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SUMMARY 

In the last years, the research on biodegradable materials from renewable 

resources have become of great relevance, mostly due to the growing interest in 

environmentally friendly management and sustainability. In fact, the valorization of agro-

industrial wastes and by-products may be a promising alternative of biopolymers 

sources, not only to minimize waste, but also to produce high value-added products. In 

this regard, collagen which may be extracted from livestock and fish processing industry 

residues, has been widely used in food, cosmetic, pharmaceutical and biomedical 

applications due to its structural and biological properties as well as its abundance and 

versatility in forming physical shapes. Furthermore, collagen can be combined with other 

components to open up new application areas.  

In this context, the overall objective of this doctoral thesis was to develop products 

based on collagen, obtained from bovine and porcine skin wastes, with improved 

properties, incorporating other compounds, some of them also extracted from biowastes, 

and employing different processing methods. For that purpose, this study is made up of 

eleven chapters. Chapter 1 gives an overall view of valorization of collagen-rich 

biowastes, collagen structure and properties, and applications of collagen and its 

derivatives. Then, in Chapter 2, the materials and reagents employed, the pretreatment 

of collagen and wool, the techniques used for the development of collagen-based 

products, and the characterization methods carried out in this research work have been 

described. 

In Chapters 3-5, compression molding was used to process collagen-based 

materials. In Chapter 3, collagen was obtained from bovine skin using a tanning drum, 

treated with different contents of citric acid using laboratory rollers and, finally, the 

functional properties of the obtained sheets were investigated. In Chapter 4, collagen 



 
 

was obtained from porcine skin by mechanical pretreatments and aloe vera, with inherent 

biological properties, was incorporated into collagen formulations in order to assess their 

suitability for biomedical applications. Additionally, in Chapter 5, chitosan/porcine 

collagen films were developed and characterized to evaluate their suitability for 

biomedical applications. 

 Considering the results of chitosan-collagen films, scaffolds with the same 

formulations were prepared by freeze-drying in Chapter 6, in which materials and 

environmental approaches were considered with the aim of providing a global strategy 

towards more sustainable biomaterials. Moreover, in Chapter 7, tetrahydrocurcumin 

(THC) -incorporated porcine collagen scaffolds were obtained using a syringe-based 

extrusion 3D printer and their potential as sustained THC delivery systems was analyzed. 

Before processing, the optimal 3D printing conditions were determined by rheological 

analysis.  

 Afterwards, electrical properties of bovine collagen-based films were analyzed. 

In Chapter 8, ZnO nanoparticles (NPs) were incorporated into collagen formulations 

processed by solvent casting in order to obtain films with induced electro-conductive 

properties, which could be of great relevance for biomedical applications. Moreover, in 

order to develop next generation advanced functional materials for sustainable 

electronics, in Chapter 9, wool and choline dihydrogen phosphate or choline serinate 

ionic liquids were incorporated into collagen formulations and films were prepared by 

compression molding. 

 Finally, Chapter 10 summarizes the conclusions of the doctoral thesis and the 

references cited along this work are listed in Chapter 11.  

  



OBJETIVES 

The main objective of this doctoral thesis was to develop collagen-based 

materials obtained from bovine and porcine skin wastes with improved properties 

incorporating other compounds, some of them also extracted from biowastes, and 

employing different processing methods. 

The specific aims are summarized as follows: 

- Preserve the triple helix structure of native collagen during extraction and

processing in order to provide final products with enhanced properties.

- Optimize collagen formulations for each processing method used.

- Optimize 3D printing parameters to obtain THC incorporated scaffolds.

- Determine the optimum temperature to process collagen films with wool and ionic

liquids (ILs) by compression molding.

- Assess the behavior of collagen films with aloe vera, chitosan and

tetrahydrocurcumin: bioactive release, mucoadhesion, degradation, cytotoxicity,

biocompatibility and cell culture.

- Provide collagen films with electrical and dielectrical properties by incorporating

ZnO NPs, ILs and wool.

- Assess the environmental aspects involved in the production of collagen

products.
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1. INTRODUCTION

1.1 SUMMARY 

The continuous growth in plastic use has brought an increasing environmental 

awareness from the perspective of waste management, emissions released during 

manufacture, and resources use (Clark et al., 2016). For this reason, in the last years, 

the employment of renewable resources to produce biodegradable materials has been 

of great interest with the aim to reduce the use of petroleum-derived polymers and 

contribute to the development of environment friendly materials (Gandini et al., 2016). In 

particular, valorization of materials may be a promising solution not only to minimize 

waste, but also to produce high value-added products (Xiong et al., 2019). In this context, 

the extraction of biomaterials, such as proteins and polysaccharides from livestock and 

fish processing industry by-products represent a challenging valorization opportunity 

(Lee et al., 2020; Meena et al., 2020). 

Collagen is the most abundant protein of the extracellular matrix (ECM) in 

vertebrates, being approximately 30% of the body total protein mass in mammals 

(Balaure et al., 2019; Martínez-Ortiz et al., 2015). There are at least 28 collagen types 

composed of 46 distinct polypeptide chains, constituting the major part of connective 

tissues, skin, tendons, blood vessels, cornea, cartilages and bones (Koch et al., 2001; 

Myllyharju & Kivirikko, 2001). Type I, II and III collagens are the classical fiber-forming 

collagens which consists of three parallel polypeptide-alpha chains in a right-handed 

triple-helical structure, which self-associates to form highly ordered crosslinked fibrils. 

Those fibrils, in turn, form insoluble fibers providing the extracellular matrix with a high 

integrity, inherent water stability and mechanical tensile strength due to its tight winding 

triple helix structure (An, Lin & Brodsky, 2016; Liu, Hu & Han, 2018). It should be noted 

that the triple helical structure repetition occurs in all types of collagen, but the length of 

the helix and the size and nature of non-helical portion varies from one to another type 

(Miller, 1984; Shoulders & Raines, 2009). In particular, type I collagen is the main 

collagen in skin and bones (90%) (Ding, Zhang & Li, 2014).  
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In addition to structural roles, collagen also plays functional roles taking part in 

tissue regulation, growth and repair (Ferreira et al., 2012). Those structural and biological 

properties, combined with ease of extraction and the physical versatility to form gels, 

films, meshes, scaffolds and fibers make collagen an attractive candidate for biomedical 

applications, such as tissue engineering and regenerative medicine (Agrawal & Ray, 

2001; Di Summa et al., 2014; MacNeeil, 2007; Muthukumar et al., 2018). Additionally, 

collagen is widely used in pharmaceutical (Jeevithan et al., 2013), food (Wang et al., 

2018) and cosmetic (Avila Rodríguez et al., 2018) industries.  

This chapter provides an overview of materials based on collagen. First, biowaste 

valorization and the techniques used for collagen extraction will be described briefly and, 

hereafter, structure and properties of collagen will be reviewed. Finally, the possible 

application of collagen and its derivatives in food, cosmetic and biomedical industries will 

be described (Figure 1.1).  

Figure 1.1. Graphical summary: collagen sources, valorization and applications. 

1.2 BIOWASTE VALORIZATION 

Sustainable food production has become a critical challenge due to social and 

environmental concerns together with the growing global population. As a consequence 

of processing raw materials, the production of waste is an unavoidable result. Therefore, 

valorization strategies may be a promising solution not only to minimize waste, but also 
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to produce high value-added products (Six, Velghe & Verstichel, 2016; Xiong et al., 

2019).  

 The United Nations defined food waste as the end products of food processing 

industries that have not been recycled or used for other purposes. These are the non-

product flows of raw materials whose economic value is less than the cost of collection 

and recovery for reuse and, thus, they are discarded as waste (United Nations, 2015). 

Several initiatives have been implemented worldwide to promote the prevention of food 

waste in all the life stages. In 2015, the United Nations defined the Sustainable 

Development Goal (SDG) 12 to ensure sustainable consumption and production patterns 

with the aim of reducing by half the global per capita food waste at the retail and 

consumption levels by 2030 and to reduce food losses along production and supply 

chains, including post-harvest losses (United Nations, 2015). Moreover, the European 

Commission committed to achieving this objective in the New Circular Economy Action 

Plan (European Commission, 2020), in which industrial ecology concepts, such as “from 

cradle to cradle” and “zero waste” have been promoted. Therefore, the exploitation of 

food waste as a source of proteins, polysaccharides, lipids, minerals, nutrients and 

flavors for the creation of a new generation of products has attracted the attention of 

researchers and industry, promoting the conversion of food industry wastes into value-

added raw materials (Martínez-Alvarez, Chamorro & Brenes, 2015; Ong et al., 2018). 

 In this context, the valorization of by-products from livestock, poultry and fish-

processing industries can be a worthy approach to develop sustainable products. The 

total global production of fish from aquaculture and marine fisheries peaked at about 171 

million tons in 2016 (FAO, 2018) and about 38.5 million tons of those marine catches 

were considered as by-catch and discards, due to low market value of those marine fish 

species (Etemadian et al., 2021). Besides, livestock total production has reached more 

than 263 million tons annually (Aspevik et al., 2017). Furthermore, about 40-60% of fish, 

livestock and poultry remains as wastage after processing, generating huge amounts of 
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collagen-rich residues which include heads, bones, blood, skin, viscera, hooves, skin 

and feathers (Ferraro et al., 2017; Venkatesan et al., 2017) (Figure 1.2). With regard to 

valorization strategies, collagen can be extracted from almost every vertebrate; 

nonetheless, bovine, porcine and chicken skin and bones are the main sources at 

commercial scale (Abdollahi et al., 2018). However, due to bovine spongiform 

encephalopathy (BSE) and other prions diseases outbreak as well as religious 

considerations for the development of kosher and halal products, seafood by-products 

have become a promising alternative as a collagen source (Coppola et al., 2020; Pal & 

Suresh, 2016; Senadheera, Dave & Shahidi, 2020). 

 

Figure 1.2. Global fishery and livestock production (2016) and wastage. 

 

 The collagen extraction process from fishery and livestock by-products consists 

of two main steps: pretreatment of raw materials and collagen extraction. In general, 

alkaline pretreatment is carried out to remove impurities like non-collagenous proteins 

and lipids, as well as to increase the quality of the final extracted collagen (Ahmed et al., 

2018); and it can be carried out using a strong alkali, such as sodium hydroxide 

(Kittiphattanabawon et al., 2016; Sinthusamran et al., 2014) or calcium hydroxide (See 

et al., 2015). Sometimes, to remove the lipids, alcohols like ethanol (Chen et al., 2016c; 
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Tkaczewska et al., 2018), isopropanol (Sae-leaw et al., 2016) or butyl alcohol (Gomez 

et al., 2018) are used. Additionally, the demineralization of the raw materials can be 

carried out using ethylenediaminetetraacetic acid (EDTA); thus, calcium or other 

inorganic materials are removed (Chuaychan et al., 2016). After that, the extraction of 

collagen is usually carried out. 

 There are numerous methods reported for collagen extraction, based on three 

main extraction processes: extraction of salt-soluble collagen (SSC), acid-soluble 

collagen (ASC), and enzyme-soluble collagen (ESC) (Figure 1.3). Those extraction 

methods directly affect collagen properties and yield (Wang et al., 2014), and depend on 

factors such as fish species and age (Liao et al., 2018). It is worth noting that all 

procedures within collagen extraction are performed at low temperature (~4 ºC) for 24-

48 h. Although an increasing extraction temperature and time can offer a higher collagen 

yield, it may not be desirable due to collagen degradation (Liu et al., 2015). 

 Regarding SSC extraction, lower yields are obtained comparing with ASC and 

ESC extractions (Liang et al. 2014a); hence, this method is not widely utilized and acid 

and/or enzymatic extractions are preferred. In terms of ASC extractions, the use of acetic 

acid medium for extraction and isolation of collagen from by-products such as tarpon 

skin (Chen et al., 2016a) and seabass scales (Chuaychan et al., 2015) has been 

reported. In addition to acetic acid, collagen can also be extracted using other organic 

acids, such as citric acid (Sae-leaw et al., 2016) or inorganic acids like hydrochloric acid 

(Tan & Chang, 2018) and phosphoric acid (Hanjabam et al., 2015). However, it must be 

considered that the solubility of collagen in acidic media is limited owing to many 

interchain crosslinks, covalent bonds formed via the condensation reaction of aldehydes 

with lysine and hydroxylysine at the telopeptide region (Pal et al., 2015). Moreover, 

habitat and age of animals along with the collagen source affect directly the content of 

keto-imine bonds and, hence, the solubility in acidic media (Thuy et al., 2014). In order 

to improve solubility and achieve higher yield, extraction parameters can be changed, 
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including acid concentration, ratio of acid solution/raw materials, extraction temperature 

and time; however, these parameters must be controlled in order to avoid collagen 

degradation (Pal & Suresh, 2016). Depending on the degree of collagen aggregation, 

the extraction process could also include the use of proteolytic enzymes which, together 

with an acidic solution, might lead to an increase in the yield by combining biological and 

chemical extraction (Ahmad et al., 2017; Chen et al., 2016b; Chuaychan et al., 2015; 

Jridi et al., 2015; Liang et al., 2014b; Sila et al., 2015). Diverse enzymes have been 

employed, among them, trypsin and pepsin digestive proteases (Abdollahi et al., 2018) 

and bacterial collagenases (Ahmed et al., 2018). Indeed, the most commonly employed 

enzyme is pepsin and, in this sense, the resultant pepsin extracted collagen is called 

pepsin-soluble collagen (PSC) (Jeevithan et al., 2013). This digestive protease can 

hydrolyze non-collagenous proteins and then pepsin can be removed using the salt 

precipitation and dialysis, increasing the purity of extracted collagen. Additionally, pepsin 

can also hydrolyze collagen telopeptides, contributing to the treated collagen dissolution 

in acid media and so, increasing the yield of acid soluble extraction (Wang et al., 2014). 

It is worth noting that commercial pepsin is commonly obtained from porcine gastric 

mucosa; however, in order to avoid some religious restrictions, a huge range of 

proteolytic enzymes, including pepsin, can be extracted from fish viscera (Gomez et al., 

2018). Furthermore, the choice of suitable enzymes and physiochemical conditions for 

the enzymatic reaction, such as solution pH, temperature, hydrolysis time and enzyme 

concentration, must be optimized for the maximum activity. In recent years, other 

techniques have been used to improve SSC, ASC and ESC extraction methods, among 

them, ultrasonic treatments and homogenization-aided methods (Figure 1.3): Zou et al. 

(2017) worked with ultrasonic power of 200 W, having a single frequency of 24 kHz, to 

obtain collagen extracted from calipash of soft-shelled turtle; Tan & Chang (2018) 

successfully extracted collagen from catfish skin by mixing catfish skins, hydrochloric 

acid and pepsins at 7000 rpm for 5 min until homogenization and then, the mixture was 

stirred for 1 h at 4 ºC.  
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After extraction processes, some final steps must be carried out. Thereby, 

collagen is usually recovered using salt precipitation, centrifugation, dialysis, and freeze-

drying. Generally, collagen solution is precipitated using NaCl. The salt concentrations 

employed for collagen precipitation can be adjusted to maximize the collagen recovery 

and removal of impurities. Then, centrifugation (around 10000-20000 rpm) is used to 

collect the precipitated collagen. The resultant precipitate is dissolved in acetic acid prior 

to dialysis against distilled water. The dialysate is finally freeze-dried and the obtained 

collagen powder is stored (Pal et al., 2015). 

 All aforementioned methods are generally time-, energy- and reactant- 

consuming batch type processes. Therefore, alternative methods are emerging, among 

them, extrusion-hydro-extraction (EHE) processes (Figure 1.3). Extrusion is widely used 

in the food industry and it offers many advantages, such as continuous production, high 

yield, and little waste. In that way, Huang et al. (2016) developed a novel EHE process 

for collagen extraction from tilapia fish scale, obtaining extruded scale samples with 2-3 

times higher protein extraction yield than that of non-extruded scale samples.  

 

Figure 1.3. Collagen extraction methods. 
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1.3 COLLAGEN STRUCTURE AND PROPERTIES 

 The collagens represent the major family of extracellular matrix (EMC) proteins 

(Exposito et al., 2002). In fact, collagen is the most abundant protein in vertebrates, being 

approximately 30% of all proteins in mammals (Ricard-Blum, 2011). The basic structural 

unit of all collagens consist of three polypeptide left-handed α chains wound around one 

another in a characteristic right-handed triple helix (Brodsky & Ramshaw, 1997; 

Shoulders & Raines, 2009). Each polypeptide chain has around 1000 amino acids and 

contains at least one stretch of the repeating amino acid sequence Gly-X-Y, where Gly 

is a glycine and X or Y can be any amino acid. This motif allows the chains to form the 

characteristic triple helix structure, with Glycine at the core of the protein and the X and 

Y amino acids exposed at the surface (Van der Rest & Garrone, 1991). Moreover, proline 

(Pro) and hydroxyproline (Hyp) follow each other frequently and about 10% of the 

molecule has the sequence Gly-Pro-Hyp (Patino et al., 2002). In this sense, although all 

collagens showed triple helix structure, each type of collagen is unique due mainly to 

other regions consisting of different non-collagenous domains that fold into other kinds 

of three-dimensional structures (Sherman, Yang & Meyers, 2015). There are currently 

28 different proteins identified as collagens, the same members known in humans. They 

can be grouped in two main classes based on their supramolecular structures: the fibrillar 

collagens and the non-fibrillar collagens (Heino, 2007).  

 Fibrillar collagens contain one major triple-helical domain which self-associates 

to form highly organized fibers and fibrils into bundles or lamellae, giving rise to tissue-

specific, biomechanical, and other biological properties (Lodish et al., 2000) (Figure 1.4). 

These classical collagens include the type I, II, III, V and XI, but also the more recently 

characterized types XXIV and XXVII collagens (Hulmes, 2002). Type I is the most 

abundant structural protein found in skin, tendon, bone, cornea and lung and comprises 

between 80% and 99% of the total collagen (Ding, Zhang & Li, 2014). In addition, type I 

collagen is the mayor protein in all connective tissues, being about 90% of the entire 
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collagen content of skin and bones (Ding, Zhang & Li, 2014). Type II has a more specific 

tissue conformation, being limited essentially to cartilage and type III found in relatively 

elastic tissues, such as embryonic skin, lung and blood vessels. Additionally, Type V and 

type XI are found as quantitatively minor collagens, in association with collagen I, with 

particularly high amounts in cornea and in cartilage in association with collagen II (Van 

der Rest & Garrone, 1991). Little is known about type XXIV and XXVII collagens, except 

that appear to be associated with types II and I containing tissues, respectively, being 

their (Gly-X-Y) region relatively short (Plumb et al., 2007). It may be highlighted that most 

collagen fibrils are composed of two or more different collagen types (Patino et al., 2002). 

 

Figure 1.4. Structure of fibrous collagen. 

 Concerning to the non-fibrous collagens, they are classified according to their 

molecular characteristics, supramolecular structures and types of extracellular network 

in basement membrane, beaded filaments, short-chain and fibril-associated collagens 

(FACITs). Basement membrane collagens, underlying type IV, is found at tissue 

boundaries such as epithelial, endothelial, fat, muscle and nerve cells, as well as at the 

dermal-epidermal junction (Gelse, Pöschl & Aigner, 2003). Collagen VI, which is the main 

beaded filament collagen, is present in relatively all-over connective tissues to maintain 

their integrity (Knupp & Squire, 2005). Among the short-chain collagens, type VIII and 

and type X can be found in endothelial cells and in the hypertrophic zone of cartilage, 

respectively (Sutmuller, Bruijn & Heer, 1997). Finally, FACITs (Fibril Associated 

Collagens with Interrupted Triple Helices) are a large group composed by types IX, XII, 

XIV, XV, XIX, XX and XXII (Gelse, Pöschl & Aigner, 2003). Type IX collagen is one of 
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the founder member of this group and is an important component of cartilage collagen 

fibrils, together with collagen II and XI. The similar structure of type XII and XIV collagens 

has also been associated with type I collagen in skin, tendons, ligaments and cornea 

(Sherman, Yang & Meyers, 2015). After a brief classification of non-fibrillar collagens, 

this chapter will focus on fibrillar collagens. 

 Traditionally, the role attributed to fibrous collagens has been a structural one 

contributing to mechanical properties, organization, and shape of tissues. Highly 

organized collagen fibrils, the basic building block of collagen-rich tissues, are 

assembled to a variety of more complex structures with very different mechanical 

properties, such as mechanical stability, strength and toughness, to a range of tissue 

from bone, skin tendons and ligaments, to blood vessels, nerves and intestines (Fratzl 

et al., 1998). In addition to structural roles, collagen has been shown to be involved, 

either directly or indirectly, in functional roles (Ghodbane & Dunn, 2016). Due to its 

remarkable capacity to act as a substrate for cell adhesion and growth, collagen has 

been considered as a valuable candidate to design renovable medical devices. 

Moreover, collagen is largely non-immunogenic and poorly antigenic and, thus, 

biocompatible (Lynn, Yannas, & Bonfield, 2004). Besides, although collagen is resistant 

to common proteases having a long lifetime, it can be biodegraded in the body by some 

enzymes of the matrix metalloproteinase (MMP) family, leading to biodegradable 

collagenous biomaterials (Fu et al., 2018). Those collagen structures, their physical and 

biological properties, and their physical versatility to form gels, films, meshes, scaffolds 

and fibers make collagen an attractive candidate for several applications. 

1.4 APPLICATIONS OF COLLAGEN AND ITS DERIVATIVES 

 Collagen, the main component of the extracellular matrix, is largely used in food 

and cosmetic industries (Figure 1.5) in its native fibrillary form, as well as after 

denaturation, due to its multiple functional properties and physical versatility to be 
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processed in a variety of products, including gels, porous scaffolds, fibers, films, meshes 

and micro/nanoparticles (Oliveira et al., 2021). In this context, gelatin, thermally 

denatured collagen with molecular weight (MW) from 15 to 250 kDa, shows unique 

rheological properties and is prevalently used in food industry as a food additive, 

microencapsulating agent, and biodegradable packaging material (Bello et al., 2020). 

Additionally, peptides with biological activity and MW between 300 and 8000 Da can be 

obtained by chemical hydrolysis, enzymatic treatment or/and proteolytic fermentation of 

collagen or gelatin (León-López et al., 2019). The studies about collagen-derived 

peptides have revealed their antioxidant and antihypertensive activity, as well as other 

promising health beneficial effects for cosmetic and nutraceutical applications (Nguyen, 

Heimann & Zhang, 2020).  

 

Figure 1.5. Collagen applications in food and cosmetics industries. 

 

1.4.1 Peptides for cosmetics and nutraceutical industry 

 Based on the above-mentioned bioactive properties, collagen has also been 

increasingly utilized for the development of cosmeceutical products, such as skin anti-

aging formulations with moisturizing, softening and glowing, antioxidant and UV 

protective properties (Abuine et al., 2019; Zamorano-Apodaca et al., 2020) (Figure 1.5). 
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It should be noted that hydrolyzed collagen is mainly applied in cosmetic formulations 

because it offers better effects than native collagen thanks to its superior solubility at 

neutral pH, water-binding properties, and easy dermis penetration (Alves et al., 2017; 

Skov et al., 2019). Although hydrolyzed collagen can slightly penetrate the epidermis, it 

cannot replace the lost collagen of the skin (Venkatesan et al., 2017). In this regard, 

cosmetics industries are interested in subcutaneous injections and oral 

supplementations. Collagen injections have been popularly used for the repair of 

dermatological defects, as well as subcutaneous disorders, such as acne scars, and 

aging symptoms, thanks to collagen biodegradability, price and facility to be produced 

(Cockerham & Hsu, 2009). When collagen is injected into the dermis, it seems that 

collagen promotes the biosynthetic capacity of fibroblasts and the formation of an optimal 

physiologic environment and, thus, increases cell activity, hydration, and the synthesis 

of collagen (Ganceviciene et al., 2012). Alternatively, the positive effect of oral collagen-

based supplements on skin appearance has been recently observed (Wang et al., 2018). 

The fast digestibility of bioactive collagen peptides in the form of liquids, pills or functional 

foods seems to contribute to the increase of fibroblast density and, hence, to the 

production of collagen. In that way, several studies have shown the efficacy of the daily 

bioactive collagen peptides supplementation in the skin hydration, wrinkling, elasticity 

and density (Genovese, Corbo & Sibilla, 2017; Ito, Seki & Ueda, 2019; Kim et al., 2018). 

 Besides cosmetics applications, several recent studies have reported the 

potential of collagen in functional foods and health care applications in form of pills and 

beverages (Bilek & Bayram, 2015; Guo et al., 2015; Pal & Suresh, 2016). On the one 

hand, collagen peptides were found to increase the fatty acid metabolism and fats burn, 

and reduce hypertension and hyperlipidemia. Additionally, they can inhibit the fatty acid 

synthesis of the liver, decreasing hepatic fat accumulation (Ishak & Sarbon, 2018). On 

the other hand, they enhanced insulin sensibility and reduced blood sugar levels, which 

could be attributed to their antioxidant property (Lauritano & Ianora, 2016). Therefore, 
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bioactive collagen peptides are used to prevent and treat obesity and type 2 diabetes, 

inducing the weight loss and reestablishing lipid and blood glucose level (Astre et al., 

2018). In this regard, other studies reported that the ingestion of food or drinks enriched 

with hydrolyzed collagen can help on wound healing, bone formation, mineral density 

and osteoarthritis (Sato, 2017; Suresh et al., 2015). Collagen is also in demand within 

the sport nutrition field, nutraceutical industry offers dietary supplements intended to 

sport nutrition field boost, since it can increase lean muscle, decrease recovery time, 

reconstruct damaged joint and improve cardiovascular performance (Oertzen-

Hagemann et al., 2019). 

1.4.2 Gelatin for food industry 

 Collagen and gelatin have also found wide application in food industry as food 

additives or packaging materials (Figure 1.5). Gelatin is incorporated in foods during the 

food processing to modify color, texture, flavor and consistence, among others food 

properties. However, the prevalent applications of gelatin are as food stabilizers and 

consistence enhancers to form stable gels, emulsions or foaming (Mardani et al., 2019; 

Yang et al., 2020). The most popular single use of gelatin as gelling agent may be in 

water gel desserts, due to its unique melt-in-the-mouth property, but it is also commonly 

used to form insoluble cross-linked hydrogels that maintain their shape after water 

uptake equilibrium (Huang et al., 2019; Li et al., 2021). Additionally, heat-treated collagen 

fibers have been used as emulsifiers, as natural alternatives to synthetic emulsifiers, 

especially in acidic products. For example, the incorporation of collagen improves the 

rheological properties and avoid the fat cap of the oil-in-water emulsions of sausages 

(Fustier et al., 2015; Huang et al., 2020). In this context, thanks to their antioxidant 

activity, collagen hydrolysates have been frequently used to inhibit the peroxidation of 

lipids whose reaction products are dangerous for human health (Bolognesi, Spier & 

Rocha Garcia, 2020). This antioxidant activity is generally associated to the radical 

scavenging capacity of the imidazole group of histidine (Pan et al., 2020). 
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 In recent years, collagen-based films and coatings have played an important role 

in the development of sustainable packaging materials to protect, maintain, and extend 

the shelf life of foods (Moreno et al., 2018; Pellá et al., 2020). Generally, food-packaging 

materials are required to act as a barrier against the migration of oxygen and moisture, 

as well as to preserve the sensory qualities and prevent fat oxidation, discoloration, and 

microbial activity (Regubalan et al., 2018). In this context, gelatin has been widely studied 

thanks to its film-forming ability, biodegradability and good gas barrier properties. 

However, it has poor mechanical strength, and due to its high hygroscopic nature, it 

tends to swell and dissolve when it is in contact with food with high moisture content, 

limiting its direct application in food packaging (Jiang et al., 2020; Liu et al., 2020). 

Therefore, chemical or physical methods, such as crosslinking (Beghetto et al., 2019; 

Tonndorf, Aibibu, & Cherif, 2020; Uranga et al., 2020; Wu et al., 2019) or combination 

with other biopolymers (Bhuimbar, Bhagwat & Dandge, 2019; Hou et al., 2020; Zhuang 

et al., 2017), are carried out to improve those properties. Crosslinking reduces the 

mobility of gelatin chains, improving dimensional stability, water and heat resistance, 

barrier and mechanical properties (Huang et al., 2019). 

 The production of sausage casings using coextrusion process has been the best-

known industrial application of collagen and gelatin films. However, the strong sensitivity 

of gelatin to moisture reduces the barrier and mechanical properties of the casings (Chen 

et al., 2019; Tosati et al., 2017), and multilayered structures can be a strategy to 

overcome this kind of weakness, where layers with different moisture and oxygen barrier 

properties are combined in order to comply the required specific package conditions 

(Figueroa-Lopez et al., 2018; Nilsuwan et al., 2020; Wang et al., 2020). 

 In recent years, gelatin has been reported to be one of the first materials used as 

a carrier of bioactive substances. Gelatin films and coatings can be functionalized with 

the incorporation of natural antioxidants and antimicrobial components, obtaining active 

packaging. Many bioactive components have been reported for active packaging but, in 
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the last years, there is a growing interest in using plant extracts like rosemary (Yeddes 

et al., 2020), grape (Rodrigues et al., 2020), lemon (Jiang et al., 2020), and oregano 

(Hernández-Nava et al., 2020). Since those extracts may be readily inactivated by 

exposure to light, heat, and oxygen (Molino et al., 2020), several researchers have tried 

to embed solid, liquid, or gaseous materials in microcapsules in order to entrap functional 

components in a carrier, protect them, and control their release (Mohseni & Goli, 2019). 

Moreover, encapsulation may be a useful solution to minimize the taste and odor of some 

vegetable extracts. Thus, encapsulation technology could be used to manufacture 

functional food formulations based on gelatin (Kuai et al., 2020; Paula et al., 2019; 

Rezaee et al., 2018; Yüksel & Şahin-Yeşilçubuk, 2018). 

1.4.3 Collagen for biomedical use 

 Tissue engineering is a multidisciplinary field that combines the knowledge of 

engineering and biology in order to develop tissue substitutes capable of replace or 

improve damaged tissues or organs. The methodology of this science is based on the 

integration of cells, biologically active molecules and materials, recreating in that way the 

native structure (Langer & Vacanti, 1999). In that context, the material acts as a template 

to provide structural integrity, define a potential space, guide the restructuring while 

regeneration, permit diffusion of the nutrients and gas, and provide mechanical 

characteristics needed for the cell proliferation (Hollister, 2009). In other words, the 

material attempts to shape the cell microenvironment (Figure 1.6). 

 Originally, biomaterials used in the field of biomedicine tended to be inert, such 

as metals and ceramics, in order to avoid any eventual immune response. However, with 

the course of time and a better awareness of cellular biology, the use of new materials 

such as polymers, both natural and artificial, emerged. These materials not only comply 

with the function of a scaffold, but they are able to interact with the organism, contributing 

to an active regeneration. A promising approach has been the use of natural polymers, 
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as they have an inherent interaction with the organism, facilitating the development of 

new tissues while enhancing regeneration. The most widely used among them is 

collagen, as the major structural component of the native extracellular matrix (O’Brien, 

2011). Thus, collagen presents high biocompatibility, biodegradability and malleability. 

However, collagen by its own forms fiber-like structure scaffolds that exhibit poor 

mechanical properties, making necessary the modification of the material for its optimal 

effectiveness (Benayahu et al., 2018, 2020; Yang, Best, & Cameron, 2016). One of the 

strategies employed is the combination of collagen with other natural polymers. The 

combination of collagen and chitosan is largely employed due to its great potential in 

tissue engineering applications (Shah et al., 2019). Chitosan offers high biocompatibility, 

moderate degradation, and antimicrobial effect, among other characteristics. By the 

addition of chitosan, sheet-like structures with enhanced integrity, mechanical properties 

and better viability are obtained (Hayashi et al., 2012; Hollister, 2009; McBane et al., 

2013). According to the literature, the collagen-chitosan construct acquires suitable 

characteristics when higher concentrations of collagen (>50%) are employed, although 

a small proportion of chitosan is sufficient to achieve the desired mechanical properties 

while maintaining cell adhesion and proliferation (Pezeshki-Modaress, Zandi & Rajabi, 

2018). 

 Recently, physical and chemical strategies have been implemented in order to 

ensure that the characteristics of the materials are satisfied. On the one hand, 

mechanical features can be tuned by means of physical or chemical techniques. Those 

are based on the creation of non-covalent interactions through the use of UV light or 

temperature, among other agents (Guan et al., 2017). These are inexpensive and easy-

to-perform methods that prevent the introduction of possible cytotoxic chemical 

substances. However, the process is often hard to monitor and fails to achieve a 

sufficiently high level of crosslinking to meet mechanical requirements (Perez-Puyana et 

al., 2019). This is why the most common approach to overcome the limitations of 
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biomaterials, such as collagen-chitosan scaffolds, is chemical crosslinking. By this 

method, a chemical compound is added to the material and irreversible covalent bonds 

are created to interconnect molecules. This approach offers enhanced mechanical 

properties and an improvement in stability. However, the unreacted crosslinker inside 

the scaffold can lead to an increase in cytotoxicity together with subsequent processing 

difficulties caused by the reaction itself (Hennink & van Nostrum, 2012; Reddy, Reddy, 

& Jiang, 2015; Shah et al., 2019). 

 

 

 

 

 

 

 

 

 

Figure 1.6. Criteria to be considered when choosing or designing biomaterials.  

 There is a great diversity of chemical crosslinking agents according to the degree 

of improvement desired. In the case of artificial tissues based on collagen and chitosan, 

one of the most widely used chemical compounds is glutaraldehyde due to its great 

effectiveness but, even at concentrations higher than 10%, produces cytotoxicity (Liu, 

Ma, & Gao, 2012; Reddy, Reddy, & Jiang, 2015; Reyna-Urrutia et al., 2019). Additionally, 

tannic acid stands out for its antimicrobial, anti-inflammatory and antioxidant properties 

(Shah et al., 2019; Sionkowska, Kaczmarek, & Lewandowska, 2014), the combination of 
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N-ethyl-N'-(3-dimethylamino propyl) carbodiimide with N-hydroxysuccinimide (EDC-

NHS) enables the maintenance of the porous structure (Martínez et al., 2015; Reddy, 

Reddy, & Jiang, 2015), and citric acid permits the availability of the binding sites of both 

biomaterials making feasible further bioconjugations (Reddy, Reddy, & Jiang, 2015; 

Uranga et al., 2019). Finally, genipin is an aglycone present in the Gardenia jasminoides. 

This natural compound is effective at low concentrations, creating both intramolecular 

and intermolecular unions with primary amines of collagen and chitosan, and achieving 

a totally stable structure that maintains its original porosity (Perez-Puyana et al., 2019; 

Yan et al., 2010). The properties of collagen-chitosan scaffolds using the 

abovementioned crosslinking agents are summarized in Table 1.1.  

Table 1.1. Assessment of different crosslinking agents used in collagen-chitosan scaffolds based 

on the crosslinking effectivity or level, cytotoxicity, improvement of the biomechanical properties 

and morphology of the resulting structure. Differences between techniques are shown on a scale 

of ---/+++, with higher crosslinking level, cytotoxicity and biomechanical improvement 

corresponding to +++. 

AGENT 
CROSSLINKING 

LEVEL 
CYTOTOXICITY 

BIOMECHANICAL 
PROPERTIES 

REMAINING 
STRUCTURE 

PHYSICAL Temperature - -- ++ No change 

 Glutaraldehyde +++ + + 
Smaller 
pores 

CHEMICAL 

Tannic acid + - + 
High 

porosity 

EDC-NHS + - + No change 

Citric acid + - + 
Rougher 
surface 

Genipin ++ - + No change 

 

 Because of their excellent characteristics, particularly their malleability, the 

combination of collagen and chitosan has been used for the regeneration of a wide 

variety of tissues. One of the widest applications has been the regeneration of bone. It 

has been demonstrated that collagen-chitosan membranes have a higher elongation to 

fracture and lower rate of degradability, critical factors for bone regeneration, than those 

scaffolds formed only by collagen (Guo et al., 2020). In vitro, the collagen-chitosan 
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combination presents osteoid differentiation capacity, even in the absence of a specific 

differentiation medium, indicating the capacity of induction to self-differentiation 

(Georgopoulou et al., 2018; Wang et al., 2016a). In vivo, the collagen-chitosan constructs 

have also demonstrated optimal properties for guided bone regeneration. In this case, 

electrospun collagen-chitosan membranes allow the formation of new bone in models of 

calvarial bone defect. By week eight, the cranial defect was completely restored by 

massive and mature bone tissue (Guo et al., 2020; Lotfi et al., 2016). Similarly, collagen-

chitosan scaffolds, crosslinked with carbodiimide, were shown to promote cartilage 

regeneration in rabbit articular cartilage defects. New cartilage formation was observed 

as early as at 1 month, and by 6.5 months the cell number, collagen quantity, as well as 

compressive and storage moduli, approached to the normal cartilage (Whu et al., 2013). 

Recently, a porous collagen-chitosan scaffold enriched with hydroxyapatite, as a 

bioactive component, was developed (Campos et al., 2020).  

 Chitosan-collagen scaffolds approximate very closely the structural hierarchy, 

organization, biochemical composition, and functional features of native skin 

extracellular matrix. Furthermore, the combination presents hemostasis and antibacterial 

properties along with the potential to accelerate the synthesis of extracellular matrix 

compounds by fibroblast induction, thus, its potential use in skin tissue engineering. The 

microfiber structures may favor these properties since it has been shown that crosslinked 

collagen-chitosan microfiber scaffolds can control water loss by evaporation. In addition, 

the re-epithelization of wounds after 14 days of application of the scaffold, through guided 

infiltration of fibroblasts and remodeling of collagen in synchrony with the degradation of 

the scaffold, has been demonstrated (Sarkar et al., 2013). In skin tissue engineering, the 

thickness of the graft is crucial, as this influences the effectiveness of the construct 

implantation. Thinner scaffolds, especially 0.5 mm thick, have been shown to promote 

ordered fibroblast infiltration and better collagen remodeling. By week 16 after 

implantation in skin defects, such implants showed total degradation together with 
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complete replacement with new well-arranged host tissue, newly formed vessels, and 

76% of the tensile strength of native skin (Haifei et al., 2014). 

 Recently, some attempts have been made to use collagen-chitosan combination 

in diseases related to the neural tissue such as spinal cord injury. In this case, 3D printed 

scaffolds could have significant therapeutic effects by bridging axons across the fracture 

and allowing the mobility of cells, partially re-establishing a microenvironment for axonal 

regeneration. Once implanted in rat models, nerve-fiber regeneration as well as 

neurological and locomotor recovery were achieved (Sun et al., 2019). 

1.4.4 Future trends and opportunities 

 In the biomedical field, major efforts are being focused on adapting the properties 

of collagen and chitosan constructs to clinical demands. In this sense, the development 

of additive manufacturing techniques has meant a great advance in the field, as they 

allow the rapid and reproducible manufacture of complex 3D shapes. Recently, the 

emergence of a novel and innovative 4D printing has allowed the combination of 

traditional and smart materials. These possess features that allow to respond to external 

stimuli (heat, moisture, light, magnetic field or pH), adapting their properties to the 

microenvironment (change shape or color, produce an electrical current, become 

bioactive, or perform an intended function). 4D printing benefits from the property of 

smart materials to have dynamic responses and to control the construct spatially and 

temporally. Moreover, 4D printing eliminates the need for external devices or methods 

for post-processing. Therefore, 4D printing can cause a disruptive effect in the medical 

field, since it represents a great potential for non-invasive and remoted-control therapies, 

such as drug delivery, biosensors or regenerative medicine. Considering that each model 

in medicine varies from patient to patient, 4D printing could allow the achievement of 

effective personalized medicine (Lui et al., 2019; Mantha et al., 2019; Piedade, 2019; 

Shie et al. 2019; Tamay et al., 2019). 
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2.1 MATERIALS AND REAGENTS 

 Bovine and porcine collagen obtained from trimmings and the splitting-derived 

residues supplied by Tenerias Omega (Navarra, Spain) were used as the main 

component of the formulations. The amino acid composition of bovine and porcine 

collagen are showed in Table 2.1. Pure glycerol (pharmaceutical grade), provided from 

Panreac (Barcelona, Spain), was used as plasticizer. Acetic acid, purchased from 

Panreac, and distilled water were used for sample preparation.  

Table 2.1. Amino acid composition of bovine and porcine skin native collagen (expressed as 

residues/1000 residues). 

Amino acid Bovine collagen Porcine collagen 

Aspartic acid 45.3 43.0 

Threonine 16.1 15.3 

Serine 37.0 33.7 

Glutamic acid 72.5 71.5 

Glycine 330.9 336.7 

Alanine 109.7 108.2 

Valine 18.7 20.4 

Methionine 6.0 6.6 

Isoleucine 10.3 8.2 

Leucine 28.8 23.4 

Tyrosine 5.7 4.4 

Phenylalanine 15.6 14.8 

Hydroxylysine 6.7 5.8 

Lysine 25.7 29.3 

Histidine 4.5 3.8 

Arginine 45.4 44.7 

Hydroxyproline 98.1 91.2 

Proline 122.9 129.7 

Imino acids 221.0 43.0 
 

 Zinc oxide nanoparticles (Ø < 100 nm, specific surface of 10–25 m2/g), high 

molecular weight (HMW, batch MMBC0059, 375 kDa) and low molecular weight (LMW, 

batch MKBB9037, 190 kDa) chitosan with a deacetylation degree higher than 75% 

provided by Sigma-Aldrich (Madrid, Spain), anhydrous citric acid powder (purity of 

99.5%) supplied by OPPAC (Navarra, Spain), aloe vera powder obtained from Agora 

Valencia (Valencia, Spain), tetrahydrocurcumin gifted by Sabinsa Corporation (New 

Jersey, USA), choline dihydrogen phosphate ([Ch][DHP], > 98%) and choline serinate 

([Ch][Seri], > 95%, 60% in H2O) supplied by IOLITEC GmbH (Germany), and sheep wool 

obtained from Landazurieta farm (Alava) were used as additives in collagen formulations.  
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2.2 SHEET PREPARATION 

 Bovine collagen was obtained through the technology described in “Process of 

obtaining collagen from the skin of an animal” patent (PCT/ES2011/070467, 2013). 

Bovine skin was pretreated in an alkaline solution at 80 ºC for 10 min in a tanning drum 

in order to soften it and facilitate the subsequent processing.  

 Then, collagen, 25 wt % glycerol (based on dry collagen) and different amounts 

of citric acid (2.5, 5.0, 7.5, and 10.0 wt % based on dry collagen) were mixed for 15 min 

in laboratory rollers, previously heated at 55 ºC, until total homogenization of the mixture. 

After that, the mixtures were pressed by compression at 80 ºC and 300 bar, obtaining 

rectangular sheets with an average thickness of 1.30 mm. Sheet systems were 

designated as CA2.5, CA5.0, CA7.5 and CA10.0 as a function of citric acid content. 

Sheets without citric acid were produced and designated as control sample.  

 The sheets were conditioned in a controlled environment chamber (ACS 

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

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

(Mitutoyo Spain, Elgoibar, Spain) and the obtained values were 1.42 ± 0.13 mm. 

2.3 FILMS AND SCAFFOLDS PREPARATION 

2.3.1 Treatments 

 Bovine and porcine skins were treated with NaOH 1 M at room temperature for 

12 h. Afterwards, these samples were neutralized with phosphate buffer saline (PBS) at 

pH 7.4 for 3 h. These samples were designated as native collagen. Finally, native 

collagen was grinded and freeze-dried in order to facilitate the subsequent processing. 

 In order to remove impurities, wool fibers h were washed twice with tap water and 

soap, and dry in an oven at 30 °C for 48 h before being used. 
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2.3.2 Films by solution casting 

 Bovine collagen films with different ZnO nanoparticles (NPs) contents (0, 2, 4, 6 

and 8 wt % based on dry collagen) were prepared by solution casting. Hence, native 

collagen, 20 wt % glycerol (based on dry collagen) and ZnO NPs were incorporated into 

0.5 M acetic acid (1:20 collagen/acetic acid ratio). The blends were maintained at room 

temperature under mechanical stirring at 150 rpm for 3 h and then, poured into Petri 

dishes and left dry at room temperature to obtain the films. Film were designated as 

2ZnO, 4ZnO, 6ZnO and 8ZnO as a function of ZnO NPs content. Films without ZnO were 

produced and designated as control films.  

 Bovine collagen films with 30 wt % (based on dry collagen) LMW chitosan or 

HMW chitosan were prepared by solution casting. Firstly, chitosan was dissolved in 0.5 

M acetic acid (1:20 collagen/acetic acid ratio) under continuous stirring for 30 min and 

then, native collagen and 20 wt % glycerol (based on dry collagen) were added. The 

blend was maintained under mechanical stirring for 3 h and then, poured into petri dishes 

and left drying at room temperature to obtain the films. Films were designated as HMW 

and LMW, as a function of chitosan. Films without chitosan were prepared and 

designated as control films.  

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

at 25 ºC and 50% relative humidity for 48 h before testing. The film thickness was 

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

(Mitutoyo Spain, Elgoibar, Spain) and the obtained values were 42 ± 16 μm in collagen-

ZnO NPs films and 265 ± 55 μm in collagen-chitosan films. 

2.3.3 Films by compression molding 

 Aloe vera containing porcine collagen films were prepared by compression 

molding. Native collagen, aloe vera (0, 10, 20 and 30 wt % based on dry collagen), 20 
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wt % glycerol (based on dry collagen) and 0.05 M acetic acid (1:1 collagen/acetic acid 

ratio) were manually mixed and pastes were stored in a plastic bag for 24 h at room 

temperature for dough hydration. Then, the hydrated dough was thermally molded using 

a Specac laboratory press. The dough was placed between two aluminum plates, put 

into the press, previously heated up to 90 ºC for 30 s, and then pressed at 0.5 MPa for 

1 min to obtain the films. It is worth noting that those temperature and pressure conditions 

were selected since no film could be obtained at lower temperatures and pressures. 

Three film systems were produced and designated as AV10, AV20 and AV30, as a 

function of aloe vera content. Films without aloe vera were prepared and designated as 

control films. 

 Bovine collagen films with 0.1 wt % [Ch][DHP], 0.1 wt % [Ch][Seri] or 5 and 10 wt 

% wool (all additives on dry collagen basis) were prepared by compression molding. 

Collagen, additives, 20 wt % glycerol (based on dry collagen) and 0.5 M acetic acid (1:2 

collagen/acetic acid ratio) were mixed using a T25 ultra-turrax (IKA, Germany) until 

homogeneous pastes were achieved (2000 rpm, 2 min). Then, hydrated doughs were 

molded by hot-pressing (Specac press). The dough was placed between two aluminum 

plates, previously heated up to 50 °C for 30 s, and then pressed at 0.5 MPa for 1 min to 

obtain the films. It is worth noting that the compression temperature was determined by 

rheological analysis. Films were designated as 5wool (sample with 5 wt % wool), 10wool 

(sample with 10 wt % wool), CDHP (sample with 0.1 wt % [Ch][DHP]) and CS (sample 

with 0.1 wt % [Ch][Seri]). Films without ILs or wool were prepared and designated as 

control films. 

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

at 25 ºC and 50% relative humidity for 48 h before testing. The film thickness was 

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

(Mitutoyo Spain, Elgoibar, Spain) and the obtained values were 59 ± 13 μm in AV 

containing films and 20-30 μm in ILs and wool containing films.  
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2.3.4 Freeze-drying 

 Bovine collagen scaffolds with 30 wt % (based on dry collagen) HMW or LMW 

chitosan were prepared by freeze-drying. Hence, chitosan was dissolved in 0.5 M acetic 

acid (1:20 collagen/acetic acid ratio) under continuous stirring. Then, collagen and 20 wt 

% glycerol (based on dry collagen) were added and the blends were maintained under 

mechanical stirring for 3 h at 125 rpm. Then, the blends were poured into each well of a 

12 multiwell plate (Costar 3513, Corning Incorporated), and the plate was frozen for 24 

h at -23 ºC and then freeze-dried (Alpha 1-4 LDplus freeze-dryer, CHRIST) for 48 h. 

Finally, cylinder-shaped chitosan-collagen samples (2.26 cm diameter and 1 cm height) 

were taken out from the wells and neutralized by immersion into 0.4 M NaOH solution 

for 15 min and subsequently rinsed in water. In that way, amino groups of chitosan were 

deprotonated, leading to the disappearance of ionic repulsions and favoring physical 

crosslinking with collagen. The scaffolds were designated as HMW and LMW as a 

function of chitosan. Scaffolds without chitosan were prepared and designated as control 

scaffolds. All scaffolds were conditioned in a controlled environment chamber (ACS 

SU700V) at 25 ºC and 50% relative humidity for 48 h before testing. 

2.3.5 3D Printing 

 Tetrahydrocurcumin (THC) containing porcine collagen scaffolds were prepared 

by 3D printing. Native collagen, THC (0, 2, 4, 6 wt % based on dry collagen) and 0.5 M 

acetic acid (1:5 collagen/acetic acid ratio) were mixed by using ultra-turrax T25 (IKA, 

Germany) until homogeneous pastes were achieved. The mixing process (2000 rpm, 2 

min) was carried out in a cold bath to prevent the dough from heating up. Finally, the 

mixtures were stored in light-protected syringes at 4 ºC ± 1 until use. Scaffolds were 

designated as THC2, THC4, and THC6, as a function of THC content. Films without THC 

were prepared and designated as control sample. 
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 In the 3D printing process, Cura (Ultimaker Cura 4.6.1 Software, Utrecht, The 

Netherlands) was used to design the scaffolds as cylindrical mesh (21 mm diameter; 0.9 

mm height) with infill of 75% (340 μm pore diameter). Collagen scaffolds were fabricated 

at a printing temperature of 35 ºC using a syringe-based extrusion 3D DomoBIO printer 

(Domotek, Tolosa, Spain). The 3D printing speed was set at 3 mm/s through a G18 

nozzle with an inner diameter of 0.84 mm. The temperature of the 3D-printer bed was 

fixed at 25 ºC with a layer height of 0.3 mm. No post-processing treatment was carried 

out. All scaffolds were conditioned in a controlled environment chamber (ACS SU700V) 

at 25 ºC and 50% relative humidity for 48 h before testing. 

2.4 THERMAL CHARACTERIZATION 

2.4.1 Thermo-gravimetric analysis (TGA) 

 The thermal stability of samples was measured by using the Mettler Toledo 

TGA/SDTA 851 thermo-balance. Dynamic scans from 25 to 750 °C were carried out at 

a constant rate of 10 °C/min under inert atmosphere (10 mL N2/min) to avoid thermo-

oxidative reactions. 

2.4.2 Differential scanning calorimetry (DSC) 

 DSC measurements were performed by a Mettler Toledo DSC 822. Samples (3.0 

± 0.2 mg) were subjected to a heating ramp from 25 to 250 °C at a rate of 10 °C/min 

under inert atmosphere (10 mL N2/min) to avoid oxidative reactions. In the case of aloe 

vera containing samples, -50 - 250 ºC was the temperature range used. In the case of 

aloe vera and ZnO NPs containing collagen samples, those were subjected to a two-

heating ramp at the same conditions, firstly from 25 to 125 ºC and then from 25 to 250 

ºC. Sealed aluminum pans were used to prevent mass loss during the experiments. 
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2.4.3 Dynamic mechanical analysis (DMA) 

 Thermo-mechanical measurements of ZnO NPs containing collagen films were 

performed using a DMA Explexor 100 N, Gabo Qualimeter (JM Toneu, Spain). 

Experiments were performed in a temperature range from −100 °C to 250 °C at a heating 

rate of 2 °C/min. The measurements were carried out under tension at a constant 

frequency of 1 Hz and the strain applied was fixed at 0.05%. 

2.5 RHEOLOGICAL EVALUATION 

 The viscoelastic properties of THC, ILs and wool containing collagen mixtures 

were studied at 35 ºC by a Thermo Scientific Haake Rheostress1 Rheometer (IFI S.L., 

Vigo, Spain), equipped with serrated plate-plate geometry (diameter of 35 mm). The gap 

between plates was 1 mm. Firstly, strain sweep tests were carried out at a constant 

frequency of 1 Hz and between 0.01% and 100% strain to determine the linear 

viscoelastic range (LVR) and the critical strain of the LVR.  

 In collagen-THC mixtures, frequency sweep test at a strain within the LVR was 

carried out between 0.01 and 50 Hz to obtain loss tangent (tag δ), elastic (G') and viscous 

(G'') moduli. Finally, the shear flow test was carried out in the shear rate (ɣ̇) range from 

0.1-50 s-1 using the same probe and gap. Samples were left running for 5 min before the 

test started to stabilize temperature and allow residual stress to relax. 

 The obtained flow data were fitted to the Williamson model for shear-thinning 

materials: 

𝜂 =
𝜂0

1 + (𝑘 · 𝛾)̇(1−𝑛)
 

where is the viscosity, is the limiting viscosity at low shear rate, k is the consistency 

coefficient and n is a shear-thinning index (Williamson, 1929).  
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 Additionally, a master curve of flow rate was obtained in order to describe the 

flow behavior of the doughs. A time-concentration superposition was made; first, using 

a vertical shift, given by a normalization with the η0 of each dough; then, a horizontal shift 

specified by a time-concentration factor, ac (Álvarez-Castillo et al., 2021). Finally, the 

master curve was fitted to Williamson’s model: 

𝜂 =
𝜂0

1 + (𝑘 𝑎𝑐 · 𝛾)̇(1−𝑛)
 

 Moreover, the flow behavior of collagen doughs at 3D printing processing 

conditions can be assessed by the Weissenberg-Rabinowitsch equation: 

�̇�𝑤 = �̇�𝑤𝑁

(3𝑛 + 1)

4𝑛
 

where n is the flow index, ɣ̇w is the shear rate at the wall, ɣ̇wN = (8V/D) is the nominal 

shear rate, D is nozzle diameter, and V is the average inlet velocity of the fluid (Chhabra 

& Richardson, 1999). 

 Additionally, in ILs and wool containing collagen mixtures, temperature sweep 

was carried out from 35 ºC to 70 ºC to obtain elastic (G’) and viscous (G”) moduli, as well 

as the complex viscosity (*), with the frequency fixed at 1.0 Hz and the strain at 1%. 

2.6 PHYSICOCHEMICAL CHARACTERIZATION 

2.6.1 Fourier transform infrared (FTIR) spectroscopy 

 Fourier transform infrared (FTIR) spectra were recorded on a Nicolet 380 FTIR 

spectrometer equipped with horizontal attenuated total reflectance (ATR) crystal (ZnSe). 

A total of 32 scans were made at 4 cm−1 resolution. All spectra were smoothed using the 

Savitzky–Golay function. Second-derivative spectra of the amide region were used at 

peak position guides for the curve fitting procedure of CA sheets, and ZnO NPs and 

chitosan containing films, using OriginPro 2019b software. 
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2.6.2 Moisture content (MC) and mass loss (ML) 

 To determine MC, samples were weighed (w0) and then freeze-dried. After that, 

samples were reweighed (w1) and MC was calculated as:   

MC (%)=
w0-w1

w0

x 100 

 Mass loss values were calculated using dried specimens. Samples were 

immersed into 200 mL of PBS for 5 days and then, samples were reweighed (w2). Mass 

loss for three specimens of each sample was calculated as: 

ML(%)=
w1-w2

w1

x 100 

2.6.3 Water uptake (WU) measurements 

 In order to study the water uptake of films or scaffolds, first, three rectangular 

pieces (1 cm x 2 cm) of films or scaffolds were weighed (wi) and submerged into PBS. 

Then, samples were reweighed at specific times (wt), until getting constant values. The 

water uptake (WU) was calculated by the following equation: 

WU (%)=
wt-wi

wt

x 100 

2.7 MORPHOLOGICAL CHARACTERIZATION 

2.7.1 Scanning electron microscopy (SEM) 

 The morphology of the samples was visualized using an S-4800 scanning 

electron microscope. Samples were mounted on a metal stub with double-side adhesive 

tape and coated under vacuum with gold, using a JEOL fine-coat ion sputter JFC-1100 

(Izasa, Spain) in an argon atmosphere prior to observation. All samples were examined 

using an accelerating voltage of 10 kV.  
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2.7.2 X-ray diffraction (XRD) 

 XRD analysis of the samples was performed with a diffraction unit PANalytical 

Xpert PRO, operating at 40 kV and 40 mA. The radiation was generated from a Cu-Kα 

(λ= 1.5418 Å) source. The diffraction data were collected from 2θ values from 2 to 50º, 

where θ is the angle of incidence of the X-ray beam on the sample. 

2.7.3 X-ray photoelectron spectroscopy (XPS) 

 XPS of chitosan-collagen scaffolds was performed in a SPECS spectrometer 

using a monochromatic radiation equipped with Al Kα (1486.6 eV). The binding energy 

was calibrated by Ag 3d5/2 peak at 368.28 eV. All spectra were recorded at 90º take-off 

angle. Survey spectra were recorded with 1.0 eV step and 40 eV analyzer pass energy 

and the high-resolution regions with 0.1 eV step and 20 eV pass energy. All core level 

spectra were referenced to the C 1s neutral carbon peak at 284.6 eV. Spectra were 

analyzed using the CasaXPS 2.3.19 PR1.0 software, and peak areas were quantified 

with a Gaussian-Lorentzian fitting procedure. 

2.8 BARRIER PROPERTIES 

2.8.1 Water contact angle (WCA) 

 Water contact angle measurements of chitosan and aloe vera containing films 

were performed using a DataPhysics OCA 20 contact angle system. A 3 μL droplet of 

distilled water was placed on film surface to estimate its hydrophobic or hydrophilic 

character. The image of the drop was captured using SCA20 software. 

2.8.2 Water vapor permeability (WVP) and water vapor transmission rate 

(WVTR) 

 WVP of ZnO containing collagen samples and WVTR of chitosan containing 

collagen samples was determined in a controlled humidity environment chamber 
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PERME™ W3/0120 (Labthink Instruments Co. Ltd., China), according to ASTM E96-00 

(ASTM, 2000). Circles of 7.40 cm diameter, with a test area of 33 cm2, were cut. The 

setup was subjected to a temperature of 38 °C and a relative humidity of 90%. Water 

vapor transmission rate (WVTR) was calculated by the following expression: 

WVTR (
g

s cm2
) =

G

t x A
 

where G is the change in weight (g), t is time (s), and A is the test area (cm2). WVP was 

calculated as: 

WVP (
g

cm s Pa
) =

WVTR x L

ΔP
 

where L is the thickness of the test specimen (cm) and ΔP is the partial pressure 

difference of the water vapor across the film (Pa). WVP was calculated and reported for 

three specimens of each sample. 

2.8.3 Ultraviolet-visible (UV-vis) spectroscopy 

 The light-barrier properties of films were determined by measuring their light 

absorption at wavelengths ranging from 200 nm to 800 nm, using a UV-Jasco 

spectrophotometer (Model V-630). 

2.9 MECHANICAL PROPERTIES 

2.9.1 Tensile test 

 Tensile strength (TS) and elongation at break (EB) of films were measured 

according to ASTM D 638-03 standard (ASTM, 2003) using a MTS Insight 10 

electromechanical testing system (MTS, Spain) at room temperature. Five specimens 

for each sample were cut into bone-shaped samples of 4.75 mm × 22.25 mm and tensile 

tests were performed at a constant deformation of 5 mm/min for citric acid containing 

collagen sheets and 1 mm/min for aloe vera, ZnO NPs and chitosan containing films.  
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 Tensile strength (TS) and elongation at break (EB) of ILs and wool containing 

collagen films were measured at room temperature, using a Linkam Scientific 

Instruments TST 360. 10 specimens for each sample were cut into rectangular-shaped 

samples of 30 mm × 10 mm and tensile tests were performed at a constant deformation 

of 50 μm s-1 with a load cell of 20 N. 

2.9.2 Compression test 

 Compression tests of chitosan-collagen scaffolds were performed using a TA.XT 

plusC Texture Analyzer (Stable Micro Systems) equipped with a 50 kg load cell. The 

analysis was carried out using a 50 mm Dia Aluminium Radiused AACC probe. The 

crosshead speed was set at 1 mm/s and the activation force was 0,05 N. All samples 

were tested at room temperature and load was applied until the specimen was 

compressed to 80% of its original height. The software used for the analysis was 

Exponent 7,0,7,0. For the tests with hydrated scaffolds, samples were immersed into 

PBS until water uptake equilibrium (120 min). The compression test of hydrated scaffolds 

was carried out 4-fold since scaffolds recovered their initial size at the end of each 

compression. 

2.10 ELECTRICAL AND DIELECTRICAL PROPERTIES 

 Electrical properties of ZnO containing collagen films were analyzed by a Keithley 

4200-SCS equipment for semiconductors analysis in a Faraday cage at room 

temperature. Two point measurements were carried out with a homebuilt dispositive, 

performing linear scans from −20 to 20 V in order to obtain intensity vs voltage curves. 

The films were placed in contact with two copper sheets, adhered in turn to 

polycarbonate plates; two copper wires, which came up from the copper plates, were put 

in contact with the electrodes of the equipment to close the electric circuit. The distance 

between the two electrodes was 2 mm. The dimensions of the samples were 1.0 cm2 

section and 0.25 mm height. 
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 The DC volume electrical conductivity (σ, S/cm) of ILs and wool containing films 

was obtained after measuring the characteristic I-V curves at room temperature with an 

applied voltage between ± 10 V using a Keithley 487 picoammeter/voltage source 

(Barcelona, Spain). Previous to the measurements, the samples were coated on both 

sides with 5 mm circular diameter electrodes and σ was calculated as: 

𝜎 =
𝑑

𝑅. 𝐴
 

where d is thickness, R is the resistance of the sample, and A is the electrode area. 

 Dielectric measurements of ILs and wool containing films were also performed 

using a Quadtech 1920 LCR precision meter. The capacity and tan δ were obtained at 

room temperature in the frequency range of 1 kHz to 1 MHz with an applied voltage of 

0.5 V. Then, the real part (ε’) of the dielectric function was obtained: 

휀´ =
𝐶. 𝑑

휀0. 𝐴
 

𝑡𝑎𝑛 𝛿 =
휀′′

휀′
 

where C is the capacitance (F), εo is the permittivity of free space (8.85×10-12 F·m-1), A 

is the electrode area (m2) and d is the thickness of the sample (m).  

The AC electrical conductivity was calculated as: 

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.  

2.11 BIOACTIVE RELEASE 

 UV-vis spectroscopy (V-630 UV-Jasco spectrophotometer) was used to 

determine the THC release of collagen scaffolds in PBS solution (pH = 7.4). Firstly, the 
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wavelength of maximum absorbance for THC in PBS was measured (λmax 280 nm) and 

then, standard solutions of THC were prepared over a concentration range (3.906-1000 

ppm) to establish a calibration curve (y = 0.0004x + 0.0683; R2= 0.9635).  

 THC release was determined by immersing the scaffolds in PBS solution (10 mL) 

at room temperature for 2 d. Aliquots (3 mL) were withdrawn at specific times (4, 6, 8, 

24, 30 and 48 h), replaced with fresh buffer and analyzed by UV-Vis spectroscopy at 280 

nm. All tests were carried out in triplicate for the evaluation of each composition. 

 The THC release data were kinetically evaluated by Korsmeyer-Peppas models: 

𝑀𝑡

𝑀 ∞
 = 𝑘𝑡𝑛 

where Mt/M∞ is the fraction of drug released at time t and k is Korsmeyer-Peppas related 

to the properties of the delivery system, such as its structural and geometric properties, 

n is the release exponent that shows the release mechanism: from n < 0.45, a pseudo-

Fickian diffusion mechanism; n = 0.45 a Fickian mechanism; 0.45 < n < 0.89, an 

anomalous diffusion mechanism; and n = 0.89, a non-Fickian diffusion mechanism 

(Costa & Lobo, 2001). 

2.12 IN VITRO MUCOADHESION STUDY 

 Mucoadhesive properties of collagen-THC scaffolds were determined using 

TA.XT.Plus C Texture Analyzer (Aname Instrumentación científica, Spain) equipped with 

a 5 kg load cell and a 3.5 mm diameter cylinder probe. Type II mucin from porcine 

stomach (Sigma-Aldrich, Madrid, Spain) was used as biological substrate. Before 

testing, a filter paper was hydrated by immersion into a PBS solution of type II mucin (1.0 

wt %) for 5 min at 37 ºC.  

 The excess surface liquid was withdrawn and then, the substrate was horizontally 

kept on the cylinder probe. Samples of each formulation were packed into cylindrical 



 

39 
 

 2. MATERIALS AND METHODS 

vessels (15 mm diameter) and placed on an upper cylinder probe lowered at a constant 

speed of 1 mm/s until the mucoadhesive surface was reached. After keeping the contact 

time of 30 s under a force of 0.2 N, the probe with the attached sample was removed at 

a constant rate (1 mm/s). Texture Exponent 32 software was used to determine the 

maximum detachment force (Fmax), and the work of adhesion (Wadh). All measurements 

were performed with at least five replicates. 

2.13 DEGRADATION STUDIES 

 Degradation studies of chitosan-collagen films and scaffolds were conducted in 

order to determine the weight loss due to the hydrolytic and enzymatic degradation. To 

this end, 8 mm diameter samples were cut and weight (w0). Scaffolds were then washed 

with 70% ethanol for 30 min and irradiated with UV for 30 min to be sterilized. Following 

this, samples were exposed to the degradation agents and incubated at 37 ºC. At 

determined time points, films were freeze-dried and reweighed (wt). In the case of the 

scaffold, a single measurement was taken after 4 days. The degradation degree (DD) 

was calculated with the following equation: 

𝐷𝐷 (%) =
𝑤0 − 𝑤𝑡

𝑤0
𝑥 100 

 The hydrolytic degradation (HDD) was performed submerging the samples in 

PBS. To assess the enzymatic degradation (EDD), a collagenase P (Sigma-Aldrich, 

Spain) solution (0.5 mg/mL) in culture medium was used for films and collagenase D 

(Roche, Basel, Switzerland) solution (1 mg/mL) in culture medium for scaffolds. Every 

test was performed in three-fold. 

 Degradation studies of aloe vera containing collagen films were also performed 

in order to determine the weight loss due to the hydrolytic, cell-mediated and “simulated 

body fluid” degradation. Following this, samples (8 mm diameter) were exposed to the 

degradation agents and incubated at 37 ºC. At different time-points, the samples were 
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removed, freeze-dried and reweighed. The hydrolytic degradation (HDD) was performed 

submerging the samples in PBS. For cell-degradation (CDD) 30,000 cells of HS27 

fibroblasts scaffold were seeded per scaffold. To assess the “simulated body fluid” 

degradation (BFDD) of collagen, body fluid simulant (BFS) was added into the well. 

Every test was performed in triplicate. Every test was performed in five-fold. 

2.14 CYTOTOXICITY ASSAY 

 The cytotoxicity analysis of chitosan-collagen films was performed by direct 

contact of the films with L-929 fibroblasts (ATCC® 30-2003™), in accordance with the 

ISO 10993-5:2009 guidelines for biological evaluation of medical devices (ISO 10993-5, 

2009). Briefly, 35,000 cells/well were seeded in a 24-well plate with 500 μL of EMEM 

complete medium and incubated for 24 h at 37 °C. Then, the culture medium was 

aspirated and 600 μL of fresh medium were added, placing films of 8 mm diameter in 

contact with the seeded fibroblasts at the bottom of the well. After 48 h of incubation, the 

films were removed and the medium was replaced by 370 μL/well of CCK-8 (Sigma-

Aldrich, Spain) solution in medium (1:11). After 4 h of incubation, the absorbance was 

read with a plate reader (Infinite® 200 PRO series, Tecan Trading AG, Männedorf, 

Switzerland) at 450 nm using 650 nm as the reference wavelength. Cells without film 

exposure were used as 100 % viability group (blank). 

2.15 BIOCOMPATIBILITY ASSAY 

 The biocompatibility of aloe vera containing collagen films was determined. 

10,000 cells/cm2 were seeded into a 24 well plate in 200 μL of complete medium. After 

24 h of culture at 37 ºC and 5% CO2 atmosphere, samples were placed in contact with 

the cells. In accordance with the ISO 10993-5:2009 standard, a distinction was made 

between indirect and direct exposure to the material, by placing the samples on 

transwells or immediately on top of the cells, respectively. The scaffolds were previously 

sterilized by submerging in 70% ethanol for 10 min, UV for 30 min, and washed by 



 

41 
 

 2. MATERIALS AND METHODS 

dialysis in PBS for 72 h. Additionally, some wells were left without biomaterial to be 

included subsequently as positive and negative controls. All wells were supplemented 

with 300 μL of culture medium. The following assays were performed in order to evaluate 

the biocompatibility of HS27 cells under the exposure of the film based on porcine 

collagen and 20% aloe vera. 

 On the one hand, cell mortality was assessed according to plasma membrane 

integrity. The Cell-Tox Green Cytotoxicity Assay (Promega #G8742) was used for this 

purpose. To this end, the protocol recommended by the manufacturer was followed. 

Briefly, the dye was added to the different wells by diluting it with the medium in a ratio 

of 1:1000 and incubated for 15 min protected from light, after which the fluorescence was 

measured. 

 On the other hand, metabolic activity was measured based on the reductive 

capacity of the cells. In this case, the Cell Counting Kit-8 colorimetric assay (Merck 

#96992) was used. Following the manufacturer’s recommendations, and after several 

washes with PBS to remove the products from the previous assay, the compound was 

added and the absorbance was measured after 2 h of incubation. 

 In addition to the study conditions, positive and negative controls were included. 

For the first ones (CTR+), cells seeded in the same conditions but without biomaterial 

were used. For the negative controls (CTR-), cells treated with the lysis buffer provided 

by Promega’s kit were used to cause cell death. Assays were conducted at exposure 

days 1, 2, 4, and 7, with each condition being analyzed in triplicate. Once the results 

were obtained, they were relativized to the controls. In the case of mortality, the CTR- 

was considered as 100% of mortality, and 0% the CTR+; while in the assay of metabolic 

activity they were considered inversely. 

2.16 CELL CULTURE 

 The cell culture of aloe vera containing films was analyzed. Following the 
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recommendations of the ISO 10993-5:2009 guidelines for biological evaluation of 

medical devices, HS27 (ECACC) cells were cultured on complete medium that was 

composed of Dulbecco’s modified Eagle’s medium (Sigma) supplemented with 10% (v/v) 

inactive FBS (Sigma), 1% (v/v) penicillin-streptomycin (Lonza) and 1% (v/v) L-glutamine 

(Gibco) at 37 ºC in a humidified incubator with a 5% CO2 atmosphere. All the biological 

assays were carried out in aseptic conditions and the cell passages were performed 

weekly depending on the cell confluence. At the fifth passage HS27 cells were collected 

by 0.05% trypsin (Sigma, Darmstadt, Germany) and centrifuged at 1500 rpm for 5 min 

at room temperature. The obtained pellet was resuspended in the previously described 

medium to obtain a homogeneous cell suspension, after which the experimental plates 

of the degradation and biocompatibility studies were carried out. 

2.17 ENVIRONMENTAL ASSESSMENT 

 The environmental analysis of chitosan-collagen scaffolds was carried out 

according to ISO 14040 guidelines and recommendations (ISO 14040, 2006). The 

software used was SimaPro 9.0.0.30 (PRé Consultants, The Netherlands). The inventory 

analysis was carried out considering the materials used in the laboratory and the energy 

consumption regarding the pretreatments and the preparation steps, as well as the 

transportation of skins (Bergara-Donostia). Data were obtained from Ecoinvent 

database. The functional unit considered in this study was 5 g of collagen. Based on the 

inventory data, environmental impacts were evaluated according to the Hierarchist 

version of ReCiPe 2016, midpoint. The impact categories analyzed were global warming, 

stratospheric ozone depletion, ionizing radiation, ozone formation (human health), fine 

particulate matter formation, ozone formation (terrestrial ecosystems), terrestrial 

acidification, freshwater eutrophication, marine eutrophication, terrestrial ecotoxicity, 

freshwater ecotoxicity, marine ecotoxicity, human carcinogenic toxicity, human non-

carcinogenic toxicity, land use, mineral resource scarcity, fossil resource scarcity, and 

water consumption. 
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2.18 STATISTICAL ANALYSIS 

 In order to determine significant differences between samples, analysis of 

variance (ANOVA) was done with SPSS software (SPSS Statistic 25). Tukey’s test with 

a statistically significance at the P < 0.05 level was considered for multiple comparisons 

among different systems. 
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CITRIC ACID CONTAINING          

COLLAGEN SHEETS 

Effect of citric acid on compression-molded collagen sheets  
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3.1 SUMMARY 

 In this work, bovine collagen was treated with different contents of citric acid and 

the functional properties of the sheets prepared by compression molding were 

investigated. Fourier transform infrared (FTIR) spectroscopy and mechanical properties 

gave indirect evidence that citric acid-incorporated collagen sheets preserved the triple-

helix structure of the native collagen. Although citric acid did not react with collagen 

through covalent linkages, collagen structure was stabilized by hydrogen bonding 

between citric acid and collagen, as shown by FTIR results. These interactions enhanced 

mechanical properties, both tensile strength and elongation at break. Moreover, water 

uptake capacity increased with the addition of citric acid as a result of the formation of 

some microvoids in the internal structure of collagen, as observed by SEM analysis. 

3.2 RESULTS AND DISCUSSION 

3.2.1 Thermal properties 

 In order to study the thermal behavior of collagen with different contents of citric 

acid, TGA was performed. TGA and DTG curves are displayed in Figure 3.1. All blends 

showed similar behavior with three main stages. For temperatures below 150 ºC, the 

weight loss was ascribed to the loss of absorbed moisture, which was around 5 %. The 

second stage, at 240-250 ºC, was attributed to the glycerol evaporation (Leceta et al., 

2015) and the citric acid decomposition (Guerrero et al., 2019). The temperature of the 

peak maximum was higher than the boiling temperature of pure glycerol (182 °C) and 

the decomposition temperature of citric acid (175 ºC). Therefore, this increase suggested 

the existence of interactions, such as hydrogen bonding, among the components of the 

blends. The third stage above 250 ºC is associated to the degradation of the collagen, in 

accordance with other authors who observed the bovine collagen decomposition in the 

range of 250-400 ºC (Labastida-Pólito et al., 2009). More specifically, a value of 283 ºC 

was observed for pure bovine collagen, which increased up to 330 ºC for collagen 
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composites due to the interactions between collagen and inorganic particles (Wei et al., 

2015). A similar finding was observed in this work, since thermal degradation happened 

at temperatures above 315 ºC, indicating the interactions of collagen with the additives 

incorporated in the formulation. 

 

 

 

  

 

 

 

Figure 3.1. A) TGA and B) DTG thermograms of collagen sheets with different citric acid (CA) 

contents.  

 

 Concerning DSC measurements, all samples exhibited two endothermic peaks, 

as shown in Figure 3.2. The peak in the temperature range of 65-70 ºC was related to 

the free and bound water release (Miles & Gelashvili, 1999). This temperature range, 

associated to the interfibrillar fraction of water, is in accordance with the values shown 

for native fibers; furthermore, the constant value of the temperature associated to this 

peak indicates that fibers remained unchanged (Miles et al., 2005). The denaturation 

temperature was associated to the endothermic peak above 125 ºC (Chakrapani et al., 

2012). It is worth noting that the height of this peak decreased and its width increased 

when citric acid content increased, which might be related to the interactions among 

collagen and citric acid. 
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Figure 3.2. DSC thermograms of collagen sheets with different citric acid (CA) contents. 

 

3.2.2 Physicochemical properties 

 In order to assess the interactions among the components of the blends, FTIR 

analysis was carried out and FTIR spectra are exhibited in Figure 3.3. All the spectra 

showed the characteristic absorption bands assigned to the peptide bonds in collagen. 

Specifically, the absorptions related to the amide A, amide I, amide II and amide III are 

commonly observed in the wavenumbers of 3400-3440, 1600-1700, 1540, and 1239 

cm−1, respectively (Barth & Zscherp, 2002; Riaz et al., 2018; Yu et al., 2014). The amide 

A band, corresponding to the N-H stretching vibration, appeared at 3287 cm-1 which 

means shifting to lower wavenumbers. When N-H groups in collagen are involved in 

hydrogen-bonding, the band position is shifted to a lower frequency, leading to stability 

in the collagen triple-helical structure (Duan et al., 2009; Li et al., 2004; Liao et al., 

2018).Additionally, when citric acid was incorporated, the band shifted to 3277 cm-1 

(Figure 3.3A), corroborating the hydrogen bonding of collagen with glycerol and citric 

acid.  

 Regarding the amide I band, which shows a strong absorption in the range of 

1600-1700 cm−1 (Figure 3.3B), this is associated to the C=O stretching vibration along 

the protein backbone; this band absorption was measured at 1630 cm−1, regardless of 

citric acid content (Table 3.1). Both the position of this band and its intensity did not vary 
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after citric acid incorporation and, thus, these results revealed that collagen maintained 

the high structural order related to the triple-helical structure in native collagen (de 

Campos Vidal & Mello, 2011) since the amide I band intensity is dependent on the protein 

chain conformation (Bryan et al., 2007). For a quantitative analysis, the wavenumber 

difference between amide I (I) and amide II (II) bands was calculated and data are 

summarized in Table 3.1. As can be seen, the values were lower than 100 cm-1, 

indicating that the triple helix structure was maintained (Sizeland et al., 2018). 

 

 

 

 

 

Figure 3.3. FTIR spectra of collagen sheets with different citric acid (CA) contents: A) from 4000 

to 800 cm-1 and B) from 1800 to 800 cm-1. 

 

 These slight changes in the amide area indicated physical crosslinking since 

chemical crosslinking would have led to noticeable changes in this area, as reported in 

previous works (Uranga et al., 2016; Wu et al., 2017). Additionally, the relative intensity 

between the band at 1450 cm-1, attributed to CH2 bending vibrations (Chakrapani et al., 

2012; Plepis, Goissis, & Das-Gupta, 1996;), and the band at 1400 cm-1, corresponding 

to C=O stretching vibrations changed (Wu et al., 2017). This may confirm that hydrogen 

bonds were involved in the structure of collagen. In particular, the difference in the 

relative intensity between those two bands became smaller when 2.5 wt % citric acid 

was added and the relative intensity became similar for the sample with 5.0 wt %. 

Furthermore, a third band appeared between those two bands for the samples with 7.5 

and 10.0 wt % citric acid, indicating that citric acid formed physical interactions with 

collagen.  
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Table 3.1. Wavenumber of amide I (I) and amide II (II) bands, as well as the wavenumber 

difference between them (I - II). 

Samples I II I - II 

Control 1630.42 1544.26 86.16 

CA2.5 1630.27 1543.12 87.15 

CA5.0 1630.08 1540.89 89.19 

CA7.5 1630.15 1540.17 89.98 

CA10.0 1630.15 1539.92 90.23 

 

 Since interactions within proteins lead to conformational changes, the secondary 

structure of collagen was assessed by analyzing the amide I profile. Amide I contains 

three major components: a band at 1650 cm−1, associated to the α-helix/random coil 

conformation; a band corresponding to the β-sheet conformation, which appeared at 

1615-1630 cm−1; and a band corresponding to the β-turn at 1660-1670 cm−1 (Etxabide 

et al., 2016; Guerrero, Kerry & de la Caba, 2014; Wu et al., 2017). As shown in Table 

3.2, α- helix/β-sheet ratio increased with the incorporation of citric acid into the 

formulation. Therefore, the addition of citric acid increased the content of α- helix 

conformation, indicating that the protein structure changed as a result of citric acid-

collagen physical crosslinking, as previously shown by the slight changes in the amide 

area. 

Table 3.2. Area (%) of the curve fitting of amide I as a function of citric acid content and α-helix/β-

sheet ratio. 

Samples β-Sheet 

(%) 

α-helix/random 

coil (%) 

β-Turn 

(%) 

α-helix/β-sheet 

ratio 

Control 35.6 49.3 15.1 0.97 

CA2.5 36.9 52.8 10.3 1.12 

CA5.0 37.6 53.1 9.3 1.13 

CA7.5 38.0 54.9 7.1 1.22 

CA10.0 38.1 55.0 6.9 1.22 

  

 Additionally, water uptake tests were carried out and results are shown in Figure 

3.4. It is worth noting that all samples maintained their structural integrity after immersion 
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for 600 min. Water uptake increased rapidly above 100% in the first 60 min; after that, 

water uptake rate slowed down up to 500 min and then, water uptake values remained 

constant, with values lower than 300%. Water uptake reached the equilibrium at the 

same time irrespective of the citric acid content, but the water uptake values for the 

samples with citric acid contents from 5.0 to 10.0 wt % were slightly higher than those 

for the sheets without CA and with 2.5 wt % CA. 

 

 

 

 

 

 

 

 

Figure 3.4. Water uptake curves of collagen sheets prepared with different citric acid (CA) 

contents. 
 

 This behavior is in accordance with FTIR results that suggested the existence of 

physical interactions between citric acid and collagen since chemical crosslinking would 

have caused the decrease of the water uptake values. As the water holding capacity 

depends on the material structure, the morphology of the sheets as a function of citric 

acid content was assessed and related to the physicochemical properties observed for 

the collagen sheets. 

3.2.3 Morphological and mechanical properties 

 In order to determine the sheets microstructure and relate it to the properties 

measured, XRD and SEM analyses were carried out. Regarding XRD analysis, a small 

peak around 7º in collagen is indicative of the intermolecular lateral packing distance 

between collagen chains, so the disappearance of this peak, as is the case in Figure 
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3.5, can be considered as an increase of the inter-chain space, as reported by Valencia 

et al. (2019). This fact would indicate that a more loosen fibril structure was obtained as 

a consequence of the treatment carried out. Additionally, the broad band around 20º in 

Figure 3.5, associated to the diffuse scattering of collagen fibers (Zou et al., 2017), 

indicated the amorphous structure of collagen. Collagen sheets without citric acid and 

with 2.5 wt % citric acid showed similar XRD patterns, in accordance with the similar 

physicochemical properties observed for these samples by FTIR and water uptake 

analyses. Therefore, 2.5 wt % citric acid did not seem to be enough amount to change 

the structure of collagen. However, when higher contents of citric acid were added, the 

structural order of the sheets increased. 
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Figure 3.5. XRD patterns of collagen sheets prepared with different CA contents. 

 In order to assess the effect of citric acid on collagen structure, SEM analysis was 

carried out and the images of cross-sections are shown in Figure 3.6. SEM micrographs 

showed that the collagen sheets without citric acid (Figure 3.6A) and with 2.5 wt % citric 

acid (Figure 3.6B) had a similar structure, in accordance with XRD and physicochemical 

analyses; both of them showed a rough structure. When citric acid increased from 5.0 

(Figure 3.6C) to 10.0 wt % (Figure 3.6D), some holes were observed, and the number 

of holes increased with citric acid content, which allowed a higher water holding capacity 

in accordance with the higher water uptake values observed for the sheets with citric 

acid content from 5.0 to 10.0 wt %.
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Figure 3.6. SEM images of the cross-sections for A) control, B) CA2.5, C) CA5.0, and D) CA10.0 

samples. 

 

 The structure of the sheets can also be related to the mechanical properties of 

the citric acid-incorporated collagen sheets. It is worth noting that all sheets were easy 

to handle and mechanically resistant, as shown in Figure 3.7A. This behavior is 

associated to the fibril structure of collagen (Sherman, Yang & Meyers, 2015). As the 

elongation increased, the fibers of collagen were orientated, increasing tensile resistance 

up to the point of break, as shown in Figure 3.7B. 

 

  

 

 

 

 

Figure 3.7. A) Tensile test and B) stress-strain curves of collagen sheets without citric acid 

(control) and with 10 wt % citric acid (CA10.0). 
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 The values of tensile strength and elongation at break are shown in Table 3.3. 

Tensile strength significantly (P < 0.05) increased with the addition of citric acid, 

regardless of citric acid content (P > 0.05), due to the interactions formed between 

collagen and citric acid, as shown by FTIR analysis. Additionally, elongation at break 

significantly (P < 0.05) increased as the citric acid content increased. As the glycerol 

content was the same for all the formulations, the higher elongation values for the films 

with citric acid were attributed to the role of free citric acid as plasticizer. This dual role 

of citric acid as crosslinking agent and plasticizer has been previously reported in the 

literature (Shi et al., 2008; Yoon, Chough & Park, 2007). An enhanced chain mobility 

and, thus, film flexibility could also be provoked by water molecules, due to the higher 

water holding capacity of the sheets with citric acid, which has one hydroxyl and three 

carboxyl groups.  

Table 3.3. Tensile strength (TS) and elongation at break (EB) of collagen sheets with different 

citric acid (CA) contents. 

Samples TS (MPa) EB (%) 

Control   8.0 ± 0.7a 414 ± 17a 

CA2.5 11.7 ± 0.9b 434 ± 18a,b 

CA5.0 12.3 ± 0.7b 459 ± 19b 

CA7.5 12.4 ± 1.1b 510 ± 25 c 

CA10.0 10.7 ± 1.0b 568 ± 7d 

a-dTwo means followed by the same letter in the same column are not significantly (P > 0.05) 

different through the Turkey’s multiple range test. N = 5 was the minimum number of replications.  

  

 Since collagen treatments, processing methods and conditions, as well as the 

resulting sheet thickness are very different among the works reported in the literature, 

comparison of tensile strength and elongation at break values of collagen sheets is not 

easy. A recent work has been published regarding collagen sheets (0.057-0.127 mm 

thickness) obtained from bovine dermal fibroblasts with TS values from 8.7 to 28.4 MPa 

and EB values from 0.1 to 13.6% (Jakab et al., 2019). Also recently, nanosilver loaded 
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mineralized collagen films were mechanically analyzed and average TS values of 15.0 

MPa and EB of 8.9 % were obtained (Socrates et al., 2019). It is worth noting that the 

minimum values of TS and EB required for 1 mm-thick leather are 10 MPa and 30-80%, 

respectively (Jakab et al., 2019), values reached in this work. 

3.3 CONCLUSIONS 

 Collagen sheets were prepared by compression molding after a pretreatment with 

citric acid to facilitate processing. Thermal analysis of the resulting sheets suggested the 

interaction between collagen and citric acid, which was confirmed by FTIR results. 

Although chemical crosslinking did not occur due to the absence of relevant changes in 

the amide region, physical crosslinking was evidenced by changes in the relative 

intensities of FTIR bands. However, the wavenumber difference between amide I was 

lower than 100 cm-1, indicating that the triple helix structure was maintained. Further 

analysis of amide region showed the predominance of the helical structure of collagen 

after citric acid incorporation. This resulted in the improvement of the mechanical 

properties of collagen sheets, indicating that the incorporation of citric acid and the 

compression molding process did not affect the fibril structure of collagen. Furthermore, 

the formation of the voids observed in the collagen microstructure increased the water 

uptake capacity of the sheets, which can be taken in advantage for the use of these 

sheets as delivery systems for active packaging or pharmaceutics. 
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4.1 SUMMARY 

 Collagen was obtained from porcine skin by mechanical pretreatments with the 

aim of preserving the triple helix structure of native collagen, which was indirectly 

corroborated by differential scanning calorimetry (DSC) and Fourier transform infrared 

spectroscopy (FTIR) results. Moreover, aloe vera (AV), with inherent biological 

properties, was incorporated into collagen film formulations, and films were prepared by 

compression and characterized to assess their suitability for biomedical applications. 

SEM images showed that the fibrillar structure of collagen changed to a rougher structure 

with the addition of AV, in accordance with the decrease of the lateral packaging of 

collagen chains observed by XRD analysis. These results suggested interactions 

between collagen and AV, as observed by FTIR. Considering that AV content higher 

than 20 wt % did not promote further interactions, this formulation was employed for 

biological assays and the suitability of AV/collagen films developed for biomedical 

applications was confirmed. 

4.2 RESULTS AND DISCUSSION 

4.2.1 Physicochemical properties 

 In order to assess the interactions among the components of the film forming 

formulation, FTIR analysis was carried out and the resultant spectra of collagen films are 

shown in Figure 4.1. The broad band at around 3000-3600 cm-1 (Figure 4.1A) can be 

attributed to the stretching of hydroxyl groups of uronic acid, mannose, and galacturonic 

acid, and to phenolic groups in antraquinones present in AV, as well as to amide A (N-H 

stretching) in collagen (Bajer, Janczak & Bajer, 2020; Kapashi et al., 2019). Additionally, 

all the spectra showed the characteristic absorption bands assigned to the peptide bonds 

in collagen (Figure 4.1B): 1630 cm-1 for amide I (C=O stretching), 1542 cm-1 for amide 

II (N-H bending), and 1240 cm-1 for amide III (C-N stretching). The band around 1630 

cm-1 can also be assigned to the stretching vibrations of carbonyl groups in aloe vera 
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(Bajer, Janczak, & Bajer, 2020) and the shoulder at 1245 cm-1 could be due to the C-O-

C stretches of acetyl groups, which may indicate the presence of storage bioactive 

polysaccharides, such as acemannan and glucamannans (Kiran & Rao, 2016). The 

spectral region between 1200 cm-1 and 900 cm-1 is attributed to the stretching vibrations 

of C-O bonds in collagen, those related to hydroxyl groups in glycerol, as well as those 

associated to polysaccharides and sugars in aloe vera (Andonegi, de la Caba & 

Guerrero, 2020). The changes in the relative intensity between bands in this area 

suggest that the interactions among the components of the film forming formulation are 

physical bonds, mainly among carboxyl, amino, and hydroxyl groups present in collagen, 

glycerol, and aloe vera. In particular, the band at 992 cm-1 corresponds to the stretching 

of C-O bonds of hemicellulose, pectin, and lignin present in AV, and the band at 1037 

cm-1 is associated to C-O vibrations in collagen. With the addition of AV, the band 

corresponding to C-O bonds shifted to 1034 cm-1 for 10AV, to 1026 cm-1 for 20AV, and 

to 1025 cm-1 for 30AV. Therefore, it can be said that AV contents higher than 20 wt % 

did not cause further shifting and did not promote further interactions with collagen and 

glycerol. 

3500 3000 2500 2000 1500 1000

T
ra

n
s

m
it

ta
n

c
e

 (
a

.u
.)

 Control

 AV10

 AV20

 AV30

A)

Wavenumber (cm
-1
)  

Figure 4.1. FTIR spectra of aloe vera (AV)/collagen films: A) from 4000 to 800 cm-1 and B) from 

1800 to 800 cm-1. 
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affinity of the films for moisture. In contrast, ML values increased for AV-incorporated 

films. In particular, the ML value around 20% in control films is related to glycerol and 

the increase of this value for the films with AV can be related to the dissolution of AV 

(Ahlawat & Khatkar, 2011). 

Table 4.1. Moisture content (MC) and mass loss (ML) of aloe vera (AV)/collagen films. 

Film MC (%) ML (%) 

Control 12.2 ± 0.7a 21.9 ± 0.7a 

AV10 9.8 ± 0.4b 31.1 ± 0.8b 

AV20 7.3 ± 0.4c 31.7 ± 0.5b 

AV30 5.8 ± 0.6c 35.6 ± 0.8c 

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. 

  

 Considering the potential application of these composite films as wound 

dressings, water uptake tests were carried out to determine the capacity of the films to 

absorb exudates from wounds. As can be seen in Figure 4.2, all films present a rapid 

absorption of water along the first 20 min of immersion in PBS (pH 7.4), reaching the 

equilibrium in approximately 40 min with WU values around 300%, regardless of AV 

content. These results indicated that the addition of AV did not affect the water uptake 

capacity of collagen films, a required property for wound dressing purposes. 
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Figure 4.2. Water uptake (WU) capacity of aloe vera (AV)/collagen films. 
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4.2.2 Thermal properties 

 The thermal behavior of the films was tested by TGA and DSC analyses. TGA 

and DTG curves of collagen films are displayed in Figure 4.3. All films showed similar 

behavior with three main stages. For temperatures below 150 ºC, the weight loss was 

attributed to the loss of adsorbed and bound water, which was around 10%. The second 

stage, at 240-250ºC, was ascribed to the glycerol evaporation which is higher than the 

boiling temperature of glycerol (182ºC), indicating the interactions of the hydroxyl groups 

of glycerol with the polar groups of collagen and AV, in accordance with FTIR results. 

When AV content increased, DTG curve became broader and this second stage can also 

be related to the degradation of the hemicellulose and sugars present in AV (El Azazy et 

al., 2019; Rethinam et al., 2020). The third stage, for temperatures above 270 ºC, was 

referred to the thermal degradation of collagen (Ma et al., 2018) and aloe vera (El Azazy 

et al., 2019). Finally, the slight weight loss at 453 ºC in the films with AV is attributed to 

the thermal degradation of cellulose and lignin present in AV (Shadangi & Mohanty, 

2014). 
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Figure 4.3. TGA and DTG curves of aloe vera (AV)/collagen films  

 The effect of compression temperature and AV addition on the denaturation of 

collagen was analyzed by DSC and the results are shown in Figure 4.4A. All samples 

exhibited two endothermic peaks: the first peak, around 80 ºC, was related to free water 
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release, and the second peak at around 150 ºC was associated to denaturation of the 

collagen triple helix (Bozec & Odlyha, 2011). These values are in accordance with those 

obtained for bovine skin collagen (Shi et al., 2019). It is worth nothing that denaturation 

peak also appeared when AV was added, indicating maintenance of the triple helix 

structure after AV addition and compression molding. Additionally, for a better analysis 

of the collagen denaturation peak, the possible interferences caused by the evaporation 

of water were avoided subjecting selected samples to a heating ramp to eliminate 

moisture. As can be seen in Figure 4.4B, no difference was observed in the denaturation 

peak with the addition of AV, confirming the prevalence of the triple helix structure when 

AV was added. 

 

 

 

 

 

 

Figure 4.4. DSC curves of aloe vera (AV)/collagen films A) for a single scan and B) for two scans.  

 

4.2.3 Barrier and mechanical properties 

 Light barrier properties of the films were analyzed and UV-vis spectra are shown 

in Figure 4.5. Films exhibited a small absorbance peak between 250 and 280 nm 

associated to aromatic amino acids residues on collagen, such as phenylalanine and 

tyrosine, and a maximum absorbance peak from 200 to 240 nm related to carbonyl 

groups present in collagen (Abdollahi et al., 2018; Duan et al., 2009). Similar values, 

around 230 nm, were found for type I fish collagen (Chen et al., 2016b). The addition of 

aloe vera increased the absorbance in 250-290 nm range, attributed to the flavonoids 

present in AV (Dey, Bera & Chakrabarty, 2015). Therefore, considering that one potential 
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application of collagen films could be as wound dressing, the addition of AV may provide 

higher UV light resistance during wound care. 
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Figure 4.5. UV-vis spectra of aloe vera (AV)/collagen films.  

 Furthermore, the film hydrophilic character was analyzed by the measurement of 

water contact angles. As shown in Table 4.2, WCA values significantly (P < 0.05) 

decreased from 107º to 86º by the incorporation of aloe vera, leading to hydrophilic 

surfaces. These values are in agreement with WCA values observed for collagen films 

for regenerative applications (Perumal et al.,2018). This increase in hydrophilic character 

of the films can allow better draining of excess secretions in wounds.  

Table 4.2. Water contact angle (WCA), Young modulus (YM), tensile strength (TS), and 

elongation at break (EB) of aloe vera (AV)/collagen films. 

Samples WCA (º) YM (MPa) TS (MPa) EB (%) 

Control 107 ± 5a 805 ± 25a 13.8 ± 1.1a 13.5 ± 1.0a 

AV10 106 ± 3a 840 ± 11a,b 11.5 ± 0.8b 11.5 ± 1.2b 

AV20 97 ± 3b 867 ± 11a,b 11.3 ± 1.3b 11.2 ± 0.8b 

AV30 86 ± 5c 879 ± 52a,b 10.2 ± 0.7b 8.6 ± 0.8c 

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 also displayed in Table 4.2, mechanical properties were also influenced by 

the addition of aloe vera. It was found that tensile strength slightly decreased when aloe 

vera was added, regardless of AV concentration. In the same manner, Young modulus 
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was not significantly (P < 0.05) affected by the concentration of AV. Regarding elongation 

at break, EB values decreased, especially for the films with the highest content of AV, 

probably due to the rigid structure of AV, which limits the chain mobility. 

4.2.4 Morphological properties 

 In order to investigate the film structure and relate it to the properties measured, 

XRD and SEM analyses were carried out. As can be seen in Figure 4.6, films exhibited 

a XRD pattern characteristic of partially crystalline materials, with a small peak around 

2ɵ = 7º, indicating an intermolecular lateral packing distance between the molecular 

collagen chains, and a broad diffuse peak at about 2ɵ = 20º due to the diffuse scattering 

of collagen fibers, representing the amorphous structure of the films (Zou et al., 2017). 

These peaks were also found for fish skin collagen (Liao et al., 2018). The intensity of 

the peaks at 7º and 20º slightly decreased with the addition of aloe vera, suggesting the 

decrease in the structural order. 
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Figure 4.6. XRD patterns of aloe vera (AV)/collagen films.  

To further assess the effect of aloe vera on collagen structure, SEM analysis was 

carried out and the images of cross-sections are shown in Figure 4.7. All films showed 

a compact and homogeneous structure. Control films exhibited a dense fibrillar structure 

and this structure changed to a rougher structure with the addition of aloe vera, in 

accordance with the decrease of the lateral packaging of collagen chains observed by 

XRD analysis. 
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Figure 4.7. SEM images for the cross-sections of A) control, B) AV10, C) AV20 and D) AV30 

films.  

 

4.2.5 Degradation and biocompatibility 

 Degradation studies were conducted to evaluate the behavior of biomaterials 

exposed to PBS (pH 7.4), "simulated body fluid", and cell suspension (Figure 4.8). With 

respect to hydrolytic degradation degree (HDD), films suffered a degradation of 13.29 % 

± 0.86 on the first day, rising until day 7 when complete degradation was achieved. 

Similarly, cell-related degradation (CDD) began with a DD of 8.05 % ± 1.05 by day 1, 

increased to 36.10 % ± 1.96 by day 7, and peaked at day 14. Finally, the films under the 

exposure of BFS as "body fluid simulant" underwent a slight degradation (BFDD = 9.90 

% ± 1.30) after 24 h, and then suffered a drastic degradation at day 4. These results are 

consistent with the literature as collagen biomaterials are known for their high 

biodegradation ability (Shekhter et al., 2019). 

 Concerning the biocompatibility assessment (Figure 4.9), after 24 h from the 

placement of the material, the cells showed a behavior related to the exposure to the 

sample and the release of possible excipients (Hu et al., 2008). A statistically significant, 

transient mortality was observed with respect to the positive control in both the indirect 
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and direct assays (16.1±4.4 and 29.5±10.0%, respectively). After 48 h, cell mortality 

decreased considerably, reaching acceptable values for a cell culture to the last day of 

study. With regard to metabolic activity, cells showed optimal values from the first day 

(102.6±5.8 and 94.6±13.6%, respectively), reaching the maximum activity at 2 days in 

case of the indirect exposure and 4 days of culture in case of the direct one. By day 7, a 

decrease in cellular metabolic activity (64.7±10.9 and 73.7±15.6, respectively) was 

observed and attributed to the confluence of the culture and the shortage of nutrients 

(media were not changed through the duration of the experiments). 

 

 

 

 

 

 

Figure 4.8. Hydrolytic (HDD), cell-mediated (CDD) and "simulated body fluid" (BFDD) 

degradation degrees for AV20 films.  

 

 In summary, the biomaterial composed of porcine collagen and aloe vera could 

be considered biocompatible for the cells studied. According to ISO 10993-5: 2009, the 

biomaterial reaches 70% viability in both indirect and direct tests, at all study times, 

(except for indirect exposure on day 7) with no remarkable mortality data once the culture 

is established. These results were expected since collagen biocompatibility is well 

established (Shekhter et al., 2019). 
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Figure 4.9. Biocompatibility assesment of the collagen and aloe vera films on HS27 cells. a) 

Cell mortality. b) Metabolic activity. Asterisks indicate significant differences between the 

samples and the positive control (P < 0.05).  

 

4.3 CONCLUSIONS 

 Collagen films were prepared with aloe vera by compression molding with the 

aim of enhancing functional properties for biomedical applications. The addition of AV 

increased the hydrophilic character of the surface, which allows a better fibroblast 

adhesion during wound healing, thus promoting tissue regeneration. Furthermore, the 

water uptake behavior of collagen films was not modified and the film integrity was 

preserved after immersion. This performance was explained by XRD and SEM results, 

which showed the prevalence of the triple helix structure of native collagen with a slight 

decrease of the structural order with the addition of AV. Additionally, collagen films were 

easy to handle and showed good mechanical properties, with a slight decrease of tensile 

strength when AV content increased, probably due to the decrease of the structural order 

observed by XRD analysis. Furthermore, FTIR analysis indicated that AV contents higher 

than 20 wt % did not promote further physical interactions between collagen and aloe 

vera and, thus, this was the composition selected to confirm the suitability of aloe vera-

incorporated collagen films for biomedical applications. 
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CHITOSAN-COLLAGEN FILMS 

Compression-molded chitosan-collagen films suitable for biomedical 

applications 
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5.1 SUMMARY 

 Chitosan-collagen films were developed and characterized in order to assess the 

suitability of these films for biomedical applications. Hence, physicochemical, thermal, 

barrier and mechanical properties were analyzed and related to the film structure, which 

showed the prevalence of the triple helix of native collagen after the addition of chitosan. 

Furthermore, collagen fiber diameter changed from 3.9 ± 0.6 μm, for collagen films 

without chitosan, to 1.8 ± 0.5 μm, for collagen films with low molecular weight chitosan. 

These results suggested interactions between collagen and chitosan molecules, as 

observed by Fourier transform infrared (FTIR) analysis. Regarding film barrier properties, 

chitosan-collagen films showed a water vapor transmission rate around 1174 g∙m-2∙day-

1, suitable for biomedical applications such as wound healing. Additionally, biological 

tests confirmed that the chitosan-collagen films developed are suitable for biomedical 

applications. 

5.2 RESULTS AND DISCUSSION 

5.2.1 Physicochemical properties 

 The moisture content (MC) and the mass loss (ML) of the films were analyzed 

and values are shown in Table 5.1. Regarding MC, all films showed similar mean values, 

around 12%, lower values than those found for other collagen-polysaccharide films which 

showed moisture content close to 20% (Ma et al., 2020). Besides, ML values did not 

significantly (P > 0.05) change, and the value closed to 15% can be associated to the 

dissolution of glycerol since chitosan cannot be dissolved at pH 7.4. ML found in this 

work is much lower than that reported for collagen films with 50% of alginate (ML > 40%) 

or 50% of carboxymethylcellulose (ML > 50%) (Ma et al., 2020). 
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Table 5.1. Moisture content (MC) and mass loss (ML) of chitosan-collagen films. 

Samples MC (%) ML (%) 

Control 12.12 ± 0,04a  15.41 ± 0.73a  

LMW 11.97 ± 0,51a 15.50 ± 0.58a 

HMW 11.53 ± 0,50a 14.31 ± 0.58a 

aTwo means followed by the same letter in the same column are not significantly (P > 0.05) 

different through the Turkey’s multiple range test. N = 3 was the minimum number of replications. 

 

 Additionally, water uptake tests were carried out and results are shown in Figure 

5.1. Firstly, water uptake increased rapidly up to 20 min of immersion and the equilibrium 

values, around 110% for control films, 65% for the films with HMW chitosan, and 50% 

for the films with LMW chitosan, were achieved after 60 min of immersion. The different 

water uptake values between control films and films with chitosan suggested that the 

incorporation of chitosan promoted the interactions with the polar groups of collagen and 

glycerol. As a consequence, polar groups were less accessible to interact with water 

molecules and, thereby, lower water uptake degree was achieved. It is also worth noting 

that water uptake values were lower for the films with LMW chitosan than for those with 

HMW chitosan, indicating that hydrogen bonding would be favored for the films with LMW 

chitosan. 

 

 

 

 

 

Figure 5.1. Water uptake curves of chitosan-collagen films. 

 In order to analyze the interactions between collagen and chitosan, FTIR analysis 

was carried out and FTIR spectra are shown in Figure 5.2A and B. All the spectra 
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showed the characteristic absorption bands assigned to the peptide bonds in collagen: 

3300 cm-1 for amide A (N-H stretching), 1630 cm-1 for amide I (C=O stretching), 1545 

cm-1 for amide II (N-H bending), and 1238 cm-1 for amide III (C-N stretching) (Deepthi et 

al., 2016; Riaz et al., 2018). It is worth noting that the relative intensity between amide I 

and amide II bands changed when chitosan was added. In particular, the intensity of the 

amide I band was slightly higher than that corresponding to amide II band for control 

films, while the intensity of amide I band became smaller than that of amide II band for 

the films with chitosan. The same trend was observed for the relative intensity between 

the band at 1450 cm-1, attributed to CH2 bending vibrations (Chakrapani et al., 2012; 

Plepis, Goissis & Das-Gupta, 1996), and the band at 1400 cm-1, corresponding to C=O 

stretching vibrations (Wu et al., 2017). Concerning amide III, the addition of chitosan led 

to a displacement of this band toward higher wavenumbers. These differences in the 

relative intensity of FTIR bands suggest hydrogen bonding among carboxyl, amino, and 

hydroxyl groups present in the components of the film. Additionally, ionic interactions 

between oppositely charged groups occurred, especially between protonated amino 

groups in chitosan and anionic groups in collagen. 

 

 

 

 

 

Figure 5.2. FTIR spectra of chitosan-collagen films: A) from 4000 to 800 cm-1 and C) from 1800 

to 800 cm-1.  

 

 In order to assess the effect of chitosan in the stability of collagen, the secondary 

structure of collagen was analyzed through the amide I profile. This absorption band 
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contains three major components: the α-helix conformation at 1650 cm−1, and two bands 

that appear at 1615–1630 cm−1 and 1680 – 1700 cm−1, corresponding to the β-sheet 

conformation (Wu et al., 2017). As shown in Table 5.2, α-helix was the main 

conformation in the films with chitosan, indicating that chitosan contributed to the 

preservation of the native collagen secondary structure. The preservation of the collagen 

triple helix structure was confirmed by two methods. Firstly, the absorption ratio between 

the amide III band and the band at 1452 cm-1 (AIII/A1452) was calculated (Shi et al., 2019). 

As shown in Table 5.2, the AIII/A1452 ratio was higher than 1 in all the samples. Secondly, 

the wavenumber difference between amide I (I) and amide II (II) bands was calculated 

(Sizeland et al., 2018). As can be seen in Table 5.2, the difference was lower than 100 

cm-1. Hence, the results obtained by both methods indicated that the triple helix structure 

of collagen was maintained. Furthermore, those values increased with the addition of 

chitosan, confirming that chitosan contributed to the preservation of the native collagen 

structure. 

Table 5.2. Area (%) of the curve fitting of amide I, absorption ratio between the amide III band 

and the band at 1452 cm-1 (AIII/A1452), and wavenumber difference between amide I (I) and amide 

II (II) bands (I - II) in chitosan-collagen films. 

Samples 
β-Sheet 

(1615-1630 cm-1)   
α-helix 

(1650 cm-1) 
β-Sheet  

(1680-1700 cm-1) 
AIII /A1453  I - II 

Control 35.6 49.3 15.1 1.1 85.0 

LMW 36.9 52.8 10.3 1.7 88.2 

HMW 38.1 55.0 6.9 1.7 87.5 

 

5.2.2 Thermal properties 

 In order to study the thermal behavior of chitosan-collagen films, TGA and DSC 

experiments were performed. Regarding TGA, TGA and DTG curves are displayed 

curves are shown in Figure 5.3. As can be seen, there are three main weight loss steps. 

The first one, around 100 ºC, is related to water evaporation, as also observed by DSC 

(Figure 5.4), and its value, around 12%, was in accordance with the MC values shown 
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in Table 5.1. The maximum temperature corresponding to this first peak appeared at 

higher temperatures for the films prepared with chitosan, which could be related to the 

interactions between chitosan and water. The second weight loss step appeared around 

250 ºC, and it is associated to the evaporation of glycerol (Andonegi, de la Caba & 

Guerrero, 2020). Finally, the main weight loss step appeared at 310-320 ºC and 

corresponds to collagen (Andonegi, de la Caba & Guerrero, 2020) and chitosan (Leceta 

et al., 2013) degradation processes. It was observed that the second and third stages 

changed with the addition of chitosan. This change could be related to the different 

structure of the network formed, as previously shown by FTIR results (Table 5.2), 

confirming the existence of interactions between collagen and chitosan, as also shown 

by other works carried out with collagen films modified with polysaccharides such as 

fucoidan (Perumal et al., 2018). 

 

 

 

 

 

 

 

Figure 5.3. TGA and DTG thermograms of chitosan-collagen films. 

  

 Concerning DSC measurements, all samples exhibited three endothermic peaks, 

as shown in Figure 5.4. The peak around 90 ºC was related to the free and bound water 

release (Kaczmarek, Sionkowska & Skopinska-Wisniewska, 2018). The denaturation 

temperature was associated to the endothermic peak around 150 ºC (Chakrapani et al., 

2012). The temperature at which the maximum of this peak appeared increased with the 

addition of chitosan, and the highest value was found for the films with LMW chitosan. 

This fact would confirm that collagen-chitosan interactions would be favored for the 
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chitosan with lower molecular weight, as previously shown by water uptake results. 

Finally, the third endothermic peak appeared between 210 and 250 ºC, and it was 

associated to conformational changes from the triple helix structure of collagen to 

random coil (Bozec & Odlyha, 2011). The temperature corresponding to the maximum 

of this peak increased with the addition of chitosan due to the existence of interactions 

between collagen and chitosan, as observed by FTIR results. In particular, DSC revealed 

the characteristic collagen-collagen and collagen-water interactions for control films. In 

the films with chitosan, these interactions are partially replaced by interactions between 

collagen and chitosan, indicating that the formation of hydrogen bonds between collagen 

and chitosan competed with hydrogen bonding between collagen chains. Similar results 

have been found for collagen-fucoidan films, showing the increase of thermal stability by 

the incorporation of polysaccharides into collagen film forming formulations (Perumal et 

al., 2018). 
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Figure 5.4. DSC thermograms of chitosan-collagen films. 

 

5.2.3 Morphological properties 

 The changes showed above require information about the structure of chitosan-

collagen films, thus XRD and SEM analyses were carried out. All the films exhibited XRD 

patterns of amorphous materials (Figure 5.5). The small reflection peak at 10° is 
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attributed to the chitosan crystal form (Leceta et al., 2015) and the peak around 7º is 

related to the triple helix structure of collagen (Valencia et al., 2019). Collagen molecules 

generally assemble into fibrils and then form collagen fibers by intermolecular 

crosslinking, leading to the characteristic hierarchical interwoven structure of collagen. 

According to XRD results, the addition of chitosan did not cause any relevant change, 

indicating that the helical structure of collagen was maintained after chitosan addition, in 

consistence with FTIR results. Additionally, a broad band appeared around 20º, 

associated to the diffuse scattering of collagen fibers, indicating the amorphous structure 

of the films (Zou et al., 2017). As can be seen, all samples showed similar XRD patterns 

with a slight increase in the intensity of the band at 20º for the films with HMW chitosan, 

indicative of the increase in the structural order.  

 

 

 

 

 

 
 

 

 

Figure 5.5. XRD patterns of chitosan-collagen films  

 To further asses the changes caused by the addition of chitosan in collagen films, 

SEM analysis was carried out and the images of film surface are shown in Figure 5.6B, 

C and D. SEM micrographs exhibited the fibril structure of collagen for all the films, 

showing the collagen periodicity corresponding to native collagen (Socrates et al., 2019). 

With the addition of chitosan, the surface was rougher and more fibers could be 

observed, especially for collagen films with HMW chitosan. Furthermore, a significant (P 

< 0.05) decrease of collagen fiber diameter was observed from 3.9 ± 0.6 μm for control 

films to 1.8 ± 0.5 μm and 1.9 ± 0.5 μm for the films with LMW and HMW chitosan.  
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Figure 5.6. SEM images of surfaces for A) control films, B) collagen films with LMW chitosan, 

and C) collagen films with HMW chitosan. 

 

5.2.4 Barrier and mechanical properties 

Light barrier properties of chitosan-collagen films were analyzed and UV-vis spectra are 

shown in Figure 5.7. As can be seen, collagen films provided a maximum UV light barrier 

from 200 to 250 nm, associated with carbonyl, carboxyl, and amide groups in the 

polypeptide chains of collagen (Pal, Nidheesh & Suresh, 2015; Veeruraj, Arumugam & 

Balasubramanian, 2013), and a small absorption peak at 250-280 nm, associated to 

tyrosine and phenylalanine amino acid residues in collagen (Duan et al., 2009; Huang et 

al., 2011). The addition of chitosan showed a strong UV blocking capacity, increasing 

the absorbance at 250-280 nm due to the hydroxyl auxochrome groups of chitosan 

(Uranga et al., 2019).  

 

 

 

 

 

 

Figure 5.7. UV-vis spectra of chitosan-collagen films. 
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 Biomaterials for wound dressing need to maintain moisture loss from the wound 

at an optimum rate and, thus, favor evaporation and inhibit excess fluid absorption 

(Singh, Gupta & Gupta, 2018). Taking the above into consideration, water vapor 

transmission rate was measured. For normal skin, the inherent water vapor evaporation 

rate is about 204 g∙m-2∙day-1, while the evaporation rate increases to 279 g∙m-2∙day-1 and 

5138 g∙m-2∙day-1 for injured skin and burn skin, respectively (Lamke, Nilsson & Reithner, 

1977). As can be seen in Table 5.3, there was no significant (P > 0.05) difference in 

WVTR values with the addition of chitosan and all samples showed a high occlusive 

character, appropriate for biomedical applications such as wound healing. Additionally, 

WCA values were measured to determine the film hydrophilic character, which is known 

to have a great effect on the interaction between the biomaterial and the tissue. As shown 

in Table 5.3, WCA values significantly (P < 0.05) decreased with the incorporation of 

chitosan, which would favor the adhesion of fibroblasts and endothelial cells during 

wound healing. This decrease of WCA values has also been reported for collagen-

fucoidan films (Perumal et al., 2018). 

Table 5.3. Water vapor transmission rate (WVTR), water contact angle (WCA), tensile strength 

(TS), and elongation at break (EB) of dry and wet chitosan-collagen films. 

Samples 
WVTR 

(g∙m-2∙day-1) 
WCA 

(º) 
TSdry 
(MPa) 

EBdry 
(%) 

TSwet 
(MPa) 

EBwet 
(%) 

Control 1172a 103 ± 7c 7.7 ± 0.6a 13.2 ± 0.5a 2.0 ± 0.1a 50.6 ± 1.9a 

LMW 1176a 90 ± 7a 12.4 ± 0.8b 24.1 ± 0.8b 2.8 ± 0.1b 34.0 ± 0.4b 

HMW 1174a 93 ± 7b 13.0 ± 0.6b 21.9 ± 0.7c 2.3 ± 0.1c 39.3 ± 1.1c 

a-cTwo means followed by the same letter in the same column are not significantly (P > 0.05) 

different through the Turkey’s multiple range test. N = 5 was the minimum number of replications. 

 

 Mechanical properties of films are largely associated with distribution and density 

of intermolecular and intramolecular interactions in the network, so the effect of chitosan 

on mechanical properties is shown in Table 5.3. For the dry films, TS and EB significantly 

(P < 0.05) increased when chitosan was added, induced by the interactions between 
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collagen and chitosan, as found by FTIR analysis. As previously shown in Table 5.2, 

collagen is mainly composed of α-helix chains with intense hydrogen bonds and Van der 

Waals forces among these chains. Due to the triple helix structure, collagen shows 

appropriate tensile strength, but the intense interactions among chains can prevent 

stretching. However, in the wet state, water can weaken these interactions among 

collagen chains, facilitating stretching and providing the films with a greater flexibility. 

Nevertheless, this effect was less noticeable for the films with chitosan due to the 

additional interactions among collagen and chitosan, especially for the films with LMW 

chitosan, since the interactions with smaller size-molecules are favored. This fact is in 

accordance with the water uptake behavior shown in Figure 5.1, where water uptake 

was higher for control films, followed by the films with HMW chitosan and finally, by the 

films with LMW chitosan. It is worth noting that all films showed a fibril structure in the 

fracture surface after mechanical testing, as shown in Figure 5.8. 

 

Figure 5.8. SEM images of the fracture surface in the break zone after mechanical analysis for 

A) control films, B) collagen films with LMW chitosan, and C) collagen films with HMW chitosan. 

 

Control HMW LMW
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5.2.5 Biodegradation and cytotoxicity assessment 

 On the one hand, degradation studies showed that there was no progressive 

weight decrease due to the hydrolytic action after 21 days in any of the chitosan-collagen 

films. The initial loss, approximately 15% for the films with chitosan and 23% for the 

control films (Figure 5.9A), was likely due to the dissolution of glycerol. These findings 

also suggested that chitosan decreased the dissolved glycerol since the films with 

chitosan showed a lower percentage of degraded weight through the entire assay and 

non-significant differences were observed in any time-point between the films with LMW 

or HMW chitosan. The insoluble character of collagen in water explains the observed 

film resistance to hydrolysis. This property was improved with the addition of chitosan 

that formed hydrogen bonds with collagen molecules, as previously shown by FTIR 

analysis.  

 

Figure 5.9. Degradation assessment: A) hydrolytic degradation with *** indicating P < 0.001 for 

control vs both LMW and HMW groups and N.S. indicating non-significant differences between 

any time-point and day 1 for each group; B) enzymatic degradation with *** indicating P < 0.001 

for control vs both LMW and HMW groups, # indicating P < 0.05, and ### indicating P < 0.001 

between any time-point and 2 h for each group.  

  

 On the other hand, enzymatic degradation studies showed a complete 

degradation of the control films in less than 12 h; however, for collagen films with 

chitosan, only 27-28% of the weight was lost at 12 h (Figure 5.9B). These values are in 

accordance with those found by Perumal et al. (2018), who reported 27% of degradation 
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after 12 h for collagen films with 40% of fucoidan. After 96 h, approximately 70% loss of 

the initial weight was reached, with no significant differences between the films with LMW 

and HMW chitosan. The 30% of the remaining weight in the films with chitosan 

corresponded to chitosan, which was not affected by the enzymatic action. Thus, it is 

demonstrated that chitosan increased the resistance of the collagen to the action of 

collagenase. These findings may be explained due to the fact that the enzymatic 

degradation depends on the number of cleavage sites in the forming polymer and on the 

concentration of available enzymes in the scaffold environment (Drury & Mooney, 2003). 

In that sense, the addition of chitosan hindered the access of the enzyme to the cleavage 

sites of collagen, reducing the degradation caused by the collagenase. As previously 

reported (Etxabide et al., 2017), films of these characteristics can be loaded with growth 

factors such as epidermal growth factor (EGF). The slow degradation profile allows a 

controlled release of bioactives, thus protecting them from the harsh microenvironment 

with increased metalloprotease activity present in inflammatory diseases such as chronic 

wounds (Barrientos et al., 2014). 

 

 

 

 

 

 

Figure 5.10. Cytotoxicity assay with N.S. indicating non-significant differences vs blank group, 

and dashed line marking the 70% of cell viability.  

 

 Since films for biomedical applications must fulfill additional requirements such 

as biocompatibility, in vitro cytotoxicity assay was performed following an adapted 

protocol from the ISO 10993-5:2009 guidelines for biological evaluation of biomedical 

devices. As can be seen in Figure 5.10, all the films showed more than 70% of cell 
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viability after 48 h of direct contact with the film. These results are in agreement with the 

biocompatibility of each component of the film forming formulation. Taking these findings 

into account, chitosan-collagen films are in compliance with the ISO 10993-5:2009 and 

may be considered as non-cytotoxic biomaterials. 

5.3 CONCLUSIONS 

 Chitosan-collagen films with enhanced functional properties for biomedical 

applications such as wound healing were developed. The addition of chitosan reduced 

the water uptake degree of collagen films, which could allow a controlled release of 

epidermal growth factors, substances of interest if films were used as wound dressings. 

This behavior was explained by the interactions between collagen and chitosan, as found 

by FTIR analysis, which showed the prevalence of the triple helix structure of native 

collagen, as confirmed by XRD results. No significant differences were found in most of 

functional properties as a function of the molecular weight of chitosan, including 

mechanical resistance in wet state and a cell viability higher than 70% for all the films 

assessed. 
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CHITOSAN-COLLAGEN SCAFFOLDS 

Environmental and physicochemical assessed chitosan-collagen 

scaffolds processed by freeze-drying  
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6.1 SUMMARY 

 Native collagen scaffolds were prepared in this work, in which both materials and 

environmental approaches were considered with the aim of providing a global strategy 

towards more sustainable biomaterials. From the environmental perspective, it is worth 

mentioning that acid and enzymatic treatments have been avoided to extract collagen, 

allowing the reduction in the use of resources, in terms of chemicals, energy, and time, 

and leading to a low environmental load of this step in all the impact categories under 

analysis. With the incorporation of chitosan into the scaffold-forming formulations, 

physical interactions occurred between collagen and chitosan, but the native collagen 

structure was preserved, as observed by Fourier transform infrared (FTIR) and X-ray 

diffraction (XRD) analyses. The incorporation of chitosan also led to more homogenous 

porous microstructures, with higher elastic moduli and compression resistance for both 

dry and hydrated scaffolds. Furthermore, hydrated scaffolds preserved their size and 

shape after some compression cycles. 

6.2 RESULTS AND DISCUSSION 

6.2.1 Environmental assessment 

 Collagen can be obtained from different animal by-products, such as pig, bovine 

and chicken skin and bones, their main sources at commercial scale (Abdollahi et al., 

2018; Ma et al., 2003). In this work, collagen was obtained from the trimmings and the 

splitting-derived by-products (Andonegi, de la Caba & Guerrero). Regarding collagen 

extraction, it is worth noting that there are several methods reported, which include the 

treatment of raw materials with chemicals, such as sodium hydroxide, butyl alcohol, and 

acids and/or enzymes, such as pepsin and trypsin (Vidal et al., 2020). In contrast, only 

sodium hydroxide and mechanical pretreatments were used in this work, reducing the 

use of chemicals and bringing environmental and economic benefits, since lower 

amounts of resources (materials, energy, time) were employed in comparison to those 
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works that use acid and enzymatic treatments (Martínez-Ortiz et al., 2015; Noorzai et al., 

2020). In the analysis, the use of acetic acid (0.5 M) in a ratio of 1:20 (w/v) in the scaffolds 

preparation process, as well as the distilled water production procedure, were also 

considered. Taken the above into consideration, the global environmental results of 

collagen scaffolds production are reported in Table 6.1 for all the impact categories 

under evaluation. It is worth noting that, since the impact of the pretreatment step in 

comparison with the scaffolds preparation was so small (Figure 6.1), the impact values 

of both processes were jointly represented in Table 6.1. 

Table 6.1. Impact category values related to collagen scaffolds. 

Impact category Unit Total 

Global warming kg CO2 eq 0.7730 

Stratospheric ozone depletion 

Ionizing radiation 

Ozone formation, human health 

Fine particulate matter formation 

Ozone formation, terrestrial ecosystems 

Terrestrial acidification 

Freshwater eutrophication 

Marine eutrophication 

Terrestrial ecotoxicity 

Freshwater ecotoxicity 

Marine ecotoxicity 

Human carcinogenic toxicity 

Human non-carcinogenic toxicity 

Land use 

Mineral resource scarcity 

Fossil resource scarcity 

Water consumption 

kg CFC11 eq 

kBq Co-60 eq 

kg NOx eq 

kg PM2.5 eq 

kg NOx eq 

kg SO2 eq 

kg P eq 

kg N eq 

kg 1,4-DCB 

kg 1,4-DCB 

kg 1,4-DCB 

kg 1,4-DCB 

kg 1,4-DCB 

m2a crop eq 

kg Cu eq 

kg oil eq 

m3 

4.09·10-7 

0.4080 

0.0026 

0.0019 

0.0027 

0.0048 

0.0003 

3.32·10-5 

0.8840 

0.0105 

0.0146 

0.0233 

0.3050 

0.0211 

0.0007 

0.2350 

0.0086 

 

 Results showed that terrestrial ecotoxicity, global warming, and ionizing radiation 

caused low environmental damage in the collagen production process, whereas the 

other categories minimally contributed to the overall environmental burden. Additionally, 

disaggregating environmental results in percentage ratios are displayed in Figure 6.1 for 

each impact category. In this way, the contribution of each stage over the final product 

can be evaluated. In this case, contributions from the different processes and activities 

involved throughout the entire life cycle were determined in relation to global results. As 

can be seen, mechanical stirring and freeze-drying steps were the main contributors to 
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the impact category values, representing around 80% of the total impact. The 

environmental assessment identified these two processes as the most relevant 

indicators with higher potential of improvement for decision-making in future works. In 

particular, the energy used in these processes, specifically electricity consumption, had 

a critical role in the environmental impact, regardless the impact category considered. 

Therefore, the assessment indicated that those processes should be improved and 

optimized in order to reduce the environmental load associated to the development of 

collagen scaffolds. Since collagen scaffolds were developed at laboratory scale, scaling 

up processes could lead to achieve the goal of the reduction in the environmental 

impacts abovementioned. 

Figure 6.1. Relative contributions in each impact category for the most relevant processes 

involved in the entire life cycle of collagen scaffolds. Disaggregating environmental results are 

displayed in percentage ratios for the most relevant contributing factors: pretreatments, 

mechanical stirring, acetic acid solution (0.5 M), glycerol, and freeze-drying. 
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6.2.2 Fourier transform infrared (FTIR) spectroscopy 

 FTIR spectra (Figure 6.2) showed the characteristic absorption bands assigned 

to the peptide bonds in collagen (Riaz et al., 2018): 3298 cm-1 for amide A (stretching 

vibrations of N-H groups and O-H), 1631 cm-1 for amide I (C=O stretching), 1544 cm-1 

for amide II (N-H bending), and 1239 cm-1 for amide III (C-N stretching). As can be seen 

in Figure 6.2A, the band at 3298 cm-1 was broadened to some degree when chitosan 

was incorporated into the scaffold formulation, indicating interactions between collagen 

and chitosan, both LMW and HMW chitosan. In the same manner, the band at 1038 cm-

1, associated to C-O vibrations, was notably broadened with the addition of chitosan, as 

shown in Figure 2B, supporting the interactions between collagen and chitosan. This 

fact is also in accordance with the change in the relative intensity of the band at 1456 

cm-1, attributed to CH2 bending vibrations of aliphatic groups, which became smaller 

when chitosan was added. Also, a change was observed for the relative intensity 

between amide I and amide II bands. 

 

 

 

 

 

 

 

Figure 6.2. FTIR spectra of control scaffolds and collagen scaffolds with HMW and LMW chitosan 

A) from 4000 to 800 cm-1, and B) from 1800 to 800 cm-1. 

 Additionally, the amide II band shifted towards higher wavenumbers, although the 

amide I band, related to the collagen triple helix, was maintained at the same position, 

suggesting that the collagen triple helix could be preserved with the addition of chitosan 

and that the interactions involved between collagen and chitosan were hydrogen bonds. 
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Furthermore, the wavenumber difference between amide I (I) and amide II (II) bands 

was lower than 100 cm-1, indicating that the triple helix structure of collagen was 

maintained (Sizeland et al., 2018). As can be seen in Table 6.2, those values decreased 

with the addition of chitosan, confirming that chitosan contributed to the preservation of 

the native collagen structure.  

Table 6.2. Wavenumber of amide I (I) and amide II (II) bands, as well as the wavenumber 

difference between them (I - II), for control scaffolds and collagen scaffolds with HMW and LMW 

chitosan. 

Samples Amide I (I)  Amide I (II) I-II 

Control 1631 1544 87 

HMW 1636 1555 81 

LMW 1635 1552 83 

 

 The differences in the relative intensity between FTIR bands, as well as band 

shifting, suggested physical interactions between collagen and chitosan, probably by 

hydrogen bonding among carboxyl, amino, and hydroxyl groups present in the 

components of the scaffold forming formulation. 

6.2.3 X-ray diffraction (XRD) 

 X-ray diffraction (XRD) was carried out to investigate the structure of collagen 

with LMW and HMW chitosan. As can be seen in Figure 6.3, the peak around 7° 

indicated the intermolecular lateral packing distance between the collagen molecular 

chains, as collagen molecules generally assemble into fibrils by the Schmitt model within 

chitosan and then formed collagen fibers by intermolecular crosslinking (Hu et al., 2013). 

A second broad peak around 20° resulted from the diffuse scattering of collagen fibers, 

and the third one around 32° was ascribed to the helical rise per residue distance, related 

to the conformational integrity of collagen (Hu et al., 2013). When chitosan was added, 

samples showed the same peak pattern, indicating that the structural integrity of collagen 

was retained, in consistence with FTIR results. 
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Figure 6.3. XRD patterns of control scaffolds and collagen scaffolds with HMW and LMW 

chitosan. 

 

6.2.4 X-ray photoelectron spectroscopy (XPS) 

 XPS was performed to get a detailed insight into the corresponding elemental 

composition. As can be seen in Figure 6.4A, the predominant peaks identified were 

those related to C 1s (284.6 eV), N 1s (399.7 eV), and O 1s (531.9 eV) (Gao et al., 2020). 

Furthermore, the C 1s spectra could be fitted into three main separating peaks, at 284.6 

eV, 288.1 eV and 285.9 eV. Generally, the peak at 284.6 eV was dominantly attributed 

to the aliphatic carbons (C-H and C-C), the peak at 285.9 eV was attributed to the 

carbons associated with oxygen or nitrogen atoms (C-O, C-N), and the peak at 288.1 eV 

was assigned to carbons in the collagen peptide chain (C=O) (Wu et al., 2011). These 

three relative peak areas of C1s spectra differed from control scaffolds (Figure 6.4B) 

and those with HMW (Figure 6.4C) and LMW (Figure 6.4D). In particular, the relative 

area of the peak at 284.6 eV decreased, while those of the peaks at 285.9 and 288.1 eV 

increased. The decrease of the relative area of the peak corresponding to C-H/C-C 

bonds indicated that the hydrophobic character of the surface decreased, while the 

increase of the relative areas associated to the presence of C-O, C-N, and O=C-NH2 

suggested that the presence of polar groups towards the surface increased. These facts 

indicated the increase of the surface hydrophilicity, which improves the bonding capacity 

of the surface. 



 

93 
 

 6. CHITOSAN-COLLAGEN SCAFFOLDS 

 

 

 

 

 

 

 

 

 

 

Figure 6.4. XPS survey spectra of A) all samples and XPS of C 1s features for B) control scaffolds 

and collagen scaffolds with C) HMW chitosan and D) LMW chitosan. 

 As can be seen in Table 6.3, the peak corresponding to C-O and C-N increased 

from 3.59% to 6.93% for LMW samples and to 8.18% for HMW samples, may be 

attributed to the interactions between hydroxyl and amino groups in collagen and 

chitosan. Additionally, the relative area of the peak associated to the peptide bond 

increased from 5.89 % to 6.21 % for scaffolds with LMW and to 7.51 % for those with 

HMW chitosan, probably due to hydrogen bonding among polar groups of collagen and 

chitosan. Furthermore, the relative areas of O 1s and N 1s were assessed. The weak 

peak of N 1s appeared at 399.7 eV, and the signal was 1.81% for control scaffolds and 

increased close to 4% for the scaffolds with chitosan. Additionally, the O 1s spectra was 

fitted to one peak at 531.9 eV, attributed to O-C=O/O=C-N. This signal represented 

12.73% for the control scaffold and increased up to 13.79% and 15.84% for LMW and 

HMW samples, respectively. This percentage is of great importance since oxygen 

influences the stability in biological media (Wang et al., 2016b). 
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Table 6.3. Area (%) of the XPS spectra peaks for control scaffolds and collagen scaffolds with 

HMW and LMW chitosan. 

Samples 
C-C/C-H 

284.6 (eV) 
C-O/C-N 

285.9 (eV) 
O=C-NH2 
288.1 (eV) 

C=N/C-N 
399.7 (eV) 

O-C=O/O=C-N 
531.9 (eV) 

Control 75.98 3.59 5.89 1.81 12.73 

HMW 69.11 6.93 6.21 3.96 13.79 

LMW 64.93 8.18 7.51 3.54 15.84 

 

6.2.5 Scanning electron microscopy (SEM) 

 Since homogenous microporosity is an essential attribute for scaffolds in tissue 

engineering applications, SEM analysis was carried out to analyze the scaffolds 

morphology. As can be observed in Figure 6.5, collagen scaffolds had an evenly 

distributed three-dimensional reticular pore structure. The LMW group presented a more 

homogeneous distribution and greater regularity of the pore size as compared to the 

HMW group. These results would be indicative of the fact that lower molecular weight 

facilitated the interactions of chitosan with collagen chains, leading to smaller pores. 

These findings suggest that chitosan-collagen scaffolds have an ideal pore distribution 

and uniform density for cellular growth in tissue engineering applications (Las Heras et 

al., 2020). 

 

 

Figure 6.5. SEM images of control scaffolds and collagen scaffolds with HMW chitosan and LMW 

chitosan at a magnification of x50 (top) and x150 (bottom). 

Control HMW LMW
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6.2.6 Compression test 

 The required mechanical properties of scaffolds include stretchability, flexibility, 

and tensile strength in order to provide the ideal 3D growth directing structure to mimic 

native tissues. Since scaffolds are hydrated in the in vivo environment, compressive 

properties in the hydrated state are likely to be more relevant and, thus, strength and 

moduli values were also reported for hydrated collagen scaffolds. As can be seen in 

Figure 6.6A, stress-strain curves match the typical compression curves and show elastic 

and plastic regions. In particular, there were three stages in the stress-strain curves of 

both dry and hydrated scaffolds: a linear elastic stage (strain < 5%), a steady collapse 

plateau stage (15% < strain < 50%), and a sharply increasing densification stage (strain 

> 55%). For biomedical applications, the stress-strain region of larger interest is between 

0 and 10% strain and, thus, this was the selected section for determining the elastic 

modulus.  

 

 

 

 

 

 

 

 

 

 

 

Figure 6.6. Compression stress - strain curves for A) dry scaffolds, B) hydrated control scaffolds, 

C) hydrated collagen scaffolds with HMW chitosan, and D) hydrated collagen scaffolds with LMW 

chitosan. 
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 As expected, there was a notable difference in compressive moduli values 

between dry and hydrated scaffolds, but in both cases the moduli increased with the 

addition of chitosan, as shown in Table 6.4. In the same manner, compressive strength 

showed a remarkable increase when chitosan was incorporated into the scaffold 

formulation. In this sense, it is worth noting that dry scaffolds did not recover their size 

after the compression test, while hydrated scaffolds preserved their size under 

compression. In this regard, the scaffolds with chitosan showed no difference after the 

four sweeps carried out (Figure 6.6C and D), while the control scaffolds showed an 

increase of the stress after each sweep (Figure 6.6B). This mechanical behavior of 

collagen scaffolds with chitosan under compression may be explained by the interactions 

between both biopolymers, as shown by FTIR results. 

Table 6.4. Elastic modulus (E) and compression strength of control scaffolds and scaffolds with 

HMW and LMW chitosan. 

 E (MPa)  (MPa) 

Samples dry hydrated dry hydrated 

Control 0.122±0.002 0.006±0.001 0.430±0.03 0.170±0.021 

HMW 0.563±0.011 0.013±0.003 0.951±0.041 0.294±0.012 

LMW 0.423±0.013 0.018±0.004 0.965±0.049 0.291±0.008 

 

6.2.7 Degradation studies 

 Degradation studies were carried out to evaluate the biomaterial behavior 

exposed to PBS and collagenase solution (Table 6.5). Regarding hydrolytic degradation, 

control scaffolds did not suffer degradation. However, collagen scaffolds with chitosan 

underwent a degradation of over 10% after 4 days of immersion. The highest HDD value 

for collagen scaffolds with LMW chitosan may be related to the highest hydrophilicity of 

these samples, as shown by XPS analysis. 
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Table 6.5. Hydrolytic (HDD) and enzymatic (EDD) degree of degradation for control scaffolds and 

collagen scaffolds with HMW and LMW chitosan after 4 days. 

Samples HDD (%) EDD (%) 

Control 0 100 

HMW 10.6±1.8 55.8±1.6 

LMW 15.1±0.4 44.4±4.4 

 

 Under the collagenase effect, control scaffolds showed complete degradation, 

while collagen scaffolds with chitosan showed a degradation around 50% after 4 days of 

immersion. This may be explained by the fact that collagenase degrades native collagen 

by targeting the polar zone of the molecule with a (Gly-Pro-y)n sequence, whereas 

chitosan can only be degraded by enzymes that hydrolyze glucosamine-glucosamine, 

glucosamine-N-acetyl-glucosamine and N-acetyl-glucosamine-N-acetyl-glucosamine 

bonds, such as chitinases and lysozymes (Kean & Thanou, 2010). Therefore, chitosan 

improved the ability to resist collagenase degradation, preventing the action of the 

enzyme (Ma et al., 2019). The lowest EDD value observed for collagen scaffolds with 

LMW chitosan may be related to the crosslinking between collagen and chitosan. In this 

regard, a lower molecular weight facilitates the interactions between collagen and 

chitosan, leading to a higher crosslinking degree and to a smaller pore size, as observed 

by SEM; thus, enzymatic degradation is hindered. This study shows the advantages of 

including chitosan into the scaffold formulation to enhance scaffold biostability, 

prolonging its biodegradation and reaffirming its potential use for biomedical 

applications. 

6.3 CONCLUSIONS 

 The environmental assessment carried out with the aim of evaluating the 

environmental impact associated to the main processes involved in the development of 

collagen scaffolds showed that mechanical stirring and freeze-drying were the processes 

with a higher environmental load. Although scaling up the production of collagen 
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biomaterials could notably reduce those impacts, further research is needed in order to 

optimize the conditions used, reducing the energy consumed in those processes. 

Regarding the physicochemical properties of the scaffolds, FTIR results showed that the 

interactions between collagen and chitosan were physical interactions by hydrogen 

bonding, which contributed to stabilize the triple helix structure of native collagen. 

Additionally, the hydrophilic character of the scaffold surface was enhanced, which is 

considered a beneficial property in biomaterials in order to promote cell adhesion and 

proliferation. In this regard, the scaffold morphology presented smaller and more 

homogenously distributed pores for the scaffolds with LMW chitosan. Also these 

scaffolds showed a more controlled degradation rate under the effect of collagenase, 

enhancing their biostability. 
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3D-printed mucoadhesive collagen scaffolds as a local 
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7.1 SUMMARY 

 Native collagen doughs were processed using a syringe-based extrusion 3D 

printer to obtain collagen scaffolds. Before processing, the rheological properties of the 

doughs were analyzed to determine the optimal 3D printing conditions. Samples showed 

a high shear-thinning behavior, reported beneficial in the 3D printing process. In addition, 

tetrahydrocurcumin (THC) was incorporated into the dough formulation and its effect on 

collagen structure, as well as the resulting scaffold’s suitability for wound healing 

applications, were assessed. The denaturation peak observed by differential scanning 

calorimetry (DSC), along with the images of the scaffold surfaces assessed using 

scanning electron microscopy (SEM), showed that the fibrillar structure of collagen was 

maintained. These outcomes were correlated with X-ray diffraction (XRD) results, which 

showed that an increase of the lateral packaging of collagen chains was observed in the 

samples with a THC content up to 4%, while a higher content of THC considerably 

decreased the structural order of collagen. Furthermore, physical interactions between 

collagen and THC molecules were observed using Fourier transform infrared (FTIR) 

spectroscopy. Additionally, all samples showed swelling and a controlled release of THC. 

These results along with the mucoadhesive properties of collagen suggested the 

potential of these THC–collagen scaffolds as sustained THC delivery systems. 

7.2 RESULTS AND DISCUSSION 

7.2.1 Rheological properties 

 The knowledge and control of rheological properties are of great relevance to 

analyze and design the 3D printing process (Corker et al., 2019). Hence, stress sweep, 

frequency sweep, and flow tests were performed to analyze rheological properties before 

3D printing. First, stress sweep tests were performed to determine the linear viscoelastic 

range (LVR) of THC–collagen doughs and then, frequency sweet tests were carried out 

within the LVR. The results are shown in Figure 7.1. A predominant elastic behavior was 

https://www.mdpi.com/1999-4923/13/10/1697/htm#fig_body_display_pharmaceutics-13-01697-f001
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observed in all samples since the storage modulus (G’) was greater than the loss 

modulus (G”) in the studied interval (Zuidem et al., 2013). Additionally, small dependence 

on frequency was observed in the loss modulus, while the storage modulus remained 

nearly constant, demonstrating the system stability. It is worth noting that the collagen 

network structure did not collapse, since no crossover point between G’ and G” was 

observed. This behavior followed the typical response of protein-based hydrogels 

observed in several studies (Machado, Martins & Plepis 2002; Yang et al., 2018). 

Furthermore, the hydrogel behavior did not show noteworthy differences with the addition 

of THC, since similar tan δ (G”/G´) values were obtained for all the formulations. 

Likewise, the dough printability can be assessed in terms of the minimum pressure 

required and modelled using the loss tangent. The loss tangent values found in this study 

ranged from 0.15 to 0.40, in accordance with other studies that suggested good 

printability within loss tangent values from 0.25 to 0.45 (Lee et al., 2021). 

 

 

 

 

 

 

 

Figure 7.1. Storage moduli (G’), loss moduli (G’’), and loss tangent (tan) obtained through 

frequency sweep test of the samples. 

 The viscosity suitable for 3D printing must be low enough to permit easy extrusion 

through the nozzle and high enough to be cohesive with the previously deposited layer 

while maintaining the shape (Lille et al., 2018). Therefore, the flow behavior of THC–

collagen samples was analyzed and the dependence of apparent viscosities on shear 

rate is shown in Figure 7.2A. All samples displayed similar steady-state viscosity (η) 
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pattern of non-Newtonian fluids with a shear-thinning behavior and a tendency to reach 

a Newtonian region at a low shear rate (Newtonian plateau zone); thus, zero-shear 

viscosity (η0) was estimated (Wu, Gray & Chen, 2018). Zero-shear viscosity is the 

viscosity when the material is at rest; this is a limiting value that cannot be measured 

directly and must be estimated by extrapolation, fitting the data to the model. The 

experimental flow data obtained were satisfactorily fitted (R2> 0.996) to the Williamson 

model (2.5 section), and the resulting fit parameters are shown in Table 7.1. The shear-

thinning performance indicated that collagen chains were affected by the shear stress 

between the layers when the flow rate increased, thereby reducing the force between 

them (Peralta, Meza & Zorrilla, 2017). This behavior was reported beneficial in the 3D-

printing process for solid-like materials to be extruded through the nozzle (Alvarez-

Castillo et al., 2021; Guo, Zhang & Devahastin, 2020). As can be seen in Table 7.1, all 

samples showed relatively low flow index values (n < 0.42), corroborating the shear-

thinning behavior of the samples (Moreira, Chenlo & Torres, 2012). Furthermore, the 

decrease of η0 with the increase of THC concentration denoted the establishment of a 

lower number of links between collagen and THC molecules (Torres, Hallmark & Wilson, 

2014). 

 

 

 

 

 

 

 

 

Figure 7.2. A) Flow curves of collagen-THC doughs fitted by Williamson model. B) Master flow 

curve for collagen doughs fitted by Williamson model, after performing a THC concentration-

dependent shift (η0, ac) using the control sample as reference. 
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 As all samples showed a similar shear-thinning tendency, curves could be fitted 

to a single master curve (Figure 7.2B). The shift factor (ac) was calculated and included 

in Table 7.1, where ac = 1 was assigned to the control sample. A decrease of ac from 1 

to 0.67 in THC4 and THC6 doughs indicated a higher consistency when the THC content 

increased (Alvarez-Castillo et al., 2021). The relatively small tan δ and the low viscosity 

observed at high shear rates suggested that the THC–collagen doughs would be easily 

extruded by the syringe with a high shear rate at the nozzle tip (Yang et al., 2019). 

Table 7.1. Parameters of Williamson model, master curve shift factors, and shear rate values for 

collagen doughs. 

Samples 0 (Pa·s-1) k (s-1) n R2 ac w 

Control 6764 2.71 0.15 0.996 1 69.05 

THC2 4402 1.51 0.42 0.989 0.80 38.43 

THC4 2298 1.37 0.31 0.996 0.67 44.47 

THC6 2083 1.57 0.28 0.997 0.67 46.94 

 

 For a further assessment of the flow behavior of collagen doughs, the shear rate 

in the nozzle tip was calculated (2.5 section) and the values are shown in Table 7.1. 

Once shear-thinning behavior of doughs was observed, high shear rate values were 

selected since, under these conditions, the material offers less resistance (lower 

viscosity) and flows better. As the flow index (n) of the master curve was obtained, the 

printing velocity could be obtained using the equation of Weissenberg-Rabinowitsch (2.5 

section). 3D printed scaffolds are shown in Figure 7.3. 

 

Figure 7.3. 3D printed scaffold and SEM image of the surface.  

https://www.mdpi.com/1999-4923/13/10/1697/htm#fig_body_display_pharmaceutics-13-01697-f001
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7.2.2 Physicochemical and thermal properties 

 To assess the interactions among the components of the scaffold formulation, 

FTIR analysis was carried out and FTIR spectra are shown in Figure 7.4. 
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Figure 7.4. FTIR spectra of 3D printed collagen scaffolds: A) from 4000 to 800 cm-1 and B) from 

1800 to 800 cm-1. 

 

 All the spectra showed the main absorption bands assigned to the peptide bonds 

in collagen: N–H stretching vibration of amide A at 3287 cm−1, C=O stretching of amide 

I at 1630 cm−1, N–H bending of amide II at 1540 cm−1, and C–N stretching of amide III at 

1240 cm−1 (Riaz et al., 2018). The amide A band is commonly observed in the 

wavenumber range of 3400–3440 cm−1 but, when the band position is shifted to a lower 

frequency, this shift indicates that N–H groups in collagen are involved in hydrogen 

bonding (Figure 7.5), leading to stability in the collagen triple-helical structure (Liao et 

al., 2018). Additionally, a change in the intensity of the amide bands was observed with 

the incorporation of THC, indicative of physical crosslinking. No more obvious changes 

were observed in FTIR spectra, suggesting the prevalence of collagen secondary 

structure after the mixture preparation and 3D printing processes (de Campos Vidal & 

Mello, 2011).  

A) B) 
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Figure 7.5. Schematic diagram of the interactions between collagen and THC by hydrogen 

bonding. 

 

The thermal behavior of collagen scaffolds was studied using DSC analysis. As can 

be seen in Figure 7.6, all samples exhibited two endothermic peaks: the first peak, 

around 82 °C, is related to the free and bound water release (Kaczmarek, Sionkowska 

& Skopiska-Wisniewska, 2018); and the second peak, around 210 °C, is associated with 

collagen thermal denaturation process (Bozec & Odkyha, 2011). During this transition, 

collagen experienced conformational changes from triple helix to random coil and the 

structural water was released (Gauza-Wlodarczyk et al., 2017; Schroepfer & Meyer, 

2017; Shi et al., 2019). Therefore, it is worth noting that these values confirmed the 

prevalence of the triple helix structure of collagen after THC addition and 3D printing, as 

also observed by FTIR analysis. Additionally, samples with THC showed a small peak 

around 95 °C, related to THC melting (Kakkar et al., 2018), and the enthalpy value 

increased with THC content. 
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Figure 7.6. DSC thermograms of collagen scaffolds: a) free and bond water release, b) THC 

melting, and c) collagen denaturation. 
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7.2.3 Morphological and barrier properties 

 For a further analysis of the effect of THC addition on collagen structure, XRD 

and SEM analyses were carried out. As for XRD analysis (Figure 7.7), all samples 

showed XRD patterns of nearly amorphous materials. The peak around 7°, related to the 

triple helix structure of collagen, represents the lateral packing distance between 

collagen chains (Valencia et al., 2019) and the broad peak around 20°, associated with 

the diffuse scattering of collagen fibers, represents the amorphous structure of the 

samples (Zou et al., 2017). Furthermore, the samples with THC showed the 

characteristic peaks of THC at 18° and 24° (Rramaswamy et al., 2018). As can be seen, 

all samples showed similar XRD patterns, indicating the prevalence of the collagen 

structural order. When a higher THC content was added (THC6), the peak intensity at 7° 

and 20° decreased, suggesting the decrease of the structural order in collagen scaffolds. 
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Figure 7.7.XRD patterns of collagen scaffolds. 

 To assess the morphology of 3D printed scaffolds and ensure a good 

comprehension of the microstructure of the scaffold, SEM analysis was carried out and 

cross-section images are shown in Figure 7.8. SEM micrographs showed that all 

samples had a similar compact amorphous structure. When THC content increased from 

4 to 6 wt %, a less organized structure was observed, in accordance with XRD results. 

It is worth noting that 3D printed layers cannot be differentiated, indicating their good 

adhesion. 
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Figure 7.8.SEM images of the cross-section of collagen scaffolds: A) control, B) THC2, C) THC4, 

and D) THC6. 

 Considering wound dressing as a feasible application of these scaffolds, UV–vis 

spectroscopy was carried out. As can be seen in Figure 7.9, control samples showed 

the characteristic UV light barrier of collagen with an absorbance maximum from 200 to 

250 nm, associated with carbonyl, carboxyl and amide groups, and a small peak between 

250 and 280 nm, related to chromophores groups of tyrosine and phenylalanine amino 

acids (Kezwón et al., 2016; Trivedi et al., 2017). The addition of THC showed a slight 

increase of the absorbance in the visible light range (400–800 nm) and a strong increase 

in the UV range (200–400 nm) due to the absorption peak of THC around 280 nm with a 

shoulder at 310 nm (Adriani, Rahayu & Saepudin, 2020). Furthermore, the increase of 

the absorbance around 210 nm may be related to the photo-oxidized THC (Castellan et 

al., 2007). Nevertheless, no relevant difference was observed when THC was added. 
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Figure 7.9. UV-vis spectra of collagen scaffolds. 
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7.2.4 Water uptake (WU) and THC release 

 WU measurements were performed to determine the effect of THC on the water 

absorption capacity of the scaffolds. WU results showed the capacity of collagen 

scaffolds to hold a large number of water molecules. As can be observed in Figure 

7.10A, THC concentration had no relevant effect on the WU capacity, which was around 

600%. The continuous growth of WU values occurred until 1880 min, when the 

equilibrium was achieved. It is worth noting that scaffolds were stable and maintained 

integrity during the immersion period analyzed in this study. 

 

 

 

 

 

Figure 7.10. A) Water uptake and B) THC release from THC–collagen scaffolds (data fitted to 

Korsmeyer–Peppas model). 

 The release of THC from collagen scaffolds was assessed to determine the 

delivery trend. As can be observed in Figure 7.10B, all samples showed a sustained 

drug release, in which 82%, 45%, and 33% of THC was released from THC2, THC4, and 

THC6, respectively. It is worth noting that no initial burst of drug release was observed, 

probably due to collagen–THC interactions by hydrogen bonding (Figure 7.5), as 

suggested by FTIR analysis, and due to the compact structure observed by SEM. In 

order to provide a more sustained release, THC6 scaffold could be preferred. 

For a better understanding of the release mechanism, experimental THC release 

data were fitted to the Korsmeyer–Peppas model and the estimated kinetic parameters 

are summarized in Table 7.2. As can be seen, the release data were well-fitted to the 
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Korsmeyer–Peppas model, with R2 values higher than 0.9900. The value of n indicates 

the mechanism that describes how the active compound is released from the matrix. In 

this study, n values were higher than 0.89, indicating that the case II release mechanism 

controls the THC release (Abubakr, Lin & Chin, 2009). These results are particularly 

interesting since case II release is purely controlled by the swelling of the hydrophilic 

glassy polymeric system through the relaxation of collagen chains, indicating that the 

drug transport mechanism is independent of time (Supramaniam et al., 2018; Vigata et 

al., 2020). 

Table 7.2. Parameters of Korsmeyer–Peppas model for THC release from collagen scaffolds. 

Samples THC2 THC4 THC6 

K 1.3227 1.4457 0.8651 

N 1.0660 0.8947 0.9406 

R2 0.9913 0.9900 0.9944 

 

7.2.5 Mucoadhesive properties 

 Considering the potential application of these collagen scaffolds as a local 

treatment of wounds, a good adhesiveness is essential to immobilize the scaffold, which 

is the drug-delivery device, on a specific site for targeted release and optimal drug 

delivery. Mucoadhesion is defined as the adhesion between the polymer and the mucus 

and intimate contact between them must be formed for the occurrence of mucoadhesion 

(Boddupalli et al., 2010). In this study, mucoadhesive properties of wet collagen scaffolds 

in contact with type II mucin from porcine stomach were measured. The height of the 

peak is the maximum force (Fmax) required to separate the probe from the mucin, while 

the total amount of forces involved in the probe withdrawal from the mucin is the work of 

adhesion (Wadh), calculated from the area under the force versus distance curve 

(Thirawong et al., 2007). All the scaffolds investigated in this study showed positive 

adhesive forces and, therefore, some form of adhesion occurred between mucus and 
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collagen. Representative load versus deformation curves for THC–collagen scaffolds are 

displayed in Figure 7.11. All the recordings from the mucoadhesion experiments showed 

a similar shape. 

 

Figure 7.11. Characteristic load versus deformation curve for the collagen scaffolds analyzed in 

this study. THC2 scaffold. 

 The good mucoadhesive properties observed on all the samples is the result of 

the physical interactions among the mucin and collagen, mainly by hydrogen bonding 

and Van der Waals attraction. These forces are related to the amino acid residues in 

collagen that form hydrogen bonds with the glycoproteins in mucin (Soe et al., 2020). 

Due to these weak interactions between collagen and mucus, fracture strengths were 

moderate. The forces produced were mainly due to either mechanical engulfment of the 

collagen by the mucus or by mechanical penetration of the mucus into collagen crevices. 

When fracture occurred, collagen almost “popped” out of the mucus layer, as if mucin 

was not bound to collagen. A failure occurred nearly at the same stage position as the 

point of initial contact. 

 As can be seen in Table 7.3, similar (P > 0.05) Fmax and Wadh values were found. 

The incorporation of THC did not affect Fmax and Wadh values of collagen scaffolds. It is 

worth noting that different responses can be obtained depending on the analysis type 

used and the testing conditions employed (Bassi da Silva et al., 2018). Additionally, the 

mucoadhesive behavior of pure collagen has not been widely studied and, thus, data for 

comparison have not been found. Therefore, the results of this report should open new 
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avenues of thought regarding the properties of bioadhesive candidates, although further 

work is needed to promote their application for wound healing. 

Table 7.3. Mucoadhesive properties of collagen scaffolds in terms of the detachment force (Fmax) 

and the work of adhesion (Wadh).  

Samples Fmax (N) Wadh (N·mm) 

Control 0.0652±0.0035a 0.0492±0.00304a 

THC2 0.0672±0.0020a 0.0475±0.00203a 

THC4 0.0681±0.0020a 0.0494±0.00303a 

THC6 0.0699±0.0030a 0.0485±0.00233a 

aMeans followed by the same letter in the same column do not differ statistically among 

themselves by Tukey test (P < 0.05). 

 

7.3 CONCLUSIONS 

 Collagen scaffolds with controlled THC delivery and potential for local wound 

healing were developed by 3D printing. The samples were prepared with high collagen 

concentration (200 mg/mL) and rheological analysis showed suitable flow behavior to be 

3D printed. Neither the addition of THC nor the 3D printing conditions affected the triple 

helix structure of native collagen, as observed by SEM and XRD analyses, although 

physical interactions between collagen and THC were suggested by FTIR analysis. 

Furthermore, the high water holding capacity of THC–collagen scaffolds, together with 

the sustained THC release and mucoadhesive properties, make these scaffolds potential 

candidates for wound healing application. In this sense, the sample with 6 wt % THC 

could be preferred for a more sustained release of the bioactive. In future works, in vitro 

assays will be carried out to assess the scaffold stability in cell culture conditions as well 

as cell viability, adhesion, and spreading. Additionally, in vivo tests will be performed to 

show the therapeutic effect of these scaffolds and their potential in promoting wound 

healing processes. 
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ZnO nanoparticle-incorporated collagen films by solution casting                                  
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8.1 SUMMARY 

 Collagen obtained from bovine skin was mechanically pre-treated with the aim of 

preserving the triple helix structure of native collagen. Furthermore, zinc oxide 

nanoparticles were incorporated into film forming formulations due to their inherent 

biological properties, which are of great relevance for biomedical applications. All the 

films showed good mechanical properties with a predominant elastic behavior, as shown 

by dynamic mechanical analysis (DMA) curves, and collagen films were easy to handle 

in both dry and wet states. It is worth noting that the integrity in the wet state was 

achieved without incorporating chemical crosslinkers, in contrast to chemically treated 

collagen that must be crosslinked chemically due to collagen denaturation after the pre-

treatment. As shown by Fourier Transform Infrared (FTIR) spectroscopy analysis, 

collagen preserved the triple helix structure, although a slight decrease was observed 

with the increase of zinc oxide nanoparticles (ZnO NPs) content, which slightly increased 

the equilibrium water uptake values and also caused some changes in the denaturation 

collagen peak observed above 200 ºC by Differential Scanning Calorimetry (DSC) 

measurements. Additionally, collagen films showed good barrier properties, protection 

again Ultraviolet (UV) light and optimal Water Vapor Permeability (WVP) values 

(occlusivity) for biomedical purposes such as wound healing, since the WVP values 

measured would allow exudate absorption. Regarding electrical conductivity, collagen 

films presented a semiconductor behavior and memory properties and, thus, these films 

could be used as biosensors. 

8.2 RESULTS AND DISCUSSION 

8.2.1 Amino acid composition 

 In order to identify the amino acids composition in bovine skin native collagen 

and treated collagen, elemental analysis was performed and the amount of each amino 

acid residue is shown in Table 8.1. Glycine is the major amino acid in both collagens, 
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followed by proline and alanine. The content of both proline and hydroxyproline is 22.1 

% in native collagen and 22.6 % in treated collagen. Furthermore, histidine, lysine and 

hydroxylysine residues were around 3.7 % in both collagens, and no cysteine was found 

indicating that there were no thiol groups present in collagen.  

 Amino acid analysis showed that glycine was the most abundant residue in native 

and treated collagen. Since glycine is the smallest amino acid, its repetition throughout 

the protein sequence allows close packing of the chains (Piez, 1984). Furthermore, the 

high content of both proline and hydroxyproline plays an important role in the structural 

integrity of collagen, forming hydrogen bonds between collagen α-chains and limiting 

rotation (Ramachandran, 1988). Moreover, proline and hydroxyproline contain the 

pyrrolidine ring, which helps to strengthen the triple helix structure of the collagen (Minh 

et al., 2014; Pal & Suresh, 2017). Therefore, the amino acid analysis suggests that the 

stability of the triple helix remains practically intact after the treatment performed. In fact, 

hydrogen bonding is known to play a significant role in the formation and stabilization of 

protein secondary structure. 

Table 8.1. Amino acid composition of bovine skin native collagen and treated collagen (expressed 

as residues/1000 residues). 

Amino acid Native collagen Treated collagen 

Aspartic acid 45.3 44.8 
Threonine 16.1 15.9 
Serine 37.0 36.8 
Glutamic acid 72.5 73.0 
Glycine 330.9 331.2 
Alanine 109.7 108.9 
Valine 18.7 17.8 
Methionine 6.0 6.2 
Isoleucine 10.3 9.8 
Leucine 28.8 33.8 
Tyrosine 5.7 6.5 
Phenylalanine 15.6 15.9 
Hydroxylysine 6.7 6.8 
Lysine 25.7 26.4 
Histidine 4.5 4.3 
Arginine 45.4 45.4 
Hydroxyproline 98.1 93.6 
Proline 122.9 122.8 
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8.2.2 Physicochemical properties 

 The interactions among the components of the films and the integrity of collagen 

structure were assessed by FTIR analysis and FTIR spectra are exhibited in Figure 8.1. 

All the spectra showed the characteristic absorption bands assigned to the peptide bonds 

in collagen. Specifically, the absorptions related to the amide A, amide I, amide II and 

amide III bands appeared at 3300, 1634, 1544, and 1238 cm−1, respectively (Riaz et al., 

2018). The amide A band, corresponding to O-H and N-H stretching vibrations, which 

typically appears at 3400 cm-1 in collagen, shifted to 3300 cm-1, indicating hydrogen 

bonding between collagen, glycerol and ZnO (Duan et al., 2009; Liao et al., 2018).  
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Figure 8.1. FTIR spectra of collagen sheets with different ZnO NPs contents: A) from 4000 to 800 

cm-1 and B) from 1800 to 800 cm-1. 

 In particular, interpeptide hydrogen bonding stabilizes secondary structures such 

as the α-helix and β-sheet conformations; therefore, the amide I profile was analyzed 

with the aim of assessing the effect of ZnO NPs on the secondary structure of collagen. 

Amide I contains three major components: a band at 1650 cm−1, associated to the α-

helix/random coil conformation, and two bands corresponding to the β-sheet 

conformation, which appear at 1615 – 1630 cm−1 and 1680 – 1700 cm−1 (Etxabide et al., 

2016). As shown in Table 8.2, the addition of ZnO NPs, decreased the content of α-helix 

conformation. Additionally, the preservation of the integrity of the triple helix structure of 

collagen was estimated from the absorption ratio between the Amide III band and the 
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band at 1452 cm-1 (AIII/A1452) (Shi et al., 2019). As shown in Table 8.2, the AIII/A1452 ratio 

slightly decreased, indicating that ZnO NPs slightly modified the triple helical structure of 

collagen. 

Table 8.2. Area (%) of the curve fitting of amide I and absorption ratio between amide III band 

and the band at 1452 cm-1 (AIII/A1452) for ZnO NPs-collagen films. 

Samples 
β- Sheet 

(%) 
α- helix/random coil 

(%) 
AIII/A1452 

Control 36.28 63.72 1.00 

2ZnO 36.38 63.62 0.99 

4ZnO 38.63 61.37 0.97 

6ZnO 40.84 59.16 0.95 

8ZnO 42.94 57.06 0.93 

 

 The moisture content (MC) and the mass loss (ML) of the films were also 

analyzed and values are shown in Table 8.3. On the one hand, all films showed low MC 

values, decreasing (P < 0.05) from 2.0 to 0.6 % when ZnO NPs content increased. This 

slight variation in moisture content may be associated with the hydrophobicity of ZnO 

NPs (Ni et al., 2018). On the other hand, mass loss values increased (P < 0.05) from 

12.9% in control samples to 22.8% in 8ZnO samples. The mass loss of control sample 

can be attributed to the partial dissolution of glycerol. Moreover, the increase in mass 

loss values can be associated with the slight loss of the triple helix structure, as shown 

by AIII/A1450 ratio (Table 8.2), which would allow an easier diffusion of glycerol into PBS.  

Table 8.3. Moisture content (MC) and mass loss (ML) of ZnO NPs-collagen films. 

Samples 
MC 
(%) 

ML 
(%) 

Control 2.0 ± 0.3a 12.9 ± 1.8a 

2ZnO 1.0 ± 0.1b 16.7 ± 1.1b 

4ZnO 0.9 ± 0.1bc 17.3 ± 1.3b 

6ZnO 0.7 ± 0.1bc 22.4 ± 0.9c 

8ZnO 0.6 ± 0.2c 22.8 ± 0.8c 

a-cTwo means followed by the same letter in the same column are not significantly (P > 0.05) 

different through the Tukey’s multiple range test. 
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 Considering that one potential application of collagen films can be as wound 

dressings, water uptake tests were carried out and results are shown in Figure 8.2. It is 

worth noting that all samples maintained their structural integrity after immersion in PBS. 

Water uptake increased rapidly in the first 30 min and the equilibrium, around 100% for 

control sample and around 130% for samples with ZnO NPs, was achieved after 150 min 

of immersion in PBS. In accordance with FTIR and ML results, water uptake behavior 

suggested the existence of physical interactions between ZnO NPs and collagen, which 

would increase the space between collagen chains and facilitate the film swelling. 

Collagen films showed the characteristic properties of hydrogels, allowing the 

permeation of bioactive compounds into the system effectively. 
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Figure 8.2. Water uptake curves of collagen films with different ZnO NPs contents. 

 

8.2.3 Thermal properties 

 Thermal denaturation of collagen induces modifications in the collagen structure 

that can be followed by DSC. All samples exhibited two endothermic peaks, as shown in 

Figure 8.3. The first peak, situated around 100 ºC, was related to free water release 

(Miles & Gelashvili, 1999). This peak temperature increased with the addition of ZnO 

NPs due to the decrease of moisture content (Rochdi, Foucat & Renou, 1999), as shown 

in Table 8.3. The second endothermic peak appeared between 210 and 250 ºC and it 
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was associated to the denaturation of collagen (Bozec & Odlyha, 2011). The 

denaturation peak of collagen changed with the addition of ZnO NPs, specifically, the 

height of this denaturation peak decreased and its width increased, which may be 

associated to the conformational changes from a triple helix to a random coil structure 

observed by FTIR analysis. 
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Figure 8.3. DSC thermograms of collagen films with different ZnO NPs contents. 

 

 In order to study the effect of ZnO NPs in the viscoelastic behavior of collagen 

films, DMA was carried out and the temperature dependence of storage modulus (E’) 

and loss modulus (E’’) of collagen films is shown in Figure 8.4A. The storage modulus 

(E’) is generally related to the stored energy, representing the elastic behavior of the 

material, while the loss modulus (E’’) is used to indicate the energy dissipated as heat 

(Guerrero et al., 2019). The films showed higher E’ values than E’’ values, in the whole 

temperature range, which determined the predominantly elastic character of the films. 

As the temperature increased, the samples moduli decreased. The moduli decreased 

slowly until -10 ºC and then, they dropped sharply up to 20 ºC for the control samples 

and 30 ºC for the films with ZnO NPs. This sharp reduction of storage modulus involved 

the transition of the material from the glassy to the rubbery state (Guerrero et al, 2019). 

Afterwards, and up to 80 ºC, an increase was observed, related to the triple helix 

structure of collagen. This increase in the temperature at which the minimum values of 

storage and loss moduli are found with the addition of ZnO NPs may corroborate the 
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interactions observed by FTIR and DSC analyses. Additionally, the subsequent increase 

of storage and loss moduli after the achievement of the minimum value was smaller for 

6ZnO and 8ZnO films, in accordance with the decrease in the content of triple helix 

structure shown by FTIR results (Table 8.2). 

 

 

 

 

 

 

Figure 8.4. Temperature dependence of A) the storage modulus (E’), loss modulus (E”) and B) 

loss tangent (tan δ) curves for collagen films with different ZnO NPs contents. 

 

 The loss factor (tan δ), defined as the ratio between loss modulus and storage 

modulus (tan δ = E’’/E’), is represented in Figure 4B. The temperature at which the loss 

factor is maximum is defined as the glass transition temperature (Tg). The first glass 

transition (Tg1), at around -60 ºC, was attributed to the glass transition of glycerol. The 

second glass transition (Tg2), at around 20 ºC for control film and 30 ºC for ZnO NPs- 

collagen films, was attributed to the glass transition of collagen. This increase in Tg2 could 

be related to the decrease of film moisture content (Rochdi, Foucat & Renou, 1999), as 

shown in Table 8.3. 

8.2.4 Barrier, mechanical and electrical properties 

 Light barrier properties were analyzed and UV-vis spectra are shown in Figure 

8.5. As can be seen, the films exhibited a maximum absorbance peak from 200 to 240 

nm, associated with C=O, COOH, and CONH2 groups in collagen chains (Pal, Nidheesh 

& Suresh, 2015; Veeruraj, Arumugam & Balasubramanian, 2013), and a small absorption 
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peak at 250-280 nm, associated to tyrosine and phenylalanine amino acid residues in 

collagen (Duan et al., 2009; Huang et al., 2011). The addition of ZnO NPs influenced the 

films UV-vis absorbance, increasing slightly the absorbance in the visible light range 

(400-800 nm) and strongly in the UV range, concretely in the 250-280 nm range. 

Moreover, there was no ZnO NPs characteristic absorption peak near 360 nm, 

suggesting that there were not ZnO NPs with a size larger than the visible wavelength 

(Ni et al., 2018).  
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Figure 8.5. UV-vis spectra of the collagen films with different ZnO NPs contents. 

 In order to assess if collagen films could maintain an acceptable level of moisture 

in the wound when applied as wound dressings, the occlusivity of the films was evaluated 

measuring water vapor permeability. Water vapor permeability is a two-step process: 

water vapor sorption and water vapor diffusion (Uranga et al., 2019) and it depends on 

the collagen structure, organization and interactions of collagen molecules in the film (Ma 

et al., 2018). As can be seen in Table 8.4, there was no difference (P > 0.05) with the 

increase of ZnO NPs content and all samples showed a high occlusive character, with 

WVP values within the range of commercial wound dressings. Thus, they presented an 

adequate control of moisture, allowing exudate to evaporate, while maintaining some 

moisture into the wound to prevent tissue dehydration and help in re-epithelization. 

 In addition to barrier properties, mechanical properties are of great importance to 

assure that the films are easy to handle. In order to assess the mechanical behavior of 
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collagen films, elastic modulus (EM), tensile strength (TS) and elongation at break (EB) 

were measured. As shown in Table 8.4, EM and TS increased (P < 0.05) when ZnO NPs 

were incorporated into the collagen formulation; however, these values did not change 

when ZnO NPs increased, as also observed for EB values.  

Table 8.4. Water vapor permeability (WVP), elastic modulus (EM), tensile strength (TS), and 

elongation at break (EB) of collagen films prepared with different ZnO NPs contents. 

Samples 
WVP 1012 

(g∙cm-1∙s-1∙Pa-1) 
EM 

(MPa) 
TS 

(MPa) 
EB 
(%) 

Control 4.9 ± 0.3a 382.8± 19.8a 15.9 ± 1.7a 14.4 ± 0.8a 

2ZnO 5.6 ± 0.2b 430.7± 19.3b 17.7 ± 1.6ab 13.7 ± 0.7ab 

4ZnO 5.8 ± 0.4b 445.8± 12.3b 18.3 ± 0.7b 13.2 ± 0.2b 

6ZnO 5.9 ± 0.4b 452.4± 12.1b 18.9 ± 0.4b 13.1 ± 0.5b 

8ZnO 5.9 ± 0.6b 455.8± 7.2b 19.6 ± 1.3b 12.9 ± 0.6b 

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. 

 

 Considering the special attention acquired by electro-conductive biocompatible 

materials for tissue engineering applications, the electrical properties of the films were 

analyzed from the intensity-voltage (I-V) curves shown in Figure 8.6. It is well known 

that the electrical conductivity of proteins increases enormously with increasing content 

of adsorbed water, but the conductivity of both wet protein and dry proteins is almost 

purely electronic. The adsorbed water decreases the semiconduction activation energy, 

which is lower than 3.0 eV, but does not change the number of states available for 

releasing mobile charge or the mobility of the charge carriers (Rosenberg, 1962).  

 As can be seen in Figure 8.6A, collagen films showed electrical conductivity from 

negative to positive voltage and also from negative to positive voltage. When a positive 

current passed through the films and operated in the top right quadrant, the curve 

increased gradually in an extremely small current and voltage. The voltage was swept 

first from −20 V up to +20 V and then backwards, from +20V to −20 V. When the forward 

voltage exceeded 20 V, which was the film internal barrier voltage, avalanche occurred 
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and the forward current increased rapidly for a small increase in voltage producing a 

non-linear curve, called the “Knee” point. Likewise, when a negative current passed and 

operated in the bottom left quadrant of the curve, a small gradual decrease of the film 

electrical resistance was observed, until the reverse voltage across the film became 

greater than its breakdown voltage point, resulting in a sudden increase in reverse 

current, producing a fairly straight line downward curve as the voltage losses control. 

This procedure was repeated several times and Figure 8.6B shows the successive 

sweeps, and it presents the electrical behavior of a collagen film when a current sweep 

is applied and it shows the reproducibility of the semiconductor electrical behavior. As 

can be seen, the initial pinched hysteresis was shifted towards higher currents in the 

consecutive sweeps, but preserved its shape, illustrating clearly another property of the 

memristor: memory. Furthermore, all collagen films showed the characteristic 

semiconductor electrical behavior and similar resistance values were observed for all 

films regardless of ZnO NPs contents, as shown in Figure 8.6C. 

 

 

 

 

Figure 8.6. Intensity-voltage curves of collagen films with different ZnO NPs contents. 

8.2.5 Morphological properties 

 In order to determine the film microstructure and relate it to the properties 

measured, XRD and SEM analyses were carried out. All the films exhibited XRD patterns 

of amorphous materials (Figure 8.7). The peak around 7º indicated the intermolecular 

lateral packing distance between the molecular collagen chains (Valencia et al., 2019), 

which is related to the triple helix structure of collagen and, thus, its presence indicated 
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the maintenance of this structure after the addition of ZnO NPs. The broad band centered 

at 20º is associated to the diffuse scattering of collagen fibers, indicating the amorphous 

structure of the films. It is worth noting that the characteristic peaks of ZnO at ~31.5º, 

~34.4º, and ~36.2º could not be observed due to the interactions between collagen and 

ZnO NPs, as shown by FTIR analysis. 
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Figure 8.7. XRD patterns of collagen films prepared with different ZnO NPs contents. 
  

 To further assess the changes caused by the addition of ZnO NPs in the collagen 

films, SEM analysis was carried out and the images of cross-sections are shown in 

Figure 8.8. SEM micrographs exhibit the dense network of fibers in control films (Figure 

8.8A). With the addition of ZnO NPs (Figure 8.8B and 8.8C) the fibers were not further 

shown, indicating a structural change to a more compact network, in accordance with 

the gradual decrease shown in the lateral packaging of collagen chains observed by 

XRD analysis. Therefore, considering the preservation of the collagen triple helix shown 

by FTIR results (Table 8.2), this difference might be related to the decrease of the lateral 

packing among chains observed by XRD (Figure 8.7).  

 

Figure 8.8. SEM images of the cross-sections for A) control, B) 4ZnO, and C) 8ZnO films. 

A B C 
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8.3 CONCLUSIONS 

 Collagen was mechanically pretreated, maintaining its native structure, and 

subsequently processed to obtain films with induced electro-conductive properties, 

which could be used to promote cell growth and make these collagen films suitable for 

biomedical applications. With this in mind, zinc oxide nanoparticles (ZnO NPs) were 

incorporated into film forming formulations and the effect of ZnO NPs content was 

assessed. The obtained films showed good mechanical properties and were easy to 

handle, preserving their physical integrity after immersion into PBS and indicating the 

maintenance of the triple helix structure, as observed by FTIR analysis and corroborated 

by XRD results. This fact is of great relevance since the preservation of the triple helix 

structure allows to avoid the use of chemical crosslinkers, necessary when collagen is 

chemically treated due to collagen denaturation during the chemical treatment. 

Furthermore, collagen films showed good occlusivity values for the absorption of fluids, 

highlighting the potential use of these films as wound dressings. Additionally, collagen 

films showed a semiconductor behavior, which was maintained after current sweeps and 

with the incorporation of ZnO NPs.  
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Chapter 9 
 

 

 

 

IONIC LIQUIDS AND WOOL CONTAINING 

COLLAGEN FILMS 

Ionic liquids and wool containing collagen films processed by 

solution casting for advanced applications 
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9.1 SUMMARY 

 In order to develop next generation advanced functional materials based on 

natural polymers for sustainable electronics, wool and choline dihydrogen phosphate 

([Ch][DHP]) or choline serinate ([Ch][Seri) ionic liquids (ILs) were incorporated into native 

collagen formulations. Films were prepared by compression molding and their 

mechanical and electrical properties were analyzed and related to film structure. The 

denaturation peak observed by differential scanning calorimetry (DSC), along with 

infrared spectroscopy (FTIR) results, showed that the fibrillary structure of collagen was 

preserved in all samples. These outcomes were correlated with X-Ray spectroscopy 

(XRD) patterns, in which slight differences in lateral packaging and structural order were 

observed. Furthermore, scanning electron microscopy (SEM) images showed a more 

compact structure when ILs or wool were added, explaining the detected lower water 

uptake capacity. It is worth noting that no agglomeration was observed in the films with 

ILs or wool, indicating the good dispersion of these additives in the films. Regarding 

mechanical properties, the addition of wool led to a significant increase in tensile strength 

(TS), while lLs caused a significant increase in both tensile strength (TS) and elongation 

at break (EB) values. Finally, the addition of ILs and wool improved the electrical 

conductivity of collagen and all films showed antistatic behavior in the range of 1.87 10−8 

S/cm. It must be highlighted that no significant differences were observed between ILs 

containing films. The samples showed dielectric constant above 69 and tan  values 

above 4.6, mainly determined by the mobile charge contributions. This work shows the 

potential of native collagen films with tunable physicochemical characteristics for a new 

generation of sustainable materials for a wide variety of applications. 
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9.2 RESULTS AND DISCUSSION 

9.2.1 Rheological behavior 

 Compression molding is a processing method in which the raw material is 

summited to a determined pressure and temperature for a specific period by using a 

metal mold, in order to obtain the final product with a specific shape (Verma et al., 2021). 

In this sense, it is of great relevance to determine the minimum processing temperature 

at which collagen flows while preserving its native structure (Bozec & Odlyha, 2011). 

Therefore, the thermo-rheological behavior of the control sample was analyzed by 

performing temperature sweep tests in oscillatory shear. As can be observed in Figure 

9.1, G´ was greater than G´´ at room temperature and, thus, the sample showed a 

predominant elastic behavior due to the limited molecular free motion (Tran-Ba et al., 

2017). As the temperature increased, the storage and loss moduli, as well as the 

complex viscosity (η*), decreased down to a minimum value of 50 ºC, demonstrating a 

large influence of temperature on the collagen structure. This decrease of η* with 

temperature was related to the motion of collagen chains caused by the breakage of 

hydrogen bonds of free and bound water, as can be observed by the first endothermic 

peak of the DSC curves (Figure 9.2). In this regard, it has been analyzed the effect of 

temperature on the rheological properties of collagen solutions and defined the transition 

observed at 25-39 ºC as collagen denaturation temperature (Tian et al., 2016; 

Yoshimura, Chonan, & Shirai, 1999). However, taking into consideration that the thermal 

denaturation depends strongly on the degree of hydration (Bozec & Odlyha, 2011), 

collagen was minimally hydrated in this work to be processed at low temperature and 

avoid collagen denaturation. Furthermore, it is worth nothing that the viscous behavior 

predominated within the temperature range of 47-53 ºC, since G´´ was slightly higher 

than G´ and, thus, this represented the optimum temperature range to process collagen 

by compression molding.  
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Figure 9.1. Storage moduli (G´), loss moduli (G´´), and complex viscosity (*) of the control film 

as a function of temperature.  

 

9.2.2 Thermal and physicochemical properties 

 While rheological properties provide information about the sample processability, 

thermal properties provide information about the effective temperature limits at 

processing conditions and the effect of manufacturing processes on collagen structure 

(Abeykoon et al., 2021). Therefore, DSC analysis was carried out and results are shown 

in Figure 9.2.  

 It can be observed that all samples exhibited the characteristic endothermic 

peaks of collagen: the first peak, around 75-80 ºC, was related to free and bound water 

release (Kaczmarek, Sionkowska, & Skopinska-Wisniewska, 2018); and the second 

phase transition, around 125 ºC, was associated to the denaturation of native collagen 

triple helix and, simultaneously, to the structural water release (Chakrapani et al., 2012). 

This denaturation peak also appeared when the additives were incorporated, indicating 

the maintenance of the triple helix structure after compression molding, even if the peak 

appeared at lower temperatures. It can be noted that the height of the first peak 

decreased when the additives were incorporated, probably due to the difference on 

moisture content of the samples (Rochdi, Foucat & Renou, 1999).  
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Figure 9.2. DSC thermograms of all collagen-based films.  

 In order to assess the interactions among the components of the films, FTIR 

analysis was carried out and the spectra are exhibited in Figure 9.3A. All the spectra 

showed the characteristic absorption bands assigned to the peptide bonds in collagen: 

amide I (C=O stretching), amide II (N-H bending) and amide III (C-N stretching) observed 

at 1632, 1540, and 1239 cm-1, respectively (Barth & Zscherp, 2002; Riaz et al., 2018). 

No significant differences were observed when ILs or wool were added. Although the 

hydrocarboxylic radical of choline cation in ILs and phosphorus dioxide group in CDHP 

should be perceived at 1065 and 946 cm-1 (Reizabal et al., 2019), these bands were 

overlapped by the characteristic bands of glycerol in the region of 850-1000 cm-1. 

Similarly, the disulphide linkages of keratin in wool should appear in the region of 998-

1100 cm-1 (Cardamone et al., 2009).  

 

 

 

 

 

 

 

Figure 9.3. Physicochemical properties of collagen-based films: A) FTIR spectra from 1800 to 

800 cm-1 and B) water uptake curves. 
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 Additionally, water uptake tests were carried out and the results are shown in 

Figure 9.3B. In the first 10 min of immersion, the water uptake values increased rapidly 

due to the low thickness of the samples. After 60 min of immersion, the equilibrium values 

were achieved at around 375 % for control films and 325 % for the films with ILs or wool. 

These different water uptake values suggested that the incorporation of both ILs types 

or wool promoted the interactions with the polar groups of collagen and glycerol. As a 

consequence, polar groups were less accessible to interact with water molecules and, 

thereby, a lower water uptake degree was achieved. Furthermore, the more compact 

structure of the samples with ILs or wool, observed by SEM analysis (Figure 9.4), may 

decrease the water uptake values as well. It is also worth noting that no significant 

differences were observed between the water uptake values of the films with ILs or wool. 

9.2.3 Morphological properties 

 The effect of ILs or wool on collagen structure was assessed by SEM and XRD 

analyses (Figure 9.4). Concerning SEM analysis, the micrograph of the cross-section in 

control films -pristine collagen- (Figure 9.4A) exhibited the dense network of collagen 

fibers. With the addition of ILs or wool (Figure 9.4B-E), fibers could not be observed, 

and a more compact structure was achieved, which could explain the lower water uptake 

capacity observed in the samples containing ILs or wool (Figure 9.3B). It is worth noting 

that no agglomeration was observed in the samples with ILs or wool, indicating the good 

dispersion of both ILs and wool within the films. 

 Regarding XRD analysis (Figure 9.4F), all samples showed the characteristic 

collagen amorphous structure, with a broad peak around 20º, associated with the diffuse 

scattering of collagen fibers (Zou et al., 2017). The first peak around 7º represents the 

triple helix structure of collagen and the lateral packing distance between collagen chains 

(Valencia et al., 2019). All samples showed similar XRD patterns, with a slight decrease 

in the intensity of the peak at 7º with the addition of wool, indicating a decrease in the 
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structural order of the samples when wool was incorporated. Additionally, a shoulder 

around 10º can be appreciated in 5wool and 10wool that may represent the α-helix 

structure of keratin in wool (Wang et al., 2016c). Furthermore, the incorporation of ILs or 

wool caused a decrease in the intensity of the peak at 20º, suggesting the decrease of 

the structural order in collagen films.  

 
Figure 9.4. Morphological and structural properties of collagen films: SEM images of cross-

sections for A) control B) CDHP, C) CS, D) 5wool, and E) 10wool films; and F) XRD patterns.  

 

9.2.4 Mechanical properties 

 Tensile tests were performed in order to evaluate the effect of ILs or wool addition 

on tensile strength (TS) and elongation at break (EB) (Table 9.1). Furthermore, in Figure 

9.5 the fibril structure of collagen and the effect of the ILs and wool addition can be 

observed. This behavior is associated to the fibril structure of collagen. As the elongation 
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increased, the fibers of collagen were orientated, increasing tensile resistance up to the 

point of break (Sherman, Yang & Meyers, 2015).  
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Figure 9.5. Stress-strain curves of collagen based films.  

 On the one hand, the addition of lLs caused a significant (P < 0.05) increase in 

both TS and EB values, attributed to the chemical structure of ILs and their role as 

plasticizers, respectively (Rahman & Brazel, 2006). On the other hand, when wool was 

added, TS significantly (P < 0.05) increased and EB decreased (P < 0.05). Although 

different collagen treatments and processing methods used in the works reported in the 

literature make comparisons difficult, a similar effect was shown for collagen films with 

casein (Wu et al., 2018), where TS values increased from 17.24 MPa to 24.87 MPa and, 

simultaneously, EB values decreased from 13.88 to 2.87 %. 

Table 9.1. Tensile strength (TS) and elongation at break (EB) of the collagen-based films. 

Samples TS (MPa) EB (%) 

Control 7.36 ± 1.13a 31.99 ± 4.68a 

CDHP 13.30 ± 0.33b  68.00 ± 4.57a,b 

CS 18.07 ± 1.16c 57.72 ± 4.57b 

5wool 24.39 ± 3.64d 27.25 ± 3.21c 

10wool 28.31 ± 2.85d 23.30 ± 1.87d 

a-dTwo means followed by the same letter in the same column are not significantly (P > 0.05) 

different through the Turkey’s multiple range test. N = 5 was the minimum number of replications. 
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9.2.5 Electrical and dielectric properties 

 Figure 9.6A shows the I-V curves obtained for the collagen pristine film and the 

ones reinforced with ILs or wool. The addition of ILs or wool improved the electrical 

conductivity of collagen.  

 

 

 

 

Figure 9.6. A) Current-voltage (I-V) curves and B) cycling current-voltage (I-V) curves.  

 As can be seen in Figure 9.6A, the collagen-based films show electrical 

conductivity values compatible with an antistatic behavior (Jachowicz, 2013). DC 

conductivity of pristine collagen films was 2.34 ×10−9 S/cm, and increases with the 

addition of IL, being 1.03×10−9 S/cm for CDHP and 1.87×10−8 S/cm for CS films. This 

increase is related to the increase of ionic mobile species associated to the IL. When 

wool is introduced in the films, the DC electrical conductivity increases with wool addition 

and with increasing wool content, due to the proton conduction of the hydroxyl groups 

present in the wool. In this case, it is interesting the nonlinear behavior and, in particular, 

the peak detected around 3 V, indicative of a variation of the conduction regime -

decrease of the electrical conductivity-, related to the effect of absorbed water in wool, 

as demonstrated in the 5wool films (dot line in Figure 9.5A) in which the effect is reduced 

after drying, demonstrating the effect on proton conduction of the hydroxyl groups. 

Additionally, Figure 9.6B shows the I-V cycling curves for 20 cycles for the pristine 

collagen films, demonstrating a low hysteresis in the electrical conductivity, which is 

representative for the rest of the samples. 
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 Figures 9.7A and B show the dielectric constant (’) and the loss factor (tan δ), 

respectively. As the frequency increased, ε' and tan δ decreased indicating a slow 

dynamic of the contributions to the dielectric response, mainly attributed to mobile charge 

carriers. Furthermore, ε' and tan δ increased with the addition of ILs and 5 wt % wool 

due to the fact that these fillers increased the number of charge carriers. Further, the 

high values of ε' and, in particular, of tan δ demonstrate conductivity contributions to the 

dielectric response by the different charge carriers from collagen, wool and IL. 

 

 

 

 

Figure 9.7. A) variation of ε’, B) tan δ and C) AC electrical conductivity values as a function of 

frequency in a log–log plot. 

 As can be seen in Figure 9.7C, the conductivity increased with frequency, 

indicating strong contributions from localized charge carrier mobility. Two regimes in the 

conductivity behavior were observed in all films: one regime for medium frequencies up 

to 104 Hz, dominated by the DC conductivity; the second, at higher frequencies, assigned 

to the AC conductivity. Furthermore, the presence of ILs and 5 wt % wool increased the 

AC conductivity values compared to the control film due to the increased presence of 

localized charge carriers, contributing to the electrical response. 

9.3 CONCLUSIONS 

 Advanced functional materials based on native collagen with ILs or wool were 

successfully prepared by compression molding, resulting in homogeneous and easy to 

handle films. The results found by DSC, FTIR, and XRD showed the prevalence of the 

collagen fibrillar structure in all films after the compression molding process. Regarding 
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physicochemical properties, lower water uptake capacity was observed with the 

incorporation of ILs or wool into the formulations, probably due to the formation of a more 

compact structure, as shown by the SEM images of film cross-sections. Furthermore, 

the addition of lLs or wool caused a significant increase in tensile strength and improved 

the electrical conductivity and dielectric response. The dielectric response of the samples 

demonstrated the mobile contributions, highlighting the potential of these collagen films 

for an antistatic application with a focus on sustainability. 
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 10. GENERAL CONCLUSIONS 
 

 

 

The general conclusions of this doctoral thesis are summarized as follows: 

- Collagen sheets and films were successfully prepared by compression molding, 

maintaining the triple helix structure of collagen. 

- Functional properties of collagen for biomedical applications were enhanced by 

incorporating 20 wt % aloe vera.  

- Chitosan-collagen films with enhanced functional properties for wound healing 

were developed. No significant differences were found as a function of the 

molecular weight of chitosan. 

- The high water holding capacity, the sustained THC release, and mucoadhesive 

properties of THC–collagen scaffolds make them potential candidates for wound 

healing applications. 

- The good occlusivity values for the absorption of fluids, together with the induced 

electro-conductive properties, highlight the potential of collagen films with ZnO 

NPs as wound dressings. 

- Advanced functional materials based on native collagen with ILs or wool, which 

could be potentially used in antistatic applications, were successfully prepared.  

- Mechanical stirring and freeze-drying were the processes with a higher 

environmental load. Although scaling up the production of collagen biomaterials 

could notably reduce those impacts, further research is needed in order to 

optimize processes. 
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