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Summary 

In the food industry, large amounts of non-biodegradable and non-

renewable materials are produced for food packaging and the vast 

majority are single-use, leading to environmental problems specially after 

disposal. At the same time, biopolymers are gaining interest due to its 

natural character and biodegradability, becoming a raw material for the 

production of alternative materials. In this context, chitosan is a 

polysaccharide obtained from the deacetylation of chitin, extracted from 

biowastes from crustaceans, mollusks, fungi and insects. Due to its good 

mechanical properties, capacity of selective permeability to O2 and CO2, 

and antimicrobial activity, chitosan is a suitable material for food 

packaging applications. Therefore, the combination of chitosan with other 

bioactive compounds that supplement the chitosan matrix properties 

could be an alternative for food packaging materials to reduce the use of 

non-renewable and non-biodegradable materials. 

In this context, the aim of this thesis was to develop chitosan-based 

materials processed by different methods and adding several bioactive 

compounds that improved the properties of the material intended for food 

applications.  



ii 
 

The thesis is divided into 10 chapters. Chapter 1 is an overview of 

chitosan-based films and coatings for food packaging. Processing methods 

and the addition of natural bioactives for active and intelligent packaging 

is explained in this chapter. In the next three chapters, chitosan films were 

prepared by solution casting, but different additives were employed in 

each chapter. In Chapter 2 exopolysaccharides from bacteria extracted 

from deep waters were used as fillers. Physicochemical, optical, barrier 

and mechanical properties were evaluated to see the influence of 

exopolysaccharides on the functional properties of chitosan. In Chapter 3, 

cyclodextrins were used to encapsulate 2-phenyl ethanol in order to keep 

it stable and prevent volatilization.  In Chapter 4 gallic acid was added, 

which has antioxidant and antimicrobial properties, thus adding new 

capacities to the chitosan film. In addition to analyzing the 

physicochemical, mechanical and optical properties, the antioxidant and 

antimicrobial capacity of the material was analyzed, in order to determine 

the suitability of the films for active food packaging. 

Taking the results of Chapter 4 into account and with the motivation 

to implement the materials in active food packaging applications, the 

shelf-life extension of horse mackerel fillets with chitosan coatings with 
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gallic acid was studied in Chapter 5. After that, in Chapter 6, the 

development of chitosan films was carried out by compression molding, 

using citric acid as crosslinker and aloe vera as bioactive. Then, in Chapter 

7, pectin-chitosan hydrogels were used to prepare films by 3D printing. In 

order to determine the best hydrogel for 3D printing, the systems were 

assessed from a rheological perspective. Physicochemical and mechanical 

characterization of 3D printed scaffolds was carried out. , In Chapter 8 

chitosan films with Fe3O4 magnetic nanoparticles were prepared by 

solution casting  and analyzed for intelligent food packaging. The films 

were magnetically and electronically evaluated andphysicochemical, 

mechanical and antimicrobial properties were measured. 

Finally, general conclusions of this doctoral thesis are presented in 

Chapter 9, and the list of references cited along this work is showed in 

Chapter 10. 
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Objectives 

The main objective of this doctoral thesis was to develop chitosan-

based films and coatings, using different processing methods and 

supplementing with additives that enhanced the properties of the 

material, especially for food packaging applications. 

The specific objectives of the study can be summarized as follows: 

 Analyze the physicochemical, mechanical, barrier, optical, 

morphological and thermal properties of chitosan-based materials 

processed by solution casting, deeping, compression molding, and 

3D printing. 

 Assess the effects of the addition of exopolysaccharides, 2-phenyl 

ethanol, gallic acid, Aloe vera and Fe3O4 magnetic nanoparticles in the 

chitosan matrix for food packaging applications. 

 Valorize marine resources from deep water bacteria for the 

extraction of exopolysaccharides and used them as fillers for 

chitosan films. 

 Evaluate the use of cyclodextrins as encapsulation agents for 2-

phenyl ethanol bioactive protection. 
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 Verify the shelf-life extension of horse mackerel fillets during 

chilling storage with different chitosan coatings supplemented with 

gallic acid as active compound.  

 Prepare citric acid crosslinked chitosan films by compression 

molding and analyze the effect of crosslinking and the release of Aloe 

vera.  

 Assess the effect of Fe3O4 magnetic nanoparticles in chitosan-pectin 

films for intelligent packaging.  
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1.1. Valorization of biowaste for food application 

In 2015, the United Nations Assembly approved the 2030 Agenda, a 

plan of action to promote sustainable development in 17 universal goals 

(Sustainable Development Goals, SDGs) (Agenda 2030, 2015). Among the 

main objectives, it pursues a transition of economic, productive and 

consumption models towards sustainability. In this sense, the valorization 

of food waste into value-added products has become a spearhead for the 

progression towards a circular economy. 

In this context, some opportunities can be generated from by-

products from the slaughter of livestock and the processing of fish. In this 

regard, industrial processing of livestock generates waste viscera, fat, skin, 

bones and feet, while industrial fishing waste is mainly composed of 

muscle, skin, fins, bones, viscera and scales, making these by-products rich 

sources of various valuable materials, such as proteins, polysaccharides, 

lipids, minerals, nutrients and flavors (Lee et al., 2020; Martínez-Alvarez, 

Chamorro, & Brenes, 2015; Meena et al., 2020). In this sense, natural 

polymers represent a challenging opportunity for the development of 

sustainable materials due to their structural and physical characteristics, 
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as well as their safety, availability, biocompatibility and biodegradability 

(Nasrollahzadeh et al., 2021). 

Polysaccharides and proteins provide many possibilities for food 

purposes. They can be used as encapsulating agents of flavors, texturizing 

agents or food thickeners, as well as for food packaging or delivery of 

bioactive compounds since they show good barrier and mechanical 

properties for packaging materials (Bealer et al., 2020; Haghighi et al., 

2020).  

1.2. Chitosan extraction and properties 

Chitosan is a copolymer of D-glucosamine and N-acetyl-D-

glucosamine (Figure 1.1), obtained by the deacetylation of chitin (Rasente 

et al., 2016). It is nontoxic, biocompatible and biodegradable, and it can 

provide antimicrobial and antioxidant activities (Casadidio et al., 2019). 

Chitosan can be obtained from crustaceans, insects, mollusks, fungi or 

shrimps, although the main extraction sources are shrimp and crab 

exoskeleton residues, producing approximately 2000 tons of chitosan 

annually (Santos et al., 2020; Sharma & Tiwari, 2020). 
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Figure 1.1. Chitin and chitosan molecular structure. 

 

Chitin can be extracted by chemical and/or biological treatments 

(Figure 1.2) (Hou et al., 2016).  

 

Figure 1.2. Chitin and chitosan extraction diagram. 
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Generally, chitin is extracted by a two-step process, including 

deproteinization and demineralization (Muxika et al., 2017). In the case of 

shell wastes, another step, depigmentation treatment, is required in order 

to remove color (Hou et al., 2016). Once chitin is extracted, a deacetylation 

process is carried out to obtain chitosan. The aggressiveness of the 

procedure affects the deacetylation degree of chitosan, influencing the 

final properties of the biopolymer (Castillo et al., 2017).  

In terms of chemical treatments, the deproteinization step is carried 

out using an alkali solution (usually NaOH), the demineralization process 

is performed with an acidic solution (typically HCl), and the 

depigmentation process is accomplished by soaking the chitin in an alkali 

solution. Hereafter, an alkali solution (commonly NaOH) is used for the 

chitosan extraction (Baron et al., 2017; Huang et al., 2018). In the case of 

biological treatments, instead of chemical substances, bacteria strains are 

employed for deproteinization and demineralization. For instance, 

Bacillus subtilis, Pseudomonas aeruginosa and Serratia marcescens, bacterial 

strains that produce protease, have been tested for the deproteinization 

treatment, and Lactobacillus plantarum has been analyzed for the 

demineralization process to remove calcium from chitin (Sedaghat et al., 
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2017). Moreover, for the chitin transformation into chitosan, Rhizopus 

japonicas has been used as a biological alternative (Zhang et al., 2017). It is 

worth mentioning that no depigmentation process using bacterial strains 

has been found.  

Although chemical treatments are cheap procedures, appropriate 

for mass production (Shavandi et al., 2017), high concentrations and 

volumes of acid and alkali solutions are used at high temperatures and, 

thus, biological treatments could be more suitable processes from the 

environmental perspective. Nevertheless, they have longer production 

times, are more expensive, and have not been implemented for mass 

production; only pilot scale processes have been reported (Zhang et al., 

2017).  

Combination of both chemical and biological methods can also be 

employed. For instance, Pachapur et al. (2015) proposed a combined 

enzymatic deproteinization (with Bacillus licheniformis) followed by a 

chemical demineralization process, using seawater during all steps of 

chitin extraction. Thereby, using large amounts of freshwater and 

chemicals can be avoided. Furthermore, Lopes et al. (2018) compared the 

chitosan extraction by chemical and biological processes at pilot scale and 
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their environmental impact. The use of a soft alkaline treatment, and the 

possibility of recovery NaOH, water, and fish protein hydrolysates are 

some of the reported improvements to decrease the environmental impact 

associated to the chemical treatments. Additionally, some improvements 

were proposed for the biological processes in order to mitigate the 

environmental impacts and the costs associated to the enzyme production; 

in particular, employing fish protein hydrolyzed obtained in the 

enzymatic hydrolysis of the crustacean biomass, as peptones for bacterial 

growth, could be a strategy to reduce environmental loads.  

Recently, a novel method for chitosan extraction has been proposed 

(El Knidri et al., 2016), using microwave technique for all chitosan 

extraction steps (demineralization, deproteinization and deacetylation). 

Although the method uses the same preparation conditions as chemical 

treatments, it needs less time than the conventional one. Indeed, this novel 

method reduced the deacetylation time from more than 6 h to less than 30 

min, reaching the same deacetylation degree. Furthermore, chitosan 

structure, morphology, and chemical composition in both methods were 

similar. 
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1.3. Chitosan for food applications 

Chitosan is a suitable material for applications such as food 

packaging due to its good mechanical properties and capacity of selective 

permeability to O2 and CO2 (Cazón & Vázquez, 2020), which play an 

important role for protecting food quality during transportation, storage 

and distribution, when food can be spoiled by chemical and 

microbiological processes (Sahraee et al., 2019). Owing to its antimicrobial 

activity, chitosan can preserve foods from foodborne pathogens (Shin, 

Kim, & Shin, 2019). In this regard, the most accepted mechanism of action 

is the electrostatic interaction between the protonated amine of chitosan 

and the anionic charges on the microbial surface, which results in a 

leakage of the cell components and, thus, in the cell necrosis (Amato et al., 

2018). Therefore, chitosan is able to prevent microbial spoilage of foods, a 

major factor that affects shelf life and food quality. With this aim, chitosan 

can be applied as films or coatings (Figure 1.3). Chitosan films and 

coatings have been extensively assessed for non-processed food, such as 

fruits, vegetables, refrigerated fish and meat as well as for processed food 

like sausages or bread. Depending on the product, different coating 

techniques are used: dipping, spraying or wrapping. 
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Films are preformed layers that can be wrapped around the food 

(Gudjónsdóttir et al., 2015) or used as a pouch for foodstuff (Zhang et al., 

2020c), while coatings are thin layers directly formed on food surface by 

immersing the product in a solution (Yu et al., 2017) or by spraying the 

solution (Jiang et al., 2020). In this regard, Alemán et al. (2016) studied the 

shelf life of fish sausages packaged with chitosan-based films and 

coatings. Results showed that chitosan coatings were imperceptible and 

able to extend sausage shelf life by 15 days, while sausages packaged with 

films showed a pickled appearance with lower pH values and water 

content, and harder texture than coated sausages. Moreover, Leceta et al. 

(2015) compared spraying and dipping on ready to eat baby carrots and 

found that both coating methods were effective to maintain the product 

safe against microbiological spoilage during a storage period of 15 days. 

A slightly better antimicrobial activity was shown for dipped samples, 

whereas moderately better results for weight loss and texture were 

presented in sprayed samples. Pea pods have also been coated by chitosan 

solutions, reducing the vegetable weight loss, titratable acidity, and 

chilling injury, compared to the untreated product (El-hamahmy et al., 

2017). 
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Figure 1.3. Schematic representation of chitosan applications for food packaging. 

1.4. Chitosan processing and characterization  

Chitosan based materials can be prepared employing two different 

processes known as wet or dry techniques (Figure 1.4). The wet method is 

the most extended process when using this polysaccharide because it is a 

versatile technique (Chen et al., 2018). During this process, chitosan is 

dissolved in acidified water since it is non-soluble in basic media 

(Priyadarshi et al., 2018; Zhang et al., 2019a). After heating and stirring the 

solutions, films can be obtained by solution casting and drying, or food 

coatings can be prepared by spraying or dipping (Bonilla et al., 2018; 

Limchoowong et al., 2016). On the other hand, few works related to dry 

process to prepare chitosan films have been reported in the literature. 

Galvis-Sánchez et al. (2018) prepared chitosan films by thermal 

compression. First, chitosan powder was mixed with natural deep eutectic 
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solvents, such as citric acid or lactic acid. The mixture was put into an oven 

at 80 °C for 30 min and then, an acetic acid solution was added during 

manual mixture. The resultant mixture was put into a hydraulic press and 

thermo-compressed. In another work, Guerrero et al. (2019) thermo-

compressed citric acid-chitosan films at 125 °C for 2 min, using glycerol as 

plasticizer. Chitosan has also been compressed after blending with other 

polysaccharides such as starch. Valencia-Sullca et al. (2018) dispersed 

chitosan, starch, glycerol and polyethylene glycol in water and the mixture 

was melt blended at 160 °C for 30 min, until a homogeneous paste was 

obtained, before processing by thermal-compression. 

After preparing chitosan films and coatings, material 

characterization must be carried out in order to know their suitability for 

the specific application of food packaging. Mechanical properties are one 

of the most important parameters of film characterization. Mechanical 

behavior determines whether the film is suitable for the packaging 

purpose since it has to support mechanical loads during the logistic 

process to keep the product intact and avoid food deterioration (Zhang et 

al., 2019b). Unmodified chitosan films are brittle due to the electrostatic 

interactions and hydrogen bonding between chitosan chains. Hence, 
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plasticizers are used to lend chitosan better mechanical properties, to 

provide chitosan chains with mobility and, thus, increase flexibility. 

Among plasticizers, glycerol has the most extended use in chitosan films 

(Muxika et al., 2017).  

 

Figure 1.4. Processing techniques of chitosan for food packaging. 

 

In relation to water-related properties, these are of interest to define 

which kind of product can be packaged. Since chitosan films and coatings 

present moderate values of water resistance due to the presence of 

hydrophilic groups (-OH and -NH2) (Priyadarshi et al., 2018), chitosan 

properties are modified employing different additives. Wang et al. (2019) 

studied chitosan films enriched with anthocyanins at different 

concentrations (5%, 10% and 15% by weight on chitosan basis). Regarding 
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moisture content, this value decreased with the increase of anthocyanin 

concentration due to the intermolecular interactions by hydrogen bonding 

between anthocyanins and the hydrophilic groups of chitosan. 

Concerning water vapor permeability, anthocyanin-added chitosan films 

exhibited lower values due to the more compact structure formed as a 

consequence of the interactions between anthocyanin and chitosan. 

1.5. Chitosan as food packaging material  

1.5.1. Active packaging 

1.5.1.1. Antioxidants for chitosan films and coatings 

Packaging designed to extend shelf life or provide information 

about the quality of the product is defined as active and/or intelligent 

packaging (Figure 1.5). Active packaging prevents food from deterioration 

and from foodborne pathogens; therefore, it preserves food quality, 

extends food shelf life, and enhances food safety (Jha, 2020). In this sense, 

the oxidation of foodstuff is considered a food spoilage factor, which 

causes discoloration and rancidity, affecting food quality negatively 

(Charles et al., 2021). 
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Figure 1.5. Schematic representation of different types of chitosan food 

packaging. 

 

In food industry, special attention is being paid to natural 

antioxidant compounds (Talón et al., 2017), such as those containing 

polyphenols (Zhang et al., 2020b); some of these studies are summarized 

in Table 1.1. In this regard, rainbow trout fillets coated with chitosan-

Ferulago angulata essential oil reduced the increase of thiobarbituric acid 

reactive substances (TBARS) during storage at 4 °C, improving fish shelf 

life up to 16 days (Shokri et al., 2020). Moreover, Lekjing (2016) employed 

clove oil, an essential oil with antimicrobial and antioxidant properties, to 

coat pork sausages by dipping, and microbiological, physical and 

chemical analyses as well as sensory evaluation were carried out. It was 

demonstrated that the coating inhibited the microbial growth, retarded 
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the lipid oxidation, and extended the shelf-life of the product during 

refrigerated storage. However, negative impacts were found on odor and 

taste qualities. Other essential oils, such as that extracted from oregano, 

have also been incorporated into chitosan solutions to provide coatings 

with active properties. Paparella et al. (2016) added oregano essential oil 

into chitosan solutions to coat fresh pork fillets and found that oregano 

had antimicrobial properties against meat spoilage bacteria, such as B. 

thermosphacta and Pseudomonas spp. In another study, Alsaggaf et al. (2017) 

analyzed the effect of edible chitosan coatings applied by immersion of 

Nile tilapia fillets into chitosan solutions with pomegranate peel extract, 

an extract that has several bioactive phytochemicals for antimicrobial or 

food preservative applications. Composition, microbiological, 

antioxidant, total nitrogen volatile base value and sensory analyses 

demonstrated that chitosan/pomegranate peel extract coatings were 

effective at extending the shelf-life of fish fillets. In addition to coatings, 

chitosan films with antioxidant bioactives have been used to wrap food 

products with the aim of prolonging food shelf-life. Serrano-León et al. 

(2018) wrapped chicken products using chitosan films incorporated with 

peanut peel extract or pink peppers by-products. Peanut peel extract 

contains proanthocyanidins and procyanidins, phenolic compounds with 
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antioxidant activity, while pink peppers by-products are composed of 

vitamin C, phenolic compounds, flavonoids and carotenoids. The 

characterization of the chicken product was carried out analyzing chicken 

pH and color, peroxide value, thiobarbituric acid reacting substances 

(TBARS) and microbiological parameters. None of the additives altered 

chicken pH or color, but pink pepper by-products showed greater 

antimicrobial and antioxidant activities than peanut peel extract.  

Bioactive compounds, in spite of enhancing the antioxidant capacity, 

can also improve other properties of chitosan films. Eucalyptus globulus 

essential oil incorporated into chitosan films increased the film water 

resistance and the 2,2-diphenyl-1-picrylhydrazil (DPPH) free radical 

scavenging capacity up to 43% (Hafsa et al., 2016). Additionally, other 

natural antioxidants extracted from fruits discards, such as banana peel 

extracts, reduced water solubility, moisture content and water vapor 

permeability while increased the antioxidant capacity of chitosan films 

(Zhang, Li, & Jiang, 2020a). 
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Table 1.1. Chitosan-based active films and coatings. 

Packaged food Packaging Bioactive Bioactivity Reference 

White brined cheese C ZnO nanoparticles AM Al-Nabulsi et al., 2020 

Rainbow trout fillets C Ferulago augulata essential oil AO + AM Shokri et al., 2020 

Apples C Ripe banana peel extract AO Zhang et al., 2020a 

Fresh poultry meat F Rosemary essential oil AO + AM Souza et al., 2019 

Cherry tomatoes and grapes F Tannic acid AO + AM Halim et al. 2018 

White shrimp (Litopenaeus vannamei) C ε-polylysine AM Na et al. 2018 

Bread slices F Apricot kernel essential oil AO + AM Priyadarshi et al. 2018 

Chicken F 

Schinus terebinthifolius Raddi 

(pink pepper) extract/peanut 

skin extract 

AO 
Serrano-León et al. 

2018 

Nile tilapia fillets C Peels of pomegranate extracts AM Alsaggaf et al. 2017 

Grass carp (Ctenopharyngodon idellus) C Glycerol monolaurate AM Yu et al. 2017 

Yellow croakers C Nisin AM Hui et al. 2016 

Pork sausages C Clove oil AO + AM Lekjing 2016 

Tomatoes C Iodide AM 
Limchoowong et al. 

2016 

Pork fillets C Origanum vulgare essential oil AM Paparella et al. 2016 

Pacific mackerel (Pneumatophorus 

japonicus) fillets 
       C Gallic acid AO + AM Wu et al. 2016 

Chicken breast        C 
Zataria multiflora essential 

oil/pomegranate juice 
AO + AM 

Bazargani-Gilani 

et al. 2015 

C, coating; F, film; AO, antioxidant; AM, antimicrobial. 
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1.5.1.2. Antimicrobials for chitosan films and coatings 

Besides antioxidant capacity, the safety of food is impaired by 

microbiological activity (Ebadi et al., 2019). Like antioxidants, synthetic 

antimicrobial compounds, such as sodium nitrite, can generate side effects 

and health risks for the consumer (Chang, Chen, & Tsai, 2020; De Mey et 

al., 2017). Therefore, the food industry seeks substitutes for these 

compounds from natural sources that do not compromise the sensory 

properties of the food (Ozaki et al., 2020). In addition to antioxidant 

activity, essential oils exhibit antimicrobial activity when added to 

chitosan formulations. For instance, rosemary essential oil inhibited 

foodborne pathogens, both gram-positive (Bacillus cereus, Straphylococcus 

aureus and Listeria monocytogenes) and gram-negative bacteria (Escherichia 

coli, Salmonella enterica and Pseudomonas aeruginosa), mainly due to its high 

content of phenolic compounds (Souza et al., 2019). On the other hand, 

inorganic antimicrobial materials are represented by metal oxides, that 

have higher thermal resistance and broader biocidal spectrum than 

organic antimicrobials (Al-Tayyar, Youssef, & Al-Hindi, 2020). In this 

regard, zinc oxide (ZnO) nanoparticles decreased initial numbers of 

Escherichia coli by 2.8 log CFU/g and 2.1 log CFU/g in white brined cheese 
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stored at 4 °C and 10 °C, respectively (Al-Nabulsi et al., 2020). In particular, 

Zn2+ ions can attack cell wall, leading to a leakage and, finally, to bacteria 

death (Yadav, Mehrotra, & Dutta, 2021). 

In recent years, chitosan nanoparticles are gaining more attention, 

since they can improve functional properties due to their bigger contact 

surface, which make them more reactive and increase the relative surface 

of the mass (Istúriz-Zapata et al., 2020), resulting in the enhancement of 

antimicrobial activity (Badawy, Lotfy, & Shawir, 2020). Chitosan 

nanoparticles can be integrated into food formulations, such as those 

incorporated with cinnamon essential oil for retarding beef patties 

deterioration during refrigeration storage (Ghaderi-Ghahfarokhi et al., 

2017). Furthermore, chitosan nanoparticles can be used to provide a 

sustained release of active substances (Kuai et al., 2020).  

1.5.2. Intelligent packaging 

Also recently and due to consumer concerns about the safety and 

quality of food products, smart packaging has been developed to provide 

information on food quality of packaged products (Wu et al., 2019). In 

general, most smart food packaging has been used to check the freshness 

of seafood, fish, meat and fruits, using quality indicators such as pH-
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sensitive color change films (Merz et al., 2020). The most commonly 

compounds used as pH indicators are anthocyanins extracted from 

different food waste. Anthocyanins extracted from purple corn were used 

in chitosan-silver nanoparticles films, showing pH sensitive properties 

(Qin et al., 2019). Additionally, anthocyanins extracted from purple and 

black eggplant peels were incorporated into chitosan films, resulting 

effective for the spoilage control of milk (Yong et al., 2019). 

1.6. Conclusions and future perspectives 

The food processing industry generates increasing amounts of 

biowaste as the population grows. Integrating these wastes into the 

circular economy chain and outputting them as value-added products for 

food packaging production is an alternative to address the sustainability 

principles set by the European Union in the 2030 Agenda. In this context, 

biopolymers such as chitosan are gaining attention due to their natural 

abundance and the possibility of obtaining from fishing industry waste. 

Chitosan is produced through chemical and/or biological processes, 

although biological processes are more sustainable, scaling up was only 

possible with chemical processes. 
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Furthermore, chitosan is an appropriate material for food 

packaging, as it has good mechanical properties and selectivity to O2 and 

CO2 permeation, besides its antimicrobial capacity, which preserves food 

from food pathogens. Regarding the processability of the material, 

chitosan packaging can be prepared in different formats: dipped or 

sprayed coatings or wrapped films. These coatings or films can be 

processed by wet or dry techniques, the former being the most usual.  

Food packaging can be divided into active and intelligent 

packaging. Active packaging helps the food to extend its shelf life, while 

intelligent packaging provides information concerning the condition of 

the food. In the case of active packaging, delaying oxidation and food 

pathogen bacterial growth are two of the most important parameters in 

extending the shelf life of food. Although chitosan already has 

antimicrobial capacity, additives can be used to control these two factors. 

Compounds of natural sources are receiving special attention, since 

synthetic additives can have harmful effects on human health. Essential 

oils, which contain polyphenols, are the most commonly used, as they 

possess both antioxidant and antimicrobial properties. Antimicrobial 

inorganic materials, such as nanoparticles, especially metal oxides, which 
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have a higher biocidal capacity than essential oils, are also used to reduce 

antimicrobial activity. In addition, it should be noted that in recent years 

chitosan nanoparticles, due to the smaller size and the higher 

surface/volume ratio, are more reactive and therefore they increase the 

antimicrobial capacity of the material. 

On the other hand, with regard to intelligent films, packaging has 

been studied to control the freshness of fresh foods by means of indicators. 

The most studied bioactives so far are anthocyanins, which change the 

color of the film by acting as pH-sensitive sensors. 

New opportunities are opening up in the field of nanoparticles and 

intelligent food packaging. The latest studies related to chitosan 

nanoparticles in the food industry indicate that, due to their bigger contact 

surface, chitosan nanoparticles can enhance functional properties 

compared to classical chitosan coatings and, hence, new methods for food 

coatings are being sought to obtain a greater surface coverage due to a 

greater penetration of nanoparticles. In this regard, a recent study 

employed aerosolisation of chitosan nanoparticles for hake fillet coating 

treatment, which showed that a good coating coverage was achieved with 

small volumes of solution, and the coating had minimal impact on 
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physicochemical parameters (Sullivan et al., 2020). Regarding intelligent 

food packaging, in addition to anthocyanins, the isolation of new 

indicators from other natural sources is being analyzed. In this sense, 

betalains have been extracted from vegetable amaranth for application in 

monitoring of shrimp freshness (Hu et al., 2020). Results suggested that 

films containing betalains showed good response to the volatile ammonia 

produced by the shrimp’s metamorphism, changing color when the total 

volatile basic nitrogen slightly exceeded the limit of the standard (Hu et 

al., 2020). 

In summary, future work will be related to sustainability and 

progress towards the circular economy, trying to reduce the use of 

polluting and health-damaging chemicals, and focusing on biodegradable 

materials, leading to the development of food packaging that improves 

product quality and food safety. 
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2.1. Summary 

Two Alteromonas sp. strains isolated from deep seawater were grown 

to promote the production of exopolysaccharides (EPS, E611 and E805), 

which were incorporated into chitosan solutions to develop films. The 

combination of the major marine polysaccharides (chitosan and the 

isolated bacterial EPS) resulted in the formation of homogenous, 

transparent, and colourless films, suggesting the good compatibility 

between the two components of the film-forming formulation. With 

regards to optical properties, films showed low values of gloss, in the 

range of 5-10 GU, indicating the formation of non-glossy and rough 

surfaces. Also related to the film surface, both films showed hydrophobic 

character, with water contact angles higher than 100 °, regardless of EPS 

addition. Among the two EPS under analysis, chitosan films with E805 

showed better mechanical performance, leading to resistant, flexible and 

easy to handle films. 

2.2. Introduction 

Polysaccharides are widely used to develop films and coatings for 

food applications (Ghasemlou et al., 2011) as an alternative to plastic-

based film production. In particular, chitosan is a polysaccharide extracted 
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from marine crustacean shells (Negm et al., 2020) and, due to its non-

toxicity, antimicrobial activity and biocompatibility (Riezk et al., 2020), it 

is suitable as food preservative (Hu & Gänzle, 2018) applications. 

Recently, some research has been conducted in order to find novel 

functionalities of chitosan films through the incorporation of bioactive 

compounds of natural origin.  

In addition to other marine sources, like animals, seaweeds and 

invertebrates, microorganisms provide glycopolymers that display a great 

diversity in structures and composition. These original chemical 

structures are frequently linked to promising biological activities 

(Delbarre-Ladrat et al., 2014) and, thus, represent a target for biodiscovery. 

In general, exopolysaccharides (EPS) are high molecular weight polymers 

constituted of homopolysaccharides or heteropolysaccharides, which can 

form linear or branched structures (Mohamed et al., 2018; Zhao et al., 

2019). EPS derived from marine bacteria are currently attracting 

substantial attention (Selim et al., 2018). These EPS include sugar 

monomers, such as fructose and rhamnose (Sahana & Rekha, 2019), which 

are of commercial interest, and they typically contain several organic and 

inorganic substitutes that modulate their physicochemical properties. For 
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instance, the adhesive and viscous properties of EPS are attributed to the 

presence of uronic acids, sulphates or carboxyl groups that confer anionic 

character to the polymer (Wang et al., 2019). 

EPS are used as thickening, gelling, stabilizing or emulsifying agents 

(de Oliveira, Amaral, & Burkert, 2018). Since EPS are biocompatible, 

biodegradable and have a good adhesion capacity to cells (Ale et al., 2020; 

Tabernero & Cardea, 2020), they are increasingly used in the fields of 

biotechnology and biomedicine, despite their cost of production is still 

high for most commercial applications.  

The genus Alteromonas is ubiquitously found in marine 

environments, from surface coastal seawater to the deep ocean (García-

Martínez et al., 2002), and represents a promising source of a wide range 

of metabolites, including EPS, antimicrobial and antitumoral agents. 

Members of this genus have a great diversity of genes involved in the 

synthesis of EPS (López-Pérez & Rodriguez-Valera, 2016), likely essential 

for cell-cell interaction and recognition, biofilm formation or nutrient 

uptake. It has been found that Alteromonas HYD-1545 secretes an EPS with 

high levels of uronic acids and pyruvate, showing anticoagulant and bone 

healing properties (Vincent et al., 1994). Moreover, the EPS from 
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Alteromonas macleodii subsp. fijiensis is currently commercialized for 

cosmetic purposes under the name of Abyssine(®) and it is able to reduce 

skin irritation against chemical, mechanical and UVB aggression. 

Additionally, Alteromonas strain 1644 secreted an EPS that is capable of 

binding heavy metals (Le Costaouëc et al., 2012; Finore et al., 2014). 

The aim of this chapter was to analyze the compatibility between the 

EPS produced by Alteromonas strains, isolated from deep (≥ 500 m depth) 

seawaters, and a polysaccharide like chitosan in order to develop 

sustainable films from marine-derived biopolymers. In particular, these 

bacteria were found to produce omega-3 in a previous work (Estupiñan et 

al., 2020) and a further valorization of these microorganisms, together with 

the assessment of their compatibility with chitosan to develop films, were 

the main aims of the current study. Hence, EPS were incorporated into 

chitosan formulations, resulting in homogenous films, indicating the good 

compatibility between these two biopolymers derived from marine 

sources. Functional properties of these films, such as physicochemical, 

optical, barrier and mechanical properties, were assessed and related to 

the film structure. 
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2.3. Materials and methods 

2.3.1. Materials  

Chitosan, with a molecular weight of 375 kDa and deacetylation 

degree above 75 %, was supplied by Sigma-Aldrich, Spain. Acetic acid 

solution (1 N), and glycerol (99.0 % purity), used as solvent and as a 

plasticizer, respectively, were supplied by Panreac, Spain. 

2.3.2. EPS production  

Two Alteromonas strains (611 and 805), isolated from deep seawater 

samples (1,000 m and 500 m depth, respectively) collected in the Bay of 

Biscay (Estupiñán et al., 2020), were grown in MASW. For EPS production 

and isolation, 1 L bottles containing 600 mL of MASW were inoculated at 

2 % (v/v) from a starter overnight culture, incubated at 25 °C, 190 rpm. To 

induce EPS production, Alteromonas sp. 611 culture media MASW was 

supplemented with an additional carbon source (3 % of sucrose, Fisher 

BioReagents), and shaken for 6 days (190 rpm) at 10 °C in aerobic 

conditions. 

The crude EPS from the bacterial isolates was obtained as previously 

described (Rougeaux et al., 1996). In brief, cells were removed from the 
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medium by centrifugation at 15,000 x g for 20 min. The supernatant was 

centrifuged twice in order to reduce the presence of bacteria. EPS was 

precipitated from the clarified supernatant by addition (1:1, v/v) of cold 

absolute ethanol (-20 °C) (Fisher Scientific), and incubated at 4 °C 

overnight. The precipitate was harvested by centrifugation (12,000 × g, 30 

min) and washed three times with increasing ratios of ethanol to water (50 

%, 70 %, 100 %). Then, the precipitate was resuspended in deionized water, 

rehydrated overnight at 4 °C, and freeze-dried. The crude EPS (E611 and 

E805) were stored at room temperature. 

The yield of EPS production was determined by gravimetry of the 

lyophilized crude EPS. Protein and DNA contents were measured by 

Quibit ®. 

2.3.3. Film preparation 

1 % (w/v) chitosan was dissolved in 1 % wt acetic acid solution by 

mechanical agitation for 45 min at room temperature. 5 wt % EPS (referred 

to chitosan dry mass) was added to the chitosan solution and stirring was 

maintained for 30 min. In order to homogenize the mixture, Ultraturrax 

(IKA, Germany) was used at 15,000 rpm for 90 s. Subsequently, 15 wt % 

glycerol (chitosan based) was added and stirring was maintained for 2 h. 
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Solutions were poured into Petri dishes and let dry at room temperature. 

The resulting films were named CH for control chitosan films, CHE611 for 

chitosan films supplemented with E611, and CHE805 for chitosan films 

with E805. 

2.3.4. Film characterization 

2.3.4.1. UV-vis spectroscopy 

A UV-VIS-NIR Shimadzu spectrometer (Shimadzu Scientific 

Instruments, Kyoto, Japan) was employed to measure light transmission 

through the film. The absorbance range was set up from 200 to 800 nm. 

2.3.4.2. Color measurements 

Color measurements were collected with a CR-400 Minolta Chroma 

Meter colorimeter (Konica Minolta, Tokyo, Japan). CIELAB scale was used 

for color parameter determination: L* from 0 to 100 (from black to white), 

a* from – to + (from greenness to redness) and b* from – to + (from blueness 

to yellowness). Ten replicates were collected for each sample. Films were 

placed on a white patron (L*= 97.39, a*= 0.03, b*= 1.77) and the total color 

difference (ΔE*) was calculated as: 

∆𝐸∗ =  √(∆𝐿∗)2 + (∆𝑎∗)2 + (∆𝑏∗)2   
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2.3.4.3. Gloss measurements 

Gloss values were determined by a Multi Gloss 268 Plus (Konica 

Minolta, Tokyo, Japan) with an incidence angle of 60 °, according to ASTM 

D523-18 (ASTM, 2018). Ten samples were collected for each sample at 

room temperature. 

2.3.4.4. Water contact angle (WCA) 

A Dataphysic Contact Angle System, Oca 20 model, was used for 

WCA measurements. A 3 µL of distilled water was dropped onto the film 

surface and the drop image was collected using a SCA20 software. 

Measurements were carried out in quintuplicate. 

2.3.4.5. Water vapor permeability (WVP) 

PERME™W3/0120 chamber (Labthink Instruments Co. LTD., 

Shandong, China) was used to measure WVP at a temperature and relative 

humidity of 38 °C and 90 %, respectively, according to ASTM E96-00 

(ASTM, 2000). Films were cut with disc shape of 7.40 cm diameter and a 

test area of 33 cm2. Tests were carried out in triplicate. 

Water vapor transmission rate (WVTR) was calculated as: 

𝑊𝑉𝑇𝑅 (
𝑔

𝑠 𝑐𝑚2
) =  

𝐺

𝑡·𝐴
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where G is the weight change (g), t is the time (s), and A is the film area 

that was tested (cm2). 

WVP was calculated by the following equation: 

𝑊𝑉𝑃 (
𝑔

𝑐𝑚 𝑠 𝑃𝑎
) =  

𝑊𝑉𝑇𝑅·𝐿

∆𝑃
   

where L is the film thickness (cm) and ΔP is the partial pressure difference 

of the water vapor across the film (Pa). 

2.3.4.6. Mechanical properties 

An Instron 5967 electromechanical testing system (Instron, 

Massachusetts, USA) was employed for tensile tests. Tensile strength (TS), 

elongation at break (EAB), and elastic modulus (E) were measured. Tests 

were carried out with a load cell of 500 N and a crosshead rate of 5 

mm/min, according to ASTM D638-14 (ASTM, 2014). Films were cut into 

dog bone-shaped samples of 4.75 mm × 22.25 mm. At least 5 samples for 

each composition were tested. 

2.3.4.7. Fourier transform infrared (FTIR) spectroscopy 

FTIR spectra were collected with a Nicolet Nexus FTIR spectrometer 

(Thermo Fisher Scientific, Massachusetts, USA) with a Golden Gate ATR 
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accessory. The spectra, with a resolution of 4 cm-1, were acquired between 

4000 and 800 cm-1 with 32 scans for each sample. 

2.3.4.8. X-ray diffraction (XRD) 

X-ray diffraction (XRD) was carried out at 40 kV and 40 mA, with Cu- 

Cu-K (= 1.5418 Å) as a radiation source, using a PANalytic Xpert Pro 

(PANalytical, Almelo, The Netherlands) equipment with a diffraction 

unit. Data were collected between 2 ° and 34 ° (step size = 0.026, time per 

step = 118 s). 

2.3.4.9. Scanning electron microscopy (SEM) 

A Hitachi S-4800 scanning electron microscope (Hitachi High-

Technologies Corporation, Tokyo, Japan), with an acceleration voltage of 

15 kV, was employed to analyze the film cross-sections. Films were placed 

on a metallic stub and were covered with gold under vacuum in argon 

atmosphere. 

2.3.5. Statistical analysis 

In order to determine significant differences between 

measurements, analysis of variance (ANOVA) was carried out with SPSS 

software (SPSS Statistic 24.0.0.2). Tukey’s test with a statistically 
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significant at the P < 0.05 level was used for multiple comparisons among 

different systems. 

2.4. Results and discussion 

2.4.1. EPS production 

In the batch experiment, an EPS production of 1.0 g/L (E805) and 0.7 

g/L (E611) was observed after 96 h of culture at 10 °C, as typically found 

for marine EPS-producing strains (i.e., 0.5 to 4.0 g/L of EPS in the presence 

of glucose) (Roca et al., 2016).  

2.4.2. Optical properties 

The effect of EPS supplementation on chitosan film appearance was 

determined by UV-vis absorbance, color, and gloss measurements. In 

general, chitosan films were transparent and colorless with a subtle yellow 

color. As can be seen in Figure 2.1, there was no light absorbance in the 

visible range from 400 to 800 nm, indicating that control films and those 

with EPS were transparent. Additionally, all films absorbed UV light at 

200 nm, corresponding to the carbonyl groups in chitosan (Ji et al., 2016). 
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Figure 2.1. UV-vis light absorption of control (CH) and chitosan films with E805 

(CHE805) and E601 (CHE601). 

 

Regarding color, color changes were analyzed by determining L*, a* 

and b* parameters and results are shown in Table 2.1. E811 did not 

significantly (P > 0.05) affect the color parameters of chitosan films. 

However, the addition of E611 caused a significant (P < 0.05) increase of b* 

values and a* values, which became more negative (P < 0.05), indicating 

an increase of yellowness and greenness, respectively. L* values did not 

decrease (P > 0.05), indicating that CHE611 films showed high lightness. It 

is worth noting that these changes were not perceptible for human eye, 

since E* values were lower than 5 (Luchese et al., 2018); in particular, 

values were lower than 1 in this work. Therefore, it can be said that the 
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appearance of control chitosan films prevailed after the addition of EPS. 

Additionally, gloss values were measured and are shown in Table 2.1. All 

films showed very low gloss values, indicating that the film surface was 

very rough, since low gloss values are related to high surface roughness 

(Sánchez-González et al., 2010). Moreover, chitosan films supplemented 

with E805 were found to be even rougher since gloss values decreased 

from 10 to 5 GU. 

Table 2.1. L*, a*, b* and E* color parameters and gloss values of control (CH) 

and chitosan films with E805 (CHE805) and E601 (CHE601). 

Films L* a* b* E* 
Gloss60 

(GU) 

CH 95.5 ± 0.5a -0.08 ± 0.03a 2.39 ± 0.06a --- 10 ± 2a 

CHE805 96.8 ± 0.3a -0.12 ± 0.03a 2.56 ± 0.09a 0.67 10 ± 2a 

CHE611 96.6 ± 0.5a -0.22 ± 0.09b 3.04 ± 0.40b 0.33 5 ± 2b 

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. 

 

2.4.3. Barrier and mechanical properties 

Following with the analysis of film surface, the hydrophilic or 

hydrophobic character of chitosan films was assessed by measuring water 

contact angle (WCA) values. As shown in Table 2.2, control chitosan films 

were hydrophobic since the WCA values were greater than 90° (Grande-
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Tovar et al., 2018). No significant (P > 0.05) difference was found for 

CHE805 films, while a significant (P < 0.05) increase was observed for 

CHE611 films, with values of 115°. These results are in accordance with 

the abovementioned gloss values, which indicated a rougher surface for 

CHE611 films. 

In relation to water-related properties, there was no significant (P > 

0.05) difference in WVP values with the addition of EPS (Table 2.2). 

Permeability values depend on adsorption, diffusion, and desorption 

processes. Although CHE611 films were more hydrophobic, similar 

values of WVP would indicate that diffusion process is more rapid in these 

films. 

Table 2.2. Water contact angle (WCA), water vapor permeability (WVP), tensile 

strength (TS), elongation at break (EAB), and elastic modulus (E) of control 

(CH) and chitosan films with E805 (CHE805) and E611 (CHE611). 

Films 
WCA 

(°) 

WVP·10-12 

(g/cm·s·Pa) 

TS 

(MPa) 

EAB 

(%) 

E 

(MPa) 

CH 105 ± 2a 1.37 ± 0.07a 41.6 ± 1.0a 24.7 ± 2.1a 1193 ± 24a 

CHE805 109 ± 1a 1.51 ± 0.02a 42.7 ± 1.5a 23.7 ±1.9a 1186 ± 29a 

CHE611 115 ± 3b 1.54 ± 0.01a 39.5 ± 0.5b 16.6 ± 1.3b 1008 ± 26b 

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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Tensile tests were performed in order to evaluate the effect of EPS 

addition on tensile strength (TS), elongation at break (EAB) and elastic 

modulus (E). The addition of E611 caused a significant (P < 0.05) decrease 

in TS, EAB and E values, but E805 did not significantly (P > 0.05) change 

the mechanical performance of chitosan films (Table 2.2), resulting in 

resistant and flexible films, which were easy to handle. This behavior is in 

accordance with the previous analyses, which also led to similar results 

for control and CHE805 films, while CHE611 films showed changes in 

both optical and barrier properties compared to control and CHE805 films. 

2.4.4. Physicochemical properties and film morphology 

FTIR analysis was carried out to evaluate the interactions between 

chitosan and EPS. Regarding EPS (Figure 2.2a), the main characteristic 

bands appeared at 3300 cm-1, corresponding to O-H stretching; at 1633 cm-

1, associated to C=O stretching; around 1400 cm-1, corresponding to C-H 

stretching vibrations in hexoses; at 1230 cm-1, associated to the presence of 

sulfates; at 1100 cm-1, due to glycosidic linkages; and at 1000 cm-1, related 

to C-O stretching (Sahana & Rekha, 2019). The most relevant difference 

between the two EPS is related to the difference in the relative intensity 

between the bands at 1633 and 1400 cm-1. As can be seen in Figure 2.2a, the 
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intensity of those bands is similar for E805, indicating a higher content of 

hexoses, which could lead to a higher TS of CHE805 films, due to these 

cyclic structures that provide rigidity. Additionally, a higher EAB of 

CHE805 films could be due to the promotion of hydrogen bonding with 

the hydroxyl groups of the hexoses. 

 
 

 (a) 

 

                                     (b) 

Figure 2.2. FTIR spectra of (a) E611 and E805 and (b) those of control (CH) and 

chitosan films with E611 (CHE611) and E805 (CHE805). 

When EPS were incorporated into chitosan film forming 

formulations, some shifts of the abovementioned characteristic bands 

were observed, as shown in Figure 2.2b. In particular, the band at 3300 

cm-1 was shifted to 3250 cm-1, the band at 1633 cm-1 to 1655 cm-1, and the 

band at 1000 cm-1 to 1030 cm-1 for CHE805 and CHE611 films. These shifts 

would be indicative of physical interactions among chitosan, glycerol and 
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EPS, mainly by hydrogen bonding among the polar groups (hydroxyl and 

carbonyl groups) of the components of the film forming formulation. 

Finally, XRD and SEM analyses were carried out in order to assess 

the film structure. The three characteristic peaks of chitosan are observed 

at 9 °, 12 °, and 20 ° (Di Filippo et al., 2020) for all the chitosan films under 

study, regardless the addition of EPS (Figure 2.3). 
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Figure 2.3. XRD patterns of control (CH) and chitosan films with E611 

(CHE611) and E805 (CHE805). 

 

Regarding SEM analysis, film cross-sections are shown in Figure 

2.4. A compact structure was observed for all films, suggesting the good 

compatibility among the film components. 
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                  (a)        (b)                                             (c) 

  

Figure 2.4. SEM images of cross-sections of (a) control films and chitosan films 

enriched with (b) E611 and (c) E805 exopolysaccharides. 

 

2.5. Conclusions 

In this work, a preliminary characterization of crude EPS (E611 and 

E805), produced by two deep seawater Alteromonas sp. strains, was carried 

out. All the films obtained were colorless, transparent and homogeneous. 

The addition of crude EPS caused an increase of the hydrophobic character 

of chitosan films, especially for CHE611 films, as shown by higher WCA 

values. However, WVP prevailed unchanged, indicating that water vapor 

diffusion was more rapid for CHE611. On the other hand, the addition of 

E805 led to a better mechanical performance compared to CHE611 films, 

leading to resistant and flexible films. This preliminary work indicates the 

good compatibility between these two marine polysaccharides from 

renewable resources and, thus, their potential to develop improved films. 

Results suggest that the valorization of natural materials from marine 
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sources may be of great interest for the development of potentially active 

films for food applications. In this regard, more assays should be 

conducted to analyze properties related to food applications.  
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3.1. Summary 

2-phenyl ethanol is a natural compound, which have many 

applications due to its nice fragrance, bacteriostatic and antifungal 

character. However, it is difficult to keep it stable and it is highly volatile. 

In this chapter, chitosan films with 2-phenyl ethanol were developed and 

inclusion complexes with cyclodextrins (CDs) were prepared in order to 

have a controlled release of 2-phenyl ethanol. -CD was selected to 

develop the inclusion complex since it showed higher retention yield (45 

%, molar basis) than - or -CDs. Chitosan films incorporated with -CD:2-

phenyl ethanol were homogeneous, transparent and colorless, and 

showed high mechanical resistance. Furthermore, the release results of the 

films without the inclusion complex indicated that 2-phenyl ethanol was 

evaporated during the film preparation, and only an 8 % of the total 

bioactive was retained in the film, while more than 90 % of 2-phenyl 

ethanol was retained in the films with the inclusion complex. 

3.2. Introduction 

The use of active compounds in films is a strategy to confer 

functional properties, such as antimicrobial, antioxidant or ultraviolet 

(UV) light barrier properties. However, many of these compounds are not 
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stable under the preparation, storage and/or use conditions (Hosseini, 

Nahvi, & Zandi, 2019; Li et al., 2019). Therefore, the use of encapsulation 

agents for active compounds become necessary to protect the compound 

from volatilization or possible reactions with external agents, and to 

control a sustained release (Reineccius, 2009). Among encapsulation 

processes, only molecular inclusion occurs at molecular level and, thus, 

one molecule of the active compound is trapped in the cavity of the host 

molecule (Reineccius, Reineccius, & Peppard, 2002). One of these host 

molecules is cyclodextrin, since the Food and Agriculture Organization 

(FAO) of the United Nations recognizes it as additive (FAO, 2019). 

Cyclodextrins (CD) are cyclic oligosaccharides constituted of 

glucose molecules joined together by α-1,4 bonds (Szente & Szejtli, 1999). 

CDs are hollow truncated cone structures with an external hydrophilic 

character and an internal hydrophobic character (Huang et al., 2019; 

Simionato et al., 2019). Therefore, CD is a suitable molecule to host a 

variety of bioactives, including those that are non-soluble in water since 

interactions between cyclodextrins and guest molecules include 

hydrophobic forces as well as hydrogen bonding (Zhou et al., 2019). 
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Depending on the glucopyranose units conforming the molecule, 

the most common CDs are -, - or -CDs, composed of 6, 7 or 8 

glucopyranose units, respectively (Prabu & Mohamad, 2020). Due to the 

variety of guest molecules that can host and their acceptability as food 

additives, CDs are widely used in food and pharmaceutical industries. 

Regarding food industry, CDs can be employed for different applications, 

such as food supplement for spaghetti, adding pumpkin oil (Durante et 

al., 2019); as flavor masking, reducing the high intensity of sourness, 

bitterness and astringency flavor in lingonberry juice (Kalanne et al., 2019); 

or as thermal stabilizers (Yoshikiyo et al., 2019).  

CDs can be used in a variety of matrixes. Morin--CD complexes 

have been incorporated into gelatin to prepare antioxidant films (Yuan et 

al., 2019). In addition, antimicrobials, such as citral, have been used to 

prepare -CD inclusion complexes to preserve bioactivity during melt 

extrusion of EVOH films (Chen et al., 2019). In order to provide films with 

both antioxidant and antibacterial properties, essential oils have been 

encapsulated into -CD to promote cumulative release from chitosan films 

for food packaging applications (Adel et al., 2019). In this regard, several 

works have been reported in relation to the use of chitosan with CD 
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inclusion complexes for controlled release of bioactives such as resveratrol 

(Zhang et al., 2017), carvacrol (Andrade-Del Olmo et al., 2019), or gallic 

acid (Munhuweyi et al., 2018). 

The goal of this work was to assess the effectiveness of cyclodextrin 

inclusion complexes as stabilizers and release controllers of 2-phenyl 

ethanol in chitosan films. 2-phenyl ethanol is naturally present in more 

than one hundred food products (Nijssen, Ingen-Visscher, & van Donders, 

2016), and it is used in food industry to enhance flavor and odor. Although 

it has bacteriostatic and antifungal character, it is very volatile and highly 

susceptible to oxidation, thus, storing and keeping it stable is a 

troublesome (Yadav & Lawate, 2011). In order to address this challenge, 

2-phenyl ethanol has been microencapsulated with methylcellulose, 

alginate and carboxymethyl chitosan (Qiu et al., 2019). However, to the 

best of our knowledge, this work assesses the effectiveness of 2-phenyl 

ethanol trapped into -, -, and -CDs for the first time. Additionally, 

chitosan films with -CD:2-phenyl ethanol were developed and the 

optical, physicochemical and mechanical properties of the films were 

characterized. In order to assess if the addition of the inclusion complex 

alters the properties of the film, neat chitosan and chitosan with 2-phenyl 
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ethanol films were prepared. Furthermore, the release of 2-phenyl ethanol 

from chitosan films into a fatty food simulant was determined. 

3.3. Materials and methods 

3.3.1. Materials 

Chitosan (CHI), with a molecular weight of 375 kDa and a 

deacetylation degree above 75 %, was supplied by Sigma-Aldrich, Spain. 

Acetic acid (1 N) and glycerol (GLY, 99.0 % purity), used as solvent and 

plasticizer, respectively, were supplied by Panreac, Spain. 2-phenyl 

ethanol and - and -cyclodextrins (CAVAMAX® w6 and w7, 

respectively), used for the development of inclusion complexes, were food 

grade and supplied by Wacker Chemical, Spain; while -cyclodextrins 

were provided by Roquette, France. 

3.3.2. Inclusion complex preparation 

The inclusion complexes of 2-phenyl ethanol were prepared 

according to Barba, Eguinoa, & Maté (2015) with some modifications. 

Firstly, 10 % (w/w) cyclodextrins were hydrated for 10 min; then, 2-phenyl 

ethanol was added in equimolar ratio and the mixture was mechanically 

stirred for 24 h. In order to obtain the dry powder, a B-191, Büchi spray-
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dryer was used at the following conditions: 100 % aspirator capacity, inlet 

temperature of 180 °C, and pump at 4 mL/min. The powder was collected 

and stored in vials at -20 °C.  

3.3.3. FTIR analysis of cyclodextrin complexes 

Fourier-transform infrared (FTIR) spectroscopy was carried out with 

a Nicolet Avatar 260. Inclusion complexes (-CD:2-phenyl ethanol, -

CD:2-phenyl ethanol, and-CD:2-phenyl ethanol), cyclodextrins (-CD; -

CD and -CD) and 2-phenyl ethanol were milled with anhydrous KBr and 

the pellet was formed by compression. The spectra were recorded between 

4000-800 cm-1 with 32 scans and a resolution of 4 cm-1. 

3.3.4. Retention of 2-phenyl ethanol cyclodextrin 

2-phenyl ethanol was extracted from cyclodextrins by liquid-liquid 

extraction following the method of Charve & Reineccius (2009) with some 

modifications. The analysis was carried out one week after the inclusion 

complex was formed. 0.15 g of the inclusion complex was weighed and 

added into a centrifuge glass tube, and 5 mL hexane and 10 mL distilled 

water were added. The mixture was shaken energetically for 2 min and 

then, vortexed for 2 min. The samples were put into a bath at 85 °C and 

shacked for 30 min. The organic phase was gathered into a 50 mL flask. 



Chapter 3 

 

57 
 

For each sample, three extractions were carried out, adding the organic 

phase into the 50 mL flask. A fourth extraction was done to confirm that 

the extraction was completed. From a 1:10 solution, 1 µL was injected into 

a Hewlett-Packard 5890 series II gas chromatography spectrometer 

(Agilent Technology, Barcelona, Spain), equipped with a flame ionization 

detector (FID) and a Supra Wax 280 column (1.0 µm x 0.53 mm, 30 m). The 

gas carrier employed was helium, the injection temperature was 250 °C, 

the oven temperature program was started at 40 °C with a temperature 

ramp of 5 °C/min up to 220 °C (1 min), and the detector temperature was 

set at 300 °C. In order to avoid the fluctuation of the signal, an internal 

standard (1-heptanol) was added to the calibration standards and 

samples. The retention of 2-phenyl ethanol was calculated as the ratio of 

experimental concentration over the theoretical content. 

3.3.5. Film preparation 

Chitosan films were prepared by solution casting. 1 wt % chitosan 

was dissolved in 1 wt % acetic acid solution under stirring for 45 min. 

Then, 10 wt % 2-phenyl ethanol or 10 wt % -CD:2-phenyl ethanol (based 

on chitosan) was added, and stirring was continued for other 30 min. 

Finally, 15 wt % glycerol (based on chitosan) was added into some 
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solutions as plasticizer and other 30 min of stirring were needed until total 

homogenization of the mixture. The solution was casted into Petri dishes 

and dried at room temperature for 48 h. In total, six compositions were 

analyzed: control films, named as CHI0GLY and CHI15GLY as a function 

of glycerol content; chitosan films with 2-phenyl ethanol, named as 

CHI0GLY2PE and CHI15GLY2PE; and chitosan films with -CD:2-phenyl 

ethanol inclusion complex, named as CHI0GLYCD:2PE and 

CHI15GLYCD:2PE.  

3.3.6. Film characterization 

3.3.6.1. Optical properties  

Color and gloss parameters of the films were analyzed. Color 

measurements were recorded with a CR-400 Minolta Chroma Meter 

colorimeter (Konica Minolta, Tokyo, Japan). Ten replicates were carried 

out for each sample. For the determination of color parameters CIELAB 

scale was used: L* from 0 to 100 (from black to white), a* from – to + (from 

greenness to redness), and b* from – to + (from blueness to yellowness). 

The films were laid on a standard white plate with color parameter values 

of L*= 97.39, a*= 0.03 and b*= 1.77.   
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Multi Gloss 268 Plus (Konica Minolta, Tokyo, Japan) was used for the 

determination of gloss with an incidence angle of 60° according to ASTM 

D523-18 (ASTM, 2018). For each composition, ten samples were assessed 

at room temperature. 

Light-barrier capacity of films was measured by using a UV-VIS-

NIR Shimadzu 3600 spectrophotometer (Shimadzu Scientific Instruments, 

Kyoto, Japan) in the range of 200-800 nm.  

4.2.6.2. Physicochemical properties 

A Nicolet Nexus FTIR spectrometer (Thermo Fisher Scientific, 

Messachusetts, USA) with a Golden Gate ATR sampling accessory was 

used for collecting FTIR spectra. The spectra were acquired between 4000 

and 800 cm-1 with 32 scans for each sample and a resolution of 4 cm-1. 

A PANalytic Xpert Pro (PANalytical, Almelo, The Netherlands) X-

ray diffraction (XRD) equipment was employed with a diffraction unit at 

40 kV and 40 mA. A Cu-K (= 1.5418 Å) was employed as radiation 

source and the data were collected between 2° and 34° (step size = 0.026, 

time per step = 118 s). 
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3.3.6.3. Mechanical and barrier properties 

In order to determine the tensile strength (TS), elongation at break 

(EAB) and elastic modulus (E), an Instron 5967 electromechanical testing 

system (Instron, Massachusetts, USA) was used. Films were cut into dog 

bone-shaped samples of 4.75 mm × 22.25 mm and tests were carried out 

according to ASTM D638-14 (ASTM 2014). A load cell of 500 N was used 

and tensile tests were carried out with a crosshead rate of 1 mm/min. Five 

replicates were tested for each sample. 

Water vapor permeability (WVP) was tested with a PERME™ 

W3/0120 chamber (Labthink Instruments Co. Ltd., Shandong, China) in a 

controlled humidity environment, according to ASTM E96-00 (ASTM, 

2000). Film discs were cut with a diameter of 7.40 cm and a test area of 33 

cm2. The temperature and relative humidity were set up at 38 °C and 90 

%, respectively. Three replicates for each sample were reported for the 

WVP analysis. 

3.3.6.4. Bioactive release 

Film pieces (1 cm x 2 cm) were submerged into 8 mL of 95 % ethanol 

solution, used as a fatty food simulant (Liang et al., 2017), for 4 days under 

continuous stirring (200 rpm) at room temperature. Aliquots were 



Chapter 3 

 

61 
 

collected at different times (30 min, 1 h, 2 h, 4 h, 8 h, 1 d, 2 d, 3 d, and 4 d). 

The bioactive release was analyzed by using a UV-VIS-NIR Shimadzu 

3600 spectrophotometer (Shimadzu Scientific Instrument, Kyoto, Japan). 

2-phenyl ethanol concentration was calculated by means of a calibration 

curve from 0.1 to 10.0 µg/ mL at the maximum wavelength absorbance 

(207 nm). Measurements were carried out in triplicate. 

3.3.7. Statistical analysis 

In order to determine significant differences among the samples, 

analysis of variance (ANOVA) was carried out with SPSS software (SPSS 

Statistics 25.0). For multiple comparisons, Tukey’s multiple range test was 

used with a statistically significance at the P < 0.05 level.  

3.4. Results and discussion 

3.4.1. Characterization of cyclodextrin inclusion complexes 

FTIR spectroscopy was used in order to characterize -, -, and -

cyclodextrin inclusion complexes with 2-phenyl ethanol. As can be seen in 

Figure 3.1, the O-H stretching vibration band is observed around 3390 cm-

1, indicative of the hydroxyl groups of cyclodextrin (Salih et al., 2020). The 

C-O-C stretching vibrations are observed at 1158 cm-1, associated to the 
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oligosaccharide structure, and the bands at 1080 and 1030 cm-1 correspond 

to the C-C stretching vibrations of the cyclodextrin ring carbons (Han et 

al., 2019).  
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Figure 3.1. FTIR spectra of -, -, and -cyclodextrin (CD) inclusion complexes. 

 

Additionally, the characteristic band of the α-pyranyl vibration in 

cyclodextrin appeared at 943 cm−1 and the characteristic band of α-(1,4) 

glucopyranose in cyclodextrin appeared at 890 cm−1 (Yuan et al., 2013). As 

can be seen, there was no chemical interaction between the cyclodextrin 

and 2-phenyl ethanol. However, some characteristic bands of cyclodextrin 

were shifted in the inclusion complex spectra. The O-H stretching 

vibration displaced from 3383 cm-1 for -cyclodextrin to 3393 cm-1 for the 
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inclusion complex. Furthermore, C-O-C stretching vibration band moved 

slightly to lower wavenumbers, from 1158 cm-1 for -cyclodextrin to 1157 

cm-1 for the inclusion complex. The shift of these bands suggested physical 

interactions between cyclodextrins and 2-phenyl ethanol (Xiao et al., 2019). 

3.4.2. Retention yield of 2-phenyl ethanol  

The retention yield of 2-phenyl ethanol for -, -, and -cyclodextrin 

inclusion complexes was determined. The highest value was observed for 

-clyclodextrin inclusion complex (45 %), followed by -cyclodextrin (40 

%) and finally, -cyclodextrin (32 %). These relative low retention values 

can be related to the fact that 2-phenyl ethanol has only one hydroxyl 

group to get attached to the cyclodextrin and, thus, the interactions could 

be weaker. Regarding the differences in retention values, those differences 

can be associated to the cavity size of CDs. While -cyclodextrin cavity is 

the smallest (5.7 Å) to host 2-phenyl ethanol, -cyclodextrin cavity is too 

big (9.5 Å) and, therefore, the interactions between the host and the guest 

were weaker. However, -cyclodextrin cavity (7.8 Å) was big enough to 

host 2-phenyl ethanol and small enough to facilitate physical interactions 

between them (Ciobanu et al., 2013; Decock et al., 2008). Taking the above 

into consideration, chitosan films were prepared with the inclusion 
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complex with the highest retention yield; therefore, -cyclodextrin:2-

phenyl ethanol inclusion complexes were incorporated into chitosan film 

forming solutions. 

3.4.3. Optical properties of films 

All films were transparent and colorless. Regarding CIELab color 

parameters (Table 3.1), all films presented L* values close to 100, indicating 

high lightness of the films, a* parameter had slightly negative values, 

while b* parameter showed positive values, as also shown in other works 

for chitosan films (Pereira, Queiroz de Arruda, & Stefani, 2015). 

Considering the E* value referred to CHI0GLY, the films did not show 

differences for the naked eye, since E* values were lower than 1 (Uranga 

et al., 2019). Furthermore, statistical analysis concluded that there were no 

significant (P > 0.05) difference among samples for L*, a* and E* 

parameters, only a slight difference for b* value, which was not relevant. 

Therefore, the addition of glycerol, 2-phenyl ethanol, or the inclusion 

complex did not affect the film color. Regarding gloss values (Table 3.1), 

there was a slight increase (P < 0.05) with the addition of 2-phenyl ethanol 

or the inclusion complex, but there was no significant (P > 0.05) difference 

among the films with 2-phenyl ethanol, regardless the presence of CDs. 
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For an incidence angle of 60°, values greater than 70 gloss units (G.U.) are 

considered glossy surfaces (Villalobos et al. 2005); therefore, the values 

measured in this work indicated that chitosan films were not glossy. 

Furthermore, since gloss and surface roughness are inversely correlated; 

lower values of gloss are related to rougher surfaces (Luchese et al., 2018; 

Valencia-Sullca et al., 2016); therefore, the gloss values indicated that 

chitosan film surface was rough.  

Table 3.1. Color (L*, a*, b* and E* parameters) and gloss values for chitosan 

films. 

Film L* a* b* E* 
Gloss60 

(G.U.) 

CHI0GLY 96.9 ± 0.5a -0.03 ± 0.06a 2.5 ± 0.2a --- 14 ± 2a 

CHI15GLY 96.6 ± 0.4a -0.11 ± 0.08a 3.1 ± 0.3b 0.6a 16 ± 1a 

CHI0GLY2PE 96.7 ± 0.3a -0.08 ± 0.09a 2.8 ± 0.2a 0.3a 18 ± 2a,b 

CHI15GLY2PE 96.8 ± 0.3a -0.11 ± 0.07a 2.9 ± 0.2b 0.4a 20 ± 2b 

CHI0GLYCD:2PE 96.4 ± 0.3a -0.10 ± 0.04a 2.9 ± 0.2b 0.6a 20 ± 1b 

CHI15GLYCD:2PE 96.4 ± 0.7a -0.11 ± 0.08a 2.9 ± 0.2b 0.6a 20 ± 1b 

a-bTwo means followed by the same letter in the same parameter are not significantly 

(P > 0.05) different through the Tukey's multiple range test. 

 

Additionally, ultraviolet-visible (UV-vis) spectroscopy was carried 

out and results are shown in Figure 3.2. As can be seen, films were 

transparent since there was no absorption at 600 nm (Uranga et al., 2019). 

Furthermore, there was no absorption in the visible range from 400 to 800 

nm, although chitosan films absorbed UV light, especially below 250 nm, 
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probably due to some chromophores present in chitosan (Leceta et al., 

2013). In this regard, UV light barrier properties provide films with value-

added properties, which can reduce lipid oxidation in food products and 

extend food shelf life (Fasihi et al., 2019). 
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Figure 3.2. UV-vis light absorption of chitosan films: CHI0GLY, blue line; 

CHI15GLY, red line; CHI0GLY2PE, green line; CHI15GLY2PE, pink line; 

CHI0GLYCD:2PE, orange line; and CHI15GLYCD:2PE, black line. 

 

3.4.4. Physicochemical properties of films 

In order to assess the interactions among the components of the 

films, FTIR analysis was carried out and the FTIR spectra of chitosan films 

are shown in Figure 3.3. The characteristic bands of chitosan appeared at 

1630 cm-1 (amide I band), associated to C=O stretching; at 1530 cm-1 (amide 
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II band), related to N-H bending; and at 1310 cm-1 (amide III band) 

assigned to C-N stretching (Mauricio-Sánchez et al., 2018). Moreover, O-

H stretching band and C-O-C absorption band were observed at 3250 cm-

1 and around 1080 cm-1, respectively (Branca et al., 2016).  
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Figure 3.3. FTIR spectra of chitosan films: CHI0GLY, blue line; CHI15GLY, red 

line; CHI0GLY2PE, green line; CHI15GLY2PE, pink line; CHI0GLYCD:2PE, 

orange line; and CHI15GLYCD:2PE, black line. 

 

No new band was observed between the control spectra and the 

spectra corresponding to the films with 2-phenyl ethanol, with or without 

CDs, indicating that no chemical reaction occurred. However, some band 

displacements were observed when -CD:2-phenyl ethanol was 

incorporated into chitosan films; in particular, for O-H and N-H stretching 
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band from 3264 to 3214 cm-1, for amide II band from 1546 to 1538 cm-1, and 

for amide III band from 1324 to 1332 cm-1. This suggests physical 

interactions, such as hydrogen bonding or electrostatic interactions among 

the components of the films (Roy & Rhim, 2020). Additionally, a similar 

behavior was observed with the addition of glycerol since O-H and N-H 

stretching band shifted from 3214 to 3243 cm-1 and amide II band from 

1538 to 1540 cm-1 due to hydrogen bonding with glycerol.  

In order to determine the structure of the films, XRD analysis was 

carried out (Figure 3.4).  
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Figure 3.4. XRD diffractograms of chitosan films: CHI0GLY, blue line; 

CHI15GLY, red line; CHI0GLY2PE, green line; CHI15GLY2PE, pink line; 

CHI0GLYCD:2PE, orange line; and CHI15GLYCD:2PE, black line. 
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Films without the inclusion complex present two broad peaks, one 

at 11.7° and another one around 21.3°, characteristic of chitosan (Pang & 

Zhitomirsky, 2005). These broad peaks indicate the amorphous character 

of chitosan films. Regarding the films with the inclusion complex, two 

sharp peaks appeared at 6.2° and 12.3°, characteristic of -CD (Campos et 

al., 2019; Menezes et al., 2016).   

This indicates that CDs maintained certain degree of crystallinity 

after the incorporation into chitosan matrix. However, the intensity of 

these peaks was different for the films with and without glycerol, which 

could be attributed to the change in molecular organization of the 

cyclodextrin (Campos et al., 2018). Since glycerol is a small molecule, it can 

penetrate between chitosan chains, decreasing intramolecular interactions 

among chitosan chains and facilitating the interactions of chitosan with 

the additives incorporated into the film forming formulation (Zarandona 

et al., 2020). As shown by FTIR results, the intermolecular interactions 

with cyclodextrin molecules occurred by hydrogen bonding, which 

changed the chitosan film structure due to the heterogeneous nucleation 

effect between the inclusion complex and chitosan (Li, & Zhen, 2017) and, 

as a consequence, the film mechanical behavior also changed. 
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3.4.5. Mechanical and barrier properties 

In order to assess the effect of structure changes in the mechanical 

behavior, tensile tests were performed and TS and EAB values were 

measured and shown in Table 3.2. As expected, films plasticized with 

glycerol showed higher EAB values and lower TS and E values, indicating 

more flexible and less rigid films due to the increase of free volume (Rivero 

et al., 2016). Regarding the addition of 2-phenyl ethanol, it was observed 

that this compound did not significantly (P > 0.05) change TS or EAB 

values with respect to the corresponding control film, probably due to the 

2-phenyl ethanol evaporation during film preparation when CDs were not 

used. However, an increase of E values was noticed, indicating a higher 

rigidity, probably due to the interactions among chitosan and the 

remaining amount of 2-PE. The most significant change was observed for 

TS values when the inclusion complex was incorporated into 

formulations; in particular, TS value significantly (P < 0.05) increased from 

34.5 to 48.8 MPa for the chitosan films with the inclusion complex but 

without glycerol. In accordance, E values also increased and EAB values 

decreased. This behavior can be related to the interactions among chitosan 

and CD, as shown by FTIR analysis, which would lead to a more compact 
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network, increasing resistance and rigidity, but decreasing flexibility 

(Siripatrawan & Vitchayakitti, 2016; Sun et al., 2014). It is worth noting that 

TS values above 40 MPa are higher values than those found for 

commercial packaging films, such as PP or LDPE (Honarvar et al., 2017, 

Lomate, Dandi, & Mishra, 2018).  

Table 3.2. Tensile strength (TS), elongation at break (EAB), elastic modulus (E) 

and water vapor permeability (WVP, g·cm-1·s-1·Pa-1) of chitosan films. 

Film 
TS 

(MPa) 

EAB 

(%) 

E 

(MPa) 

WVP·1012 

(g·cm-1·s-1·Pa-1) 

CHI0GLY 34.5 ± 2.2a 9.2 ± 2.2b 1511 ± 163a,b 1.08 ± 0.04a 

CHI15GLY 32.4 ± 3.1a 16.4 ± 3.1a 1374 ± 125a 1.04 ± 0.02a 

CHI0GLY2PE 39.5 ± 3.6a 7.8 ± 1.6b 2205 ± 114c 0.89 ± 0.04b 

CHI15GLY2PE 33.7 ± 3.4a 12.3 ± 3.4a 1687 ± 72b 0.82 ± 0.01b 

CHI0GLYCD:2PE 48.8 ± 3.2b 7.4 ± 2.2b 2639 ± 173d 0.83 ± 0.03b 

CHI15GLYCD:2PE 37.5 ± 4.1a 8.1 ± 2.3b 1960 ± 84c 0.85 ± 0.02b 

a-cTwo means followed by the same letter in the same parameter are not significantly 

(P > 0.05) different through the Tukey's multiple range test. 

 

Regarding water vapor permeability (WVP), there was no 

significant difference (P > 0.05) between the chitosan films without 2-

phenyl ethanol. However, the addition of the active compound 

significantly (P < 0.05) decreased WVP values, probably due to the 

interactions with chitosan (Salami et al., 2020), as shown by FTIR, and also 

due to the increase of crystallinity, as observed by XRD. Although WVP 
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values found in this work are lower than those measured for chitosan films 

in other works (Priyadarshi et al., 2018), these values are still higher than 

those shown by commercial films (Honarvar et al., 2017, Lomate, Dandi, 

& Mishra, 2018). 

3.4.6. Release of 2-phenyl ethanol 

The release of 2-phenyl ethanol from chitosan films with 2-phenyl 

ethanol and from chitosan films with -cyclodextrin:2-phenyl ethanol was 

carried out in order to compare the delivery trend during the immersion 

into 95 % ethanol for 4 days (Figure 3.5). Regarding CHI0GLY2PE films, it 

is worth noting that some bioactive content was lost before the analysis, 

probably during film preparation due to the high volatility of the 

compound and, as a result, a maximum release of 8 % was achieved. 

However, chitosan films with the inclusion complex retained the bioactive 

inside -cyclodextrin after film preparation. An improvement of 2-PE 

retention through its encapsulation with methylcellulose, alginate sodium 

and carboxymethyl chitosan has also been observed in other works (Qiu, 

Tian, Yin, Zhou, & Zhu, 2019). In this work, 2-phenyl ethanol was released 

after 4 h of immersion into 95 % ethanol. The fast release of 2-phenyl 
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ethanol could be explained due to the weak interactions with -

cyclodextrin, since 2-phenyl ethanol has only one hydroxyl group. 
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Figure 3.5. Bioactive release from chitosan films: CHI0GLY2PE, green line; 

CHI0GLYCD:2PE, orange line. 

3.5. Conclusions 

This work showed the good capacity of cyclodextrins to form 

inclusion complex with 2-phenyl ethanol. Specifically, -cyclodextrin 

showed the highest retention yield. The films obtained were 

homogeneous, transparent and colorless. Moreover, the addition of the 

inclusion complex into chitosan film forming solutions led to chitosan 

films with improved properties. In particular, tensile strength reached 

values up to 48 MPa. The tensile strength increase was related to the 
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physical interactions between chitosan and the inclusion complex, which 

were corroborated by FTIR and XRD analyses, which indicated the 

crystalline structure of chitosan films with the inclusion complex. Finally, 

the release of 2-phenyl ethanol into 95 % ethanol was carried out in films 

with and without -cyclodextrin. Results suggested that the bioactive was 

evaporated during film preparation for the films without the inclusion 

complex. In contrast, the films with the inclusion complex preserved the 

bioactive inside the inclusion complex. These results indicated that CDs 

were effective to avoid the loss of bioactive compounds during film 

preparation. 
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4.1. Summary 

Chitosan films with antioxidant and antimicrobial properties were 

prepared by the incorporation of gallic acid as a bioactive. The films 

obtained were homogeneous, transparent and colorless with high 

mechanical resistance. Results indicated that films had antimicrobial 

activity against E. coli, especially those films plasticized with 15 wt % 

glycerol and containing 20 wt % gallic acid, which showed the biggest 

inhibition halo. Additionally, gallic acid-incorporated chitosan films 

exhibited a great antioxidant activity with DPPH scavenging capacity 

values of 99 % and a bioactive release of 33 % after 4 days, suggesting the 

potential suitability of these modified chitosan films as active films for 

food purposes. 

4.2. Introduction 

Phenolic compounds are well-known antioxidants that can be 

derived from biowastes, contributing to their valorization (Crizel et al., 

2018; Liudvinaviciute et al., 2019; Mirón-Mérida et al., 2019). In recent 

years, the use of chitosan with different antioxidants has been assessed. 

Polyphenols extracted from blueberry or grape skin pomace have been 

incorporated into chitosan film forming formulations in order to develop 

bioactive films for food packaging, obtaining easy to handle films that 
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show antioxidant activity proportional to the total phenolic content 

(Kurek et al., 2019). Additionally, antioxidant and antimicrobial chitosan 

films have been prepared with naringin, resulting in UV-barrier films that 

prevent food oxidation by UV light (Iturriaga et al., 2014). Furthermore, 

eggplant and sweet potato extracts have been added to the chitosan matrix 

to develop both active and intelligent films since sweet potato extract is 

rich in anthocyanins, which show pH-sensitive color changes (Yong et al., 

2019 a, b). In addition, curcumin, a di-phenolic compound with 

antioxidant and antimicrobial activities, among others, has provided 

chitosan films with enhanced water vapor and UV barrier properties, 

leading to suitable materials for active food packaging (Roy & Rhim, 2020). 

Regarding phenolic compounds, gallic acid (GA) is a natural 

phenolic compound, found as a secondary metabolite in blueberries, 

apples, grapes and tea, which has shown antioxidant, antimicrobial, 

antimutagenic, anti-inflammatory and anticancer properties (Brewer 2011; 

Raspo, Gomez, & Andreatta, 2018; Rui et al., 2017). Like other phenolic 

compounds, GA can interact with chitosan through physical interactions, 

such as hydrogen bonding and electrostatic and hydrophobic forces, 

and/or chemical reactions, contributing to enhance the mechanical 
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properties of chitosan films, in addition to its antioxidant activity (Wang 

et al. 2019). Additionally, GA can be chemically bound to chitosan using 

reagents like carbodiimide (Zhang et al., 2019); however, dark and opaque 

films are obtained as a result of the grafting reaction. Moreover, harsh 

conditions and/or the use of environmentally disadvantageous or even 

toxic reagents are usually required in these reactions. In this context, the 

aim of this work was to enhance functional properties and biological 

activity of chitosan films by the incorporation of GA without the addition 

of further chemical agents. 

In this chapter, chitosan films prepared with gallic acid as a bioactive 

compound were characterized as a function of the concentrations of gallic 

acid and glycerol, used as a plasticizer. Hence, optical properties, such as 

color and gloss, were analyzed due to the fact that the film appearance is 

a relevant aspect for the customer willingness to buy a product. In order 

to evaluate the interactions between the components of the film forming 

formulations, Fourier transform infrared (FTIR) spectroscopy was carried 

out. Additionally, the mechanical behavior of the films was analyzed and 

related to the film microstructure observed by scanning electron 

microscopy (SEM). Finally, the film bioactivity, including antioxidant and 
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antimicrobial properties, was assessed in order to evaluate the suitability 

of these films for food or pharmaceutical applications 

4.3. Materials and methods 

4.3.1. Materials 

Chitosan (CHI), with a molecular weight of 375 kDa and 

deacetylation degree above 75 %, was supplied by Sigma-Aldrich, Spain. 

Acetic acid solution (1 N) and glycerol (GLY, 99.0 % purity), used as 

solvent and plasticizer, respectively, were supplied by Panreac, Spain. 

Gallic acid (GA, ≥ 98.0 % purity), employed as a bioactive compound, was 

supplied by Merck, Spain.  

4.3.2. Film preparation 

Chitosan films were prepared by solution casting as described by 

Leceta, Guerrero, Ibarburu, Dueñas, & de la Caba (2013), with some 

modifications. First, 1 % (w/v) chitosan was dissolved in 1 wt % acetic acid 

solution and maintained at room temperature under continuous stirring 

for 45 min. After that, 10 or 20 wt % gallic acid (based on chitosan) was 

added and stirring was continued for other 30 min. Finally, 15 wt % 

glycerol (based on chitosan) was added as plasticizer and other 30 min of 
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stirring were needed until total homogenization of the mixture. The 

solution was casted into Petri dishes (33 g per dish) and left to dry at room 

temperature for 48 h. Control films without gallic acid were prepared and 

designated as CHI0GLY0GA and CHI15GLY0GA as a function of glycerol 

content. The films prepared with gallic acid were designated as 

CHI0GLY10GA, CHI0GLY20GA, CHI15GLY10GA, and CHI15GLY20GA 

as a function of glycerol and gallic acid contents, whose concentrations 

were selected considering the results of previous works (Leceta et al., 2013) 

and solubility in water, respectively. All films were conditioned in a 

climatic chamber (Alava Ingenieros, Madrid, Spain) at 25 °C and 50% 

relative humidity before testing.  

4.3.3. Film characterization 

4.3.3.1. Color and gloss measurements 

Color measurements were performed using a CR-400 Minolta 

Chroma Meter colorimeter (Konica Minolta, Tokyo, Japan). CIELAB scale 

was employed for the determination of color parameters, with L* from 0 

to 100 (from black to white), a* from - to + (from green to red), and b* from 

- to + (from blue to yellow). Moreover, saturation and color appearance 

were determined by Chrome and Hue parameters. Before measuring 
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samples’ color, calibration was carried out with a standard white plate. 

Standard values for the white calibration plate were L* = 97.39, a* = 0.03, 

and b* = 1.77. Ten replicates were done for each sample. 

Gloss was determined at the incidence angle of 60°, according to 

ASTM D523-18 (ASTM, 2018), with a Multi Gloss 268 Plus gloss meter 

(Konica Minolta, Tokyo, Japan). Ten measurements were taken for each 

sample. 

4.3.3.2. Fourier transform infrared (FTIR) spectroscopy 

FTIR spectra of the films were collected by means of a Nicolet Nexus 

FTIR spectrometer (Thermo Fisher Scientific, Massachusetts, USA) with a 

Golden Gate ATR sampling accessory. 32 scans were collected for each 

sample at a 4 cm-1 resolution between 4000 and 800 cm-1. 

4.3.3.3. Mechanical properties 

An Instron 5967 electromechanical testing system (Instron, 

Massachusetts, USA), equipped with a load cell of 500 N, was used to 

determine the tensile strength (TS), elongation at break (EAB) and elastic 

modulus (E). Tensile tests were carried out according to ASTM D638-14 
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(ASTM, 2014). Five specimens for each sample were cut into bone-shaped 

samples of 4.75 mm × 22.25 mm and the crosshead rate was 1 mm/min.  

4.3.3.4. Scanning electron microscopy (SEM) 

A Hitachi S-4800 scanning electron microscope (Hitachi High-

Technologies Corporation, Tokyo, Japan), with an acceleration voltage of 

15 kV, was used to record surface and cross-section images. Films were set 

on a metallic stub and covered with gold under vacuum in argon 

atmosphere. 

4.3.3.5. Antioxidant activity  

Antioxidant activity was measured according to Fernández-Pan, 

Maté, Gardrat, & Coma (2015), with some modifications. Samples were 

immersed into a 95 % ethanol solution during 4 days and an aliquot of 2 

mL was mixed with 2 mL of DPPH solution (75 µM). The mixture was 

stirred and the absorbance at 570 nm was measured after the solution was 

settled for 30 min. The antioxidant activity, given as the inhibition value 

(I), was calculated as follows: 

𝐼 (%) =  
𝐴𝑐 −  𝐴𝑠𝑎𝑚𝑝𝑙𝑒

𝐴𝑐
· 100 
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where Ac is the absorbance of DPPH solution and Asample is the absorbance 

of the sample solution with DPPH. 

At the same time, the pieces of films were weighed before being 

immersed into the 95 % ethanol solution (W0) and after 4 days of 

immersion (Wf) for the mass loss measurement: 

𝑀𝑎𝑠𝑠 𝑙𝑜𝑠𝑠 (%) = [1 − (
𝑊𝑓

𝑊0
)] · 100 

4.3.3.6. Bioactive release 

Pieces of films (1 cm x 2 cm) were immersed into a 95 % ethanol 

solution (30 mL) during 4 days at room temperature with continuous 

stirring (200 rpm). Aliquots of 4 mL were collected at 30 min, 1 h, 2 h, 4 h, 

8 h, 1 d, 2 d, 3 d, and 4 d and replaced with fresh 95 % ethanol solution in 

order to keep the initial volume. Aliquots were analyzed with a UV-VIS-

NIR Shimadzu 3600 spectrophotometer (Shimadzu Scientific Instruments, 

Kyoto, Japan) at the maximum wavelength absorbance for gallic acid 

(272.5 nm). So as to calculate the concentration of gallic acid, a calibration 

curve was carried out from 0.1 to 10 µg/mL. Measurements were carried 

out in triplicate. 
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4.3.3.7. Antimicrobial activity 

In order to test the antimicrobial capacity of chitosan films against 

both Gram-negative and Gram-positive bacteria, Escherichia coli DH5 (E. 

coli) (Hanahan, 1983) and Lactobacillus sakei AC11 (L. sakei), lactic acid 

bacteria isolated from the ropy slime of the surface of a vacuum-packed 

sliced cooked ham, were used. E. coli was grown in Luria Bertani (LB) 

broth at 37 °C with shaking (220 rpm) and L. sakei in de Man Rogosa and 

Sharpe broth (MRS, Pronadisa, Spain) at 30 °C under an atmosphere 

containing 5 % of CO2. 

The antibacterial activity of the films was tested by using a disk 

diffusion assay as described by Zivanovic, Chi, and Draughon (2005) with 

some modifications. Chitosan films were cut as discs of 15 mm diameter 

and sterilized under UV light. Films were placed on the surface of LB and 

MRS agar and covered by a thin layer of agar. After 4 h at room 

temperature for the diffusion of gallic acid into the agar, plates were 

spread with 0.1 mL of inoculum containing 105 – 106 CFU/mL of bacteria. 

The plates were incubated overnight, as described above, and they were 

optically examined for the diameter of inhibition in the surrounded area 
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of the films. Two inhibition halo diameters were measured for each sample 

and three replicates were tested for each sample. 

4.3.4. Statistical analysis 

In order to determine significant differences between samples, 

analysis of variance (ANOVA) was done with SPSS software (SPSS 

Statistic 24.0.0.2). Tukey’s test with a statistically significance at the P < 0.05 

level was considered for multiple comparisons among different systems. 

4.4. Results and discussion 

4.4.1. Optical properties 

Color parameters are shown in Table 4.1. As can be observed, values 

were very similar; therefore, the addition of glycerol and gallic acid at 

different concentrations did not affect the film color, in contrast to other 

works in which dark and opaque films are obtained for chitosan films with 

gallic acid (Zhang et al., 2019). The films were colorless, in agreement with 

the color values obtained, since a* and b* values were close to zero. 

Regarding Chrome (C*) and Hue (h*) parameters, which are related to the 

saturation and color appearance, respectively, C* showed values around 

2.5 for chitosan films without GA and around 5.0 for films with GA, 
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indicating that the film color saturation was low. For h* values, all samples 

showed similar color appearance, with values around 93, indicating that 

the color of the films was greenish-yellowish.     

Film gloss can be related to the film roughness: the lower the gloss, 

the higher the roughness. Since glossy and smooth surfaces are considered 

when gloss values at 60° incidence angle are above 70 gloss units (G.U.) 

(Etxabide et al., 2017), the gloss values obtained in this work, all of them 

bellow 50, indicated rough surfaces (Table 4.1). Similar gloss values 

(bellow 50 G.U.) have been found for chitosan films with phenolic 

compounds (Pastor et al., 2013). It is worth noting that films without 

glycerol had higher values than those with glycerol, indicating smoother 

surfaces, and that the addition of gallic acid increased (P < 0.05) the film 

smoothness, irrespective of gallic acid content (P > 0.05), suggesting 

interactions between chitosan and gallic acid, which affected the film 

surface structure.  

In contrast, there was no significant (P > 0.05) difference in the gloss 

values for glycerol-plasticized samples, indicating the key role of glycerol 

in these systems. In fact, glycerol is a small molecule that interacts with 

chitosan, decreasing intramolecular interactions among chitosan chains 
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and facilitating the interactions of chitosan with the additives 

incorporated into the film forming formulation.  

4.4.2. Physicochemical properties 

FTIR spectra of the films are shown in Figure 4.1. As can be 

observed, there was a wide band in the range from 3000 to 3670 cm-1 

related to O-H and N-H stretching vibrations (Leceta et al., 2018). This 

band, centered around 3260-3250 cm-1, shifted to lower wavenumbers ( 

3200 cm-1) for the films without glycerol and the highest content of gallic 

acid (CHI0GLY20GA). However, the main differences between the control 

films and the films with gallic acid were found in the interval from 1650 

cm-1 to 1250 cm-1. In this spectral range, two bands appeared around 1640 

cm-1 and 1540 cm-1, assigned to the amide I and amide II bands of chitosan, 

respectively (Roy & Rhim, 2020). In particular, the band corresponding to 

amide II was shifted depending on glycerol or gallic acid addition. For the 

films without glycerol, the increase in gallic acid concentration shifted this 

band to lower wavenumbers, specifically from 1544 cm-1 for 

CHI0GLY0GA to 1532 cm-1 for CHI0GLY20GA.  
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Table 4.1. Color (L*, a*, b*, C* and h*) and gloss values for chitosan films. 

Film L* a* b* C* h* 
Gloss60 

(G.U.) 

CHI0GLY0GA 96.4 ± 0.9a -0.17 ± 0.07c,d 2.86 ± 0.26a 2.9 ± 0.3a 93.4 ± 1.1b 28 ± 4a 

CHI0GLY10GA 95.2 ± 0.5b -0.32 ± 0.04b 4.99 ± 0.48b 5.0 ± 0.5b 93.7 ± 0.2b 46 ± 8b 

CHI0GLY20GA 95.1 ± 0.4b -0.35 ± 0.04b 5.63 ± 0.62c 5.6 ± 0.6c 93.5 ± 0.6b 41 ± 3b 

CHI15GLY0GA 96.9 ± 0.4a -0.14 ± 0.02d 2.47 ± 0.08a 2.5 ± 0.1a 93.3 ± 0.4b 19 ± 7c 

CHI15GLY10GA 94.9 ± 0.4b -0.21 ± 0.05c 5.94 ± 0.68c 6.0 ± 0.7c 92.0 ± 0.4a 17 ± 3c 

CHI15GLY20GA 95.6 ± 0.6b -0.43 ± 0.03a 4.89 ± 0.14b 4.9 ± 0.1b 95.0 ± 0.3c 22 ± 5c 

a-dTwo 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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Figure 4.1. FTIR spectra a) from 4000 to 750 cm-1 and b) from 1800 to 800 cm-1 for 

chitosan (CHI) films as a function of glycerol (GLY) and gallic acid (GA) content. 

 

When glycerol was added, the band was slightly shifted to higher 

wavenumbers, from 1544 cm-1 for CHI0GLY0GA to 1546 cm-1 for 

CHI15GLY0GA, and this band was shifted to lower wavenumbers when 

gallic acid was incorporated into glycerol-containing films. Additionally, 

the band associated to the C-O stretching vibration, which appears at 1310 
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cm-1 in gallic acid (Božič, Gorgieva, & Kokol, 2012), shifted to 1340 cm-1 for 

gallic acid-incorporated films, suggesting the interactions between gallic 

acid and chitosan. 

4.4.3. Mechanical properties and film microstructure 

Tensile strength (TS), elongation at break (EAB) and elastic modulus 

(E) values of chitosan films are presented in Table 4.2.  

Table 4.2. Tensile strength (TS), elongation at break (EAB) and elastic modulus 

(E) values of chitosan films. 

Film TS (MPa) EAB (%) E (MPa) 

CHI0GLY0GA 24 ± 5a 10.8 ± 2.1b 1449 ± 125b,c 

CHI0GLY10GA 41 ± 3b,c 4.8 ± 0.6a 2440 ± 222d 

CHI0GLY20GA 40 ± 3b,c 6.9 ± 1.4a 2491 ± 191d 

CHI15GLY0GA 34 ± 4b 15.6 ± 1.9c 1083 ± 56a 

CHI15GLY10GA 43 ± 3c 13.8 ± 2.5b,c 1312 ± 153a,b 

CHI15GLY20GA 51 ± 4d 10.9 ± 1.1b 1726 ± 88c 

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. 

 

As can be observed, the addition of gallic acid increased (P < 0.05) 

both TS and E values for the films with and without glycerol. The most 

resistant films were those prepared with glycerol and with 20 wt % gallic 

acid (CHI15GLY20GA), which showed a TS value of 51 MPa, value higher 

than that found for commercial films, such as PP (30 MPa) and LDPE (22 
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MPa) (Amri, Husseinsyah, & Hussin, 2013; Bula, Klapiszewski, & 

Jesionowski, 2019). This behavior can be associated to the chemical 

structure of gallic acid, which is an aromatic compound that confers 

rigidity to the film (Zhao et al., 2018). Accordingly, the most flexible films 

were those plasticized with glycerol and without gallic acid 

(CHI15GLY0GA). EAB values decreased (P < 0.05) when gallic acid was 

incorporated, suggesting the interaction between the carboxylic group of 

gallic acid and the amino group of chitosan (Raspo, Gomez, & Andreatta, 

2018; An, Kang, & Li, 2019), which would reduce the flexibility of the films. 

Regarding film microstructure, cross-section images are shown in 

Figure 4.2, which indicated a good compatibility among the components 

of the films. Furthermore, when glycerol was added, a less compact 

structure was observed due to the plasticization effect of glycerol, which 

reduced the intramolecular interactions among chitosan chains while 

increased intermolecular interactions between chitosan and glycerol. 

4.4.4. Antioxidant activity and bioactive release 

Mass loss values measured after immersion into ethanol for 4 days 

were lower than 25 %, as can be seen in Table 4.3. 
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Figure 4.2. SEM images of cross-section (x5.0k) for a) CHI0GLY0GA, b) 

CHI15GLY0GA, c) CHI0GLY10GA, d) CHI15GLY10GA, e) CHI0GLY20GA, and 

f) CHI15GLY20GA films. 

 

Films plasticized with glycerol showed higher (P < 0.05) mass loss 

values than those without glycerol, indicating that some glycerol was 

dissolved and suggesting that chitosan-glycerol interactions were physical 

interactions, probably by hydrogen bonding. Moreover, when gallic acid 

content increased, mass loss values decreased (P > 0.05) for both 

a) b) 

c) d) 

e) f) 
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plasticized and non-plasticized films. This behavior would corroborate the 

interactions between chitosan and gallic acid, as shown by FTIR results. 

Table 4.3. DPPH inhibition and mass loss percentages for chitosan films. 

Film Mass loss (%) DPPH inhibition (%) 

CHI0GLY0GA 18 ± 1a 51.9 ± 2.1a 

CHI0GLY10GA 15 ± 2a 96.3 ± 0.5b 

CHI0GLY20GA 13 ± 2a 96.4 ± 0.2b 

CHI15GLY0GA 24 ± 1b 51.4 ± 0.1a 

CHI15GLY10GA 22 ± 2b 96.2 ± 0.1b 

CHI15GLY20GA 20 ± 2b 96.4 ± 0.1b 

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. 

 

Regarding the antioxidant capacity, all the films prepared with gallic 

acid had similar (P > 0.05) values of DPPH radical scavenging capacity, 

around 96 %, while the films without gallic acid showed an antioxidant 

activity of 51 %. These values are higher than those found in recent works 

for chitosan films grafted with gallic acid (Zhang et al., 2019), probably 

due to the fact that the degree of crosslinking in this work was lower due 

to the absence of coupling agents and the use of mild conditions during 

the film preparation.  
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The results shown in Table 4.3 indicated that glycerol did not affect 

the antioxidant capacity of gallic acid-modified chitosan films and, thus, 

bioactive release measurements were carried out for glycerol-plasticized 

films with 10 and 20 wt % gallic acid. As can be seen in Figure 4.3, values 

between both films were not significantly different (P > 0.05) before 24 h, 

but they are (P < 0.05) from 24 h to 96 h, when the accumulative release 

was around 33 %, indicating that certain content of gallic acid reacted with 

chitosan and, thus, could not be released.  
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Figure 4.3. Gallic acid release profile from chitosan films into 95 % ethanol 

solution. a-eTwo means followed by the same letter in the same column are not 

significantly (P > 0.05) different through the Tukey’s multiple range test. 

 



Active chitosan films with gallic acid: Antioxidant and antimicrobial activities 

 

98 
 

Therefore, it is worth noting that gallic acid can act as a bioactive 

since it can be released from chitosan films and provide them with 

antioxidant capacity, but also a notable amount of gallic acid can be 

preserved in the film, leading to films with significantly higher tensile 

resistance. 

4.4.5. Antimicrobial activity 

No inhibition zone was observed for chitosan films without GA, in 

accordance with previous works (Chen et al., 2019; Lun’kov et al., 2018; 

Raghavendra et al., 2016). However, in the films prepared with 10 and 20 

wt % gallic acid, an inhibition halo was observed for E. coli, regardless of 

glycerol addition, as can be observed in Figure 4.4. In contrast, no 

inhibition zone was found for L. sakei.  

 

Figure 4.4. Images of the inhibition halo for a) CHI0GLY10GA, b) 

CHI0GLY20GA, c) CHI15GLY10GA, and d) CHI15GLY20GA films against E. 

coli. 

 

a) b)

 

c) d) 
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As can be seen in Table 4.4, the inhibition halo diameters were higher 

for the films prepared with a higher gallic acid content. Furthermore, for 

the same gallic acid content, the inhibition capacity was slightly higher for 

the films prepared with glycerol; therefore, the best results were found for 

the films prepared with 15 wt % glycerol and 20 wt % gallic acid. Although 

glycerol itself does not have any antimicrobial effect (Sabbah et al., 2019), 

results suggested that glycerol facilitated the diffusion of gallic acid, 

improving the antimicrobial activity of gallic acid-modified chitosan films. 

Table 4.4. Inhibition halo against E. coli and L. sakei for chitosan films. 

Film 
Inhibition halo diameter (mm) 

E. coli L. sakei 

CHI0GLY0GA 

CHI0GLY10GA 

CHI0GLY20GA 

CHI15GLY0GA 

CHI15GLY10GA 

CHI15GLY20GA 

nd 

24 ± 3c 

27 ± 3b 

nd 

25 ± 2b,c 

30 ± 3a 

nd 

nd 

nd 

nd 

nd 

nd 

nd = not detected. 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. 

 

4.5. Conclusions 

The addition of gallic acid into chitosan film forming formulations 

led to transparent and colorless films with tensile strength values higher 
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than 40 MPa. FTIR analysis showed some changes in the frequency at 

which the main functional groups appeared, depending on glycerol and 

acid gallic concentration, indicating interactions among the polar groups 

of chitosan and the additives incorporated into the film forming 

formulation. Furthermore, films showed antioxidant and antimicrobial 

activity. In particular, 33 % of gallic acid was released from the film, 

suggesting that a certain amount of gallic acid could react with chitosan 

and could not be delivered. Beside antioxidant activity, films showed 

antimicrobial capacity against E. coli, especially those films plasticized 

with glycerol and with the highest content of gallic acid 

(CHI15GLY20GA), which had the greatest inhibition halo diameter. This 

behavior suggests the potential use of these materials as bioactive films for 

food or pharmaceutical applications.
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5.1. Summary 

Atlantic horse mackerel (Trachurus trachurus) fillets were coated by 

gallic acid and chitosan solutions, including chitosan nanoparticles, and 

fish quality and shelf life were assessed during chilled storage for 13 days. 

All chitosan-containing coatings decreased microorganisms’ growth in 

more than 2 log cycles up to late storage stages; however, those with 

chitosan nanoparticles resulted to be more effective, probably due to a 

greater contact surface with fish muscle. Furthermore, the lowest total 

volatile basic nitrogen (TVB-N) values, as well as pH values below 7, were 

found for horse mackerel fillets coated by those solutions with chitosan 

nanoparticles. Additionally, horse mackerel fillets coated by solutions 

with chitosan nanoparticles also showed the lowest thiobarbituric acid 

reactive substances (TBARS) values, maybe owing to a more sustained 

release of gallic acid. In this regard, it is worth noting that, although gallic 

acid solution showed no antimicrobial activity, this prevented lipid 

oxidation and, therefore, preserved color and texture during the chilling 

storage. 
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5.2. Introduction 

Atlantic horse mackerel (Trachurus  trachurus) has great popularity 

worldwide due to its nutritional value and its extended use as raw 

material for sushi, tataki or sashimi preparation, among others. 

Nevertheless, due to its content of unsaturated lipids, sensitive to 

oxidation, horse mackerel is highly perishable, and keeping fish quality 

during the supply chain is a challenge (Karoui & Hassoun, 2017; Sone et 

al., 2019). Like other fish products, horse mackerel is susceptible to rapid 

post-mortem spoilage due to biochemical reactions, handling, or storage 

conditions (Ezquerra-Brauer et al., 2016; Olatunde & Benjakul, 2018). In 

this concern, refrigerated storage is the common method for preservation 

in order to inhibit microbial growth and enzymatic degradation processes, 

maintaining fish quality (Miranda et al., 2018). 

Furthermore, there is a growing interest in investigating active 

materials with antimicrobial and antioxidant capacities, considering shelf 

life enhancement as well as food safety and quality (Kumar, Mukherjee & 

Dutta, 2020). With this aim, natural polymers, such as chitosan, are 

commonly used to prepare coatings (Irawan et al., 2019). In this regard, 

recent studies have concluded that the use of chitosan-based coatings 
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delayed bacterial growth and inhibited lipid oxidation in refrigerated 

Nemipterus japonicusfillets, extending food shelf life for more than 10 days 

(Ebadi et al., 2019). 

In this context, edible coatings are gaining more and more interest 

to retard fish protein degradation, lipid oxidation, and avoid discoloration 

and moisture loss due to their efficacy and harmless nature (Huang et al., 

2020; Zhang et al., 2019). In this chapter, chitosan coatings were prepared 

by dipping process and their effects on the shelf life of fresh horse 

mackerel fillets stored at 4 °C for ready to eat products was assessed. 

Furthermore, chitosan nanoparticles have been employed with the aim of 

promoting a longer shelf life extension, due to their bigger contact surface, 

which could improve functional properties with respect to common 

chitosan coatings (Istúriz-Zapata et al., 2020). Besides, taking the previous 

results in chapter 5 into account, gallic acid was used as bioactive 

compound. To the best of our knowledge, there is no information about 

the effect of chitosan and/or gallic acid coatings (alone or in combination) 

or forming nanoparticles, during the horse mackerel storage. 

In this chapter, horse mackerel fillets were coated by dipping and 

stored at 4 °C; bacterial counts, physicochemical properties, and texture 
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were analyzed during a period of 13 days in order to determine the quality 

of the fillets and shelf life. 

5.3. Materials and methods 

5.3.1. Materials 

Chitosan, with a molecular weight of 375 kDa and a deacetylation 

degree of 75 %, and sodium tripolyphosphate (TPP, technical grade, 85 % 

purity) were supplied by Sigma-Aldrich, Spain. Acetic acid solution (1 N), 

used as a solvent, was supplied by Panreac, Spain, and gallic acid (≥ 98.0 

% purity), employed as a bioactive compound, was supplied by Merck, 

Spain. 

5.3.2. Preparation and characterization of coating solutions 

With the aim of assessing the quality and shelf life of Atlantic horse 

mackerel (Trachurus trachurus) fillets, 4 coating solutions were prepared: i) 

0.1 % (w/v) gallic acid solution, designated as GA; ii) 1 % (w/v) chitosan 

solution, named as Ch; iii) 1 % (w/v) chitosan solution with 10 wt % gallic 

acid (based on chitosan), identified as GACh; and iv) a solution with 

chitosan nanoparticles and 10 wt % gallic acid (based on chitosan), 
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designated as GAChNP. The pH was adjusted to 5.5 for all the solutions, 

which were kept at 4 °C ± 1 until use. 

In order to prepare GA solution, 0.1 g gallic acid was dissolved in 

100 mL distilled water at room temperature under continuous stirring 

until total solubilisation. For the preparation of Ch solution, 1 g chitosan 

was dissolved in 100 mL of 1wt % acetic acid solution and stirred for 45 

min at room temperature. After that, gallic acid (10 wt % based on chitosan 

weight) was added to Ch solution and kept under continuous stirring for 

30 min until total homogenization. Finally, the GAChNP solution was 

prepared by dissolving 1 g chitosan in a 3 wt % acetic acid solution under 

continuous stirring overnight at room temperature; afterward, 10 wt % 

gallic acid (chitosan-based) was added and stirring was maintained for 1 

h. Subsequently, a TPP solution (3.3 mg/mL) was added, drop by drop, 

under continuous stirring for 30 min, and it was sonicated for 5 min in a 

pulsed mode, with a 60 s stop every min, and 80% amplitude using a Q700 

sonicator (Qsonica, Newton, CT, EEUU, max 700 W) with a 12.7 mm 

diameter probe (sample was placed in an ice bath to avoid overheating). 
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A Zetasizer Nano Series Nano-ZS90 (Malvern Panalytical, UK) was 

used to assess particle size (expressed as z-average) and Zeta potential of 

GAChNP solution, which were 286 ± 5 nm and 27 ± 1 mV, respectively. 

5.3.3. Fish storage trial 

5.3.3.1. Sample preparation 

Fresh Atlantic horse mackerel was acquired at a specialized local 

market. Fish was cleaned, cut in fillets, and stored frozen at -80 °C. 

Proximate analysis of the raw muscle was carried out showing the 

following results: 79.2 ± 0.2 % moisture, 20 ± 1 % total protein, 1.33 ± 0.04 

% ash and 0.7 ± 0.2 % total fat.  

24 h before the fish fillet coating, horse mackerel fillets were taken 

out from the store at -80 °C and thawed in a cold chamber at 4 ± 1 °C. The 

fillets were randomly divided in 5 batches: control fillets without coating 

and fillets coated by the 4 solutions prepared. Fillets were immersed into 

solutions and slightly shaken for 2 min. In order to remove the excess of 

coating, fillets were placed in a strainer and, then, they were stored at 4 

°C. For fish quality assessment, the coating day was set as day 0, and 

samples were taken at days 3, 6, 9, and 13 for analyses. 
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5.3.3.2. Muscle water content 

The water content of the horse mackerel muscle and the different 

samples along the storage period were determined according to AOAC 

official methods 934.01 (AOAC, 2000). Three replicates were performed 

for each batch. 

5.3.3.3. Mass loss 

Three horse mackerel fillets for each batch were weighed during the 

storage trial and results were expressed as mass loss percentage (%) with 

respect to the initial mass. 

5.3.3.4. Protein viscosity 

5 g of horse mackerel muscle were homogenized with 5 % NaCl in a 

1:5 ratio. A CVO rotary rheometer (Bohlin Instruments Ltd, 

Gloucestershire, UK) coupled to a cone-plate (cone angle 4°, gap 0.15 mm) 

was used for viscosity determination. The analysis was performed at 4 °C 

and the values obtained were provided by the mean of 15 replicates. 

5.3.3.5. Total volatile basic nitrogen (TVB-N) 

10 g of horse mackerel muscle were homogenized with 90 mL of a 

6% perchloric acid solution for protein precipitation. The mixture was 
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filtrated with a Whatman no. 1 filter and the volume was adjusted to 100 

mL. The filtrate was alkalinized with 20 % NaOH and distilled in a Tecator 

AB device (model 1002, Kjeltec Systems, Sweden). The distillate was 

collected on a 0.3 % boric acid solution and titrated with a 0.05 N HCl 

solution. Three replicates were performed for each sample and the average 

value was expressed as mg total volatile basic nitrogen per 100 g of 

sample. 

5.3.3.6. pH 

Fillet samples were mixed with distilled water in a 1:10 (w/v) 

concentration. pH was measured with a pHM 93 pH meter (MeterLab, 

Denmark) by triplicate. 

5.3.3.7. Microbiological assays 

To assess the role of the coating during storage, 10 g of Atlantic horse 

mackerel were weighed by taking different portions of at least 5 horse 

mackerel fillets, and put into sterile bags (Sterilin, Stone, Staffordshire, 

UK), combined with 90 mL of buffered 0.1% peptone water (Oxoid, 

Basingstoke, UK), and shaken for 1 min in a Stomacher blender (model 

Colworth 400, Seward, London, UK). Appropriate dilutions were 

prepared for the following microorganism determinations: (i) total viable 
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bacteria (TVB) on spread plates of Iron Agar, IA (Scharlab, Barcelona, 

Spain) 1% NaCl, incubated at 15 °C for 3 days; (ii) total aerobic mesophiles 

on pour plates of Plate Count Agar, PCA (Oxoid), incubated at 30 °C for 

72 h; (iii) Pseudomonas on spread plates of Pseudomonas Agar Base 

(Oxoid) with added CFC (Cetrimide, Fucidine, Cephalosporine) 

supplement for Pseudomonas spp. (Oxoid), incubated at 25 °C for 48 h; 

(iv) H2S-producers organisms, as black colonies, on spread plates of Iron 

Agar, incubated at 15 °C for 3 days; (v) luminescent bacteria on spread 

plates of Iron Agar 1% NaCl, incubated at 15 °C for 5 days; (vi) 

Enterobacteriaceae on double-layered plates of Violet Red Bile Glucose 

Agar (VRBG, Oxoid), incubated at 30 °C for 48 h; and (vii) lactic acid 

bacteria on double-layered plates of MRS Agar (Oxoid), incubated at 30 °C 

for 72 h. The day when the jacked fillets were coated was considered as 

day 0. Microbiological counts were expressed as the log of the colony-

forming units per gram (log CFU/g) of sample. All analyses were 

performed at 0, 3, 6, 9, and 13 days by duplicate. 

5.3.3.8. Color parameters 

A Konica Minolta CM-3500d colorimeter (Osaka, Japan) was 

employed for fish color measurements. CIELAB color scale was used in 
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order to determine L* from black (0) to white (100), a* from green (-) to red 

(+), and b* from blue (-) to yellow (+). The values given are the mean of 

fifteen replications for each batch. 

5.3.3.9. Texture parameters 

The hardness of horse mackerel fillets was measured by a TA.XTplus 

texture analyser (Stable Micro Systems, Surrey, UK). Fillets were placed 

on the flat plate of the texturometer and compression was applied with a 

5 mm diameter plunger (P/5S) connected to a 30 kN load-cell at a 

deformation rate of 0.5 mm/s. Eight replicates were carried out to calculate 

the mean value of hardness. 

5.3.3.10. Thiobarbituric acid reactive substances (TBARS) 

Horse mackerel fillets (15 g) were homogenized with 35 mL of 7.5 % 

w/v trichloroacetic acid (TCA). The mixture was centrifuged at 5000 rpm 

for 20 min and filtered through Whatman no. 1 paper. The filtrate was 

reacted with thiobarbituric acid in a 1:1 ratio and left to incubate at 90 °C 

for 15 min. Then, absorbance was measured at 532 nm in a 

spectrophotometer (Shimadzu CPS-240, Japan). 1,1,3,5-

tetraethoxypropane (TEP) was used as standard for the calibration curve. 
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Results were stated as mg of malonaldehyde (MAD) per kg of sample. 3 

replicates were carried out for the TBARS test. 

5.3.4. Statistical analysis 

With the purpose of determining the significant differences between 

measurements, analysis of variance (ANOVA) was carried out by means 

of SPSS software (SPSS Statistic 25.0). Tukey’s multiple range test was used 

for multiple comparisons among different systems with a statistical 

significance at the P< 0.05 level. 

5.4. Results and discussion 

5.4.1. Muscle water content, mass loss values, and protein viscosity 

During fish storage, muscle protein denaturation can occur and 

influences water holding capacity (Zhang et al., 2020). The initial muscle 

water content in fish samples was 79 %, as shown in Figure 5.1A. This 

value did not significantly (P > 0.05) change within the first 9 days of 

storage for coated samples. At the end of the storage period analyzed, 

muscle water content showed a 2% decrease for control samples and a 5% 

decrease for coated samples. This higher decrease of muscle water content 

for coated samples could be related to the hydrophilic nature of the 
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coatings used in this study and, thus, to their affinity for water molecules, 

causing a certain muscle protein dehydration (da Rocha et al., 2018).  
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Figure 5.1. Effects of coatings on A) muscle water content, B) mass loss, and C) 

protein viscosity of Atlantic horse mackerel fillets stored at 4 °C for 13 days. 

 

In accordance with the higher decrease of muscle water content that 

was observed at the end of storage time for coated samples, these showed 

also slightly higher mass loss that the control sample for the whole storage, 

although mass loss values were lower than 5 % for all the samples 

analyzed, as can be seen in Figure 5.1B. These subtle changes coincided 

with the values of protein viscosity, which were not significantly (P > 0.05) 

different among all coated samples during storage, as can be seen in Figure 

5.1C. All these findings indicate a minimum loss of muscle protein 

functional quality during the storage. 
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5.4.2. TVB-N and pH values 

TVB-N values are indicative of the activity of spoilage bacteria in 

fish (Lu et al., 2013) and, therefore, these values were measured for the 

coated fish fillets. As can be seen in Figure 5.2, fish fillets had a value of 

15.3 mg TVB-N/100 g at the beginning of the analysis. This content 

increased during storage and exceeded 35 TVB-N/100 g, the limit value 

established by EU regulations (EUR-Lex-32005R2074, 2005), before the day 

7 of storage for control samples.  
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Figure 5.2. Effects of coatings on total volatile basic nitrogen (TVB-N) values of 

Atlantic horse mackerel fillets stored at 4 °C for 13 days. 

 

Although horse mackerel fillets coated with GA solutions showed a 

significant (P < 0.05) enhancement, since the limit value was reached 
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between the day 7 and the day 8 of storage, the best results (P < 0.05) were 

found for all samples coated with chitosan solutions or nanoparticles. 

Regardless of gallic acid incorporation into the solution, TVB-N values 

were below the limit value up to the day 10 of storage for the films coated 

with Ch and GACh solutions, indicating a 3 day-extension in fish shelf life. 

Interestingly, GAChNP coatings showed a greater improvement of fish 

preservation up to the day 11 of storage, providing fish fillets with 4 day-

extension of shelf life. This greater effect of GAChNP coatings could be 

related to a more sustained release of gallic acid from chitosan 

nanoparticles. 

The change of pH values during storage showed a similar profile to 

that observed for TVB-N values. As can be seen in Figure 5.3, the increase 

of pH of fish fillets was significantly (P < 0.05) more rapid for control 

samples and for those coated with gallic acid solution; specifically, pH 

changed from 6.8 at day 0 to 8.2 at the end of the storage period. This 

increase of pH indicated the presence of non-desirable alkaline 

compounds derived from microbial activity (Quitral et al., 2009). Taking 

into account that pH 7 is considered the limit value for acceptable quality 

(Reyes et al., 2015), control and GA samples became non-acceptable before 
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the day 7 of storage, as also shown by TVB-N analysis. However, fish 

coated by Ch and GACh solutions did not reach the pH limit value up to 

day 10 and this was extended until the end of the storage for the samples 

coated by the solution with chitosan nanoparticles (GAChNP). 
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Figure 5.3. Effects of coatings on pH values of Atlantic horse mackerel fillets 

stored at 4 °C for 13 days. 

 

5.4.3. Microbiological analyses 

Figure 5.4 shows the microorganisms evolution during storage. 

Initially, the load of total aerobic mesophiles in the Atlantic horse mackerel 

was 4.4 log CFU/g (Figure 5.4B). Rodriguez et al., (2005) reported 3 log 

CFU/g in freshly caught horse mackerel. Counts in Iron Agar, which 
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reflects the psychrotrophic flora of fish (Otero et al., 2019), were lower in 

1 log unit than those found in PCA. This fact may be due to an increase in 

the mesophilic flora of contamination during the handling and 

preparation of the fillets. At this point, the count of ubiquitous 

pseudomonas was 2.5 log CFU/g (Figure 5.4C), similar to the count of 

lactic bacteria (Figure 5.4F). In this initial stage of chilled storage, H2S-

producer organisms (Figure 5.4D), mainly Shewanella putrefaciens, spoiler 

organisms in chilled seafood (López-Caballero et al., 2001), were below the 

detection limit, as well as enterobacteria (Figure 5.4E), which indicates a 

good hygienic handling of the raw material. Luminescent colonies, as 

indicators of Photobacterium phosphoreum (López-Caballero et al., 2002), 

were not detected, possibly due to the sensitivity of this bacterium to 

freezing (Bøknæs et al., 2000). 

As storage progressed, the Control batch registered an exponential 

growth in practically all the microorganisms studied that could be 

observed until at least day 9. A similar behavior was found in GA batch, 

with comparable or even higher counts than the Control (e.g., 

Enterobacteriaceae) (Figure 5.4E). However, the production of basic 

compounds was somewhat slower in GA than in the Control batch (Figure 
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5.2), which could be of great interest in horse mackerel storage. Applied 

as dipping solutions, Wu et al. (2016) described that gallic acid (5% w/v) 

inhibited in 2 log cycles the growth of total microorganisms in vacuum-

packed Pacific mackerel(Pneumatophorus japonicus) fillets at day 6 of 

storage at 4 °C. The role of gallic acid as an antimicrobial compound has 

been also described against isolated bacteria. Gallic acid (250 mg/mL), as 

the main antimicrobial substance from ethanolic extracts of the 

Leguminosae Caesalpinia mimosoides Lamk, showed antimicrobial activity 

against Salmonella typhi (Gram-negative, G-) and Staphylococcus aureus 

(Gram-positive, G+)(Chanwitheesuk et al., 2007). In this regard, Sarjit et al 

(2015) studied the activity of gallic acid (7.8-1000 µg/mL) against 12 strains 

of Campylobacter (C. jeuni and C. coli). These authors found that the acid 

exerted a bacteriostatic or bactericidal activity related to a loss of calcium 

ions from the susceptible strains. In the present work, no inhibitory effect 

(P > 0.05) on microbial growth due to acid gallic was observed at the tested 

concentration. This could be due to the low concentration used (0.1 % w/v) 

in this study. 

The chitosan coatings (Ch batch) decreased (P < 0.05) the growth of 

microorganisms with reductions even greater than 2 log cycles (e.g. total 
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counts, aerobic mesophiles, Enterobacteriaceae), effect that could be also 

observed up to late stages of storage. Chitosan-based coatings prevented 

the increase of bacteria during the storage of cod patties (López-Caballero 

et al., 2005), prawns (Arancibia et al., 2015a), and salmon (Gómez-Estaca 

et al., 2019). Especially striking is the effect of chitosan on H2S-producers, 

with counts below the detection limit (< 2 log CFU/g) during the whole 

period, while Control and GA batches exceed 8 log CFU/g (Figure 5.4D). 

The antimicrobial effect of this cationic polymer has been widely 

described, among others, by the interaction of the positively charged 

amino groups of chitosan with the negatively charged cell membranes, 

causing the leakage of protein material as well as other intracellular 

compounds (Alishahi and Aïder, 2012; Arancibia et al., 2015b). The 

limiting effect of pH (as chitosan is dissolved in acetic acid) also was 

mentioned by these authors, but it is not relevant in the present work since 

the pH of the coatings was adjusted to 5.5. 

As shown in Figure 5.4, chitosan also maintained its inhibitory effect 

on microbial growth when combined with gallic acid, since GACh and 

GAChNP also registered significantly (P <0.05) lower counts than Control 

batch. In the present work, the reduction of microbial counts cannot be 
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attributed to the presence of gallic acid in the coatings, since this 

compound neither prevented at all the growth of microorganisms, as 

previously mentioned, nor increased the chitosan activity, but just kept it. 

In contrast, Wu et al. (2016) found that chitosan (1.5% w/v) - gallic acid (5% 

w/v) coatings extended the shelf life of vacuum-packed Pacific mackerel 

by 5-6 days, compared to uncoated fish, and the effect of these compounds 

was superior together (synergistic effect) than in separate way. These 

authors also reported that the microbial counts of fish dipped in gallic acid 

(5% w/v) were lower than in the control batch during chilled storage, but 

higher than those in plain chitosan-coated fish. Different gallic acid and 

chitosan concentrations in dipping solutions could be the reason for the 

apparent divergence in results with respect to the present work. 

The three chitosan containing batches evolved similarly during 

storage (Figure 5.4). Despite this, chitosan seemed to be more effective to 

inhibit the microbial growth when it is in nanoparticles form. Thus, 

GAChNP registered 1.5 log cycle lower than Ch for TVB counts at day 3 

(Figure 5.4A), while differences of ≈1 log cycle (lower in GAChNP 

compared to Ch) in Pseudomonas spp. at day 6 were found (Figure 5.4C), 

which was also reflected in a lower (P < 0.05) aerobic mesophilic counts in 
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GAChNP (Figure 5.4B). Likewise, differences (P < 0.05) in 0.5-1 log cycle 

counts could be observed between GACh and GAChNP batches, 

especially in Enterobacteriaceae at day 9 (3.8 vs 2 log CFU/g, respectively). 

Probably the chitosan nanoparticles allow a greater contact surface of the 

polymer with the fish muscle, even penetrating into it, to exert its activity. 

In this connection, a synergistic effect between chitosan (1-1.5% w/v) 

nanoparticles and fennel essential oil (1% v/v) was described to reduce 

counts of mesophilic and psychrotrophic organisms during modified 

atmosphere packaging (MAP) storage of Great sturgeon (Huso huso) fillets 

compared to the effect of both compounds separately (Maghami, Motalebi 

& Anvar, 2019). Moreover, these authors reported that chitosan 

nanoparticles and fennel, alone or in combination, did not reduce the 

genus Pseudomonas spp.  

From 9 days onwards, Control and GA batches showed evident 

signs of spoilage, reaching 9 log CFU/g in several bacterial groups. In this 

regard, Zheng et al (2020) reported counts in Spanish mackerel of 8.7 log 

CFU/g in PCA at day 9 of chilled storage. In the present work, storage was 

prolonged to establish the role of chitosan coatings in the late stages of 

storage. At 13 days, all the batches were spoiled and raised similar counts 
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(Figure 5.4).Oucif et al. (2018) also observed counts that exceed 8 and 9 log 

CFU/g at 11 days in total aerobes and psychrotrophs, respectively, during 

the chilled storage of horse mackerel. The genus Pseudomonas 

predominated during horse mackerel storage, with counts that exceeded 

9 log CFU/g at the end of the period (P < 0.05). This group predominated 

at the end of the storage in salmon (Gómez-Estaca et al., 2019) and shrimp 

(Arancibia et al., 2015a).  

As mentioned previously, the incidence of S. putrefaciens in chitosan-

coated batches was negligible (P < 0.05) (Figure 5.4D). López-Caballero et 

al. (2006) described the sensitivity of S. putrefaciens to chitosan coatings on 

shrimp during chilled storage. As shown in Figure 5.4F, the lactic bacteria 

were not found in high concentration, registering values around 4 log 

CFU/g in the chitosan-coated batches at day 9 (P < 0.05). Chitosan could 

favor the growth of this group due to the acidification by acetic acid in 

which it is dissolved (López-Caballero et al., 2006), but this fact was not 

clearly observed in the present study (Figure 5.4). In this connection, 

Arancibia et al. (2015a) observed that the increase in lactic acid bacteria 

counts during chilled storage of chitosan-coated prawns was not 

significant.   



 

127 
 

0 2 4 6 8 10 12 14
0

2

4

6

8

10

L
o

g
 (

C
F

U
/g

)

Fish storage (days)

 Control

 Ch

 GA

 GACh

 GAChNP

A

0 2 4 6 8 10 12 14
0

2

4

6

8

10

L
o

g
 (

C
F

U
/g

)

Fish storage (days)

 Control

 Ch

 GA

 GACh

 GAChNP

B

0 2 4 6 8 10 12 14
0

2

4

6

8

10

L
o

g
 (

C
F

U
/g

)

Fish storage (days)

 Control

 Ch

 GA

 GACh

 GAChNP

C

0 2 4 6 8 10 12 14
0

2

4

6

8

10

L
o

g
 (

C
F

U
/g

)

Fish storage (days)

 Control

 Ch

 GA

 GACh

 GAChNP

D

0 2 4 6 8 10 12 14
0

2

4

6

8

10

L
o

g
 (

C
F

U
/g

)

Fish storage (days)

 Control

 Ch

 GA

 GACh

 GAChNP

E

0 2 4 6 8 10 12 14
0

2

4

6

8

10

L
o

g
 (

C
F

U
/g

)

Fish storage (days)

 Control

 Ch

 GA

 GACh

 GAChNP

F

 

Figure 5.4. Microbial counts (log CFU/g) in Atlantic horse mackerel stored at 4 °C: A) total viable bacteria (TVB), B) total aerobic 

mesophiles, C) Pseudomonas spp., D) H2S-producing microorganisms, E) Enterobacteriaceae, F) lactic acid bacteria. 
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Some authors stated that chitosan is more effective against Gram+ 

bacteria than Gram- (Arancibia et al., 2015a), due to the characteristics of 

the Gram- wall, with the presence of the bilayer lipopolysaccharides that 

hinder the action of antimicrobial compounds on bacteria. This fact cannot 

be corroborated here, since the inhibition rate of microbial growth in the 

chitosan-coated batches respect to the Control was similar for lactic 

bacteria and Enterobacteriaceae, as an example of G+ and G- organisms, 

respectively. Moreover, chitosan coatings inhibited H2S-producers 

organisms but not the growth of pseudomonas, both G- bacteria. 

5.4.4. Color and texture parameters 

Physicochemical changes during fish storage are known to cause 

changes in fish appearance and texture and, thus, surface color and 

hardness were measured in order to analyze the effect of the coatings 

under study. In particular, L*, a*, and b* color parameters are shown in 

Figure 5.5. As can be seen in Figure 5.5A, L* value did not significantly (P 

> 0.05) change during storage, keeping the horse mackerel fillets lightness. 

The presence of chitosan and/or gallic coating on the fillet induced a slight 

increase in lightness (P > 0.05), being even higher when coated with 

GaChNP.  
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Figure 5.5. Effects of coatings on A) L*, B) a*, and C) b* color parameters of 

Atlantic horse mackerel fillets stored at 4 °C for 13 days. 
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Concerning a* parameter (Figure 5.5B), the samples showed mean 

values in the range from -3.5 to -2.0, similar to those found in the work of 

Cai et al. (2018). While coated fillets did not present any significant (P > 

0.05) change of a* values during storage, control films showed a significant 

(P < 0.05) increase of a* parameter from day 9 of storage. Similarly, b* 

parameter also increased (P < 0.05) from day 9 for control fillets, as well as 

for coating samples, as shown in Figure 5.5C. This yellowing effect, related 

to the increase of volatile amines, as previously shown by TVB-N values, 

was similar to that found in other works where chitosan solutions were 

used to coat tilapia (Yang et al., 2019) and grass carp fillets (Cai et al., 2018). 
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Figure 5.6. Effects of coatings on hardness of Atlantic horse mackerel fillets 

stored at 4 °C for 13 days. 

 



Chapter 5 

 

131 
 

Additionally, physicochemical changes affected slightly fish texture. 

As can be seen in Figure 5.6, the mean hardness values obtained are in a 

narrow range from 3.0 to 7.5 N, similar to those obtained for chitosan-

coated sierra (Scomberomorus sierra) fish fillets (Ramírez-Guerra et al., 

2018). 

The increase in hardness during storage is in accordance with the 

increase of mass loss shown in Figure 5.1B. However, in the first three days 

of storage all samples showed a significant (P < 0.05) drop in hardness, 

which tended to increase thereafter in both control and Ch lots. The texture 

softening in fish fillets during chilled storage is well known, and mainly 

attributed to protein deterioration by the action of endogenous cathepsins 

and, in a second stage, more advanced in chilled storage by the action of 

exogenous proteases, due to microorganisms (Huss, 2013; Yu et al., 2017). 

Such a muscle degradation effect during storage was not clearly evidenced 

by any significant drop in protein viscosity values, as described before. 

Gallic acid-containing coatings led to significantly (P < 0.05) softer 

textures, which are linked to the phenol content and its capacity to hold 

water molecules, as also shown in smoked sea bass fillets with resveratrol-

incorporated chitosan coatings (Martínez et al., 2018). 
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5.4.5. Thiobarbituric acid reactive substances (TBARS) 

TBARS analysis quantifies the presence of lipids’ secondary 

oxidation substances, which major component is malondialdehyde 

(MDA) (Lee et al., 2019). Since lipids present in fresh fish are highly prone 

to oxidation, causing changes in fish quality attributes, TBARS index was 

determined and values are shown in Figure 5.7. Considering that the 

acceptability limit for TBARS is around 2 mg MDA/kg fish (Binsi et al., 

2016), it can be said that control samples reached this limit at day 3 of 

storage and chitosan-coated fish (Ch) exceeded the limit value, probably 

one day later. Interestingly, the samples coated by gallic acid-containing 

chitosan did not reach this value up to day 12, indicating that lipid 

oxidation was 2-fold extended due to the antioxidant activity of gallic acid 

(Zarandona et al., 2020). It is worth noting that GAChNP coating showed 

a significant (P < 0.05) increase of TBARS values at the beginning of 

storage, but the lowest TBARS mean value at the end of storage, 

suggesting the sustained release of gallic acid from chitosan nanoparticles 

(Jahromi et al., 2020; Lamarra et al., 2017), as also shown by TVB-N and 

pH results in Figures 5.2 and 5.3, respectively. Therefore, further research 



Chapter 5 

 

133 
 

is needed in order to control the gallic acid delivery from nanoparticles to 

improve its antioxidant effect. 
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Figure 5.7. Effects of coatings on TBARS of Atlantic horse mackerel fillets stored 

at 4 °C for 13 days. 

 

5.5. Conclusions 

Chitosan coatings protected horse mackerel fillets from quality 

deterioration sincethe microbial growth was delayed and the production 

of volatile amines remained constant up to the last day of storage, as 

shown by TVB-N and pH values. Although gallic acid showed no 

antimicrobial effect, gallic acid-containing coatings in the amounts added 

prevented from lipid oxidation during the chilled storage of horse 

mackerel fillets. However, the sustained release of gallic acid from 
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chitosan nanoparticles should be more in-depth analyzed in order to 

enhance the antioxidant activity of chitosan coatings during food storage.
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6.1. Summary 

Thermocompression was employed to prepare citric acid-

crosslinked chitosan films with Aloe vera (AV) as bioactive compound. 

Films were easy to handle and mechanical properties did not change with 

the addition of AV up to 10 wt %, although both TS and EAB decreased 

for the films with 15 wt % AV, indicating that high AV contents would 

hinder intermolecular interactions among the formulation components. 

Maillard reaction occurred between chitosan and citric acid at the 

processing temperature used (115 °C), while physical interactions took 

place with AV, as shown by FTIR analysis. All films were insoluble but 

displayed hydration and limited swelling due to both physical and 

chemical interactions promoted by AV and citric acid, respectively. A slow 

AV release, governed by a Fickian diffusion controlled mechanism, and 

an increase of surface hydrophilicity were observed. 

6.2. Introduction 

Chitosan films are widely processed by solution casting (Muxika et 

al., 2017), but thermocompression is another suitable option due to its 

simplicity and high productivity and capacity to produce films at 

industrial scale (Valencia-Sullca et al., 2018). The conditions employed in 
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the above-mentioned processes, such as pH, temperature, and pressure, 

influence the final material properties (Ochoa-Yepes et al., 2019). To the 

best of our knowledge, few studies have reported chitosan films processed 

by thermocompression. Among them, Galvis-Sánchez et al. (2018) 

prepared chitosan films with four natural deep eutectic solvents as 

plasticizers, and Matet et al. (2013) used acetic acid as crosslinker, while 

Guerrero et al. (2019) used citric acid. Furthermore, the addition of a 

crosslinking agent helps to enhance functional properties. In this sense, 

citric acid can be added to react with amine and hydroxyl groups of 

chitosan and to enhance the mechanical properties and water resistance of 

the resulting films (Kanatt & Makwana, 2020; Oryan et al., 2018). 

In this chapter, in addition to citric acid, used as crosslinker, Aloe vera 

(AV) was utilized as bioactive compound. AV is a perennial herb 

containing over 75 active ingredients, such as phenolics, sugars, amino 

acids, saponins and minerals (Tapeh, Baei & Keshel, 2021). Due to its 

physiologically active components, it has antioxidant, anti-inflammatory 

and antibacterial properties, providing active properties to chitosan films 

(Kanatt & Makwana, 2020; Tapeh et al., 2021). 
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In this context, the aim of this chapter was to prepare chitosan films 

by thermocompression, using citric acid as crosslinker and Aloe vera as 

bioactive. The effect of AV concentration on the structure and thermal and 

physicochemical properties of the films was assessed, as well as the 

bioactive release. 

6.3. Materials and methods 

6.3.1. Materials 

Chitosan was extracted from shrimp shells in Nha Trang University, 

Vietnam. H2O2, NaOH, acetic acid, anhydrous citric acid and glycerol 

(with a purity of 99.01 %) were supplied by Panreac (Barcelona, Spain). 

Aloe vera (AV) powder was supplied by Agora Valencia SL (Valencia, 

Spain). 

6.3.2. Extraction and characterization of chitosan 

Chitosan was obtained according to Minh et al. (2017) with some 

modification. Chitosan was ground (100 mesh) and then soaked in NaOH 

solution (0.6 wt %) for 14 h at room temperature. Subsequently, H2O2 

solution (0.6 wt %) was added and kept for 18 h at room temperature. 
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Finally, the solid chitosan product was collected on filter cloth, washed by 

distilled water to neutral pH, and dried at 60 °C for 12 h. 

The ash content in chitosan was determined by burning the samples 

at 600 °C in a muffle furnace. Additionally, protein content was measured 

by using the standard micro-Biuret protein assay using bovine serum 

albumin standards. Furthermore, the average molecular weight (M) of 

chitosan was determined according to a previous study (Rinaudo, 2006). 

Typically, 100 mg of chitosan was dissolved completely in a mixture of 0.1 

M acetic acid and 0.2 M NaCl solution. The intrinsic viscosity [µ] of 

chitosan was determined by an Ubbelohde viscometer at 25 °C, and M of 

chitosan was calculated according to the Mark–Houwink equation:  

[𝜇] = 𝐾 · 𝑀𝑎 

where K is 1.81x10-3 and a is 0.93.  

The degree of deacetylation (DD) of chitosan was determined based 

on a previous work (Minh et al., 2019). Typically, 100 mg of chitosan were 

dissolved in 20 mL of 85% H3PO4 solution at 60 °C for 40 min. Then, 1 mL 

of the above solution was diluted in deionized water and kept at 60 °C for 

2 h. After being cooled down to room temperature, samples were 
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measured by UV spectroscopy at 210 nm. DD was calculated according to 

the following equation: 

𝐷𝐷 = 100 · [1 −  
𝐺𝑙𝑐𝑁𝐴𝑐

𝐺𝑙𝑐𝑁𝐴𝑐 + 𝐺𝑙𝑐𝑁
] 

where GlcNAc refers to N-acetyl glucosamine and GlcN to glucosamine. 

6.3.3. Film preparation 

Compression molded chitosan films were prepared as described by 

Guerrero et al. (2019) with some modifications. 3 g of chitosan were 

weighed and mixed with 20 wt % citric acid (based on chitosan weight) 

and 0, 5, 10, or 15 wt % AV (based on chitosan weight). In order to facilitate 

mixture flowing during the compression process, 9 mL of deionized water 

were added and, finally, 15 wt % glycerol (based on chitosan weight) was 

added as plasticizer. All reagents were manually mixed and stored in a 

plastic bag during 24 h at room temperature to hydrate the dough. Four 

film systems were analyzed: i) control films without Aloe vera (control), ii) 

chitosan films with 5 wt % Aloe vera (5AV), iii) chitosan films with 10 wt % 

Aloe vera (10AV), and iv) chitosan films with 15 wt % Aloe vera (15AV). 
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The hydrated dough was placed between two aluminum plates, put 

into the press (Specac, Spain), previously heated up to 115 °C for 30 s, and 

pressed at 0.5 MPa for 2 min. 

6.3.4. Film characterization 

6.3.4.1. Fourier transform infrared (FTIR) spectroscopy 

FTIR spectra were collected with a Nicolet Nexus FTIR spectrometer 

(Thermo Fisher Scientific, Massachusetts, USA) with a Golden Gate ATR 

accessory. The spectra, with a resolution of 4 cm-1, were acquired between 

4000 and 800 cm-1 with 32 scans for each sample. 

6.3.4.2. Color measurement 

Color parameters of the films were measured using a CR-400 

Minolta Chroma Meter (Konica Minolta, Spain) portable colorimeter. Ten 

samples were analyzed for each composition. CIELAB scale was used to 

measure color parameters: L*=0 (black) to L*=100 (white), -a* (greenness) 

to +a* (redness) and –b* (blueness) to +b* (yellowness). Films were placed 

on a white patron (L*=97.39, a*=0.03, b*=1.77)  
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6.3.4.3. Water contact angle 

Water contact angle (WCA) of films was measured by a Dataphysics 

Contact angle OCA (DataPhysics, Spain) equipment. 3 µL distilled water 

was dropped onto the film surface and the drop image was captured using 

a SCA20 software. Five replicates were carried out for each system. 

6.3.4.4. Degradation degree 

Degradation degree (DD) of chitosan films with Aloe vera was 

calculated on samples conditioned in a climatic chamber (Angelantoni, 

Spain) at 25 °C and 50% relative humidity. Samples (W0) were immersed 

in PBS (pH 7.4) at 37 °C for 2 and 7 days (Wd). Samples were dried with 

paper and conditioned in the climatic chamber at 25°C and 50 % RH until 

they reached a constant weight. The results were taken in triplicate for 

each system and were calculated as follows: 

𝐷𝐷 (%) =  
𝑊0 − 𝑊𝑑

𝑊0
· 100 

6.3.4.5. Swelling measurements 

Swelling test for chitosan films with Aloe vera was carried out by 

gravimetric method. Samples of each system were immersed into PBS (pH 

7.4) and weighed before (W0) and after immersion (Wh) every 30 min for 
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the first 3 h. Thereafter, measurements were carried out at 24 h and 48 h. 

Three replicates were taken for each system and swelling degree (S) was 

calculated by the following equation: 

S (%) = 
𝑊ℎ − 𝑊0

𝑊0
· 100 

6.3.4.6. Aloe vera release 

AV powder was dissolved in PBS (pH 7.4) at 37 °C. The absorbance 

of AV solution as a blank solution was read by a UV-VIS Multiskan 

SkyHigh (Thermo Fisher, Spain) spectrophotometer at 255 nm. The ratio 

of the AV release was determined by the calibration curve from 10 to 1000 

ppm (µg/mL), and the theoretical total release was calculated from the 

determination of the accumulative release percentage. In order to 

determine AV release, film pieces (1 cm x 2 cm) were immersed into 10 mL 

of PBS (pH 7.4) at 37 °C for 9 days. Aliquots (2 mL) were collected at 

different times (1 h, 24 h, 3 d, 7 d and 9 d) and replaced with an equal 

volume of fresh PBS. Results were taken in triplicate for each system. 

In order to analyze the mechanism of the Aloe vera release, 

Korsmeyer-Peppas model was used, since this model is the most 
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comprehensive semi-empirical equation to study the release from a 

polymeric matrix (Bruschi, 2015): 

𝑀𝑡
𝑀∞

⁄ = 𝑘 · 𝑡𝑛 

where Mt/M is the ratio of AV released at time t, k is the release velocity 

constant and n is the release diffusion coefficient, related to the AV release 

mechanism. 

6.3.4.7. Thermo-gravimetric analysis (TGA) 

A Mettler Toledo TGA/SDTA 851 thermo-balance was used to 

measure the thermal stability of the samples. Dynamic scans from 25 to 

900 °C were carried out at a constant rate of 10 °C/min under nitrogen 

atmosphere to avoid thermo-oxidative reactions. 

6.3.4.8. Differential scanning calorimetry (DSC) 

A Mettler Toledo DSC 822 was used to perform differential scanning 

calorimetry. Samples of around 3 mg were heated from -50 °C to 300 °C at 

a heating rate of 10 °C/min under nitrogen atmosphere to avoid oxidative 

reactions. 
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6.3.4.9. X-ray diffraction (XRD) 

X-ray diffraction (XRD) analysis was carried out at 40 kV and 40 mA 

by means of a PANalytic Xpert Pro (PANalytical, Almelo, The 

Netherlands) equipment with a diffraction unit and Cu-K (= 1.5418 Å) 

as a radiation source. Data were collected from 2° to 40° (step size = 0.026, 

time per step = 118 s). 

6.3.4.10. Scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM) was used to visualize cross-

section and surface morphologies of the samples. For that purpose, a 

Hitachi S-4800 scanning electron microscope (Hitachi High-Technologies 

Corporation, Tokyo, Japan) was used with an acceleration voltage of 15 

kV. Samples were placed in a metallic stub and coated with gold under 

vacuum in argon atmosphere. 

6.3.4.11. Mechanical properties 

Mechanical properties were measured with an Instron 5967 

electromechanical testing system (Instron, Spain). According to ASTM 

D638-14 (ASTM, 2014), tests were carried out with a load cell of 500 N and 
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a crosshead rate of 1 mm/min. Films were cut into bone shaped samples 

of 4.75 mm x 22.25 mm. Five samples were measured for each system.  

6.3.5. Statistical analysis 

With the purpose of determining the significant differences between 

measurements, analysis of variance (ANOVA) was carried out by means 

of SPSS software (SPSS Statictic 25.0). Tukey’s multiple range test was 

used for multiple comparisons among different systems with a statistical 

significance at the p < 0.05 level. 

6.4. Results and discussion 

6.4.1. Physicochemical properties 

The characteristics of chitosan are shown in Table 6.1. Chitosan was 

white in color and highly soluble in diluted acetic acid. Chitosan had high 

purity with a low protein content and a low mineral content. The degree 

of deacetylation was not affected by the mild conditions used to produce 

chitosan.  

The FTIR spectra of chitosan and AV to determine the characteristic 

bands of each compound are shown in Figure 6.1A. The spectrum of 

chitosan showed some characteristic bands: a broad band between 3000-
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3600 cm-1, associated to O-H and N-H vibrations; a band at 2877 cm-1, 

associated to aliphatic C-H stretching; a band at 1648 cm-1, attributed to 

C=O stretching; a band at 1585 cm-1, associated to NH2 bending; two bands 

at 1421 cm-1 and 1376 cm-1, assigned to CH3 deformation; and some bands 

in the range from 1150 to 891 cm-1, corresponding to C-O-C stretching 

absorption of the glycosidic ring of chitosan (Barbosa et al., 2019; 

Mauricio-Sánchez et al., 2018). 

Table 6.1. Characteristics of the chitosan extracted from shrimp shells. 

Solubility (%) of 1 wt % chitosan in 1% acetic acid  99.7  0.1 

Minerals (%) 0.36  0.02 

Protein (%) 0.41  0.04 

Degree of deacetylation (%) 89  2 

Viscosity (cP) 92  7 

Molecular weight (kDa) 135  4 

 

Regarding Aloe vera, it showed a wide band between 3000-3600 cm-

1, associated to O-H vibrations of phenolic groups, particularly to 

anthraquinines such as aloin (Isfahani, Tavanai, & Morshed, 2017; Torres-

Giner et al., 2017). The band at 1639 cm-1 is attributed to C=O stretching 

and the bands in the region between 1150-848- cm-1 are assigned to C-O-C 

and stretching vibrations related to polysaccharides and sugars present in 

Aloe vera (Bajer, Janczak, & Bajer, 2020; Prajapati, Das, & Mondal, 2020). 



Chapter 6 

 

151 
 

4000 3500 3000 2500 2000 1500 1000

T
ra

n
s

m
it

ta
n

c
e

 (
a

.u
.)

Wavenumber (cm-1)

AV

CHI

OH
CH

C=O

CO

A)

1000150020002500300035004000

T
ra

n
s

m
it

ta
n

c
e
 (

a
.u

.)

Wavenumber (cm-1)

CONTROL

CHI

1648

1585

1027

1553

B)

 

C)

+

HO OH

OO
OHO

OH

O

O

OH
O

HO

NH2

O

OH

HO
NH

O

n

CHITOSAN CITRIC ACID

O
OH

OH

NH

OO

OH
HO

HN

O

HO

O

HO

HN
O

O

OOH

OH
O

O

OH

O
HO

H2N

115 ºC

4000 3500 3000 2500 2000 1500 1000

T
ra

n
s

m
it

ta
n

c
e

 (
a

.u
.)

Wavenumber (cm-1)

CONTROL

5AV

10AV

15AV

1553
1027

D)

 

Figure 6.1. FTIR spectra of A) neat chitosan (CHI) and Aloe vera(AV) powders. B) 

FTIR spectra of chitosan (CHI) powder and compression molded chitosan film 

(control). C) Crosslinking reaction between chitosan and citric acid. D) FTIR 

spectra of compression molded chitosan films without Aloe vera(control) and 

with 5wt % Aloe vera(5AV), 10 wt % Aloe vera(10AV) and 15 wt % Aloe 

vera(15AV). 

 

In order to assess the crosslinking effect between chitosan and citric 

acid, the spectra of chitosan powder and chitosan film with citric acid 

(control) are shown in Figure 6.1B. The bands related to C-O glycosydic 

linkage of chitosan at 1151, 1063 and 1023 cm-1 are presented in both 

spectra. New bands were detected in control films due to the reaction of 

carboxyl groups of citric acid with the amino groups of chitosan forming 
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an amide linkage (Gawish et al., 2012). The largest difference between both 

spectra was detected in the range of 1300-1700 cm-1. In the chitosan 

spectrum, C=O and NH2 bands appeared at 1648 and 1585 cm-1, 

respectively; however, when citric acid was added, NH2 band was more 

pronounced and shifted to 1553 cm-1, while C=O band appeared as a small 

shoulder. Therefore, due to the crosslinking reaction between chitosan and 

citric acid (Figure 6.1C), the amino group of chitosan was transformed 

from primary to secondary amine (Guerrero et al., 2019).  

The interactions among the components of the film led to a 

chromatic change when Aloe vera concentration increased (Table 6.2). 

Control films had a yellowish color, showed by a positive value of b* 

parameter, due to the occurrence of Maillard reaction at the working 

temperature, 115 °C (Leceta et al., 2013).When Aloe vera was added, film 

color changed to a darker yellow, supported by the increase in b* value, 

especially for films with 10 and 15 wt% AV. In accordance, E value 

indicated bigger color differences, visible to the human eye, for 10AV and 

15AV films. This color change can be attributed to the anthranquinones 

like aloin, transformed into aloe emodin and other substances during 

thermal processing (Chang et al., 2006). Aloe emodin is a phenolic 
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compound with anti-inflammatory, antioxidant and antibacterial 

activities (Rahman, Carter, & Bhattarai, 2017).   

Table 6.2. L*, a*, b* and E color parameters of compression molded chitosan 

films without Aloe vera (control) and with 5 wt % Aloe vera (5AV), 10 wt % Aloe 

vera (10AV), and 15 wt % Aloe vera (15AV). 

 L* a* b* E 

Control 92.7 ± 0.3a -1.68 ± 0.05a 13.4 ± 1.1a --- 

5AV 92.6 ± 0.3b -1.51 ± 0.05a 14.9 ± 0.9a 1.54 

10AV 92.4 ± 0.2a -1.51 ± 0.19a 19.1 ± 2.8b 5.71 

15AV 92.2 ± 0.5a -1.31 ± 0.06b 18.9 ± 1.1b 5.51 

a-bTwo means followed by the same letter in the same column are not significantly (p> 0.05) 

different according to the Tukey’s multiple range test. 

 

In order to determine the effect of AV on film surface 

hydrophobicity or hydrophilicity, water contact angle (WCA) was 

measured and results are presented in Table 6.3. Control film showed a 

WCA of 83°, indicative of the film surface hydrophobicity. However, a 

significant decrease (p < 0.05) was observed when Aloe vera concentration 

increased, reaching values of 68° for 15AV films. Since many of the 

components of Aloe vera have hydrophilic character, WCA results 

suggested that these polar groups of Aloe vera were oriented towards the 

film surface.  
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Table 6.3. Water contact angle (WCA) and hydrolytic degradation (HD) of 

compression molded chitosan films without Aloe vera (control) and with 5 wt % 

Aloe vera (5AV), 10 wt % Aloe vera (10AV), and 15 wt % Aloe vera (15AV). 

Film WCA (°) 
HD (%) 

Day 2 Day 7 

Control 83 ± 1a 21.2 ± 0.9a 21.2 ± 0.3a 

5AV 78 ± 1b 21.5 ± 0.5a 21.7 ± 0.2a 

10AV 75 ± 3b 22.2 ± 0.3a 23.1 ± 0.2b 

15AV 68 ± 2c 22.3 ± 0.2a 23.4 ± 0.3b 

a-cTwo means followed by the same letter in the same column are not significantly (p> 0.05) 

different according to the Tukey’s multiple range test. 

 

Regarding hydrolytic degradation, the values after 2 and 7 days 

immersed in water at 37 °C are shown in Table 6.3. At day 2, a HD value 

between 21 and 22 % was achieved for all films, with no significant 

differences (p > 0.05) among samples. These values could be related to the 

glycerol migration, since glycerol is crosslinked by hydrogen bonding 

with chitosan and Aloe vera, while chemical crosslinking provides 

polymeric networks with resistance to degradation. After 7 days, HD was 

between 21 and 23 %, indicating that films maintained their integrity and 

the crosslinking among the components of the films was successful. 

Additionally, there was a significant increase (p < 0.05) of mass loss for 

10AV and 15AV films, which can be attributed to the release of non-

crosslinked Aloe vera at high concentrations. 
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Also swelling tests were performed and results are shown in Figure 

6.2A. It is worth noting that all samples kept their structure after 3000 min 

of immersion in PBS at 37 °C. In the first 30 min, swelling increased fast 

up to 33 %. After 60 min, swelling reached the equilibrium with values of 

40 %, indicating that a compact structure was formed due to the 

interactions among the film components, which reduced the free 

hydrophilic moieties, preventing the absorption of large amounts of water 

(Deshmukh et al., 2021). The swelling capacity decreased when AV was 

added; however, no relevant differences among the films with AV were 

observed. This would indicate that the reaction between chitosan and 

citric acid would lead to a more compact network, hindering the swelling 

capacity of the films. It is worth noting that all films were insoluble in an 

aqueous environment, but displayed hydration and limited swelling. 

These characteristics are possible due to the presence of both physical and 

chemical crosslinks in the network formed. The release kinetics of 

bioactive compounds from a polymeric matrix is mainly dictated by the 

physicochemical properties of the system and the interactions between 

polymer, solvent and the bioactive agent. Crosslinked polymers make the 

penetration of water more difficult and, thus, these materials become 

useful for the sustained release of bioactive compounds. Therefore, 
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controlling the rate of water diffusion is an effective strategy to control the 

release of the bioactive compound. 
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Figure 6.2. A) Swelling curves and B) release of Aloe vera from compressed 

molded chitosan films without Aloe vera (control) and with 5 wt % Aloe vera 

(5AV), 10 wt % Aloe vera (10AV) and 15 wt % Aloe vera (15AV). 

 

Considering hydrophilic matrices with limited swelling, the 

mechanism of the bioactive release is controlled by the penetration 

velocity of the dissolution medium. When the bioactive compound is in 
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contact with biological fluids, eventual dissolution of a small fraction of 

the active agent can occur, followed by hydration and progressive gelling 

of macromolecules, forming a high viscosity layer that increases in 

thickness with time. This gelled layer controls the penetration of water and 

constitutes a barrier to prevent the fast release of the active agent by 

diffusion. 

The release of Aloe vera from chitosan films was analyzed in PBS 

media at 37 °C and the cumulative release during 9 days is presented in 

Figure 6.2B. As can be seen, the release of Aloe vera was slow, since 63, 47 

and 36 % of Aloe vera was released from 5AV, 10AV and 15AV, 

respectively, at the end of the experiment (9 days). Therefore, a more 

sustained release of AV occurred with the increase of AV content. These 

results are in in accordance with the physical interactions of AV with the 

amine groups of chitosan, as corroborated by phenolic –OH stretching in 

FTIR spectra, which would hinder the release of AV molecules. Moreover, 

the chemical reaction between chitosan and citric acid led to a more 

compact network, preventing a high swelling due to steric hindering and 

diminishing the interaction with AV. Therefore, Aloe vera release is 
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governed by swelling and interactions between the components of the film 

forming formulation. 

Cumulative release profiles give valuable information and 

indication about the release kinetics and mechanisms. In order to assess 

the release mechanism, Korsmeyer-Peppas model was considered. Results 

were fitted to the semi-empirical equation of Korsmeyer-Peppas model, 

which stablishes an exponential relationship between time and release 

(Figure 6.2B) with correlation coefficients (R2) of 0.99 for all the systems 

analyzed. The diffusion exponent in the Korsmeyer-Peppas model (n) can 

change depending on the release main mechanism: n < 0.5 indicates a 

diffusion controlled (Fickian) release mechanism, 0.5 < n < 1 indicates a 

non-Fickian diffusion and erosion release mechanism, and n > 1 indicates 

a non-Fickian erosion controlled release mechanism (Tan, Zhong, & 

Langrish, 2020). Considering that n values shown in Figure 6.2B inset are 

0.28, 0.31 and 0.30 for 5AV, 10AV and 15AV films, respectively, all films 

presented a Fickian diffusion controlled release mechanism, in which 

swelling and relaxation of chitosan chains were involved (Li, Wang, & 

Kong, 2020). It is worth noting that the low swelling degree of the films, 

shown in Figure 6.2A, led to a sustained release. Furthermore, these results 
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are in agreement with those studies that indicate that release at 

temperatures higher than the Tg of the material are associated to the 

Fickian diffusion mechanism, while release at temperatures close to or 

slightly lower than Tg shows non-Fickian diffusion (Gomes et al., 2019).  

6.4.2. Thermal properties 

Thermo-gravimetric analysis (TGA) and differential scanning 

calorimetry (DSC) were carried out in order to study the changes occurred 

by the temperature effect. Regarding TGA, weight loss curves and 

derivative thermo-gravimetric curves are presented in Figure 6.3A. As can 

be observed, three main weight loss steps are presented. The first one, 

around 100 °C, can be related to the loss of moisture. In the case of 10AV 

and 15AV films, weight loss started at a higher temperature, around 110 

°C, which can be attributed to the interactions observed by FTIR, that 

could form a leaner structure and, thus, more energy was needed to 

release water. The second step, around 228 °C, can be attributed to the 

evaporation of glycerol (Leceta et al., 2013) and to the thermal 

depolymerization of Aloe vera’s hemicellulose, lignin and cellulose (Balaji, 

& Nagarajan, 2017). The third step, the main mass loss, occurred around 

304 °C and can be assigned to the chitosan degradation step (Andonegi et 
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al., 2020) and to the degradation of α-cellulose present in Aloe vera (Balaji, 

& Nagarajan, 2017). 
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Figure 6.3. A) Thermo-gravimetric analysis (TGA) curves (inset) and derivative 

thermo-gravimetric (DTG) curves and B) Differential scanning calorimetry 

(DSC) analysis of compression molded chitosan films without Aloe vera (control) 

and with 5wt % Aloe vera (5AV), 10 wt % Aloe vera (10AV) and 15 wt % Aloe vera 

(15AV). 
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Concerning DSC analysis, results are shown in Figure 6.3B. Aloe vera 

sample showed two endothermic peaks, related to the sample moisture at 

91 °C and at 218 °C, associated to the water entangled into the Aloe vera 

components (Pereira et al., 2011). All samples presented three endothermic 

peaks: the first peak at 74 °C can be related to film moisture; the second 

peak at 141 °C corresponds to the entrapped water linked to the film 

components by hydrogen bonding, since a tighter structure was formed 

and more energy was needed to release water; the last peak at 209 °C was 

associated to the melting point of citric acid and to the hemicellulose, 

lignin and cellulose present in Aloe vera, since this peak is more 

pronounced for the films containing Aloe vera than for control films. 

It is worth noting that the displacement of the melting point of citric 

acid from 153 (neat citric acid) to 209 °C indicated that citric acid was 

crosslinked to chitosan. Furthermore, glass transition temperature (Tg) 

increased from 21 °C (control) to 27 °C (15AV), indicating that the material 

stiffness increased (Dehouche et al., 2020).Likewise, it can be assumed that 

Aloe vera interacted with the other components of the film. 
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6.4.3. Film structure and mechanical properties 

In order to study the influence of Aloe vera in the structure of 

compressed molded chitosan films, XRD analysis was performed and 

XRD patterns are shown in Figure 6.4. Control films showed two broad 

diffraction peaks at around 2= 10.5° and 19°, corresponding to the 

characteristics peaks of chitosan (Liu et al., 2013; Ma et al., 2019). When 

Aloe vera concentration was increased, the intensity of the diffraction peaks 

decreased. The interactions between chitosan and Aloe vera could difficult 

the mobility of chitosan chains and, thus, hindered the crystallization 

process. 
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Figure 6.4. Diffractograms of compressed molded chitosan films without Aloe 

vera (control), 5wt % Aloe vera (5AV), 10wt % Aloe vera (10AV) and 15wt % Aloe 

vera (15AV). 
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In agreement to XRD results, SEM images (Figure 6.5) showed cross-

section images of chitosan films. As can be seen, a compact structure was 

observed in control films, indicating a good compatibility between the 

components of the films. When Aloe vera was added, a structure formed 

by overlapping layers was observed, suggesting that film structure 

changed by the interactions of Aloe vera with the components of the films, 

as shown by FTIR analysis. 

 

Figure 6.5. SEM images of cross-sections of compressed molded chitosan films: 

A) without Aloe vera and with B) 5wt % Aloe vera (5AV), C) 10wt % Aloe vera 

(10AV), and D) 15wt % Aloe vera (15AV). 
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Table 6.4. Tensile strength (TS), elongation at break (EAB) and elastic modulus 

(E) of compressed molded chitosan films without Aloe vera and with 5wt % Aloe 

vera (5AV), 10wt % Aloe vera (10AV), and 15wt % Aloe vera (15AV). 

Films TS (MPa) EAB (%) E (MPa) 

Control 17.91 ± 0.95a 15.66 ± 1.46a 909.18 ± 83.55a 

5AV 16.20 ± 1.03a 14.93 ± 0.51a,b 949.89 ± 66.74a 

10AV 15.65 ± 1.98a 13.11 ± 2.02a,b 857.86 ± 54.43a,b 

15AV 12.33 ± 1.74b 12.60 ± 1.87b 770.71 ± 58.53b 

a-bTwo means followed by the same letter in the same column are not significantly (p> 0.05) 

different according to the Tukey’s multiple range test. 

 

Regarding mechanical properties, tensile strength (TS), elongation 

at break (EAB), and elastic modulus (E) are shown in Table 6.4 in order to 

assess the effect of AV content in the mechanical behavior of chitosan 

films. No significant differences (p > 0.05) were observed in EAB, TS, or E 

values when Aloe vera was added up to 10 wt %. However, EAB and TS 

values showed a decrease for 15AV films. These results would indicate the 

hindrance effect of Aloe vera at high concentration (15AV film), avoiding 

intermolecular interactions between the components of the film forming 

formulations and, thus, decreasing the TS values (Gutiérrez & González, 

2017; Pinzon, Garcia, & Villa, 2018). Moreover, the decrease of EAB when 

Aloe vera content increased was related to the lack of plasticizing effect of 

Aloe vera (Pinzon, Garcia, & Villa, 2018). As shown by previous analyses, 
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mechanical properties also showed that the highest AV content under 

study did not lead to improvements. 

6.5. Conclusions 

Chitosan films with Aloe vera were successfully processed by 

thermocompression. The crosslinking reaction between the amino groups 

of chitosan and the carboxyl groups of citric acid was confirmed by FTIR 

analysis. It is worth noting that crosslinked chitosan films maintained their 

integrity after 9 days in PBS at 37 °C. In addition, the formed structure was 

compact, limiting the swelling capacity of the films. In this regard, films 

presented a Fickian diffusion controlled release mechanism, in which 

swelling and relaxation of chitosan chains were involved, leading to a 

sustained release of Aloe vera. Although further assessments are required, 

this work showed the potential of citric-acid crosslinked chitosan films.
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7.1. Summary 

Chitosan-pectin hydrogels were prepared and their rheological 

properties were assessed in order to select the best system to develop 

films by 3D printing. Hydrogels showed a weak gel behavior with shear 

thinning flow properties, caused by the physical interactions formed 

between both polysaccharides, as observed by FTIR analysis. Since 

systems with high concentration of pectin showed aggregations, the 

system composed of 2 wt % chitosan and 2 wt % pectin (CHI2PEC2) was 

selected for 3D printing. 3D printed films showed good shape accuracy, 

and SEM and XRD analyses revealed a homogeneous and amorphous 

structure. Moreover, films were stable and kept their shape and size after 

a cycle of compression sweeps. Their integrity was also maintained after 

immersion in PBS at 37°C, showing a high swelling capacity, suitable for 

being used as mats for moisture absorption from food. 

7.2. Introduction 

Hydrogels from natural polymers are gaining notoriety; in 

particular, polysaccharides and proteins are applied as bioinks for 3D 

printing (Baniasadi et al., 2021; Kim, Lee & Kim, 2020; Li et al., 2021). 

Among them, chitosan, the only natural cationic polysaccharide, due to 
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its positive charge in acidic media, has the ability to interact with 

negatively charged biomolecules by electrostatic interactions that affect 

mucoadhesion, hemostatic activity, antimicrobial activity, cell 

permeation capacity and cytocompatibility (Croisiee&Jérôme, 2013). 

However, chitosan presents challenges in 3D printing, since it is 

too soft to self-support its structure and would collapse or deform due to 

its own weight (Hann et al., 2019; Hinton et al., 2015). Consequently, in 

order to overcome these drawbacks, chitosan can be combined with 

other polymers to promote physical and/or chemical crosslinking (Berger 

et al., 2004; Liu et al., 2019). Although physically crosslinked materials 

show lower mechanical strength compared to chemically crosslinked 

ones, physically crosslinked hydrogels exhibit shear thinning behavior 

and facilitate flow through the needle of the 3D printer (Hernandez, 

Souza, &Appel, 2021). In this regard, chitosan bioinks, reinforced with 

other biopolymer such as gelatin, have been successfully printed, 

controlling the stability of the scaffolds as a function of the gelatin 

content (Fischetti et al., 2020). 

In this chapter, pectin has been selected to reinforce chitosan 

hydrogels. Pectin is an anionic heteropolysaccharide, extracted from 
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citrus fruits, with gelling properties (Abid et al., 2017; Demir et al., 2021). 

Depending on the esterification degree, pectin can be classified as high or 

low methoxy pectin (Mahendiran et al., 2021). Pectin is highly available, 

biodegradable and non-toxic (Indurkar et al., 2021; Ma et al., 2021). 

Moreover, the mixture of chitosan and pectin forms a polyelectrolyte 

complex mainly conformed by electrostatic interactions between the 

amino groups of chitosan and the carboxylic groups of pectin (de Souza 

et al., 2019). 

The aim of this chapter was to prepare chitosan-pectin hydrogels 

with different concentrations in order to select the optimal composition 

for 3D printing and analyze the properties of the printed film. To 

accomplish this challenge, chitosan-pectin hydrogels were assessed from 

a rheological perspective. The hydrogel that fitted 3D printing 

requirements was selected, 3D printed, and the resulting films were 

physicochemically and mechanically characterized. 

7.3. Materials and methods 

7.3.1. Materials 

Chitosan, with a molecular weight of 375 kDa and a deacetylation 

degree ≥ 75 %, was supplied by Sigma-Aldrich, Spain. High 
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methoxylated pectin, with a molecular weight of 472 kDa and an 

esterification degree of 58 %, was kindly supplied by CEAMSA, Spain. 

Acetic acid solution (1 N), used as solvent, was supplied by Panreac, 

Spain. 

7.3.2. Hydrogel preparation 

Chitosan-pectin systems were obtained by mixing chitosan and 

pectin solutions, previously prepared. On the one hand, the required 

amount of pectin was dissolved in water by stirring at 67 °C to obtain a 3 

% (w/v) aqueous solution. This solution was left at 4 °C for 24 h before 

any further processing or characterization. This system was designated 

as CHI0PEC3. On the other hand, a certain amount of chitosan was 

dissolved in a 1 % acetic acid aqueous solution for 30 min under stirring 

to obtain a 2 % (w/v) chitosan solution designated as CHI2PEC0. Then, 

the corresponding volumes of both solutions were mixed at 7,000 rpm 

for 10 min (Ultraturrax UT25, IKA, Germany) to achieve the binary 

systems depicted in Table 7.1. The resulting binary systems were stored 

at 4 °C for 24 h until further processing or characterization. 
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Table 7.1. Denotation and composition of chitosan-pectin systems. 

 System  

designation 

Chitosan  

concentration  

(w/v %) 

Pectin  

concentration  

(w/v %) 

Single  

systems 

CHI2PEC0 2.0 0.0 

CHI0PEC3 0.0 3.0 

Binary  

systems 

CHI2PEC2 2.0 2.0 

CHI2PEC3 2.0 3.0 

CHI1.5PEC3 1.5 3.0 

CHI1PEC3 1.0 3.0 

 

7.3.3. Rheological characterization of the hydrogel 

A Haake MARS rheometer (Thermo Fisher Scientific, Germany) 

coupled with a Universal Temperature Control (UTC) unit (Thermo-

Scientific, Germany) was used for rheological characterization of 

chitosan-pectin hydrogels. The geometry used was a serrated plate-plate 

geometry, with a diameter of 35 or 60 mm, depending on the consistency 

of the system, and a gap between plates of 1 mm.  

Stress sweep tests were initially carried out from 0.01 Pa to 1000 Pa 

at a constant frequency (1 Hz) to determine the critical stress and critical 
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strain that define the linear viscoelastic range (LVR) of the systems. Then, 

frequency sweep tests were performed from 0.01 to 10 Hz within the 

LVR of each system. Elastic modulus (G´), viscous modulus (G´´), and 

loss tangent (tan) were obtained. A power law correlation between G´ 

and the frequency was calculated using the following equation to model 

the frequency dependence of G´: 

𝐺´ =  𝑎 ·  𝜔𝑏 

where ω is the frequency, a is a coefficient that represents the magnitude 

of G´ at a frequency of 1 Hz, and b is a power law exponent that 

describes the dependence of the slope of G´ on frequency. 

Both dynamic tests were performed at two different temperatures 

(25 °C and 4 °C) to simulate the potential behavior of the systems studied 

during extrusion and on the 3D printer bed after deposition. 

Regarding temperature sweep tests from 25 to 80 °C, a constant 

frequency of 1 Hz and a heating rate of 3 °C/min were set. Thermal 

treatments were always performed within the LVR, as stress was kept 

constant at a stress lower than the critical stress determined. 

Shear flow tests were accomplished with a step-by-step increase of 

the shear rate (�̇�) over the range of 0.01 - 100 s-1, and the steady state was 
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obtained at each shear rate. Flow data were fitted to the model 

developed by Williamson for shear-thinning materials: 

𝜂 =  
𝜂0

1 + (𝜆�̇�)1−𝑛
 

where 0 is the zero-shear rate viscosity, 𝜆 is a characteristic time for the 

onset of the shear-thinning region and 1-n is the slope of this region. The 

parameter n represents the flow index of the power law region.  

Moreover, an empirical viscosity during 3D printing was 

determined calculating the maximum shear rate at the nozzle using the 

Weissenberg-Rabinowitsch-Mooney equation, assuming that printing 

takes place at shear rates within the power law region: 

�̇�𝑊 =  
8 𝑉

𝐷
· (

3𝑛 + 1

4𝑛
) 

where V is the 3D printing velocity, D is the nozzle diameter, and n is the 

flow index.  

Once the gap was achieved, all samples were left for 5 min before 

running the test to allow residual stress to relax and to stabilize sample 

temperature. At least three replicates were tested for each system. 
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7.3.4. Characterization of CHI2PEC2 hydrogel 

7.3.4.1. Fourier transform infrared (FTIR) spectroscopy 

FTIR spectra were collected with a Nicolet Nexus FTIR 

spectrometer (Thermo Fisher Scientific, Massachusetts, USA) with a 

Golden Gate ATR accessory. The spectra, with a resolution of 4 cm-1, 

were acquired between 4000 and 800 cm-1 with 32 scans for each sample. 

7.3.4.2. Mucoadhesion study 

Mucoadhesive properties of the chitosan-pectin hydrogel were 

determined by means of a TA.XT.Plus Texture Analyzer equipped with a 

5 kg load cell, a gel mucoadhesion accessory (A/GMP), and a 

mucoadhesion rig (A/MUC). The maximum force required to separate 

the hydrogel from the membrane (maximum detachment force) and the 

total amount of force involved in the film withdrawal from the 

membrane (work of adhesion) were calculated by triplicate with a disc 

soaked in 1% porcine stomach’s mucin in a phosphate buffered saline 

(PBS) at 37 °C. 
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7.3.4.3. Texture profile analysis (TPA) 

Texture profile analysis of the chitosan-pectin hydrogel was carried 

out with a TA-XT plus Texture Analyzer equipped with a 5 kg load cell 

and an aluminum cylinder of 50 mm diameter (P/50). Samples were 

compressed twice until 20% of the original height and with a delay time 

of 5 s and activation force of 0.1 g. The operating speed was set at 1 mm/s 

and three replicates were collected for CHI2PEC2 hydrogel. Hardness, 

adhesiveness, and cohesion were determined by using the software 

Exponent 8,0,5,0. 

7.3.5. 3D printing of CHI2PEC2 hydrogel  

CHI2PEC2 films were printed using a syringe-based extrusion 3D 

DomoBIO printer (Domotek, Spain). The film design, a cylindrical mesh 

with 21 mm of diameter, 1.5 mm height and infill of 100 %, was 

accomplished with Cura (UltimakerCura 4.6.1) software. A syringe with 

the ink was placed into the cartridge with the printing temperature fixed 

at 25 °C. The syringe was placed in the cartridge at 25 °C for 30 min 

before printing to have a homogeneous temperature distribution. The 

hydrogel was printed in the following conditions: G18 nozzle (inside 

diameter of 0.84 mm), dosing distance of 0.17 mm, 2.8 mm/s printing 
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speed, and 120 mm/s non-printing speed. After printing, the film was 

dried by evaporation of the water at room temperature. 

7.3.6. CHI2PEC2 film characterization 

7.3.6.1. Swelling measurements 

In order to perform the swelling test, a gravimetric method was 

followed. Printed samples were weighed (W0) and subsequently 

immersed into 70 mL of PBS (pH = 7.4). After immersion, the samples 

were weighed (Wh) every 2 min for the first hour, then every 10 min for 

the second hour and every hour for the next 3 hours. Thereafter, 

measurements were carried out in triplicate at 24 h, 30 h, 48 h, 54 h, 72 h 

and 7 days. The swelling degree (S) was calculated by the following 

equation: 

S (%) = 
𝑊ℎ − 𝑊0

𝑊0
· 100 

7.3.6.2. Degradation degree (DD) 

Degradation degree (DD) was performed with films (W0) 

immersed in PBS (pH 7.4) at 37 °C for days 1, 3, 7, 11, 15, 18 and 21 (Wd). 

After immersion, samples were left to dry until reaching constant weight. 

Three replicates were tested and DD was calculated as follows: 
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𝐷𝐷 (%) =  
𝑊0 − 𝑊𝑑

𝑊0
· 100 

7.3.6.3. Compression test 

Chitosan-pectin printed films were compressed using a TA.XT 

plusC Texture Analyzer equipped with a 5 kg load cell and an aluminum 

cylinder of 50 mm diameter (P/50). Before testing, samples were kept in a 

chamber at room temperature and 100% relative humidity for 48 h. A 

cyclic compression test was performed with five sweeps since films 

recovered their initial height at the end of the compression. 1 mm/s 

crosshead speed and activation force of 5 g were set as compression 

conditions. The test was carried out at room temperature and the load 

was applied until 80% of the film initial height was compressed. Data 

were analyzed with Exponent 8,0,5,0 software. 

7.3.6.4. Scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM) was used to visualize cross-

section and surface morphologies of the samples. For that purpose, a 

Hitachi S-4800 scanning electron microscope (Hitachi High-Technologies 

Corporation, Tokyo, Japan) was used with an acceleration voltage of 15 
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kV. Samples were placed in a metallic stub and coated with gold under 

vacuum in argon atmosphere. 

7.3.6.5. X-ray diffraction (XRD) 

X-ray diffraction (XRD) analysis was carried out at 40 kV and 40 

mA by means of a PANalyticXpert Pro (PANalytical, Almelo, The 

Netherlands) equipment with a diffraction unit and Cu-K (= 1.5418 Å) 

as a radiation source. Data were collected from 2° to 40° (step size = 

0.026, time per step = 118 s). 

7.3.7. Statistical analysis 

With the purpose of determining the significant differences 

between measurements, analysis of variance (ANOVA) was carried out 

by means of SPSS software (SPSS Statictic 25.0). Tukey’s multiple range 

test was used for multiple comparisons among different systems with a 

statistical significance at the p < 0.05 level. 
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7.4. Results and discussion 

7.4.1. Rheological characterization 

7.4.1.1. Linear viscoelastic properties 

Rheological properties of chitosan-pectin systems were 

characterized to determine the most suitable hydrogel composition for 

3D printing. Frequency sweep tests were performed at 4 and 25 °C to 

confirm chitosan-pectin gel formation and observe the time dependence 

of the systems (Figure 7.1). Regardless of the temperature used during 

the test (25 or 4 °C), the single system containing only chitosan 

(CHI2PEC0) showed a predominantly viscous response, with the loss 

modulus (G´´) greater than storage modulus (G´) in the low frequency 

regime (Figure 7.1a and 7.1c), and a crossover point at high frequency 

(i.e., at 8.60 Hz and 6.45 Hz for 25 °C and 4 °C, respectively). This 

difference in the crossover frequency suggests that the CHI2PEC0 system 

needed longer relaxation times at lower temperatures, as a consequence 

of a slightly more elastic behavior (Wu, Therriault & Heuzey, 2018). This 

behavior is qualitatively similar to that one previously found for single 

CHI solutions (Calero et al., 2010). However, the values of G’ and G’’ 

were higher in the present study since the molecular weight was almost 
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twice the value used in the previous study. In contrast, CHI0PEC3 

systems presented a predominantly viscous behavior (G´´ > G´) in the 

whole frequency range (Figure 7.1b and 7.1d), indicating a liquid-like 

behavior at both temperatures.  

0.01 0.1 1 10
1E-5

1E-4

1E-3

0.01

0.1

1

10

100

1000

10000

G
',
 G

'' 
/ 

(P
a

)

Frequency / (Hz)

 CHI2PEC3 G' 25C

 CHI2PEC3 G'' 25C

 CHI2PEC2 G' 25C

 CHI2PEC2 G'' 25C

 CHI2PEC0 G' 25C

 CHI2PEC0 G'' 25C

a)

0.01 0.1 1 10
1E-5

1E-4

1E-3

0.01

0.1

1

10

100

1000

10000

G
',
 G

''
 /

 (
P

a
)

Frequency / (Hz)

 CHI2PEC3 G' 25C

 CHI2PEC3 G'' 25C

 CHI1.5PEC3 G' 25C

 CHI1.5PEC3 G'' 25C

 CHI1PEC3 G' 25C

 CHI1PEC3 G'' 25C

 CHI0PEC3 G' 25C

 CHI0PEC3 G'' 25C

b)

0.01 0.1 1 10
1E-3

0.01

0.1

1

10

100

1000

10000

G
',
 G

''
 /

 (
P

a
)

Frequency / (Hz)

 CHI2PEC3 G' 4C

 CHI2PEC3 G'' 4C

 CHI2PEC2 G' 4C

 CHI2PEC2 G'' 4C

 CHI2PEC0 G' 4C

 CHI2PEC0 G'' 4C

c)

0.01 0.1 1 10
1E-3

0.01

0.1

1

10

100

1000

10000

G
',
 G

''
 /

 (
P

a
)

Frequency / (Hz)

 CHI2PEC3 G' 4C           

 CHI2PEC3 G'' 4C          

 CHI1.5PEC3 G' 4C        

 CHI1.5PEC3 G'' 4C       

 CHI1PEC3 G' 4C

 CHI1PEC3 G'' 4C

 CHI0PEC3 G' 4C

 CHI0PEC3 G'' 4C

d)

 

Figure 7.1. Elastic (G’) and viscous (G”) moduli as a function of frequency from 

0.01- 10 Hz: (a) and (c) for chitosan-pectin hydrogels with 2% chitosan 

at 25 and 4°C, respectively; (b) and (d) for chitosan-pectin hydrogels 

with 3% pectin at 25 and 4 °C, respectively. 

 

On the other hand, binary systems containing both biopolymers, 

chitosan and pectin (Figure 7.1a-d), showed a weak gel-like behavior, 

with G´ values higher than G´´, regardless of the frequency and 
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temperature analyzed. The similar and moderate frequency dependence 

shown by both moduli, for every chitosan/pectin system is typical of 

weak gels with non-covalent bonding among the components of the 

formulation (Liu &Ciftci, 2021). It is worth noting that a gel-like behavior 

typically results in proper stability to maintain dimensional firmness 

during deposition on the printing bed (Montoya et al., 2021). 

In this sense, parameters a and b from the power law model for G´ 

were used to predict gel firmness. The power law coefficient, a, 

represents the magnitude of G´ at a frequency of 1 Hz, and the power 

law exponent, b, indicates the dependence of the elastic modulus on 

frequency, where an exponent value equal to zero means that G´ does 

not depend on frequency (Resch & Daubert, 2002). Power law 

parameters are shown in Table 7.1 as a function of the hydrogel 

composition and temperature. As may be observed, an increase in pectin 

content led to an increase in parameter a giving rise to an enhancement 

of the gel strength, either at 25 or 4 °C. Moreover, a high level of gel 

strength was maintained at the highest pectin content even if the 

chitosan content was reduced from 2 to 1%. As for parameter b, results 

revealed that when pectin concentration increased and chitosan 
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concentration decreased, b parameter decreased, resulting in less 

frequency-dependent hydrogels. Therefore, the increase of pectin led to a 

stronger hydrogel (Liu et al., 2019). Moreover, comparing the same 

hydrogels at different temperatures, 4 and 25 °C, no significant 

differences (p > 0.05) were generally observed for parameters a and b. 

The exceptions were found at the lowest concentrations of chitosan 

(CHI1PEC3 and CHI0PEC3) that showed lower values for parameter b at 

low temperature. In any case, parameter b ranged between 0.18 and 0.36, 

indicating a relatively marked frequency dependence. This response was 

reported to correspond to a weak gel behavior (Manzoor et al., 2020). 

In order to determine the linear viscoelastic range (LVR), stress 

sweep tests at 25 °C and 4 °C were carried out, which provide 

information on the unperturbed structure of the system. To delimit the 

LVR, the critical strain (𝛾𝑐) was determined, and values are shown in 

Table 7.2. Results revealed significant differences (p < 0.05) between 

single and binary systems, since a decrease of critical strain was observed 

for the latter, suggesting that the hydrogel network had lower 

deformation capacity due to the interactions between chitosan and pectin 

(Perez-Puyana et al., 2020). Chitosan may act as an efficient cross-linker 
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in pectin systems at acidic pH, promoting an upward evolution in the 

viscoelastic moduli of samples (Marudova, MacDougal & Ring, 2004). 

Additionally, electrostatically stabilized complexes are formed in the 

presence of both biopolymers, where also hydrogen bonding and 

hydrophobic interactions may play a role (Rashidova et al., 2004). 

Table 7.1. The effect of chitosan and pectin concentration on a coefficient and b 

exponent of the power law model for the storage modulus in the frequency 

sweep of the hydrogels at 25 and 4 °C. 

T (°C) Sample a (Pa·Hzb) b R2 

25 

CHI2PEC0 20.1 ± 1.1a, A 0.677 ± 0.015a, A 0.9922 

CHI2PEC2 340 ± 19b, B 0.360 ± 0.008b, B 0.9992 

CHI2PEC3 

CHI1.5PEC3 

CHI1PEC3 

CHI0PEC3 

759 ± 3c, C 

485 ± 18b, B 

725 ± 130c, C 

0.0938 ± 0.0002a, A 

0.328 ± 0.001b, BC 

0.300 ± 0.011bc, C 

0.236 ± 0.013c, D 

1.580 ± 0.059d, E 

0.9980 

0.9992 

0.9977 

0.9858 

4 

CHI2PEC0 26.9 ± 0.4A 0.676 ± 0.001A 0.9959 

CHI2PEC2 381 ± 4B 0.346 ± 0.003BC 0.9991 

CHI2PEC3 1233 ± 37D 0.303 ± 0.011BC 0.9998 

CHI1.5PEC3 

CHI1PEC3 

CHI0PEC3 

753 ± 81C 

1209 ± 68D 

8.90 ± 0.49A 

0.295 ± 0.011C 

0.176 ± 0.005F 

1.125 ± 0.022G 

0.9996 

0.9965 

0.9835 

A-DTwo means followed by the same letter in the same column are not significantly (p > 

0.05) different according to the Tukey’s multiple range test. 
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In addition, regarding G´ values at 1 Hz (G´1) shown in Table 7.3 

for the LVR, significant differences (p < 0.05) were observed for the 

hydrogels tested at 25 °C. Thus, the single systems (CHI0PEC3 and 

CHI2PEC0) showed the lowest G´ values, between 0.11 and 22.96 Pa, 

respectively. No significant (p > 0.05) differences were observed between 

G´1 values at 25 °C and 4 °C for CHI0PEC3, CHI2PEC0, and CHI2PEC2 

hydrogels. However, G´1 for CHI1PEC3, CHI1.5PEC3 and CHI2PEC3 

samples showed a significant increase (p < 0.05) with increasing 

temperature from 4°C to 25 °C, especially for CHI1PEC3 hydrogels. 

Therefore, an increase in hydrogel stiffness was driven by a higher 

proportion of pectin (Cernencu et al., 2019). 

The predominantly viscous response observed for CHI0PEC3 and 

CHI2PEC0 systems can be confirmed with the values of tan at 1 Hz 

(tan1) that are higher than unity for these two systems at 25 °C and 4 °C. 

In contrast, all the binary chitosan-pectin hydrogels presented tanδ1 

values lower than 1, indicative of a predominantly elastic behavior. 

Among chitosan-pectin hydrogels, no significant difference (p > 0.05) 

was observed for tan1, displaying values around 0.5. Therefore, 

considering that hydrogels exhibited small critical strain values (c< 0.05) 
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and moderately low loss tangent values (tan1> 0.1), chitosan-pectin 

hydrogels can be considered “weak gels” (Manzoor et al., 2020). It is 

worth mentioning that these gels have the capacity to flow without 

fracture, recover their structure, and achieve the properties required for 

3D printing (Pieczywek et al., 2021). 

Table 7.2. Critical strain (c), and values for G´ at 1 Hz (G´1), and tanat 1 Hz 

(tan1) within the linear viscoelastic range for the hydrogels tested at 25 °C and 

4 °C. 

T (°C) Sample c G´1 (Pa) tan1 

25 

CHI2PEC0 0.392 ± 0.016a, A 23.0 ± 1.4a, A 1.20 ± 0.03a, A 

CHI2PEC2 0.034 ± 0.002b, B 257 ± 18b, B 0.64 ± 0.03a, AB 

CHI2PEC3 

CHI1.5PEC3 

CHI1PEC3 

CHI0PEC3 

0.037 ± 0.004b, B 

0.033 ± 0.001b, B 

0.025 ± 0.001b, B 

0.752 ± 0.137c, C 

763 ± 41c, F 

486 ± 21d, CD 

599 ± 31e, DE 

0.114 ± 0.010a, A 

0.54 ± 0.01a, AB 

0.53 ± 0.04a, AB 

0.39 ± 0.04a, B 

21.52 ± 0.92b, C 

4 

CHI2PEC0 0.333 ± 0.006A 29.4 ± 0.3A 1.201 ± 0.016A 

CHI2PEC2 0.0243 ± 0.001 B 417 ± 62BC 0.590 ± 0.003AB 

CHI2PEC3 0.0380 ± 0.0008B 1023 ± 52G 0.505 ± 0.009AB 

CHI1.5PEC3 

CHI1PEC3 

CHI0PEC3 

0.0218 ± 0.0008B 

0.0231 ± 0.0004B 

0.295 ± 0.013A 

660 ± 21EF 

1023 ± 93G 

11.3 ± 1.1A 

0.498 ± 0.008AB 

0.301 ± 0.006B 

2.103 ± 0.085D 

A-GTwo means followed by the same letter in the same column are not significantly (p > 

0.05) different according to the Tukey’s multiple range test. 
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Temperature sweep tests from 25 to 80 °C were carried out at 1 Hz 

to analyze the effect of temperature on the rheological behavior of the 

hydrogels. As shown in Figure 7.2a, G´´ values were higher than G´ for 

chitosan hydrogels without pectin (CHI2PEC0) at low temperatures, 

indicating a fluid-like viscoelastic behavior until the crossover point was 

reached around 58 °C. From that temperature on, hydrogels exhibited a 

predominantly elastic response (i.e. G´ became higher than G´´), due to 

the formation of chitosan clusters by hydrophobic interactions (Tang et 

al., 2007). In contrast, in absence of chitosan, pectin systems (CHI0PEC3) 

exhibited a viscous behavior, with G´´ values clearly higher than G´ in 

the whole range of temperatures, as shown in Figure 7.2b. In any case, 

these two single systems showed mechanical spectra corresponding to 

polymer solutions below the threshold for the critical gel behavior.  

Regarding chitosan-pectin systems (Figure 7.2a and 7.2b), all 

samples showed higher values of G´ than G´´, reflecting the elastic 

behavior of the samples in the range between 25 and 80 °C. Moreover, all 

chitosan-pectin systems presented nearly constant values of both moduli 

between 25 and 58 °C, suggesting that no difference was expected when 

printing at room or physiological temperature. However, for 
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temperatures above 58 °C, all chitosan-pectin hydrogels, except 

CHI2PEC2, presented an increase of both moduli until 80 °C. 
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Figure 7.2. Elastic (G’) and viscous (G”) moduli as a function of temperature 

from 25 to 80 °C for (a) chitosan-pectin hydrogels with 2% chitosan and (b) 

chitosan-pectin hydrogels with 3% pectin. 

 

7.4.1.2. Flow properties 

Additionally, the flow behavior of chitosan-pectin hydrogels was 

determined, and flow curves are displayed in Figure 7.3. All chitosan-

pectin hydrogels with 2 % chitosan presented a similar shear-thinning 

behavior at 25 °C (Figure 7.3a) and 4 °C (Figure 7.3c), with a marked 

decrease of viscosity as shear rate increased, clearly describing a power 

law decay region and showing a tendency towards a zero-shear limiting 

viscosity at low shear rate. Once again, the single CHI solution 

(CHI2PEC0) displayed a similar shear thinning response, although 

showing higher viscosity values than those found previously (due to the 
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highest molecular weight) (Calero et al., 2010). Moreover, flow properties 

were dependent on pectin concentration; when pectin concentration 

increased, viscosity also increased. However, binary systems containing 

3 % pectin did not reflect any apparent influence of chitosan 

concentration on the flow curves, neither at 25 °C (Figure 7.3b) nor at 4 

°C (Figure 7.3d). 
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Figure 7.3. Steady state flow curves of chitosan-pectin hydrogels: a) and c) for 

chitosan-pectin hydrogels with 2% chitosan at 25 and 4 °C, respectively; b) and 

d) for chitosan-pectin hydrogels with 3% pectin. Lines reproduce the fitting to 

the Williamson model. 
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In contrast, pectin hydrogels without chitosan were found to be 

independent on shear rate at 25 °C, indicating a Newtonian fluid 

behavior, whereas at 4 °C a decrease of viscosity was observed at high 

shear rates, indicating a non-Newtonian shear-thinning behavior. 

Moreover, the viscosity at 4 °C increased ten times with respect to 

the viscosity at 25 °C, as also reported by other authors (Birch et al., 2015; 

Chen et al., 2014). It is worth mentioning that the shear thinning behavior 

of the hydrogels facilitates their flow during 3D printing. Upon hydrogel 

ejection from the nozzle of the 3D printer (25°C) and its deposition on the 

printer bed (4 °C), shear rate undergoes a sudden decrease which entails 

a remarkable increase in the viscosity of the shear-thinning hydrogel, 

leading to an enhancement of the dimensional stability of the 3D printed 

film(Schwab et al., 2020). 

Flow curves were fitted to Williamson model and fitting 

parameters are presented in Table 7.3. Concerning the zero-shear rate 

viscosities for the hydrogels at 25 °C, an increase from 19.7 to 1523 kPa·s 

was observed following this increasing sequence: CHI2PEC2 < 

CHI2PEC3 < CHI1.5PEC3 < CHI1PEC3, indicating that, when the amount 

of pectin increased and that of chitosan decreased, the formation of 
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polymer aggregates was promoted (Norcino et al., 2018; Tsianou et al., 

1999). Regarding the effect of temperature, no significant difference (p < 

0.05) was observed between the values of the zero-shear rate viscosity at 

25 and 4 °C. Regarding the viscosity in the 3D printing process, taking 

into consideration that the nozzle diameter used was 0.84 mm, with a 

printing velocity of 2.8 mm/s, the shear rate can be calculated. The 

estimated value for the shear rate at the nozzle was between 42 and 60 s-1, 

corresponding to a viscosity between 12 and 23 Pa·s for all binary 

systems. Bearing in mind these results, viscosity during 3D printing 

decreased 103 times compared to the zero-shear rate viscosity.  

These results are in accordance with the empirical ink viscosities 

reported during 3D printing, which are in a range from 0.5 to 20 Pa·s at 

high shear rates (102-103 s-1), while the range moves from 102 to 103 Pa·s at 

lower shear rates (≤ 0.1 s-1) (Chen et al., 2019; Robinson et al., 2015; Tian 

et al., 2017). While all binary systems follow the criteria for high shear 

rates, only CHI2PEC2 and CHI1.5PEC3 binary systems comply with the 

requirement at low shear rates (i.e., viscosity lower than 103 Pa·s). 
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Table 7.3. Zero-shear rate viscosity (0), characteristic time (λ), flow index (n) and correlation coefficient (R2) of Williamson model 

for chitosan-pectin hydrogels at 25 and 4 °C. 

T (°C) Sample 0 (Pa·s) 𝝀 (s) n R2 

25 

CHI2PEC0 113.84 ± 15.43a, A 14.2 ± 1.0a, A 0.448 ± 0.016a, A 0.999 

CHI2PEC2 19658 ± 2287a, AB 431 ± 116b, B 0.266 ± 0.008b, BCD 0.999 

CHI2PEC3 

CHI1.5PEC3 

CHI1PEC3 

CHI0PEC3 

29432 ± 7419a, ABC 

36336 ± 9625a, ABC 

152729 ± 31136b, D 

0.501 ± 0.137a, A 

198 ± 74a, AB 

1040 ± 135c, C 

2621 ± 57d, F 

0.0009 ± 0.0004a, A 

0.191 ± 0.008b, CD 

0.265 ± 0.022b, BCD 

0.204 ± 0.018b, CD 

0.674 ± 0.133c, E 

0.999 

0.999 

0.999 

0.970 

4 

CHI2PEC0 115.71 ± 8.58A 8.75 ± 0.91A 0.438 ± 0.013A 0.999 

CHI2PEC2 37051 ± 1973ABC 2632 ± 222F 0.305 ± 0.007BC 0.999 

CHI2PEC3 48159 ± 6715BC 570 ± 124B 0.249 ± 0.010CD 0.999 

CHI1.5PEC3 

CHI1PEC3 

CHI0PEC3 

64136 ± 7242C 

207319 ± 28281E 

8.050 ± 1.237A 

2131 ± 198E 

1544 ± 282D 

0.119 ± 0.028A 

0.288 ± 0.007BC 

0.168 ± 0.001D 

0.374 ± 0.023AB 

0.999 

0.999 

0.999 

a-b, A-ETwo means followed by the same letter in the same column are not significantly (p > 0.05) different 

according to the Tukey’s multiple range test. 
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In order to select the most suitable system for 3D printing 

applications, the following features can be considered: (i) Systems 

containing 3% pectin showed apparent viscosities higher than 1000 Pa·s 

at low shear rates (< 0.1 s-1); (ii) Higher concentrations of pectin with 

lower concentrations of chitosan showed pectin aggregation and 

clustering and, thus, heterogeneity; (iii) There was no significant 

difference in the rheological behavior among the rest of chitosan-pectin 

hydrogels. Therefore, taking all these factors into account, CHI2PEC2 

hydrogels were selected for 3D printing. 

7.4.2. CHI2PEC2 hydrogel characterization 

The FTIR spectra of chitosan, pectin and CHI2PEC2 are shown in 

Figure 7.4. Both chitosan and pectin showed bands at 3000 - 3600 cm-1, 

associated with O-H bonds in both polymers and to N-H bonds in 

chitosan, and bands between 1150 and 890 cm-1 associated with the C-O-

C of the saccharide ring (Rashidova et al., 2004). The differences were 

observed in the range between 1300 and 1750 cm-1. Regarding chitosan 

spectrum, the band at 1644 cm-1, attributed to C=O stretching; a band at 

1558 cm-1, associated to NH2 bending; and two bands at 1418 and 1376 

cm-1, corresponding to CH3 deformation, were observed (Barbosa et al., 
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2019; Mauricio-Sánchez et al., 2018). For pectin spectrum, a band at 1738 

cm-1, assigned to C=O of the ester bonds, and the band at 1604 cm-1, 

associated with the asymmetric stretching vibration of COO- were 

observed (Priyadarshi, Kim & Rhim, 2021). Some displacements of these 

bands were observed for CHI2PEC2. In particular, the band related to 

the ester group in pectin shifted from 1738 cm-1 to 1732 cm-1 in 

CHI2PEC2. Moreover, the absorption band corresponding to C=O 

stretching at 1644 cm-1 for chitosan and at 1604 cm-1 for pectin shifted to 

1628 cm-1 for CHI2PEC2. All these band displacements indicate physical 

interactions by hydrogen bonding between both biopolymers. 
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Figure 7.4.a) FTIR spectra of neat chitosan (CHI), neat pectin (PEC) and the 

hydrogel with 2 wt % chitosan and 2 wt % pectin (CHI2PEC2) and b) 

representation of the interactions between chitosan and pectin. 
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In order to evaluate the hydrogel adhesiveness to a biological 

surface, mucoadhesion analysis was carried out and the force 

displacement curve of one of the CHI2PEC2 replicates is shown in Figure 

7.5. At the beginning of the test, when the sample is getting closer to the 

mucin disk, the force decreased due to the force applied to attach the 

hydrogel to the mucin disk. A significant increase of the force was 

observed as the hydrogel started to detach from the mucin disk due to 

the exerted force done. From then on, the force started to decrease. The 

maximum detachment force (Fmax) and the work of adhesion (Wad) were 

calculated from the mucoadhesion analysis. The values found for Fmax 

and Wad were 0.21 ± 0.02 N and 0.36 ± 0.03 N mm, respectively. These 

values are higher than those obtained for other polysaccharide systems 

(Fmax = 0.093 N and Wad= 0.029 N mm) for wound dressing applications 

(Singh, Sharma & Dhiman, 2013). 

Therefore, chitosan-pectin hydrogel showed excellent 

mucoadhesive properties, which are essential requirements for wound 

dressing materials in order to be adhered to the wound site to protect it 

from the external environment. This mucoadhesive capacity is associated 

with –OH and –NH2 groups in the biopolymers, which could be linked to 
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mucins by hydrogen bonding; furthermore, as acidic pH was used for 

the hydrogel preparation, the amino groups of chitosan were protonated 

and, thus, strong electrostatic interactions could be formed with the 

anionic groups of mucin (Sahatsapan et al., 2018). Since pectin and mucin 

are anionic compounds, hence, electrostatic repulsion charges might 

result in an uncoiling of polymer chains and facilitate chain 

entanglement and bond formation (Russo et al., 2016). 
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Figure 7.5. Force displacement curve of one replicate of CHI2PEC2 hydrogel in 

the mucoadhesion analysis. 

 

Additionally, texture profile analysis (TPA) can provide 

information related to the hardness, adhesiveness, and cohesiveness of 

the hydrogels, which are of great relevance to analyze their 

handleability for 3D printing (Janarthanan et al., 2020). In this regard, 
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hardness, which is the maximum force required to produce the first 

deformation, showed a value of 5.9 ± 0.2 g. Adhesiveness is related to 

the capacity of a gel to adhere on a surface and, thus, higher 

adhesiveness values indicate that the gel needs shorter time to bond to 

the surface (Villanueva et al., 2019). In the case of the CHI2PEC2 system, 

the adhesiveness value found was 8.7 ± 0.5 g·s. This adhesiveness, as 

well as the hardness observed for CHI2PEC2 hydrogel, was similar to 

values obtained for hyaluronic acid/carboxymethylcellulose systems 

(Russo et al., 2016). Finally, cohesiveness is related to the strength 

capacity of a gel to maintain its own structure when subjected to a 

compressive stress (Bhattacharyya et al., 2021). CHI2PEC2 hydrogel 

exhibited a high cohesive value of 1.05 ± 0.04, indicative of a high 

capacity to maintain the three-dimensional structural integrity and, 

hence, to hold its structure after printing (Xia et al., 2020). 

7.4.3. 3D printed CHI2PEC2 film characterization 

CHI2PEC2 films were successfully printed with shape fidelity as 

shown in Figure 7.6. After ink deposition, the material kept the set 

geometry and showed mechanical integrity. 
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Figure 7.6. 3D printed CHI2PEC2 film after drying at room temperature. 

 

7.4.3.1. Physicochemical properties 

Swelling of CHI2PEC2 films was evaluated in phosphate buffered 

saline (PBS) solution (pH = 7.4) at room temperature. As can be observed 

in Figure 7.7, swelling increased fast up to 1250 % in the first 5 h, 

indicating that the samples increased more than ten times their initial 

weights.  

Thereafter, swelling continued increasing more slowly up to 1830 

% at day 7. Since pectin moieties were negatively charged with –COO- 

groups at pH 7.4, electrostatic repulsions were promoted and, thus, the 

swelling ability increased (Cesco, Valente & Paulino, 2021; Gerschenson 

et al., 2021). In this context, having a high swelling capacity is desirable 
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in order to absorb wound exudates that could slow the wound healing 

and macerate the nearby skin (Long et al., 2019). It is worth noting that 

samples kept their integrity after the 7 days of immersion. 
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Figure 7.7. Swelling capacity of CHI2PEC2 films in PBS (pH = 7.4). 

 

Thereafter, swelling continued increasing more slowly up to 1830 

% at day 7. Since pectin moieties were negatively charged with –COO- 

groups at pH 7.4, electrostatic repulsions were promoted and, thus, the 

swelling ability increased (Cesco, Valente & Paulino, 2021; Gerschenson 

et al., 2021). In this context, having a high swelling capacity is desirable 

in order to absorb wound exudates that could slow the wound healing 

and macerate the nearby skin (Long et al., 2019). It is worth noting that 

samples kept their integrity after the 7 days of immersion. 
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The values of degradation degree (DD) after 1, 3, 7, 11, 15, 18 and 

21 days of immersion into PBS at 37 °C are presented in Figure 7.8. No 

significant mass loss (p > 0.05) was observed up to day 7. After 7 days, a 

pronounced increase of DD up to 25 % was observed, but samples kept 

their integrity, which indicates that the interactions between chitosan 

and pectin were strong enough. No significant differences (p > 0.05) were 

observed between days 7 and 18, at which an increase of DD and a mass 

loss of 43 % were observed. 
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Figure 7.8. Degradation degree of CHI2PEC2 films immersed into PBS at 37 °C. 

 

7.4.3.2. Film structure and mechanical properties 

Since the hydrogel will be hydrated in the in vivo milieu, the films 

were hydrated in a 100 % humidity environment for 48 h before the test 
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was carried out. Stress-strain curves for CHI2PEC2 samples are shown in 

Figure 7.9a. As can be observed, a linear elastic behavior is observed up 

to 80 % of strain. There was no significant difference (p > 0.05) among 

different samples, and an average stress of 0.002 ± 0.001, 0.008 ± 0.003 

and 0.14 ± 0.02 MPa was determined for a strain of 10 %, 20 % and 80 %, 

respectively. Furthermore, as can be observed for sample 2 in Figure 

7.9b,films maintained their shape and size after a cycle of 5 compression 

sweeps. 

0 20 40 60 80

0.00

0.05

0.10

0.15

0.20

S
tr

e
s

s
 (

M
P

a
)

Strain (%)

 sample 1

 sample 2

 sample 3

 sample 4

a)

0 20 40 60 80

0.00

0.05

0.10

0.15

S
tr

e
s

s
 (

M
P

a
)

Strain (%)

 sweep 1

 sweep 2

 sweep 3

 sweep 4

 sweep 5

b)

 

Figure 7.9. Stress-strain curves: a) for four samples of CHI2PEC2 films; b) for 

the sample 2 subjected to a cycle of 5 compression sweeps. 

 

SEM analysis was performed in order to evaluate the film 

morphology and SEM images are shown in Figure 7.10, where cross-

sections with a magnification of x1000 and x4500 are presented. As can 

be observed, the film showed a homogeneous structure in which 

different layers can be differentiated. 
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(a) (b) 

Figure 7.10.SEM images of CHI2PEC2 cross-section: a) x1000 magnification and 

b) x4500 magnification. 
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Figure 7.11. XRD diffractograms of neat chitosan (CHI), neat pectin (PEC), and 

CHI2PEC2 film. 

 

Additionally, XRD measurements plotted in Figure 7.11 showed 

the two characteristic peaks of chitosan at 9.5° and 20.1°, and three peaks 

at 13.5°, 21.3° and 30° for pectin, all of them related to the semicrystalline 

structure of these polysaccharides (Zarandona et al., 2020). Concerning 

the CHI2PEC2 film, two broad peaks were observed at 13.5° and 21.8°, 
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revealing an amorphous structure due to the intermolecular hydrogen 

bonding and electrostatic interactions between chitosan and pectin 

(Soubhagya, Moorthi & Prabaharan, 2020). 

7.5. Conclusions 

Rheological analysis of hydrogels with different concentrations of 

chitosan and pectin was performed in order to select the optimal 

composition to be 3D printed and obtain dimensionally stable films. 

Chitosan-pectin systems showed a weak gel behavior with shear 

thinning flow properties. Furthermore, they showed favorable properties 

for 3D printing, keeping geometry and mechanical integrity after being 

printed at room or physiological temperatures. However, systems with 

high concentration of pectin presented aggregation; therefore, CHI2PEC2 

hydrogel was selected as the optimal system for 3D printing. CHI2PEC2 

exhibited physical interactions between chitosan and pectin, as shown by 

FTIR analysis, and high cohesiveness, related to the capacity of keeping 

shape and size after 3D printing. Likewise, high mucoadhesiveness was 

observed and related to the hydrogen bonding and the electrostatic 

interactions of chitosan and pectin with mucin. CHI2PEC2 film presents 

a homogeneous morphology, as shown by the SEM images of cross-
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sections, and an amorphous structure revealed by XRD analysis. 

Furthermore, the film exhibited good properties for biomedical 

applications such as wound dressing since it showed a high swelling 

capacity, suitable for wound exudate absorption, and high strength to 

maintain shape and size after a cycle of compression sweeps. 
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8.1. Summary 

In this chapter, chitosan-pectin films with Fe3O4 magnetic 

nanoparticles were prepared by solution casting. FTIR spectra indicated 

physical interactions between the matrix and nanoparticles, corroborated 

by DSC results. In addition, thermal characterization suggested that the 

interactions between chitosan, pectin and the nanoparticles resulted in a 

less compact structure, which influenced the mechanical properties. 

Regarding vibrating-sample magnetometry (VSM) and electrical analysis, 

chitosan-pectin films with Fe3O4 nanoparticles showed ferromagnetic 

behavior, with a dielectric constant increase as the nanoparticle 

concentration increased. Furthermore, films had antimicrobial activity 

against Escherichia coli (Gram -) and Staphylococcus epidermidis (Gram +) 

bacteria. Therefore, chitosan-pectin films with Fe3O4 magnetic 

nanoparticles showed promising results for active and intelligent food 

packaging applications. 

8.2. Introduction 

Packaging technologies are in continuous evolution seeking to 

improve the quality and freshness of food and prolonging its shelf life 

(Magnaghi et al., 2022). In this sense, chitosan and pectin could be suitable 
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materials for intelligent packaging films, since both polysaccharides are 

pH dependent. Under low pH conditions, positively charged chitosan and 

negatively charged pectin bind via ionic interactions forming a 

polyelectrolyte complex, resulting in an enhancement of the mechanical 

properties and hydrophilicity over the chitosan and pectin matrices 

separately (Torpol et al., 2019; Tsai et al., 2014). Few papers have reported 

the use of chitosan-pectin matrix for food packaging, among them, Maciel 

et al. (2015) prepared chitosan-pectin films with anthocyanin as a pH 

indicator device for intelligent food packaging, and Niu et al. (2021) added 

Streptomyces coelicolor, which improved CO2 barrier properties of the film.  

Besides the natural biopolymers, smart packaging that prolongs 

shelf life and provides current information about the state of the product 

is also gaining attention. The so-called intelligent packaging can monitor 

physical, chemical or biological status of the food items by detectors and 

sensors, from the beginning of the food supply chain until it reach to the 

market, giving information about the food quality and internal 

environment conditions of the package (Chausali, Saxena & Prasad, 2022; 

Pirsa, Sani & Mirtalebi, 2022). Thus, intelligent packaging can provide 

information of the in situ conditions of the food quality and freshness, 
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leading to a loss of dependency on food expiry dates. In this regard, metal 

oxides nanoparticles have a great potential for applications in food 

industry because of their antibacterial capacity, non-toxicity, oxygen and 

ethylene scavenging, and thermal stability properties (Nikolic et al., 2021). 

Indeed, metal oxides show sensing properties by the mechanism of 

adsorption and desorption with different gaseous compounds on the 

surface of the material, leading to changes in the electrical conductance 

(Galstyan et al., 2018). In this regard, Fe3O4 nanoparticles (NP) have been 

applied in many fields, such as biomedicine, cosmetics and food 

preservation due to its antimicrobial activity, magnetic, biocompatible and 

non-toxic properties (Appu et al., 2021; Yeamsuksawat, Zhao & Liang, 

2021). For food applications, Fe3O4 nanoparticles have been used as 

sensors for detecting different compounds, such as heavy metals (Wu et 

al., 2019), caffeic acid (Abdi et al., 2020) or foodborne spoilage bacteria 

(Zhang et al., 2015).  

In this context, the aim of the present chapter was to prepare 

chitosan-pectin films with Fe3O4 nanoparticles by solution casting. In 

order to assess the effect of different concentrations of Fe3O4 NP on the 
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chitosan-pectin matrix, physicochemical, thermal, structural, magnetic, 

electric and antimicrobial properties were measured. 

8.3. Materials and methods 

8.3.1. Materials 

Chitosan with a molecular weight of 375 kDa and a deacetylation 

degree ≥ 75 % was supplied by Sigma-Aldrich, Spain. High methoxylated 

pectin, with a molecular weight of 472 kDa and an esterification degree of 

58 %, was kindly supplied by CEAMSA, Spain. Iron oxide nanopowder 

(Fe3O4), with 50 - 100 nm size and a purification degree of 97 %, was 

supplied by Nanostructured & Amorphous Materials, Inc., USA. Acetic 

acid solution (1 N), used as solvent, was supplied by Panreac, Spain.  

8.3.2. Film preparation 

Chitosan-pectin films with Fe3O4 nanoparticles were processed by 

solution casting. The polymers were dissolved separately; on the one 

hand, the required amount of chitosan was dissolved in 1 wt % acetic acid 

solution by stirring for 30 min. On the other hand, Fe3O4 nanoparticles 

were dispersed in a 0.1 wt % aqueous solution of Triton 100-X by 

sonication for 3 h. Then, the required amount of pectin was added to the 
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NP aqueous solution and stirred at 67 °C. Both solutions were mixed at 

8000 rpm for 10 min (Ultraturrax UT25, IKA, Germany), and air bobbles 

were removed by vacuum. The mixturewas placed in a petri dish to dry at 

room temperature. Mixture compositions are shown in Table 8.1. 

Table 8.1. Composition of chitosan-pectin films with different contents of Fe3O4 

nanoparticles. 

System 

designation 

Chitosan 

concentration  

(wt %) 

Pectin 

concentration  

(wt %) 

NP 

concentration 

(wt %) 

Control 50.00 50.00 0 

0.1NP 49.95 49.95 0.1 

0.5NP 49.75 49.75 0.5 

1NP 49.50 49.50 1 

5NP 47.50 47.50 5 

10NP 45.00 45.00 10 

 

8.3.3. Film characterization 

8.3.3.1. Fourier transform infrared (FTIR) spectroscopy 

An Alpha II spectrometer (Bruker, Madrid, Spain), with a Platinum 

ATR accessory, was used to collect FTIR spectra of chitosan-pectin films 

with Fe3O4 nanoparticles. A total of 32 scans were performed with a 

resolution of 4 cm-1 in the wavelength between 4000 and 800 cm-1. 
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8.3.3.2. Thermo-gravimetric analysis (TGA) 

A Mettler Toledo TGA/SDTA 851 thermo-balance was used to 

measure the thermal stability of the samples. Dynamic scans from 25 to 

900 °C were carried out at a constant rate of 10 °C/min under nitrogen 

atmosphere to avoid thermo-oxidative reactions. 

8.3.3.3. Differential scanning calorimetry (DSC) 

A Mettler Toledo DSC 822 was used to perform differential scanning 

calorimetry. Samples of around 3 mg were heated from -50 °C to 300 °C at 

a heating rate of 10 °C/min under nitrogen atmosphere to avoid oxidative 

reactions. 

8.3.3.4. Scanning electron microscopy (SEM) 

Morphology was examined by using a Hitachi S-4800 scanning 

electron microscope at an accelerating voltage of 15 kV. Before analysis, 

fractured surfaces were coated with a gold layer by sputtering with a 

Polaron SC502 apparatus. 

Additionally, scanning electron microscopy/Energy-dispersive X-

ray spectroscopy (SEM/EDX) was used to analyze the particle distribution 

on the samples with a Hitachi TM3000 Tabletop Microscope.). 
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8.3.3.5. Mechanical properties 

Mechanical properties were measured with an Instron 5967 

electromechanical testing system (Instron, Spain). According to ASTM 

D638-14 (ASTM, 2014), tests were carried out with a load cell of 500 N and 

a crosshead rate of 1 mm/min. Films were cut into bone shaped samples 

of 4.75 mm x 22.25 mm. Five samples were measured for each system. 

Tensile strength (TS), elongation at break (EAB) and elastic modulus (E) 

were measured. 

8.3.3.6. Vibrating-sample magnetometry (VSM) 

The magnetic properties of the films were analyzed with a 

MicroSense EZ7 VSM from -1.8 to 1.8 T at room temperature. The results 

were represented in a hysteresis loop, and remanence (Mr), magnetization 

saturation (Ms) and coercive field (Hc) parameters were obtained. 

8.3.3.7. Electrical characterization 

For the electric measurements, circular gold electrodes of 5 mm 

diameter were used by magnetron sputtering with a Polaron Coater SC502 

onto both sides of each sample. 
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The electrical conductivity of the films was obtained by a 2-wire 

method, measured through a Keithley 487 picoammeter/voltage source 

with a ±10 V voltage, and the conductivity of the films (σ) was calculated 

by: 

𝜎 =
𝑑

𝑅.𝐴
   

where R is the resistance of the film obtained from the slope of the I–V 

curves, d is thickness, and A is the electrode area. 

Dielectric measurements were performed using a Quadtech 1920 

LCR precision meter. The capacitance (C) and the dielectric losses (tan δ) 

were obtained at room temperature in the frequency range of 20 Hz to 1 

MHz with an applied voltage of 0.5 V. The error associated to the dielectric 

measurements was ~2%. 

The real (ε´) part of the dielectric function was calculated as:  

휀´ =  
𝐶 · 𝑑

휀0 · 𝐴
 

where C is the individual sample capacity, ε0 is the permittivity of vacuum 

(8.85×10-12 F·m-1), A is the electrode area and d is the film thickness.  
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The real part of the conductivity of the dielectric material can be 

calculated from the dielectric measurements as follows:  

𝜎 ′(𝜔) = 휀0𝜔휀 ′′(𝜔)    

where ε0  is the permittivity of free space, 𝜔 = 2𝜋𝑓 is the angular frequency 

and 휀′′(𝜔) = 휀′ 𝑡𝑎𝑛 𝛿 is the frequency dependent imaginary part of the 

dielectric permittivity. 

8.3.3.8. Antimicrobial analysis 

To determine the inhibition capacity of films, two food pathogen 

were tested: the Gram-negative bacteria Escherichia coli and the Gram-

positive bacteria Staphylococcus epidermidis. The bacterial pre-inoculum 

was prepared by using a colony from the corresponding stock and 

resuspended in nutrient broth (NB). After incubating overnight at 37 °C 

and 200 rpm, the pre-inoculum was centrifuged and the pellet was 

resuspended in 0.9 % NaCl aqueous solution. The optical density (OD600) 

was measured and adjusted to 0.28 and 0.36 for E. coli and S. epidermidis, 

respectively. 

Samples were cut in circular pieces of 10 mm diameter, placed into 

falcons and sterilized with ultraviolet light for 30 min. Then, 2 mL of the 
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final bacterial suspension was added and came into contact with the films 

for 2 h at 37 °C and 200 rpm. Falcons without sample were used as controls 

for bacterial growth. 

The antimicrobial activity was tested using the colony-forming units 

(CFUs) assay. Ten-fold serial dilutions of the bacterial cultures of the 

falcons were carried out in 0.9 % NaCl aqueous solution. A volume of 10 

µL was placed on spread plates of NB and colony-forming units per 

milliliter (CFU · mL-1) count was carried out after incubating the plates at 

37 °C for 24 h. Antimicrobial activity was determined by comparing viable 

bacteria of each system with that incubated without any film. 

8.3.4. Statistical analysis 

With the purpose of determining the significant differences between 

measurements, analysis of variance (ANOVA) was carried out by means 

of SPSS software (SPSS Statictic 25.0). Tukey’s multiple range test was 

used for multiple comparisons among different systems with a statistical 

significance at the p < 0.05 level. 
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8.4. Results and discussion 

8.4.1. FTIR analysis 

In order to evaluate the interactions among the components of the 

films, FTIR analysis was carried out and the spectra are shown in Figure 

8.1. In control film, the characteristic bands of chitosan and pectin were 

observed. Among the absorption bands that chitosan and pectin share, we 

can found the band at 3247 cm-1, associated to O-H bonds in both polymers 

and to N-H bonds in chitosan. Moreover, the absorption band assigned to 

chitosan and pectin C=O stretching bond was observed at 1633 cm-1. 

Likewise, the bands attributed to the C-H stretching vibration and to the 

C-O-C of the saccharide ring of chitosan and pectin were observed 

between 2925 and 2850 cm-1 and 1150 and 890 cm-1, respectively. 

Regarding to chitosan, the representative bands were showed at 1552 cm-

1, 1406 cm-1 and 1377 cm-1 corresponding to C=O stretching, NH2 bending 

and CH3 deformation. For pectin, the band associated to C=O ester bonds 

was observed at 1742 cm-1. As observed in the previous chapter, the 

interactions between chitosan and pectin were physical since the bands 

related to C=O stretching of chitosan and pectin at 1633 cm-1 and to the 

ester bond of pectin at 1742 cm-1 were displaced (Zarandona et al., 2021). 
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Figure 8.1. FTIR spectra of chitosan-pectin films without Fe3O4 nanoparticles 

(Control) and with different contents of Fe3O4 nanoparticles. 

 

Respecting to Fe3O4 nanoparticles addition, some bands 

displacement were observed. In particular, O-H and N-H vibration band 

shifted to higher wavenumbers as the nanoparticle concentration 

increased, from 3247 cm-1 for control films up to 3263 cm-1 for 10NP. 

Moreover, the band associated to C-H stretching vibrations at 2853 cm-1 

shifted to higher wavenumbers becoming a shoulder of the band at 2923 

cm-1. All these band displacements indicated that Fe3O4 nanoparticles 

interacted physically with chitosan-pectin matrix. 

8.4.2. Thermal characterization 

Thermo-gravimetric analysis (TGA) and differential scanning 

calorimetry (DSC) analysis were carried out in order to determine the 
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thermal stability of the material. Concerning TGA, derivative thermo-

gravimetric curves and weight loss curves are presented in Figure 8.2a and 

b. Regarding neat chitosan and pectin samples (Figure 8.2a), thermal 

degradation was observed at 300 °C and 240 °C, respectively. For control 

films, 4 inflexion points were presented. The first one was observed 

around 68 °C, related to the water evaporation due to the moisture. The 

second inflection point, around 230 °C, was the greatest one and it was 

related to the thermal degradation of chitosan and pectin polymers. It 

should be noted that the thermal degradation of chitosan-pectin film 

happened at lower temperature than that of pure pectin and pure chitosan. 

This event could indicate that the ionic bonding between chitosan and 

pectin led to structure changes in the material (Maciel, Yoshida, & Franco, 

2015). The third inflection peak was a shoulder at 283 °C, related to the 

chitosan that was not bonded to pectin. Finally, a slight inflection point 

was observed at 447 °C, related to the decomposition by-products. The 

addition of Fe3O4 nanoparticles (Figure 8.2b) caused the presence of a new 

inflection peak around 680 °C, which became more intense as the 

concentration of NP increased. 
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Figure 8.2. TGA of a) neat chitosan, neat pectin and control film and a) chitosan-

pectin films without Fe3O4 nanoparticles (control) and with different contents of 

Fe3O4 nanoparticles. c) DSC analysis of chitosan-pectin films without Fe3O4 

nanoparticles (control) and with different contents of Fe3O4 nanoparticles. 

 

The endothermic peaks for the DSC thermogram of chitosan-pectin 

systems with Fe3O4 NP are shown in Figure 8.2c. Two endothermic peaks 

were observed for control films: the first, at 94 °C, was attributed to the 

film moisture, and the second, at 211 °C, was related to the entrapped 

water linked by hydrogen bonding with the polar groups of the 
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biopolymers (Pasini-Cabello et al., 2017). Regarding the films with 

nanoaparticles, the same endothermic peaks were observed as for the 

control sample, although for the samples with higher concentration of 

nanoparticles, 5NP and 10NP, the peak at 94 °C for control sample was 

shifted to lower temperatures, 82 °C and 76 °C, respectively. This 

displacement indicated that there were interactions between the matrix 

and the NP, as observed by FTIR. In addition, the shift to lower 

temperatures would indicate that the structure formed was less compact 

and, therefore, would require less energy to release the moisture. 

8.4.3. Structure and mechanical properties 

Morphology of the films was analyzed by SEM and the cross-section 

of the samples is showed in Figure 8.3. Control film presented a 

homogeneous structure, indicating the compatibility between chitosan 

and pectin. When Fe3O4 nanoparticles were added at low concentrations, 

the structure of the films remains homogeneous but, as NP concentration 

increased, especially for 5NP and 10NP samples, nanoparticle 

aggregations were observed. In particular, the nanoparticle clustering in 

10NP films was bigger than in 5NP films. These results explain the 
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temperature decrease observed by DSC analysis, since the nanoparticle 

aggregations led to a less compact structure.  

 

Figure 8.3. SEM images of chitosan-pectin film cross-section: a) control (0% 

Fe3O4), b) 0.1NP (0.1 % Fe3O4), c) 0.5NP (0.5 % Fe3O4), d) 1NP (1 % Fe3O4), e) 5NP 

(5 % Fe3O4) and, f) 10NP (10 % Fe3O4). Yellow dashed circles indicate 

nanoparticle aggregations. 
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The dispersion of iron on 1NP, 5NP and 10NP films surface was 

analyzed by SEM/EDX. As can be observed in Figure 8.4, the Fe signal in 

blue showed that the nanoparticles were homogeneously dispersed 

through the surface of the films. 

 

Figure 8.4. SEM/EDX images of the surface of chitosan-pectin films with 1 % 

Fe3O4 (1NP), 5 % Fe3O4 (5NP) and 10 % Fe3O4 (10NP). 

 

Tensile strength (TS), elongation at break (EAB), and elastic 

modulus (E) of the films, shown in Table 8.2, have been measured in order 

to assess the influence of the magnetic nanoparticles on the chitosan-pectin 

matrix.  

Regarding to control film, high values of TS were obtained, due to 

the strong intermolecular bonds between chitosan and pectin, which 
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derived into a compact structure. These values are higher than those found 

by other authors for chitosan-pectin films (Alakin et al., 2021). When the 

nanoparticles were added to the system, no significant differences (p > 

0.05) were observed in EAB results. However, TS values decreased as the 

nanoparticles concentration increased, as well as E values for 5NP and 

10NP, indicating the influence of nanoparticles for concentrations greater 

than 5 %. These results indicate that Fe3O4 nanoparticles affected the 

structure of the polymeric matrix, as observed in SEM images, hindering 

the interactions between chitosan and pectin chains (Salari et al., 2018).  

Table 8.2. Tensile strength (TS), elongation at break (EAB) and elastic modulus 

(E) of chitosan-pectin films without Fe3O4 nanoparticles (Control) and with 

different contents of Fe3O4 nanoparticles. 

Films 
TS 

(MPa) 

EAB 

(%) 

E 

(MPa) 

Control 47.0 ± 1.1a 6.0 ± 0.5a 2395 ± 52a 

0.1NP 43.7 ± 1.2b 5.9 ± 0.2a 2397 ± 18a 

0.5NP 43.9 ± 1.2b 6.0 ± 0.6a 2443 ± 27a 

1NP 44.0 ± 0.5b 6.3 ± 0.8a 2417 ± 40a 

5NP 40.7 ± 0.8c 7.0 ± 0.5a 2076 ± 58b 

10NP 40.1 ± 1.0c 7.0 ± 0.7a 2053 ± 46b 

a-cTwo means followed by the same letter in the same column are not significantly (p > 

0.05) different according to the Tukey’s multiple range test. 
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8.4.4. Magnetic properties 

Regarding magnetic properties, VSM analysis was carried out to 

obtain the hysteresis loops and calculate the remanence, the magnetization 

saturation, and the coercive field (Figure 8.5). The systems exhibited a 

ferromagnetic behavior, since the values of remanence and coercive field 

were unequal to zero (Venkateswarlu et al., 2015). As observed in Figure 

8.3b, the magnetic behavior of the systems was dependent of the 

nanoparticle concentration. As the nanoparticle concentration increased, 

Mr values increased, from 0.23 emu/g (0.1NP) to 19.70 emu/g (10NP), as 

well as Ms values from 2.38 emu/g (0.1NP) to 206.11 emu/g (10NP). 

However, coercive field increased as nanoparticle concentration increased 

up to 0.5 % (50 Oe), and then, started to decrease until 41 Oe (10NP) as 

nanoparticle concentration increased. The coercive field is dependent on 

the nanoparticle size, as the size increases the coercivity increases until a 

critical particle size is reached, after which the coercivity decreases. 

Nevertheless, since the size of the nanoparticles in this study are the same 

for all samples, results may be related to the agglomeration of the 

nanoparticles, as described in previous works (Reinzabal et al., 2020) 
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Figure 8.5. a) Hysteresis loops and b) magnetic properties (remanence, 

magnetization saturation, and coercive field) of chitosan-pectin films with Fe3O4 

nanoparticles. 

 

8.4.5. Electric characterization 

Electrical conductivity of the films with Fe3O4 nanoparticles has been 

evaluated by performing I-V curves (Figure 8.6a). It can be observed that 

the I-V curves depend on the Fe2O3 content and follow Ohm’s law. 
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Figure 8.6. a) Current-voltage (I-V) curves and b) electrical conductivity value of 

films as a function of Fe3O4 content. 
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As can be observed in Figure 8.6b, the electrical conductivity 

increases strongly as a function of Fe2O3 content. The electrical 

conductivity of control film and film with 10 wt % Fe3O4 are 1.7x10-10 S·cm-

1 and 5.6x10-12 S·cm-1, respectively.This behavior is due to the fact that the 

addition of Fe3O4 nanoparticles increases the charge carriers where the 

conduction is assigned to the electron hopping.  
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Figure 8.7. a) Real part of dielectric constant (ε´), b) dielectric losses (tan ), and 

c) a.c. conductivity (σ´) of chitosan-pectin films with different contents of Fe3O4 

nanoparticles. 
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Additionally, the dielectric analysis was evaluated and results are 

shown in Figure 8.7. The dielectric constant (Figure 8.7a) and tan δ (Figure 

8.7b) depend on the frequency due to dipole relaxation. Regardless of 

frequency range, the dielectric constant and tan δ increase as a function of 

NP concentration due to polarization contributors derived from the 

addition of nanoparticles, mainly dominated by interfacial and spatial 

charge polarization. Concerning a.c. conductivity (Figure 8.7c), values 

increase with frequency, indicating the local contribution to the electrical 

conductivity. Regardless of frequency range, the addition of Fe3O4 

nanoparticles increases the a.c. conductivity due to the charge carrier 

hopping. 

8.4.6. Antimicrobial capacity 

All films showed antimicrobial activity, as shown in Figure 8.8, 

although different response was observed for both bacteria. In the case of 

S. epidermidis, 10 NP films reached 43 % of inhibition, while 98 % was 

reached for for E. coli. The antimicrobial capacity of the films is driven by 

both chitosan and magnetic nanoparticles. The antimicrobial mechanism 

of chitosan is caused by the positive charge of the amino group of chitosan 

with the negative charges of cell membranes, affecting the loss of protein 
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and other intracellular components (Tuesta-Chavez et al., 2022). On the 

other hand, the antimicrobial effect of iron nanoparticles is related to the 

capacity of the nanoparticles to interact with the cell membrane and to 

penetrate inside the cells, causing membrane damage and inactivation of 

the bacteria (El-Khawaga et al., 2020). Therefore, chitosan-pectin films 

with Fe3O4 nanoparticles showed antibacterial activity due to the 

cooperative action of chitosan and Fe3O4 nanoparticles. 
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Figure 8.8. Inhibition capacity of chitosan-pectin films without Fe3O4 

nanoparticles and with different contents of Fe3O4 nanoparticles against E. coli 

and S. epidermidis strains. 

 

It is worth noting that Fe3O4 nanoparticles improved antimicrobial 

capacity when compared to control films. Additionally, it should be noted 

the difference in the inhibitory capacity of the films with respect to the two 

bacteria under study. This difference might be due to the different cell 
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walls of Gram-positive and Gram-negative bacteria. The cell wall of Gram-

positive bacteria consists of an outer thick layer of peptidoglycan that acts 

as a layer of resistance against most inhibitory molecules, whereas the cell 

wall of Gram-negative bacteria has a thinner peptidoglycan layer (Salem 

et al., 2019). 

8.5. Conclusions 

The preparation of chitosan-pectin films with Fe3O4 magnetic 

nanoparticles by solution casting method led to homogeneous films. FTIR 

results indicated that the physical interactions between chitosan and 

pectin were not affected by the addition of the nanoparticles. However, 

the mechanical properties were influenced by Fe3O4 nanoparticles, due to 

the aggregation of the nanoparticles, as shown by SEM. The incorporation 

of nanoparticles also influenced the electrical, magnetic and antimicrobial 

properties. As the nanoparticle concentration increased, the dielectric 

constant, the remanence and the magnetization saturation increased. For 

the antimicrobial properties, the addition of the nanoaparticles increased 

the antimicrobial capacity of the films for pathogenic Escherichia coli 

(Gram-negative) and Straphylococcus epidermidis (Gram-positive) bacteria. 

Therefore, the incorporation of Fe3O4 nanoparticles into chitosan-pectin 
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films forming solutions could extend food shelf-life, besides functioning 

as a sensor for food packaging due to its electric and magnetic properties. 
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In this chapter, the main conclusions of the doctoral thesis are 

summarized: 

 EPS, valorized from natural materials from marine sources, showed 

good compatibility with chitosan, increasing the hydrophobic 

character and improving the mechanical properties of chitosan 

films.  

 -CD showed good capacity to form inclusion complex with 2-

phenyl ethanol and it was effective avoiding the loss of bioactive 

during film preparation. 

 The use of chitosan coatings with gallic acid led to the improvement 

of the shelf life of horse mackerel fillets during chilled storage, 

delaying microbial growth and the production of volatile amines, 

and becoming a promising material for active food packaging 

applications. 

 Chitosan films were successfully processed by thermo-compression.  

 The crosslinking reaction between the amino group of chitosan and 

the carboxyl group of citric acid led to compact films, with controlled 

release of Aloe vera. 
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 Chitosan-pectin hydrogels showed a weak gel behavior and shear 

thinning flow properties, favorable for 3D printing. 

 3D printed chitosan-pectin films were reproducible and preserved 

shape and size after a cycle of compression sweeps. 

 The addition of Fe3O4 magnetic nanoparticles provided chitosan-

pectin films with electrical, magnetic and antimicrobial properties, 

resulting in a promising material as a sensor for food quality 

monitoring and shelf life extension. 
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