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Summary 

Functional properties, such as chemical and mechanical resistance, make plastic 

materials useful for a huge range of applications in food and pharmaceutical industries, 

among others. However, plastic stuffs are derived from non-renewable resources and 

lead to environmental problems associated to their treatment after disposal, especially 

when they are employed for short-term or single-use applications. Therefore, research 

on alternative materials is needed to reduce the use of these non-biodegradable and 

non-renewable materials. In this context, the use of polymers derived from biomass, such 

as proteins and polysaccharides, has grown in the last years, mainly due to their film 

forming ability, biocompatibility and biodegradability. Among proteins, gelatin is the most 

widely used due to its abundance. This biopolymer is obtained by the hydrolytic treatment 

of collagen, the major structural protein of most connective tissues, and specifically fish 

gelatin can be extracted from fish bones, skins, scales and tendons, promoting the 

valorisation of food processing wastes. In this regard, the main objective of this thesis 

was to develop and characterise novel fish gelatin-based materials employing diverse 

processing methods and different additives, some of them extracted from biowastes. 

This study is made up of nine chapters. Chapter 1 is an overall view of biowaste 

valorisation and current protein materials’ processing methods and applications, with 

special emphasis on gelatin based materials for food shelf life extension. Afterwards, in 

chapter 2, the materials and reagents employed, the extraction methods used to promote 

the valorisation of some food processing wastes, the techniques utilized for the 

development of gelatin products and the characterization methods carried out in this 

research work are described. 

Different processing methods have been used for fish gelatin materials 

preparation in this doctoral thesis. Gelatin electrospinning is a big challenge and this is 

analysed in chapter 3. Hence, in order to overcome gelatin electrospinning difficulties 
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and select suitable solution compositions to be electrospun, rheological measurements 

of fish gelatin/citric acid solutions were studied. Since it was observed that the acidic pH 

hindered the reaction between gelatin and citric acid, basic pH conditions are analysed 

in chapter 4 for fish gelatin films prepared by solution casting, with the aim of promoting 

cross-linking and enhancing gelatin films properties. Furthermore, environmental 

assessment of films is carried out. 

In the following chapters, active and/or intelligent packaging materials prepared 

via solution casting, compression moulding or freeze-drying are described. In that way, 

the combined effect of citric acid and chitosan on the antibacterial activity and functional 

properties of fish gelatin films obtained by solution casting is considered in chapter 5. 

Along with antibacterial agents, a wide series of antioxidant compounds are used in food 

packaging materials. In this sense, an antioxidant extracted from food production wastes, 

specifically anthocyanin extracted from red cabbage residues, is studied in chapter 6. 

Moreover, a deep analysis of anthocyanins containing fish gelatin films obtained by 

compression moulding is carried out. In chapter 7, fish gelatin samples prepared by 

lyophilisation, using chitin, extracted from squid pens, as a reinforcing agent, are 

analysed; furthermore, tetrahydrocurcumin (THC) is incorporated in order to design 

gelatin products as antioxidant carriers. 

Finally, the general conclusions of this doctoral thesis are summarised in 

chapter 8, and the references cited along this research work are listed in chapter 9. 
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Objectives 

The overall aim of this doctoral thesis was to develop fish gelatin-based materials 

with enhanced properties that can be tailored as a function of processing methods.  

The specific aims of this study were: 

 Analyse functional properties of fish gelatin-based materials and study the 

reaction between gelatin and citric acid. 

 Optimise electrospinning parameters to obtain gelatin mats. 

 Valorise some biowastes derived from food industry, to obtain anthocyanins and 

chitin, and analyse their effect on fish gelatin-based materials. 

 Asses the environmental aspects involved in the production of fish gelatin-based 

films as well as in the chitin extraction process. 

 Test the behaviour of citric acid, chitosan, anthocyanins and tetrahydrocurcumin 

bioactives: release, antibacterial or antioxidant activity. 
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1.1 Summary 

 Biowaste is one of the main concerns in most of the industrialised countries. In 

particular, food waste is not only an economic issue, but also an ethical and 

environmental one since it implies the waste of natural resources. Therefore, many 

factors must be considered through the whole food chain in order to prevent and reduce 

food waste, from producers to retailers and consumers (Guerrero et al., 2015; Mirabella 

et al., 2014). In this regard, the use of polymers derived from residues has grown in the 

last years, among others the employment of by-products generated from food processing 

industries like fish canning, lobster industry and fishery landed biowastes. 

 Among biopolymers, a lot of attention has been dedicated to proteins and 

polysaccharides, alone or in combination, for both films and biomaterials production 

(Chiralt et al., 2018; Costa et al., 2018; Lin et al., 2015). Regarding proteins, these 

heteropolymers are comprised of more than one type of monomers that present wide 

variety of functional groups which promote the self-folding due to forces such as 

disulphide bridges, as well as hydrophobic and hydrophilic interactions, leading to 

globular or fibrous proteins (Balcão & Vila, 2015; Gudipati, 2013). Proteins offer valuable 

characteristics for the production of food packaging products due to their abundance, 

film forming ability, transparency and excellent barrier properties against O2, CO2 and 

lipids (Lacroix & Vu, 2014). Low O2 permeability, for example, enables the extension of 

food shelf life without creating anaerobic conditions. Concerning proteins’ performance 

as biomaterials, they are significant components in the extracellular matrix, which is an 

essential constituent of any tissue with an active role in cell behaviour. Along with 

biocompatibility, proteins generally exhibit hydrophilic character, low immunogenicity and 

biodegradability, which could greatly suppress the foreign body reaction for in vivo 

applications. Therefore, protein-based materials have been extensively assessed for 

tissue engineering, bioactive/drug delivery systems, and wound dressings for the 

development of biomaterials that can provide a temporary extracellular matrix for cell 
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adhesion and proliferation while biologically active compounds are released in a 

controlled manner (Barbosa & Martins, 2018). As abovementioned, proteins are 

heteropolymers that contain a great variety of functional groups and so, the properties of 

protein-based materials can be tailored by means of enzymatic, chemical and/or physical 

modifications to obtain the desirable final properties required for food packaging and 

biomedical applications (Hammann & Schmid, 2014).  

 It is worth noting that protein-based products function as excellent vehicles of a 

wide variety of biologically active compounds (Gudipati, 2013). Taking the benefits of 

bioactive compounds into account, new opportunities for developing biopolymeric 

materials with great potential in food packaging and biomedical applications have been 

opened (Chen et al., 2017; Lau et al., 2017; Yu et al., 2018). Proteins can be used to 

improve the quality of food products, but also can contribute to a better regeneration of 

tissues as well as enhance the recovery of patient after surgery by acting as efficient 

carrier agents of bioactive compounds such as essential oils, phenolic compounds, 

vitamins, minerals and peptides, which present antimicrobial, antioxidant and  

anti-inflammatory properties, among others (Etxabide et al., 2017a, 2018; Santoro et al., 

2014).  

 In this context, active packaging materials have been developed to interact with 

food, with the aim of protecting food against the effect of the external environment but 

also with the aim of extending the shelf life, maintaining or improving quality and safety 

of packaged food. Active food packaging materials have been designed to incorporate 

bioactives and functional additives in order to promote interactions between the food 

product and its environment and so, to cause a modification of the conditions of the 

packaged food in order to maintain the product quality for longer (Grumezescu & Holban, 

2017). Active packaging involves the use of antioxidants, antimicrobials, and other 

naturally occurring bioactive molecules to accomplish this goal. Additionally, bioactive 

compounds have been used for biomedical applications in order to design a sustained 
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release of these molecules from the implantable/administered biomaterials and provide 

a faster and more comfortable recovery of the patients (Moaddab et al., 2018; Patel et 

al., 2018; Raja & Fathima, 2015; Ruiz-Ruiz et al., 2017).  

 This chapter provides an overview of materials based on biopolymers, specifically 

biopolymers derived from marine sources. First, the techniques used for their extraction 

will be described briefly and, hereafter, the preparation methods of animal and vegetal 

protein materials will be analysed. Among animal proteins, gelatin-based materials will 

be reviewed, with emphasis on fish gelatin materials employed for extending food shelf 

life. 

1.2 Biowaste valorisation  

 The valorisation of by-products from seafood industry, rich on proteins and 

polysaccharides, can be a worthy approach to prepare sustainable and value-added 

products. The global fish production (fish, crustaceans, molluscs and other aquatic 

animals, including fisheries and aquaculture) peaked at about 171 million tonnes in 2016 

(FAO, 2018), with an estimated loss or wastage between landing and consumption of 

27% of landed fish, crustaceans and molluscs (Figure 1.1). Additionally, high amounts 

of solid waste generated in fishery industries must be considered; for instance, in fish 

canning operations, the amount of waste can be as high as 50% by weight of raw 

products (Kafle et al., 2013). In all these fish by-products (skins, bones, scales, tendons), 

there is a considerable amount of collagen, a fibrous protein with a structural function 

(Ferraro et al., 2017; Venkatesan et al., 2017). Carrying out thermal denaturation or 

partial hydrolysis of collagen, gelatin is obtained (Huang et al., 2017), whose properties 

differ from fish species. In general, cold-water fish gelatins have relatively lower gel 

strength than warm-water fish gelatins due the lower content of imino acid residues (Lin 

et al., 2017). In this regard, gelatin from salmon skin (cold-water fish) has 166 residues 

per 1000 total amino acid, whereas gelatin from seabass skin (warm-water fish) contains 

around 198-202 residues per 1000 total amino acid (Sinthusamran et al., 2014).  
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Figure 1.1 Global fishery production (2016), wastage and possible valorisation 

strategies. 

 In regards to crustacean and molluscs by-products, shrimp and crab shells can 

be used to obtain chitin (Arya et al., 2017). As an example, lobster processing industry 

by-products account for around 75% by weight of the starting material (Figure 1.1). 

Chitin is a polysaccharide that has a similar structural function to that of collagen. Chitin 

is the second most abundant natural polymer after cellulose, and it is usually transformed 

into chitosan, a water-soluble polymer, to broaden its application. This transformation 

process is based on chitin deacetylation under alkaline conditions (Hamed et al., 2016; 

Sayari et al., 2016; Soares et al., 2016). It must be considered that the functional 

properties of the chitosan obtained depend on structural features, such as average 

molecular weight and degree of deacetylation (Rocha et al., 2017).  

 As previously mentioned, collagen can be obtained from fish skin, scales, 

tendons and bones, which are cleaned and reduced in size to facilitate the extraction 

(Chen et al., 2016). The extraction process from fishery wastes consists of two main 

steps: pretreatment of raw materials and collagen extraction. With regard to fish gelatin 

extraction, this protein is obtained from the thermal denaturation or chemical degradation 

of collagen. These processes involve the loss of the collagen triple-helix structure and 
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the formation of the typical random coil structure of gelatin. However, gelatin 

macromolecules can rearrange, under certain conditions, thus forming again sequences 

of triple-helix, even if the fibrillar collagen structure cannot be recovered and the material 

becomes highly soluble in aqueous environment. Many studies in the literature have 

reported different protocols for the obtainment of fish gelatin. The extraction protocols 

typically include the use of acid or alkaline chemicals as pretreatments. In that way, two 

type of gelatins can be differentiated: type A gelatin, derived from collagen by acid 

pretreatment, most fish gelatins are within this group; and type B gelatin, as a result of 

an alkaline pretreatment of collagen (Hattrem et al., 2015).  

 Regarding chitin and chitosan extraction, chemical and/or biological treatments 

have been employed for that purpose (Hou et al., 2016). When chitin is extracted from 

crustacean shells, three steps are required, including deproteinisation, decolouration, 

and demineralisation (Hou et al., 2016; Muxika et al., 2017). In the case of the extraction 

from squid pens, decolouration is not needed since pens are colourless; furthermore, 

demineralisation step can also be avoided due to the low content of inorganic 

components in pens (Garrido et al., 2017). After extracting chitin, chitosan is obtained by 

a deacetylation process. Depending on the aggressiveness of the treatment, the 

deacetylation degree of chitosan may differ, affecting the final properties of the material 

(Castillo et al., 2017). 

1.3 Techniques for the development of protein products 

 Along with the selection of the appropriate biopolymers and additives, the design 

and processing methods deeply influence the final properties of products, such as 

porosity, degradation behaviour, surface and mechanical properties, and 

biocompatibility, due to the different degrees of thermo-mechanical history involved 

during the manufacturing processes. Like other biopolymer‐based products, proteins can 

be processed by various methods to produce films, fibre mats and scaffolds for different 

applications. These technologies include, but are not limited to, solution casting, 
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compression moulding, freeze-drying, electrospinning and three-dimensional (3D) 

printing (Ebnesajjad, 2012). Generally, these fabrication techniques can be divided into 

two categories, including non-designed and designed manufacturing methods. The 

majority of available manufacturing techniques, such as solution casting, compression 

moulding, freeze-drying, electrospinning and the combination of these techniques, 

belong to the non-designed manufacturing techniques, while the 3D printing is classified 

as a designed manufacturing technique (Figure 1.2). 

 

Figure 1.2 Non-designed and designed protein fabrication techniques. 

1.3.1 Solution casting 

 Films are one of the most common types of materials developed from plant and 

animal proteins and they are used for food packaging and tissue engineering 

applications. In this context, solution casting is the preferred method used to prepare 

protein films at laboratory scale. This method involves solubilisation, casting, and drying 

steps (Figure 1.3). The process starts dissolving polymer along with additives, such as 

plasticizers or bioactive compounds, in a suitable solvent, usually water or water-alcohol 

solutions. Heating and/or pH changing alter solution conditions, which affect the final 

properties of the film. Then, the solution is cast onto Petri dishes and, finally, solvent 
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evaporation takes place when solutions are subjected to drying processes, leading to 

the film formation. Drying processes can be carried out at room conditions or under 

controlled temperature and relative humidity, which may affect the film properties 

(Cerqueira et al., 2016).  

 

Figure 1.3 Schematic illustration of solution casting processes. 

 A wide variety of protein films have been manufactured by solution casting for 

food packaging applications (Arrieta et al., 2013; Etxabide et al., 2017b; Hassan et al., 

2018). In this regard, some protein films have been used as carriers of different extracts. 

In order to increase the antioxidant activity of protein films, liquorice residue extract was 

incorporated into soy protein isolate film forming formulations (Han et al., 2018). Total 

phenolic content was measured in aqueous (10% ethanol) and fatty (95% ethanol) food 

simulants, and the results showed that the extract incorporation notably increased the 

phenolic compound release, giving values of 4.0-5.6 mg gallic acid/g film in the aqueous 

simulant and 2.2-5.5 mg gallic acid/g film in the fatty food simulant. Additionally, the 

extract addition decreased water vapour permeability and increased tensile strength. 

 In another study (Kaewprachu et al., 2018), kradon extract, obtained by using a 

microwave at 500 W for 62 s, was incorporated into fish myofibrillar protein, together with 

catechin, to prepare active films. The low DPPH radical scavenging activity and ferric 

reducing antioxidant power (FRAP) of fish myofibrillar protein films were improved with 

the incorporation of the extract/catechin mixture; furthermore, these films showed higher 

elongation at break. These films were used to wrap tuna slices (Kaewprachu et al., 

2017). While the tuna colour markedly changed from bright red to brown for the 
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unwrapped samples after 4 days of storage, the tuna fillets wrapped using active films 

maintained the red colour after 8 days of storage. In this regard, the TBARS values of 

the wrapped samples showed lower values (2.16 mg MDA/kg sample) than the 

unwrapped samples (7.35 mg MDA/kg sample). Additionally, tuna texture was improved 

with the wrapping; therefore, these results along with the sensory assessment indicated 

that the wrapped tuna fillets showed a 4-fold shelf life extension compared to unwrapped 

samples.  

 Protein films have also been used for biomedical applications (Etxabide et al., 

2017c; Posati et al., 2018). Collagen was mixed with fucoidan, a seaweed-derived 

polysaccharide with a broad spectrum of physiological and biological activities such as 

anti-cancer, anti-tumour, anti-coagulant, and antioxidant activities, in order to prepare 

films for tissue engineering application (Perumal et al., 2018). It was found that fucoidan-

added films exhibited smaller pore size and a more fibril-like structure when compared 

to control films, which could improve cell adhesion and infiltration within the membrane. 

Furthermore, the in vitro biodegradation assay carried out by collagenase to assess 

enzymatic degradation revealed a significant reduction in collagen degradation rate 

when compared to native collagen (control), indicating that fucoidan protected the active 

binding sites of collagen from collagenase. 

 Also for biomedical applications, gelatin films with galactomannan, extracted from 

Delonix regia, were prepared by solution casting (Siqueira et al., 2015). Films were 

cross-linked by immersion into an aqueous solution of 1-(3-dimethylaminopropyl)-3-

ethylcarbodiimide hydrochloride for 2 h. The swelling of cross-linked films showed a  

2-fold decrease compared to uncross-linked films due to the formation of a denser 

structure. Furthermore, the biological test carried out on L929 cells showed no 

cytotoxicity regardless of the galactomannan concentration, suggesting the potential 

application of these films for wound dressings. 
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 Film preparation via the classical solution casting technique does not allow for 

the production of large dimension films and so, in recent years, tape casting has been 

suggested as a suitable approach to scale-up film manufacturing and provide the 

possibility of producing larger films in shorter times. Tape casting is an upgrading of the 

casting method and consists of spreading film forming solutions with an adjustable blade 

at the bottom of the spreading device (doctor blade), which allows controlling the 

thickness. After that, the spread solution is dried by heat conduction, convection, infrared 

radiation, or by a combination of these mechanisms at a controlled temperature (de 

Moraes et al., 2015). In this regard, soy protein films were prepared by tape casting to 

analyse the influence of drying methods and temperatures (heat conduction at 40, 50 

and 60 ºC, and infrared radiation at 60 ºC) on the film physical properties (Ortiz et al., 

2017). Hence, soy protein film forming solutions containing 5.0, 10.0, 10.5, 11.0 and 

12.5% w/v soy protein were prepared at pH 10.5 and spread at a speed of 1.8 cm/s onto 

a 30 cm × 84 cm plate. A doctor blade was used to spread the film forming solution on 

the plate and get a thickness of 2 mm. It was determined that 10.5% w/v was the minimal 

protein concentration to produce soy protein films by tape casting technique. Film 

moisture content, solubility, water vapour permeability and colour parameters showed 

no change irrespective of drying method and temperature. However, the conduction 

method at 60 ºC resulted into films with superior mechanical properties and heat seal 

strength than the films dried at 40 and 50 ºC or dried by infrared radiation at 60 ºC. 

Additionally, opacity was notably reduced with the increase in drying temperature. 

1.3.2 Compression moulding 

 Protein-based films can also be manufactured by compression moulding (Garrido 

et al., 2016a; Uranga et al., 2018). This technique involves the pressing of a deformable 

material placed between the two halves of a heated mould, and its transformation into a 

solid product under the effect of the mould temperature (Figure 1.4). The parameters 
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(pressure, temperature and time) for each step of the process depend on the protein 

used.  

 

Figure 1.4 Schematic illustration of compression moulding processes. 

 Unlike synthetic polymer-based thermoplastics, plant proteins are inherently  

non-thermoplastic biopolymers and, consequently, the modification of proteins is needed 

to make them flow. In this regard, protein-polysaccharide mixtures have been used for 

film preparation by compression moulding. In particular, soy protein films were used as 

carriers of agar (3, 6 and 9 wt %) extracted from red algae Gelidium sesquipedale 

(Rodophyta) in order to describe the conformational changes during the film obtaining 

process and the effect of agar addition on the final structure of protein films (Garrido et 

al., 2016b). Soy protein/agar films were transparent, homogeneous and showed 

excellent barrier properties against UV light in the range of 200-280 nm. The addition of 

agar decreased solubility but increased water uptake capacity of films, mainly in films 

with 9 wt % agar; therefore, these films could be used for the controlled delivery of active 

substances for pharmaceutical and food applications. In fact, soy protein films have been 

used as carriers of bioactives such as red grape extract (Ciannamea et al., 2016). 

Different amounts of the extract (0-10 wt %) were added and thermo-compressed in a 

three-step operation: 150 ºC for 5 min at 10 kg/cm2, 150 ºC for 2 min at 100 kg/cm2, and 

cooling up to 30 ºC at 100 kg/cm2 for about 30 min. The results showed that the 

incorporation of the extract resulted in lower elongation at break and higher elastic 

modulus values. Furthermore, the addition of 5% of the extract improved the antioxidant 

activity of the film since DPPH radical scavenging activity increased from 58 to 81% due 
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to the presence of polyphenolic compounds, such as catechin, epicatechin and 

procyanidin, in the red grape extract. Moreover, it was observed that higher 

concentrations of the extract (10 wt %) did not affect the antioxidant activity of films.  

 Compression moulding can also be used to prepare active packaging. In this 

context, a mixture of gelatin, starch, water and glycerol, was pre-heated for 5 min at  

160 ºC in the press plate and then thermally compacted at 3000 kPa for 2 min and 

13000 kPa pressure for 6 min at 160 ºC (Moreno et al., 2018). Thereafter, a cooling cycle 

to 6 ºC was applied for 3 min. These thermo-compressed films extended the shelf life of 

chicken breast fillets and the microbiological limit of acceptability for total viable counts 

was reached after 12 storage days for the fillets packaged. 

1.3.3 Electrospinning 

 Electrospinning (electrostatic spinning) has gained considerable interest in recent 

decades for continuous ultrafine solid fibre formation, ranging from micrometres to 

nanometres, with a large surface area per unit volume, due to its simplicity, cost-

effectiveness and versatility (Deng et al., 2018; Moheman et al., 2016). The technique 

relies on using electrostatic charge to draw viscous or melted polymer solution into fibres, 

employing a high-voltage power supply, a precisely controlled syringe pump, a syringe 

with a needle, and a grounded collector (Figure 1.5) (Santos et al., 2018). In that way, a 

polymer solution, held by its surface tension at the end of a capillary tube, is subjected 

to an electric field, and an electric charge is induced on the liquid surface, increasing 

electrostatic forces with the increase of electric field strength. When the electrostatic 

force equals to the surface tension of the polymer solution, the liquid drop becomes a 

cone (Taylor cone), and electrostatic force, bigger than surface tension, leads to a 

charged jet ejected from the tip of the Taylor cone. The jet is moved toward grounded 

collecting metal screen or drum, in which the fibre discharges while the solvent 

evaporates (Drosou et al., 2018). Electrospun fibres can be assembled into three 
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dimensional (3D) porous and random nonwoven mats as a result of a bending in the 

spinning jet.  

 

Figure 1.5 Schematic illustration of electrospinning processes. 

 Using this technique, various biopolymers have been electrospun into fibres or 

mats (Jiang et al., 2015). In this context, proteins have been widely employed for 

biomedical and food packaging applications (Aytac et al., 2017; Luo et al., 2018a; 

Mendes et al., 2017). In the last years, electrospinning has been explored as a method 

for bioactives encapsulation and controlled-release technologies (Altan et al., 2018; da 

Silva et al., 2018; Wang et al., 2016, 2017a). In fact, this technique exhibits a number of 

advantages when compared to traditional encapsulation techniques (spray drying or 

emulsification). The most interesting characteristics of electrospinning for encapsulation 

applications are related to the one-step process, the production of dried samples, and 

the use of conditions (room temperature and atmospheric pressure) suitable for heat-

sensitive materials performance (Bhushani & Anandharamakrishnan, 2014). Different 

proteins can be used via electrospinning in the field of bioactive encapsulation. Active 

bilayer packaging structures were prepared by encapsulating α-tocopherol antioxidant in 

different proteins (whey protein, soy protein or zein) and electrospinning the hydrocolloid 

mats directly as a coating onto a wheat gluten film (Fabra et al., 2016). Zein fibres 

showed higher encapsulation efficiency of α-tocopherol and a slower release compared 

to whey or soy protein capsules, indicating that encapsulation efficiency was greater in 

fibres than in beads. Furthermore, when submitting these structures to a typical industrial 
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sterilisation process, the α-tocopherol stability was preserved, especially when zein was 

used as a matrix. 

 Also blends have been found to be suitable for bioactive encapsulation via 

electrospinning. In particular, folic acid, a water-soluble B vitamin, was encapsulated 

using amaranth (Amaranthus hypochondriacus L.) protein isolate and pullulan blend 

(Aceituno-Medina et al., 2015). Amaranth protein isolate is derived from a traditional 

under-utilized Mexican crop with highly nutritious grains and leafs, whereas pullulan is a 

water-soluble microbial polysaccharide produced by Aureobasidium pullulans in starch 

and sugar cultures. Encapsulation within the amaranth protein isolate/pullulan structures 

decreased photodegradation of folic acid, which may be useful for food applications, 

such as food fortification to increase recommended basal folate intake levels. Also for 

nutraceutical applications, kafirin, prolamine protein from sorghum grain, and 

polycaprolactone were blended to obtain hybrid fibre mats (Xiao et al., 2016). To simulate 

the nutraceutical release in the body fluids, carnosic acid was selected as a model, and 

release behaviour was found to be diffusion controlled. The amorphous region of kafirin 

dominated the release rate, while polycaprolactone functioned as a hydrophobic 

skeleton to maintain the structure of the 3D fibre matrix scaffold.  

 In terms of the incorporation of hydrophobic bioactives into protein electrospun 

mats, some difficulties can be found due to their solubilisation inability. In that way, 

surfactants are dispersed in aqueous solutions, above the critical micelle concentration, 

to form micelles spontaneously, and solubilise hydrophobic bioactives, favouring 

electrospinning process (García-Moreno et al., 2016). In this context, non-ionic Tween 

80, cationic cetyltrimethyl ammonium bromide, and anionic sodium dodecyl sulfonate 

surfactants were used in gelatin solutions in order to modulate the morphology of gelatin 

nanofibres and affect the release, antioxidant and antimicrobial activities of the 

encapsulated curcumin for nutraceutical carrier applications in food industry (Deng et al., 
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2017). Unlike sodium dodecyl sulfonate, Tween 80 and cetyltrimethyl ammonium 

bromide surfactants greatly improved curcumin release into polar solvents.  

 Along with surfactants, solvents employed for electrospinning have influence on 

the final properties of the material. In this respect, the effect of aqueous ethanol and 

isopropanol solvents on zein mats that contain -3-rich fish oil was assessed for 

nutraceutical applications (Moomand & Lim, 2015). It was observed that the 

electrospinning process generated beaded fibres when aqueous isopropanol was used 

as a solvent, while smooth and continuous fibres were obtained when aqueous ethanol 

solvent was employed, influencing the encapsulation efficiency and release velocity. It is 

worth noting that a modified inverted setup was used to make possible a continuous fibre 

spinning, since zein solutions tend to clog the needle tip during electrospinning and the 

addition of lipids to the zein solution further slows down the electrospinning process. 

Thus, the solvent reservoir in this setup provided a vapour source to reduce effectively 

the evaporation rate of solvent and to prevent the solidifying of the polymer solution at 

the needle tip. In addition to inverted electrospinning, coaxial method can also be used 

with protein-bioactive electrospun materials. Moreover, comparing the single needle 

electrospinning with the coaxial electrospinning, the latter provides greater control on 

encapsulation layering, morphology, bioactive loading capacity and retention. 

Considering this, the microencapsulation of rose hip seed oil into a zein prolamine fibre 

matrix using the coaxial technique was studied (Yao et al., 2016), and the oil and zein 

solution were selected as internal medium and sheath material (enveloping medium), 

respectively. These fibrous zein/oil films showed a significant effect on prolonging the 

shelf life of selected fruits through a simple packaging process. On top of that, it was 

concluded that coaxial electrospinning provides better encapsulation for sensitive 

bioactive compounds compared to the uniaxial electrospinning (Isik et al., 2018). 

 Nowadays, a novel electrospinning technique, known as free surface or 

needleless electrospinning, is also used. This modified electrospinning methodology is 
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used for commercial production of nanofibres whereby electrospinning occurs from a 

free surface that is not constrained by the geometry of the system (Moreira et al., 2018). 

Several geometries have been explored, such as rotating drum, disk, wire, and gaseous 

bubbles (Bhattacharyya et al., 2016).  

1.3.4 Freeze-drying 

 Freeze-drying or lyophilisation technique is used to manufacture 3D protein 

porous structures (Teimouri et al., 2015; Varley et al., 2016) and generally is employed 

in the biomedical sector. The use of this method involves solubilisation, pouring, freezing 

and drying steps (Figure 1.6). A suspension of protein is poured into a mould, such as 

a well of a multiwell plate, and it is solidified (frozen). The freezing step affects the 

nucleation and growth of ice crystals and so, it determines the morphology and pore 

sizes of the ice and protein phases. Then, the ice is removed by a freeze-dryer in which 

the sublimation process of the frozen water leads to the formation of highly porous 

sponges. It is certain that using this method to produce protein scaffolds, factors such as 

protein solution concentration and freeze-drying parameters, among others, play very 

important roles in forming the scaffolds with the desired porous structures (pore 

geometry, pore size and size distribution, pore interconnectivity, and thickness of pore 

walls) and therefore, mechanical properties (Deng & Kuiper, 2017; Horn et al., 2018).  

 

Figure 1.6 Schematic illustration of freeze-drying processes. 

 Collagen scaffolds were prepared by freeze-drying to understand the effect of 

initial protein concentration on the biophysical properties of the scaffolds (Offeddu et al., 

2016). Hence, collagen was suspended in acetic acid at a fixed concentration between 
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0.5% w/v and 1.5% w/v in increments of 0.25% w/v. The freezing step was carried out at 

-20 ºC at a rate of 0.5 ºC/min from room temperature, while the drying step took place at 

0 ºC under a vacuum of 10.7 Pa. The collagen scaffolds were then cross-linked with 1-

ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride and N-hydroxysuccinimide 

in ethanol-water (95% v/v) at 5:2:1 molar ratio. SEM micrographs showed qualitatively 

similar pore architecture for all concentrations; however, an increase in both pore wall 

and strut thickness was observed with increasing collagen concentration. These factors 

determined the swelling volume on hydrated samples, which increased with collagen 

concentration. Furthermore, it was observed that the presence of pore walls affected the 

fluid mobility within the scaffolds. This result could have implications for the diffusion of 

nutrients and waste, the infiltration of cells, and also the time-dependent mechanical 

response of scaffolds for tissue engineering applications.  

 Along with the effect of initial gelatin concentration, lactose-induced cross-linking 

reaction and bioactive addition on the physicochemical, mechanical and biological 

properties of porous gelatin scaffolds prepared by freeze-drying were analysed (Etxabide 

et al., 2018). Gelatin scaffolds were used as carriers of tetrahydrocurcumin, a water-

soluble, colourless and tasteless antioxidant, anti-diabetic, anti-cancer and anti-

inflammatory plant-derived bioactive compound, for tissue engineering applications, 

specifically for cartilage regeneration. Tetrahydrocurcumin is a major metabolite of 

curcumin and it can be extracted from Curcuma longa L. (turmeric) by Soxhlet, ultrasonic 

and microwave extractions methods (Li et al., 2014). The cross-linking reaction between 

gelatin and lactose notably improved the physical integrity of scaffolds in phosphate 

buffer solutions (PBS) at 37 ºC, irrespective of the initial gelatin concentration (2.5 and 

4.0% w/v). Furthermore, along with the chemical reaction, the increase in the initial 

gelatin concentration reinforced the scaffold and modified the scaffold morphology, 

showing less porous structure with larger pores in 4.0% w/v gelatin scaffolds. The water 

uptake of scaffolds was also affected by the initial gelatin concentration, which affected 



1 Introduction 

 

19 
 

the release of tetrahydrocurcumin into PBS media since 82 ± 4% tetrahydrocurcumin 

was released from 2.5% w/v scaffolds while 64 ± 9% was released from 4.0% w/v 

scaffolds in the first 8 h. Finally, the biological characterization of scaffolds demonstrated 

that both gelatin concentrations with tetrahydrocurcumin showed healthy and 

proliferating cells in the scaffolds.  

 Protein-polysaccharide mixtures have also been used for scaffolds preparation 

by freeze-drying (Horn et al., 2018). Nanocomposite scaffolds of 

zein/chitosan/nanohydroxyapatite at different weight ratios were fabricated by freeze-

drying and characterized in order to analyse the scaffold mechanical and in vitro 

properties (Shahbazarab et al., 2017). The increase in nanohydroxyapatite content 

caused the reduction in porosity and water-uptake capacity of scaffolds, related to the 

intermolecular hydrogen bonding between the components. With the addition of 

nanohydroxyapatite into the composite, the degradation rate of scaffolds decreased. By 

the end of 28 days, the rate of weight reduction for each composite was about 15-20%. 

This degradation control by changing nanohydroxyapatite, chitosan, and zein amounts 

could be desirable for tissue engineering applications. During the in vitro evaluation of 

cytotoxicity, an enhancement of cell adhesion, growth, and proliferation was seen with 

the increase of chitosan and zein. 

 Several processing technologies and engineering strategies have been 

combined to create scaffolds with a superior performance for efficient tissue 

regeneration. In this context, a combination of salt-leaching and freeze-drying 

technologies was carried out to produce enzymatically cross-linked robust and 

interconnected porous silk fibroin scaffolds for cartilage tissue engineering (Ribeiro et 

al., 2018). The salt-leaching method is a simple process to fabricate scaffolds with high 

porosity and larger interconnected pores and involves the addition of salt particles, such 

as NaCl or KCl, into polymer solution, the removal of the solvent from the polymer 

solution, and particle leaching by sample immersion. Granular NaCl particles  
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(500-1000 µm) were added to the silk fibroin solution and a horseradish peroxidase 

solution was used to enzymatically cross-link scaffolds. After NaCl particle removal in 

distilled water, the scaffolds were freeze-dried. The samples presented similar macro- 

and micro-porous structure at both surface and interior of scaffolds with macro-pores  

(> 500 μm) and micro-pores (< 50 μm). The enzymatic degradation of the cross-linked 

scaffolds was also analysed by using protease XIV. It was observed that the scaffold 

degradation rate was faster in the presence of protease XIV as compared to the control 

in which the original weight after soaking in PBS solution for 30 days was maintained. 

Finally, the in vivo compatibility of the cross-linked scaffolds was assessed by 

subcutaneous implantation in a mice model. Staining images showed that a thick layer 

of connective tissue was adhered on the entire surface of the scaffolds and deeply 

infiltrated into the porous structures, as well as the presence of connective tissue filling 

the inner pores of the scaffolds. The absence of edema or signs of neutrophils after the 

implantation periods revealed that no acute inflammation was induced by the cross-

linked scaffolds. Protein-polysaccharide mixtures such as gelatin and chitosan 

biopolymers have also been used for the fabrication of cell-loaded scaffolds by the 

combination of salt-leaching/freeze-drying methods for skin tissue engineering 

applications (Pezeshki‐Modaress et al., 2014).  

1.3.5 3D printing 

 3D printing technologies were primarily developed for industrial applications 

(automotive, aerospace, construction, and cosmetic industry). However, due to their 

flexibility in creating complex 3D shapes, they have become attractive candidates for 

biomedical applications, specifically in the field of tissue engineering. In fact, the 

abovementioned traditional methods of scaffold fabrication generally offer limited control 

over the macro-architecture since 3D shapes and geometries are determined by moulds 

and manual processes. With the development of new and more accurate technologies, 

such as 3D printers, there has been an improvement in the ability to control spatially the 
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scaffold architecture on the macro and micro level, which resulted in greater 

reproducibility, higher-level details, and even patient-specific constructs (Bracaglia et al., 

2017).  

 In general, in any 3D printing process, scaffold digital external and internal 

structures are first designed using a computer aided design (CAD) software or patient 

specific medical imaging data such as CT scans or X-rays. Then, surface features of the 

3D digital files are exported to a file typically with a .STL extension. The .STL file is sliced 

in a virtual environment into many two-dimensional (2D) layers, used by the 3D printer 

to create the physical structure. Finally, each layer is processed sequentially one on top 

of the other to form a designed 3D structure (Figure 1.7). Since each part is fabricated 

layer-by-layer, this type of manufacturing approach is also called “additive 

manufacturing” (Balakrishnan et al., 2018). Surface modifications can be completed in 

post-processing in order to modify the nanoarchitecture of printed scaffolds.  

 

Figure 1.7 Schematic illustration of 3D printing processes. 

 Currently, there are more than thirty commercial 3D printing systems, such as 

direct 3D printing, 3D bioprinting, fused deposition modelling, selective laser sintering, 

stereolithography and indirect 3D printing (Deng & Kuiper, 2017). These systems can be 

classified based on the form of the model material used in each system, namely liquid 

(hydrogels/inks), solid (filaments) and powder. With regard to protein printing processes, 

water soluble biopolymers forming hydrogels (inks) are the major material group used 

for printing due to their chemical tunability and favourable conditions for cell growth in 

3D (Włodarczyk-Biegun & del Campo, 2017).  
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 The 3D printing technology has generally been used in non-food sectors, for 

instance, to print temporary cell-free scaffolds for use in surgery and/or to print cell-laden 

inks (bioprinting) (Duan et al., 2013; Luo et al., 2018b; Mandrycky et al., 2016; Na et al., 

2018; Pourchet et al., 2017; Rodriguez et al., 2017). However, applying 3D printing in 

food manufacturing has recently been accelerated (Sun et al., 2015). The purpose of 

applying 3D printing technology to print food materials is to simplify the production 

process and combine the design of food with new textures and enhance its nutritional 

value (Pallottino et al., 2016). For example, various protein food ingredients have been 

3D printed in order to design healthy low in fat structures or sugars (Lille et al., 2018; 

Wang et al., 2018).  

1.4 Applications of gelatin-based materials  

 Among proteins, gelatins are materials with swelling and gelling capacity, as well 

as with thermal stability (Hashim et al., 2015; Patel et al., 2018). Porcine skin was the 

first raw material used for the manufacture of gelatin in the 1930s (Gómez-Guillén et al., 

2011). Nowadays, commercial gelatin is mainly produced from bovine and porcine skin 

and bones (Roy et al., 2017), although an increased interest in other sources of gelatin, 

such as fish gelatin, has been shown. In this context, active gelatin films and coatings 

can be highlighted (Table 1.1).  

 Regarding porcine gelatin, some antioxidants, such as ascorbic acid (Kowalczyk, 

2016) or ethanolic hop extract (Kowalczyk & Biendl, 2016), were incorporated into films 

and a controlled antioxidant release from gelatin films was observed. Also the ethanolic 

extract of curcuma was added to porcine gelatin films (Bitencourt et al., 2014). Curcuma 

contains phenolic compounds responsible for its antioxidant and anti-inflammatory 

activities. The incorporation of this additive into porcine gelatin films resulted in 

interactions between the phenolic compounds and gelatin, improving the ultraviolet-

visible light barrier properties of gelatin films, besides the improvement of their 

antioxidant capacity. 
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Table 1.1 Porcine-, bovine- and fish gelatin-based active films and coatings.  

Gelatin Bioactives Bioactivity Reference 
P

o
rc

in
e

 Ascorbic acid AO Kowalczyk 2016 

Ethanol hop extract AO Kowalczyk & Biendl 2016 

Curcuma ethanol extract AO Bitencourt et al. 2014 

B
o

v
in

e
 

α-tocopherol, cinnamaldehyde and 
garlic essential oils 

AO Córdoba & Sobral 2017 

Carrot residue fibre AO Iahnke et al. 2015 

Brown seaweed extract AO Kadam et al. 2015 

Oregano and lavender essential 
oils 

AM 
AO 

Martucci et al. 2015 

F
is

h
 

Curcumin/β-cyclodextrin 
AO 
AM 

Sun et al. 2019 

Mango peel extracts AO Adilah et al. 2018 

Tyrosol, ferulic and caffeic acids, 
and chitosan 

AO Benbettaïeb et al. 2018 

Aqueous extracts of henna 
AM 
AO 

Jridi et al. 2018 

Cinnamon-bark essential oil 
AO 
AM 

Kim et al. 2018 

Epigallocatechin gallate AO Nilsuwan et al. 2018 

Curcumin/β-cyclodextrin AO Wu et al. 2018 

Olive phenols AM Bermúdez-Oria et al. 2017 

Aloe vera AO Chin et al. 2017 

Tea polyphenol 
AM 
AO 

Feng et al. 2017 

Esculine AO Liang et al. 2017 

Boldine 
AO 
AM 

López et al. 2017 

Coumarin and chitosan AO Benbettaïeb et al. 2016 

Chitosan AM Feng et al. 2016 

Chitosan nanoparticles AM Hosseini et al. 2016 

Thyme essential oil AM Lee et al. 2016 

Peppermint and citronella 
essential oils 

AM 
Yanwong & Threepopnatkul 

2015 

AO = antioxidant; AM = antimicrobial 

 Concerning bovine gelatin, essential oils have been incorporated to inhibit the 

growth of microorganisms; specifically, oregano and lavender essential oils were found 

to be effective against food spoilage bacteria, especially gram-positive bacteria, being 

oregano the essential oil that exhibited the most effective antimicrobial and antioxidant 

effect (Martucci et al., 2015). Furthermore, α-tocopherol, cinnamaldehyde and garlic 
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essential oils were nanoemulsified in water and applied to bovine gelatin films in order 

to manufacture films with a high antioxidant activity (Córdoba & Sobral, 2017). The effect 

of other natural additives, such as brown seaweed extract, on bovine gelatin films was 

also analysed and results showed that higher contents of seaweed extract led to an 

increased antioxidant activity (Kadam et al., 2015). Even waste from minimally 

processed carrots was used to prepare bovine gelatin films that retard sunflower oil 

oxidation (Iahnke et al., 2015). 

 Fish gelatin films and coatings can also be employed to improve food quality and 

extend food shelf life. Different strategies have been used for this purpose. Cross-linking 

usually enhances film barrier properties, increasing water, light, and chemical resistance 

(Azeredo & Waldron, 2016). In this regard, Etxabide et al. (2016a) employed a 

commercial cod fish gelatin, using lactose as a cross-linker, and Taghizadeh et al. (2018) 

incorporated riboflavin into fish gelatin film forming solutions to carry out a 

photosensitizer-induced cross-linking. Both studies showed improved light barrier 

properties, which highlight the potential of these films to prevent food oxidation caused 

by light, contributing to extend food shelf life. In recent years, gelatin derived from diverse 

aquatic fish species has also been employed to prepare active films with antioxidant 

and/or antimicrobial properties. In this regard, essential oils have been used to produce 

fish gelatin-based active packaging; in particular, thyme (Lee et al. 2016), oregano 

(Hosseini et al., 2016), and peppermint and citronella essential oils (Yanwong & 

Threepopnatkul, 2015), which showed antimicrobial properties against some food 

spoilage bacteria such as Staphylococcus aureus and Escherichia coli. Moreover, the 

incorporation of polyphenols extracted from olives into fish gelatins was found to extend 

the shelf life of strawberries owing to their antimicrobial activity (Bermúdez-Oria et al., 

2017). Also extracts have been incorporated into fish gelatin film forming solutions. 

Adilah et al. (2018) incorporated mango peels extract, obtaining a material with excellent 

free radical scavenging activity due to the high presence of polyphenols, carotenoids, 
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phytochemicals, enzymes, vitamin C and vitamin E on mango peels. It is worth 

mentioning that mango skins contribute about 7-24% from the whole fruit weight and so, 

using this by-product will help in reducing waste. Aloe vera was also used as an 

antioxidant agent with fish gelatin, obtaining films that exhibited antioxidant properties 

dependent on Aloe vera concentration (Chin et al., 2017). Thereby, control and 9% Aloe 

vera films showed 66% and 75% DPPH as well as 33% and 65% ABTS radical 

scavenging activity values, respectively. Similarly, epigallocatechin gallate, one of the 

major flavanols obtained from tea extract, was added into tilapia skin gelatin film forming 

solutions in order to prepare active films (Nilsuwan et al., 2018). Apart from providing 

antioxidant activity, epigallocatechin gallate enhanced the UV light barrier properties of 

films, contributing significantly to food shelf life extension. In another work, Liang et al. 

(2017) employed a commonly used traditional Chinese medicine for the extraction of 

esculine, a natural antioxidant agent, which was then incorporated into sturgeon skin 

gelatin film forming solutions to prepare films intended to be used as food packaging 

materials for long-term preservation. Moreover, films containing this antioxidant formed 

non-covalent cross-linkages between the hydroxyl group of esculine and the amino acid 

residues of gelatin, which enhanced chemical, physical and mechanical properties. 

However, some antioxidants show limitations, such as poor solubility; this is the case of 

curcumin, the major bioactive compound of curcuma rhizome (Curcuma zedoaria), which 

has been regarded as a spice, food preservative, flavouring and colouring agent, 

approved for use in food industry. Wu et al. (2018) and Sun et al. (2019) encapsulated 

curcumin in β-cyclodextrin to overcome this problem, and combined the complex with 

silver carp skin to prepare active films and coatings, respectively. Furthermore, it was 

observed that curcumin could inhibit microbial propagation. This combination of 

antioxidant and antimicrobial activities can be observed in several additives used with 

fish gelatin, for instance, in cinnamon-bark essential oil (Kim et al., 2018), in aqueous 

extracts of henna (Jridi et al., 2018), and in tea polyphenol (Feng et al., 2017). 

Furthermore, some fish gelatin species have inherent antimicrobial or antioxidant 
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activity, as it is the case of Atlantic salmon (López et al., 2017) or cuttlefish (Kchaou et 

al., 2017), respectively.  

 Beside cross-linkers and antimicrobial and antioxidant agents’ incorporation into 

fish gelatin films and coatings, blending with other biopolymers, such as polysaccharides, 

could be another approach to extend food shelf life. For instance, fish gelatin and 

chitosan, a polymer that has intrinsic antimicrobial properties, have been shown to be 

compatible. When chitosan is positively charged and gelatin is negatively charged, under 

proper pH conditions, both biopolymers can be associated through electrostatic and 

hydrogen bonding. Thus, tilapia fish gelatin-chitosan coatings were analysed and it was 

found that these coatings significantly prevented deterioration of golden pomfret fillets at 

4 ºC, inhibiting the degradation of myosin light chain and myoglobin (Feng et al., 2016). 

Furthermore, the addition of natural antioxidants (ferulic acid, caffeic acid) showed that 

gelatin-chitosan films containing caffeic acid or a caffeic-ferulic acid mixture exhibited a 

high radical scavenging activity (Benbettaïeb et al., 2018). 

1.5 Future perspectives and concluding remarks 

 Massive biowaste is generated by food processing industries. This biowaste can 

be valorised to obtain raw materials for both food packaging and biomaterials production, 

reducing the use of non-renewable and non-biodegradable materials in line with the 

sustainability principles. Actually, biopolymers like collagen and chitin have raised 

attention because of their natural abundance and the possibility of being obtained from 

fishery waste and by-products. The chemical and/or biological modification of these 

biopolymers has been employed for the removal of non-desired substances and the 

subsequent extraction of gelatin and chitosan. Nowadays, the production of these 

polymers has been scaled up and these materials are commercially available. In addition 

to biopolymers extraction, some bioactive compounds can be extracted from food 

processing wastes or by-products, useful additives for active packaging and biomedical 

applications. 
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 Vegetal and animal proteins have been considered promising alternatives to 

develop new sustainable materials. Edible, renewable and environmental friendly are 

just a few characteristics that turn proteins into excellent raw materials to develop films, 

mats or scaffolds, among others. In this context, non-designed and designed 

manufacturing methods have been recently used for the production of protein materials. 

In this way, films prepared by solution casting or compression moulding are used for food 

packaging applications in order to extend food shelf life as well as for biomedical 

applications such as wound healing. Fibre mats obtained by electrospinning can be 

employed for bioactives’ encapsulation for both food and biomedical applications. 

Scaffolds produced by freeze-drying or 3D printing are mainly used for biomedical 

applications, such as tissue engineering. Although the addition of bioactives by solution 

casting, compression moulding and electrospinning has been widely studied, other 

recent techniques such as 3D printing need in-depth research works to maximize the 

benefits of bioactives addition into protein-based biomaterials. A technological innovation 

has been carried out in terms of protein products development, but more research is 

needed to overcome some engineering limitations of the manufacturing techniques in 

order to scale-up the production of protein products from proto-type to volume 

manufacturing processes.  

 In terms of animal proteins, gelatin has been reported as a potential source for 

the development of food packaging materials, and it can be an alternative to plastic 

materials, which use non-renewable resources and lead to environmental problems 

associated to their treatment after disposal, especially when they are employed for short-

term or single-use applications. Thereby, gelatin films, and specially fish gelatin 

materials, could become more sustainable food packaging.
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2.1 Materials and reagents 

 Commercial fish gelatin (type A, 240 bloom, 125-150 kDa), supplied by Healan 

Ingredients (East Yorkshire, UK), was used as the main component of the formulations. 

The amino acid composition of gelatin is showed in Table 2.1. Anhydrous citric acid 

provided by Panreac (Barcelona, Spain), high molecular weight chitosan (deacetylation 

degree > 75%) gained from Sigma-Aldrich (Madrid, Spain), anthocyanins extracted from 

red cabbage (Brassica oleracea var. capitata f. rubra) purchased from a local market, 

and tetrahydrocurcumin (THC) obtained from Sabinsa Europe GmbH (Langen, 

Germany) were used as bioactive compounds. Glycerol with a purity of 99.01% provided 

by Panreac (Barcelona, Spain) was used as a plasticizer and β-chitin extracted from 

fresh squid pens (Loligo sp.), fished in the Cantabrian Sea (Spain) during the fishing 

season (March-August) and kindly supplied by a local fish market, was employed as a 

reinforcing agent. Gelatin from porcine skin (type A, 280 bloom) utilized as a reference 

in chapter 3, was obtained from Italgelatine SpA (Cuneo, Italy). Distilled water was used 

in all formulations. 

 50% ethanol solution, purchased from Panreac (Barcelona, Spain), was 

employed as food simulant. Sodium bicarbonate, sodium hydroxide, hydrochloric acid, 

2,4,6-trinitrobenzenesulfonic acid (TNBS) and diethyl ether, provided by Sigma-Aldrich 

(Milano, Italy), were used for the cross-linking extent study. Acetonitrile, formic acid and 

water, gained from Fisher Scientific (Fair Lawn, NJ, USA), were employed for ultrahigh 

performance liquid chromatography (UHPLC). Enkephalin hydrated leucine acetate 

(95% purity) and 0.1 M sodium hydroxide solution obtained from Sigma-Aldrich Chemie 

(Steinheim, Germany), and trifluoroacetic acid purchased from Merck (Darmstadt, 

Germany) were also used. 2,2-diphenyl-1-picryl hydrazyl (DPPH) and α-tocopherol 

supplied by Sigma-Aldrich (Saint-Louis, USA), ethanol purchased from Scharlab 

(Barcelona, Spain), and pure methanol gained from VWR international (Fontenay-sous-

Bois, France) were utilized for assessing parameters related with the antioxidant activity.  
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Table 2.1 Fish gelatin amino acid composition obtained by ion exchange 

chromatography. 

Fish gelatin amino acids Composition (%) 

Aspartic acid 4.3 

Threonine 2.1 

Serine 2.8 

Glutamic acid 7.2 

Prolinea 19.7 

Glycine 33.7 

Alanine 13.8 

Cysteine - 

Valine 1.7 

Methionine 1.5 

Isoleucine 0.6 

Leucine 2.4 

Tyrosine 0.4 

Phenylalanine 1.5 

Histidine 0.5 

Lysineb 3.0 

Arginine 4.7 

Tryptophan - 

aValue for proline and hydroxyproline 
bValue for lysine and hydroxylisine 

2.2 Anthocyanins extraction 

 Anthocyanins were extracted by a conventional solid-liquid extraction, Soxhlet 

extraction, employing water as solvent. Red cabbage was cut, frozen and lyophilised to 

obtain the powder and, thus, the filters could be filled more easily and a more efficient 

process could be carried out. The extraction was repeated twice and the obtained liquid, 

containing mostly water and anthocyanins, was frozen and then, lyophilised. The 

extracted anthocyanin powder was kept packaged in a desiccator protected from light. 

2.3 Chitin extraction 

 Before the chitin isolation procedure, squid pens were collected and washed with 

abundant tap water to remove soluble organics and impurities. Subsequently, pens were 
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frozen and preserved at -20 ºC until processing. Prior to use, pens were defrosted, cut 

into 1 × 2 cm2 pieces, and allowed to dry at room temperature. Squid pens were treated 

with NaOH (1 M) in a ratio of 1:20 (w/v) at room temperature for 24 h under continuous 

stirring to avoid possible degradation and deacetylation of native chitin. Then, the mixture 

was filtered and the solid fraction (β-chitin) was washed several times with distilled water 

until neutral pH was obtained. Finally, β-chitin was freeze-dried and milled to obtain the 

powder. 

2.4 Mats, films and freeze-dried samples preparation 

 Three type of samples can be found in this research work: electrospun mats, films 

obtained by solution casting or compression, and freeze-dried samples. The preparation 

of these samples are explained in this section. 

2.4.1 Electrospinning 

 Fish gelatin solution (FG solution) was prepared by dissolving citric acid and 

gelatin in 3 mL of distilled water with citric acid/gelatin/water weight ratio of 0.9:1.0:3.0. 

The components were mixed together and kept at 50 ºC under constant stirring at  

200 rpm for 40 min. In order to modify the pH of this solution, another fish gelatin solution 

was prepared with NaOH (FG+NaOH solution) at the same conditions (50 ºC under 

constant stirring at 200 rpm for 40 min). Hence, citric acid and gelatin were dissolved in 

2.3 mL of distilled water with a citric acid/gelatin/water weight ratio of 0.9:1.0:2.3 and 

then 0.7 mL of NaOH (5 M) were added. The pH of the solutions was measured by a 

calibrated pH meter (XS Instrument pH7). Indeed, the pH of FG was 1.8, while the pH of 

FG+NaOH was 3.7. The compositions of these fish gelatin solutions were selected on 

the basis of rheological measurements, taking as a reference a porcine gelatin solution 

(PG solution). This porcine gelatin solution was prepared as previously described by 

Panzavolta et al. (2011). In particular, porcine gelatin was dissolved in a solution of acetic 

acid and distilled water (60/40% v/v acetic acid/distilled water) at a concentration of  

30% w/v. The obtained solution was stirred at 50 ºC and 200 rpm for 60 min.  
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 Fish gelatin mats were prepared by the electrospinning technique. The 

electrospinning apparatus consisted of a high voltage power supply (Spellman SL 50 P 

10/CE/230), a syringe pump (KD Scientific 200 series), and a glass syringe containing 

the polymer solution connected to a stainless-steel blunt-ended needle (inner diameter 

= 0.51 mm) through a PTFE tube. Electrospinning was performed at room temperature 

and relative humidity of 40-50%. FG was electrospun by using the following processing 

conditions: applied voltage = 20 kV, feed rate = 0.3 mL/h, and needle-to-collector 

distance = 15 cm. The electrospinning of FG+NaOH was carried out using the same 

parameters employed for FG, except for the voltage and flow rate which were increased 

up to 23 kV and decreased up to 0.1 mL/h, respectively, due to the higher solution 

viscosity conferred by NaOH. After fabrication, some mats were subjected to a thermal 

treatment carried out at 80 ºC for 30 min under vacuum. The obtained mats were stored 

in a desiccator at 4 ºC until further analysis. 

2.4.2 Solution casting 

 Fish gelatin films were prepared by mixing gelatin and citric acid in distilled 

water. The acid contents employed in this work were 10, 20, 30 and 40 wt % on gelatin 

dry basis. Solutions were heated at 80 ºC for 30 min and stirred at 200 rpm. Then,  

20 wt % glycerol (on gelatin dry basis) was added as plasticizer and solution pH was 

adjusted to pH 10 with NaOH (1 M). The heating procedure was repeated and finally, 

solutions were poured into Petri dishes and allowed to dry for 48 h at room temperature. 

Films were designated as 0CA, 10CA, 20CA, 30CA and 40CA, as a function of the citric 

acid content. The films prepared without citric acid (0CA) were used as control films.  

 Additionally, fish gelatin/chitosan composite films were prepared by solution 

casting. Firstly, 10 and 20 wt % (on gelatin dry basis) citric acid solutions were prepared. 

These citric acid concentrations were selected based on the previous study of fish gelatin 

films (Uranga et al. 2016). Then, chitosan was dissolved in 100 mL of citric acid solution 

and it was maintained under continuous stirring for 30 min. After that, 5 g gelatin were 
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added and the resultant solution was heated at 80 ºC for 30 min and stirred at 200 rpm. 

Finally, 20 wt % glycerol (on gelatin dry basis), used as plasticizer, was added, pH was 

adjusted to 4.5 using NaOH (1 M), and the solution was stirred for other 30 min at 80 ºC 

and 200 rpm. Film forming solutions were poured into Petri dishes and allowed to dry for 

48 h at room temperature as described above. The amount of chitosan in films was  

0, 3, 6 and 9 wt % (on gelatin dry basis) and films were designated as 10CAXCHI or 

20CAXCHI for the films prepared with 10 and 20 wt % citric acid, respectively, as a 

function of the chitosan content (X). Furthermore, control films without citric acid and 

chitosan (0CA0CHI) were prepared.  

 All films were conditioned in a controlled environment chamber (ACS SU700V) 

at 25 ºC and 50% relative humidity before testing. The film thickness was measured to 

the nearest 0.001 mm with a hand-held QuantuMike digimatic micrometer (Mitutoyo 

Spain, Elgoibar, Spain) and the obtained values were 116 ± 29 μm in fish gelatin films 

and 50 ± 2 μm in fish gelatin/chitosan films.  

2.4.3 Compression moulding 

 Anthocyanin containing fish gelatin films were prepared by compression 

moulding. Firstly, all components were mixed: 5 g of gelatin, 40 wt % water, 20 wt % 

glycerol, 10 wt % citric acid, and 10 wt % anthocyanins (on gelatin dry basis). Secondly, 

mixtures were thermally compacted using a caver laboratory press, previously heated 

up to 60 ºC, by applying a pressure of 0.8 MPa for 2 min, conditions determined after 

some preliminary tests. All films were conditioned in a controlled environment chamber 

(ACS SU700V) at 25 ºC and 50% relative humidity before testing. The film thickness was 

measured to the nearest 0.001 mm with a hand-held QuantuMike digimatic micrometer 

(Mitutoyo Spain, Elgoibar, Spain) and the average value obtained was 86 ± 7 μm. 
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2.4.4 Freeze-drying 

 Chitin and THC containing fish gelatin samples (Table 2.2) were prepared by 

freeze-drying. Fish gelatin solutions (3.5 g gelatin in 50 mL distilled water) with citric acid, 

chitin and THC were heated at 80 ºC for 30 min and stirred at 200 rpm. Then, glycerol 

was added and solution pH was adjusted to 10 with NaOH (1 M). Solutions were heated 

at 80 ºC for other 30 min stirring at 200 rpm and finally poured into a 24 multiwell plate, 

which was kept in the fridge at 4 ºC to cool down. Once the solutions were gelled, the 

plate was kept in a freezer at -23 ºC and then, freeze-dried for 48 h (Alpha 1-4 LDplus, 

CHRIST, Germany). Finally, freeze-dried gelatin samples (1.5 cm diameter and 1 cm 

height) were taken out from the wells. 

Table 2.2 Composition of the freeze-dried samples. 

Sample 
Fish gelatin  

(% w/v) 
Citric acid 

(% w/w) 
Glycerol 
(% w/w) 

Chitin 
(% w/w) 

THC 
(% w/w) 

Control 7 20 20 0 0 

CHI15 7 20 20 15 0 
CHI30 7 20 20 30 0 

CHI15-THC 7 20 20 15 5 
CHI30-THC 7 20 20 30 5 

Fish gelatin percentage is expressed on water basis, while additives percentages are 

expressed on gelatin dry basis. 

2.5 Rheological assessment 

 The rheological measurements of electrospinning solutions were performed 

using a rotational rheometer (Anton Paar MCR 102) operating in a plate-plate 

configuration. Experiments were performed keeping the temperature constant at 25 ºC, 

through the integrated Peltier system and a Julabo AWC100 cooling system. The sample 

was kept hydrated during the measurements through the use of a solvent trap  

(H-PTD200). Time-sweep oscillatory tests were carried out at a fixed strain amplitude of 

0.3% and an angular frequency of 1 rad/s.  
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2.6 Surface and structure characterization  

2.6.1 Optical microscopy (OM) 

 A polarized optical microscope (Zeiss Axioscop) was used to detect electrospun 

fibres directly collected on glass slides during electrospinning. 

2.6.2 Scanning electron microscopy (SEM) 

 The morphology of electrospun materials was observed employing a  

515 scanning electron microscope (Philips) at an acceleration voltage of 15 kV. Samples 

were mounted on a metal stub with a double-side adhesive tape and sputter-coated with 

gold before SEM observation. This analysis was carried out 24 h after mat fabrication. 

The distribution of fibre diameters (average and standard deviation) was measured on 

the SEM images of about 50 fibres by means of ImageJ software. 

 On the other hand, the morphology of the fracture surfaces of anthocyanin 

containing films as well as the morphology of chitin containing samples were visualized 

using an S-4800 field emission scanning electron microscope (Hitachi High-

Technologies Corporation). Samples were mounted on a metal stub with a double-side 

adhesive tape and coated under vacuum with gold (JFC-1100) in an argon atmosphere 

prior to observation. Anthocyanin containing films were examined using an accelerating 

voltage of 5 kV, whilst chitin containing samples were analysed employing an 

accelerating voltage of 10 kV. Moreover, SEM images were analysed by ImageJ 

software for pore size evaluation. 

2.6.3 Wide angle X-ray diffraction (WXRD) 

 WXRD analysis for electrospun mats was carried out using a powder 

diffractometer (PANalytical) endowed with a fast X’Celerator detector. The radiation was 

generated from a CuKα (λ = 0.15418 nm) source (40 mA, 40 kV). WXRD data were 

obtained from 2θ values from 5º to 60º, where θ is the incidence angle of the X-ray beam 

on the sample.  
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2.7 Physicochemical characterization 

2.7.1 Fourier transform infrared (FTIR) spectroscopy 

 FTIR spectra were carried out on a Nicolet Nexus FTIR spectrometer using ATR 

Golden Gate (Specac). A total of 32 scans were performed at a resolution of 4 cm-1 in 

the wavenumber range from 800 to 4000 cm-1. Savitzky-Golay function was used for the 

spectra smoothing. Second-derivative spectra of the amide region were used at peak 

position guides for the curve fitting, according to the procedure described by Byler & Susi 

(1986), using OriginPro 9.1 software. 

2.7.2 Cross-linking extent 

 The cross-linking extent of mats was measured according to the method of 

Panzavolta et al. (2011). Three specimens were tested for each composition. Briefly, an 

UV assay of uncross-linked Ɛ-amino groups was performed on differently treated mats 

and on fish gelatin as reference. After the reaction with 0.5% TNBS, gelatin was 

hydrolysed with HCl (6 M) and extracted with diethyl ether. The solution’s absorbance 

was measured against a blank at 346 nm. The moles of free Ɛ-amino groups per gram 

of gelatin were calculated by the following equation: 

[NH2] =
2 · A · V

ε · b · x
  

where A is the sample absorbance, V is the final sample volume (L), Ɛ is the molar 

absorptivity of TNP-lys, precisely 1.46 x 104 L/(mol·cm), b is the cell path length (cm) and 

x is the sample weight (g). 

 The cross-linking extent was determined from the ratio between the moles of 

cross-linked Ɛ-amino groups of treated gelatin mats (obtained as a difference between 

uncross-linked groups before and after cross-linking) with respect to Ɛ-amino groups 

measured in fish gelatin. 
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2.7.3 Moisture content (MC) and total soluble matter (TSM) 

 To determine the MC of films, three specimens of each film were weighed (w0) 

and then dried in an oven at 105 ºC for 24 h. After this time, samples were reweighed 

(w1) to determine their MC: 

MC (%) =
w0 − w1

w0
· 100 

 To obtain TSM values, the dried specimens were immersed in 200 mL of distilled 

water for 24 h. Afterwards, the films were dried in the oven at 105 ºC for 24 h and weighed 

(w2). TSM values were calculated by the following equation: 

TSM (%) =
w1 − w2

w1
· 100 

2.7.4 Swelling measurement 

 In order to study the swelling of fish gelatin/chitosan composite films, first, three 

film disks (Ø = 52 mm) of each composition were weighed (wH) and then, immersed into 

distilled water. Samples were weighed after immersion into water for specific times (wT), 

until getting constant values. The swelling (S) was calculated according to the following 

equation:  

S (%) =
wT − wH

wH
· 100 

 Swelling of chitin containing samples was calculated by immersing three 

specimens of each composition into 50% ethanol solution and repeating the procedure 

above explained. 

2.8 Thermal characterization  

2.8.1 Thermo-gravimetric analysis (TGA) 

 Thermal stability was analysed by TGA and measurements were performed in a 

Mettler Toledo TGA SDTA 851 equipment (Mettler Toledo S.A.E.). The samples were 
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heated from 25 to 800 ºC at a heating rate of 10 ºC/min under inert atmosphere 

conditions (10 mL N2/min) to avoid thermo-oxidative reactions. 

2.8.2 Differential scanning calorimetry (DSC) 

 DSC was carried out in a Mettler Toledo DSC 822 (Mettler Toledo S.A.E.). 

Samples (3.0 ± 0.2 mg) were sealed in aluminium pans to avoid mass loss during the 

experiment. Filled pans were heated from 25 to 250 ºC at a rate of 10 ºC/min under inert 

atmosphere conditions (10 mL N2/min) to avoid thermo-oxidative reactions. 

2.9 Optical properties 

2.9.1 Colour measurement 

 Colour parameters (L*, a*, b*) were determined using a CR-400 Minolta Chroma-

Meter colourimeter (Konica Minolta). Films were placed on the surface of a white 

standard plate (calibration plate values: L* = 97.39, a* = 0.03 and b* = 1.77) and colour 

parameters were measured using the CIELAB colour scale: L* = 0 (black) to L* = 100 

(white), -a* (greenness) to +a* (redness), and -b* (blueness) to +b* (yellowness). 

Measurements were taken five times for each sample. Colour difference (ΔE*) was 

calculated referred to the control specimen: 

∆E∗ = √(∆L∗)2 + (∆a∗)2 +  (∆b∗)2 

2.9.2 Gloss measurement 

 Film gloss was determined using a Multi Gloss 268 Plus gloss meter (Konica 

Minolta). Gloss values were measured at 60º incidence angle, according to  

ASTM D523-14 (ASTM, 2014). Measurements were taken ten times for each sample. 

2.9.3 Ultraviolet-visible (UV-vis) spectroscopy 

 Light absorption was measured in the UV-vis range (200-800 nm) using a V-630 

UV-vis spectrophotometer (Jasco). Transparency (T) values were calculated by the 

following equation: 
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T =
A600

x
  

where A600 is the absorbance at 600 nm and x is the film thickness (mm). 

2.10 Barrier properties and moisture scavenging 

2.10.1 Water contact angle (WCA) 

 OCA20 Contact Angle System (DataPhysics Instruments) was used to measure 

WCA values. For each measurement, a 3 μL droplet of distilled water was placed on the 

film surface. The image of the drop was taken using SCA20 software. Measurements 

were taken five times for each sample. 

2.10.2 Water vapour permeability (WVP) 

 WVP values were measured in a controlled humidity environment chamber 

PERME™ W3/0120 (Labthink Instruments Co. Ltd.). Film disks (Ø = 7.4 cm) were sealed 

to cups containing distilled water, three specimens for each composition. Then, cups 

were placed into the chamber at 38 ºC and 90% relative humidity, according to ASTM 

E96-00 (ASTM, 2000). WVP was determined gravimetrically as follows: 

WVP (
g

s ∙ cm ∙ Pa
) =

w · x

A · t · ∆P
 

where w is the weight change (g), x is the film thickness (cm), A is the film area (cm2), t 

is time (s) and ΔP is the partial pressure difference of water vapour across the film (Pa). 

2.10.3 Moisture absorption kinetics 

 The moisture absorption of chitin containing samples was measured according 

to the method of Bovi et al. (2018) with some modifications. Three specimens of each 

composition were measured. First, samples were dried in a desiccator and then, stored 

in a controlled chamber at room temperature and 100% relative humidity in order to 

simulate extreme humidity conditions. Moisture absorption was gravimetrically 
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determined by measuring the weight increase at regular intervals for 31 days. The 

moisture absorbed (MA) was calculated as follows: 

MA (
g water

g sample
) =

wtm − wi

wi
 

where wi and wtm are the weight of the samples (g) at the beginning of the test and at 

specific times, respectively. 

 After calculating MA values, the probabilistic Weibull model was used to define 

the moisture scavenging and describe the curves of moisture absorbed versus time: 

MA = M0 + (M∞ − M0) · [1 − 𝑒
(

−t
β1

)
] 

where M0 is the initial moisture content of the sample (g water/g sample), which is zero 

as specimens were previously dried; M∞ is the moisture holding capacity  

(g water/g sample) at equilibrium; and β1 is the kinetic parameter that defines the rate of 

moisture uptake process and represents the time needed to accomplish approximately 

63% of the moisture uptake process. Thus, this Weibull model offers the possibility of 

estimating the M∞ with the experimental MA data. 

2.11 Mechanical properties 

2.11.1 Tensile test 

 Tensile strength (TS) and elongation at break (EB) were determined using Insight 

10 Electromechanical Testing System (MTS Systems), equipped with a tensile load cell 

of 250 N. According to ASTM D638-03 (ASTM, 2003), the crosshead speed was set at 

1 mm/min and samples with 22.25 mm length and 4.75 mm width were used. Five 

samples were analysed for each composition. 
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2.11.2 Compression test 

 Compression tests of chitin containing samples were performed using a TA XT 

plus Texture Analyser (Stable Micro Systems) equipped with a 30 kg load cell. The 

analysis was carried out with a 36 mm Dia Aluminium Radiused AACC probe, which has 

a contact area of 1017.88 mm2. The crosshead speed was set at 1 mm/s, the activation 

force was 0.01 N and the software utilized was Exponent. The chitin containing samples 

were previously dried in a desiccator for 24 h and then, stored in a controlled chamber 

(100% relative humidity and room temperature) for 6 days, in order to get approximately 

63% of the moisture absorbed. Compression resistance of three humid samples for each 

composition was evaluated at room temperature and load was applied until the specimen 

was compressed to around 80% of its original height. At the end of this first test, samples 

recovered their initial size, thus, specimens were stored again in a controlled chamber 

(100% relative humidity and room temperature) for 11 days, in order to get absorbed 

nearly 100% of the moisture uptake and make a second compression test. A graph 

representing stress (MPa) against strain (%) was plotted with the obtained values in both 

tests. 

2.12 Antibacterial assessment 

 The antibacterial activity of fish gelatin/chitosan composite films was tested 

against the growth of a Gram-negative bacteria, Escherichia coli DH5α, to analyse the 

influence of citric acid and chitosan. E. coli was grown overnight in Luria Bertani (LB) 

broth (Sambrook et al., 1989) at 37 ºC with shaking (160 rpm). Then, it was inoculated 

into fresh LB medium and grown up to the mid-exponential phase at 37 ºC and it was 

used to inoculate 10 mL media containing 0.04 g of film and incubated for 24 h at 37 ºC 

and 160 rpm. The experiments were repeated twice for the evaluation of each 

composition. Samples from cultures were taken at 5 h since E. coli had grown up actively 

after this time. The plate dilution method was used to monitor cell viability on LB agar 

plates incubated at 37 ºC and results were reported as CFU/mL.  
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2.13 Anthocyanins characterization by UHPLC-Q-TOF-MS/MS analysis 

 Ultrahigh performance liquid chromatography (UHPLC) was carried out by using 

an ACQUITY UPLCTM system (Waters, Milford, MA, USA), equipped with a binary solvent 

delivery pump, an autosampler, a column compartment and a PDA detector. UHPLC 

analysis was carried out immediately after the dilution of samples in 0.1% trifluoroacetic 

acid solutions in water. A reverse phase column (Acquity UPLC BEH C18 1.7 µm,  

2.1 mm × 100 mm) and a precolumn (Acquity UPLC BEH C18 1.7 µm VanGuardTM) from 

Waters (Milford, USA) were used at 40 ºC for the separation of individual anthocyanins. 

The flow rate was 0.25 mL/min and the injection volume was 7.5 µL. Mobile phases 

consisted of 0.1% trifluoroacetic acid in water (A) and 0.1% trifluoroacetic acid in 

acetonitrile (B). Separation was carried out in 17 min under the following conditions:  

0.00-3.17 min, linear gradient from 5 to 15% B; 3.17-5.43 min, 15% B; 5.43-6.00 min, 

linear gradient from 15 to 20% B; 6.00-12.00 min, linear gradient from 20 to 21% B; 

12.00-13.00 min, linear gradient from 21 to 100% B; and finally, washing and  

re-equilibration of the column prior to the next injection. All samples were kept at 4 ºC 

during the analysis. The wavelength range of the PDA detector was 210-500 nm (20 Hz, 

1.2 nm resolution). Anthocyanins were monitored at 500 nm. 

 All mass spectrometry (MS) data acquisitions were performed on a SYNAPTTM 

G2 HDMS with a quadrupole time of flight (Q-TOF) configuration (Waters, Milford, MA, 

USA), equipped with an electro-spray ionisation (ESI) source operating in positive mode. 

The capillary voltage was set to 1.0 kV. Nitrogen was used as the desolvation and cone 

gas at flow rates of 1000 L/h and 10 L/h, respectively. The source temperature was  

120 ºC, and the desolvation temperature was 400 ºC. A leucine-enkephalin solution  

(2 ng/µL) in acetonitrile:water (50:50 (v/v) + 0.1% formic acid) was utilized for the lock 

mass correction and the ions at mass-to-charge ratio (m/z) 556.2771 and 278.1141 in 

the positive ionisation mode from this solution were monitored (0.3 s scan time, 10 s 

interval, 3 average scans, ± 0.5 Da mass window, 30 V cone voltage, 10 µL/min flow 



2 Materials and methods 

 

45 
 

rate). Data acquisition took place over the 50-2000 u mass range in resolution mode 

(FWHM ≈ 20,000) with a scan time of 0.1 s and an interscan delay of 0.024 s. All the 

acquired spectra were automatically corrected during acquisition based on the lock 

mass. Before analysis, the mass spectrometer was calibrated with a sodium iodide 

solution.  

 To perform MSE mode analysis, the cone voltage was set to 20 V (ESI+) and the 

first quadrupole (Q1) operated in a wide band RF mode only. Two discrete and 

independent interleaved acquisition functions were automatically created. The first 

function, typically set at 6 eV in trap cell of the T-Wave, collected low energy or 

unfragmented data, while the second function collected high energy or fragmented data, 

using 6 eV in trap cell and a collision ramp of 10-40 eV in transfer cell. In both cases, 

argon gas was used for collision-induced dissociation (CID) and data were recorded in 

centroid mode. 

 MS2 product ion spectra was performed using the protonated molecule [M]+ as 

precursor ion at a cone voltage of 20 V. A collision energy ramp from 10 to 40 eV in trap 

cell and of 6 eV in transfer cell was used with the aim of acquiring spectra with different 

fragmentation degrees from the precursor ion and, thus, obtaining as much structural 

information as possible. MS/MS data were collected at a range of 50-2000 m/z in centroid 

mode in the same conditions as described above. 

 The identification of the anthocyanin compounds was carried out using the UV-

vis spectrum to assign the phenolic class (Abad-García et al., 2009), the low collision 

energy MSE spectrum in positive mode to determine the molecular weight, the high 

collision energy MSE and MS2 product ion spectra to assign the protonated aglycone 

[Y0]+ and observed fragmentations in order to elucidate other structural details. The 

nomenclature proposed by Domon & Costello (1988) for glycoconjugates was adopted 

to denote the fragment ions. 
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2.14 Bioactive release 

 The anthocyanin release was determined by immersion of films (1.5 cm × 2.0 cm) 

into a 50% ethanol solution (5 mL) at 4 ºC for 2 days, whilst THC release was assessed 

by immersion of freeze-dried samples into a 50% ethanol solution (20 mL) at room 

temperature for 3 days. Samples were immersed into dark glass vessels to protect the 

bioactive compounds from light. V-630 UV-vis spectrophotometer (Jasco) was employed 

to measure light absorption from 200 to 800 nm. The absorption spectra of the solutions 

were recorded every 15 min up to 2 h and then, every 24 h up to 2 or 3 days for films 

and freeze-dried samples, respectively. The experiments were repeated in triplicate for 

the evaluation of each composition.  

2.15 Antioxidant activity by DPPH radical scavenging activity 

 Anthocyanin aqueous solutions (2 mM) were prepared at three different pHs: acid 

(2.5), basic (10.0) and non-modified (6.0) pHs to analyse the effect of pH on the 

antioxidant activity. DPPH radical scavenging activity was measured for each solution 

as well as for anthocyanin containing films, according to the method of Etxabide et al. 

(2017b). Briefly, 2 mL of anthocyanin solution or anthocyanin released solution were 

mixed with 2 mL of DPPH solution (75 μM). The mixture was vigorously shaken and then, 

allowed to stand at room temperature in the dark for 30 min. The inhibition values (I) 

were determined by the absorbance decrease at 517 nm as follows:  

I (%) =
Ac − Asample

Ac
× 100 

where Ac is the absorbance of the DPPH solution and Asample is the absorbance of the 

DPPH solution with the antioxidant. All tests were carried out in triplicate. 

2.16 Environmental assessment 

 Life cycle assessment was performed according to ISO 14040 guidelines  

(ISO 14040, 2006) and recommendations. The analysis was carried out with the SimaPro 
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software (PRé Consultants, The Netherlands) and data were obtained from Ecoinvent 

database. On the one hand, the IPCC 2007 method was employed to perform the carbon 

footprint of gelatin films and it was expressed as global warming potential (GWP). Three 

stages were taken into account in this study, specifically, raw material extraction, film 

manufacture, and the end of life, and the functional unit considered was 1 m2 of film. On 

the other hand, the environmental assessment of chitin extraction procedure was 

studied. The inventory analysis of chitin was carried out considering the materials used 

in the laboratory, the energy consumption regarding the extraction step, as well as the 

transportation of the squid pens (Hondarribia-San Sebastian) and the residues of the 

extraction process (San Sebastian-Legutio). The functional unit considered in this study 

was 1 g of chitin. Environmental impacts were evaluated according to the Hierarchist 

version of ReCiPe 2016, midpoint. The following impact categories were analysed: global 

warming, stratospheric ozone depletion, ionizing radiation, ozone formation (human 

health), fine particulate matter formation, ozone formation (terrestrial ecosystems), 

terrestrial acidification, freshwater eutrophication, marine eutrophication, terrestrial 

ecotoxicity, freshwater ecotoxicity, marine ecotoxicity, human carcinogenic toxicity, 

human non-carcinogenic toxicity, land use, mineral resource scarcity, fossil resource 

scarcity, and water consumption. 

2.17 Statistical analysis 

 Analysis of variance (ANOVA) was used to determine the significance of 

differences among samples. The analysis was performed with a SPSS computer 

program (SPSS Statistic 23.0) and Tukey’s test was used for multiple comparisons. All 

the assays were done at least in triplicate. Differences were statistically significant at the 

P < 0.05 level. In the case of fish gelatin/chitosan composite films, this analysis was 

carried out separately for the systems with 10 and 20 wt % citric acid, in order to estimate 

the significant differences as a function of chitosan content. 
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3.1 Summary 

 Due to gelatin biocompatibility, biodegradability and low cost, it is employed in 

different fields, such as food industry, pharmaceutical and medical applications (Dolci et 

al., 2018; Gómez-Estaca et al., 2015; Khor, 1997; Su & Wang, 2015). Moreover, gelatin 

shows binding sites for cell adhesion, signalling and differentiation, which make this 

polymer suitable in tissue engineering, wound dressing and drug delivery field (Aduba et 

al., 2013; Angarano et al., 2013; Li et al., 2005; Mano & Reis, 2007; Panzavolta et al., 

2011). In these sectors, electrospun fibrous mats are highly demanded, since they mimic 

the extracellular matrix and promote cell adhesion and proliferation due to their high 

porosity and surface area. 

 However, due to water solubility, gelatin mats do not maintain their morphology 

when they come in contact with water. In order to improve water resistance, physical 

(Liguori et al., 2016) and chemical (Gualandi et al., 2016; Ratanavaraporn et al., 2010; 

Zhang et al., 2006) cross-linking methods have been proposed. In this chapter, a natural 

cross-linker (citric acid) was used. Citric acid is an aliphatic bio-based polycarboxylic acid 

that contains two reactive primary carboxylic groups, one less reactive tertiary carboxylic 

group, and one sterically hindered hydroxyl group (Hazarika & Karak, 2015). It is 

commercially available at low cost and it has non-toxic nature since it is produced as a 

metabolic product of the body (Krebs or citric acid cycle) in all living cells that use oxygen 

as part of the cellular respiration (Rocha-García et al., 2017). This acid has been already 

demonstrated to be suitable for the cross-linking of proteins (Cumming et al., 2018; Jiang 

et al., 2010, 2013; Reddy et al., 2011). The carboxylic groups of citric acid can undergo 

nucleophilic acyl substitution with the ε-amines of lysine, leading to the formation of 

stable amide bonds (Cumming et al., 2018). Saito et al. (2004) reported the use of a citric 

acid derivative, obtained through the modification of citric acid carboxyl groups with  

N-hydroxysuccinimide in presence of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

hydrochloride, for the preparation of cross-linked type A porcine skin gelatin gels. More 
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recently, Shafagh et al. (2018) reported the use of citric acid to cross-link porcine skin 

gelatin in presence of Ag nanoparticles to produce, through a green approach in which 

water was used as solvent, gelatin/Ag nanocomposite hydrogels with swelling and a drug 

release behaviour both depending on pH. Moreover, Jiang et al. (2014) employed citric 

acid to produce cross-linked electrospun gelatin fibres using acetic acid as solvent and 

sodium hypophosphite as a catalyst of the citric acid, followed by a thermal treatment at 

150 ºC for 4 h to induce cross-linking. 

 No works have dealt so far with the production of cross-linked fish gelatin 

electrospun fibres by using an aqueous solution of citric acid, avoiding acetic acid or 

other chemicals. Therefore, the aim of the present work was to develop a protocol to 

make feasible, for the first time, the electrospinning process of fish gelatin by using only 

a natural and non-toxic cross-linker, such as citric acid, in aqueous solution to obtain 

cross-linked fibres. The effect of the solution’s pH on electrospinnability and 

morphological and chemical properties of the resulting mats was investigated. 

Furthermore, the effect of a subsequent thermal treatment of the mat on its 

morphological and chemical properties was also assessed. 

3.2 Results and discussion 

3.2.1 Electrospinning of fish gelatin 

 It has been widely reported that the addition of an acid to water solutions, or the 

use of solvents such as 1,1,3,3,3-hexafluoro-2-propanol, is required for gelatin 

electrospinning to prevent gelation that hinders and even blocks the solution flow through 

the syringe needle and capillary during the spinning process (Djabourov et al., 1988; 

Erencia et al., 2015). Due to the possible toxicity of the most employed acids or organic 

solvents, efforts have been devoted to the fabrication of gelatin electrospun fibres using 

solutions of benign acids in water. Acetic acid, malic acid and citric acid water solutions, 

as binary, ternary and quaternary solvents, were recently used to manufacture fish 
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gelatin-based electrospun mats (Erencia et al., 2015; Mahmood et al., 2019). Although 

positive results on the feasibility of the process were achieved for water/acetic acid 

solvents, citric acid based binary solvent was reported to be non-suitable for developing 

fibres (Mahmood et al., 2019). 

 Considering both the absence of toxicity of citric acid and its potential cross-

linking action, in this work efforts have been carried out to identify a procedure for the 

production of cross-linked fish gelatin electrospun mats using a spinning solution 

containing only citric acid in an aqueous solution (FG). In particular, the effect of 

solution’s pH on the electrospinning process, mat properties and cross-linking degree 

was investigated by adding NaOH to the fish gelatin/citric acid/water solution 

(FG+NaOH) in order to increase the pH of fish gelatin solution from 1.8 to 3.7, on the 

basis of a previous study on collagen electrospun fibres cross-linked with citric acid 

(Cumming et al., 2018). In the mentioned work, the highest cross-linking extent was 

achieved from a solution containing collagen and citric acid with pH 3.5, a result that was 

attributed to a more effective formation of citric anhydride at this pH (Cumming et al., 

2018; Higuchi et al., 1963). 

 Given the importance of flow properties and viscoelastic behaviour of the solution 

in the electrospinning process, FG composition was optimised on the basis of rheological 

measurements, taking as a reference a porcine gelatin solution (PG) whose 

electrospinnability was previously demonstrated by some authors (Panzavolta et al., 

2011). The storage modulus (G’) and the loss modulus (G’’) for the analysed solutions 

over 1 h 40 min period are shown in Figure 3.1. Fish gelatin showed a rheological 

behaviour similar to that of porcine gelatin. Indeed, although FG moduli were slightly 

lower than those of PG, both solutions behaved as viscoelastic liquids (G’<G’’) at initial 

times (up to 12 min for PG and up to 23 min for FG), then they switched to a solid-phase 

dominated behaviour (G’>G’’) as demonstrated by the achievement of the cross-over, 

referred to as the “gel point” attributed to the increased molecular association. Finally, 



3 Fish gelatin-based mats 

 

54 
 

the moduli reached a fairly constant value. The presence of NaOH affected the 

viscoelastic properties of the solutions. Indeed, FG+NaOH presented higher values of G’ 

and G’’ than FG, even higher than PG, and it showed no cross-over and a solid-phase 

dominated behaviour since the beginning of the measurement. This result might indicate 

that cross-linking reactions due to citric acid were more likely to happen in the solution 

at pH 3.7 rather than in that at pH 1.8. 

 For all the solutions, even if a gel point was observed and the solid-like behaviour 

dominated over time, the small differences between G’ and G’’ indicated the formation 

of a weak gel that did not hinder electrospinnability of the solutions. 

 

Figure 3.1 Time dependence of storage modulus (G’) (square) and loss modulus (G”) 

(circle) of PG (green curves), FG (red curves), and FG+NaOH (black curves). 

3.2.2 Characterization of fish gelatin electrospun mats 

 The OM and SEM images of the electrospun mats obtained from FG and 

FG+NaOH are reported in Figure 3.2. Interestingly, the OM images (Figures 3.2a,d) 

showed that bead-free and regular microfibres were obtained for both FG and 

FG+NaOH. In contrast to previous findings (Mahmood et al., 2019), our results 
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demonstrated that electrospinning of fish gelatin to form microfibres from a citric 

acid/water solution without the addition of acetic acid was possible. However, although 

both the solutions turned out to be electrospinnable, the fibrous morphology of mats 

obtained from FG was not preserved over time, since the mats turned into films with a 

barely recognizable fibrous structure in few hours, as demonstrated by the SEM 

micrographs (Figure 3.2b). However, addition of NaOH to fish gelatin solutions 

increased the pH values from 1.8 to 3.7 and improved the fibre stability over time. The 

obtained fibrous mat was able to preserve its morphology better than fibres obtained 

from FG (compare Figures 3.2b,e), although fibre fusion at their contact points could be 

noticed. Moreover, in agreement with previous literature findings (Cumming et al., 2018; 

Jiang et al. 2014), the thermal treatment performed on these mats immediately after their 

fabrication came out to get a beneficial effect on the resulting morphology, since the 

fibrous morphology of the mats was better maintained with respect to the as spun mats 

(Figures 3.2c,f). It is pointed out that, even if the fibre diameter was hardly measurable 

due to the many fusion points among fibres, after the thermal treatment a fibre diameter 

of 2.19 ± 0.07 µm and 4.42 ± 0.05 µm was evaluated for FG and FG+NaOH mats, 

respectively. 

 To assess the extent of the cross-linking reaction between gelatin and citric acid, 

the amount of ε-amino groups of gelatin reacted with citric acid was calculated. In line 

with the morphological results, only a small amount of ε-amino groups was cross-linked 

with citric acid in the mats obtained from FG, leading to a cross-linking extent of 12%. 

On increasing the pH up to 3.7 in FG+NaOH, cross-linking extents of 25% and 38% were 

achieved for FG+NaOH mat as spun and thermally treated, respectively. These results 

were in agreement with previous findings (Xu et al., 2015) and highlight that in the water 

solution of fish gelatin with citric acid the cross-linking reactions can take place also at 

room temperature, even if an increase of temperature up to 80 ºC is needed to speed up 

such cross-linking reaction. 
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Figure 3.2 OM (a, d) and SEM images (b, c, e, f) of electrospun mats from FG (a, b, c) 

and FG+NaOH (d, e, f): mats as spun (a, b, d, e) and after the thermal treatment (c, f).  

 On the basis of the above described results, the following considerations could 

be drawn. For the mat obtained from FG, the barely recognizable fibrous morphology 

was well explained by the low cross-linking extent of the fibres and it was mainly ascribed 

to the low pH of the solution, since at pH 1.8 the cross-linking reactions could difficultly 

take place. Moreover, the widely reported mechanism driving the cross-linking of proteins 

or molecules containing amino groups in the presence of citric acid lies in the formation 

of reactive citric anhydride from citric acid and in the nucleophilic substitution occurring 

between the carboxyl groups of the anhydride and the amino groups of the considered 

protein or molecule (Cumming et al., 2018; Higuchi et al., 1963; Xu et al., 2015). Since 

type A fish gelatin was employed in this work and its isoelectric point is in the pH range 

of 6.0-9.5 (Alfaro et al., 2015), the protonation of the amine groups took place in the 

strong acidic conditions of FG (pH 1.8), thus limiting the cross-linking reaction. An 

increase of pH up to 3.7, even if lower than fish gelatin isoelectric point, would favour the 

deprotonation of -NH3
+ groups into -NH2, and the above described nucleophilic 

substitution was more likely to occur with the formation of amide groups. The pH value 

of 3.7 was thus selected in order to achieve the best compromise between the number 
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of amine groups available for cross-linking and the known cross-linking mechanism of 

citric acid, which has been reported to occur at the highest extent at pH 3.5 (Cumming 

et al., 2018).  

 The influence of the electrospinning process on structural properties of gelatin 

was investigated on fish gelatin powder and on the obtained mats through wide angle  

X-ray diffraction (WXRD) analysis. In that way, the relative triple-helix content of fish 

gelatin materials was analysed in detail (Figure 3.3). It is well known that the collagen 

WXRD pattern includes two broad diffraction bands. The first one, centered at about 8º, 

related to the triple-helix diameter, while the second one at around 21º is related to the 

distance between amino acidic residues in the helix. These reflections are typically 

observed also in the pattern of partially renaturated gelatin powder and gelatin films 

(Gioffrè et al., 2012).  

 In agreement with these data, fish gelatin powder exhibited the two reflections 

centered at about 8º and 21º (Figure 3.3), as previously reported (Etxabide et al., 2016b; 

Sha et al., 2014). However, reflection at 8º disappeared after the electrospinning process 

of both FG and FG+NaOH as a consequence of acidic pH. This result could be explained 

considering that, as previously observed for gelatin solubilised in acetic acid solutions 

(Panzavolta et al., 2011), citric acid prevented the gelatin’s partial renaturation, which 

takes place during gelling from aqueous solution, and a random coil conformation was 

favoured, decreasing the number of single left-hand helix chains and residual triple-helix 

conformations. Furthermore, citric acid also influenced the diffraction reflection located 

at about 21º, whose intensity decreased as a consequence of the decrease of the single 

left-hand helix chain content. Addition of NaOH to fish gelatin solution, with a consequent 

increase of pH from 1.8 to 3.7, did not change the diffraction pattern significantly, 

whereas the thermal treatment performed on FG+NaOH mat further decreased the broad 

band at about 21º.  
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Figure 3.3 WXRD patterns of fish gelatin powder, FG, FG+NaOH and thermal treated 

FG+NaOH electrospun mats. 

 FTIR spectra of the electrospun mats obtained from FG and FG+NaOH, before 

and after the thermal treatment, were collected (Figure 3.4); fish gelatin powder was 

also collected for the sake of comparison. The broad band above 3000 cm-1, observed 

in all spectra shown in Figure 3.4a, corresponded to the hydroxyl and amino groups 

(Baniasadi et al., 2015). Some changes could be observed in FTIR spectra, in particular, 

in those bands associated to the peptide bonds in gelatin: amide I (C=O stretching), 

amide II (N-H bending), and amide III (C-N stretching). As can be seen in Figure 3.4b, 

there was a shift of these bands to higher wavenumbers from FG mat to FG+NaOH mats, 

indicating that the citric acid incorporated into the formulation caused new interactions 

between the amino groups of gelatin and the carboxyl groups of citric acid (Cui et al., 

2011), in accordance with the shift of the characteristic band related to the carboxyl group 

in citric acid from 1748 cm-1 to 1715 cm-1 (Francisco et al., 2018). 
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Figure 3.4 FTIR spectra of fish gelatin powder, FG, FG+NaOH and thermal treated 

FG+NaOH electrospun mats a) from 4000 to 800 cm-1 and b) from 1850 to 1000 cm-1. 

 The band corresponding to amide I is related to the secondary structure of the 

protein backbone and it is generally used for the quantitative analysis of secondary 

structures. Hydrogen bonding plays a significant role in stabilisation of protein secondary 

structure. Indeed, inter-peptide hydrogen bonding stabilizes secondary structures (i.e.  

α-helix and β-sheet conformations), while peptide-water hydrogen bonding competes 

against peptide bond-peptide bond hydrogen bonding. Due to the central role of 

hydrogen bonding in protein folding, the analysis of this band is of great importance 

(Figure 3.5).  

 

Figure 3.5 Curve fitting spectra of amide I band (black curve) for a) fish gelatin powder, 

b) FG, c) FG+NaOH and d) thermal treated FG+NaOH electrospun mats. 
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 The assignment of peaks in amide I band is as follows: two peaks from 1603 to 

1616 cm-1 support β-sheet conformation, the peak at 1634 cm-1 corresponds to random 

coil conformation, the peak from 1641 to 1650 cm-1 is associated to α-helix conformation, 

and the peak centered at 1670-1678 cm-1 is assigned to the β-turn conformation of the 

hairpin-folded antiparallel β-sheet structure (Table 3.1). 

Table 3.1 Resulting percentage of the curve fitting of amide I for fish gelatin powder, FG, 

FG+NaOH and thermal treated FG+NaOH electrospun mats. 

Amide I 
area 

1603-1616 cm-1 
(%) 

1634 cm-1 
(%) 

1641-1650 cm-1 
(%) 

1670-1678 cm-1 
(%) 

Fish gelatin 
powder 

20.37 - 57.00 22.63 

FG 18.75 48.73 26.54 5.98 

FG+NaOH 16.94 44.70 29.79 8.57 

FG+NaOH treated 
at 80 ºC 

16.16 44.29 30.84 8.71 

 

 As shown in Figure 3.5 and Table 3.1, electrospinning caused changes in the 

secondary structure of gelatin. While fish gelatin powder showed α-helix conformation, 

random coil was the predominant conformation for electrospun mats, in accordance with 

the results found by WXRD, which showed amorphous structure with no remaining triple-

helix structure. 

3.3 Conclusions 

 An environmentally friendly chemical strategy to successfully electrospun fish 

gelatin from a solution containing only citric acid in an aqueous solution was 

demonstrated. Citric acid was used as a benign acid to solubilise gelatin and allow the 

electrospinning process and, at the same time, as a cross-linking agent. The pH of the 

spinning solutions turned out to have a strong influence on the viscoelastic behaviour of 

the solutions, as well as on the cross-linking extent that, in turn, influenced the fibre 

morphology stability. Rheological measurements provided evidence that in all solutions 

the solid-like behaviour dominated over time, but the weak gel formed did not hinder 

electrospinnability of the solution. The solution at pH 3.7, showing higher values of G’ 
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and G’’ moduli, was characterized by a higher extent of cross-linking with respect to the 

solution at pH 1.8. Although microfibres were obtained for both FG and FG+NaOH, the 

increase of solution pH from 1.8 to 3.7 was necessary to maintain the fibrous morphology 

in the mat. A subsequent thermal treatment at 80 ºC of the electrospun mat turned out 

to significantly increase the morphological stability of the mat. The cross-linking degrees 

of the mats were in line with the morphological results (FG mat = 12%, FG+NaOH  

mat = 25%, thermally treated FG+NaOH mat = 38%). Gelatin denaturation after the 

electrospinning process was demonstrated by the absence of the diffraction band related 

to the triple-helix diameter, as expected since gelatin solubilisation in acidic solvents is 

known to prevent the partial renaturation of gelatin. FTIR characterization confirmed this 

result and demonstrated that gelatin structure changed from α-helix to random coil 

conformation as a consequence of the electrospinning process. Although further studies 

are necessary to find the best solution composition to further optimise the final 

morphology as well as the cross-linking extent of the produced mats, this work is the first 

successful attempt to produce cross-linked electrospun fish gelatin fibres through the 

use of a citric acid/water solution.  
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4.1 Summary 

 Pure fish gelatin films are brittle and hydrophilic and so, their properties need to 

be enhanced to produce competitive products (Zhuang et al., 2015). Different 

approaches, such as blending of biopolymers, manufacture of multilayers, and chemical 

cross-linking, have been used to improve the functional properties of bio-based films. 

With regard to chemical cross-linking, aldehydes have been widely used to react with 

biopolymers. However, due to their toxicity (Farjami et al., 2015; Reddy et al., 2015; Xu 

et al., 2015), natural cross-linkers are preferred. In this work, in line with the previous 

chapter, citric acid was selected to cross-link fish gelatin.  

 In chapter 3, even if the increase of solution pH up to 3.7 led to a cross-linking 

extent increase, low cross-linking degrees were achieved since this reaction is hindered 

at acidic pH. Thereby, in order to favour citric acid and gelatin cross-linking, in this 

chapter basic pH was employed to prepare gelatin films by solution casting. In this 

context, the aim of this chapter was to analyse the effect of citric acid content on optical, 

mechanical and barrier properties of fish gelatin films and relate the final properties 

achieved to the changes observed by the physicochemical analysis performed. 

Furthermore, the environmental aspects involved in the manufacture of films were 

assessed by the carbon footprint analysis. 

4.2 Results and discussion 

4.2.1 Physicochemical properties 

 In order to assess the physical properties of fish gelatin films, MC and TSM values 

were determined. As can be seen in Table 4.1, MC values were in the range of 12-16%, 

lower values than the ones found for other proteins, such as whey protein isolate 

(Azevedo et al., 2015a), which may be an advantage when intending to use these films 

as packaging films. Regarding TSM values, film solubility increased (P < 0.05) as citric 

acid content increased. Similar results have been reported for other natural polymers 
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such as xylan (Wang et al., 2014) or starch (Yoon et al., 2006). This increase in solubility 

could become an advantage when these materials are intended to be used as oral films 

for biomedical applications (Yoon et al., 2007). The increase of solubility could be due to 

the citric acid that did not react with gelatin and dissolved in water. In contrast to other 

chemical cross-linkers, such as formaldehyde and glutaraldehyde, the two most used 

cross-linkers for proteins but proved carcinogens and environmental polluters, citric acid 

is used as a food additive and thus, unreacted citric acid is accepted as a safe component 

in films (Azevedo et al., 2015b). 

Table 4.1 Moisture content (MC) and total soluble matter (TSM) values of fish gelatin 

films as a function of citric acid content. 

Film MC (%) TSM (%) 

0CA 12.5 ± 0.3a 36.8 ± 0.5a 

10CA 14.2 ± 0.2b 45.4 ± 0.8a 

20CA 16.2 ± 0.2c 50.6 ± 3.2b 

30CA 12.5 ± 0.1a 58.9 ± 1.9bc 

40CA 12.0 ± 0.2a 67.5 ± 7.9c 

a-cTwo means followed by the same letter in the same column are not significantly  

(P > 0.05) different through the Tukey’s multiple range test. 

 In order to explain the results shown above, FTIR analysis was carried out. FTIR 

spectra of the pure components used in the preparation of fish gelatin films are shown in 

Figure 4.1. The most characteristic bands of gelatin are related to C=O stretching  

(amide I) at 1632 cm-1, N-H bending (amide II) at 1527 cm-1, and C-N stretching  

(amide III) at 1238 cm-1, the broad band above 3000 cm-1 corresponding to the free and 

bounded hydroxyl and amino groups, and the absorption band at 1330 cm-1 attributable 

to CH2 wagging of proline (Guerrero et al., 2011). The main absorption bands of glycerol 

appear at the 800-1150 cm-1 region and are related to the vibrations of C-C and C-O 

bonds (Gómez-Siurana et al., 2013; Guerrero & de la Caba, 2010). In relation to citric 

acid, the typical absorption bands are located at 1690 cm-1 and 1743 cm-1 and are 

associated to free and hydrogen-bounded carboxylic groups, respectively (Cui et al., 

2011). 
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Figure 4.1 FTIR spectra of the pure components used in the preparation of fish gelatin 

films. 

Regarding citric acid-modified films, FTIR spectra are shown in Figure 4.2. As 

can be seen, 0CA and 10CA films exhibited similar spectra (Figure 4.2a), although it is 

worth noting that the relative intensity between the amide I and amide II bands changed. 

In particular, the relative intensity of the band corresponding to the amide I was lower for 

the 10CA film, as can be observed in Figure 4.2b. The effect of citric acid was more 

noticeable when higher contents were added into the formulations. Specifically, the 

amide I and amide II bands joined and became one band, the intensity of the band at 

1390 cm-1 remarkably increased, and the broad band above 3000 cm-1 split into two 

bands. 

Figure 4.2 FTIR spectra of pure citric acid and fish gelatin films as a function of citric 

acid content a) in the 4000-800 cm-1 range and b) in the 2000-800 cm-1 range. 
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When citric acid was incorporated into the film forming solutions, the peak at 

1743 cm-1 disappeared, as can be seen in Figure 4.2b, indicating the reaction between 

the carboxylic groups of citric acid and the amino groups of gelatin. When reacting these 

two groups, both imide and amide formation are theoretically possible (Cui et al., 2011), 

as shown in Figure 4.3. 
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Figure 4.3 Chemical reaction between gelatin and citric acid. 

When the imide is formed, a peak at 1770 cm-1, corresponding to the carbonyl 

group, appears. In contrast, the peak related to the carbonyl group in the amide appears 

at 1625 cm-1. Considering that no peak was observed at 1770 cm-1 in the spectra 

obtained for the citric acid-modified films, results suggest that no imide but amide was 

formed as a consequence of the chemical reaction between gelatin and citric acid, as 

reported by other authors (Xu et al., 2015). Indeed, nucleophilic substitution was the 

proposed mechanism for the reaction between gliadin (used as a protein model to study 

the reaction) and citric acid. In our work, gelatin films were prepared at basic conditions 

(pH = 10) and thus, carboxylic groups in citric acid were in the form of carboxylates. 

According to Xu et al. (2015), the amine group of protein attacks one of the carboxyl 

groups of citric acid and forms an amide linkage. If more than one of the carboxylic 

groups of citric acid reacts, gelatin cross-links, as shown in Figure 4.4. 
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Figure 4.4 Mechanism for the reaction between gelatin and citric acid at basic pHs. 

4.2.2 Optical properties 

Optical properties, such as gloss, colour and transparency, were determined and 

are shown in Table 4.2. As can be seen, gloss values significantly (P < 0.05) decreased 

by the addition of citric acid. Since gloss is related to surface roughness (Acosta et al., 

2015; Etxabide et al., 2015), these results indicate that the incorporation of acid into film 

forming solutions caused the formation of rougher surfaces as a consequence of the 

reaction between gelatin and citric acid, which involves the rearrangement of protein 

chains. 

Table 4.2 Gloss, colour and transparency values of fish gelatin films as a function of citric 

acid content. 

Film 
Gloss 
(GU) 

L* a* b* E* Transparency 

0CA 143 ± 19a 96.0 ± 0.5a -0.11 ± 0.03a 2.68 ± 0.09a 0.50 ± 0.01a 

10CA 49 ± 2b 96.0 ± 0.1a -0.14 ± 0.03a 2.71 ± 0.08a 0.17 ± 0.12a 0.65 ± 0.01a 

20CA 45 ± 1b 96.0 ± 0.1a -0.17 ± 0.02ab 2.87 ± 0.08a 0.22 ± 0.12a 1.56 ± 0.04b 

30CA 41 ± 1b 96.2 ± 0.1a -0.22 ± 0.05b 2.67 ± 0.10a 0.14 ± 0.01a 6.13 ± 0.07c 

40CA 17 ± 1c 96.3 ± 0.3a -0.20 ± 0.03b 2.69 ± 0.08a 0.30 ± 0.16a 6.38 ± 0.41c 

a-cTwo means followed by the same letter in the same column are not significantly 

(P > 0.05) different through the Tukey’s multiple range test. 
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 Besides gloss, colour and transparency were analysed. Concerning colour, L*, a* 

and b* values were determined. As can be seen, there was no significant change  

(P > 0.05) in L* and b* parameters and only a* values slightly changed (P < 0.05) at high 

citric acid contents (30CA and 40CA). However, no significant change (P > 0.05) was 

observed in ΔE* values, indicating that the cross-linking reaction between gelatin and 

citric acid aforementioned did not change colour, in contrast to other natural cross-

linkers, such as sucrose or lactose, that cause a yellowing or even browning of gelatin 

films (Guerrero et al., 2012). Moreover, all films were transparent, although transparency 

decreased (P < 0.05) as citric acid content increased, especially for 30CA and 40CA 

films, suggesting a citric acid content in excess, as also mentioned when analysing TSM 

values. While gloss is related to surface roughness and it is not affected by citric acid 

content, transparency is related to internal microstructure (Acosta et al., 2015). 

Therefore, results suggest that non cross-linked citric acid affected the film structure and 

thus, transparency values. 

4.2.3 Barrier properties 

 In addition to transparency, UV-vis spectroscopy was used to determine light 

resistance of fish gelatin films. As can be seen in Figure 4.5, gelatin films provided 

excellent UV barrier from 200 to 250 nm, irrespective of citric acid content. This is due to 

the chromophore groups presented in gelatin, in particular, tyrosine and phenylalanine 

amino acids (Gómez-Guillén et al., 2009). Furthermore, as citric acid content increased, 

UV absorbance from 250 to 280 nm increased due to the carboxyl and hydroxyl groups 

of citric acid that act as auxochrome groups (Jadhav & Phugare, 2012). 
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Figure 4.5 UV-vis spectra of fish gelatin films as a function of citric acid content. 

 Regarding water resistance, WCA values were lower than 90º, as can be seen in 

Table 4.3, so films showed a hydrophilic character (Bharathidasan et al., 2015). 

However, increasing citric acid content did not significantly (P > 0.05) affect WCA values 

up to 30 wt % citric acid. These results support the fact that acid contents higher than  

20 wt % result in citric acid in excess that remains non-reacted, providing films with higher 

hydrophilicity (P < 0.05) and solubility, as previously shown by TSM values. In particular, 

water droplet was fully absorbed in 40CA films. In a similar manner to WCA values, WVP 

values were not significantly (P > 0.05) affected by citric acid up to the highest acid 

content. 

Table 4.3 Water contact angle (WCA) and water vapour permeability (WVP) values of 

fish gelatin films as a function of citric acid content. 

Film WCA (º) WVP 1012 (g cm-1 s-1 Pa-1) 

0CA 79 ± 10a 2.22 ± 0.22a 

10CA 77 ± 3a 2.53 ± 0.45ab 

20CA 75 ± 10a 2.53 ± 0.03ab 

30CA 55 ± 4b 2.56 ± 0.14ab 

40CA 0 3.21 ± 0.33b 

a-bTwo means followed by the same letter in the same column are not significantly  

(P > 0.05) different through the Tukey’s multiple range test. 
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4.2.4 Mechanical properties 

 The addition of citric acid improved mechanical properties of fish gelatin films. As 

can be seen in Figure 4.6, TS significantly (P < 0.05) increased when citric acid was 

added, regardless of acid content. The increase of TS indicated that the new interactions 

induced by the reaction occurred between citric acid and gelatin were stronger than the 

interactions between gelatin chains. EB values also increased (P < 0.05) with citric acid 

addition up to 20 wt %. These results are in accordance with TSM and WCA results, 

which indicated that the addition of citric acid contents higher than 20 wt % provided citric 

acid in excess, which remained non-reacted. 
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Figure 4.6 Tensile strength (TS) and elongation at break (EB) values of fish gelatin films 

as a function of citric acid content.  

a-cTwo means followed by the same letter in the same graphic are not significantly  

(P > 0.05) different through the Tukey’s multiple range test. 

4.2.5 Environmental assessment 

 Considering the potential application of the films as packaging films, 1 m2 was 

the functional unit selected to perform the environmental assessment, in which three 

stages were taken into account, specifically, raw material extraction, film manufacture, 

and the end of life.  

 With regard to the raw material extraction, the environmental charge associated 

to the extraction of gelatin from fish skins derived from wastes from fish processing 

industries was considered. Briefly, the extraction method chosen for the environmental 
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analysis consists of a mild swelling, firstly in sodium hydroxide and afterwards, in acetic 

acid. Then, gelatin extraction is carried out in distilled water at 70 ºC during 90 min and 

finally, the sample is dried in an oven for 18 h at 50 ºC. 

 Concerning film manufacture, fish gelatin films were prepared in our laboratories 

by solution casting. Film forming solutions were prepared as described in 2.4.2 section. 

When assessing the environmental impact of this stage, materials employed and energy 

(heat and electricity) consumed were considered. 

 In relation to the end of life, composting was considered as the disposal scenario 

after the film use. This waste treatment, based on the aerobic degradation of the organic 

waste, was considered self-sufficient from the energetic point of view, so no electric 

consumption was taken into account.  

 Data related to those three stages were processed and associated with 

environmental impacts using IPCC 2007, developed by the International Panel on 

Climate Change (IPCC). This method lists the climate change factors in three time 

horizons (20, 100 and 500 years) to perform the carbon footprint, expressed in terms of 

global warming potential (GWP) for 100 years in this study. 

 As can be seen in Figure 4.7, the raw material extraction was the stage that 

exhibited the highest GWP. The energetic consumption of gelatin extraction was the 

main contribution to the carbon footprint in this stage. The energy consumed during the 

film manufacture was also the factor that mainly contributed to the environmental impact 

in this stage. As also shown by other authors (Hervy et al., 2015), further improvements 

are needed to demonstrate the environmental benefits of renewable materials. 

Nevertheless, in contrast to the aforementioned stages, GWP values were negative in 

the stage related to the end of life, giving rise to a positive environmental effect, since 

compost is obtained as a valuable product. 
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Figure 4.7 Carbon footprint for fish gelatin films. 

4.3 Conclusions 

 Citric acid-modified fish gelatin films were prepared and characterized in this 

chapter. All films were transparent and homogenous. The changes observed in film 

properties suggested cross-linking in gelatin systems due to the incorporation of citric 

acid in film forming solutions. This cross-linking was supported by FTIR analysis, which 

indicated the reaction between gelatin and citric acid. As a consequence of this reaction, 

the films modified with citric acid contents up to 20 wt % showed enhanced mechanical 

properties, since both TS and EB increased. However, higher acid contents provided 

citric acid in excess that remained non-reacted in the system. In addition to the 

assessment of functional properties, the sustainability of the films from the raw material 

extraction to their end of life was considered. The environmental assessment revealed 

that composting was a beneficial waste treatment after disposal of these renewable films, 

as shown by the negative GWP values provided by the carbon footprint measurements. 
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5.1 Summary 

 Since microbial contamination is considered one of the main causes of spoilage 

leading to food quality deterioration (Clarke et al., 2017), the development of active films 

is attracting much attention in the field of food science and technology. Citric acid 

employed in previous chapters can work as an active compound since its antimicrobial 

character has been reported in some works (Denghani et al., 2018; Kim & Rhee, 2015; 

Olaimat et al., 2017). Therefore, in this chapter, citric acid was added as an antimicrobial 

agent and, specifically, 10 and 20 wt % citric acid concentrations were selected, 

considering that acid contents higher than 20 wt % provided acid in excess, as shown in 

chapter 4. In addition to its antimicrobial character, citric acid provides mild acidity 

conditions and dissolves the chitosan used as an antimicrobial agent, whose 

antibacterial activity is attributed to the positively charged amino groups that interact with 

the negatively charged surface of bacteria (Bano et al., 2017; Ganesan, 2017). 

 The development of fish gelatin/chitosan films (BenBettaïeb et al., 2015; Gómez-

Estaca et al., 2011), as well as the effects of the incorporation of active compounds, such 

as plant extracts (Benbettaïeb et al., 2016; Bonilla & Sobral, 2016) and essential oils 

(Hosseini et al., 2015; Kakaei & Shahbazi, 2016) into film forming formulations have been 

documented. However, to the best of our knowledge no manuscript has been focused 

on the effects of both citric acid and chitosan on the functional properties of fish  

gelatin-based films. Therefore, the combined effect of citric acid and chitosan on the 

antibacterial activity of the films and on their physicochemical, thermal, optical, barrier 

and mechanical properties was analysed in this chapter. 

5.2 Results and discussion 

5.2.1 Physicochemical properties 

 The effect of chitosan and citric acid in fish gelatin films was assessed by FTIR 

analysis. As can be seen in Figure 5.1, the most noticeable change occurred in the 
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relative intensity between the band corresponding to amide I (C=O stretching at  

∼ 1630 cm-1) and the one associated to amide II (N-H bending coupled with C-N 

stretching at  ∼ 1540 cm-1) (Muyonga et al., 2004). In particular, the intensity of the  

amide I band was higher than that of the amide II for the control film (0CA0CHI); however, 

the difference in the relative intensity of these two bands became smaller for the films 

with 10 wt % citric acid (10CA0CHI and 10CA9CHI), similar for the films with 20 wt % 

citric acid without chitosan (20CA0CHI), and the intensity of the amide II band became 

larger with respect to that of amide I for the films with 20 wt % citric acid and 9 wt % 

chitosan (20CA9CHI). 
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Figure 5.1 FTIR spectra of the control film (0CA0CHI), the films with 10 or 20 wt % citric 

acid without chitosan (10CA0CHI and 20CA0CHI) and the films with 9 wt % chitosan 

(10CA9CHI and 20CA9CHI).  

 According to Lagaron et al. (2007), the band at ∼ 1540 cm-1 can be related to the 

biocide activity of chitosan associated to the protonated amino groups and, thus, a 

relative increase of this band might indicate an increase of the antibacterial capacity of 

the films, as corroborated below by the antimicrobial assessment. Additionally, the band 

at ∼ 1400 cm-1 has been also associated to biocide activity related to carboxyl groups 
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(Lagaron et al., 2007; Leceta et al., 2013). As can be seen in Figure 5.1, the relative 

intensity of this band with respect to the band at 1450 cm-1 was lower for the films without 

citric acid and chitosan (0CA0CHI), became similar for the films with 10 wt % citric acid 

(10CA0CHI and 10CA9CHI) and larger for the films with 20 wt % citric acid, especially 

for the films with 9 wt % chitosan (20CA9CHI), in accordance with the antimicrobial 

results shown in Figure 5.7. Furthermore, the bands in the 1100-1000 cm-1 region 

became a single band for the 20CA9CHI film. 

 These differences in the relative intensity of FTIR bands suggest different 

interactions among the polar groups of the formulation components (fish gelatin, citric 

acid, chitosan and glycerol) depending on chitosan, but mainly on citric acid content. The 

interactions between gelatin and chitosan are mainly produced by hydrogen bonding 

between carboxyl, amino and hydroxyl groups of gelatin and amino and hydroxyl groups 

of chitosan (Gómez-Estaca et al., 2011). These interactions seem to be influenced by 

the citric acid content incorporated into the film forming solutions; therefore, in order to 

further analyse the effect of citric acid and chitosan on the protein structure, the curve 

fitting of the amide I band was carried out. 

 The amide I profile of gelatin contains three major components: a band 

associated to the α-helix/random coil conformation at 1650 cm-1, and two bands 

corresponding to the β-sheet conformation at 1615-1630 cm-1 and 1680-1700 cm-1 

(Etxabide et al., 2016b; Guerrero et al., 2014). As can be seen in Table 5.1, no difference 

was observed in the protein structure with respect to the control film (0CA0CHI) when  

10 wt % citric acid was incorporated (10CA0CHI); however a decrease in the content of 

the β-sheet conformation and an increase of the α-helix/random coil conformation was 

observed when 20 wt % citric acid was incorporated (20CA0CHI), indicating the great 

influence of citric acid content in the protein structure. Furthermore, the difference 

between the contents of β-sheet and α-helix/random coil conformations was bigger for 

the films prepared with 20 wt % citric acid, which showed higher content of  
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α-helix/random coil than the films prepared with 10 wt % citric acid. This behaviour could 

be due to a partial gelatin renaturation (Sow & Yang, 2015), which could be favoured in 

the presence of higher citric acid contents due to the plasticizing effect of citric acid, as 

shown below when mechanical properties are analysed. 

Table 5.1 Protein conformations in fish gelatin films prepared with different contents of 

citric acid and chitosan. 

Protein conformation Film Content (%) Film Content (%) 

-sheet 
(1615-1630 cm-1) 

0CA0CHI 42 0CA0CHI 42 

10CA0CHI 43 20CA0CHI 29 

10CA3CHI 41 20CA3CHI 22 

10CA6CHI 36 20CA6CHI 23 

10CA9CHI 35 20CA9CHI 25 

α-helix/random coil 
(1650 cm-1) 

0CA0CHI 54 0CA0CHI 54 

10CA0CHI 53 20CA0CHI 68 

10CA3CHI 55 20CA3CHI 74 

10CA6CHI 60 20CA6CHI 72 

10CA9CHI 61 20CA9CHI 69 

β-sheet 
(1680-1700 cm-1) 

0CA0CHI 4 0CA0CHI 4 

10CA0CHI 4 20CA0CHI 2 

10CA3CHI 4 20CA3CHI 4 

10CA6CHI 4 20CA6CHI 5 

10CA9CHI 4 20CA9CHI 5 

 

 The protein structure was also affected by the addition of chitosan. Specifically, 

the content of β-sheet decreased and the content of α-helix/random coil increased with 

the incorporation of chitosan. However, the changes observed when chitosan content 

increased were different for the films prepared with 10 or 20 wt % citric acid. In particular, 

β-sheet content decreased and α-helix/random coil content increased when chitosan 

content increased in the films prepared with 10 wt % citric acid, while the opposite trend, 

increase of β-sheet content and decrease of α-helix/random coil content, was observed 

for the films with 20 wt % citric acid. These results indicate the different extension of 

hydrogen bonding and, as a consequence, the different network formed as a function of 

the citric acid content in the film forming formulations. 
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 The MC and TSM of the films were also analysed and values are shown in  

Table 5.2. On the one hand, all films showed mean MC values from 11.21 to 13.41%, in 

agreement with the weight loss associated to the first step of TGA curves (Figure 5.5). 

On the other hand, TSM values were around 40%, probably due to the dissolution of 

glycerol and citric acid, since the interactions among these components and the 

biopolymers used in this chapter (fish gelatin and chitosan) occurred by hydrogen 

bonding, as indicated by FTIR analysis (Figure 5.1). It is worth noting that all films 

maintained their integrity. Although no significant (P > 0.05) change was observed for 

the films with 10 wt % citric acid, in the case of the films with 20 wt % citric acid, the 

addition of chitosan significantly (P < 0.05) decreased film solubility, as also shown by 

other authors for gelatin-chitosan films (Gómez-Estaca et al., 2011; Hosseini et al., 2013; 

Matiacevich et al., 2013). 

Table 5.2 Moisture content (MC) and total soluble matter (TSM) of fish gelatin films 

prepared with different contents of citric acid and chitosan. 

Film MC (%) TSM (%) 

0CA0CHI 11.21 ± 0.33d 37.33 ± 1.05b 

10CA0CHI 12.33 ± 0.05a 44.96 ± 1.97a 

10CA3CHI 12.15 ± 0.06b 38.67 ± 0.87a 

10CA6CHI  12.20 ± 0.06ab 45.78 ± 1.76a 

10CA9CHI 11.93 ± 0.06c 42.71 ± 4.68a 

0CA0CHI 11.21 ± 0.33c 37.33 ± 1.05c 

20CA0CHI 13.46 ± 0.09a 44.73 ± 1.86a 

20CA3CHI  13.32 ± 0.03ab  42.99 ± 2.01ab 

20CA6CHI 13.41 ± 0.10a  41.34 ± 0.82ab 

20CA9CHI 12.96 ± 0.24b 40.27 ± 1.30b 

a-dTwo means followed by the same letter in the same section and column are not 

significantly (P > 0.05) different through the Tukey’s multiple range test. 

 Since the swelling behaviour is indicative of cross-linking, the swelling values of 

the films were measured. First of all, the effect of citric acid was analysed and the 

swelling curves are shown in Figure 5.2. In general, gelatin films swell rapidly at short 

times but the swelling rate slows down at longer times (Gordon et al., 2010). In the case 

of 0CA0CHI film, the swelling increased up to values next to 2000%, whereas the 
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swelling values for the films prepared with citric acid were below 600% after 24 h. The 

increase of citric acid content from 10 to 20 wt % decreased swelling values. It is worth 

noting that the citric acid incorporated films maintained their integrity up to the end of the 

swelling test and the hydrated films obtained were flexible. 
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Figure 5.2 Swelling behaviour of the control film (0CA0CHI) and the fish gelatin films 

prepared with 10 wt % citric acid (10CA0CHI) or 20 wt % citric acid (20CA0CHI) without 

chitosan. 

 Regarding the effect of chitosan addition, swelling curves for the films prepared 

with chitosan are shown in Figure 5.3, in which two stages can be distinguished. The 

first stage until 420 min showed a fast swelling up to 460-620% for the films prepared 

with 10 wt % citric acid and up to 400-470% for the films prepared with 20 wt % citric 

acid. In all cases, the highest values were measured for the films without chitosan, 

suggesting that the incorporation of chitosan promoted the interactions with the polar 

groups of the formulation components, so less polar groups were accessible to interact 

with water molecules, leading to a lower swelling degree. This trend was maintained for 

the films prepared with 10 wt % citric acid until the end of the swelling test, when constant 

swelling values were reached. These final swelling values decreased from 825 to 750% 
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when chitosan content increased from 0 to 9 wt %. In contrast, this trend was reversed 

for the films prepared with 20 wt % citric acid. These results are in agreement with the 

different protein structures developed in the films with 10 or 20 wt % citric acid, as 

previously shown by FTIR analysis in Table 5.1. 
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Figure 5.3 Swelling behaviour of the films prepared with different citric acid and chitosan 

contents. 

5.2.2 Thermal properties 

 In order to relate the physicochemical changes observed as a function of citric 

acid and chitosan content to thermal properties, DSC measurements were carried out 

and the curves obtained are shown in Figure 5.4. As can be seen, the most noticeable 

change occurred when citric acid or chitosan was incorporated, regardless of the 

chitosan content added. In relation to the films with 10 wt % citric acid (Figure 5.4a), all 

films, except the film with the highest chitosan content (10CA9CHI), showed one single 

band related to water evaporation. As can be seen, the maximum of this band shifted 

from 83 to 95 ºC when citric acid was incorporated into the formulation, and from 95 to 

107 ºC when chitosan content increased from 0 to 9 wt %. These results are indicative 

of the interactions of citric acid and chitosan with gelatin, which would hinder water 
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evaporation. Furthermore, the film with 9 wt % chitosan showed a second peak around 

220 ºC, associated to chitosan deacetylation (Almeida et al., 2010). In contrast, all the 

films prepared with 20 wt % citric acid and chitosan (Figure 5.4b) showed two peaks. 

Moreover, the maximum temperature corresponding to this second peak decreased 

when chitosan content increased, which can be related to the decrease of  

α-helix/random coil conformation from 3 to 9 wt % chitosan content, as shown in  

Table 5.1. 

 

Figure 5.4 DSC thermograms of the films prepared with a) 10 wt % citric acid and  

b) 20 wt % citric acid and different chitosan contents in comparison to the control film 

(0CA0CHI).  

 Regarding TGA, derivative thermo-gravimetric (DTG) curves are shown in  

Figure 5.5, with the weight loss curves in the inset. As can be seen, there are three main 

weight loss steps. The first one around 100 ºC is related to water evaporation, as also 

shown by DSC in Figure 5.4, and its value was around 10%, in accordance with the MC 

values shown in Table 5.2. The second weight loss step appeared around 250 ºC and it 

is associated to the evaporation of glycerol (Castelló et al., 2009) and the decomposition 

of citric acid (Choppali & Gorman, 2008). The maximum temperature corresponding to 

this second step appeared at lower temperatures for the films prepared with 20 wt % 

citric acid, which could be related to the different structure of the network formed as a 

function of citric acid content, as previously shown by FTIR results (Table 5.1); in 
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contrast, the highest value was observed for 0CA0CHI film. Finally, the main weight loss 

step appeared at 310-320 ºC and it corresponds to fish gelatin (Mohajer et al., 2017) and 

chitosan degradation (Corazzari et al., 2015). Films showed a residual mass around 

30%, except the control film, which showed a residual mass around 20%. 

 

Figure 5.5 Weight loss and DTG curves of the films prepared with a) 10 wt % citric acid 

and b) 20 wt % citric acid and different chitosan contents in comparison to the control 

film (0CA0CHI).  

5.2.3 Optical properties 

 In addition to the physicochemical and thermal behaviour, the properties related 

to the appearance of the films were analysed, in particular, colour, gloss and 
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transparency. As can be seen in Table 5.3, CIELab colour parameters were similar for 

all films regardless of citric acid and chitosan content. As a consequence, the total colour 

difference was lower than 1 for all the films, indicating that there was no visual colour 

difference produced by the incorporation of additives into the formulations. 

Table 5.3 CIELab colour parameters (L*, a*, b*) and total colour difference (ΔE*) for fish 

gelatin films prepared with different contents of citric acid and chitosan. 

Film L* a* b* ΔE* 

0CA0CHI 96.81 ± 0.17a  -0.05 ± 0.02b 2.36 ± 0.03b - 

10CA0CHI 96.48 ± 0.07b 0.00 ± 0.02a 2.26 ± 0.04a 0.34 ± 0.07a 

10CA3CHI 96.17 ± 0.22c -0.05 ± 0.01b 2.42 ± 0.11b 0.64 ± 0.12b 

10CA6CHI 96.03 ± 0.14c -0.12 ± 0.02c 2.52 ± 0.06b  0.80 ± 0.09c 

10CA9CHI 96.04 ± 0.05c -0.20 ± 0.02d 2.77 ± 0.08c 0.88 ± 0.06c 

0CA0CHI 96.81 ± 0.17a  -0.05 ± 0.02b 2.36 ± 0.03b - 

20CA0CHI 96.69 ± 0.04a -0.06 ± 0.01a 2.27 ± 0.05a 0.15 ± 0.05b 

20CA3CHI  96.51 ± 0.12ab -0.17 ± 0.01b 2.47 ± 0.05c 0.34 ± 0.11a 

20CA6CHI  96.50 ± 0.19ab -0.19 ± 0.01c 2.58 ± 0.05d  0.41 ± 0.09a 

20CA9CHI 96.12 ± 0.36b -0.28 ± 0.02d 2.79 ± 0.02e 0.84 ± 0.06b 

a-eTwo means followed by the same letter in the same section and column are not 

significantly (P > 0.05) different through the Tukey’s multiple range test. 

 Regarding gloss values (Table 5.4), the most significant difference occurred 

when chitosan was incorporated into the formulations, which caused a significant  

(P < 0.05) decrease in gloss values. In spite of the gloss decrease, the films prepared 

with 10 wt % citric acid maintained a glossy surface with values around 100 GU, 

regardless of chitosan content, indicative of a smooth surface. In contrast, the surface of 

the films prepared with 20 wt % citric acid changed from smooth to rough with the 

incorporation of chitosan, although chitosan content did not significantly (P > 0.05) affect 

the gloss values. These variations between the films prepared with 10 or 20 wt % citric 

acid are in accordance with the different physicochemical properties shown in  
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5.2.1 section. Finally, concerning transparency, fish gelatin films did not absorb light at 

600 nm, as can be seen by the low transparency values shown in Table 5.4, so it can be 

said that films were transparent regardless of citric acid and chitosan content. 

Table 5.4 Gloss and transparency values of fish gelatin films prepared with different 

contents of citric acid and chitosan. 

Film Gloss (GU) Transparency 

0CA0CHI 145.5 ± 5.7a 0.66 ± 0.01a 

10CA0CHI 155.0 ± 0.7a 1.18 ± 0.05b 

10CA3CHI 100.5 ± 2.3b  1.38 ± 0.05bc 

10CA6CHI    98.1 ± 3.4bc 0.85 ± 0.06a 

10CA9CHI   96.3 ± 0.5c 1.63 ± 0.17c 

0CA0CHI 145.5 ± 5.7a 0.66 ± 0.01a 

20CA0CHI 127.8 ± 3.2b 0.71 ± 0.03a 

20CA3CHI 38.5 ± 0.5c  1.63 ± 0.03bc 

20CA6CHI 26.7 ± 3.7c 1.43 ± 0.16b 

20CA9CHI 25.9 ± 1.1c 1.74 ± 0.08c 

a-cTwo means followed by the same letter in the same section and column are not 

significantly (P > 0.05) different through the Tukey’s multiple range test. 

5.2.4 Barrier and mechanical properties 

 Regarding light barrier properties, UV-vis spectra are shown in Figure 5.6. As 

can be seen, films provided UV light barrier from 200 to 250 nm, thanks to tyrosine and 

phenylalanine amino acid residues in gelatin (Gómez-Guillén et al., 2009; Nagarajan et 

al., 2015). Moreover, UV light absorbance in the 250-280 nm range increased with the 

incorporation of citric acid and with the increase of chitosan content due to the carboxyl 

and hydroxyl auxochrome groups of them (Jadhav & Phugare, 2012). 
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Figure 5.6 UV-vis spectra of the films prepared with a) 10 wt % citric acid and b) 20 wt 

% citric acid and different chitosan contents in comparison to the control film (0CA0CHI).  

 Film hydrophobicity was analysed by the measurement of water contact angles 

(Karbowiak et al., 2006; Kokoszka et al., 2010; Oymaci & Altinkaya, 2016). As shown in 

Table 5.5, WCA values increased by the incorporation of citric acid or chitosan with 

respect to the control film, leading to hydrophobic surfaces. These values did not 

significantly (P > 0.05) change with chitosan content for the films prepared with 10 wt % 

citric acid, while WCA values significantly (P < 0.05) increased for the films with 20 wt % 

citric acid when chitosan increased from 0 to 9%, reaching a similar value for the films 

with 9 wt % chitosan, regardless of citric acid content. This increase in the hydrophobic 

character of the films can be related to the interactions among polar groups shown by 

FTIR analysis, which hinder the orientation of polar groups towards the surface. Finally, 

regarding WVP, similar values were found for all films, indicating that the addition of citric 

acid and chitosan did not unfavourably affect the film WVP. Water vapour permeability 

is a two-step process that includes water vapour sorption and water vapour diffusion 

(Roy et al., 2000). The latter depends on protein structure, which changes as a function 

of the interactions of protein polar groups, causing the depart from the expected 

behaviour (Su et al., 2010), as shown by WVP values in this chapter. 
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Table 5.5 Barrier properties (water contact angle, WCA; water vapour permeability, 

WVP) and mechanical properties (tensile strength, TS; elongation at break, EB) of fish 

gelatin films prepared with different contents of citric acid and chitosan. 

Film 
WCA  

(º) 
WVP·1012  

(g·cm-1·s-1·Pa-1) 
TS 

(MPa) 
EB 
(%) 

0CA0CHI 71 ± 4a 1.9 ± 0.1a 68 ± 5a 8 ± 2a 

10CA0CHI 112 ± 10b 1.8 ± 0.2a 39 ± 2b 23 ± 3b 

10CA3CHI 100 ± 14b  2.5 ± 0.5b 35 ± 1b 18 ± 3c 

10CA6CHI 125 ± 13b 2.6 ± 0.2b 30 ± 3c 15 ± 3c 

10CA9CHI 118 ± 3b  2.6 ± 0.3b 28 ± 2c 5 ± 1a 

0CA0CHI 71 ± 4a 1.9 ± 0.1a 68 ± 5a 8 ± 2a 

20CA0CHI 78 ± 5b 2.1 ± 0.3a 29 ± 4b 17 ± 1b 

20CA3CHI 64 ± 4a 2.3 ± 0.3a 33 ± 2c 22 ± 3c 

20CA6CHI 86 ± 2b 2.5 ± 0.4a 35 ± 3c 18 ± 2b 

20CA9CHI 114 ±1c 2.7 ± 0.5a 39 ± 3d 22 ± 2c 

a-dTwo means followed by the same letter in the same section and column are not 

significantly (P > 0.05) different through the Tukey’s multiple range test. 

 As displayed in Table 5.5, mechanical properties were also influenced by the 

addition of citric acid. Since the residual free citric acid can act as plasticizer (Shi et al., 

2008), TS significantly (P < 0.05) decreased, while EB significantly (P < 0.05) increased 

when citric acid was added. This effect was more pronounced when chitosan was 

incorporated into the films with 10 wt % citric acid. However, the effect of chitosan on the 

films prepared with 20 wt % citric acid was different, since both TS and EB values 

increased when chitosan content was increased. This behaviour is in agreement with the 

different physicochemical properties shown in 5.2.1 section. The mechanical 

performance, especially for the films prepared with 20 wt % citric acid, was better than 

that observed for gelatin/chitosan films with other organic acids, such as gallic acid (Rui 

et al., 2017) or ferulic acid (Benbettaïeb et al., 2015). 

5.2.5 Antibacterial assessment 

 The antimicrobial activity of films was evaluated against E. coli and results are 

shown in Figure 5.7. Although free citric acid has been found to be active against some 

bacteria (Mahmoud, 2014), including E.coli (Firouzabadi et al., 2014), films prepared with 



5 Composite films 

 

90 
 

citric acid showed a slight (P < 0.05) reduction of bacterial growth, probably due to the 

fact that citric acid interacted with gelatin, as shown by FTIR results. The incorporation 

of chitosan significantly (P < 0.05) decreased the bacterial growth for the films with  

10 wt % citric acid, regardless of chitosan content. In contrast, the increase of chitosan 

content promoted a further decrease (P < 0.05) of bacterial growth for the films prepared 

with 20 wt % citric acid, in accordance with the FTIR analysis carried out (Figure 5.1). 
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Figure 5.7 Antibacterial activity of the films prepared with a) 10 wt % citric acid and  

b) 20 wt % citric acid and different chitosan content.  

a-eTwo means followed by the same letter in the same graphic are not significantly  

(P > 0.05) different through the Tukey’s multiple range test. 

5.3 Conclusions  

 The incorporation of citric acid into gelatin film forming solutions decreased the 

swelling of the resulting films, which were flexible and easy to handle. This behaviour 

could be explained by the new interactions of citric acid with gelatin and glycerol, as 

shown by FTIR analysis, which suggested the great influence of citric acid content on 

protein structure and antibacterial activity. In particular, a reduction in the growth of E. 

coli was shown especially for those films prepared with 20 wt % of citric acid and 9 wt % 

of chitosan, indicating the combined effect of citric acid and chitosan as natural 
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antimicrobial compounds. The resulting films were transparent, colourless and showed 

good UV barrier properties and hydrophobic surfaces, essential properties for food 

packaging applications, highlighting the potential use of these films as active packaging. 
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6.1 Summary 

 Active and intelligent packaging can play a relevant role to reduce food waste. In 

this regard, apart from antimicrobial agents, a wide series of antioxidant compounds are 

used in food packaging materials (Yildirim et al., 2018). Even if most of the employed 

antioxidants are synthetic molecules, natural compounds can also be used, among them, 

anthocyanins, blue, red or purple pigments found in plants, especially in flowers, fruits 

and tubers (Gómez-Estaca et al., 2014; Khoo et al., 2017; Stoll et al., 2017). As an 

example, anthocyanins contained in red cabbage can be mentioned; the annual world 

production of this vegetable is approximately 68 million tonnes of fresh heads from  

3.1 million ha, in more than 130 countries (Demirbas, 2016), and a huge amount of 

residues with a high antioxidant content are obtained from this large-scale production. It 

is worth highlighting that besides their antioxidant activity, phenolic antioxidants possess 

therapeutic benefits, such as anti-cancer, anti-inflammatory and cardioprotective effects, 

which make them value-added bioactives (Kim et al., 2009; Yates et al., 2017). 

 The aims of this chapter were to extract and analyse anthocyanins from red 

cabbage as well as to use them as antioxidants in gelatin film forming formulations. 

Concerning the manufacturing of antioxidant packaging, in recent years, different 

production techniques have been employed (Tatara, 2017); however, research on 

industrial scale production methods, such as extrusion or compression, which are faster 

and more efficient than traditional casting method, is still needed. In this regard, 

compression moulding was successfully used in this work with the aim of reducing the 

production times of gelatin films. Moreover, since antioxidant activity could be affected 

by the processing conditions used (Lin & Zhou, 2018; Wong & Siow, 2015), manufacture 

parameters were carefully selected. 

 Overall, the red cabbage extract identity and pH sensitivity were discussed, and 

films structural, optical, mechanical and barrier properties were studied. Furthermore, 

the antioxidant activity of anthocyanin powders and anthocyanin-containing films was 
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assessed by DPPH radical scavenging, and results were compared with those obtained 

for α-tocopherol, a widely employed natural antioxidant. 

6.2 Results and discussion 

6.2.1 Qualitative characterization of anthocyanins 

 The results of identification of anthocyanins from red cabbage are shown in 

Figure 6.1 and Table S1 (Supplementary data). These antioxidants are a sub-group 

within the flavonoids and they naturally occur as glycosides of flavylium  

(2-phenylbenzopyrylium) salts (Azeredo et al., 2016). The compounds were identified 

based on the analysis and comparison of retention times and spectra of the individual 

peaks of the anthocyanin extract of red cabbage, on the basis of spectral data (UHPLC-

Q-TOF-MS/MS).  
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Figure 6.1 Diode-Array Detection (DAD) chromatogram of red cabbage extract at  

499 nm.  

 In the red cabbage extract, 31 peaks related with 11 anthocyanin compounds 

were identified (Figures S1-S11, Supplementary data). After the fragmentation of all 

compounds in the red cabbage extract, results showed that the extract was a rich source 
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of cyanidin (Cy) based anthocyanins, with various mono- and di-acylating groups. The 

identified anthocyanins were singly and doubly acylated, mainly with ferulic and sinapic 

acids. The 31 hydroxycinnamic acid derivatives include mainly residues of p-coumaric, 

ferulic and sinapic acids or their hydrated forms. Ferulic and sinapic acids were attached 

to the tetraglucosides, triglucosides, (synapoyl)tetraglucosides and 

(sinapoyl)triglucosides of cyanidin. Among the major anthocyanin compounds detected, 

Cy-3-(SinSin)-diGlc-5-Glc was the most abundant one (Figure 6.1 and Table S1, 

Supplementary data). According to Wu & Prior (2005a), red cabbage is a great source 

of acylated anthocyanins, which may constitute up to 85% of all anthocyanins of this raw 

material, as confirmed in this study, in which there was only one non-acylated 

anthocyanin, Cy-3-diGlc-5-Glc.  

 It is worth noting that around 150 different anthocyanins are known currently in 

nature (Ortíz et al., 2011). Specifically, in the case of red cabbage extracts, other authors 

have detected from 9 to 36 anthocyanins (Mizgier et al., 2016). In most red cabbage 

extracts, the main structures of anthocyanins are cyanidin glycosides, but anthocyanins 

with other core units like pelargonidin glucoside and peonidin glucosides have also been 

identified (Wiczkowski et al., 2013). Among the anthocyanins identified in this work, it is 

worth noting that sinapic acid esterified anthocyanins (peaks 17 and 24) were dominant 

compared to those esterified by hydroxycinnamic, caffeic, or p-coumaric acids. Similarly, 

Wu & Prior (2005b) and Ahmadiani et al. (2016) identified sinapic acid-acylated 

anthocyanins as the major anthocyanins from red cabbage.  

 Anthocyanins have high sensitivity to degradation reactions, which affect their 

stability and colour (Qiu et al., 2018). In that way, anthocyanins undergo a reversible 

structural transformation as a function of pH (Lee et al., 2005; Mazza & Miniati, 2018; 

Pereira et al., 2015) and the colour variation showed in Figure 6.2 occurs, suggesting 

that anthocyanins can be used as pH indicators. Furthermore, this colour change must 

be considered when anthocyanins are used as pigments (Cortez et al., 2017).  



6 Compression-moulded films 

 

98 
 

 

Figure 6.2 Colour change of anthocyanin solutions at different pHs (marked on the lids).  

 With a view to analyse pH influence, anthocyanin solutions were prepared at 

three different pHs: basic (2.5), acid (10.0) and non-modified (6.0) pHs. As can be seen 

in Table 6.1, the maximum absorbance (λvis-max) shifted to higher wavelengths when pH 

values were higher. Moreover, the inhibitory effect of the antioxidant decreased when 

the pH value increased; in particular, the inhibition effect of the anthocyanin solution at 

pH 10 was around 15% lower than that of the solution at pH 2.5. Therefore, it could be 

concluded that the structural transformations occurred in the anthocyanin molecules due 

to pH changes affected their antioxidant activity.  

Table 6.1 λvis-max and DPPH radical scavenging activity of anthocyanins as a function of 

solution pH. 

Solution pH λvis-max (nm) DPPH scavenging (%) 

2.5 526.3 94.5 ± 0.2 

6.0 552.4 92.5 ± 0.4 

10.0 605.6 79.2 ± 1.5 

 
 Considering the high potential of inhibition that anthocyanins exhibited at acid 

pHs, gelatin film forming solutions were prepared without modifying the gelatin solution 

pH, since the added citric acid provides an acid pH, at which the antioxidant activity of 

anthocyanins extracted from red cabbage is high, as shown in Table 6.1. 

6.2.2 Morphological properties of films 

 In order to study the influence of anthocyanins addition on the films structure, 

control and anthocyanin-containing films were compared by SEM analysis. As shown in 

Figure 6.3, no difference could be appreciated between the cross-sections of both films. 
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Control and anthocyanin-containing films were compact and homogeneous, indicating 

that anthocyanins were well-distributed in the film. 

 

Figure 6.3 Cross-sectional SEM images for control films (a) x700 and (b) x1.50k, and 

for films prepared with anthocyanins (c) x700 and (d) x1.50k. 

6.2.3 Optical properties of films 

 The appearance of control and anthocyanin-containing films was different due to 

the pink colour that films acquired when anthocyanins were added, as shown in  

Figure 6.4. Results obtained from colour assessment demonstrated that anthocyanin-

containing films were darker, redder and yellower (Table 6.2) due to the water-soluble 

pigments present in anthocyanins (de Moura et al., 2018). Since this is a soft colour and 

films maintained their transparency, this change is not considered as a drawback for food 

packaging applications. 

a 

c d 

b 
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Figure 6.4 The appearance of control and anthocyanin-containing films. 

 In terms of gloss, there were also differences between control and anthocyanin-

containing films. As shown in Table 6.2, gloss decreased with the addition of 

anthocyanins, indicating rougher surfaces that could be more appropriate to be printed 

(Tišler-Korljan & Gregor-Svetec, 2014). Printability is a required property when films are 

intended to show information for commercial purposes.  

Table 6.2 Colour and gloss values of control and anthocyanin-containing films. 

Anthocyanins (%) L* a* b* ΔE* 
Gloss 
(GU) 

0 94.86 ± 0.25 -0.11 ± 0.04 4.98 ± 0.20 - 31.3 ± 1.0 

10 89.44 ± 0.81 4.96 ± 0.52 6.41 ± 0.36 7.56 ± 0.98 23.2 ± 0.6 

 

6.2.4 Barrier and mechanical properties 

 Gelatin films are water sensitive, but the addition of anthocyanins increased 

WCA, due to the interactions between the hydroxyl groups of anthocyanins and the polar 

groups of gelatin, which turn polar groups towards the inner film structure, resulting in 

hydrophobic films (Table 6.3). According to the abovementioned statement and 

considering that permeability depends not only on the surface nature but also on the 

diffusion of water vapour through the films, it seems that the polar nature of anthocyanins 

facilitated diffusion since WVP did not change with the addition of anthocyanins. In the 

CONTROL  
0% anthocyanin 10% anthocyanin 
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same manner, mechanical properties were not notably affected by the addition of 

anthocyanins as shown in Table 6.3. 

Table 6.3 Water contact angle (WCA), water vapour permeability (WVP), tensile strength 

(TS) and elongation at break (EB) values of control and anthocyanin-containing films. 

Anthocyanins  
(%) 

WCA  
(º) 

WVP·1012  
(g·cm-1·s-1·Pa-1) 

TS 
(MPa) 

EB 
(%) 

0 76.2 ± 0.2 2.4 ± 0.1 33.4 ± 6.5 3.0 ± 0.8 

10 115.9 ± 2.9 2.5 ± 0.1 41.3 ± 2.7 3.9 ± 0.5 

 

6.2.5 Antioxidant release and antioxidant activity of films 

 The antioxidant release from packaging films can be more effective in inhibiting 

oxidation than the direct addition of the antioxidant into food, due to the antioxidant 

protection from degradation. Moreover, the controlled antioxidant release from the 

packaging film can prevent from effectiveness loss, maintaining the antioxidant activity 

for longer (Chen et al., 2012). According to the Commission Regulation No 10/2011 (EU, 

2011), the antioxidant release from the film was analysed using 50% ethanol as a food 

simulant, considering that the films prepared in this work could be appropriate to package 

processed foods (Singh et al., 2009). 

 Results showed that the antioxidant release proceed rapidly throughout the first 

day, exhibiting an absorbance of 0.038 at 552 nm and, thus, 1.75 mM anthocyanin was 

released; then, the release continued and, at the end of the second day, an absorbance 

of 0.042 at 552 nm was reached, indicating the release of 1.91 mM anthocyanins  

(Figure 6.5). Since the samples prepared had 2 mM anthocyanins, it could be 

considered that a 95.5% of the antioxidant was released in two days.  
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Figure 6.5 Antioxidant release from films over time (a) and calibration curve (b). 

 Additionally, DPPH radical scavenging capacity was analysed to determine the 

antioxidant activity of films. In this study, the inhibition value determined was 91.45%  

(± 1.09); similar to that determined for anthocyanin solution at pH 6.0 (Table 6.1). Hence, 

the anthocyanins incorporated into film forming solutions maintained their activity after 

film processing, which is of great importance for commercial applications. Finally, this 

value was compared to that obtained with α-tocopherol, a widely employed natural 

antioxidant. In the analysis with α-tocopherol, inhibition values increased lineally up to 

0.03 mM and α-tocopherol concentrations higher than 0.03 mM did not significantly affect 

a 

b 
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the antioxidant effect, maintaining the inhibition value around 96%, similar to that found 

by other authors (Byun et al., 2010; Martins et al., 2012). This value was similar to the 

one found for the anthocyanins released from gelatin films. 

6.3 Conclusions 

 Anthocyanins were obtained from red cabbage by a simple and environmentally 

friendly process. These antioxidants were rich in cyanidin and pH-sensitive, showing 

changes in colour and antioxidant activity as a function of pH. The incorporation of 

anthocyanins into gelatin film forming solutions resulted in hydrophobic films. These films 

were successfully prepared by compression moulding, leading to homogeneous films, 

regardless the addition of anthocyanins, as shown by SEM images. In contrast, optical 

properties were modified by the anthocyanins addition. Thereby, rougher surfaces were 

obtained for anthocyanin-incorporated films. Regarding antioxidant properties, films 

revealed a controlled antioxidant release into food simulant, showing an inhibition value 

of 92%. Furthermore, anthocyanins showed similar antioxidant activity to α-tocopherol, 

a widely employed natural antioxidant, highlighting the potential use of anthocyanin-

containing fish gelatin films as active films to extend food shelf life.
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7.1 Summary 

 Biopolymers extracted from marine waste can be employed to develop active 

packaging (de la Caba et al., 2019), which can extend food shelf life and decrease food 

losses, in line with the sustainable development goals, or those biopolymers can be used 

as bioactive carriers (Centella et al., 2017), in line with the increasing demand of patients 

for natural and less invasive products. In this way, adding some antioxidant or/and 

antimicrobial agent into delivery systems, instead of applying them directly, would 

lengthen the duration of agents’ effectiveness and make them more suitable for a 

sustained release (da Silva et al., 2018; Wang et al., 2019). Furthermore, these systems 

have been widely analysed for different purposes, such as moisture control (Wang et al., 

2017b). Considering that free water is the solvent for chemical or biochemical reactions 

and microbial growth (Qiu et al., 2019), the control of moisture condensation on these 

systems could provide benefits for different uses, such as food preservation (Jalali et al., 

2019) or wound healing (Etxabide et al., 2017c). In this regard, hydrogels prepared with 

natural polymers, such as gelatin, can be act as moisture absorbers, since this protein 

is considered a hygroscopic material with large number of functional groups that can be 

water molecule adsorption sites (Batista et al., 2019; Esquerdo et al., 2019; Shankar et 

al., 2016). Regarding absorption characteristics, these depend upon the porous 

structure, the pore surface and the pore size distribution (Offeddu et al., 2016; Saliba et 

al., 2016; Varley et al., 2016). 

 The aim of this study was to valorise marine-derived biowastes, such as fish 

gelatin obtained from fish skin and chitin extracted from squid pens, in order to prepare 

porous materials to be employed as bioactive carriers and moisture scavengers. Hence, 

citric acid cross-linked fish gelatin products were prepared with tetrahydrocurcumin 

(THC) as a bioactive agent, a hydrogenated colourless metabolite of curcumin (Curcuma 

longa Linn) (Liu et al., 2017), which also exists naturally in Zingiber officinale and 

Curcuma zedoaria (Tsai et al., 2017). Moreover, chitin extracted from revalorised squid 
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pens was employed as a reinforcing agent and this extraction process was 

environmentally assessed. Additionally, freeze-dried products’ characterization was 

carried out, assessing physicochemical, morphological and mechanical properties as 

well as moisture scavenging capacity and THC release. 

7.2 Results and discussion 

7.2.1 Environmental assessment of chitin extraction 

 Chitin can be extracted from different sources, such as shrimp, crabs, or crayfish 

shells and cuttlefish or squid pens. It is worth noting that the content of chitin notably 

changes depending on the marine source used for the extraction. According to the work 

of Abdou et al. (2008), the content of chitin extracted from crustacean shells is around 

20% after a demineralisation process to separate calcium carbonate, whose content can 

be as high as 50%. However, the content of chitin from squid pens can reach 50%, while 

the minerals content is lower than 5%. On the one hand, this brings environmental 

benefits since demineralisation and decolouration processes, with all the chemicals and 

energy associated to those processes, can be avoided when squid pens are used as raw 

materials for chitin extraction. Furthermore, the avoidance of those processes brings 

economic benefits since the extraction procedure implies the use of lower amounts of 

resources (materials, energy, time), in addition to the higher amounts of chitin that can 

be extracted from squid pens in comparison to the amounts obtained from crustacean 

shells. 

 The environmental charge associated to the extraction of chitin from squid pens 

was considered. Several stages were taken into account, specifically, squid pens 

transportation, distilled water production, NaOH preparation, process of chitin extraction, 

and transportation of wastewater to the residues treatment plant. Regarding distilled 

water obtaining, it was considered that 3 L of distilled water were employed in the whole 

process. Moreover, as mentioned in section 2.3, NaOH (1 M) in a ratio of 1:20 (w/v) was 
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utilized in the extraction process. Thus, the preparation of NaOH solution was taken into 

account. It is worth mentioning that the employment of squid pens as a source of chitin 

did not require demineralisation and depigmentation steps because of the low content of 

inorganic components and the absence of pigments in squid pens (Muxika et al., 2017). 

Therefore, the processing time, the employment of acid pollutants and the voluminous 

wastewater discharge can be considerably reduced and so, less chemical solvents were 

used and less energy was consumed diminishing impact category values (Table 7.1).  

Table 7.1 Impact category values of the chitin extraction process. 

Impact category Unit Total 

Global warming kg CO2 eq 0.9150 

Stratospheric ozone depletion kg CFC11 eq 4.79·10-7 

Ionizing radiation kBq Co-60 eq 0.4272 

Ozone formation, Human health kg NOx eq 0.0033 

Fine particulate matter formation kg PM2.5 eq 0.0021 

Ozone formation, Terrestrial ecosystems kg NOx eq 0.0033 

Terrestrial acidification kg SO2 eq 0.0052 

Freshwater eutrophication kg P eq 0.0003 

Marine eutrophication kg N eq 2.73·10-5 

Terrestrial ecotoxicity kg 1,4-DCB 1.1700 

Freshwater ecotoxicity kg 1,4-DCB 0.0104 

Marine ecotoxicity kg 1,4-DCB 0.0149 

Human carcinogenic toxicity kg 1,4-DCB 0.0252 

Human non-carcinogenic toxicity kg 1,4-DCB 0.3039 

Land use m2a crop eq 0.0180 

Mineral resource scarcity kg Cu eq 0.0008 

Fossil resource scarcity kg oil eq 0.2545 

Water consumption m3 0.0097 
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 In order to analyse deeply the extraction process, the contribution of each step 

into the calculated impact categories was assessed (Figure 7.1). As expected, the 

residues transportation and distilled water production were the main contributors to the 

total impact category values (Lopes et al., 2018), representing around 90% of the total 

impacts. It is worth noting that the extraction conditions employed in this work are not so 

sever as those employed in other studies especially in terms of NaOH concentration. 

Therefore, this led to fewer water utilisation towards pH neutralisation and less 

wastewater generation, significantly decreasing the weak points of chitin extraction 

process. Taking all this into consideration, it was concluded that this chitin extraction 

process provided relevant benefits and lower environmental load comparing to other 

studies and so, this method was selected to extract the chitin incorporated into gelatin 

samples.  

 

Figure 7.1 Contribution of the different steps (residues transportation, electricity, distilled 

water production, NaOH (1 M) preparation, and squid pens transportation) to the different 

impact category values. 
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7.2.2 Physicochemical properties 

 In order to assess the interactions occurred in gelatin samples due to the 

additives incorporation, FTIR analysis was carried out. Regarding pure components 

(Table 7.2), gelatin and chitin showed bands related to -OH and -NH groups  

(3500-3000 cm-1), amide I (1630 cm-1), amide II (1537 cm-1) and amide III (1238 cm-1 for 

gelatin and 1304 cm-1 for chitin) (Jalaja et al., 2016). In the case of citric acid, the two 

strong bands at 1690 and 1743 cm-1 were assigned to C=O stretching modes (Ramirez 

et al., 2017), specifically associated with free and hydrogen bonded carboxylic groups. 

Pure glycerol showed five typical absorption bands located from 800 to 1150 cm-1, 

corresponding to the vibrations of C-C and C-O linkages (Basiak et al., 2018). Finally, 

the characteristic bands of THC were related to C-C stretching of benzene ring skeleton 

(1598 cm-1), C-O stretching (1510 cm-1) and C-H in plane bending (1431 cm-1) (Etxabide 

et al., 2017b; Songtipya et al., 2016). 

Table 7.2 Summary of the most relevant FTIR bands of the pure components used in 

the preparation of gelatin samples. 

Pure 
component 

FTIR band (cm-1) Functional group 

Gelatin 

3500-3000 Free and bounded -OH and -NH 

1632 Amide I (C=O stretching) 

1527 Amide II (N-H bending) 

1238 Amide III (C-N stretching) 

Citric acid 
1743 Hydrogen bonded -COOH 

1690 Free -COOH 

Glycerol 800-1150 Vibrations of C-C and C-O 

Chitin 

3452 -OH stretching 

3269 -NH stretching 

1629 Amide I (C=O stretching) 

1547 Amide II (in plane N-H bending and C-N stretching) 

1304 Amide III (in-plane mode of the CONH group) 

THC 

1598 C-C stretching of benzene ring skeleton 

1510 C-O stretching 

1431 C-H in-plane bending 

 

 As can be seen in the FTIR spectra of gelatin samples (Figure 7.2a), the addition 

of chitin and THC promoted some changes in the broad band around 3000 cm-1. The 
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width and intensity of this band changed as a consequence of hydrogen bonding (Chen 

et al., 2014). Specifically, the lower intensity of the band located around  

3500-3000 cm-1 might be ascribed to a greater number of intermolecular or 

intramolecular hydrogen bonds (Deng et al., 2018). In particular, the samples containing 

a high amount of chitin (30% chitin, CHI30) can be associated with more hydrogen 

bonding interactions comparing to the samples without chitin or with a lower content of 

chitin (15% chitin, CHI15). β-chitin has a parallel arrangement with weak intra-sheets 

hydrogen bonds (Cuong et al., 2016), but the acetyl groups present in chitin can 

contribute to the formation of hydrogen bonds with gelatin (Yu & Lau, 2017). 

Furthermore, THC addition increased hydrogen bonding in 15% chitin containing 

samples due to the hydroxyl groups present in THC (Etxabide et al., 2018), while a similar 

intensity was observed for CHI30 and CHI30-THC samples, probably due to steric 

impediments because of high chitin contents (Gutiérrez et al., 2019).  

 

Figure 7.2 FTIR spectra of the gelatin samples as a function of chitin and THC contents. 

 In addition to hydrogen bonding formation, citric acid provides chemical bonding 

through the reaction between its carboxylic groups and the amino groups of gelatin 

(Zhang et al., 2016). This reaction between citric acid and gelatin can be confirmed with 

the disappearance of the characteristic bands of citric acid at 1743 cm-1 and 1690 cm-1 
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(Zhou et al., 2016). Moreover, as can be seen in Figure 7.2b, the change observed in 

the relative intensity between the bands corresponding to amide I (~1630 cm-1) and 

amide II (~1550 cm-1) gave some useful information about the reaction. While the relative 

intensity between these two bands was quite similar for the samples with THC and/or 

chitin, the intensity of the amide II band was higher related to the intensity of the  

amide I band for the control samples. As shown in previous chapters, this suggested a 

more noticeable influence of citric acid on control films and so, the hindering of the 

reaction due to additives incorporation.  

7.2.3 Samples morphology and porosity 

 Porous materials were prepared in order to promote moisture absorption. As can 

be seen in SEM images (Figure 7.3), all the samples had a porous structure, showing 

pores with different size and shape, which were distributed randomly. In general, it can 

be said that chitin containing samples had more defined pores than control ones. 

Furthermore, a good compatibility between gelatin and chitin was observed, since no 

chitin aggregation was observed.  

 The addition of chitin and THC did not influence the average size of pores and 

these values were maintained around 200 µm. However, high values of deviation 

revealed the presence of a broad range of pore sizes (Table 7.3). Thus, in order to further 

analyse the inner morphology of gelatin samples, the pore size distribution was studied 

and results are shown in Figure 7.4. In comparison to control samples, the percentage 

of pores with the size of 100-200 µm was similar in all cases, while the amount of small 

pores (< 100 µm) decreased with the addition of THC and/or chitin, except for  

CHI30-THC samples, which presented the highest amount of small pores, probably due 

to the hindrance of hydrogen bonding as abovementioned in FTIR results. In contrast, 

the highest percentage of big pores (> 500 µm) was observed for the samples without 

THC, although this percentage was around or even less than 10% in all cases. 
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Figure 7.3 SEM micrographs of (a) control, (b) CHI15, (c) CHI30, (d) CHI15-THC and 

(e) CHI30-THC samples.  

Table 7.3 Range of pore sizes of gelatin samples as a function of chitin and THC 

contents. 

Sample 
Range of pore sizes 

(µm) 

Control 21-1027 

CHI15 29-2129 

CHI30 33-1315 

CHI15-THC 10-889 

CHI30-THC 22-816 

b 

e 

c 

a 

d 
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Figure 7.4 Pore size distribution of gelatin samples as a function of chitin and THC 

contents.  

7.2.4 Moisture absorption 

 The moisture uptake of gelatin samples increased significantly over storage time 

(Figure 7.5); the absorption was rapid in the first days and later, it was substantially 

slower. Values after 18 days (data not shown) presented high uncertainty due to sample 

deterioration because of the high moisture content absorbed. Weibull model described 

the moisture absorption as a function of time adequately, since the coefficient of 

determination (R2) was greater than 0.9 (Table 7.4). The moisture holding capacity at 

equilibrium (M∞) slightly varied among different samples, in accordance with the similar 

pore average size abovementioned, and the values obtained were around  

1.65-1.87 g water/g sample. Similar water absorbance capacity has been found by other 

authors (Zhang et al., 2019) who isolated two different polysaccharides from Rosa 

rugosa petals that absorbed 0.337 and 0.668 g water/g polysaccharide after 96 h under 

81% relative humidity. On the other hand, all gelatin samples needed around 6 days to 

accomplish approximately 63% of the moisture uptake (β1).  
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Figure 7.5 Moisture absorption of gelatin samples as a function of chitin and THC 

contents. 

Table 7.4 M∞, β1 and R2 results of gelatin samples as a function of chitin and THC 

contents. 

Sample M∞ (g water/g sample) β1 (h) R2 

Control 1.74 156.23 0.99 

CHI15 1.87 136.18 0.97 

CHI30 1.65 119.27 0.91 

CHI15-THC 1.81 139.92 0.98 

CHI30-THC 1.69 136.29 0.95 

 

 These M∞ and β1 values are temperature- and relative humidity-sensitive and they 

are influenced by the packaging environment (Gaona-Forero et al., 2018): if temperature 

increased, an increase in both rate and absorption capacity would occur; if relative 

humidity decreased, lower adsorption capacity would be obtained. It is worth noting that 

moisture absorbers should be used carefully for high water activity products like fresh 

fruit and vegetables since excessive moisture loss from those foods should be avoided 

(Rux et al., 2015). Therefore, even if the gelatin samples prepared in this work showed 
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the capacity to absorb moisture during several days and, thus, these samples can be 

considered as good moisture scavengers, the study is still preliminary and a deeper 

analysis would be needed to assess their suitability for food packaging applications. 

Furthermore, this kind of materials could find other applications related to sanitary or 

health-care (Álvarez-Castillo et al., 2018). 

7.2.5 Mechanical behaviour 

 Compression resistance of samples was analysed in order to assess their 

mechanical behaviour during their lifetime, and the influence of the moisture uptake into 

mechanical properties. As can be seen in Figure 7.6 characteristic curves of low density, 

open-cell foams were obtained, with collapse plateau and densification regimes; indeed, 

the initial linear elastic region was hard to identify (Grover et al., 2012). Thus, slight stress 

values were utilized to obtain strain values up to 40%. Thereafter, samples could support 

higher stress values compressing up to 80% strain. In this densification process porous 

samples are highly compressed and only low deformations are allowed (Tonda-Turo et 

al., 2011). Finally, samples recovered their initial shape upon removing the loading force 

owing to the elasticity that the samples acquired during 6-day storage (Figure 7.6a) due 

to the moisture absorbed (Duconseille et al., 2017). Similar non-linear elastic response 

was observed by Czerner et al. (2016) for bovine and porcine gels. It is worth highlighting 

that the addition of chitin and THC increased significantly the stress resistance. In 

particular, the incorporation of chitin increased the stress resistance from 0.24 MPa 

(control) to 0.58 MPa (CHI30), and this increase was even more noticeable when both 

chitin and THC were incorporated into the formulation since CHI30-THC sample 

supported 1.68 MPa at 80% strain.   

 The second analysis carried out after other 11 days of samples storage showed 

similar stress-strain results (Figure 7.6b). However, CHI30-THC stress resistance 

decreased and all samples lost the capacity to recover their initial shape. Therefore, it 

can be concluded that a deterioration of the chemical structure occurred due to high 



7 Freeze-dried materials 

 

118 
 

moisture contents within samples after 17 days of storage in a chamber with extreme 

relative humidity conditions (100% relative humidity). 

 

Figure 7.6 Compression test of gelatin samples stored in a controlled chamber (100% 

relative humidity and room temperature) for a) 6 days and b) 17 days, as a function of 

chitin and THC contents.  

7.2.6 Swelling behaviour 

 The appearance of dry and swelled samples, specifically the images for  

CHI30-THC samples are shown in Figure 7.7a. As can be seen in Figure 7.7b, chitin 

containing samples, especially CHI15 and CHI30 samples, showed a fast increase of 

swelling, probably due to the new hydrogen bonds formed between ethanol and water 

molecules present in the food simulant and the polymers (gelatin and chitin) and 

additives (THC, citric acid and glycerol) used in the formulations, which could enhance 

chain mobility and, thus, a fast swelling rate (Madera-Santana et al., 2014).  

 Comparing the obtained results, significant differences can be appreciated. The 

lowest values were assigned to control samples, which had a 440% swelling at the 

second day. Thereby, it can be concluded that control samples had the highest cross-

linking extent, as also shown by FTIR analysis. Otherwise, the highest swelling values, 

985% and 894%, were reached for CHI15 and CHI30 samples, respectively. The bigger 

size of pores in these samples could facilitate the entrance of water and ethanol 
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molecules and, thus, the swelling capacity increased. On the other hand, THC containing 

samples presented lower maximum values of 524% for CHI15-THC and 622% for  

CHI30-THC, probably due to the release of THC, as shown below.  
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Figure 7.7 The appearance of non-swelled and swelled CHI30-THC samples (a) and the 

swelling behaviour of gelatin samples as a function of chitin and THC contents (b).  

7.2.7 THC release 

 THC release was analysed and the results are presented in Figure 7.8. First, 

THC was released at fast rates and 44% and 37% of THC was delivered in one day for 

CHI15-THC and CHI30-THC samples, respectively. The higher stearic hindrance in 

CHI30-THC samples could cause the lower values of THC release in these samples 

(Kamalipour et al., 2016). After the first day, the THC release rate was slower, reaching 

a plateau value, 53% for CHI15-THC and 42% for CHI30-THC at the third day. This 

behaviour would confirm the interactions of THC with the polar groups of the formulation 

components, as shown by FTIR analysis. Therefore, all the THC incorporated into the 

formulations would not be released, but it would contribute to maintain the structure and 

integrity of gelatin samples. 

a 
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Figure 7.8 THC release from CHI15-THC and CHI30-THC samples over time. 

7.3 Conclusions 

 Porous materials, with a pore average size of 200 µm, were prepared for bioactive 

release and moisture absorption purposes. Chitin, extracted employing a sustainable 

method, and THC addition promoted hydrogen bonding interactions among the 

formulation components, even if steric impediments diminished this type of interactions 

in the samples with a higher chitin content. Furthermore, additives incorporation hindered 

the reaction between the carboxylic groups of citric acid and the amino groups of gelatin. 

This influenced the swelling behaviour of samples with chitin and THC, which showed 

higher swelling capacity than the control sample. The moisture absorption increased 

significantly over storage time and the moisture holding capacity values were around 

1.65-1.87 g water/g sample. In addition to moisture absorption, chitin-reinforced gelatin 

samples incorporated with THC showed a sustained release of the bioactive compound. 
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 The general conclusions of this doctoral thesis are summarised below: 

 Citric acid-incorporated fish gelatin-based solutions were electrospun 

successfully and the subsequent thermal treatment at 80 ºC of the electrospun 

mats led to morphological stability improvements.  

 The pH of the spinning solutions had a strong influence on the viscoelastic 

behaviour of the solutions, fibre morphology stability and cross-linking extent. 

 The reaction of gelatin and citric acid was favoured at basic pH, leading to films 

with enhanced mechanical properties.  

 The environmental assessment of gelatin films revealed that composting was a 

beneficial waste treatment after disposal of films, as shown by carbon footprint 

assessment. 

 E. coli growth was reduced in fish gelatin/chitosan composite films, indicating the 

combined effect of citric acid and chitosan as natural antimicrobial compounds.  

 Anthocyanins could be extracted from red cabbage by a simple and 

environmentally friendly process and were pH-sensitive, showing changes in 

colour as a function of pH, which is suitable for intelligent packaging. 

 Anthocyanins added into fish gelatin films prepared by compression maintained 

their antioxidant activity after film processing. 

 Freeze-dried samples showed porous structures, gradual moisture absorption 

and THC release, and they are considered appropriate as bioactives' carriers and 

moisture scavengers.  
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Supplementary data 

Table S1 Characterization of anthocyanins from red cabbage extract determined by 

UHPLC-Q-TOF-MS/MS analysis. 

Peak 
tr 

(min) 

Exp. Acc. 
Mass [M]+ 

Error 
(mDa) 

Teor. 
Acc. 

Mass [M]+ 
Formula Fragment of [M]+ Tentative identification 

1 3.27 
773.2144 

0.9 
773.2135 C33H41O21

+ 
611.1660 [Y3

1]+ or [Y5
0]+ 

449.1139 [Y3
1Y5

0]+ or [Y3
0]+ 

287.0564 [Y3
0Y5

0]+ 
Cy-3-diGlc-5-Glc 

2 3.77 
1111.3091 

-4.6 
1111.3137 C49H59O29

+ 
949.2684 [Y5

0]+ 
449.1093 [Y3

0]+ 
287.0562 [Y3

0Y5
0]+ 

Cy-3-(Glcfer)-diGlc-5-Glc 

3 3.91 
1141.3226 

-1.6 
1141.3242 C50H61O30

+ 
979.2687 [Y5

0]+ 
449.1119 [Y3

0]+ 
287.0546 [Y3

0Y5
0]+ 

Cy-3-(Glcsin)-diGlc-5-Glc 

4 4.03 
935.2411 

-4.1 
935.2452 C42H47O24

+ 
773.1953 [Y3

1]+ or [Y5
0]+ 

449.1084 [Y3
0]+ 

287.0571 [Y3
0Y5

0]+ 
Cy-3-(Caff)-diGlc-5-Glc 

5 4.28 
1141.3235 

-0.7 
1141.3242 C50H61O30

+ 
979.2664 [Y5

0]+ 
449.1124 [Y3

0]+ 
287.0561 [Y3

0Y5
0]+ 

Cy-3-(Glcsin)-diGlc-5-Glc 

6 4.36 
979.2722 

0.8 
979.2714 C44H51O25

+ 
817.2207 [Y3

1]+ or [Y5
0]+ 

449.1093 [Y3
0]+ 

287.0556 [Y3
0Y5

0]+ 
Cy-3-(Sin)-diGlc-5-Glc 

7 4.83 
1111.3118 

-1.9 
1111.3137 C49H59O29

+ 
949.2596 [Y5

0]+ 
449.1093 [Y3

0]+ 
287.0562 [Y3

0Y5
0]+ 

Cy-3-(Glcfer)-diGlc-5-Glc 

8 4.91 
1141.3185 

-5.7 
1141.3242 C50H61O30

+ 
979.2748 [Y5

0]+ 
449.1042 [Y3

0]+ 
287.0569 [Y3

0Y5
0]+ 

Cy-3-(Glcsin)-diGlc-5-Glc 

9 5.06 
919.2469 

-3.4 
919.2503 C42H47O23

+ 
757.1963 [Y3

1]+ or [Y5
0]+ 

449.1077 [Y3
0]+ 

287.0551 [Y3
0Y5

0]+ 
Cy-3-(pC)-diGlc-5-Glc 

10 5.50 
949.2593 

-1.5 
949.2608 C43H49O24

+ 
787.2090 [Y3

1]+ or [Y5
0]+ 

449.1101 [Y3
0]+ 

287.0569 [Y3
0Y5

0]+ 
Cy-3-(Fer)-diGlc-5-Glc 

11 5.54 
979.2709 

-0.5 
979.2714 C44H51O25

+ 
817.2166 [Y3

1]+ or [Y5
0]+ 

449.1089 [Y3
0]+ 

287.0568 [Y3
0Y5

0]+ 
Cy-3-(Sin)-diGlc-5-Glc 

12 6.13 
1287.3589 

-2.1 
1287.3610 C59H67O32

+ 
1125.3154 [Y3

2]+ or [Y5
0]+ 

449.1075 [Y3
0]+ 

287.0556 [Y3
0Y5

0]+ 
Cy-3-(FerFer)-triGlc-5-Glc 

13 6.56 
1317.3705 

-1.1 
1317.3716 C60H69O33

+ 
1155.3214 [Y3

2]+ or [Y5
0]+ 

449.1079 [Y3
0]+ 

287.0552 [Y3
0Y5

0]+ 
Cy-3-(SinFer)-triGlc-5-Glc 

14 6.86 
1347.3826 

0.5 
1347.3821 C61H71O34

+ 
1317.3705 [Y3

2]+ or [Y5
0]+ 

449.1052 [Y3
0]+ 

287.0561 [Y3
0Y5

0]+ 
Cy-3-(SinSin)-triGlc-5-Glc 

15 7.08 
935.2413 

-3.9 
935.2452 C42H47O24

+ 
773.1977 [Y3

1]+ or [Y5
0]+ 

449.1087 [Y3
0]+ 

287.0561 [Y3
0Y5

0]+ 
Cy-3-(Caff)-diGlc-5-Glc 

16 7.65 
919.2508 

0.5 
919.2503 C42H47O23

+ 
757.1967 [Y3

1]+ or [Y5
0]+ 

449.1098 [Y3
0]+ 

287.0565 [Y3
0Y5

0]+ 
Cy-3-(pC)-diGlc-5-Glc 



ii 

17 7.75 
979.2704 

-1 
979.2714 C44H51O25

+ 
817.2170 [Y3

1]+ or [Y5
0]+ 

449.1088 [Y3
0]+ 

287.0565 [Y3
0Y5

0]+ 
Cy-3-(Sin)-diGlc-5-Glc 

18 7.76 
949.2604 

-0.4 
949.2608 C43H49O24

+ 
787.2070 [Y3

1]+ or [Y5
0]+ 

449.1084 [Y3
0]+ 

287.0565 [Y3
0Y5

0]+ 
Cy-3-(Fer)-diGlc-5-Glc 

19 7.84 
1125.3065 

-1.7 
1125.3082 C53H57O27

+ 
963.2619 [Y5

0]+ 
449.1095 [Y3

0]+ 
287.0571 [Y3

0Y5
0]+ 

Cy-3-(FerFer)-diGlc-5-Glc 

20 8.13 
1185.3282 

-1.1 
1185.3293 C55H61O29

+ 
1023.2699 [Y5

0]+ 
449.1090 [Y3

0]+ 
287.0565 [Y3

0Y5
0]+ 

Cy-3-(SinSin)-diGlc-5-Glc 

21 8.22 
1155.3162 

-2.5 
1155.3187 C54H59O28

+ 
993.2650[Y5

0]+ 
449.1105 [Y3

0]+ 
287.0567 [Y3

0Y5
0]+ 

Cy-3-(FerSin)-diGlc-5-Glc 

22 8.52 
1125.3066 

-1.6 
1125.3082 C53H57O27

+ 
963.2545 [Y5

0]+ 
449.1105 [Y3

0]+ 
287.0567 [Y3

0Y5
0]+ 

Cy-3-(FerFer)-diGlc-5-Glc 

23 8.76 
1155.3179 

-0.8 
1155.3187 C54H59O28

+ 
993.2670 [Y5

0]+ 
449.1086 [Y3

0]+ 
287.0567 [Y3

0Y5
0]+ 

Cy-3-(FerSin)-diGlc-5-Glc 

24 8.86 
1185.3279 

-1.4 
1185.3293 C55H61O29

+ 
1023.2749 [Y5

0]+ 
449.1093 [Y3

0]+ 
287.0565 [Y3

0Y5
0]+ 

Cy-3-(SinSin)-diGlc-5-Glc 

25 8.99 
1125.3037 

-4.5 
1125.3082 C53H57O27

+ 
963.2572[Y5

0]+ 
449.1090 [Y3

0]+ 
287.0563 [Y3

0Y5
0]+ 

Cy-3-(FerFer)-diGlc-5-Glc 

26 9.30 
1185.3282 

-1.1 
1185.3293 C55H61O29

+ 
1023.2786 [Y5

0]+ 
449.1053 [Y3

0]+ 
287.0575 [Y3

0Y5
0]+ 

Cy-3-(SinSin)-diGlc-5-Glc 

27 9.50 
1155.3173 

-1.4 
1155.3187 C54H59O28

+ 
993.2668 [Y5

0]+ 
449.1137 [Y3

0]+ 
287.0568 [Y3

0Y5
0]+ 

Cy-3-(FerSin)-diGlc-5-Glc 

28 10.98 
1125.3081 

-0.1 
1125.3082 C53H57O27

+ 
963.2639 [Y5

0]+ 
449.1097 [Y3

0]+ 
287.0656[Y3

0Y5
0]+ 

Cy-3-(FerFer)-diGlc-5-Glc 

29 11.08 
1185.3282 

-1.1 
1185.3293 C55H61O29

+ 
1023.2736 [Y5

0]+ 
449.1088 [Y3

0]+ 
287.0569 [Y3

0Y5
0]+ 

Cy-3-(SinSin)-diGlc-5-Glc 

30 11.27 
1155.3171 

-1.6 
1155.3187 C54H59O28

+ 
993.2573 [Y5

0]+ 
449.1090 [Y3

0]+ 
287.0565 [Y3

0Y5
0]+ 

Cy-3-(FerSin)-diGlc-5-Glc 

31 12.55 
1185.3282 

-1.1 
1185.3293 C55H61O29

+ 
1023.2736 [Y5

0]+ 
449.1088 [Y3

0]+ 
287.0569 [Y3

0Y5
0]+ 

Cy-3-(SinSin)-diGlc-5-Glc 
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Figure S1 Chromatogram of extracted ion at 773.2135 m/z [M]+ (A) and ESI-MS/MS 

spectra of Cy-3-diGlc-5-Glc at tr 3.27 min (1) (B). 
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Figure S2 Chromatogram of extracted ion at 919.2503 m/z [M]+ (A) and ESI-MS/MS 

spectra of Cy-3-(pC)-diGlc-5-Glc isomers at tr 5.06 min (9) (B) and at tr 7.65 min (16) (C). 
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Figure S3 Chromatogram of extracted ion at 935.2452 m/z [M]+ (A) and ESI-MS/MS 

spectra of Cy-3-(Caff)-diGlc-5-Glc isomers at tr 4.03 min (4) (B) and at tr 7.08 min (15) 

(C). 
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Figure S4 Chromatogram of extracted ion at 949.2608 m/z [M]+ (A) and ESI-MS/MS 

spectra of Cy-3-(Fer)-diGlc-5-Glc isomers at tr 5.50 min (10) (B) and at tr 7.76 min (18) 

(C). 
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Figure S5 Chromatogram of extracted ion at 979.2714 m/z [M]+ (A) and ESI-MS/MS 

spectra of Cy-3-(Sin)-diGlc-5-Glc isomers at tr 4.36 min (6) (B), at tr 5.54 min (11) (C) 

and at tr 7.75 min (17) (D).  
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Figure S6 Chromatogram of extracted ion at 1287.3610 m/z [M]+ (A), at 1317.3716 m/z 

[M]+ (B), and at 1347.3821 m/z [M]+ (C) as well as ESI-MS/MS spectra of Cy-3-(FerFer)-

triGlc-5-Glc at tr 6.13 min (12) (D), Cy-3-(SinFer)-triGlc-5-Glc at tr 6.56 min (13) (E) and 

Cy-3-(SinSin)-triGlc-5-Glc at tr 6.86 min (14) (F).  
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ix 

Figure S7 Chromatogram of extracted ion at 1125.3065 m/z [M]+ (A) and ESI-MS/MS 

spectra of Cy-3-(FerFer)-diGlc-5-Glc isomers at tr 7.84 min (19) (B), at tr 8.52 min (22) 

(C), at tr 8.99 min (25) (D) and at tr 10.98 min (28) (E). 
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Figure S8 Chromatogram of extracted ion at 1155.3173 m/z [M]+ (A) and ESI-MS/MS 

spectra of Cy-3-(FerSin)-diGlc-5-Glc isomers at tr 8.22 min (21) (B), at tr 8.76 min (23) 

(C), at tr 9.50 min (27) (D) and at tr 11.27 min (30) (E). 
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Figure S9 Chromatogram of extracted ion at 1185.3293 m/z [M]+ (A) and ESI-MS/MS 

spectra of Cy-3-(SinSin)-diGlc-5-Glc isomers at tr 8.13 min (20) (B), at tr 8.86 min (24) 

(C), at tr 9.30 min (26) (D), at tr 11.08 min (29) (E) and at tr 12.55 min (31) (F). 
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Figure S10 Chromatogram of extracted ion at 1111.3137 m/z [M]+ (A) and ESI-MS/MS 

spectra of Cy-3-(GlcFer)-diGlc-5-Glc isomers at tr 3.77 min (2) (B) and at tr 4.83 min (7) 

(C). 
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Figure S11 Chromatogram of extracted ion at 1141.3242 m/z [M]+ (A) and ESI-MS/MS 

spectra of Cy-3-(GlcSin)-diGlc-5-Glc isomers at tr 3.91 min (3) (B), at tr 4.28 min (5) (C) 

and at tr 4.91 min (8) (D). 
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