of ionic liquids, polymeric additives, and chemical modifications. Across the different studies, it has emerged that starch-based systems offer far greater tunability than previously assumed, and their performance can be adjusted at multiple structural levels to meet the demands of diverse technological and environmental applications.
The first part of this work revealed how the incorporation of imidazolium-based ionic liquids significantly modifies the behaviour of starch. Although all ionic liquids acted as efficient plasticizers, the identity of the anion proved decisive in determining the organisation, hydration, thermal and mechanical resistance, and ionic transport of the films. This demonstrated that ionic-liquid design is a powerful tool for controlling the balance between mechanical integrity and functional responsiveness in starch-based materials.
The investigation of dicationic ionic liquids expanded this tunability by demonstrating that the cation’s architecture also determines the behaviour of the material. Variations in linker length and chemical nature resulted in significant changes in flexibility, mechanical strength, electrochemical stability, and surface properties. Long, flexible linkers generally favoured adaptability and ion mobility, whereas short or more rigid linkers produced films with greater stiffness and reduced diffusivity. 
These findings were further validated by fabricating all-solid-state microsupercapacitors with starch-based membranes as electrolytes. The performance of these devices clearly reflected the molecular interactions between the starch and the chosen ionic liquids. Systems in which ionic liquids promoted a more open and mobile polymer network, benefited from more efficient ion transport and revealed better electrochemical performance. The resulting devices combined mechanical deformability with stable charge–discharge behaviour, demonstrating that natural polymers can indeed be integrated into high-performance, flexible energy-storage technologies. This represents an important step toward reducing reliance on synthetic polymer electrolytes in emerging electronic applications.
The thesis then shifted from electronic functionality to bioactivity and sustainability through the study of starch–chitosan blends and starch films incorporating polydopamine, also exploring the possibility of chemically modifying the structure of starch. In the blends, the interplay between the two biopolymers and the type of choline-based plasticizer allowed fine adjustments of strength, flexibility, and surface behaviour. The presence of chitosan introduced inherent antibacterial potential, while the choice of plasticizer modulated hydrophilicity and chain mobility. Similarly, in the polydopamine-containing systems, acetylation of starch enabled more efficient integration of the additive, resulting in films that combined mechanical reinforcement, antioxidant capacity, UV shielding, and controlled biodegradability. These materials illustrate how natural polymers and bio-derived modifiers can be combined to produce multifunctional films suitable for food packaging or biomedical technologies, where environmental compatibility is essential.
Finally, the preliminary study on contaminant sorption in biodegradable plastics addressed broader questions concerning the circularity of bio-based materials. By comparing the behaviour of different biodegradable polyesters and evaluating the influence of processing history, the study underscored that end-of-life performance is closely linked to polymer structure and morphology. This knowledge contributes to the development of safe recycling strategies for bioplastics, challenging the misconception that their degradability precludes reuse and opening avenues for more sustainable material-management practices.
Overall, this thesis demonstrates that starch-based and biodegradable polymers can be designed with a high degree of specificity, offering clear environmental benefits. By establishing the relationships between molecular design, structural organisation, and material performance across multiple application domains, the work provides a foundation for the development of next-generation sustainable materials that are not only biodegradable but also technologically competitive.
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[bookmark: _Ref215419275]Figure 52. FT-IR spectra of the Ionic Liquids
[bookmark: _Ref216122559][bookmark: _Toc216975489]

APPENDIX B
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[bookmark: _Ref215419960]Figure 53. 1H NMR spectra of 3,3'-methylenbis(1-methyl-1H-imidazol-3-ium) dichloride
1H NMR (300 MHz, DMSO): 9.87 (s, 2H), 8.27(s, 2H), 7.80 (s, 2H), 6.59 (s, 2H), 3.89 (s, 6H) 
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Figure 54. 13C NMR spectra of 3,3'-methylenbis(1-methyl-1H-imidazol-3-ium) dichloride
13C NMR (300 MHz, DMSO): 138.55, 124.49, 122.41, 57.98, 38.87, 36.54
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Figure 55. 1H-NMR Spectra of 1,5-bis(1-methyl-1H-imidazol-3-ium) pentane dichloride
1H NMR (400 MHz, DMSO): 9.66 (s, 2H), 7.97 (s, 2H), 7.81 (s,2H), 4.25-4.22 (m, 4H), 3.89 (s, 6H), 1.88-1.81 (m, 4H), 1.24-1.17 (m, 2H) ppm
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Figure 56. 13C-NMR Spectra of 1,5-bis(1-methyl-1H-imidazol-3-ium) pentane dichloride
13C NMR (400 MHz, DMSO): 137.32, 123.98, 122.79, 48.83, 36.19, 28.95, 22.22 ppm
[image: ]
Figure 57. 1H-NMR Spectra of 3,3’-bis(1-methyl-1H-imidazol-3-ium) 1,3-phenylenedimethylene dichloride
1H NMR (400 MHz, DMSO): 9.67 (s, 2H), 8.02 (s, 2H), 7.96 (s, 2H), 7.61–7.65 (m, 2H), 7.49–7.53 (m, 2H), 5.92 (s, 4H), 4.05 (s, 6H) ppm 


[image: ]
Figure 58. 13C-NMR Spectra of 3,3’-bis(1-methyl-1H-imidazol-3-ium) 1,3-phenylenedimethylene dichloride
13C NMR (400 MHz, DMSO):  137.45, 136.27, 129.97, 129.13, 124.35, 122.83, 51.77, 36.35 ppm
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Figure 59. 1H-NMR Spectra of 1,11-bis(1-methyl-1H-imidazol-3-ium) (3,6,9-trioxaundecane) dichloride
1H NMR (400 MHz, DMSO): 9.3 (s, 2H), 7.78 (s, 2H), 7.75 (s, 2H), 4.37 (t, 4H), 3.88 (s, 6H), 3.77 (t, 4H), 3.55–3.52 (m, 4H), 3.48–3.46 (m, 4H). 
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Figure 60. 13C-NMR Spectra of 1,11-bis(1-methyl-1H-imidazol-3-ium) (3,6,9-trioxaundecane) dichloride
13C NMR (400 MHz, DMSO): 136.70, 123.12, 122.43, 69.35, 67.99, 48.51, 35.56 
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[bookmark: _Ref215420028]Figure 61. FTIR spectra of the starch powder and DILs
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[bookmark: _Ref215420188]Figure 62. BGI test: image showing test tubes with negative and positive controls (left) and TPS_DIL (right) in contact with the bacterial suspension after 24h of incubation
[bookmark: _Ref215420232]Table 16. MIC values of DILs on S. epidermidis and P. aeruginosa
	
	MIC (mM)

	Sample
	S. epidermidis
	P. aeruginosa

	C1H2(MIm)2 Cl2
	201
	25

	C5H10(MIm)2Cl2
	91
	11

	C6H4(CH2MIm)2Cl2
	40
	10

	C8H16O3(MIm)2Cl2
	144
	36
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APPENDIX C

[bookmark: _Ref216124188]Table 17. BE (eV), FWHM (eV), atomic percentages (in the same signal), and proposed assignments for all measured signals of the CP sample
	sample
	signal
	BE (eV)
	FWHM (eV)
	Atomic %
	Assignment

	CP
 
 
 
 
 
 
 
	C1s @500eV
	285
	1.26
	71.83
	C–C, C=C

	
	
	286.06
	1.26
	18.43
	C–N 

	
	
	287.21
	1.26
	7.27
	C-O

	
	
	288.49
	1.26
	2.47
	C=O

	
	N1s @500eV
	399.07
	1.77
	60.89
	pyridinic

	
	
	400.74
	1.77
	39.11
	aminic

	
	Si2p @500eV
	103.40
	1.8
	66.67
	2p3/2 (Si⁴⁺)

	
	
	104.01
	1.8
	33.33
	2p1/2

	
	O1s @700eV
 
	532.17
	2.09
	14.80
	C=O

	
	
	533.32
	2.09
	75.77
	C-O

	
	
	534.56
	2.09
	9.43
	physiosorbed water



[bookmark: _Ref216124289]Table 18. BE (eV), FWHM (eV), atomic percentages (in the same signal) and proposed assignments for all measured signals of TCP sample
	sample
	signal
	BE (eV)
	FWHM (eV)
	Atomic %
	Assignment

	TCP
 
 
 
 
 
 
 
	C1s @500eV
	285
	1.13
	73.10
	C–C, C=C

	
	
	285.99
	1.13
	18.96
	C–N 

	
	
	287.10
	1.13
	5.86
	C-O

	
	
	288.27
	1.13
	2.08
	C=O

	
	N1s @500eV
	399.07
	1.83
	45.10
	pyridinic

	
	
	400.96
	1.83
	45.37
	aminic

	
	
	402.74
	1.83
	9.53
	protonated amine

	
	Si2p @500eV
	103.35
	1.87
	66.67
	2p3/2 (si⁴⁺)

	
	
	103.95
	1.87
	33.33
	2p1/2

	
	O1s @700eV
 
	531.42
	1.91
	11.97
	C=O

	
	
	533.18
	1.91
	81.16
	C-O

	
	
	534.99
	1.91
	6.88
	physiosorbed water
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APPENDIX D
[image: ]
[bookmark: _Ref215504328]Figure 64. FT-IR spectra of starch (a) and chitosan (b) powders, [Ch][OAc] (c) and [Ch][Cl](d)

[bookmark: _Ref215504433]Table 19. Degradation temperatures of the starch-chitosan films
	Sample
	Tdeg (°C)

	Starch Powder
	310

	Chitosan Powder
	290

	S75_C25_ChCl
	289

	S50_C50_ChCl
	286

	S25_C75_ChCl
	286

	S75_C25_ChOAc
	265

	S50_C50_ChOAc
	264

	S25_C75_ChOAc
	269
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[bookmark: _Ref215504383]Figure 65. XRD diffractograms of S75_C25_ChCl and S75_C25_ChOAc after 3 months of storage
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[bookmark: _Ref215504467]Figure 66. Stress-strain curves of the starch-chitosan films
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[bookmark: _Ref215504893]Figure 67. FTIR spectra of native and acetylated starch (A) and of choline chloride and dopamine (B)
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[bookmark: _Ref215505007]Figure 68. XRD patterns of native and acetylated starch powders
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Figure 69. Stress-strain curves of the films
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[bookmark: _Ref216276710]Figure 70. Decrease in DPPH content as a function of grams of antioxidant/L of DPPH (g/L)
	
[bookmark: _Ref215505051]Table 20. Diiodomethane contact angle values of the films
	Sample
	 CH2I2 (°)

	TPS_Ch40
	62 ± 3

	TPS_Ch39_pDA1
	57 ± 3

	TPS_Ch35_pDA5
	52 ± 3

	TPAS_Ch40
	65 ± 3

	TPAS_Ch39_pDA1
	56 ± 5

	TPAS_Ch35_pDA5
	49 ± 2




[bookmark: _Ref215505090]Table 21. Transmittance values of UV-shielding films at 400 nm and 500 nm
	Sample
	Trasmittance400 nm %
	Trasmittance500 nm %

	TPS_Ch39_pDA1
	1.12
	12.88

	TPS_Ch35_pDA5
	0.008
	0.48

	TPAS_Ch39_pDA1
	0.88
	6.48

	TPAS_Ch35_pDA5
	0.01
	1.24
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[bookmark: _Ref216890672]Figure 71.Sorption kinetic curves of contaminants in (A) PET, (B) PLLA, (C) PBAT, and (D) PBS films
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