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1.1 Introduction 

This thesis is based on the development and characterization of polymer-

based biomaterials through different techniques for their potential 

application in Tissue Engineering (TE). During the reading of the thesis 

some questions concerning this field will be solved, but first of all, what 

is a biomaterial?  

From the multiple definitions given, highlighted those applied to 

regenerative medicine from 3 authors. Williams in 1987 defined a 

biomaterial as “a substance or combination of substances, excluding the 

medicines, which come from a natural or synthetic origin and could be 

used during a period of time as everything or a part of a system that 

increases or replaces any tissue, organ or function inside the body”. 

Later, Black in 1992 defined the term biomaterial as “a material of 

natural origin or produced by the human being which is used to manage 

or to replace the functions of the tissues of the human body”. Recently, 

a biomaterial was defined as “a material designed to repair or to re-

establish the functionalities of a biological defective system” 

(Ramakrishna et al., 2016). The biomaterials have evolved along the 

history improving their characteristics. This fact allowed scientists to 

establish different generations of biomaterials: 

- First Generation: The first generation is characterized by the use 

of biologically tolerable materials, such as stainless steel, cobalt-

chromium (CoCr) alloys and polymethyl methacrylate (PMMA), 

which form a fibrous tissue that isolates the implant from the 

environment and prevents its close union with bone. In this 

generation, a high priority was given to the treatment of infectious 

diseases, septic injuries and the application of antibiotics. Efficient 

treatment of both conditions and materials was indispensable.  
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- Second Generation: After the Cold War and with a considerable 

increase in global life expectancy, the use of materials with little 

rejection in the organism and with the least number of side effects and 

the longest possible durability became a priority. This generation 

extends from 1980 to 2000 and is characterized by the development 

of bioactive biomaterials (bioactive silicon and hydroxyapatite 

glasses) and biodegradable (polymers and composites), with the 

ability to interact with the surroundings, as the medium proteins, that 

environ the material, allowing an integration of the fabric on the 

surface of the material. As none of the metals used in the design of 

prostheses is bioactive per se, within this second generation, metals 

with surfaces coated with bioactive ceramics and modifications on the 

surface to induce the adhesion of proteins stand out. During this 

second generation, bioabsorbable materials, such as biodegradable 

polymers, also stand out. This is where the accepted definition of a 

biomaterial is coined: non-viable material with which a medical 

device is manufactured that interacts with biological systems 

(Williams, 2009). The same author also defines a very important 

concept, which is biocompatibility: the ability of a material to fulfill 

a certain function with an adequate response from the host in a 

specific application (Williams, 2009). 

- Third Generation: The third generation of biomaterials are 

designed considering that they will be in contact with living tissues 

and that the surface properties of such materials, such as topography, 

surface charge and all aspects related to the chemistry of their 

surfaces, are fundamental for a positive response. This entails 

adequate functionalization of the free surfaces of these biomaterials 

to facilitate adhesion, proliferation and cell differentiation under 
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optimal conditions. The implantation of a device in the human 

organism requires that it be guaranteed its total recognition by the 

complex physiological system. The surfaces of the biomaterials can 

be hydrophilic or hydrophobic. This property conditions that the 

proteins are absorbed by the surface of the material in question, which 

is directly related to the tolerance of the organism to the material. At 

this point we start looking for materials that change from biostable to 

bioresorbable for better implant osteointegration, that is, the body is 

able to metabolize and resynthesize into compounds that can be 

absorbed, such as proteins, or they can be discarded completely. 

These materials are designed to interact and integrate with the 

biological environment and degrade by hydrolytic or even enzymatic 

action. 

- Fourth Generation: Fourth generation biomaterials combine high 

functionality with the rise of new multidisciplinary advances that 

bring us closer and closer to the synthesis of materials that not only 

adapt to the human body but also imitate it remarkably. In addition to 

an improvement in terms of the development of those materials 

already exposed in previous generations, our focus is now on two 

booming fields that shed some light on the future of biomaterials. 

These are nanomedicine (application of nanotechnology in medicine) 

and biomimicry (it is the science that studies nature as a source of 

inspiration, making use of new technologies to solve those human 

problems that nature has solved). 

On the other hand, the field of development of biomaterials evolved with 

Tissue Engineering. So, here another question comes, what is Tissue 

Engineering? 
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Although the terms "Tissue Engineering" and "Regenerative Medicine" 

have become interchangeable (the field tries to focus on cures rather than 

on treatments for complex and often chronic diseases), the concept of 

Tissue Engineering is integrated into the field of Regenerative Medicine. 

Regenerative Medicine has long been only an unattainable dream, but 

with the technological advances and the audacious intellect of several 

scientists, this great branch of medicine opens the way to the future, 

developing cures and treatments against major diseases that have limited 

us until now. But this medical science does not work alone since it joins 

with others such as advanced cell therapy, genetic engineering and tissue 

engineering, which are the main fields that can lead to compliance with 

the goals proposed by this branch of current medicine. 

The term "Tissue Engineering" was coined in 1988 being defined as "a 

new field of investigation, of rapid development, which aim is the 

production of tissues" (Skalak and Fox, 1988). Nowadays, Tissue 

Engineering is defined as “the science of the design and fabrication of 

new tissues for the functional reestablishment of altered organs and the 

substitution of damaged structures because of traumatism or diseases” 

(Reddi, 2000), so it is a growing multidisciplinary field with many 

medical applications and it has the potential to create tissues from 

scaffolds where cell insertion occurs. The starting point of Tissue 

Engineering can be set in the pioneering studies of Yannas and Vacanti 

in the 80s, who conceived the idea of giving the cells a 

scaffold/frame/matrix so that they could grow and form a tissue (Langer 

and Vacanti, 1993; Yannas and Burke, 1980). However, Tissue 

Engineering has suffered an exponential growth since 2000 (Ghosal et 

al., 2014; Kakkar et al., 2014; Offeddu et al., 2015; Sachlos and 
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Czemuszka, 2003). This evolution can be observed in the number of 

related publications shown in Figure 1.1. 
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Figure 1.1. Evolution of publications concerning Tissue Engineering. Data obtained from 

Scopus and Web of Science 

The application of Tissue Engineering techniques represents a great 

advance in the fields of cell therapy and Regenerative Medicine, being 

one of the advances in biomedicine with greater impact in the health 

sector. According to the Tissue Engineering Market Research Report 

from 2017, the investment made in the development of new tissue 

engineering techniques has grown rapidly from 950 million US $ in 1997 

to 7100 million in 2017, foreseeing a growth at a constant rate with a 

compound annual rate of 17,22% during the period of 2017-2022 review 

(Nerem, 2010). These forecasts have been confirmed by a recent report 

by the consulting firm Goldman Sachs, which states that the investment 

of venture capital funds in the regenerative medicine sector has increased 

from 296 million in 2011 to 807 million 2016, with an annual growth 

rate of 34%. 
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In general, Tissue Engineering is based on three main elements, elements 

which are essentials for the development of tissues. These elements are 

stem cells to evolve the tissue, growth factors to stimulate the growth of 

the cells setting up the optimal conditions and biomaterials as three-

dimensional structures to support cell adhesion and growth (Lin et al., 

2015). For Tissue Engineering, the biomaterials used for cells 

regeneration, in conjunction with the cells and growth factors, are called 

scaffolds. So, what is a scaffold and which properties should satisfy? 

A scaffold is a polymer matrix which is degradable and bioabsorbable 

which its principal function is to serve as an anchor platform for cells 

adhesion, allowing their growth. In addition, they could have other 

functions as transport, store and release the growth factors as well as 

stimulating specific cellular responses (contributing to the structural and 

mechanical integrity of the region). Moreover, the scaffolds should 

exhibit some properties or satisfy certain conditions (Vallet-Regi and 

Munuera, 2000): 

- Biocompatibility: it is the crucial property for these three-

dimensional structures (matrices) to be considered as scaffolds. It is 

related to the quality of a material of being compatible with the 

biological environment that surrounds it, so, its aptitude to interact 

with the tissues without damaging. A material which could be 

considered as biocompatible is that one that should be kept inside a 

few acceptable limits of compatibility, since it is practically 

impossible to find a completely inert material. In addition, and 

concerning the biodegradability, the derivative products must also be 

necessarily biocompatible and without toxicity. 
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- Biodegradability: These matrices must be biodegradable and 

absorbable, but with a speed of degradation similar to the regeneration 

and extension of the tissue formed. 

- Porosity: The scaffolds must present porous spaces to shelter to 

cells and active factors, besides favoring the penetration or 

bioconductivity of the tissue formed. Depending on what type of cells 

it shelters, the ideal size of pore ranges between 40 and 150 𝜇m or 

200 and 400 𝜇m (Li and Cooper, 2011; Van Vlierberghe et al., 2011). 

Apart from the pore size, good interconnectivity between the pores is 

always sought. The porosity presented by the scaffold is a 

fundamental and exclusive parameter since depending on the 

applications considered it must present different characteristics, but a 

distribution of well-interconnected pores is necessary in most TE 

applications in order to achieve a better nutrient transport and 

facilitate cell migration. 

- Mechanical Resistance: The scaffolds must present a suitable 

mechanical resistance to be able to act as supporting structures during 

the period necessary for tissue growth. For it, besides assembling the 

set of previous properties, it is essential that the scaffolds belong to 

the group of viscoelastic materials. To evaluate the mechanical 

resistance of a material it is necessary to study the relation between a 

variable that realizes of the application of a force or system of forces, 

as the stress, or relation between the applied force and the area on it 

is applied, and another that evaluates the strain produced (γ) or the 

strain rate (𝛾̇). All these behaviors are evaluated across Rheology, or 

science that studies the existing relation between the external forces 

that act on a body and the deformation that produce. One of the most 

widespread forms of characterization of these materials is through 
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"dynamic" tests with low amplitude efforts. In this type of tests, a 

sinusoidal strain is applied such that the structure of the material 

remains unchanged, defining the linear viscoelastic zone of the 

material. In this area, the response (deformation or stress) is also 

sinusoidal and independent of amplitude. Within the dynamic tests, 

the relationships between stress and strain of compression, tensile, 

flexion or shear can be studied, properly selecting the geometry of the 

specimen and the form of application of the stress or deformation. The 

most important parameters of this type of test are: Elastic Modulus 

(Ε'), which represents the ability of the material to store energy 

elastically; Viscous Modulus (Ε''), which measures the ability to 

dissipate energy; and the Loss Tangent (tan δ), which is the 

relationship between both modules and marks the predominance of 

the elastic or viscous nature of the material (Equation 1.1): 

tan(𝛿)= 𝐸′′/𝐸′              (1.1) 

Apart from the properties previously mentioned, there are others which 

could be profitable enough for the suitable use of three-dimensional 

matrices as scaffolds. These properties are a high specific surface (in 

order to allow a high cell density), suitable surface topography (involved 

in cell attachment on the scaffold) and weak antigenicity (produce no 

rejection, so, immune response in tissues). 
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1.2 Hypothesis and main objectives 

A general overview of the different stages involved in the development 

of scaffolds can be seen in the following scheme (Figure 1.2): 

 

Figure 1.2. Stages (S) in the development of scaffolds for Tissue Engineering 

Thus, the initial hypothesis consists of the development of scaffolds with 

adequate characteristics of porosity, mechanical resistance and 

biodegradability, which are viable for the development of muscular and 

biocompatible tissues, from combinations of collagen and gelatin with 

either natural polymers (chitosan) or synthetic polymers (PCL). The 

proposal involves the use of classical polymer processing techniques 

such as freeze-drying, combined with novel techniques aimed at 

optimizing the properties of matrices such as the electrospinning or 

molecular imprinting techniques. 

Taking this hypothesis as the general objective, the following specific 

objectives are proposed for its achievement: 

- Physicochemical characterization of the raw material: Collagen (CG) 

and Gelatin (GE). 
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- Development of a biocompatible and biodegradable porous matrix that 

serves as scaffolds for TE based on collagen and/or gelatin by means of 

the three techniques studied: Freeze-Drying, Electrospinning and 

Molecular Imprinting. 

- Characterization of the morphological, superficial and mechanical 

properties of scaffolds depending on their formulation and processing. 

- Optimization of the processing conditions in its different stages, which 

together with the previous objectives will allow selecting the most 

promising scaffolds. 

- Select those scaffolds with the greatest potential for their application in 

Tissue Engineering. 

- In vitro study of differentiated muscle cells in the selected scaffolds 

together with growth factors. 

- Study of the in vivo behavior of the scaffolds after its implantation in 

animals (biocompatibility and contractibility) and its histological pattern 

after the explant. 
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1.3 Raw material 

Interestingly, regardless of the application, choosing an appropriate raw 

material to be used or obtaining scaffolds with an optimal internal 

structure have a positive effect over cell activity, so it is evident that the 

selection of a suitable raw material is crucial for optimum cell growth 

(Sachlos and Czemuszka, 2003). In this way, scaffolds might be natural 

or synthetic but it is essential that they present their specific properties 

during the whole running time (Vallet-Regi and Munuera, 2000). It is 

interesting to point out that nowadays synthetic polymers are the most 

commonly used because it is possible to select and control easily the final 

properties of the scaffolds. However, most of the synthetic polymers 

present the disadvantage of being toxic or rather non biocompatible 

(Geutjes et al., 2006). For that reason, the most interesting options are 

those based on natural polymers. 

Among the different natural polymers to be used, proteins and 

polysaccharides (i.e. collagen, fibrin, elastin, alginate, chitosan, etc.) can 

be highlighted due to their biological properties. Proteins are a diverse 

and complex group of macromolecules formed from the combination of 

20 amino acids, being as abundant as necessary for life since at least 50% 

of the dry weight of the cells are proteins. Proteins have several functions 

that support life, among which are structural support (collagen), 

biocatalysts (enzymes), cell movement (actin and myosin), defense 

(keratin), hormonal regulation (insulin), transport (hemoglobin) and 

reserve essential nutrients as sources of Nitrogen (casein and ovalbumin) 

(McKee et al., 2003). 

From all the existing proteins, collagen is the most abundant protein in 

animal tissues (constituting more than 30% of the total protein content), 

and it is commonly found in bones, skin and ligaments. It is a fibrous 
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protein (composed by myofibrillar proteins) with a typical amino acid 

profile, constituted mainly by glycine, proline and hydroxyproline which 

all represent almost 45 % of the total composition. Its basic unit is formed 

by 3 polymeric chains giving rise to a compact triple helix. 

Collagen has many potential applications, in particular in the 

pharmaceutical industry. Moreover, a new application has emerged 

using collagen in the last few years, due to its properties such as 

biocompatibility, biodegradability, high stress resistance, the inclusion 

of cell adhesion sequences or its ability to mimic biological structures. 

Thus, collagen has recently been considered an excellent choice as raw 

material for obtaining porous matrices for Tissue Engineering (Aguirre-

Chagala et al., 2017; Davidenko et al., 2015; Gaspar et al., 2011; Merrett 

et al., 2012; Muthukumar et al., 2016; Oryan et al., 2018). 

On the other hand, collagen can be denatured by acidic or alkaline 

processing and thermal denaturation to yield acidic gelatin (Gelatin Type 

A) or basic gelatin (Gelatin Type B) (Ohyabu et al., 2013). The main 

difference between both is the isoelectric point (in the range between 8-

9 or 4-5 for types A and B, respectively). Although its main application 

is in food manufacturing, gelatin is also widely used as a scaffold 

material because of its advantages in TE applications (Aldana and 

Abraham, 2017; Chen et al., 2016). It is characterized by its high 

biocompatibility, bioresorbability, non-immunogenicity, and its 

beneficial functional properties. Studies reveal that gelatin does not elicit 

any noticeable antigenic responses upon implantation and promotes 

cellular growth (Allam et al., 2012). 
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1.4 Scaffold fabrication techniques 

There are numerous techniques for scaffolds fabrication as the ones 

based on 3D printing as rapid prototyping or melt molding (Hochleitner 

et al., 2015; Stratton et al., 2018; Thomson et al., 1995); solvent-based 

techniques as solvent casting (Mikos et al., 1993) or phase separation 

(Ren et al., 2017); and others more specific as self-assembly (Zhang, 

2003). Among these possible techniques mentioned to produce scaffolds, 

three different techniques will be developed to achieve the hypothesis 

and the main objectives detailed before: Freeze-Drying, Electrospinning 

and Molecular Imprinting. The main advantage of these techniques is 

their possibility to be used with natural polymers since many of the 

techniques which involve harsh chemicals and large temperature ranges 

cannot be used because the bioactivity and functionality cannot be 

preserved. 

1.4.1. Freeze-Drying 

Although other techniques like 3D printing allow obtaining scaffolds 

with better structural properties, Freeze-drying technique allows 

obtaining 3D porous scaffolds with a global porosity higher than 90% 

and pore sizes in the range between 20 and 400 µm (Teimouri and Azadi, 

2016). It is based on the freezing of a polymer solution followed by the 

sublimation of the solvent, obtaining matrices with an interconnected 

porous microstructure.  

The evolution of the technique over the years can be seen in Figure 1.3. 

Its origin is found in 1909 when Shackell freeze-dried different 

biological materials. It is important to mention that it was not until 1927 

when the first patent was registered by Tival. Later, in 1934, Flosdorf 

prepared the first stable structures via Freeze-Drying. However, it was in 
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1990 when De Groot et al. developed the first composite based on 

combinations of Polyurethane and Poly(L-lactic acid) (PU/PLLA) for 

Tissue Engineering (de Groot et al., 1990). Five years later, the first 

freeze-dried scaffold was produced (Whang et al., 1995). Since then, the 

application of this technique in Tissue Engineering has grown 

exponentially (Brougham et al., 2017; Fereshteh, 2017). 

 

Figure 1.3. Timeline of the evolution of ‘Freeze-Drying’ over history 

 

A parameter to measure the evolution of the technique over the years and 

its influence in science is based on the number of publications related. 

Figure 1.4 shows the number of publications concerning ‘Freeze-Drying’ 

since the year 2000.  

 

Figure 1.4. Evolution of the number of publications related to ‘Freeze-Drying’. Data 

obtained from Scopus and Web of Science 
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An exponential growth is observed in the number of publications passing 

from 400 to more than 1700 in 2018 (blue bars). A study of the specific 

use of Freeze-Drying to produce scaffolds for TE has also been 

performed and showed in Figure 1.4 (red bars). An increase over the 

years is observed, although for their use to fabricate scaffolds, this 

increase has been smoothed and even decreased (comparing the 

publications of 2017 and 2018).    

1.4.2. Electrospinning 

Electrospinning is a technique that allows the formation of continuous 

ultrafine membranes formed by polymeric fibers. The process consists 

of the application of a high voltage to induce the evaporation of the 

solvent of a polymeric solution, leading to the formation of micrometric 

and nanometric fibers on a metallic surface called the collector. 

A timeline with the main events concerning electrospinning is shown in 

Figure 1.5.  

 

Figure 1.5. Timeline of the evolution of ‘Electrospinning’ over history 

 

The beginnings of electrospinning go back to the beginning of the 20th 

century, being patented between 1900 and 1902 by scientists J.F. Cooley 

and W.J. Morton (although in those years the technique was not known 

by the name that is used at the moment). Later, between 1931-1944, 

Firmhals got 22 patents on the mechanism (Tucker et al., 2012). 

However, it was not until 1964 when sir Geoffrey Ingram Taylor 

presented his theoretical explanation of the technique and the known 
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‘Taylor’s cone’ (Taylor, 1964). The technique was performed to produce 

materials with different applications as filters, although the technique did 

not receive its name until 1990. 

On the other hand, Figure 1.6 shows the evolution of the number of 

publications concerning electrospinning. Once again, an exponential 

growth is observed since 2006 but with a higher hit that the previous 

technique as the number of publications reached almost 4000 in 2018. 

Interestingly, the impact of this technique over tissue engineering is also 

higher since a quarter of the publications concerning electrospinning are 

devoted to the development of scaffolds.  

 

Figure 1.6. Evolution of the number of publications related to ‘Electrospinning’. Data 

obtained from Scopus and Web of Science 
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The rise of this field is related to the fourth generation of biomaterials, 

together with another growing field such as Nanomedicine. It is one of 

the most promising aspects within the many technological advances still 

under study since it offers the possibility of diagnosing and treating 

diseases at the cellular and molecular level. Nanomedicine contains five 

main disciplines: analysis tools, nanoimaging, nanomaterials, new 

therapeutic delivery systems and drugs, as well as regulatory and 

toxicological aspects related to clinical practice. 

1.4.3. Molecular Imprinting 

The technique called Molecular Imprinting consists of “the construction 

of ligand selective recognition sites in synthetic polymers where a 

template (atom, ion, molecule, complex or a molecular, ionic or 

macromolecular assembly, including micro-organisms) is employed in 

order to facilitate recognition site formation during the covalent 

assembly of the bulk phase by a polymerization or polycondensation 

process, with subsequent removal of some or all of the template being 

necessary for recognition to occur in the spaces vacated by the 

templating species” (Chen et al., 2011).  

Although the origin of the technique is found in the 1930s with the 

pioneering studies of Polyakov, it was not until ten years later when 

Pauling presented the first theoretical approach. In 1949, Dickey 

achieved an MI process properly performed on silica gel and between 

1960 and 1975, the concepts of alternative molecular imprinting and 

covalent molecular imprinting were introduced with the studies of 

Michael and Wulff & Sarhan (concepts described in Chapter 5). Already 

in the 1990s, the first molecularly imprinted membranes were obtained 

with the inclusion of nanoparticles (Figure 1.7). 
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Figure 1.7. Timeline of the evolution of ‘Molecular Imprinting’ over history 

According to the results shown in Figure 1.8, the publications concerning 

molecular imprinting are sensibly lower compared to the fields of 

Freeze-Drying (Figure 1.4) or Electrospinning (Figure 1.6), with a lower 

impact on Tissue Engineering. This fact may be due to the success in 

achieving molecularly imprinted structures by using small molecules, 

although imprinting of biomacromolecules (i.e. proteins) is still 

challenging.  

 

Figure 1.8. Evolution of the number of publications related to ‘Molecular Imprinting’. Data 

obtained from Scopus and Web of Science 
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Figure 1.9. Evolution of the number of publications related to ‘Molecular 

Imprinting+Electrospinning’. Data obtained from Scopus and Web of Science 

The results (Figure 1.9) evidenced the relatively new and innovative 

process which combines both techniques to produce molecular imprinted 

structures. The number of publications reached a maximum at 10-12, half 

of them related to scaffolds. 
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2.1 Introduction 

Nowadays, most studies in regenerative medicine focus on the 

development of 2D and 3D structures to act as promising scaffolds for 

Tissue Engineering (TE), due to the increasing importance of TE in the 

recovery and care of diseases (Langer and Vacanti, 2016). However, the 

efficiency of the process is quite linked to the properties of the scaffold. 

As a matter of a fact, these properties are closely related to the raw 

material used for the fabrication of the scaffold.  

The scaffolds can be produced from either synthetic or natural polymers, 

depending on the properties to be promoted (synthetic for better 

mechanical properties or natural for a better biocompatibility) (Aldana 

and Abraham, 2017; Deng et al., 2018). Polysaccharides (chitosan, 

alginate, agarose, etc.) and proteins (collagen, gelatin, fibrin, fibronectin, 

etc.) are the most commonly used biopolymers for the development of 

scaffolds (Khajavi et al., 2016; Pok et al., 2014; Stratton et al., 2018; 

Zhang et al., 2016).  

The use of protein concentrates as raw material for scaffolds requires the 

knowledge of some basic characteristics as their chemical and amino 

acid composition, surface charges or structure. First, it is important to 

evaluate their composition in order to corroborate the active matter (real 

protein) that they contain. The evaluation of their chemical composition 

may include the protein and lipids content, as well as the moisture of the 

sample. The analysis of the amino acid composition is also interesting 

because it allows to know the amino acids present in higher proportions 

in order to plan the modification of the structure. In this sense, as 

example, the content in proline or hydroxyproline gives information 

about the stabilization of the protein. Moreover, amino acids like 
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methionine or cysteine give information about the sulfur content, 

involved in the protein aggregation by forming disulphide bonds. 

The different amino acids are connected by forming sequences (chains), 

establishing four different structural levels depending on the 

organization of these chains with each other: Primary structure, which 

consists of a linear combination of monomers called amino acid joined 

by a type of bond called peptide bond. The secondary structure is 

originated from the folding of the primary structure by means of the 

formation of α-links (α-helix) and β-structures (β-sheets) (Figure 2.1):  

- α-helix: This structure is formed by the winding of the 

polypeptide chain around an imaginary longitudinal axis to the center 

of the proper helix, leaving the groups out of the dextrogyre helical 

skeleton. 

- β-sheets: It is formed by the alignment of two or more segments 

of the polypeptide chains, which are extended in zigzag, joining 

together through hydrogen bonds. Adjacent polypeptide chains of a 

β-sheet may be parallel or antiparallel, depending on whether they 

have the same amino-carboxy or opposite orientation; the repetition 

period is smaller for the parallel sequence (6.5 Å compared to 7 Å for 

the antiparallel sequence). 

 

Figure 2.1. Secondary structures of proteins: (A) α-helix and (B) β-sheet. Image obtained 

from Reeb and Rost (2019) 
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The tertiary structure is the definitive three-dimensional structure for 

most proteins, obtained by the folding of the polypeptide chain due to 

the formation of additional bonds (hydrogen bonds, hydrophobic bonds 

or disulphide bonds). Finally, the quaternary structure is formed by the 

coupling of different protein chains. These two structures are really 

interesting because it is possible to form them with the help of different 

crosslinking agents, giving a more structured framework to proteins 

(Cox and Nelson, 2000; McKee et al., 2003). The stabilization is 

obtained by the formation of the bonds previously described, but also by 

the surface charges which are present in the protein, due to the fact that 

they affect protein structuration and folding (and therefore their 

functionality) by the charge hindrance between the polypeptide chains. 

For this reason, techniques that involve solubility or Z-Potential 

measurements are very useful for the characterization of the protein. 

The conformational changes of the protein chain that gives rise to the 

tertiary structure are mainly due to weak interactions, although 

sometimes it can also be due to covalent bonds such as: Hydrogen bonds, 

hydrophobic interactions, electrostatic interactions or disulphide bonds 

(Biesecker et al., 1977; Cox and Nelson, 2000). In addition, these 

conformational changes can be obtained by the crosslinking of the 

structure. The crosslinking method consists in the formation of 

additional bonds between polymer chains to reinforce the structure of the 

protein. In this sense, the content in glutamic acid or lysine allows 

planning a crosslinking modification using glutaraldehyde (among other 

alternatives). 

Among the different protein concentrates, collagen is one of the most 

commonly used polymers for the fabrication of scaffolds polymers for 

obtaining scaffolds (Correia et al., 2013; Jose et al., 2009; Sionkowska 
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and Grabska, 2017).  Collagen is the most abundant component of the 

skin and bones, covering 30% of the total protein mass in mammals. The 

basic structure of collagen is based on a triple helix of three polymeric 

chains of ca 1000 amino acids connected by peptide bonds (Jilek and 

Helmut, 1978; Lodish, 2013; Luparello and Sirchia, 2011; Merrett et al., 

2012). Furthermore, it shows a typical amino acid profile, constituted 

mainly by glycine, proline and hydroxyproline (which represent 40% of 

the total). It is formed by two identical α1-chains and one α2(I)-chain 

(heterotrimers) (Allam et al., 2012). 

However, there are more than sixteen types of collagen that differ from 

each other according to their origin and structure (Lodish, 2013), 

although collagen types I, II and III are the most abundant: 

- Type I Collagen: It is found abundantly in the dermis, bones and 

tendons. It occurs in striated fibrils of 20 to 100 nm in diameter, 

grouping to form larger fibers. Its major subunits consist of α-chains 

of two types (called α1 and α2). Its main function is the stretch 

resistance. 

- Type II Collagen: It is found mostly in cartilage, but also occurs 

in the embryonic cornea and vitreous humor of the eye. In cartilage, 

it forms fine fibrils of 10 to 20 nm, but in other microenvironments, it 

can form larger fibrils, indistinguishable from type I collagen. They 

consist of three α2 chains. Its main function is resistance to 

intermittent pressure. 

- Type III Collagen: It is found in the connective tissue, in the walls 

of blood vessels, the dermis of the skin and the stroma of several 

glands. It seems an important constituent of 50 nm fibers that have 

traditionally been called "reticular fibers". It consists of a single class 

of α3 chain. Its function is the support of various organs. 
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Collagen, like most proteins, can lose its three-dimensional structure due 

to different factors (temperature, changes in pH, etc.) (Cox and Nelson, 

2000).  This process is called denaturation and leads to the formation of 

gelatin (the denatured form of collagen) (Figure 2.2). It is important to 

differentiate between collagen and gelatin proteins because the possible 

applications (Tissue Engineering, pharmaceutical and cosmetics 

applications) may be different (Kittiphattanabawon et al., 2005). 

 

Figure 2.2. Collagen and gelatin protein structures 

Collagen-based scaffolds may be constructed either in the native form or 

the denatured form (gelatin). Gelatin is generally obtained by 

denaturation of type I collagen from animal skin or fish scales. Like 

collagen, gelatin is mainly composed of three amino acids (glycine, 

proline and hydroxyproline). Furthermore, its chemical and physical 

properties are similar to those of collagen, but with even better biological 

responses (Echave et al., 2017). There are two types of gelatin (type A 

or type B), which differs by the method of production. Type A gelatin is 

obtained by an acidic treatment, whereas type B gelatin is achieved 

following a basic treatment. As a consequence, it leads to a different 

isoelectric point, in the range between 4.5-6 for the type B and between 

7-9 for the type A (Aramwit et al., 2015; Mohiti-Asli and Loboa, 2016). 

Thereby, it is important to consider the properties of the raw material 

used in the scaffold fabrication and, specifically for collagen studies, its 

structure in order to evaluate their denaturation degree to analyse the 
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purity of collagen. The latter allows to analyze if the raw material used 

is collagen, gelatin or gelatinized collagen. Thus, a previous 

characterization of the raw material is advisable in order to make a good 

selection. The determination of the denaturation of proteins implies the 

study of their secondary structure. Thus, Circular Dichroism (CD) or 

Fourier Transform Infrared Spectroscopy (FTIR) are widely used 

techniques for this purpose (Goormaghtigh et al., 2009), but they are not 

the only ones because others like microthermal analyses or atomic force 

microscopy can be performed (Lin and Goh, 2002). However, the precise 

mechanism of collagen denaturation remains unknown due to its 

crosslinking and polymeric nature (Ravikumar and Hwang, 2008). CD 

measurements applied to biological systems give information about their 

conformational changes or the folding and unfolding of proteins (S M 

Kelly and Price, 2000). Advances in this field have allowed the analysis 

of the spectra obtained using specific software. K2D software, for 

example, gives an estimation of the percentages of secondary structure 

in proteins (Orrego Cardozo et al., 2015). FTIR, in turn, gives 

information about the chemical bonds present in the molecules studied. 

When analysing biological molecules (such as proteins), the carboxyl 

and amino bonds are the most interesting groups to consider, since the 

intensity of these peaks gives information about the denaturation of the 

protein studied (Muyonga et al., 2004a). 

Furthermore, other possible techniques to be used are free and total 

sulfhydryls or Differential Scanning Calorimetry (DSC) measurements. 

The former allows the determination of S-S bonds, which could give an 

idea of the agglomeration of the protein and, for that matter, of its 

denaturation (Greensteik, 1938). On the other hand, DSC measurements 

study the thermal properties of the protein, which vary depending on its 
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denaturation (showing specific peaks depending on whether it is collagen 

or gelatin) (Badea et al., 2012; Beveridge et al., 1974). 

Thus, the aim of this work is the physicochemical characterization and 

assessment of different protein concentrates, namely type I collagen and 

type B gelatin protein concentrates from different sources to analyze 

their properties and compare their denaturation degree using a 

combination of different techniques. Therefore, their chemical and 

amino acid composition, as well as their superficial and structural charge 

are determined. The information obtained in this study can be useful for 

the selection of suitable raw material for the fabrication of scaffolds. 
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2.2 Material and methods 

2.2.1. Materials 

Type I collagen protein concentrates (CG) from two different sources 

were evaluated: pork (HI95 and T95) and turkey. These three protein 

concentrates were supplied by Essentia Protein Solutions (Grasten, 

Denmark). In addition, gelatin protein (GE) from fish skin was also 

studied. It was supplied by Henan Boom Gelatin Co. Ltd (China). The 

main difference between the pork HI95 and pork T95 collagen proteins 

is that pork T95 is a cold-setting protein which is capable of gelling at 

low temperatures.  

2.2.2. Physicochemical characterization of the protein 

concentrates 

2.2.2.1. Chemical composition 

Protein quantification: Protein content was determined using a LECO 

CHNS-932 microanalyzer (Leco Corporation, USA) (Figure 2.3) to 

measure the nitrogen content of the sample and multiplying this by 5.95 

(Liang et al., 2014). 

This analyzer allows knowing the content of C, N, H and S measured in 

percentage with respect to the total weight. The analysis technique is 

fully automated, and it is based on the combustion of the samples under 

optimal conditions (T = 950-1,100ºC, pure oxygen atmosphere) to 

convert the aforementioned elements into simple gases (CO2, N2, H2O 

and SO2) to obtain a quantitative result. 

Sulfur content: Sulfur content was determined using a LECO CHNS-932 

microanalyzer (Leco Corporation, USA).  
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Figure 2.3. LECO CHNS-932 nitrogen microanalyzer 

Likewise, lipid, moisture and ash contents were determined according to 

A.O.A.C. (2005). 

Lipid quantification: the Soxhlet extraction device, shown in Figure 2.4, 

was used to quantify lipid content. The method used in the present study 

consisted of heating and volatilizing a solvent (hexane) at 80ºC and, 

subsequently, condensing the solvent to bring it into contact with the CG 

or GE, allowing 4 h for the solvent to leach the lipids out of the sample. 

Lipid content was calculated using the following equation (Equation 

2.1):  

% 𝐿𝑖𝑝𝑖𝑑𝑠 =  
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑠𝑎𝑚𝑝𝑙𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 − 𝐹𝑖𝑛𝑎𝑙 𝑠𝑎𝑚𝑝𝑙𝑒 𝑤𝑒𝑖𝑔ℎ𝑡

𝐼𝑛𝑖𝑡𝑖𝑎𝑙  𝑠𝑎𝑚𝑝𝑙𝑒 𝑤𝑒𝑖𝑔ℎ𝑡
· 100     (2.1) 

 

Figure 2.4. Soxhlet extraction device 
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Ash quantification: First, 2 g of CG or GE was calcined at 550 ºC in a 

muffle furnace for 4-5 h (Hobersal HD-230, Spain). Then, it was kept in 

a desiccator, cooling at room temperature and weighed again. Ash 

content was calculated from the difference in weight of the protein 

isolate before and after the treatment. 

Moisture quantification: The moisture in the CG or GE was determined 

by treating a 1.5-2.0 g sample in an oven (MEMMERT B216.1126, 

Germany) at 105 ºC for 24 h. The moisture percentage was obtained 

using Equation 2.2. 

% 𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 =  
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑠𝑎𝑚𝑝𝑙𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 − 𝐹𝑖𝑛𝑎𝑙 𝑠𝑎𝑚𝑝𝑙𝑒 𝑤𝑒𝑖𝑔ℎ𝑡

𝐼𝑛𝑖𝑡𝑖𝑎𝑙  𝑠𝑎𝑚𝑝𝑙𝑒 𝑤𝑒𝑖𝑔ℎ𝑡
· 100   (2.2) 

2.2.2.2. Amino acid composition 

The amino acid composition of each collagen protein concentrate was 

obtained using a method previously described by Felix et al. (2017). 

Collagen or gelatin samples were dissolved in 6 M hydrochloric acid and 

were incubated in an oven at 110 ºC for 24 h. After hydrolysis, pH was 

adjusted to 7 using 6 M NaOH and the samples were filtered through a 

Whatman glass microfiber filter (GF/C). Finally, the samples were 

diluted (1:500) by adding doubly distilled water. Reverse phase HPLC 

by precolumn fluorescence derivatization with o-phtaldialdehyde (SIL-

9A Auto Injector, LC-9A Liquid Chromatograph (Figure 2.5), RF-530 

Fluorescence HPLC Monitor, all parts from Shimadzu Corporation, 

Japan). It was performed using a NovaPak C18 cartridge (Waters, 

Milford, MA, USA), by the method of Lindroth and Mopper (1979).  
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Figure 2.5. LC-9A Liquid Chromatograph 

2.2.2.3. Electrophoresis 

Electrophoresis is one of the most common technique for the separation 

of proteins based on the migration of charged proteins in an 

electric field. Electrophoresis is especially useful as an analytical 

method. Its advantage is that proteins can be visualized as well as 

separated, allowing to estimate the number of different proteins in a 

mixture or the degree of purity of a particular protein preparation. 

Electrophoresis assays were performed using polyacrylamide gels (10%) 

in the presence of sodium dodecyl sulfate (SDS-PAGE) according to the 

method of Laemmli (1970). The molecular weights of the fractions of 

extracted proteins have been determined in SDS-PAGE gels, considering 

the relationship between the logarithm of the Molecular Weight of the 

protein and the electrophoretic mobility, using as an analytical standard 

"Protein Plus Protein Standards" (Bio-Rad, Richmond, CA, USA). 

Figure 2.6 shows the device used to perform this technique. 

 
Figure 2.6. Electrophoresis device 
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2.2.2.4. Protein solubility and Z-Potential 

Solubility: Protein solubility was determined at different pH values. 

Aqueous dispersions (ca. 1 g protein/40 mL) were prepared with buffers 

at different pH values (2.5, 3.5, 5, 6.5, 7, 8, 9 and 10). The samples were 

homogenized and subsequently centrifuged at 15,000 rpm and 10 ºC for 

20 min. The supernatants were collected for protein content 

measurement by the Markwell method (Markwell et al., 1978). This 

method of analysis is an adaptation of Lowry's method, which consists 

in the formation of a complex between the soluble protein and the Folin-

Ciocalteau reagent in an alkaline medium. The samples were transferred 

to a 3 mL cuvette where the absorbance is measured at a wavelength of 

750 nm, taking as a target distilled water with the same amount of Folin-

Ciocalteau and using a calibration curve for which Bovine Serum 

Albumin (BSA) is used (Mohammed et al., 2000) to determine the 

amount of protein. 

A Genesys-20 spectrophotometer (Thermo Scientific, USA) is used to 

measure the absorbance (Figure 2.7). Solubility was expressed as a 

percentage (g soluble protein/100 g sample). 

 

Figure 2.7. Spectrophotometer Genesys-20 

Z-Potential: Surfaces of proteins have net charges due to their amino acid 

content depending on the pH of their environment. Z-Potential measures 

the net charge of the proteins as a function of electrophoretic mobility 
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measurements. This technique allows obtaining the isoelectric point, 

which is the point at which proteins have a net charge of 0. This 

technique was developed using a “Zetasizer 2000” (Malvern 

Instruments, U.K.) (Figure 2.8). Different samples were prepared at 1 

wt.% with buffers at different pH values (2.5, 3.5, 5, 6.5, 8 and 10). Prior 

to analysis, the samples were stirred at 20 ºC and then centrifuged at 

10,000xg for 10 min in an RC5C Sorvall centrifuge (Sorvall Instruments, 

Wilmington, DE, USA). After that, the samples were measured in 

triplicate at 20 ºC. The Z-Potential was calculated from electrophoretic 

mobility using the Henry equation and the Smoluchowski 

approximation. The isoelectric point corresponds to the point where the 

potential value is zero, at which all charges of particles are neutralized 

(Tan et al., 2008). 

 

Figure 2.8. Zetasizer 2000 

2.2.3. Assessment of the denaturation degree of the raw 

materials 

The evaluation of the denaturation of the different collagen/gelatin 

proteins was performed in order to select the most suitable raw materials 

for the production of scaffolds. This evaluation has been carried out with 

FTIR measurements, the analysis of the free and total sulfhydryls content 

and DSC spectra. In addition, Circular Dichroism spectra were also 

obtained for the different protein concentrates. 
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2.2.3.1. Fourier Transform Infrared Spectroscopy (FTIR) 

The FTIR spectrum was obtained for discs containing a 2 mg collagen 

sample using a FT/IR-4100 spectrophotometer (Jasco, Japan) (Figure 

2.9). The spectra were obtained for a wavenumber range from 4,000 to 

600 cm−1 and processed with Jasco Spectra Manager™ software. 

Furthermore, the deconvolution of the Amide I signal was performed for 

all the spectra obtained. 

 

Figure 2.9. Spectrophotometer Jasco FTIR-4100 

2.2.3.2. Free/Total Sulfhydryls 

‘Total sulfhydryls’ are referred to as the total of S-groups in the protein, 

whereas ‘free sulfhydryls’ are referred to as the SH-groups which are not 

forming disulfide bonds. The determination of the concentrations of free 

and total sulfhydryl groups was performed using the method developed 

by Beveridge et al. (1974) and Thannhauser et al. (1984), respectively. 

Briefly, the samples (1 mg/mL) were suspended in a buffer containing 

0.086 mol/L Tris-HCl (pH 8.0), 0.09 mol/L glycine, 4 mmol/L EDTA, 

and 8 mol/L urea. Dispersions were stirred at 25 ºC for 10 min at 500 

rpm in a thermomixer and then centrifuged at 12,000xg (10 min, 10 ºC). 

The supernatant was incubated in Ellman’s reagent (5,5-dithiobis-2-

nitrobenzoic acid in Tris-Gly buffer, 4 g DTNB L-1 methanol) for free 

sulfhydryl groups and in 1 mL 2-nitro 5-thio-sulfobenzoic acid for total 

sulfhydryls. Absorbance at 412 nm was measured in a Genesys-20 

spectrophotometer (Thermo Scientific, Waltham, MA, USA) (Figure 
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2.7). For the calculations, the molar extinction coefficient of 3-thio-6-

nitrobenzoate (13,600 L·mol-1·cm-1) was used. The protein concentration 

of the extracts was determined by the Bradford method (Bradford, 1976). 

This assay is based on the color change of Coomassie brilliant blue G-

250 dye in response to various concentrations of protein - the dye binds 

to primarily basic (especially arginine) and aromatic amino acid residues. 

The color change is observed measuring the absorbance at 595 nm. A 

standard curve of BSA is used for protein quantification.  

2.2.3.3. Differential Scanning Calorimetry (DSC) 

A DSC measures the temperature difference (transcript into heat flux) 

between the sample and an inert reference as a function of time and 

temperature. It is a technique used to characterize polymers by 

endothermic and exothermic transitions, being able to detect thermal 

events such as glass transition temperature (Tg), fusion or crystallization 

temperatures, among others. DSC experiments were performed with a 

Q20 (TA Instruments, USA) (Figure 2.10), using 3 to 8 mg samples, in 

hermetic aluminum pans. A heating rate of 10 ºC/min was selected. The 

sample was purged with a nitrogen flow of 50 mL/min. A first run was 

performed until 80 ºC; then, the sample was cooled and heated again to 

150 ºC (second run). 

 

Figure 2.10. DSC Q20 calorimeter 
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2.2.3.4. Circular Dichroism (CD) 

Electronic Circular Dichroism (CD) is a spectroscopic electronic 

absorption technique based on the change of molecular electronic 

configuration of a fundamental state to an excited state due to the 

absorption of electromagnetic radiation polarized Its signal is obtained 

as the difference between the absorbances of the circularly polarized 

light to the left and right. CD spectra were recorded in a Biologic Mos-

450 spectropolarimeter (Figure 2.11).  

 

Figure 2.11. Circular dichroism equipment (Biologic Mos-450 spectropolarimeter) 

A standard quartz cell of 10 mm path length was used. Scans were taken 

from 190 to 240 nm under a nitrogen atmosphere. Spectra were 

performed at a fixed collagen concentration of 0.01 g/L for each type of 

protein concentrate in acetic acid (0.05 M). All CD spectra of collagen 

solution were solvent subtracted, and each spectrum was obtained from 

an average of 10 runs at a fixed temperature of 25.1 ± 0.1 ºC with a 10 

min equilibration before each scan. The spectra obtained were expressed 

in terms of mean residue ellipticity (deg·cm2·dmol−1) (Orrego Cardozo 

et al., 2015). This term can be expressed as: 

[θ]mrw =
𝑀𝑅𝑊·𝜃

10·𝑑·𝑐
        (2.3) 

Where θ is the observed ellipticity (degrees), d is the path length (cm) 

and c is the concentration (g/L). 
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From the CD spectra, the ‘positive-negative ratio’ (RPN) was calculated, 

using Equation 2.4: 

𝑅𝑃𝑁 =
𝜃𝑝

𝜃𝑛
         (2.4) 

Where θp and θn are the positive and negative peaks, respectively.  

Furthermore, an estimation of the secondary structure content (α-helix 

and β-sheets) of these proteins was carried out using the deconvolution 

program K2D2, a re-implementation of the K2D program developed by 

Andrade et al. (1993). 

2.2.4. Statistical analysis 

At least three replicates were carried out for each measurement. 

Student´s t-test and one-way analysis of variance (p<0.05) were 

performed using PASW Statistics for Windows (Version 18: SPSS, 

Chicago, IL). Standard deviations were calculated for selected 

parameters. 
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2.3 Results and Discussion 

2.3.1. Characterization of the protein concentrates 

2.3.1.1. Chemical and amino acid composition 

The chemical composition of the four protein concentrates is 

summarized in Table 2.1.  

Table 2.1. Chemical composition of the different protein concentrates (Pork HI95, Pork T95, 

Turkey and Fish). Values with different letters/symbols are significantly different (p<0.05) 

Raw Material  Composition 

Collagen  Protein (%) Ash (%) Lipids (%) Moisture (%) 

Pork HI95  94.2 ± 0.9a 0.7 ± 0.1A 0.3 ± 0.1α 3.2 ± 0.8I 

Pork T95  90.4 ± 0.2b 0.8 ± 0.2A 0.7 ± 0.1β 7.4 ± 0.3II 

Turkey  80.3 ± 0.4c 0.6 ± 0.1A 8.3 ± 2.8γ 10.0 ± 0.9III 

Fish  97.9 ± 0.1d 0.6 ± 0.3A 0.3 ± 0.1α 0.4 ± 0.1IV 

 

Interestingly, the four samples showed different protein contents; the 

sample from fish had 98%, whereas those from pork as raw material 

(HI95 and T95) had a protein content of ca. 95% and 90%, respectively. 

The protein contents of these three systems were over 90% (i.e. higher 

than 97%) on a dry basis, and thus they were considered protein isolates 

(Pearson, 1983). On the other hand, turkey collagen presented lower 

protein content (ca. 81%), and thus it was considered a protein 

concentrate. In addition, the microanalysis results reveal a sulfur content 

of 0.51±0.01 %, 0.54±0.03 %, 1.11±0.13 %, 0.46±0.01 % for pork HI95, 

pork T95, turkey and fish collagen, respectively. 

The chemical composition of collagen obtained from pork raw material 

(pork HI95 and pork T95) was similar to the gelatin isolated from fish 

skin.  

Furthermore, Table 2.2 shows the amino acid compositions of the four 

proteins. As may be observed, the values obtained for all the samples 

(pork HI95, pork T95, turkey and fish) show apparent similarities. All of 
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them were rich in glycine (21.0, 17.4, 14.0 and 30.9 g/100g, 

respectively), which is the most abundant amino acid, alanine (8.4, 8.6, 

7.5 and 13.9 g/100g, respectively), arginine (7.9, 8.2, 7.0 and 6.6 g/100g, 

respectively) and glutamic acid (10.3, 10.1, 12.0 and 9.8 g/100g, 

respectively). Besides, the higher content in methionine and cysteine for 

turkey collagen can explain its higher amount of sulfur present. 

Table 2.2. Amino acid composition of the four different protein concentrates (g/100g). * 

refers to the essential amino acids. Values with different letters/symbols are significantly 

different for each different response variable (p<0.05) 

Amino Acid Composition 

Amino acid Pork HI95 Pork T95 Turkey Fish 

Alanine 8.4 ± 0.1a 8.6 ± 0.1a 7.5 ± 0.1b 13.9 ± 0.1c 

Arginine 7.9 ± 0.1A 8.2 ± 0.1B 7.0 ± 0.1C 6.6 ± 0.1D 

Aspartic Acid 6.3 ± 0.1α 6.3 ± 0.1α 7.8 ± 0.1β 5.5 ± 0.1γ 

Cystine/Cysteine 0.3 ± 0.1I 0.7 ± 0.1II 0.9 ± 0.1II 0.1 ± 0.1I 

Glutamic Acid 10.3 ± 0.1a 10.1 ± 0.1a 12.0 ± 0.1b 9.8 ± 0.1c 

Glycine 21.0 ± 0.1A 17.4 ± 0.1B 14.0 ± 0.1C 30.9 ± 0.1D 

Histidine* 1.0 ± 0.1α 1.6 ± 0.1β 1.7 ± 0.1β 0.8 ± 0.1α 

Isoleucine* 1.6 ± 0.1I 1.8 ± 0.1I 3.3 ± 0.1II 1.2 ± 0.1III 

Leucine* 3.7 ± 0.1a 3.9 ± 0.1a 5.9 ± 0.1b 2.9 ± 0.1c 

Lysine* 4.0 ± 0.1A 4.3 ± 0.1B 6.1 ± 0.1C 3.7 ± 0.1D 

Methionine* 0.9 ± 0.1α 1.1 ± 0.1α 1.8 ± 0.1β 1.4 ± 0.1γ 

Phenylalanine* 2.4 ± 0.1I 3.4 ± 0.1II 3.4 ± 0.1II 1.8 ± 0.1III 

Serine 3.6 ± 0.1a 3.6 ± 0.1a 3.7 ± 0.1a 5.0 ± 0.1b 

Threonine* 2.2 ± 0.1A 2.2 ± 0.1A 3.5 ± 0.1B 3.4 ± 0.1B 

Tryptophan* 0.2 ± 0.1α 0.2 ± 0.1α 0.6 ± 0.1β 0.1 ± 0.1α 

Tyrosine 1.3 ± 0.1I 1.8 ± 0.1II 2.3 ± 0.1III 0.6 ± 0.1IV 

Valine* 2.8 ± 0.1a 2.8 ± 0.1a 4.4 ± 0.1b 2.5 ± 0.1c 

 

The amino acid profile obtained for all the collagen flours is typical of 

collagen (Li et al., 2009; Yousefi et al., 2017). Glycine is the one that 

causes the assembling of the triple helix structure, being present in every 

third position of the polypeptide chain (Lungu et al., 2013; Neurath, 

1943). Therefore, it is the most abundant amino acid in collagen as can 

be seen in Table 2.2 (Gelse et al., 2003). Moreover, the relatively high 

content in glutamic acid is very interesting since this amino acid 

participates in crosslinking processes by adding glutaraldehyde 
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(allowing a better stabilization of the scaffolds produced). These results 

are in line with those reported by Gauza-Włodarczyk et al. (2017) and 

Qin et al. (2018) who presented the amino acid composition of collagen 

proteins highlighting their content in glycine, glutamic acid, and alanine. 

Proline and hydroxyproline are imino acids, which improve the stability 

of collagen (the structure is maintained by restrictions on changes in the 

secondary structure) (Nagai et al., 2008). The imino acid content for the 

different proteins revealed a proline and hydroxyproline content in the 

range of 11-12% and 7.5-9%, respectively, for all the collagen proteins. 

However, the gelatin protein presented a proline content of 7-8% and 4-

5% of hydroxyproline. Therefore, the structure may have been more 

stabilized in the collagens obtained from pork. These values are in 

accordance with the values presented in the studies carried out by Eastoe 

(1955, 1957). 

2.3.1.2. Electrophoresis 

An SDS-PAGE Electrophoresis has been performed for the different 

protein concentrates with the objective of obtaining the different 

fractions which constitute the protein. Figure 2.12 shows the profile 

obtained as well as a standard pattern with different molecular weights. 

As may be observed, two different profiles can be clearly distinguished. 

On the one hand, Lanes 1 to 3 show the profiles for the Pork HI95, Pork 

T95 and Turkey, respectively. 

The profiles obtained are very similar, mainly formed by two α-chains, 

corroborating their collagen nature because it has been proven that the 

major components of type I collagen are composed of two α-chains (α1- 

and α2-chains) (Chi et al., 2014). On the other hand, the profile shown 

in Lane 4 corresponds to fish protein. This profile is different to the one 

explained before. In this sample, α- and β-chains are its major 
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constituents. Comparing this profile with the ones obtained in other 

studies, as the ones carried out by Kittiphattanabawon et al. (2015), in 

which α-helix and β-sheets were found as the dominant constituents in 

gelatin protein, it can be confirmed that fish protein is pure gelatin 

protein. 

 

Figure 2.12. SDS-PAGE Electrophoresis of the different protein concentrates: Pork HI95 

(Lane 1), Pork T95 (Lane 2), Turkey (Lane 3) and Fish (Lane 4). Standard 

molecular weight values have also been included 

 

2.3.1.3. Protein solubility and Z-potential 

The values of protein solubility and Z-potential for protein concentrates 

as a function of pH are shown in Figure 2.13. 

Collagen solubility reached a maximum of ca. 80% for pork and turkey 

collagen proteins, presenting a higher solubility at basic pH value. The 

profiles obtained were similar, with a huge increase in solubility beyond 

pH 7 and a minimum in the pH range 5-7. However, fish gelatin 

presented the highest solubility in all the pH range, reaching the 

maximum values (ca. 95%) at basic pH as the other protein concentrates. 

On the other hand, the Z-potential measurements showed a shift in the 

electric potential from positive to negative values from acid to basic pH, 
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passing through a null value close to pH 5-6. In addition, extreme values 

were obtained at pH limits (in the range between 15-30 at pH 2 and 10). 

The combination between the solubility profile and Z-potential 

measurements of protein dispersions for different pH values provides 

information about the isoelectric point (there is a coincidence between 

the pH at which the minimum solubility is observed and the null value at 

which the electric potential takes place). The pH at which the electric 

potential becomes zero corresponds to the isoelectric point, being located 

in the pH range 5-6 (Cao et al., 2014). A low solubility can be observed 

around pH 8, which may be due to myofibrillar protein fractions of 

collagen protein (Lin and Liu, 2006). In addition, it is important to 

control the pH value for the processing of scaffolds, in order to obtain 

greater solubilization at acidic pH to facilitate the incorporation of 

protein into the scaffolding structure. 
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Figure 2.13. Protein solubility (%) and Z-Potential (mV) of the different collagen and gelatin 

protein concentrates as a function of pH values: (A) Pork HI95, (B) Pork T95, (C) Turkey 

and (D) Fish 
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2.3.2. Assessment of the denaturation degree  

2.3.2.1. Fourier Transform Infrared Spectroscopy (FTIR) 

The FTIR spectra of pork HI95, pork T95 and turkey collagen protein 

concentrates (Figures 2.14A, 2.14B and 2.14C, respectively), as well as 

the profile for fish gelatin protein (Figure 2.14D) are shown in Figure 

2.14. Moreover, the main peaks and their assignments can be seen in 

Table 2.3.  

Protein samples present characteristic FTIR peaks according to the 

stretching and bending of their different bonds. A band related to the N-

H stretching (Amide A signal) occurs in the range 3300-3200 cm-1, 

taking place at 3240 cm-1 for pure collagen. Another signal associated 

with the CH2 symmetric stretching is presented between 2940 and 2850 

cm-1 (Amide B signal, shown at 2927 cm-1 for collagen). In addition, the 

absorption of the amide I band produced by C=O stretching is between 

1700-1600 cm-1, being characteristic for collagen at 1640 cm-1. Finally, 

the signals for the N-H bending (Amide II and III bands) occurs in the 

range 1550-1520 cm-1 and 1245-1235 cm-1, respectively. Specifically, 

for pure collagen protein, these signals appear at 1530 and 1242 cm-1 

(Qin et al., 2018). 
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Figure 2.14. FTIR spectra of the four different protein concentrates: (A) Pork HI95, (B) 

Pork T95, (C) Turkey and (D) Fish 
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All of them present a similar profile, with the characteristic signals above 

mentioned. However, the four spectra present slight differences, 

indicating some variances in the structures of these proteins (Muyonga 

et al., 2004b). These differences are referred to the intensity of bands, a 

fact related to prominent absorption bands associated directly with the 

secondary structure of proteins found in gelatins (Cebi et al., 2016). 

Table 2.3. FTIR spectra peak assignments for four different protein concentrates (pork 

HI95, Pork T95, Turkey and Fish) 

SIGNAL/REGION 

PEAK (cm-1) 

ASSIGNMENTS REFERENCE Pork 

HI95 

Pork 

T95 
Turkey Fish 

A Amide A 3276 3280 3281 3276 N-H Stretch 

(Muyonga et 

al., 2004b) 
B Amide B 2924 2921 2925 2940 

CH2 asymmetrical 

stretch 

C  2850 2853 2847 2876 CH2 symmetrical stretch 

D Amide I 1637 1635 1636 1635 C=O Stretch 
(Vidal and 

Mello, 2011) 

E Amide II 1525 1520 1528 1525 
N-H Bend coupled with 

C-N Stretch 

(Payne and 

Veis, 1988) 

F  1445 1445 1453 1448 CH2 Bend 
(Jackson et 

al., 1995) G  1380 
1400, 

1328 

1393, 

1334 

1397, 

1332 
CH2 wagging of Proline 

H Amide III 1242 1240 1238 1240 N-H Bend 
(Payne and 

Veis, 1988) 

I  
1080, 

917 

1080, 

921 
1040 

1080, 

920 
Skeletal Stretch 

(Abe and 

Krimm, 1972) 

 

Apart from the intensity of the bands (sharper and stronger peaks), the 

study of the Amide I signal allows better differentiation between 

collagen and gelatin. This fact was reported by Payne and Veis (1988), 

showing that this peak is a combination of two marked peaks at ca 1650 

and 1633 cm-1, and depending on the peak with the highest intensity, the 

sample can be considered as collagen or gelatin.  

Thus, a zoom in of this signal was included (Figure 2.15). As can be seen, 

the signal for the fish gelatin protein shows two marked peaks at 1633 

and 1650 cm-1 (characteristic of gelatin proteins), whereas the other three 
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samples (pork T95, pork HI95 and turkey protein concentrates) do not 

show a discrete peak, but a broad peak as a combination of both. 

 

Figure 2.15. Zoom in of the Amide I band from the FTIR spectra of the four different 

protein concentrates: Pork HI95, Pork T95, Turkey and Fish 

 

For that reason, it can be deduced that these three protein concentrates 

present a certain denaturation degree, so they are not either native 

collagen or gelatin, as the fish protein. 
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obtained from both free and total sulfhydryls provide information about 

those sulfhydryls forming disulfide bonds (S-S). Although it is true that 

the number of free sulfhydryl groups is not necessarily a measure of 

denaturation, it is a good indicator of the aggregation of a protein 

(Margaritis et al., 2011).  
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(Torchinskii, 2013). Therefore, the ratio between free and total SH-

groups is very low. This statement is corroborated with the values 

obtained for the four samples analyzed (Table 2.4). 

Table 2.4. Free/total sulfhydryl values and ratio for the four different collagen protein 

concentrates (pork HI95, pork T95, turkey and fish). Values with different letters are 

significantly different (p<0.05) 

Raw Material  Sulfhydryls (μmol/g) 

Protein System  Free Total Free/Total ratio 

Pork HI95  45 ± 15a 1658 ± 343a 2.7% 

Pork T95  155 ± 35b 2300 ± 450a 6.7% 

Turkey  108 ± 30b 1819 ± 171a 5.9% 

Fish  49 ± 6a 645 ± 186b 7.6% 

 

Comparing the values obtained, the collagen protein from Pork HI95 

presented the lower ratio and fish gelatin (used as reference) presented 

the higher free/total sulfhydryls ratio. Apart from that, these results 

connected with the ones obtained in Circular Dichroism spectra (data 

shown in section 3.2.4), stablishing the Pork HI95 collagen protein as the 

one with the lowest denaturation degree, followed by turkey and pork 

T95 collagen proteins. 

It is also important to point out that the more free sulfhydryls present, the 

more disulfide bonds can be generated. However, according to the results 

shown, it can be asserted that the low presence of free sulfhydryls in all 

the protein concentrates studied (compared to the total sulfhydryls 

content) indicates that these proteins have some oxidation (probably due 

to the high temperatures reached during their production process). 

2.3.2.3. Differential Scanning Calorimetry (DSC) 

Heat flow patterns obtained from DSC measurements in a temperature 

range between -20 ºC and 140 ºC for the four studied protein concentrates 

are shown in Figure 2.16.  
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A first run (dash line) and a second run (straight line) were conducted to 

detect irreversible dips. On the one hand, pork (HI95 and T95) and turkey 

collagen concentrates exhibited a similar profile (Figures 2.16A, 2.16B 

and 2.16C, respectively). These profiles showed three min dips (T1, T2 

and T3) and an inflection point (T4). A remarkable dip (T1) was found at 

ca 0 ºC, related to ice melting (Kopp et al., 1990). The second dip (T2) 

appeared in the range of 25 to 35 ºC (25, 33 and 35 ºC for turkey, pork 

HI95 and pork T95, respectively) is characteristic of partial gelatinized 

(denatured) collagen (Beveridge et al., 1974), which indicates that these 

three collagen concentrates present a certain denaturation degree. 

Furthermore, the three samples showed an endothermic peak in the 

region between 60 and 63 ºC, which is reversible, since it did not appear 

in the re-scanning (second run). The intensity of this endothermic peak 

is low, and it is probably related to an enthalpic relaxation associated 

with the physical aging of these collagen concentrates (Farahnaky et al., 

2008). In addition, the inflection point (T4), observed in the range 

between 95-100 ºC, corresponds to the glass transition temperature, 

which is the temperature at which many changes in the properties 

(enthalpy, viscoelasticity, etc.) of materials take place (Urbaniak, 2011). 

On the other hand, the profile obtained for the fish protein concentrate 

(Figure 2.16D) only showed two important signals: a dip at 71 ºC (T3) 

related to the physical aging of the protein concentrate and an inflection 

point at 88 ºC (T4), which correspond to the glass transition of this 

protein. The Tg of the fish protein concentrate appears at 88 ºC in the 

second run because the gelatin molecules could undergo a better 

interaction after the first run, obtaining a stiffer matrix and a 

displacement of the Tg value (Tongnuanchan et al., 2016). In addition, 
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the peak related to ice melting did not appear due to the low moisture of 

this protein concentrate (below 1%). 
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Figure 2.16. DSC profiles of the four different protein concentrates: (A) Pork HI95, (B) Pork 

T95, (C) Turkey and (D) Fish 

2.3.2.4. Circular Dichroism 

The Circular Dichroism spectroscopy (CD) of the four protein samples 

at the wavelength range of 190–240 nm is shown in Figure 2.17.  
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Figure 2.17. CD spectra of the four different protein concentrates: Pork HI95, Turkey, 

Pork T95 and Fish 

The CD spectrum of collagen presents a positive peak at 222 nm, typical 

for the triple helical structure of collagen (Goo et al., 2003). On the other 
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hand, gelatin protein also presents a deep negative peak at 198-204 nm, 

typical for a random coil conformation (Gopal et al., 2012). 

The CD spectra of the samples evaluated showed a combination of both 

spectra above described because they are formed by a negative peak at 

ca 200 nm and a maximum at 222 nm. Therefore, the samples can be 

considered as gelatinized collagen proteins. Looking at the CD profiles 

from Figure 2.17, they are similar although there are some important 

differences. The main difference is the intensity of the negative peak, 

being more intense for the fish gelatin sample. The intensity of this peak 

can be considered as an indicator of the denaturation of the protein 

according to previous studies (Gopal et al., 2012). 

Two different studies could be assessed from the CD spectra obtained 

for the four protein concentrates studied. First, according to Gopinath et 

al. (2017), there is a relationship between the maximum (positive) and 

minimum (negative) peaks and the denaturation of the protein (RPN). 

According to the assumption that a higher ratio implies a more denatured 

protein and considering the CD profiles shown in Figure 2.17, the most 

denatured protein is the fish gelatin protein (in accordance with the FTIR 

measurements) and the lowest one is the pork HI95 protein concentrate.  

In addition, an approximation to the denaturation degree can also be 

obtained from the CD spectra, since a higher RPN ratio implies a more 

denatured protein, so a more negative peak corresponds to a lower 

denaturation. The RPN value for native collagen structure (100% pure) 

is ca -0.10 (Gopinath et al., 2017) and the RPN value obtained for the 

fish gelatin can be associated to a 100% denatured collagen, so with these 

values it is possible to give a qualitative approximation of the 

denaturation degree of the other three protein concentrates studied (pork 

HI95, pork T95 and turkey) (Table 2.5), comparing the values obtained 
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with the values belonging to the pure and denatured collagen (shown 

above). The results illustrated that pork T95 had the highest RPN values, 

associated with a higher denaturation degree. 

Considering the prediction of the secondary structure (Table 2.5), the 

pork HI95 protein concentrate presents the highest proportion of α-helix 

(8.8%) and the lowest of β-strand (27.1%), whereas the fish protein 

system presents the lowest proportion of α-helix (2.9%) and the highest 

of β-sheet (44.9%). However, in general, the four protein concentrates 

present a significantly lower proportion of α-helix in the structure, 

compared to the proportion of β-strand, which is related to an increase in 

the denaturation degree, in accordance to the results shown in the study 

(Kelly and Price, 2000). 

Table 2.5. RPN (the ‘positive-negative ratio’) values, approximated denaturation degree and 

estimation of the secondary structure (α-helix and β-sheet) for the four different protein 

concentrates (pork HI95, pork T95, turkey and fish). Values with different letters are 

significantly different (p<0.05) 

Raw Material  
RPN Denaturation Degree 

Secondary Structure 

Protein System  α-helix β-strand 

Pork HI95  -0.028 ⁓ 25% 8.8 ± 0.9a 27.1 ± 4.2A 

Pork T95  0.015 ⁓ 75% 5.5 ± 1.1b 31.0 ± 2.0A 

Turkey  0.005 ⁓ 65% 7.4 ± 1.0a 30.5 ± 2.5A 

Fish  0.037 ⁓ 100% 2.9 ± 0.3c 44.9 ± 6.2B 

 

Furthermore, according to Echave et al. (2017), the use of denatured 

collagen protein (gelatin protein), instead of collagen, produces a better 

cell growth during the implantation of the scaffolds (developed using this 

protein as raw material). For that reason, an increase in the denaturation 

degree of collagen protein, used as raw material for the formation of 

scaffolds, favors the biological response of these scaffolds in tissue 

engineering applications. 
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2.4 Concluding remarks 

As a general conclusion, the characterization of the different type I 

collagen proteins reveals high contents in protein, obtaining 

concentration values of 90% and higher for fish and pork proteins (HI95 

and T95) on a dry basis. The amino acid profiles show a relatively narrow 

distribution of molecular weight. All of them, although with differences, 

are rich in glycine, alanine, proline, hydroxyproline and glutamic acid 

but low in cysteine, histidine and tryptophan. Furthermore, protein 

solubility reaches a maximum of 80% under basic conditions for the pork 

and turkey protein powders, whereas the fish collagen presents a 

maximum of ca. 100% observing a decrease at pH 8 due to the presence 

of myofibrillar proteins in the composition. 

The study of the different collagen protein concentrates reveals that all 

of them showed a certain denaturation degree. In fact, sulfhydryl content 

and DSC measurements also evidence that aggregation and physical 

aging are present in protein concentrates although has different sulfur 

content.  These effects, aggregation and physical aging, are a 

consequence of the production process and storage, respectively. On the 

other hand, specifically, all the samples presented the characteristic FTIR 

profile for proteins (N-H bending, N-H and C-N stretching, etc.), with 

fish and pork T95 standing out due to their sharper and broader bands 

(typical of gelatin-like proteins), which can be better seen in the 

deconvolution of the Amide I signal. In addition, the CD spectra showed 

that the denaturation degree of all these protein concentrates was over 

40% (fish protein was almost 100% denatured). Furthermore, the higher 

the denaturation degree, the higher the amount of β-strand present in the 

structure of the proteins studied and the better biological response of the 

scaffolds produced. 
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Four different techniques have been used to analyze the denaturation 

degree with their advantages and drawbacks. Sulfhydryls content gives 

information about the aggregation of the protein rather than the 

denaturation, although a relation between both can be carried out. 

Respect the FTIR, the denaturation can be deduced based on the peaks 

at 1650 and 1633 cm-1 but it is difficult to quantify due to the overlapping 

of these peaks. Considering the DSC spectra, it is interesting to study 

thermal peaks which differ depending on the denaturation of the sample, 

although the heating process may induce additional denaturation. 

Finally, the CD measurements are the most suitable because it allows to 

estimate the secondary structure of the protein and quantify the 

denaturation degree with the RPN ratio. 

In general, according to the characterization of the four raw materials, 

pork HI95 collagen protein was selected for further studies (concerning 

the development of scaffolds for Tissue Engineering applications) 

because it is the one that presents a higher purity (lower denaturation 

degree). In addition, fish gelatin protein was also selected to establish a 

comparison in the properties of gelatin-based scaffolds and collagen-

based scaffolds. Moreover, it is important to mention that the protein 

content of both protein concentrates is higher than 95%. 
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3.1 Introduction 

Tissue Engineering (TE) is a multidisciplinary field where different 

branches of science interact, such as chemistry, physics, medicine, 

biology and engineering. In recent years, the most researched element of 

TE has been the scaffold, which is a structure that acts as an anchorage 

and adhesion platform for cells. In this way, these scaffolds must have 

well-designed mechanical and morphological properties to promote 

optimal growth of cells and their integration within the tissue (Sachlos 

and Czemuszka, 2003). 

The properties of scaffolds are highly dependent on the type of polymer 

used and the processing method followed to develop these structures. 

Thus, the choice of the raw material must be in accordance with the type 

of function and structure of the growing tissue that will be later 

implanted. The most used raw materials for the elaboration of scaffolds 

are synthetic biopolymers since it is easier to control their characteristics, 

which allows high reproducibility (Geutjes et al., 2006). However, they 

show some features of post-implantation immunogenicity and 

inflammation. To solve these drawbacks, a new pathway is being 

investigated, which consists in the use of proteins and polysaccharides 

(biopolymers) (Jana et al., 2014). Biopolymers have beneficial 

properties, such as biocompatibility, biodegradability and 

functionalization capacity, which make them an attractive resource for 

the formation of scaffolds (Zhao et al., 2012). Among them, proteins as 

collagen (CG) or gelatin (GE) can adopt a large number of structures 

similar to biological ones, which contributes a high level of 

biocompatibility and biodegradability. They also lead to high tensile 

strength and contain cell adhesion sequences (Cristescu et al., 2014). In 

addition, Chitosan (CH) comes from chitin through a deacetylation 
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process, which is very common in nature, since it is part of the cell walls 

of fungi, the exoskeleton of arthropods and some organs of many other 

animals, such as annelids (Zhang and Neau, 2001). It has a large number 

of applications, since it is usually used as a flocculating agent in water 

treatment, wound disinfectant in medicine and thickener in the food 

industry (Rodríguez-Vázquez et al., 2015). One of these fields, in which 

chitosan is useful, is in Regenerative Medicine because it is a 

biocompatible and biodegradable substance (Mármol et al., 2012). An 

image of its chemical structure can be seen in Figure 3.1. 

 

Figure 3.1. Chemical structure of chitosan. Image obtained from the studies of Islam et 

al. (2017) 

For this reason, its use is very common in the elaboration of 

biodegradable sutures, contributing to avoid bleeding. Nevertheless, an 

interesting option is the combination of these two raw materials (CH and 

CG) could help to combine their qualities by creating a hybrid scaffold 

that has the characteristics of both, thus having a high porosity and 

biocompatibility. Moreover, they have a synergistic effect that improves 

their mechanical and microstructural properties (Martínez et al., 2015). 

For this reason, it has been studied previously by other authors. As 

examples, Kaczmarek et al. combined collagen and chitosan with other 

substances as glycosaminoglycans or hyaluronic acid to create 

composites for specific applications (Kaczmarek et al., 2017, 2018). 

Furthermore, Oliveira et al. (2019) recently evaluated the in vivo 



Víctor Manuel Pérez Puyana 

76 

 

degradation of collagen/chitosan blends by using bi-fluorescence 

imaging (Oliveira et al., 2019). Other studies prepared collagen/chitosan 

composites with the addition of different particles to enhance their 

properties. In this sense, Muthukumar et al. (2016) evaluated the 

influence of the incorporation of Ginseng compound K on 

collagen/chitosan scaffolds for the treatment of osteoporosis. Following 

the same trend, You et al. (2017) loaded silver nanoparticles to 

collagen/chitosan scaffolds to investigate its possible application on 

wound healing.  

As for the preparation methods, several processing techniques have been 

used to develop three-dimensional scaffolds, such electrospinning, 3D 

printing, freeze-drying, etc. (Aguirre-Chagala et al., 2017; Correia et al., 

2011; Fereshteh et al., 2016; Senatov et al., 2017; Varley et al., 2016; 

Zhong et al., 2006). Among them, the freeze-drying process is widely 

used to produce materials for TE applications. This technique consists in 

the formation of an aqueous polymer solution, which is frozen and 

lyophilized to eliminate the solvent by sublimation. This technique is 

very useful for natural polymers, since it allows the elimination of the 

solvent without degrading the polymer and, thus, without affecting its 

structure (Sachlos et al., 2003). Moreover, it is one of the few techniques 

that allows the formation of macropores in structures obtained from 

natural polymers  (Maji et al., 2018; Mohammadi et al., 2016; O’Brien 

et al., 2004b; Perdivara et al., 2013; Shahbazarab et al., 2018; Teimouri 

and Azadi, 2016; Wu et al., 2010; Yannas and Burke, 1980). In addition 

to this, the structures obtained are considered as “sponge-like” materials 

because it allows the production of a high porous (porosity higher than 

75%) three-dimensional latticework formed by interconnected pores of 

different sizes (Whang et al., 1995). However, in general, this method 
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makes the scaffolds showing limited mechanical properties due to the 

microstructural properties achieved such as the high porosity previously 

mentioned. Both properties, although opposed, are necessary for the 

optimal growth of the cells in the scaffolds (Vallet-Regi and Munuera, 

2000), and therefore, it is necessary to strengthen them. Concerning the 

processing method followed, there are three main ways of modifying the 

properties of scaffolds. In this sense, the first way is to modify the 

processing variables involved (which vary depending on the process 

followed) (Horgnies, 2009), the second way is to include a crosslinking 

method to the global process (Martínez et al., 2015; Naghieh et al., 2018; 

Oryan et al., 2018); whereas the third way is the incorporation of an 

additional intermediate stage (i.e. heat treatment or agitation) to the 

process. All these ways mainly affect the latticework structure of 

scaffolds and, consequently, their mechanical properties change (Yin et 

al., 2009). 

Regarding the modification of the processing variables, the different 

parameters to be considered in this process are the container used during 

the freeze-drying process, the freezing temperature, the pH value of the 

solution and the solvent used. Among these, freezing temperature is the 

most studied variable (Lin et al., 2013; O’Brien et al., 2004b; Reys et al., 

2017; Rodríguez-Parra et al., 2012), obtaining better properties for those 

scaffolds fabricated at a lower temperature (Reys et al., 2017; Zamanian 

et al., 2014). As for the mold where the solution is added to remove the 

solvent, the use of a hydrophobic container has been reported to favour 

the elimination of aqueous solvents, improving the process 

(Schwarzenbach et al., 2002). 

Concerning the crosslinking modification of the scaffold, there are three 

main crosslinking techniques: chemical, physical or enzymatic 
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crosslinking (Pinto et al., 2015). Some studies, as the one driven by Ma 

et al. (2003) used aldehydes (e.g., glutaraldehyde) as crosslinking agent 

of collagen/chitosan scaffolds for skin tissue engineering, being the most 

frequently used chemical crosslinking agent, although an excess thereof 

can be cytotoxic (Bae et al., 2013; Ruijgrok et al., 1994). The substitution 

of these crosslinking agents by other agents (e.g. genipin as a chemical 

crosslinking or transglutaminase as a enzymatic crosslinking) or with 

physical crosslinking (e.g. a thermal treatment) can solve the problems 

of toxicity, as they involve high specificity (O’Brien et al., 2004b; 

Teixeira et al., 2012). Finally, the incorporation of a heat treatment as an 

intermediate stage of the freeze-drying process may allow modifying the 

final properties of the scaffolds through a reorganization in their polymer 

chains, improving their solubilization and combination. That better 

reorganization allows a better interaction between the polymer chains 

improving the microstructure and, therefore, modifying the mechanical 

properties of the sponge-like scaffolds obtained. 

On these grounds, the aim of this work was to develop hybrid (CH and 

CG) sponge-like scaffolds, starting with the complete assessment of all 

the different processing variables involved in the freeze-drying 

technique (type of container, processing conditions and solvent used). 

Combinations of collagen and chitosan were also studied to obtain the 

optimal ratio of collagen and chitosan that would provide good 

mechanical and microstructural properties. In addition, the crosslinking 

produced by glutaraldehyde, genipin, a thermal treatment or 

transglutaminase was evaluated and compared in order to find a non-

toxic crosslinking to strengthen the scaffolds. Apart from that, an 

alternative to collagen-based scaffolds was studied by producing binary 

gelatin-chitosan structures and modifying the freeze-drying process 
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obtaining two new alternative methods. All these alternatives were 

assessed by measuring the mechanical and microstructural properties of 

the resulting scaffolds. 
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3.2 Material and methods 

3.2.1. Materials 

Protein isolates from two different sources were used: Type I collagen 

protein isolate (CG) from pork (HI95) and type B gelatin protein (GE) 

from fish skin (Bloom 80-120 g). The former was supplied by Essentia 

Protein Solutions (Grasten, Denmark), whereas the latter was provided 

by Henan Boom Gelatin Co. Ltd (China). The complete composition of 

both proteins is shown in Chapter 2. In addition, low molecular weight 

chitosan (CH, 50000-190000 Da/mol, 75-85% deacetylated) was used, 

provided by Sigma Aldrich (USA). 

The following crosslinking agents were used: Glutaraldehyde (GA), in a 

water solution of 50%, provided by Panreac Química S.A. (Spain); 

genipin (GN) (purity greater than 98%, extracted from Gardenia 

jasminoides plant), supplied by Guangxi Shanyun Biochemical Science 

and Technology Co. (China); commercial enzyme transglutaminase 

ProbindTX (TG), with an enzymatic activity of 100 units/g, supplied by 

BDF Ingredients (Spain).  

Finally, a 0.05 M solution of acetic acid was used as solvent, also 

supplied by Panreac Química S.A. (Spain). 

3.2.2. Fabrication of sponge-like porous scaffolds 

3.2.2.1 Freeze-Drying process 

The scaffolds were prepared following a freeze-drying method, 

considered as the traditional process to produce sponge-like structures 

(O’Brien et al., 2004a), which consists of four stages (Figure 3.2): 

preparation of the biopolymer solution, centrifugation, freezing and 

freeze-drying of the solution. 
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Figure 3.2. Stages of the freeze-drying process 

The four stages, in which the process consists, were included in the phase 

diagram of water for a better comprehension of the process (Figure 3.3): 

 

Figure 3.3. Phase diagram of water with the four stages of the Freeze-Drying process 

Preparation of biopolymer solutions (I) and centrifugation (II) 

First, polymeric solutions were prepared using 0.05 M acetic acid as 

solvent. Then, the non-soluble part was separated by centrifugation at a 

speed of 12,000xg for 10 min at a temperature of 4 ºC using a Sigma 3-

18k centrifuge (SIGMA, UK) (Figure 3.4). 

 

Figure 3.4. Sigma 3-18k centrifuge 
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Freezing (III) and freeze-drying (IV) of solutions 

Once the solutions were prepared, they were frozen at -40 ºC for 2 h in 

an EQUITEC -40ºC Freezer (Equitec, Spain) (Figure 3.5).  

 

Figure 3.5. EQUITEC -40ºC Freezer 

Subsequently, the solvent (acetic acid) was sublimated by freeze-drying 

in a LyoQuest lyophilizer (Telstar, Spain) at low pressure (<15 Pa) and 

a temperature of -80 ºC for 24 h (Figure 3.6). 

 

Figure 3.6. LyoQuest lyophilizer (Telstar) 

3.2.2.2 Reinforcement stage 

Three different types of crosslinking processes have been considered: 

Chemical crosslinking, physical crosslinking and enzymatic 

crosslinking. The different crosslinking methods were evaluated in the 

hybrid sponge-like scaffold CG-CH (ratio: 50-50). 
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Chemical crosslinking 

Two different compounds were used to perform a chemical crosslinking 

of the selected systems. Glutaraldehyde has been extensively used to 

reinforce the properties of the scaffolds (Ma et al., 2003; Oryan et al., 

2018; Perez-Puyana et al., 2016; Ruijgrok et al., 1994; Songchotikunpan 

et al., 2008). In this study, Glutaraldehyde (GA) was incorporated into 

the solution once prepared at different concentrations (0.03, 0.05 and 

0.10% w/v with respect to the prepared solution), following the steps of 

the conventional processing of the scaffold without modifications. These 

concentrations were selected based on the optimal proportion of GA in 

CG scaffolds studied in the literature (O’Brien et al., 2004b; Perez-

Puyana et al., 2016). 

Apart from glutaraldehyde, a chemical crosslinking was also performed 

by using genipin (GN). Genipin is a natural substance which 

spontaneously crosslinks chitosan, gelatin or collagen and presents a 

much lower level of cytotoxicity than glutaraldehyde (Yoo et al., 2011). 

According to Dimida et al. (2017), the optimal concentration of genipin 

was found to be ca. 3 wt.% of the total biopolymer concentration. Thus, 

collagen-chitosan scaffolds with genipin incorporated (0.03 wt.%) were 

prepared following the reference method to evaluate the influence of this 

natural substance to the properties of the scaffolds produced. 

Physical crosslinking 

As an alternative to a chemical crosslinking, the scaffolds were exposed 

to a temperature of 105 ºC in a conventional oven for 24 h in order to 

cause covalent crosslinking between the collagen chains to improve the 

strength of the final structure of the scaffolds (Weadock et al., 1983). 
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Enzymatic crosslinking 

Furthermore, aiming for testing the effect of an enzymatic crosslinking, 

transglutaminase (TG) was incorporated into the hybrid scaffolds. TG 

acted on the two biopolymers used (CG and CH) instead of only on CG, 

as GA did (Yang et al., 2016). Therefore, for comparison purposes (using 

as a reference the amount of crosslinking agent acting on CG), 0.10% 

w/v of TG was incorporated to the solution prepared with 0.5% w/v of 

TG acting on each biopolymer. In addition, since TG has an optimum 

operating temperature of 50 ºC (Jozami and Seselovsky, 2003), the 

scaffolds preparation process was modified. In this process, once TG was 

incorporated in the solution, it was heated in a bath at 50ºC for 2 h. 

3.2.2.3 Optimization of the freeze-drying process 

The optimization of the freeze-drying process was carried out by 

performing two alternatives to the traditional process (named as 

reference or P1), described in Section 2.2.1 (Figure 3.2).  

Protocol 2 (P2)   

The only difference between the reference protocol and protocol 2 was 

the inclusion of a heat treatment after the centrifugation and before 

freezing step (shown in Figure 3.7). 

 

Figure 3.7. Alternative scaffolds preparation stages (P2) 

Therefore, the sequence of steps was as follows: first, the solution was 

prepared, then centrifuged, heated, frozen and finally freeze-dried to 

eliminate the solvent and obtain the scaffold. The objective of this heat 

treatment was to give greater mobility to the chains of biopolymers 

present in the solution, in this way its interaction will be easier, being 
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able to achieve a greater chain organization that favours the mechanical 

properties of the scaffolds (Van Vlierberghe et al., 2011). 

This heat treatment consisted of heating the biopolymers solution in a 

thermal bath with distilled water at approximately 50 ° C for 2 h with 

magnetic stirring. It is not advisable to use a higher temperature to avoid 

the degradation of collagen (Perez-Puyana et al., 2019). 

Protocol 3 (P3)   

Protocol 3 was similar to protocol 2 except for the alteration of the 

sequence of the centrifugation and heat treatment steps in order to find 

out in which is the most efficient (shown in Figure 3.8). In this case, the 

parameters of heat treatment were the same as in protocol 2. 

 

Figure 3.8. Alternative scaffolds preparation stages (P3) 

3.2.3. Studies performed 

The different studies performed have been summarized in the following 

table (Table 3.1).  

Table 3.1. Studies performed, systems involved and section in which the results have been 

included 

Studies Systems Variables Sections 

Processing 

Conditions  
GE 1 wt.% 

Container, pH, 

solvent and 

temperature 

3.3.1 

Protein Concentration GE and CG 0.5 and 1 wt.% 3.3.2 

Addition of chitosan 
CH-CG 1 

wt.%  

100-0, 75-25, 50-50, 

25-75 and 0-100 
3.3.3 

Crosslinking methods 

(Chemical, physical 

and enzymatic) 

CG-CH 50-50 

GA (0.03, 0.05 and 

0.10 %) 

GE (0.03%) 

HT 

TG (0.10 %) 

3.3.4 

Optimization of the 

process  
GE-CH 50-50 

Intermediate heat 

treatment (P2 and P3) 
3.3.5 
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3.2.4. Characterization of sponge-like porous scaffolds 

The evaluation of the properties of the scaffolds was carried out by 

performing a rheological and a microstructural analysis, as well as other 

additional techniques such as Circular Dichroism or Water Contact 

Angle measurements in specific studies. In addition, the degree of 

crosslinking was also evaluated when a crosslinking method was 

performed. 

3.2.4.1. Rheological characterization 

The rheological characterization of the scaffolds was carried out by 

means of a dynamic-mechanical analyzer (DMA), model RSA3 (TA 

Instruments, USA), with a plate-plate geometry (dia: 15 mm) (Figure 

3.9). The RSA3 rheometer is a controlled strain equipment, in which the 

motor applies a deformation to the material while a transducer measures 

the force generated by its resistance to be deformed. In this type of 

transducer, a position sensor detects the movement and a linear motor 

measures the reaction force required to drive the support containing the 

scaffold to its initial position. The great advantage of this system is that 

it allows measuring within a wide range of stresses with a high sensitivity 

and low inertia. 

  

Figure 3.9. RSA-3 rheometer (TA Instruments) 
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Two different types of dynamic compression measurements (oscillatory 

tests) were performed: Strain sweep tests and frequency sweep tests. 

Strain sweep tests: Measurements were carried out at 1 Hz in a range of 

strain percentages between 2.5·10-4 and 2.5% to determine the linear 

viscoelastic range and the critical strain of each system. The critical 

strain (γc) is the true strain value at the onset of the non-linear viscoelastic 

region at which proportionality between the stress and strain is not 

further maintained. This parameter is calculated plotting the data 

obtained in a stress-strain curve. The last values are discarded until the 

correlation coefficient (R2) of the linear regression is greater than 0.999 

(Figure 3.10). The last value in which the correlation fulfilled the linear 

regression is defined as the critical strain. Therefore, the linear 

viscoelastic range corresponds to strains lower than the critical strain.  
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Figure 3.10. Example of a strain-stress curve to obtain the critical strain 

Frequency sweep tests: The elastic and viscous moduli (E’ and E’’, 

respectively) were measured at constant compressional strain within the 

linear viscoelastic range (specific for each system analyzed) as a function 

of frequency (between 0.02 and 20 Hz). All measurements were 

performed at 25 ºC. E’1 and tan (δ1) (rate between E’’1 and E’1) at 1 Hz 
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were selected as parameters for a better comparison between the systems 

in order to corroborate if there are significant differences between them. 

To compare the results obtained of the different protocols (Section 

3.5.2), a new parameter has been defined, Ki1, which is defined as the 

ratio between the elastic modulus at 1 Hz obtained for the rheological 

measurements of the scaffolds obtained in the two alternative protocols 

developed (Pi) respect the E’ at 1 Hz obtained for a system produced 

with the reference system (P1) (Eq. 3.1): 

Ki1 =
𝐸′1 (𝑃𝑖)

𝐸′1 (𝑃1)
        (3.1) 

3.2.4.2. Microstructural characterization 

Scanning Electron Microscopy (SEM): This technique is based on the 

principle of optical microscopy in which the beam of light is replaced by 

an electron beam. A resolution of up to 100 Å can be achieved, much 

higher than that of any optical instrument. Its operation consists in having 

an electron beam scan on the sample. When the beam reaches the surface 

of the sample, mainly backscattered electrons and secondary electrons 

are generated. The microscope is internally equipped with detectors that 

collect energy and transform it into images and data, obtaining high 

resolution surfaces. An incident electron beam is scanned across the 

surface of the sample, and the resulting electrons emitted from the 

sample are attracted and picked up by a detector and translated into a 

signal. Imaging can be done using secondary electrons to obtain fine 

surface topographic features or with backscattered electrons that give 

contrast based on the atomic number. The sample (unless it is already 

conductive) is usually covered with a very thin layer of gold, which gives 

it conductive properties. The technique of preparation of the samples is 

called "sputtering".  
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The SEM imaging was performed by using a JEOL JSM 6460 LV 

(JEOL, Japan) scanning electron microscope with a secondary electron 

detector at an acceleration voltage of 20 kV (Figure 3.11). 

  

Figure 3.11. JEOL JSM 6460 LV scanning electron microscope 

Porosity: The porosity (ε) of the scaffolds was obtained using the method 

described previously by Al-Munajjed et al. (2008). Briefly, the porosity 

was obtained from the density of each scaffold (calculated with the 

weight and volume of each scaffold) and the theoretical density of the 

raw material used (Eq. 3.2): 

𝜀 (%) = (1 −
𝜌𝑠

𝜌𝑚
 ) · 100                (3.2) 

Where ρs is the density of the scaffold and ρm is the density of the raw 

material used, which is 0.68 g·cm-3 for type I collagen and gelatin  and 

1.46 g·cm-3 for chitosan (Yang et al., 2009). These density values were 

corroborated using a Pentapyc 5200e gas pycnometer (Quantachrome 

Instruments, USA) (Figure 3.12). In addition, the density of the scaffold 

was obtained with mass and volume measures of different samples. 

 

Figure 3.12. Pentapyc 5200e gas pycnometer 
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This analytical technique allows determining the approximated overall 

porosity of the system, although its main drawback is the lack of any data 

on pore size or distribution. 

Pore size distribution: Low-pressure mercury porosimetry was 

performed to investigate pore size. This technique was performed using 

a PoreMaster-60 GT porosimeter (Quantachrome Instruments, USA) 

(Figure 3.13). It is a destructive and indirect technique for the 

characterization of the porous system of the materials, obtaining from it 

the distribution of the porosity based on the apparent size of access to the 

pores. It is based on the application of pressure, thus forcing the 

penetration of mercury into the porous framework of the solid. This 

technique is used in the study of materials that have macropores and 

mesopores; With this analysis the area, the volume of macro and 

mesopores are determined and the distribution of the porosity of the 

material is calculated. To do this, the volume is registered against the 

pressure using the equipment control software. 

 

Figure 3.13. PoreMaster-60 GT porosimeter 
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3.2.4.3. Degree of crosslinking 

Measurements of the degree of crosslinking of the different scaffolds 

were made to compare the crosslinking caused by the incorporation of 

GA, GE and TG or the heat application. To quantify this, the content of 

free and crosslinked amino groups was measured in the different 

systems, using the same protocol presented by Ofner and Bubnis (1996). 

In this sense, 0.5 mL of 4% w/v NaHCO3 solution and 0.5 mL of a freshly 

prepared solution of 0.05% w/v TNBS (2,4,6-trinitro-benzene-sulfonic 

acid) was added to one part of the system (2-4 mg), keeping it at 40 ºC 

for 2 h. Thus, the reaction of the free amino groups of different scaffolds 

with the TNBS was promoted, with the free amino groups being 

transferred to the solution, which changed color with their presence. 

Then, 1.5 mL of 6 M HCl (hydrochloric acid) was added, hydrolyzing 

the systems at 60 ºC for 90 min and preventing the crosslinked amino 

groups from reacting with the TNBS. Finally, the solutions were diluted 

with 2.5 mL of distilled water and the absorbance at 325 nm of the 

different solutions was measured. A blank was made following the same 

protocol but without adding any system, and it was used as 100% 

crosslinked amino groups. In addition, a control system was prepared 

using a scaffold with no crosslinking agent incorporated, and it was used 

as 0% crosslinked amino groups. 

% 𝐶𝑟𝑜𝑠𝑠𝑙𝑖𝑛𝑘𝑖𝑛𝑔 =  
𝐴325(𝑠𝑎𝑚𝑝𝑙𝑒)− 𝐴325(𝑏𝑙𝑎𝑛𝑘)

𝐴325(𝑏𝑙𝑎𝑛𝑘)
· 100        (3.3) 

Where 𝐴325(𝑠𝑎𝑚𝑝𝑙𝑒) is the absorbance of each system evaluated and 

𝐴325(𝑏𝑙𝑎𝑛𝑘) is the absorbance of the blank. 
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3.2.4.4. Swelling degree 

Another important parameter in the scaffolds is their swelling ratio. This 

parameter gives information about the behavior of the scaffolds with the 

medium present in both the bioreactor and the human body (Rodríguez-

Rodríguez et al., 2019). Thus, the swelling ratio was calculated as 

indicated in equation 3.4 by the relation between the weight of dry 

scaffolds after the freeze-drying step (𝑤0) and their weight after 

remaining in a known amount of water for 30 min (𝑤1). The 

measurements were performed using water as liquid at 25 ± 1 ºC and pH 

7.0 ± 0.4. 

𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 =  
𝑤1−𝑤0

𝑤0
· 100        (3.4) 

3.2.4.5. Circular Dichroism (CD) 

Electronic Circular Dichroism (CD) spectra were recorded in a Biologic 

Mos-450 spectropolarimeter. A standard quartz cell of 10 mm path 

length was used. Scans were taken from 190 to 240 nm under a nitrogen 

atmosphere. Spectra were performed at a fixed collagen concentration of 

0.01 g/L for each type of protein concentrate in acetic acid (0.05 M). All 

CD spectra of collagen solution were solvent subtracted and each 

spectrum was obtained from an average of 10 runs at a fixed temperature 

of 25.1 ± 0.1 ºC with a 10 min equilibration before each scan. The spectra 

obtained were expressed in terms of mean residue ellipticity 

(deg·cm2·dmol−1) (Orrego Cardozo et al., 2015). This term can be 

expressed as: 

[𝜃]𝑚𝑟𝑤 =
𝑀𝑅𝑊·𝜃

10·𝑑·𝑐
        (3.5) 

Where θ is the observed ellipticity (degrees), d is the path length (cm) 

and c is the concentration (g/L). 
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From the CD spectra, the ‘positive-negative ratio’ (RPN) was calculated, 

using Equation 3.6: 

𝑅𝑃𝑁 =
𝜃𝑝

𝜃𝑛
         (3.6) 

Where θp and θn are the positive and negative peaks, respectively.  

3.2.4.6. Water Contact Angle (WCA) 

Surface wettability and hydrophobicity were assessed by water contact 

angle (WCA) measurements using a Drop Shape Analyser (Krüss, 

Germany) (Figure 3.14). 

 

Figure 3.14. Drop Shape Analyser (Krüss) 

 

The WCA was measured using the sessile drop method (droplets with an 

approximate volume of 5 μL). Both WCA values of the right (defined as 

y in Figure 3.15) and left (defined as x in Figure 3.15) sides of the 

deionized water droplets were measured and the average value was 

calculated as it can be seen schematically in Figure 3.15.  

 

Figure 3.15. Illustration about the calculation of the water contact angle (WCA) 
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3.2.5. Statistical analysis 

At least three replicates were carried out for each measurement. 

Student´s t-test and one-way analysis of variance (p<0.05) were 

performed using PASW Statistics for Windows (Version 18: SPSS, 

Chicago, IL). Standard deviations were calculated for selected 

parameters. 
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3.3 Results and Discussion 

3.3.1. Evaluation of the freeze-drying processing parameters 

This study is divided into three different sections according to the 

different variables considered: 3.3.1.1) effect of the container (type); 

3.3.1.2) the processing conditions (pH and freezing temperature); and 

3.3.1.3) solvent (type and concentration). Sponge-like scaffolds 

produced with gelatin (1 wt.%) were used to evaluate the different 

parameters obtaining them using the reference protocol (P1). 

3.3.1.1. Effect of the type of container 

Figure 3.16 shows the evolution of E' and E’’ values with frequency 

obtained for the systems elaborated using two different containers (glass 

and plastic). Both systems show a similar profile with a slight increase 

of both E’ and E’’ with frequency. In all the systems studied (in this 

section and the following sections of this chapter), E’ values are above 

E’’ values highlighting the solid character of these systems. 
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Figure 3.16. Frequency sweep tests of the scaffolds obtained with different containers 

(glass container and plastic container). An image of the drop formed is also included for 

each material 
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In addition, Table 3.2 shows the values of E’1 and tan (δ1) for both 

systems. Although the E’1 values showed no significant differences 

(p<0.05), the mechanical properties obtained from the system produced 

with a plastic container can be highlighted, since these scaffolds 

presented much lower values of tan (δ), revealing a more structuring 

material than the one obtained with the glass container. 

 
Table 3.2. Porosity (ε), E’ and tan (δ) values at 1 Hz (E’1 and tan (δ1)) of gelatin 

scaffolds obtained with different containers (glass and plastic). Values with different letters 

are significantly different (p<0.05) 

Scaffolds E’1 (kPa) tan (δ1) ε (%) 

Container 
Glass 64.7 a 0.135 A 98.4 α 

Plastic 61.6 a 0.070 B 98.3 α 

 

In addition to the elastic and viscous moduli, the influence of the 

container on the critical strain was also evaluated (shown in Figure 3.17), 

with the system made using a plastic container presenting the highest 

value. Eventually, the porosity of the samples was also studied. No 

significant differences were found (p<0.05) among them, which had in 

all cases a value above 98% (Table 3.2). 
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Figure 3.17. Water contact angle and critical strain of the scaffolds obtained with 

different containers (glass container and plastic container). An image of the drop formed is 

also included for each material 
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Furthermore, the hydrophobicity of the two study materials (glass and 

plastic) was analyzed. Figure 3.17 shows the analysis of the water 

contact angle, corroborating that the glass container is more hydrophilic 

since it presented a lower value of the contact angle. In view of these 

results, and according to Schwarzenbach et al. (2002), the freeze-drying 

process will be carried out with greater effectiveness in the plastic 

container, which has a lower affinity for the solvent (water) than the glass 

container. 

3.3.1.2. Effect of the processing conditions: pH 

The effect of pH on the mechanical properties of the scaffolds can also 

be observed in Figure 3.18, which shows the evolution of E’ with 

frequency (Figure 3.18A) and the critical strain (Figure 3.18B). The pH 

traditionally used to make scaffolds by freeze-drying was 3.2 (O’Brien 

et al., 2004a), which is corroborated by these results, where the best 

properties were obtained for those systems elaborated at pH 3.0 and 3.2. 

This can be also deduced from the results shown in Table 3.3. All the 

values of tan (δ1) correspond to an elastic gel network, ranging from 0.04 

to 0.07, except for the system at pH 5.5 that shows a tan (δ1) higher than 

1. This system does not follow a gel behavior. 

Table 3.3. Porosity (ε), E’ and tan (δ) values at 1 Hz (E’1 and tan (δ1)) of gelatin 

scaffolds obtained with different pH values (2.5, 3.0, 3.2, 3.5, 4.0, 5.5). Values with different 

letters are significantly different (p<0.05) 

Scaffolds E’1 (kPa) tan (δ1) ε (%) 

pH 

2.5 34.8 a 0.036 A 96.2 α 

3.0 69.9 b 0.041 A 97.0 β 

3.2 61.6 b 0.070 B 98.3 γ 

3.5 41.0 a 0.056 C 97.2 β 

4.0 36.2 a 0.039 A 96.4 α 

5.5 30.0 a 1.650 D 95.8 α 
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Interestingly, the further the pH values were from this optimal point, the 

lower the mechanical properties obtained were (E' values and critical 

strain). In addition to the mechanical properties, the structural properties 

(porosity) were also better for the system elaborated at pH 3.2, 

decreasing as moving away from that pH value. 
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Figure 3.18. (A) Frequency sweep tests and (B) critical strain of the scaffolds obtained 

with different pH (2.5, 3.0, 3.2, 3.5, 4.0 and 5.5). Values with different letters are 

significantly different (p<0.05) 
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The use of a pH value that coincided with the isoelectric point of the 

protein produced its stabilization by the interaction of complementary 

charges; however, this caused the aggregation of the protein due to these 

complementary interactions when it is in its zwitterionic form (Ju and 

Kilara, 1998). In fact, this aggregation influenced the protein interaction 

with the solvent, thus worsening its processing. However, working at a 

pH value lower than its isoelectric point, the protein was positively 

charged, which provided an even greater stabilization by positive 

repulsion, according to the studies of Russell (Russell, 1974). This 

stabilization was especially noticeable when working with gelatin at a 

pH slightly lower than 3.5. On the other hand, working at a pH higher 

than the isoelectric point of the protein, found around pH 5.0 (Perez-

Puyana et al., 2016), caused the protein to be negatively charged in 

solution, thus decreasing its stability and, therefore, worsening its 

processing and decreasing the properties of the obtained scaffolds. 

3.3.1.3. Effect of the processing conditions: Freezing temperature 

The freezing temperature and heat flow during the cooling prior to the 

freeze-drying is crucial for the protein matrix in order to obtain specific 

and suitable properties, such as a certain pore size, which is higher when 

the heat flow is lower (O’Brien et al., 2004a). For that reason, the 

scaffolds processed at four different freezing temperatures were also 

studied (-9, -20, -40 and -80 ºC). 
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Figure 3.19. (A) Frequency sweep tests and (B) critical strain of the scaffolds obtained 

with different freezing temperatures (-9, -20, -40 and -80 ºC). Values with different letters are 

significantly different (p<0.05) 

 

Furthermore, the selection of the freezing temperature affected the 

crystallinity of the material. In this sense, Ramkumar and Bhattacharya 

(1997) determined that a treatment at lower temperature increases the 

crystallinity of the material, decreasing the freedom of movement of the 

polymer chains and, thus, increasing the rigidity of the material. This 

behavior agreed with the values of E', shown both in Table 3.4, and in 
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the profiles of Figure 3.19 which reflect how the freezing treatment of 

the solutions at lower temperatures gave rise to a more structured system 

that presents better mechanical properties, according to the studies 

carried out by Reys et al. (2017).  

Table 3.4. Porosity (ε), E’ and tan (δ) values at 1 Hz (E’1 and tan (δ1)) of gelatin 

scaffolds obtained with different freezing temperatures (-9, -20, -40 and -80 ºC). Values with 

different letters are significantly different (p<0.05) 

Scaffolds E’1 (kPa) tan (δ1) ε (%) 

Freezing 

Temperature 

-9ºC 42.7 a 0.037 A 95.8 α 

-20ºC 41.7 ab 0.067 B 97.5 β 

-40ºC 61.6 b 0.070 B 98.3 γ 

-80ºC 86.6 c 0.050 C 94.8 δ 

 

However, according to the results shown in Figure 3.19B, the critical 

strain increased with a decrease in the freezing temperature, with the 

system elaborated at -40 °C having the highest critical strain. A similar 

effect took place with the porosity, since although all the systems have a 

porosity higher than 95 %, the treatment at lower temperature produced 

systems with higher porosity (reaching the maximum for the system at -

40 ºC). 

3.3.1.4. Effect of the solvent 

The protein solution which finally yielded the scaffold was prepared 

using an aqueous acidic solution at low concentration (0.05 M) and the 

pH value at which the best scaffolds were achieved in the previous 

section (pH 3.2). In order to determine the influence of the solvent in the 

freeze-drying process, three different acids were analyzed: a strong acid 

(hydrochloric acid, HCl), a weak monoprotic acid (acetic acid, 

CH3COOH) and a weak polyprotic acid (ortho-phosphoric acid, H3PO4). 

It is important to take into account that strong acids are completely 

dissociated in solution, whereas in the case of weak acids it depends on 
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their pKa. Considering the three acids studied and the working pH, acetic 

acid was not dissociated (it has a pKa value of 4.8), while phosphoric 

acid was partially dissociated when it was found at a pH higher than one 

of its pKa values (2.1, 7.2 and 12.3) (Housecroft and Sharpe, 2008). 

Figure 3.20 shows the mechanical properties measured for the scaffolds 

produced with the three different acids. Figure 3.20A illustrates the 

behaviour of E' as a function of frequency. As can be observed, the use 

of a weak monoprotic acid (acetic acid, CH3COOH) produced a system 

with higher E’ values and, therefore, better mechanical properties, 

followed by the system made with phosphoric acid (H3PO4) and finally 

the scaffold produced with hydrochloric acid (HCl). This sequence is 

also observed in Table 3.5 for E’1, which also shows how the values of 

tan (δ1) are always lower than 0.1. 

Table 3.5. Porosity (ε), E’ and tan (δ) values at 1 Hz (E’1 and tan (δ1)) of gelatin 

scaffolds obtained with different acids (hydrochloric acid, HCl; acetic acid, CH3COOH; 

phosphoric acid, H3PO4). Values with different letters are significantly different (p<0.05) 

Scaffolds E’1 (kPa) tan (δ1) ε (%) 

Solvent 

HCl(0.05M) 14.8 a 0.047 A 98.7 α 

H3PO4(0.05M) 36.7 b 0.116 B 98.2 α 

CH3COOH(0.05M) 61.6 c 0.070 C 98.3 α 

 

A similar effect was observed with the critical strain (Figure 3.20B), 

whose highest value was obtained in the scaffold made with acetic acid. 

However, no significant differences were observed in porosity (over 

98%), which was slightly higher for the system prepared with HCl. In 

view of these results, the dissociation of the acid caused an interaction 

with the protein that hindered the processing, thus generating scaffolds 

with worse properties. 
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Figure 3.20. (A) Frequency sweep tests and (B) critical strain of the scaffolds obtained 

with different acids (hydrochloric acid, HCl; acetic acid, CH3COOH; phosphoric acid, 

H3PO4). Values with different letters are significantly different (p<0.05) 

 

In addition to the type of acid used in the preparation of protein solutions, 

the concentration of acid used could influence the protein structures. 

Therefore, taking CH3COOH as a reference, three different 

concentrations were studied (0.05, 0.10 and 0.30 M) at pH 3.2. Figure 
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3.21A shows the evolution of E’ with frequency, where all systems 

followed the same evolution, among which the system prepared at 0.05 

M had significantly better mechanical properties with respect to the 

others (higher values of E' and critical strain) (Figures 3.21A and 3.21B).  

Table 3.6. Porosity (ε), E’ and tan (δ) values at 1 Hz (E’1 and tan (δ1)) of gelatin 

scaffolds obtained with solutions at different acetic acid (CH3COOH) concentration (0.05, 

0.10 and 0.30 M). Values with different letters are significantly different (p<0.05) 

Scaffolds 
E’1Hz · 104 

(Pa) 
tan (δ1) ε (%) 

Solvent 

CH3COOH(0.05M) 61.6 a 0.070 A 98.3 α 

CH3COOH(0.10M) 20.9 b 0.071 AB 98.4 α 

CH3COOH(0.30M) 19.7 b 0.056 B 98.4 α 

 

However, no significant differences (p<0.05) in the porosity of these 

systems were observed. In addition, all systems had a tan (δ1) value lower 

than 0.10 (Table 3.6), which demonstrated the marked elastic character 

of these scaffolds. 
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Figure 3.21. (A) Frequency sweep tests and (B) critical strain of the scaffolds obtained 

with solutions at different acetic acid (CH3COOH) concentration (0.05, 0.10 and 0.30 M). 

Columns with different letters are significantly different (p<0.05) 

The influence of the acid concentration in proteins during the preparation 

of the protein solutions was also determined by measuring circular 

dichroism (Figure 3.22).  

According to Gopinath et al. (2017), there is a relationship between the 

maximum (positive) and minimum (negative) peaks with the 

denaturation of the protein (RPN). It should be noted that a higher ratio 

implies a more denatured protein, although the values obtained were 

similar for both concentrations (for the highest concentration, 0.30 M, it 

could not be measured). In that case, it is necessary to look at the profiles, 

since a less pronounced negative peak also corresponds to a higher 

denaturation (Gopinath et al., 2017). 
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Figure 3.22. CD spectra of the gelatin solutions at different acetic acid concentration 

(0.05, 0.10 and 0.30 M) 

In our case, denaturation implied aggregation, thus a concentration of 

0.05 M caused a lower protein aggregation when presenting a more 

negative peak (more pronounced) and, therefore, improving the 

processing of scaffolds. Furthermore, and according to Yang et al. 

(2016), the acetic acid concentration influenced the conformation of 

collagen, which was more significant at 0.30 M; at this concentration, 

the typical profile for collagen/gelatin was lost. 

3.3.1.5. Processing conditions selected 

The following studies were carried out by producing scaffolds using the 

parameters chosen as references since they were those with which the 

best properties were obtained (plastic, -40ºC, pH 3.2 and acetic acid 0.05 

M). 
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3.3.2. Study of the effect of the protein concentration 

On previous studies, it has been shown that producing scaffolds with a 

protein (either CG or GE) concentration higher than 1 wt.% led to 

structures with a significant decrease in both critical strain and porosity, 

which could drive to a worse neovascularization (Perez-Puyana et al., 

2016). Thus, scaffolds with 0.5 and 1.0 wt.% were processed and 

compared to select the most suitable polymer concentration.  

Rheological characterization 

Figure 3.23 shows the mechanical parameters of the systems with 

different concentration of collagen and gelatin.  
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Figure 3.23. Frequency sweep tests carried out for gelatin and collagen-based scaffolds 

at different protein concentrations (0.5 and 1.0 wt.%) 

 

Figure 3.23 shows the values of the elastic component (E’) of the 

collagen- and gelatin-based systems in a frequency range. Both systems 

show a similar trend: an increase in protein concentration led to an 

improvement of the mechanical (higher E’ values) properties. 
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Comparing the different proteins, the structures produced with collagen 

exhibited higher values compared to the ones obtained with gelatin, 

regardless of the concentration used. 

Table 3.7. E’ and tan (δ) values at 1 (E’1 and tan (δ1)) and porosity (ε) of gelatin and 

collagen-based scaffolds with different protein concentrations (0.5 and 1.0 wt.%). Values 

with different letters are significantly different (p<0.05) 

SYSTEMS E’1 (kPa) tan (δ1) ε (%) 
Gelatin 

scaffolds 

0.5 wt.% 41.2 a 0.06 A 99.5 α 

1.0 wt.% 65.2 b 0.09 B 98.5 β 

Collagen 

scaffolds 

0.5 wt.% 88.3 c 0.09 B 99.3 α 

1.0 wt.% 134.1 d 0.11 B 98.8 β 

 

In addition, the E’ and tan (δ) values of the previous tests at 1 Hz (E’1 

and tan (δ1)), shown in Table 3.7, allowed comparing the systems to 

determine whether there were significant differences between them. 

Interestingly, the values of tan (δ1) were less than or equal to 0.1 for all 

the systems studied, which means that the elastic values (E’) were much 

higher than the viscous values (E’’), highlighting their elastic behavior. 

Comparing the data exhibited by the different systems in Table 3.7, the 

E’1 values increased with the polymer content, whereas the tan (δ1) 

values showed no significant differences (p<0.05). As it was 

demonstrated in Table 3.7, the collagen-based systems have greater E’1 

values than those with gelatin. 

The study of the critical strain of the protein-based sponges is very 

interesting, since it is related to an increase in the elastomeric character 

and, considering a possible biomedical application, a better working 

performance in the bioreactor, where the samples are subjected to a 

continuous strain along time to favor cell growth (Lin, Hsu, Huang, 

Cheng, & Su, 2009). The critical strain of the different systems can also 

be seen in Figure 3.24.  
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Figure 3.24. Critical strain values for gelatin and collagen-based scaffolds at different 

protein concentrations (0.5 and 1.0 wt.%). Columns with different letters are significantly 

different (p<0.05) 

 

There were no significant differences (p<0.05) between the systems 

presenting values in the range of ca. 0.2 % although the critical strain 

was slightly lower when the protein content was higher. 

Microstructural characterization 

Table 3.7 also shows the porosity values (ε) obtained for the different 

systems studied (gelatin or collagen-based scaffolds at 0.5 and 1.0 wt.%). 

As can be observed, an increase in protein concentration led to a decrease 

in the porosity values, reaching its maximum with the system produced 

at 0.5 wt.% gelatin. In general, the porosity values are in the range 

between 95 and 99 %, similar than the ones obtained in other studies (Lv 

and Feng, 2006). It is worth mentioning that the values shown in Table 

3.7 are around the upper limit of this range. 

Figure 3.25 shows the macroscopic images of the systems produced. It 

can be seen how all the systems present white sponge-like scaffolds with 

a well-defined and compacted shape when the concentration of 
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biopolymer is 1% (Figures 3.25B and 3.25D), compared to the systems 

obtained at 0.5% (Figures 3.25A and 3.25C).  

 

Figure 3.25. Macroscopic images of the scaffolds obtained from collagen and gelatin with 

different protein composition (wt. %): (A) 0.5 % Collagen, (B) 1.0 % Collagen, (C) 0.5% 

Gelatin and (D) 1.0% Gelatin 

 

On the other hand, Figure 3.26 shows the SEM images of these sponge-

like materials produced. As can be noted, an increase in protein 

concentration led to a more compacted structure. Considering the SEM 

images, although the porosity is similar for all the systems, a decrease in 

the protein concentration produced structures with a latticework with a 

more marked porosity.  

On these grounds, the collagen-based system with a 1% of total 

biopolymer content can be highlighted taking into account the different 

properties obtained for the four systems analyzed. Particular attention 
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has been paid to the elastic properties of the scaffolds since the porosity 

is, in any case, at the upper limit suggested in the literature. Therefore, 

this system was selected for the further studies carried out. 

 

 

Figure 3.26. SEM images of the microstructure of the scaffolds obtained from collagen and 

gelatin with different protein composition (wt. %): (A) 0.5 % Collagen, (B) 1.0 % Collagen, 

(C) 0.5% Gelatin and (D) 1.0% Gelatin 
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3.3.3. Influence of the addition of chitosan 

The properties of materials can be tuned with the combination of 

different polymers. In this way, mixtures of collagen with chitosan were 

studied by producing and comparing binary scaffolds. For this study, 

different ratios (100-0; 75-25; 50-50; 25-75; 0-100) of collagen and 

chitosan were used at 1% (weight/volume) of the biopolymer material 

content in the solution, studying the rheological and microstructural 

properties of the different scaffolds obtained. 

Rheological characterization 

Figure 3.27 shows the rheological properties of the scaffolds processed 

with different ratios of CG-CH (100-0; 75-25; 50-50; 25-75; 0-100). 

Figure 3.27A shows the values of the elastic (E’) moduli against the 

frequency range studied. As can be seen, E’ values have a slight 

dependence on the frequency used, which is related to very stable gel 

structures over time. This behavior has already been observed in sponge-

like scaffolds made only from either collagen or gelatin studied in the 

previous section. It is interesting to start mentioning that CH provides 

higher strength to the scaffold than CG, as may be inferred from Figure 

3.27. 

Figure 3.27B shows the elastic modulus and the loss tangent at a 

frequency of 1 Hz (E’1 and tan (δ1), respectively) in order to compare the 

different binary systems between them. As may be observed, adding CH 

to CG scaffolds does not initially improve E’ but improves tan (δ). On 

the other hand, adding CG to CH scaffolds does not improve 

significantly either E’ or tan (δ). 

However, the system that contained a 50-50 ratio of CG-CH, presented 

a significant maximum in E’1, which made it the system with the best 

mechanical properties of this study, and it requires the creation of a 
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synergistic structure with this CG-CH ratio. This behavior may be due to 

the different typology of the fibers used (CG and CH), which allows 

introducing one of them in the holes left by the other structure, thus 

favoring their rheological characteristics. 
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Figure 3.27. (A) Frequency sweep tests and (B) E’1 and tan (δ1) values for scaffolds 

produced with a different collagen-chitosan ratio (100-0, 75-25, 50-50, 25-75 and 0-100). 

Columns with different letters are significantly different (p<0.05) 
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Regarding the loss tangent, tan (δ1), observed in Figure 3.27B, all the 

values obtained are lower than 0.15, which highlights the predominantly 

solid character of the systems, as mentioned above.  

On the other hand, critical strain values have been summarized in Table 

3.8. Considering the values obtained for the collagen-chitosan binary 

systems, it can be concluded that the elaboration of binary systems, 

where one of the fibers is predominant, produces higher critical strain 

values compared to those obtained for the unitary systems. However, 

when both fibers were in equal proportion, there were no significant 

differences in critical strain with the unitary systems. 

Table 3.8. Critical strain values of scaffolds produced with collagen (CG) and chitosan 

(CH) with different ratios (100-0, 75-25, 50-50, 25-75, 0-100). Values with different letters 

are significantly different (p<0.05) 

SYSTEMS 
Critical Strain 

(%) 

CG-CH 

scaffolds 

100-0 0.22 a 

75-25 0.47 b 

50-50 0.21 a 

25-75 0.34 c 

0-100 0.16 d 

 

Microstructural characterization 

Apart from the mechanical properties, the microstructure of the scaffolds 

was also characterized. Figure 3.28 shows the microstructural properties 

of the different scaffolds studied. Figures 3.28A, 3.28A’ and 3.28A’’ 

show that the incorporation of CH confers a yellowish color to the 

scaffolds. 

Concerning the images shown (Figures 3.28B, 3.28B’ and 3.28B’’), the 

unitary systems (CG-CH 100-0 and 0-100, Figures 3.28B and 3.28B’’, 

respectively) had a laminated structure, in which the pores seemed to be 

mainly formed by the spaces between its various sheets or piles. 
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However, the binary system CG-CH 50-50 (Figure 3.28B’) showed 

greater pore formation, which was evident even in the sheets. This fact 

may contribute to explain the formation of a synergistic structure in the 

CG-CH 50-50 scaffold, thus explaining the best mechanical properties 

observed in Figure 3.27. 

 

Figure 3.28. Macroscopic, microscopic and pore size distribution of scaffolds produced with 

a different collagen-chitosan ratio: 100-0 (A, B and C), 50-50 (A’, B’ and C’) and 0-100 (A’’, 

B’’ and C’’). The mean pore size of the systems was also included 

 

On the other hand, Figure 3.28C, 3.28C’ and 3.28C’’ show the pore 

distribution obtained in the porosimetry measurements. All the systems 

had a roughly unimodal distribution; however, the CG-based scaffold 

shows larger pore size than the CH-based one. Nevertheless, the CG-CH 

50-50 system showed a clear shift in the maximum toward larger pore 

size values, possibly due to the greater number of large pores found with 
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respect to the unitary systems, with this being the most heterogeneous 

system. Thus, the mean pore size was greater in the case of CG-CH 50-

50 (87.1 µm) than in the unit systems (CG-CH 100-0: 59.9 µm and 0-

100: 50.1 µm). These pores with heterogeneous distribution would be 

positive for cell incorporation adhesion and growth. These results 

reinforce the idea of selecting the 50-50 system as the most promising 

combination for producing hybrid CG-CH scaffolds. 
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3.3.4. Influence of the addition of a reinforcement stage 

First, the influence of the addition of glutaraldehyde on the selected 

system from the previous section (1 wt.% CG-CH 50-50) was carried 

out. Then, three possible methods have been evaluated to look for 

suitable alternatives. The same system without any crosslinking method 

has been considered as reference (Ref.). 

3.3.4.1. Traditional chemical crosslinking: Addition of Glutaraldehyde 

(GA) 

Figure 3.29 shows the mechanical properties for the CG-CH 50-50 

systems with different percentages of GA (0.03, 0.05 and 0.10% w/v 

with respect to the solution prepared). 

Figure 3.29A presents the evolution of the elastic (E’) moduli in the 

frequency range studied. As can be observed, all the systems showed 

only a slight dependence on frequency, a trend that was already observed 

in the systems without the crosslinking. Moreover, the incorporation of 

the crosslinking agent reduces the values of E’, which can also be 

observed in the values of the elastic modulus at 1 Hz (E’1) in Figure 

3.29B, with a remarkably significant difference between the systems 

with and without the crosslinking agent. 
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Figure 3.29. (A) Frequency sweep tests and (B) E’1 and tan (δ1) values for hybrid CG-

CH 50-50 scaffolds produced with GA crosslinking at different concentrations (0.03, 0.05 

and 0.10 % w/v). The CG-CH 50-50 system without crosslinking has also been included as 

reference (Ref.). Values with different letters are significantly different (p<0.05) 

 

Regarding the critical strain of these systems (Table 3.9), the 

incorporation of a crosslinking agent increased it, being more noticeable 

at low concentrations of GA (0.03 and 0.05% w/v), which made these 

scaffolds more deformable. Interestingly, the addition of glutaraldehyde 

in a higher concentration (0.10% w/v) produced a decrease in the critical 

strain, which indicates that the use of crosslinking agent in a certain 
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concentration (higher than the optimal value) is not advisable to improve 

the properties of the scaffolds.  

Table 3.9. Critical strain values for hybrid CG-CH 50-50 scaffolds produced with GA 

crosslinking at different concentrations (0.03, 0.05 and 0.10 % w/v). The CG-CH 50-50 

system without crosslinking has also been included as reference (Ref.). Values with different 

letters are significantly different (p<0.05) 

SYSTEMS Critical Strain (%) 

Reference 0.22 a 

0.03% GA 0.64 b 

0.05% GA 0.61 b 

0.10% GA 0.35 c  

 

3.3.4.2. Alternative crosslinking methods: Genipin, heat treatment and 

transglutaminase 

From the studies shown in Section 3.3.4.1, a glutaraldehyde 

concentration of 0.05 % w/v has been selected as the most suitable for 

the CG-CH 50-50 system. However, due to the toxicity of 

glutaraldehyde, other possible alternatives have been considered. 

Therefore, three different alternatives have been studied: a chemical 

crosslinking with the addition of genipin, a physical crosslinking with a 

heating treatment of the scaffolds and an enzymatic crosslinking with the 

addition of transglutaminase to the initial formulation. The properties of 

the scaffolds after performing these three crosslinking methods were 

compared to the glutaraldehyde selected in the previous section. 

Furthermore, a CG-CH 50-50 sponge-like scaffold without any 

crosslinking was also included as reference (Ref.). 

It is important to take into account that the concentrations for genipin 

(0.03 wt.%) and transglutaminase (0.10% w/v) have been selected 

according to previous studies (Dimida et al., 2017; Orban et al., 2004). 
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Rheological characterization 

Figure 3.30 shows the mechanical properties of the different scaffolds 

studied with crosslinking (GA, GN, heat treatment and TG). Figure 

3.30A presents the evolution of the elastic (E’) moduli in the frequency 

range studied for the CG-CH 50-50 systems after performing different 

crosslinking methods: addition of GA (0.05 % w/v), GN (0.03 % w/v), 

TG (0.10 % w/v) or the inclusion of a heat treatment (HT, at 50 ºC for 2 

h). 
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Figure 3.30. (A) Frequency sweep tests and (B) values of E’1 and tan (δ1) of hybrid CG-CH 

50-50 scaffolds crosslinked by different methods: Glutaraldehyde [GA] addition, genipin 

[GN] addition, heat treatment [HT] and transglutaminase [TG] addition. The CG-CH 50-50 

system without crosslinking has also been included as reference (Ref.). Values with different 

letters are significantly different (p<0.05) 
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Once again, all the systems showed only a slight dependence on 

frequency, a trend that was already observed in the systems without the 

crosslinking (Ref). Moreover, the incorporation of the crosslinking 

agents reduces the values of E’, which can also be observed in the values 

of the elastic modulus at 1 Hz (E’1) in Figure 3.30B, with a remarkably 

significant difference between the systems with and without any of the 

crosslinking agent used. However, the application of a heat treatment as 

a crosslinking method increases significantly the values of E’, which can 

be seen in both Figure 3.30A and 3.30B. On the other hand, there are no 

great significant differences in the values of the loss tangent at 1 Hz [tan 

(δ1)] of the studied systems, which indicates that the relationship between 

the elastic and viscous moduli was not lost by the application of a 

crosslinking to the scaffolds.  

Table 3.10. Critical Strain (%) of scaffolds prepared with different crosslinking (GA: 

glutaraldehyde, GN: genipin, HT: heat treatment and TG: transglutaminase). The CG-CH 

50-50 system without crosslinking has also been included as reference. Values with different 

letters are significantly different (p<0.05) 

SYSTEMS Critical Strain (%) 

CG-CH (reference) 0.22 a 

GA 0.61 b 

GN 0.51 bc 

HT 0.20 a 

TG 0.47 c 

 

Regarding the critical strain of these systems (Table 3.10), the 

incorporation of TG or GN produced a decrease in the critical strain 

compared to the GA, although they were still larger than the reference 

system. This fact made these scaffolds more deformable and, 

consequently, more viable for the growth of cells in them as they better 

stood the periodic strains caused by this growth. On the other hand, the 
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application of a heat treatment caused the critical strain to decrease 

below the reference value, although without significant differences. 

Comparing the crosslinking methods, the scaffolds produced using GA 

and TG had values of elastic modulus and loss tangent similar to each 

other, with no significant differences between them. However, the 

scaffolds produced with GN presented lower E’ values and higher tan (δ) 

respect to the others. On the other hand, critical strain values found in 

the systems with GA were greater than those obtained with TG, but no 

significantly different to the critical strain obtained for the system with 

GN. In addition, the heat treatment although increases the elastic 

modulus (E’) of the scaffolds does not improve its capacity of 

deformation, making its values not suitable for its later implantation in 

the bioreactor. 

Microstructural properties 

Figure 3.31 shows the microstructural properties of the scaffolds 

obtained with different crosslinking (GA, GN, heat treatment and TG). 

The scaffold with the same proportion of biopolymer, but without the 

addition of a crosslinking agent, was used as reference. 

At the macroscopic level (Figures 3.31A’, 3.31A*, 3.31A**, 3.31A*** 

and 3.31A****), the scaffolds present a slight change in its color, 

becoming more yellow when the crosslinking occurs. Particularly 

interesting is the bluish color of the system with GN.  

Respecting the micrographs (Figures 3.31B’, 3.31B*, 3.31B**, 

3.31B*** and 3.31B****), they show that the addition of GA or GN 

(Figures 3.31B’ and 3.31B*, respectively) led to the formation of more 

heterogeneous scaffolds with smaller pores. Moreover, the incorporation 

of TG (Figure 3.31B****) seems to have led to systems with smaller and 

longer pores of very heterogeneous. On the other hand, the application 
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of a heat treatment (Figure 3.31B***) led to the formation of a less 

laminated structure than when using crosslinking agents (GA or TG), 

also presenting larger pores. 

Finally, the pore size distributions (Figures 3.31C’, 3.31C*, 3.31C**, 

3.31C*** and 3.31C****) show that the application of any crosslinking 

method created a more heterogeneous system. This heterogeneity is more 

significant in the case of the incorporation of GA. In addition, the 

porosity of the scaffolds, all the systems present a porosity value in the 

range between 95 and 99 %.  

However, the mean pore size is lower in the case of the incorporation of 

TG or GN, since a large number of small pores and few large pores were 

found in its structure. The incorporation of any of the crosslinking agents 

improved the functionality of the scaffold for the growth of cells by 

improving the heterogeneity of the system, by providing adhesion for the 

proliferation of the cells, and by providing it with an optimum mean pore 

size for its increase (Netti, 2014). However, the application of the heat 

treatment, although it improves the functionality of the scaffolds due to 

the heterogeneity of its microstructure, has a mean pore size that is too 

high (even higher than the reference system), leaving the optimum range 

(Netti, 2014). 
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Figure 3.31. Macroscopic, microscopic and pore size distribution of scaffolds produced with 

a 50-50 collagen/chitosan ratio with a different crosslinking method:  Glutaraldehyde 

addition [GA] (A*, B* and C*), genipin addition [GN] (A**, B** and C**), heat treatment 

[HT] (A***, B*** and C***) and transglutaminase addition [TG] (A****, B**** and 

C****). The 50-50 collagen/chitosan system without crosslinking has also been included as 

reference (A’, B’ and C’). The mean pore size of the systems was also included 

 

Degree of crosslinking 

To make a complete comparison, the degree of crosslinking was 

measured in the scaffolds with the addition of crosslinking agent (GA, 

GN or TG) with respect to the prepared solution and the scaffold after 
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the heat treatment. Table 3.11 shows the degree of crosslinking for the 

systems with the different crosslinking methods (GA, GN, heat treatment 

and TG). The system with GA presented greater crosslinking than the 

systems with GN, TG or heat treatment. Interestingly, the degree of 

crosslinking obtained for genipin and transglutaminase is not 

significantly different, presenting intermediate values (31 and 34 %, 

respectively). 

This greater crosslinking possibly provided better critical strain to the 

system and a pore distribution with a tendency to smaller sizes. However, 

it is necessary to consider the range of sustainable values of the necessary 

properties for the optimal growth of cells in scaffolds. Therefore, the 

study of the mechanical and structural properties of these scaffolds is 

necessary. 

Table 3.11. Degree of crosslinking and swelling ratio of scaffolds prepared with 

different crosslinking methods (CG: Collagen 1%; CH: Chitosan 1%; CG-CH: CG-CH 50-50 

(reference); GA: CG-CH 50-50 + 0.05% of glutaraldehyde; GN: CG-CH 50-50 + 0.03% 

genipin, HT: CG-CH 50-50 + heat treatment and TG: CG-CH 50-50 + 0.10% of 

transglutaminase). Values with different letters are significantly different (p < 0.05) 

SYSTEMS 
Crosslinking 

(%) 

Swelling 

(%) 

CG 4 A 113 a 

CH 5 A 131 ª 

CG-CH (reference) 3 A 135 a 

GA 82 B 14 b 

GN 31 C 54 c 

HT 9 D 33 bc 

TG 34 C 27 bc 

 

Swelling ratio 

The swelling ratio of the systems with different crosslinking is also 

shown in Table 3.11. It was observed that the crosslinking interferes in 

this parameter, decreasing the swelling ratio when the degree of 

crosslinking increases, although without significant differences. Thus, 
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the scaffold with the lowest swelling ratio was that containing GA, 

followed by the one containing TG and finally the scaffold treated with 

temperature and containing GN. However, all the crosslinked scaffolds 

showed great differences with respect to the scaffold without any 

crosslinking treatment. These results indicate that a higher degree of 

crosslinking leads to a minor modification of the systems when they are 

incorporated into the aqueous medium, making these systems more 

predictable and presenting fewer problems in the bioreactor and human 

body. Interestingly, the swelling ratio obtained are in the same range as 

the ones obtained in other studies as the ones carried out by Nazemi et 

al. (2014); Neira-Carrillo et al. (2011); or Stoyneva et al., (2014). 

  



Chapter 3: Development of scaffolds via Freeze-Drying 

127 

 

3.3.5. Optimization of the production of sponge-like scaffolds 

As shown in previous sections, the properties of sponge-like materials 

can be enhanced considering different reinforcement methods. However, 

the high price of collagen with respect to other potential raw materials, 

such as gelatin, means that the development of new scaffolds with a more 

affordable price is still being investigated (Pandey et al., 2017; Shen et 

al., 2000; Shi et al., 2018). For this reason, a recent promising alternative 

of these scaffolds is the replacement of collagen with gelatin (denatured 

collagen), which could induce similar effects at a lower price, making it 

a field of research of great interest (Shen et al., 2000). In general, as 

shown, collagen-based structures present better properties than gelatin 

ones. However, our hypothesis is that improved gelatin-based structures 

can be obtained modifying its initial formulation or the processing 

technique. 

Specifically, the production of gelatin-based systems with chitosan was 

analyzed, and their properties were compared. It is important to mention 

that 1.0 wt.% of total biopolymer concentration was used due to the 

better properties found for this concentration in the previous sections. 

Furthermore, the process was also optimized with the analysis of the 

inclusion of a heating stage for the polymer solution before the freeze-

drying stage. 

3.3.5.1. Modification of the raw material 

Apart from using of additives, which can cause toxicity, this hypothesis 

is based on the modification of the properties of materials with the 

combination of different polymers. Thus, mixtures of gelatin with 

chitosan were studied by producing and comparing these binary 

structures with the collagen ones previously obtained. In this line, a 

gelatin-chitosan 50-50 ratio was used to simulate the collagen-chitosan 
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system which exhibited the best properties in the previous section 

(Section 3.3.3).  

Rheological characterization 

Figure 3.32A shows the profiles obtained for the frequency sweep tests 

of the different sponge-like scaffolds fabricated, comparing them with 

the unitary systems selected as reference. The evolution is similar for all 

the cases and, once again, E’ values were improved, although in this case 

by the addition of chitosan. 
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Figure 3.32. (A) Frequency sweep tests and (B) critical strain values of the protein-chitosan 

sponge-like scaffolds studied: GE-CH 50-50 and CG-CH 50-50. The unitary structures of 1 

wt.% collagen and gelatin were also included as reference. Values with different letters are 

significantly different (p<0.05) 
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Interestingly, the addition of chitosan to the collagen-based sponge 

produced a marked increase in E’ values, whereas the combination 

gelatin-chitosan produced no significant changes in E’ values respect the 

collagen unitary system (Table 3.12). 

Table 3.12. Critical Strain (%) of the protein-chitosan sponge-like scaffolds studied: GE-CH 

50-50 and CG-CH 50-50. The unitary structures of 1 wt.% collagen and gelatin were also 

included as reference. Values with different letters are significantly different (p<0.05) 

Systems E’1 · 105 (Pa) 

Collagen 
1.0% Collagen 1.34 ± 0.02 a 

1.0% Collagen-Chitosan (50-50 ratio) 3.30 ± 0.62 b 

Gelatin 
1.0% Gelatin 0.65 ± 0.11 c 

1.0% Gelatin-Chitosan (50-50 ratio) 1.18 ± 0.16 a 

 

On the other hand, the synergic effect of chitosan on gelatin-based 

structures gives rise to different results when studying the critical strain 

(Figure 3.32B). In this case, the mixture collagen-chitosan produced no 

significant differences (p<0.05) in the critical strain compared to the 

unitary collagen-based structure. Nevertheless, the addition of chitosan 

to gelatin produced an increase in the critical strain of the final structure 

formed. 

Microstructural characterization 

Considering the SEM images shown in Figure 3.33, mixtures of protein-

chitosan (either collagen or gelatin, Figures 3.33B and 3.33B’) produced 

structures with a similar framework, favoring the formation of 

micropores in the inner structure. In addition, the structures produced 

presented a much higher porosity than the values obtained in other 

studies involving polysaccharide-based porous structures (Autissier et 

al., 2010). 
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 Figure 3.33. SEM images of the microstructure of the sponge-like materials obtained from 

collagen and gelatin at 1 wt.% with the addition of chitosan: (B) CG-CH 50-50 and (B’) GE-

CH 50-50. The unitary systems collagen (A) and gelatin (A’) at 1 wt.% were also included as 

reference 

 

3.3.5.2. Modification of the processing technique 

In this study, the production of scaffolds encompassed three different 

protocols. In all cases, a GE-CH 50-50 ratio with a 1 wt.% of total 

biopolymer was used. It is worth mentioning that all protocols had in 

common the traditional steps used to develop the scaffolds by phase 

separation technique: preparation of the solution, centrifugation, freezing 

and freeze-drying, following the same operating conditions in order to 

carry out comparisons between the different protocols (P1 considered as 

reference, P2 and P3). The different protocols studied were described in 

the ‘Materials and Methods’ section (Section 3.2.2.3). 
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Rheological characterization 

Figure 3.34 shows the values of the elastic modulus (E’) as a function of 

frequency for the different scaffolds produced from protocols 1, 2 and 3 

(P1, P2 and P3, respectively).  
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Figure 3.34. E’ values of the scaffolds with a GE-CH 50-50 ratio obtained by the different 

protocols (P1, P2 and P3) 

It can be observed that there is a slight variation of E’ values with 

frequency, showing enough stability and solid character, such as the 

scaffolds studied in previous sections. Furthermore, the different critical 

strain (γc) values obtained are shown in Table 3.13, evidencing the 

improvement of both alternatives (P2 and P3) respect the reference 

system, with an increase of 0.12 and 0.22 %, respectively. 

Table 3.13. Critical Strain (γc, %) and Ki1 values of the scaffolds with a GE-CH 50-50 ratio 

obtained by the different protocols (P1, P2 and P3). Values with different letters are 

significantly different (p<0.05) 

SYSTEM Protocol ɣc (%) Ki1 

50-50 

Gelatin-Chitosan 

P1 (reference) 0.46a - 

P2 0.58b 1.29 

P3 0.68c 1.57 
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Focusing on the results obtained in the different protocols and comparing 

them, protocol 3 stands out against the others, obtaining the best 

mechanical properties, which are reflected in the greatest critical strains 

(ɣc) and E’ values. However, protocols 2 also obtained better properties 

than protocol 1, although without reaching the values obtained in 

protocol 3. This comparison between the protocols can be better 

evaluated by observing Table 3.13, which shows the Ki1 values of the 

different systems calculated, which is the ratio of the elastic modulus of 

the systems produced by the different protocols respect the reference one 

(P1), as explained in the ‘Materials and Methods’ section (Eq. 3.1). As 

can be seen, the values obtained with protocol 2 are 1.3 times higher than 

the reference, whereas protocol 3 shows an increase of 1.6 respect to the 

reference protocol. 

Therefore, it is deduced that the increases that are reflected in protocols 

2 and 3 with respect to the reference one are due mainly to the 

improvement in the synergy between chitosan (CH) and gelatin (GE). In 

addition, protocol 3 improves significantly more than protocol 2. This 

improvement may be due to the reorganization of the polymer chain with 

the heating process after the homogenization of the solution with the 

centrifugation. That better reorganization allows a better interaction 

between the polymer chains of collagen and chitosan improving the 

microstructure and, for that reason, the mechanical properties of the 

sponge-like scaffolds obtained. 

Microstructural characterization 

Figure 3.35 shows the average pore size distributions of the reference 

composition (GE-CH 50-50), for the three processing methods (P1, P2 

and P3). In Figure 3.35A (P1, reference), it can be seen a profile that 

shows a bimodal distribution with two peaks with a size of about 15 and 
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45 μm. This fact supposes that the polydispersion of sizes is high (low 

uniformity) also presenting high percentages of pores at high sizes. This 

may mean that, although there are not many large pores, their presence 

may affect the mechanical properties. In any case, the average pore size 

is 35.6 μm. The mean pore size of the scaffolds fabricated with protocol 

2 is 28.7 μm. However, this system (Figure 3.35B) is the most 

polydispersed system without any unimodal distribution. Finally, in 

Figure 3.35C belonging to protocol 3, there is a unimodal distribution 

with a peak around 50 μm. Although the distribution is less 

polydispersed, this system has a larger mean pore size than the others 

(51.2 μm). 

In any case, this larger pore size does not imply any inconvenience since 

it will facilitate the entry of cells and the neovascularization of the 

scaffolds once implanted. In general, it is established that for the 

development of soft tissue scaffolds, a pore size range between 20 and 

200 μm is required (Tu, 2017). Therefore, the pore sizes are higher than 

the lower limit of those necessary to lead to a good regeneration of the 

tissues. Specifically, Klawitter and Hulbert (1971) showed that scaffolds 

produced with a pore size between 30 and 100 μm presented bone and 

fibrous tissue ingrowth during the cell studies. In this sense, these 

scaffolds could be useful for bone regeneration according to their mean 

pore size. 

On the other hand, Figure 3.36 shows the micrographs for the GE-CH 

50-50 scaffolds obtained by the three protocols (Protocol 1: 3.36A, 

protocol 2: 3.36B and protocol 3: 3.36C). In Figure 3.36A, it can be 

observed how there is a high porosity throughout the scaffold. It is also 

seen how the pores are distributed heterogeneously throughout the 

scaffold processed by protocol 1, observing: a small distribution of large 
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pores (in the form of holes) and mostly a small pore distribution; which 

reaffirms what was discussed in the previous section (Figure 3.35). 
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Figure 3.35. Pore size distribution of the scaffolds with a GE-CH 50-50 ratio obtained by the 

different protocols (P1, P2 and P3). The mean pore size of the systems was also included 
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However, Figure 3.36B shows that the scaffold obtained by the protocol 

2 has a great heterogeneity as it was obtained in the measurements of 

porosimetry (with respect to the pore size). Finally, Figure 3.36C shows 

the porosity presented though the scaffold processed by protocol 3. In 

this case, a more homogeneous distribution is more closely observed. 

 

Figure 3.36. SEM images of the scaffolds with a GE-CH 50-50 ratio obtained by the different 

protocols (P1, P2 and P3) 
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3.4 Concluding remarks 

As a general conclusion, it is evident that a porous protein-based matrix 

(scaffold) was achieved through a process consisting of two main stages: 

preparation of a polymer solution and a freeze-drying step. Different 

systems were studied by analyzing their rheological and microstructural 

properties. Regardless of the composition and fabrication method used, 

the scaffolds obtained in the present chapter constitute biopolymer 

matrices with porosity greater than 95 % and pore sizes and 

interconnectivity suitable for application in tissue engineering. 

The tailoring of their mechanical and structural properties can be 

produced by modifying the different processing conditions involved in 

the process. Considering the container used, the freeze-drying process is 

carried out more effectively when using a hydrophobic mold, since it 

allows better removal of the solvent. Moreover, protein-based scaffolds 

with better properties are achieved by working at a pH below the 

isoelectric point of the protein, which causes its stabilization during 

processing. A pH value of 3.2 has been confirmed to lead to scaffolds 

showing optimal properties. Furthermore, although lower temperatures 

lead to more rigid scaffolds, using a freezing temperature of -40 ºC 

results in scaffolds with greater critical strain and more suitable porosity 

for their use in the bioreactor. Furthermore, the properties of the 

scaffolds will depend on the acid used for its preparation, more 

specifically on the dissociation of the acid. Scaffolds with better 

properties will be obtained using an acid that is not dissociated at the 

working pH value. In addition, the increase in the concentration of the 

acid used as solvent has a negative effect on the properties of the 

scaffolds. 
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The increase in protein content increased both the elastic moduli and the 

porosity of the sponges fabricated, with the system with 1.0 wt.% 

collagen reaching the maximum values. The increase in protein 

concentration produced a more compacted structure. 

The combination of collagen with another polymer like chitosan produce 

binary systems which present better properties than their unitary systems 

separately, although there is an optimal ratio of biopolymers (50-50 CG-

CH), in which there is synergy between them. 

The study of the different crosslinking methods shows different results. 

Physically induced crosslinking with a heat treatment did not result in a 

high degree of crosslinking, not improving the properties of the 

scaffolds. In this way, this method of crosslinking is not effective for this 

type of application. On the other hand, the addition of a crosslinking 

agent has provided better qualities to the scaffolds regardless of their 

nature, giving the greater critical strain and optimal pore heterogeneity. 

In any case, although glutaraldehyde is the most used crosslinking agent 

at present, it has been shown that transglutaminase or genipin could be a 

clear substitute for it. In this sense, considering the range of sustainable 

values of the necessary properties for the optimal growth of cells in 

scaffolds, although both crosslinking agents provided a lower degree of 

crosslinking, gave the scaffolds the appropriate properties, with lower 

toxicity problems, as compared to GA. 

The substitution of collagen by gelatin revealed that the addition of 

chitosan produces a significant increase in the critical strain of gelatin-

based structures, which allows using higher strain values in the 

bioreactor. 

The optimization of the freeze-drying process stated that applying a heat 

treatment (protocol 2 and 3) produces a considerable increase in 
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mechanical properties, possibly due to some improvement in solubility 

and, above all, to the chain structuring that occurs in the biopolymer 

matrix when applied to it. 
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4.1 Introduction 

The field of electrospinning has been constantly growing and evolving 

over the past 20 years (Liu et al., 2018). This technique allows the 

formation of nanofibrous membranes by the application of an electric 

field between the syringe, where the polymer solution is placed, and the 

collector. While the process is working, the jet experiences a whipping 

instability that allows enough time for the solvent to evaporate, resulting 

in the formation of fibers (Duque Sánchez et al., 2014).  

A schematic overview of the electrospinning process can be seen in 

Figure 4.1. This process is based on the extremely fast uniaxial 

elongation of a drop of the viscoelastic polymer solution to form an ultra-

thin filament when a high voltage electric field is applied. Unlike 

mechanical spinning, the filament is formed by electrostatic repulsions 

between charged surfaces induced by the application of the electric field. 

Therefore, the charges accumulate, and the formation of a drop is 

promoted at the tip of the capillary. The intensity of the electric field is 

increased until reaching the equilibrium between the electrostatic forces, 

which causes a value of the surface tension in the liquid that causes the 

drop to lengthen. When the electric field strength exceeds the cohesive 

forces of the solution, the drop takes a conical shape (Taylor cone) and 

it is projected from the needle, fitted to a syringe, to the collector, which 

remains connected to ground and to a power supply (Duque Sánchez et 

al., 2014). A membrane composed of fibers of varying diameters 

between 10 nm and a few micrometers is formed on the surface of the 

collector. 
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Figure 4.1. Schematic overview of the electrospinning process with the main elements 

involved 

There are currently two standard electrospinning configurations 

concerning the direction of the jet, vertical and horizontal setup. In the 

horizontal assembly, contamination of the sample is avoided by dripping 

the solution on the collector, while in the vertical assembly gravity, in 

turn, is a force that helps the electric field in advancing the solution. 

However, independently on the assembly used, the formation of the 

Taylor cone is indispensable for the formation of nanofibers. Taylor cone 

is formed due to electrostatic interactions (Taylor, 1964). The charged 

drop will have an electrostatic repulsion, which together with the surface 

tension of the solution; will cause the drop to stretch, generating a conical 

geometry (Taylor Cone). Subsequently, a thin jet is formed which, 

together with solvent evaporation, leads to the solidification of the 

filament into fibers, which are finally deposited on the collector usually 

forming a randomly oriented fiber mat (Agrahari et al., 2017; Lagaron et 

al., 2017) 

A characteristic feature of the electrospinning process is the extremely 

quick formation of the nanofibrous membranes. These membranes 

present a very high surface area, making these structures a suitable 
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candidate for many different applications in a variety of fields, such as 

catalysis or biotechnology, among others (Agarwal et al., 2013), and 

even in medicine, where they can be used as scaffolds for Tissue 

Engineering (Gautam et al., 2013). More specifically, polymeric 

electrospun scaffolds provide a suitable three-dimensional support for 

cell adhesion, proliferation and differentiation, which is essential to 

guide tissue formation (de la Portilla et al., 2016; Jin et al., 2018).  

The formation of fibers and the final properties exhibited by the 

membranes depend on the correct development of the electrospinning 

process. If the process is not carried out continuously and efficiently, a 

process called electrospraying takes place, where the initial droplets 

formed at the exit of the needle are continuously broken up as a result of 

the coulombic interactions until reaching the collector (Ebrahimgol et 

al., 2014). The concentration and type of polymer are key parameters for 

the development of electrospinning since they affect both the surface 

tension and the viscosity, two fundamental aspects for the success of the 

electrospinning process. Ghafoor et al. (2018) showed a comparison of 

the properties of the structures obtained using different polymers. The 

selection of the polymer is important since the properties of the scaffolds 

can be modulated depending on the polymer used. The use of synthetic 

polymers allows obtaining structures with better mechanical properties, 

although most of them present problems related to the lack of 

biocompatibility (Perez-Puyana et al., 2018). This can be corrected by 

the combination of these polymers with biopolymers, that is, natural 

polymers such as proteins or polysaccharides that improve the 

biocompatibility of the system (Merrett et al., 2012; Zhang et al., 2014). 

The most used synthetic polymers are polyethylene oxide (POE), 

polylactic acid (PLA) or polycaprolactone (PCL) (Agarwal et al., 2013; 
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Cui et al., 2015; Gautam et al., 2013). Among them, the latter stands out 

due to its biocompatibility, biodegradability, suitable mechanical 

properties and easy processing ability (Gümüşderelioğlu et al., 2011). 

PCL with an average molecular weight of 45,000 or 80,000, has been 

extensively used for electrospinning studies (Aguirre-Chagala et al., 

2017; Dulnik et al., 2016; Fereshteh et al., 2016; Gümüşderelioğlu et al., 

2011; Srinivasa Reddy et al., 2014). These molecular weights are seen 

as a more efficient raw material to low molecular weight 

polycaprolactone (LMW PCL, Mw=14,000 g/mol), for which the 

electrospinning process is much more complex, thus no electrospinning 

studies were found to be carried out with this polymer. This may be 

caused by the formation of beads, which do not allow complex structures 

to appear, possibly due to PCL’s low surface tension or low molecular 

weight, which would prevent the electrospinning process from taking 

place continuously. In addition, although low molecular weight PCL 

indeed showed lower bulk material stiffness, some authors have revealed 

its good biological activity since, for example, they presented a stronger 

tendency of cells for chondrogenic differentiation compared to high 

molecular weight PCL (Guarino et al., 2017; Hendrikson et al., 2015). 

On the other hand, among the most used natural polymers, gelatin and 

collagen stand out for their high compatibility, bioresorbability, non-

immunogenicity, and their favorable functional properties, which make 

them very useful in tissue engineering applications (Aldana and 

Abraham, 2017; Chen et al., 2016). The combination of these natural 

polymers with synthetic polymers produce more hydrophilic systems in 

order to improve cell attachment and growth. For example, gelatin has 

been combined with PVA to produce systems with a lower contact angle 

and, therefore, more hydrophilic (Perez-Puyana et al., 2018; Yang et al., 
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2007). In this line, both collagen and gelatin have been used with other 

polymers as PLA (Naghieh et al., 2017) or PCL (Aguirre-Chagala et al., 

2017; Gautam et al., 2013; Khajavi et al., 2016) to improve their 

biological properties for cardiac or bone regeneration applications. 

Some authors have reported that the concentration of the polymer is a 

key factor which influences the formation of a homogeneous fiber mat 

or circular spheroids interconnected by small fibers (Hekmati et al., 

2013; Hossain et al., 2016). As an example, if the solution is highly 

diluted, the Taylor’s cone is broken into droplets as a consequence of an 

unappropriated balance of forces. Under such conditions, droplets 

usually reach the collector in a liquid form (Tiwari and Venkatraman, 

2012). However, electrospinning does not depend only on the 

concentration of the polymer solution. Previous studies revealed that 

there are other important properties, as its surface tension or its 

conductivity, which also can influence the electrospinning process 

(Perez-Puyana et al., 2018). However, among them, the viscosity can be 

highlighted since it depends on the intermolecular interactions in these 

polymer solutions (Lee et al., 2003). The intermolecular interactions of 

binary polymer solutions are based on the interactions between the 

molecules of both polymers, affecting their entanglement. Therefore, the 

limiting concentration from which homogeneous fibers are obtained may 

differ depending on the polymer or the solvent used to form the 

polymeric solution. In general, higher concentrations cause an increase 

in viscosity (Klossner et al., 2008). Apart from the polymer 

concentration, the viscosity of the polymeric solution is influenced by 

the molecular weight since it affects the molecular entanglement. The 

entanglement concentration (commonly known as Ce) is defined as the 

point at which the overlap between the polymer chains constrains the 
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chains’ motion and, thus, produces entanglement couplings (Graessley, 

1980). In practice, this concentration is the boundary between two of the 

four different concentration regimes reported by Colby et al. (1991): (i) 

dilute regime, (ii) semidilute unentangled regime, (iii) semidilute 

entangled regime and (iv) concentrated regime. More specifically, the 

entanglement concentration delimits the boundary between regimes (ii) 

and (iii). Figure 4.2 illustrates the SEM images than can be obtained after 

applying a high-voltage field to a polymer solution leaving from a 

syringe pump, as a function of the concentration regime.  Although the 

entanglement concentration is different depending on the working 

system, McKee et al. (2004) found that a concentration between 2 and 

2.5 times the entanglement concentration is necessary to achieve defect-

free nanofibrous mats (McKee et al., 2004). This statement has been 

generally accepted and followed by the electrospinning research 

community. 

 

Figure 4.2. Schematic representation of the molecular entanglement and its influence on the 

electrospinning process. Image obtained from Ghorani and Tucker (2015) 

On the other hand, apart from the initial formulation, the properties of 

the scaffolds can also be tuned by selecting the suitable processing 
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parameters. Environmental (temperature or humidity) or processing 

parameters (voltage, working distance, etc.) influence the size of the 

fibers obtained (Badea et al., 2012; Hossain et al., 2016; Sencadas et al., 

2012). Nevertheless, there is a processing variable that affects both the 

size and the orientation of the fibers, which is the rotational speed of the 

collector. This results in aligned fiber membranes that allow modifying 

the mechanical and structural properties of these membranes. This allows 

encouraging the oriented growth of the cells in the mentioned structures.  

Despite this, these aligned structures may drive to the formation of non-

homogeneous systems. This causes their properties to change depending 

on the region studied or the direction of application; thus, they have 

similarities with anisotropic materials. 

Thus, the main objective of this chapter is the development of polymeric 

membranes based on PCL and proteins (gelatin and collagen) by 

electrospinning with the objective of modeling and evaluating their 

influence on the physicochemical, microstructural and mechanical 

properties of the obtained fibers. The influence of the different 

processing parameters will also be evaluated, paying special attention to 

the alignment of the fibers and its influence on the properties of the 

anisotropic scaffolds obtained. Thereby, once the scaffolds were 

fabricated, a comprehensive characterization was carried out, including 

physicochemical properties (Water Contact Angle, Energy Dispersive 

Analysis and Fourier Transform Infrared Spectroscopy), morphological 

properties (Scanning Electron Microscopy and the analysis of the mean 

fiber diameter, fiber size distribution, fiber alignment, porosity and mean 

pore area) and mechanical properties (uniaxial tension tests).  
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4.2. Materials and methods 

4.2.1. Materials 

Gelatin protein (GE) is a fish gelatin type B (80-120g Bloom) and it was 

supplied by Henan Boom Gelatin Co. Ltd (China). On the other hand, 

type I pork collagen protein HI95 (CG) was supplied by Essentia Protein 

Solutions (Grasten, Denmark). The use of these polymers was selected 

according to the initial characterization carried out in Chapter 2. Their 

complete compositions are also shown in Chapter 2 (Table 2.1). 

Furthermore, a hydrophobic polymer as Poly(ε-caprolactone) 

[(C6H10O2)n] (PCL), was selected as synthetic polymer and purchased 

from Sigma Aldrich (Germany). Three molecular weights were studied:  

14,000 [PCL14]; 45,000 [PCL45] and 80,000 g/mol [PCL80]. 

In addition, other reagents as 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP), 

used as solvent, were also purchased from Sigma Aldrich (Germany). 

4.2.2. Electrospinning process 

During the electrospinning process, a nanofibrous membrane is obtained 

which can act as a scaffold with potential application in Tissue 

Engineering. The electrospinning technique requires a previous solution 

of the polymeric material to be passed into a syringe to carry out the 

electrospinning process. 

An optimal electrospinning process depends on both the properties of the 

solution and the processing conditions. On the one hand, the properties 

of the polymer solution, such as viscosity, surface tension, conductivity, 

etc. may exert a strong influence on the electrospinning process. 

Unfortunately, all the polymer solutions were prepared with HFIP, which 

presents the drawback of being highly volatile, which makes it more 

difficult to measure all these properties. On the other hand, the control 
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of the processing parameters is indispensable since there are certain 

parameters (voltage, flow, etc.) that are intimately related to the 

properties and characteristics of the fibers obtained by electrospinning. 

For this reason, different processing conditions were studied by 

analyzing each parameter which can affect the electrospinning process: 

Humidity (30-50%), flow rate (0.2-0.8 mL/h), working distance (11-17 

cm) and voltage (10-18 kV). The temperature was fixed at 25 ºC and a 

10 mL syringe with an 18G stainless steel needle (inner diameter 0.5 

mm) was used. 

Preliminary studies were performed using a NE-300 Pump System (New 

Era Pump Systems, USA) as the syringe pump and an HV-Power Supply 

0-25kV (PHYWE, Germany) as the voltage supplier. On the other hand, 

the main studies concerning PCL were carried out with a Fluidnatek LE-

100 equipment (Bioinicia). 

4.2.3. Characterization of nanofibrous scaffolds 

FTIR measurements were carried out to evaluate the presence of proteins 

in the scaffolds by measuring the chemical bonds present. This analysis 

was carried out using an iS50 ATR-FTIR spectrophotometer (Nicolet, 

Thermo Scientific, USA) (Figure 4.3). The different spectra were 

collected in the range of 4000-500 cm-1. 

 
Figure 4.3. iS50 ATR-FTIR spectrophotometer (Nicolet) 
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4.2.3.2 Water Contact Angle (WCA) 

Scaffolds wettability and hydrophobicity were assessed by water contact 

angle (WCA) measurements using a Drop Shape Analyzer (Krüss, 

Germany) (Figure 4.4). 

 

Figure 4.4. Drop Shape Analyzer (Krüss) 

 

The WCA was measured using the sessile drop method (droplets with an 

approximate volume of 5 μL). Both WCA values of the right and left 

sides of the deionized water droplets were measured and the average 

value was calculated as it can be seen schematically in Figure 4.5.  

 

Figure 4.5. Illustration about the calculation of the water contact angle (WCA) 

 

4.2.3.3. Viscosity 

The polymer chain entanglement was determined by measuring the 

viscosity of the solutions. Viscosity measurements of unitary solutions 

of PCL and Gelatin as well as binary systems produced with the 

combination of both polymers were measured with an Ubbelohde glass 

capillary viscometer (VWR, Avantor, The Netherlands) (Figure 4.6).  
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Figure 4.6. Ubbelohde glass capillary viscometer (VWR, Avantor) 

 

All the measurements were carried out at 20±2 ºC. The specific viscosity 

(𝜂𝑠𝑝) was obtained using the following equation (Rey et al., 1996): 

𝜂𝑠𝑝 =  
𝜂 − 𝜂0

𝜂0
· 100                 (4.1) 

Where η is the viscosity of the solution (Pa·s) and η0 is the viscosity of 

the solvent used (1.65 mPa·s at 20 °C for HFIP). 

4.2.3.4 Microscopy evaluation 

Scanning Electron Microscopy (SEM): Microscopy examination of 

scaffolds was assessed with an XL 30 Microscope (Philips XL Series, 

The Netherlands) at an acceleration voltage of 15 kV (Figure 4.7).  

 

Figure 4.7. XL 30 Microscope (Philips XL Series) 

 

The samples were covered with a film of gold in a high-resolution sputter 

coater. A digital processing software, ImageJ, was used to determine the 

mean fiber size (mean diameter of the fibers), fiber size distribution 
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(diameter distribution of the nanofibrous scaffolds), scaffolds porosity 

and mean pore area (space left between the fibers). Furthermore, the 

uniformity of the systems was also evaluated as (Eq. 4.2): 

𝑈𝑛𝑖𝑓𝑜𝑟𝑚𝑖𝑡𝑦 = (1 −  
𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛

𝑀𝑒𝑎𝑛 𝑣𝑎𝑙𝑢𝑒
) · 100                 (4.2) 

Apart from that, the orientation/alignment is measured with ImageJ by 

the coherency of the fibers, taking values from 0 to 1, where 0 

corresponds to a random distribution and 1 is referred to a complete 

alignment. 

Energy Dispersive X-ray Spectroscopy (EDAX): The atomic 

compositions of the membrane were examined with the energy 

dispersive spectroscopy capability of the SEM equipment using an 

EDAX Si(Li) detector and an acceleration voltage of 5 kV. The samples 

were covered with a film of gold in a high-resolution sputter coater. This 

technique allows determining the presence of atomic nitrogen in the 

sample, as a direct measure of the protein content in the electrospun 

systems. 

4.2.3.5 Mechanical characterization 

Tensile tests were performed using an ElectroForce 3200 (TA 

Instruments, USA) (Figure 4.8A), evaluating the evolution of the tensile 

load with the strain. The extensional rate was 0.1 mm·s-1 at 20 ºC. 

 

Figure 4.8. Electroforce 3200 and wet chamber used 
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From the different measurements, three parameters were obtained: 

Young's modulus, maximum stress and strain at break. An example 

curve has been included in which the parameters have been remarked 

(Figure 4.9): Young’s modulus (𝐸), maximum stress (𝜏𝑚) and strain at 

break (𝜀𝑚).  

The mechanical characterization was performed in both dry and wet 

conditions using a wet chamber (Figure 4.8B) to carry out the 

experiments in PBS medium simulating the conditions of the scaffolds 

in a bioreactor. PBS (phosphate-buffered saline) is a buffer solution 

based on a water-based salt solution containing disodium hydrogen 

phosphate or sodium chloride among other salts. 
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Figure 4.9. Example of the strain-stress curve obtained, and the parameters evaluated: 

Young’s modulus (𝐸), maximum stress (𝜏𝑚) and strain at break (𝜀𝑚) 

 

Furthermore, a cyclic loading test was also performed for some selected 

systems. The cyclic loading tests allow proving if the structure of the 

material remains unalterable by measuring the stress over the cycles. In 

addition, the coupling between the stress and the elongation also allows 
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determining if the measurements have been performed in the viscoelastic 

region on the sample. Specifically, a total of 500 cycles were performed 

at a constant strain of 10 %.  Subsequently, a tensile test was carried out 

to evaluate the variation suffered in the properties of the scaffolds when 

a cyclic loading test is previously performed. 

4.2.4. Statistical analysis 

At least three replicates were carried out for each measurement. 

Student´s t-test and one-way analysis of variance (p<0.05) were 

performed using PASW Statistics for Windows (Version 18: SPSS, 

Chicago, IL). Standard deviations were calculated for selected 

parameters. 
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4.3. Results and Discussion 

4.3.1. Effect of the molecular weight of PCL 

The molecular weight of a polymer is one of the intrinsic parameters 

which influence the electrospinning process to a larger extent. Polymers 

require a certain molecular weight to ensure the molecular entanglement 

which enables electrospinning to be conducted properly and 

continuously. As a matter of fact, a first approach in this technique has 

been produced by studying the influence of the molecular weight of PCL. 

Thus, three commercial PCL polymers with different molecular weights 

(14, 45 and 80 kDa), denoted respectively as PCL14, PCL45 and PCL80, 

were used at a total polymer concentration of 16% to produce and 

characterize electrospun scaffolds. 

The electrospinning process was carried out using the following 

processing conditions: 14 kV of voltage, 0.4 mL/h of flow rate and 14 

cm as the needle-collector distance. 

4.3.1.1. Functional evaluation 

Figure 4.10 shows the evolution of the contact angle of PCL-based 

membranes generated with PCL of different molecular weights.  
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Figure 4.10. Contact Angle of PCL-based scaffolds with different molecular weights 

(14, 45 and 80 kDa) 



Chapter 4: Development of scaffolds via electrospinning  

167 

 

The results evidence that the increase in the molecular weight produces 

an increase in the contact angle and, for that matter, in the hydrophobicity 

of the scaffolds, since a higher molecular weight implies a longer 

polymer chain and, therefore, an increase of the hydrophobic character 

of the polymer. 

4.3.1.2. Microstructural evaluation 

The SEM images of the different systems are shown in Figure 4.11. 

 

Figure 4.11. SEM images and fiber size distribution of the scaffolds processed with PCL of 

different molecular weights: (A) PCL14; (B) PCL45; (C) PCL80) 

The electrospinning was not properly fulfilled for the system with the 

lowest molecular weight, improving the process by increasing the 

molecular weight of PCL, which results in mats constituted by 
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homogeneous fibers. Besides, the fiber analysis carried out with ImageJ 

software allows obtaining the fiber size distribution of the three samples 

(shown in Figure 4.11). The images observed in the figure showed the 

impossibility to obtain homogeneous fibers using PCL14. Nevertheless, 

a more homogeneous distribution is found for the PCL45 since its profile 

is unimodal towards 400 nm, whereas the system obtained with PCL80 

presented a bimodal profile with a higher heterogeneity. In addition, the 

mean fiber diameter, as well as the mean pore area and porosity, of the 

scaffolds were also calculated (results shown in Table 4.1). 

Table 4.1. Mean fiber diameter, mean pore area and porosity values obtained of PCL-

based scaffolds with different molecular weights (14,000; 45,000; 80,000). *means that no 

suitable scaffolds could be obtained 

SYSTEM 
Mean fiber diameter 

(nm) 

Mean Pore 

area (nm2)·106 

Porosity 

(%) 

PCL14 * * * 

PCL45 451 ± 112a 3.0 ± 1.3A 60.9 ± 1.8α 

PCL80 513 ± 159a 2.1 ± 1.1A 51.3 ± 0.9β 

 

As can be seen, although there are no significant differences due to the 

high dispersion of sizes, mats of fibers with a trend towards higher size 

are obtained when the molecular weight is higher. Consequently, 

scaffolds with lower mean pore size and porosity are obtained when 

using PCL with a higher molecular weight. 

4.3.1.3. Mechanical evaluation 

Strain-stress curves of PCL-based scaffolds with different molecular 

weights (45 and 80 kDa) are shown in Figure 4.12. Both systems had a 

first elastic zone (more pronounced for the PCL80 system), where the 

strain could be recovered over time. In this zone, a linear relationship 

was maintained between strain and stress, thus making it possible to 

obtain the Young’s modulus of the different scaffolds. Then, a 
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smothering of the slope leads to a plastic region, which remained until 

the breakage of the scaffold. 
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Figure 4.12. Strain-stress curves obtained from the mechanical testing performed to PCL-

based scaffolds with different molecular weights (45 and 80 kDa) 

The parameters (Young’s modulus, strain at break and maximum stress) 

obtained from the mechanical testing of the PCL-based scaffolds are 

summarized in Table 4.2. As can be seen, there is an increase in Young’s 

modulus and maximum stress with the increase in the molecular weight, 

although the strain at break is lower.  

Table 4.2. Young’s modulus, strain at break and maximum stress values obtained of 

PCL-based scaffolds with different molecular weights (14,000; 45,000; 80,000). *means that 

no suitable scaffolds could be obtained. Values with different letters are significantly 

different (p<0.05) 

SYSTEM 
Young’s modulus  

(MPa) 

Strain at 

break  

(%) 

Maximum stress 

(MPa) 

PCL14 * * * 

PCL45 36.1 ± 5.1 A 56.9 ± 5.3 a 12.9 ± 1.8 α 

PCL80 170.8 ± 23.8 B 51.7 ± 9.2 a 21.9 ± 6.5 β 

 

In conclusion, stiffer and less deformable scaffolds are obtained when 

the molecular weight of the polymer is higher. 
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4.3.2. Influence of the combination of 2 polymers: PCL14 and 

gelatin 

As shown in the previous section, the polymer molecular weight plays a 

role in the development of electrospun fibers. However, if the desired 

polymer is combined with another polymer the electrospinning process 

might be improved and, as a result, the properties of the scaffolds could 

be enhanced. As an example, in the previous section was observed the 

impossibility to obtain homogeneous fibers using PCL14. In this sense, a 

further study was carried out using PCL with the lowest molecular 

weight (PCL14) by its combination with gelatin to improve the 

electrospinning process. It has to be born in mind that the scaffolds based 

only on gelatin could not be either obtained. Therefore, scaffolds with 

combinations of PCL14 and gelatin in different ratios were performed. 

The different systems processed are shown in Table 4.3: 

Table 4.3. PCL14, gelatin and total polymer concentration for the different PCL/Gelatin 

ratios and concentrations studied 

System 

PCL/GE 

Ratio 

PCL 

concentration 

(w/v%) 

Gelatin 

concentration 

(w/v%) 

Total Polymer 

concentration 

(w/v%) 

12/4 3:1 12  

4 

16 

16/4 
4:1 16 20 

20/4 
5:1 20 24 

24/4 
6:1 24 28 

32/4 
8:1 

32 

36 

32/6 6:1* 6 36 

32/6 5:1* 6.4 38.4 

32/8 4:1* 8 40 

32/10 3:1* 10.7 42.7 
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Two different studies were performed, based on the polymer whose 

concentration was increased in order to obtain different PCL/GE ratios. 

The first study was carried out at constant GE concentration (12/4; 

16/4;20/4; 24/4 and 32/4) and the second one at constant PCL content 

(32/4; 32/6 and 32/10). 

All the electrospun systems were processed using the following 

processing conditions: 14 kV of voltage, 0.4 mL/h of flow rate and 14 

cm as the needle-collector distance. 

4.3.2.1. Functional evaluation 

In addition to the microstructural characterization of the membranes, 

water contact angle (WCA) and EDAX measurements of the PCL/GE 

systems were also evaluated.  
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Figure 4.13. Water Contact Angle values of the structures processed with different PCL/GE 

ratio: 12/4 (3:1), 16/4 (4:1), 20/4 (5:1), 24/4 (6:1) and 32/4 (8:1), 32/6.4 (5:1*) and 32/10.7 

(3:1*) 

 

Figure 4.13 shows how the value of the contact angle increased when the 

ratio between the polymers was higher, due to the presence of the 

hydrophobic polymer (PCL) in a higher concentration compared to the 

concentration of gelatin, which is the hydrophilic polymer of the mixture. 
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For that reason, the contact angle varied (almost doubled) comparing the 

values obtained for the systems with the lowest (ca 40º, ratio 3:1) and the 

highest (ca 75º, ratio 8:1) ratio between PCL and gelatin. Moreover, an 

evolution towards a more hydrophilic system took place when the 

concentration of gelatin was increased, switching from ca 70º (8:1 

system) to ca 40º (3:1* system). Furthermore, similar contact angle 

values were obtained for the systems processed with a similar PCL/GE 

ratio. Perhaps the increase in protein concentration would have produced 

more hydrophilic membranes with suitable contact angle values to 

improve muscle cell adhesion (Quigley et al., 2013). 
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Figure 4.14. Correlation between the WCA and N content of the membranes processed with 

different PCL/GE ratio: 12/4 (3:1), 16/4 (4:1), 20/4 (5:1), 24/4 (6:1) and 32/4 (8:1) 

 

Figure 4.14 shows the evolution of the Nitrogen content (N content) and 

Water Contact Angle (WCA) as a function of the PCL/GE ratio. 

Considering the contact angle values obtained for the systems elaborated 

with PCL/GE ratios from 3:1 to 8:1, it was possible to establish a 
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correlation between the ratio used and the contact angle achieved (Figure 

4.14), obtaining the following equation (Eq. 4.3): 

𝑊𝐶𝐴 = 6.68 · (𝑃𝐶𝐿 𝐺𝐸⁄ ) + 20.28                   (4.3) 

Eq. 3 shows how an increase in the ratio between PCL and gelatin 

produces an increase in the contact angle since the system obtained is 

more hydrophobic due to the greater presence of PCL. In addition, a 

linear trend is followed which justified that the protein was 

homogeneously distributed regardless of the PCL/GE ratio.  

On the other hand, the relation between PCL and gelatin can be identified 

by the presence of nitrogen in it. Thus, an EDAX analysis was conducted 

to confirm that the electrospun fibers contained proteins in their 

structure. The nitrogen present in the surface obtained from the EDAX 

profiles was shown in Figure 4.14, with an obvious decrease in N when 

the ratio between the two polymers is higher. The results shown in Figure 

4.14 conclude that there is a decreasing linear trend (Eq. 4.4): 

𝑁𝑐𝑜𝑛𝑡𝑒𝑛𝑡 = −0.63 · (𝑃𝐶𝐿 𝐺𝐸⁄ ) + 5.26                   (4.4) 

which shows that by increasing the PCL/GE ratio used, the amount of 

nitrogen is lower compared to the PCL present. 

4.3.2.2. Microstructural evaluation 

Figure 4.15 shows the evolution of the PCL-based membranes generated 

with a constant amount of gelatin (4 %) and increasing concentrations of 

PCL14 (12/4 [ratio 3:1], 16/4 [ratio 4:1], 20/4 [ratio 5:1], 24/4 [ratio 6:1] 

and 32/4 [ratio 8:1]). SEM images in Figure 4.12 show how the increase 

in the PCL/GE ratio led to an improved electrospinning process, with the 

formation of a homogeneous fiber-based mat, until a specific 

polymer/protein ratio. Interestingly, the process was optimal when a 

specific ratio was used. In fact, the process improved up to the 6:1 ratio 
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(PCL 24% and gelatin 4%), from which the formation of fibers started 

to be heterogeneous again for the processing conditions used in this 

study. This homogeneity found for the systems with ratio 5:1 is also 

observed in the fiber size distribution (Figure 4.14), in which a narrower 

distribution is observed towards a central value (0.5 µm).  

 

Figure 4.15. SEM images and fiber size distributions of the membranes generated with 

mixed PCL/GE systems with different ratios: 12/4 (3:1), 16/4 (4:1), 20/4 (5:1), 24/4 (6:1) and 

32/4 (8:1) 

 

On the other hand, when the ratio is higher than 5:1 (6:1 and 8:1), the 

distribution widens, giving rise to a system with more heterogeneous 

fiber sizes that encourage the formation of new spheroids among them. 
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A similar study was carried out, this time increasing the concentration of 

the natural polymer (gelatin) and maintaining a constant amount of PCL 

(32 %), obtaining the same ratios studied previously. The 32 % PCL 

system is also included to compare and analyze the influence of gelatin.  

 

Figure 4.16. SEM images and fiber size distributions of the membranes generated with 

mixed PCL/GE systems with different synthetic/natural polymer ratios: 32/4 (8:1), 32/6 

(6:1*), 32/6.4 (5:1*), 32/8 (4:1*) and 32/10.7 (3:1*) 

The SEM images and fiber size distributions of these systems are shown 

in Figure 4.16. The systems containing only PCL presented a structure 
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formed mainly by spheroids. However, the addition of gelatin to a 

constant concentration of PCL (32 %) tended to evolve from membranes 

with heterogeneous fibers (system 8:1) to membranes formed by 

spheroids and small fibers (system 3:1*), moving through intermediate 

systems (6:1*, 5:1* and 4:1*) in which homogeneous fibers were 

obtained. The improvement exhibited by the electrospinning process can 

also be observed in the fiber size distributions. 

In addition, the systems processed with a similar ratio can also be 

compared between them. A similar Gaussian distribution was found for 

the systems obtained by adding different gelatin concentrations (ratios 

4:1*, 5:1* and 6:1*), although the Gaussian curve widens towards higher 

diameters for the 3:1* systems due to the presence of spheroids in the 

structure. 

Furthermore, the effect of the PCL/GE ratio can also be seen by 

evaluating the size of both the fibers and the beads. These sizes were 

measured in the mixed PCL/GE systems (Table 4.4). Two 

complementary effects took place: the increase of the PCL/GE ratio 

produced an increase in the mean fiber diameter (reaching the maximum 

at the 4:1 ratio) in addition to avoiding the formation of beads for the 4:1 

and 5:1 PCL/GE systems. However, increasing the PCL/GE ratio over 

5:1 allows the reappearance of the beads (together with a trend to 

decrease the mean fiber diameter). This is most likely due to the 

transformation of the spheroids into homogeneous fibers, which explains 

the increase in size observed for the 4:1 and 5:1 systems, in which the 

formation of these spheroids was not observed. Remarkably, in the 

systems with the highest ratios (6:1 and 8:1) the formation of spheroids 

was again observed. These were larger for the 8:1 ratio, which is 

combined with the new decrease in the size of the fibers generated. 
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Table 4.4. Mean fiber diameter and mean bead size of membranes processed with 

different PCL and gelatin percentages and PCL/GE ratios: 12/4 (3:1), 16/4 (4:1), 20/4 (5:1), 

24/4 (6:1) and 32/4 (8:1), 32/6 (6:1*), 32/6.4 (5:1*), 32/8 (4:1*) and 32/10.7 (3:1*) 

Systems Ratio 
Mean fiber 

diameter (nm) 

Mean bead 

size (nm) 

PCL (12%) 

Gelatin (4%) 
3:1 288 ± 86 807 ± 223 

PCL (16%) 

Gelatin (4%) 
4:1 485 ± 170 - 

PCL (20%) 

Gelatin (4%) 
5:1 445 ± 91 - 

PCL (24%) 

Gelatin (4%) 
6:1 343 ± 95 874 ± 176 

PCL (32%) 

Gelatin (4%) 
8:1 308 ± 100 1.460 ± 450 

PCL (32%) 

Gelatin (6%) 
6:1* 590 ± 218 - 

PCL (32%) 

Gelatin (6.4%) 
5:1* 357 ± 93 - 

PCL (32%) 

Gelatin (8%) 
4:1* 724 ± 376 - 

PCL (32%) 

Gelatin (10.7%) 
3:1* 290 ± 107 1.299 ± 328 

 

Furthermore, the homogeneity of the fibers obtained was analyzed with 

the calculation of the uniformity (Figure 4.17). A Gaussian tendency is 

shown, reaching the maximum values for the 5:1 and 5:1* ratios (445 

and 357 nm, respectively). It should be noted that systems with 

intermediate ratios have a tendency towards smaller fiber sizes and more 

homogeneous distribution (higher uniformity value). Therefore, using a 

PCL/GE ratio other than 5:1 would result in a fiber mat with larger fiber 

sizes and greater heterogeneity. Interestingly, the systems produced with 

3:1 and 8:1 PCL/GE ratios led to less than 40 % uniformity and mean 

fiber sizes higher than 550 nm. This is most likely due to the emergence 
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of spheroids, which increased the mean fiber size and decrease the 

homogeneity of the system. 
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Figure 4.17. Relation between the uniformity (%) and mean fiber size (nm) of the 

membranes processed with different PCL/GE ratio by increasing the (A) PCL content: 12/4 

(3:1), 16/4 (4:1), 20/4 (5:1), 24/4 (6:1) and 32/4 (8:1) and (B) Gelatin content: 32/6 (6:1*), 

32/6.4 (5:1*), 32/8 (4:1*) and 32/10.7 (3:1*) 

 

4.3.2.3. Viscosity measurements 

As mentioned above, some authors have defined the electrospinning 

process as a function of the properties of the previous solutions prepared. 

In this way, two parameters can be highlighted: polymer concentration 
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and solution viscosity. Both parameters are interconnected, giving rise 

to a correlation with the minimum concentration needed to achieve a 

suitable solution viscosity in order to carry out the electrospinning 

process properly. Therefore, the viscosity of the polymer solutions at 

different concentrations was measured, and the results obtained are 

shown in Figure 4.18. 
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Figure 4.18. Evolution of the specific viscosity of binary systems PCL/GE as a function of 

the PCL concentration at a constant gelatin concentration of 4%. 

 

Figure 4.18 shows the evolution of the specific viscosity of the systems 

produced with 4% of gelatin and increasing concentrations of PCL (from 

12 to 32 %). A shift in the slope can be observed at a concentration value 

of 16 %, obtaining two well-differentiated regions. Considering the study 

conducted by Colby et al., (1991), these regions can be correlated with 

the regimes found for unitary systems formed by linear polymers. The 

first region corresponds to the semidilute unentangled regime (region ii) 

until the concentration of PCL is 16 %, at which the chains started to 

entangle. As a consequence, the viscosity of the solutions exponentially 

increases, obtaining a second region called the semidilute entangled 
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regime (region iii) in which the electrospinning process should be 

properly carried out. Therefore, the combination of 4% of gelatin and 

16% of PCL can be considered as the entanglement concentration (Ce, 

20% of total polymer concentration).  

For a better comprehension of the results obtained for the binary systems, 

the viscosity of unitary solutions of PCL and Gelatin (with the same 

concentrations as the binary systems previously studied) was also 

measured to evaluate the different regimes for these polymers (Figures 

4.19 and 4.20, respectively). 
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Figure 4.19. Evolution of the specific viscosity and SEM images of unitary PCL systems at 

different concentrations 

 

Figure 4.19 shows the results obtained for unitary PCL systems. Once 

again, a shift in the slope is observed at 20 % PCL concentration, 

showing the same two regions as the ones shown in Figure 4.18 for the 

binary system PCL/GE. From the viscosity results obtained, the 
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homogeneity found in SEM images for the systems 5:1 and 6:1 can be 

explained because the total polymer concentration is 1.25 and 1.50 times 

the entanglement concentration, both values in the suitable 

electrospinning range found by Kong and Ziegler, (2014), who 

determined that to spin good fibers the concentration had to be 1.2-2.0 

times the entanglement concentration. 

On the other hand, the viscosity of unitary solutions of gelatin was 

plotted in Figure 4.20. The results show an initial linear region up to a 

concentration of 8 %, from which the viscosity increases sharply. 

 

Figure 4.20. Evolution of the specific viscosity of unitary gelatin systems at different 

concentrations 

 

These results may explain the SEM images shown in Figure 4.16, in 

which different concentrations of gelatin (4, 6, 6.4, 8 and 10.7 %) were 

added to a constant concentration of PCL (32 %). The electrospinning 

process was not properly obtained for the systems with a gelatin 

concentration up to 4%, from which homogeneous fibers with no beads 

could be obtained (using gelatin concentrations from 6 to 8%). However, 

from this concentration on, homogeneity is lost again, and beaded 
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membranes are obtained, with the subsequent decrease in uniformity. 

These beads may be formed since gelatin molecules start to interact with 

each other. This could be linked to the increase found in the viscosity of 

the gelatin solution when the concentration was higher than 8 %. 

Since this study has been produced with a binary system (PCL and 

gelatin), it has been proved how the total polymer concentration affects 

the homogeneity of the fiber formation, but also the ratio between the 

polymers when using a binary system has been demonstrated to be a key 

factor since the 4:1 and 5:1 ratios are found to be the most suitable. These 

ratios can be highlighted because the use of a higher ratio increases the 

viscosity of the solution, increasing the heterogeneity of the system and 

worsening the fiber formation. 
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4.3.3. Influence of the processing conditions 

It is generally admitted that the selection of suitable processing 

conditions is a key stage in the electrospinning process because they 

could exert a strong influence on the properties of the obtained fibers 

(Duque Sánchez et al., 2014). Hence, the influence of the different 

processing conditions on the properties of hybrid PCL/GE electrospun 

fibrous mats was assessed in this section. Taking into account the results 

obtained in previous sections, the polymers selected for this study were 

PCL45 and Gelatin at the ratio 16/4 (4:1). The different parameters were 

evaluated by analyzing the fiber properties of the membranes. Thus, 

scaffolds were produced varying the humidity, flow rate, working 

distance and voltage during the electrospinning process. As a summary, 

all the properties of the systems produced varying the processing 

conditions have been included in Table 4.5.  

Table 4.5. Summary of properties of PCL45/GE (16/4) scaffolds obtained with different 

processing conditions: Relative Humidity, Flow rate, Working distance and Voltage. Values 

with different letters are significantly different (p<0.05) 

Processing 

Parameter 

Mean fiber 

diameter 

(nm) 

Porosity 

(%) 

Pore Area 

(nm2) 

Contact 

Angle (º) 

Relative 

Humidity 

(%) 

30 326 ± 73 a 51.0 ± 1.2 β 737 ± 387 A 44.6 ± 0.3 c 

40 307 ± 89 a 50.1 ± 0.2 β 780 ± 420 A 51.7 ± 1.5 f 

50 476 ± 107 a 49.9 ± 0.1 αβ 776 ± 432 A 34.1 ± 0.5 a 

Flow Rate 

(mL/h) 

0.2 267 ± 76 a 54.4 ± 0.3 γ  805 ± 266 A 55.6 ± 0.2 g 

0.4 307 ± 89 a 50.1 ± 0.2 β 780 ± 420 A 51.7 ± 1.5 f 

0.8 352 ± 129 a 49.1 ± 0.6 α 916 ± 463 A 36.6 ± 0.8 b 

Working 

Distance 

(cm) 

11 338 ± 121 a 49.7 ± 0.4 αβ 819 ± 341 A 35.6 ± 0.5 b 

14 307 ± 89 a 50.1 ± 0.2 β 780 ± 420 A 51.7 ± 1.5 f 

17 291 ± 94 a 54.0 ± 1.8 γ 598 ± 378 A 58.0 ± 1.2 h 

Voltage 

(kV) 

10 373 ± 147 a 50.2 ± 0.4 β 1620 ± 690 A 48.7 ± 0.4 e 

14 307 ± 104 a 50.1 ± 0.2 β 780 ± 420 A 51.7 ± 1.5 f 

18 384 ± 135 a 49.8 ± 0.9 αβ 942 ± 501 A 45.5 ± 0.3 d 
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No significant differences have been found for the size of the electrospun 

fibers with any of the processing variables studied (a similar effect takes 

place on the pore area). In the first place because extreme experimental 

conditions were avoided and secondly because the dispersion of the fiber 

diameters is generally very broad. However, some tendencies may be 

distinguished that coincide with the typical behavior reported in the 

literature. 

Considering the effect of the humidity on the scaffolds, it can be 

highlighted how the increase in the humidity showed a tendency to 

increase in the fiber diameter (although the differences are not 

significant, p<0.05) because the evaporation rate of the solvent is higher 

when working at a reduced humidity (Pham et al., 2006). It is important 

to mention that the electrospinning process could not be properly 

achieved at humidity values higher than 50 % (data not shown). In 

addition, the decrease observed in the contact angle values with the 

increase in the humidity may be because a higher humidity induced the 

formation of more hydrophilic systems which, therefore, presented a 

lower water contact angle.  

On the other hand, a similar effect took place by decreasing the working 

distance or increasing the flow rate related to the solvent evaporation. 

The increase in the flow rate, or the decrease in the working distance, 

caused that the solvent does not have enough time to evaporate during 

the electrospinning process, which translated into larger fibers with a 

greater hydrophilic character. Interestingly, the formation of larger fibers 

results in systems with lower porosity. 

In addition to these parameters, the voltage plays an important role 

during the electrospinning process and still today generates controversy 

in the scientific community. Some authors claim that the application of 
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a high voltage produces fibers with a higher diameter because more fluid 

is ejected during the process (Huang et al., 2003), although others 

suggest that an increase in voltage decreases the diameter of the 

nanofibers (Sencadas et al., 2012). The results shown in Table 1 highlight 

that in the range between 10 and 18 kV, there were no significant 

differences neither in the fiber size nor the porosity (p<0.05). However, 

the use of higher voltages (14-18 kV) produced structures with a lower 

pore area (from ca 1600 to ca 800-950 nm2). 

According to Dowling et al. (2011), a suitable contact angle should be in 

the range between 40-65º to improve cell adhesion and proliferation; 

whereas Kitsara et al. (2017) and Quigley et al. (2013) showed suitable 

results with muscle cells using fibers with a diameter between 250-300 

nm. Considering these properties and the ones obtained with the different 

processing conditions studied, the most suitable processing conditions to 

select were the following:  

14 kV of voltage, with a flow rate of 0.4 mL/h and a needle-collector 

distance of 14 cm. The humidity was set at 40 %. 
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4.3.4. Influence of the addition of gelatin and collagen 

As commented before, the combination of different polymers may 

enhance the properties of the scaffolds produced, even more, when 

combining synthetic and natural polymers in order to produce hybrid 

scaffolds with a mixture of properties from both sides. In addition, as 

observed in section 4.3.2, the addition of protein to the initial formulation 

can improve the electrospinning process in order to obtain homogeneous 

nanofibrous scaffolds. Thus, systems with PCL45 and gelatin or collagen 

were prepared in order to study the influence of gelatin (denoted as 

PCL/GE) and collagen (denoted as PCL/CG) on PCL scaffolds. 

Scaffolds with a constant concentration of PCL (16 w/v%) and different 

protein content (2 and 4 w/v%) were prepared and characterized. The 

electrospinning process was carried out using the processing conditions 

selected in the study shown in Section 4.3.3. 

4.3.4.1. Functional evaluation 

Fourier Transform Infrared Spectroscopy (FTIR) 

Figure 4.21A shows the FTIR profiles for the systems with PCL and 

PCL/GE (16/2 and 16/4), whereas Figure 4.21B shows the FTIR profiles 

for the systems with PCL and PCL/CG (16/2 and 16/4). In addition, the 

main peaks are summarized in Table 4.6. 

The spectrum of the PCL system shows two important areas: bands at 

2950 and 2860 cm-1 related to the CH2 symmetrical and asymmetrical 

stretching, and bands in the range of 1450-1000 cm-1 (C-H bending and 

wagging). The main one is the sharp band that appears at 1725 cm-1, 

associated with carbonyl stretching (characteristic of PCL). 

 



Chapter 4: Development of scaffolds via electrospinning  

187 

 

4000 3500 3000 2500 2000 1500 1000

40

60

80

100

W
a
v
e
n
u
m

b
e
r 

(c
m

-1
)

Transmittance (%)

 PCL

 PCL/GE (16/2)

 PCL/GE (16/4)

A

 

4000 3500 3000 2500 2000 1500 1000

40

60

80

100

 

 

W
a

v
e

n
u

m
b

e
r 

(c
m

-1
)

Transmittance (%)

 PCL

 PCL/CG (16/2)

 PCL/CG (16/4)

B

 

Figure 4.21. FTIR profiles of PCL-based scaffolds with different protein concentrations (2 

and 4 %): (A) gelatin (GE) and (B) collagen (CG) 

 

However, the other systems (combination of PCL and gelatin or 

collagen) presented a different profile, due to the presence of additional 

peaks which corresponded to the typical bands of proteins: a broad area 

at ca. 3280 cm-1 associated with N-H stretching (Amide A signal), and 

bands at 1635 and 1525 cm-1 related to carbonyl stretching and C-N 

stretching of amides, respectively (Muyonga et al., 2004). Interestingly, 
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the intensity of these signals increased when the protein used (either 

gelatin or collagen) was present in a higher concentration. However, the 

characteristic band for N-H bending (at ca. 1240 cm-1) is overlapped with 

the bands related to the CH2 symmetrical and asymmetrical stretching in 

the 1450-1000 cm-1 range (C-H bending and wagging) (Abe and Krimm, 

1972; Jackson et al., 1995; Payne and Veis, 1988). These values obtained 

are in the same range as the ones obtained by the raw materials (described 

in Chapter 2), which evidenced the presence of both gelatin and collagen 

in the electrospun scaffolds produced. 

Table 4.6. FTIR Spectra Peak Assignments for the systems with PCL, PCL/GE and 

PCL/CG 

Region 
Peak (cm-1) Assignments 

PCL/GE PCL/CG  

Amide A 3285 3280 N-H Stretch 

 2943, 2859 2948, 2864 C-H Stretch (CH
2
) 

PCL peak 1741 1746 C=O Stretch (PCL) 

Amide I 1646 1641 C=O Stretch (Protein) 

Amide II 1551 1540 N-H Bending 

 1450-1000 C-H bending and wagging 

 

Water Contact Angle (WCA) 

On the other hand, the wettability of the scaffolds produced was also 

measured in order to study the effect of gelatin and collagen on the 

hydrophobicity of the scaffold. The evolution of the contact angle with 

the addition of gelatin or collagen is shown in Figure 4.22 (Figure 4.22A 

and 4.22B, respectively). 

PCL scaffolds are quite hydrophobic, presenting a contact angle of ca 

105º. However, the addition of gelatin produced a drastic decrease of the 

contact angle, which resulted in more hydrophilic scaffolds obtained 

when the amount of gelatin was higher. 
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Figure 4.22. Contact Angle of PCL-based scaffolds with different protein concentrations (2 

and 4%): (A) gelatin (GE) and (B) collagen (CG) 

 

Nevertheless, an interesting effect occurred when the protein used was 

collagen instead of gelatin: the addition of collagen did not produce a 

decrease in the contact angle of scaffolds. In fact, a slight increase was 

observed, as shown in Figure 4.22B, in accordance to Dulnik et al. 

(2016). This effect may be due to two different aspects: On the one hand, 

gelatin has a higher content in glycine, valine and alanine amino acids, 

which allows the reorganization of the hydrophobic groups of proteins 

giving rise to a more hydrophilic structure, thus lowering the contact 

angle (Southall et al., 2002). On the other hand, collagen is not so 

homogeneously located on the surface, which explains the low variation 

of the contact angle. 

Quigley et al. (2013) reported that hydrophilic surfaces are more suitable 

for cell adhesion (with contact angle values in the range of 40-65º). 

Comparing the different systems evaluated, those obtained with a gelatin 

concentration of 2% and 4% are the ones that presented the best contact 

angle values (55±2º and 52±1º, respectively). 
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Energy Dispersive X-ray Spectroscopy (EDAX) 

The presence of protein in the network of the fibrous membrane can be 

identified by the presence of Nitrogen (N) in it. Thus, an EDAX analysis 

was performed to confirm that the electrospun fibers contained proteins 

in their structure. The Nitrogen present in the surface obtained from the 

EDAX profiles is shown in Table 4.7. In general, the results evidenced 

an increase in N content when the concentration of the used protein was 

higher (being either gelatin or collagen). The increase in N content was 

more remarkable for the scaffolds with gelatin, thus confirming the 

preferential tendency of GE to located at the surface as compared to CG. 

Table 4.7. Nitrogen (N) content, mean fiber diameter and porosity of scaffolds obtained 

with PCL and different gelatin (GE) and collagen (CG) concentration (2 and 4%) 

SYSTEM 
N content 

(%) 

Mean fiber 

diameter (nm) 
Porosity (%) 

PCL (16%) 0 ± 0.01 a 451 ± 112 a 60.91 ± 0.77 a 

PCL 

(16%) 

Gelatin (2%) 1.86 ± 0.12 b 347 ± 81 ab 50.67 ± 1.60 b 

Gelatin (4%) 3.31 ± 0.37 c 298 ± 89 ab 56.08 ± 0.17 c 

Collagen (2%) 0.76 ± 0.21 d 259 ± 80 b 56.47 ± 1.39 c 

Collagen (4%) 1.31 ± 0.11 e 294 ± 123 ab 57.28 ± 0.90 c 

 

4.3.4.2. Microstructural evaluation 

Figure 4.23 shows the SEM images of electrospun mats obtained as a 

function of gelatin (Figures 4.23B and 4.23C for the 2 and 4 %, 

respectively) and collagen (Figures 4.23D and 4.23E for the 2 and 4 %, 

respectively) content. The PCL-system (16 %) (Figure 4.23A) was also 

included to show the variations found in the fiber morphology with the 

addition of protein to the initial formulation. From the images analyzed, 

the porosity, the mean fiber size and the fiber size distribution were 

calculated and shown in Table 4.7 and Figure 4.24. 
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Figure 4.23. SEM images of PCL-based scaffolds with different protein concentration: (A) 

PCL (16%), (B) PCL/GE 16/2, (C) PCL/GE 16/4, (D) PCL/CG 16/2 and (E) PCL/CG 16/4 

 

Fiber diameter decreased with the addition of a protein, which is more 

remarkable for the collagen-based scaffolds. However, there were no 

significant differences in the diameter of the fibers when comparing 

independently the results of the scaffolds obtained from PCL and gelatin 

or PCL and collagen. However, the comparison between the gelatin-

based and collagen-based scaffolds established that the use of collagen 

produced, in general, fibers with lower mean fiber size but showing 

greater variability. Moreover, Chen et al. (2013) obtained a better cell 

behavior with electrospun scaffolds with fiber diameter in the range of 

300-340 nm, which corresponded to the scaffolds processed with the 

combination of PCL and protein (either collagen or gelatin). 

In addition, to mean fiber size, Figure 4.24 shows the fiber size 

distribution of the different systems studied. All scaffolds present a 

Gaussian distribution with respect to a central value (ranging between 

0.3 and 0.5 µm). In general, the addition of a protein causes a widening 

of the distribution due to the presence of a greater number of fibers with 

different diameters, that is a greater heterogeneity in the size of the fibers. 
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The scaffolds produced with 4% of gelatin can be highlighted from the 

others as they show a much more homogeneous distribution. 

 

Figure 4.24. Fiber size distribution of the scaffolds processed with PCL and PCL with 

different protein concentrations (gelatin (GE) or collagen (CG) at 2 or 4%) 

 

The porosity of the scaffolds was also evaluated (Table 4.7). All the 

systems presented porosity values between 50% and 60%, a suitable 

porosity range according to Vannozzi et al. (2017) for skeletal muscle 

cells. Although the addition of protein to the system indeed produced a 

decrease in the porosity of the scaffold, an increase in protein 

concentration tended to increase the porosity. In addition, comparing the 

PCL/GE-based scaffolds with those produced with PCL and collagen, 

the porosities obtained were slightly higher for the collagen-based 

scaffolds. 

4.3.4.3. Mechanical evaluation 

Figure 4.25 shows the strain-stress curves obtained for the systems 

processed with PCL (16 %) with different concentrations of gelatin and 

collagen (2 and 4 %).  
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Figure 4.25. Strain-stress curves obtained from the mechanical testing performed to PCL-

based scaffolds with different protein concentrations (gelatin (GE) or collagen (CG) at 2 and 

4%) 

 

All the systems showed a similar profile, with an initial region with a 

high constant stress-strain slope, which corresponds to the elastic region. 

This was followed by, a long plastic region with a continuous decrease 

in the stress-strain slope towards a constant value. After reaching the 

maximum stress and strain at break, the samples broke with a sudden 

decrease in stress. 

Furthermore, the different parameters measured from the mechanical 

testing are shown in Figure 4.26 (4.26A, 4.26B and 4.26C). The analysis 

of the different parameters obtained from the strain-stress curves showed 

that the addition of a protein produced a decrease in both Young’s 

Modulus and maximum stress, compared to the values obtained for pure 

PCL scaffolds. This effect was more pronounced when the protein 

concentration was 4%. Interestingly, the same decrease of 56% and 85% 

for the gelatin and collagen systems, respectively, occurred in both 

parameters (Young’s Modulus and maximum stress). However, the 

effect on the strain at break differed depending on the protein used. 
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Figure 4.26. (A) Young’s Modulus, (B) Strain at break and (C) Maximum stress obtained 

from the mechanical testing performed to PCL-based scaffolds with different protein 

concentrations (gelatin (GE) or collagen (CG) at 2 or 4%) 



Chapter 4: Development of scaffolds via electrospinning  

195 

 

According to the result shown, the addition of a protein produced a 

tendency to increase the strain at break that would lead to higher 

deformability and, therefore, a better response of the scaffold in the 

bioreactor. In fact, the Young’s Modulus of the PCL/GE (16/4) system 

is similar to the value obtained by Du et al. (2018) in their study with 

skeletal muscle cells. 

For that reason, a further mechanical analysis was carried, with the 

PCL/GE (16/4) system, performing the uniaxial tests in PBS (using a wet 

chamber to place the scaffolds) to PCL and combinations of PCL with 

either gelatin or collagen at 4%. The results are shown in Figure 4.27. 
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Figure 4.27. (A) Strain-stress curves and (B) parameters of the uniaxial tensile strength 

measurements (Young’s modulus, strain at break and maximum stress) obtained for the PCL 

(16%) scaffolds and the PCL-based scaffolds with Gelatin or Collagen at 4% 
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In addition, the different parameters obtained have been summarized in 

Table 4.8 in order to compare the results obtained by the scaffolds 

produced with PCL (16%) and combinations of PCL and gelatin or 

collagen in different concentrations (2 and 4%) by performing the 

uniaxial tensile strength tests in dry and wet conditions. 

Table 4.8. Parameters of the uniaxial tensile strength measurements (Young’s 

modulus, strain at break and maximum stress) obtained for scaffolds produced with PCL 

(16%) and different Gelatin or Collagen concentrations (2 and 4%) in both dry (d) and wet 

(w) conditions. Values with different letters are significantly different (p<0.05) 

SYSTEM 

Young’s 

modulus 

(MPa) 

Strain at 

break (%) 

Maximum 

stress (MPa) 

PCL (16%)d 35.8 ± 5.1 A 56.9 ± 5.4 a 10.9 ± 1.8 α 

PCL (16%)w 10.8 ± 2.6 B 72.9 ± 2.2 b 5.9 ± 1.1 β 

PCL 

(16%) 

Gelatin (2%)d 25.2 ± 4.0 C 70.9 ± 10.3 ab 6.2 ± 1.0 β 

Gelatin (4%)d 14.9 ± 5.2 B 66.3 ± 5.3 a 4.4 ± 0.6 β 

Gelatin (4%)w 5.1 ± 1.8 D 76.4 ± 2.3 b 1.4 ± 0.7 γ 

Collagen (2%)d 19.3 ± 1.2 C 68.3 ± 7.8 ab 5.9 ± 1.8 β 

Collagen (4%)d 3.0 ± 1.7 D 35.8 ± 6.1 c 1.2 ± 0.2 γ 

Collagen (4%)w 2.8 ± 0.5 D 52.2 ± 6.7 a 0.6 ± 0.2 γ 

 

Two opposite effects on the properties can be highlighted. On the one 

hand, the scaffolds get softer in a liquid environment, as it can be seen 

by the decrease observed in the Young’s modulus and maximum stress. 

However, on the other hand, the increase in the strain at break evidenced 

that the scaffolds are more deformable in a wet environment. 
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4.3.5. Influence of the alignment of electrospun scaffolds 

Apart from the above mentioned and described processing parameters 

(section 3.3), there is another processing parameter that may cause major 

changes in the morphological and structural disposition of a scaffold 

produced via electrospinning. This parameter is the rotational speed, 

which induces the alignment of the fibers produced depending on both 

the polymer and speed used. In this sense, the system produced with 

PCL45 (16 %) and Gelatin (4 %) [named as PCL/GE 16/4] was selected 

to perform a study with three different rotational speeds (0, 300 and 600 

rpm), obtaining nanofibrous scaffolds with different alignment: random 

(at 0 rpm); semi-aligned (at 300 rpm); and aligned (at 600 rpm).  

The electrospinning process was carried out using the processing 

conditions selected in the study shown in Section 4.3.3. 

4.3.5.1. Functional evaluation 

Water Contact Angle (WCA) was measured for the PCL/GE 16/4 

scaffolds obtained with different alignments and plotted in Figure 4.28. 

 

Figure 4.28. Water Contact Angle and SEM images of PCL/GE 16/4 scaffolds with different 

fiber alignment: (A) random, (B) semi-aligned and (C) aligned 

 

The results showed that the scaffolds produced with PCL and gelatin 

presented a high hydrophilic character, showing a lower contact angle 

value (ca 50º). Comparing the values of the PCL/GE scaffolds with 

different alignments, there is a decrease in the contact angle values by 
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increasing the alignment of the scaffolds. Thus, a way to tune the 

wettability of the nanofibrous scaffolds is by using a suitable alignment.  

4.3.5.2. Microstructural evaluation 

The shape and structure of the scaffolds were analyzed with the SEM 

images (Figure 4.28). Besides, the alignment, mean fiber diameter, 

uniformity, porosity, and pore area were evaluated and summarized in 

Table 4.9. 

Table 4.9. Fiber alignment, mean fiber diameter, uniformity values, porosity and mean 

pore area of PCL/GE 16/4 scaffolds with different alignment: Random, semi-aligned and 

aligned 

SYSTEM Alignment 

Mean fiber 

diameter 

(nm) 

Uniformity 

(%) 

Porosity 

(%) 

Mean 

Pore Area 

(nm2) 

PCL/GE 16/4 

Random 
0.13 307±89a 71 50.1±0.5α 780±420A 

PCL/GE 16/4 

Semi-aligned 
0.40 265±35a 87 51.2±1.8αβ 1856±994A 

PCL/GE 16/4 

Aligned 
0.75 235±68a 71 52.6±1.4β 913±571A 

 

As can be seen in Figure 4.28 and deduced from the values shown in 

Table 4.9, homogeneous fibers with different alignment (0.13, 0.40 and 

0.75) were obtained when the rotational speed was modified in the 

electrospinning process (the uniformity is higher than 70% for all the 

systems studied). Initially, the fibers were randomly oriented but when 

the rotational speed was higher than 300 rpm (semi-aligned) as well as a 

more organized latticework was obtained with more aligned fibers. In 

general, the increase in the rotational speed produces a slight decrease in 

the size of the fibers although the differences between them are not 

significant (p<0.05).  
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Figure 4.29. Fiber size distribution of PCL/GE 16/4 scaffolds with different alignment: (A) 

random, (B) semi-aligned and (C) aligned 

 

In addition to the alignment and mean fiber size, fiber size distribution 

in Figure 4.29 showed how all systems presented a Gaussian distribution 
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with respect to a central value (ranging between 200 and 400 nm). Apart 

from obtaining thinner fibers, the increase in the alignment led to 

scaffolds formed by more homogeneous fibers, as it can be seen by the 

narrowing of the Gaussian bell curve shown in the fiber size distribution 

graphs. Interestingly, the uniformity of the systems is higher than 70%, 

highlighting the semi-aligned scaffold with a uniformity higher than 

85%. 

On the other hand, the porosity of the scaffolds was also evaluated (Table 

4.9). All the systems presented porosity values in the range between 50 

and 53%, showing a significant increase when the alignment of the fibers 

becomes higher.  

4.3.5.3. Mechanical evaluation 

The mechanical properties were also measured in both dry and wet 

conditions (simulating the incorporation of the scaffolds in a bioreactor 

with a wet chamber which contains a buffer solution, PBS) to compare 

their evolution of the scaffolds’ properties. Nevertheless, generally, 

scaffolds in Tissue Engineering are placed in a bioreactor in which cells 

are included to grow within the structure, favored by a mechanical 

stimulus. Following the same idea, the mechanical properties of the 

scaffolds were measured before and after a cyclic loading test to study 

the influence of the cyclic loading on them. Thus, uniaxial tensile tests 

were carried out before and after a cyclic loading test for each system 

(random, semi-aligned and aligned).  

First, the evolution of the stress was followed all over the cycle (Figure 

4.30). It can be seen how the decrease observed in the stress for the three 

systems is lower than 5%: Random 4.9% (from 3.05 to 2.92 MPa), Semi-

aligned 2.3% (from 1.77 to 1.73 MPa) and Aligned 3.9% (from 1.30 to 

1.25 MPa). These results may indicate that the cyclic loading was 
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performed in the elastic region, where the stress was progressively 

decreased with increasing alignment. 
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Figure 4.30. Evolution of the stress of PCL/GE (16/4) scaffolds fabricated with different 

alignments (random, semi-aligned and aligned) during a cyclic loading test of 500 cycles at a 

constant strain (10%) and frequency (1 Hz) in dry conditions 

 

Apart from the cyclic loading, the different results obtained for the 

uniaxial tensile tests in dry conditions were plotted in Figure 4.30. Figure 

4.30A and 4.30C show the strain-stress curves of the PCL/GE 16/4 

scaffolds with different alignments. The profiles exhibited were similar, 

with an initial region with a high constant stress-strain slope (which 

corresponds to the elastic region). Then, there was a plastic region with 

a continuous decrease in the stress-strain slope towards a constant value 

and, after reaching the maximum stress and maximum strain, the break 

of the sample with a sudden decrease in stress. 

Furthermore, the different parameters obtained from the mechanical tests 

before and after the cyclic loading were plotted in Figures 4.31B and 

4.31D. Analyzing the parameters obtained, both experiments showed the 

same trend, a general decrease of the values with the alignment of the 

fibers, being more marked for the strain at break. In addition, two 
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different trends can be observed when comparing the results obtained 

before and after the cyclic loading. Both the Young’s modulus and 

maximum stress suffer a slight decrease after performing the cyclic 

loading, whereas the strain at break does not change significantly. 
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Figure 4.31. (A and C) Strain-Stress curves and (B and D) parameters (Young’s Moduli, 

Strain at break and Maximum Stress) obtained from the mechanical testing carried out 

under dry conditions for PCL/GE 16/4 scaffolds produced with different alignments 

(random, semi-aligned and aligned) (A and B) before and (C and D) after a cyclic loading 

test of 500 cycles at a constant strain (10%) and frequency (1 Hz) 

 

On the other hand, to improve the simulation of the behavior of the 

scaffolds in the bioreactor, the same experiments have been performed 

under wet conditions using a wet chamber coupled to the mechanical 

testing equipment. Once again, a cyclic loading test was performed to 
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evaluate the evolution of the stress with cycles and the results are shown 

in Figure 4.32. 

0 100 200 300 400 500

0.0

0.5

1.0

1.5

2.0

2.5

3.0

WET

CONDITIONS

 

 

PCL/GE (16/4) random

PCL/GE (16/4) semi-aligned

PCL/GE (16/4) aligned

S
tr

e
s
s
 (

M
P

a
)

Cycles  

Figure 4.32. Evolution of the stress of PCL/GE (16/4) scaffolds produced with different 

alignments (random, semi-aligned and aligned) during a cyclic loading test of 500 cycles at a 

constant strain (10%) and frequency (1 Hz) in wet conditions 

 

Interestingly, the evolution of the stress suffers a different trend 

compared to the cyclic loading performed under dry conditions. In this 

case, the system which suffered the greatest variation in the stress was 

the PCL/GE 16/4 aligned, being the random one the system with the 

lowest variation. However, the decrease observed cannot be considered 

significant as the maximum decrease obtained is lower than 2.5 % (0.4, 

1.6 and 2.2 % for the random, semi-aligned and aligned system, 

respectively). Therefore, the cyclic loading was performed in the elastic 

region for the three systems. 

Once again, a comparison between the uniaxial tensile strength 

experiments carried out under wet conditions before and after the cyclic 

loading was plotted in Figure 4.33. A similar tendency can be seen in the 

evolution of the parameters since Young’s modulus and maximum stress 

presented maximum values for the semi-aligned system, whereas the 
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strain at break decreased with the increase of the alignment. Analyzing 

the evolution of the parameters after submitting the cyclic loading, a 

general decrease of the properties can be observed, specially marked for 

the Young’s modulus and the strain at break. 
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Figure 4.33. (A and C) Strain-Stress curves and (B and D) parameters (Young’s Moduli, 

Strain at break and Maximum Stress) obtained from the mechanical testing carried out 

under wet conditions for PCL/GE (16/4) scaffolds produced with different alignments 

(random, semi-aligned and aligned) (A and B) before and (C and D) after a cyclic loading 

test of 500 cycles at a constant strain (10%) and frequency (1 Hz) 

 

Furthermore, the parameters obtained are summarized in Table 4.10 to 

compare the values under dry and wet conditions. Comparing the values 

under dry and wet conditions, different effects can be observed 

depending on the parameter studied. 

First, it may be seen an increase in the strain at break of the samples when 

performing the mechanical tests in wet conditions. This increase is more 
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pronounced with the alignment of the fibers, with an average ratio of an 

increase of 1.75 for the aligned system, compared to the values reached 

increase of 1.45 and 1.15 for the semi-aligned and random systems, 

respectively. Nevertheless, all the systems suffer a decrease in the 

maximum stress under wet conditions. In this case, the effect is more 

marked when the fibers are randomly distributed (average ratio of 

decrease of 6.5, much higher than the values around 1.5-2.0 for the semi-

aligned and aligned systems). Finally, Young’s modulus presents a 

decrease under wet conditions for all the samples with an average ratio 

of decrease between 1.0 and 3.0, except the semi-aligned system after 

the cyclic loading, which increases its Young’s modulus.  

Table 4.10. Comparison of the Young’s modulus, strain at break and maximum stress 

of PCL/GE 16/4 scaffolds produced with different alignments (random, semi-aligned and 

aligned) before and after the cyclic loading under both dry and wet conditions. Values with 

different letters are significantly different (p<0.05) 

PCL/GE 16/4 

SYSTEMS 

Young’s modulus 

(MPa) 

Strain at break 

(%) 

Maximum stress 

(MPa) 

Before After Before After Before After 

Random Dry 14.9 a 4.4 b 66.3 A 52.7 A 4.4 α 3.9 α  

Random Wet 5.1 b 2.0 c 77.9 B 58.0 AD 1.4 β 0.4 β 

Semi-Aligned Dry 11.3 ad 2.7 c 39.7 C 50.7 AD 3.0 α 1.9 β 

Semi-Aligned Wet 9.6 d 7.4 e 63.5 A 55.3 D 3.2 α 0.7 β 

Aligned Dry 2.2 c 1.7 c 28.2 E 24.3 E 0.4 β 0.8 β 

Aligned Wet 2.4 c 0.6 f 56.5 D 36.9 C  0.5 β 0.2 βγ  
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These results suggest that nanofibrous scaffolds present higher 

deformability and a lower rigidity in a wet environment, compared to 

their behavior in dry conditions. 

In conclusion, considering the results obtained, a certain alignment of the 

fibers induced an increase in the mechanical properties. In fact, 

parameters (Young’s modulus, maximum stress and strain at break) 

values reached their maximum values for the scaffold formed by 

nanofibers with an intermediate alignment (semi-aligned scaffolds). An 

excessive alignment would drive to an anisotropic material showing a 

tendency to break in specific sites, which should be taken into account 

for the further biological studies carried out.  
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4.3.6. Anisotropy in aligned electrospun scaffolds 

Although the properties of aligned nanofibrous structures have been 

extensively investigated in the literature (i.e. Jose et al., 2009; Kai et al., 

2011; Wu et al., 2010), few attention has been paid so far to the 

anisotropic character of these structures and their response to the 

application of forces in different directions (anisotropy). We hypothesize 

that the properties of the scaffolds obtained are different depending on 

the measuring direction, considering that the alignment of the fibers 

exerts an influence on the variation of the properties. Therefore, random 

and aligned scaffolds were characterized through the evaluation of the 

contact angle, SEM imaging and mechanical analyses in two different 

directions: parallel and perpendicular to the fiber formation in order to 

analyze the anisotropy of the structures.  

The electrospinning process was carried out using the processing 

conditions selected in the study shown in Section 4.3.3 for the PCL/GE 

16/4 system, using PCL45. 

4.3.6.1. Morphological evaluation  

Table 4.11 shows the values obtained for the contact angle measurements 

of the scaffolds in the two directions mentioned above. First, all the 

values were below 65°, concluding that all the systems presented a 

hydrophilic character (Law, 2014). 

Table 4.11. Mean fiber diameter, Contact Angle, Young’s modulus, strain at break and 

maximum stress values of electrospun PCL/GE 16/4 scaffolds with two different alignments: 

random and aligned 

 

Mean fiber  

diameter  

(nm) 

Direction of   

measurement 

 

Contact 

Angle 

 (º) 

Young’s 

modulus 

(MPa) 

Strain at 

break 

(%) 

Maximum 

stress  

(kPa) 

PCL/GE 

random 
307±89a 

Parallel 50.5a 6.3A 63.0α 3854I 

Perpendicular 52.7a 7.2A 66.5α 4022I 

PCL/GE 

aligned 
235±68a 

Parallel 31.4b 2.3B 31.1β 279II 

Perpendicular 62.7c 0.8C 65.5α 98III 
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In addition, comparing the values obtained for each system, there were 

no significant differences in the contact angle obtained for the two 

directions measured in the randomly oriented scaffold. However, the 

contact angle values obtained in the direction parallel to the orientation 

of the nanofibers were significantly lower than those obtained by the 

system in its perpendicular direction. 

These results are in line with those obtained by Kubiak and Mathia, 

(2014) and Wang et al. (2018), who concluded that the wettability of the 

systems is better in the direction of the fiber orientation, and, therefore, 

the value of the contact angle is lower. Therefore, during adhesion and 

cell proliferation, the cells grow in the direction of fiber orientation, as 

shown in Pandey et al. (2018). 

Furthermore, the analysis of the SEM images shown in Figures 4.34 and 

4.35 demonstrates that the alignment of the fibers does not cause 

significant changes in their mean size, obtaining fibers with an average 

size of 250-350 nm. 

4.3.6.2. Mechanical evaluation 

In addition to the morphological characterization, the scaffolds were 

mechanically characterized in both directions (parallel and 

perpendicular). Stress-strain curves are shown in Figure 4.33. 

All the curves exhibit similar behavior, consisting of an initial linear 

region, which corresponds to the elastic deformation, followed by a 

plastic deformation region, characterized by a continuous decrease in the 

stress–strain slope, passing through a maximum value. Finally, each 

system broke down at a different elongation. 
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Figure 4.33. Stress-strain curves through a perpendicular and parallel analysis of 

electrospun PCL/GE 16/14 scaffolds with two different alignments: (A) random and (B) 

aligned 

 

The parameters evaluated (Young's modulus, strain at break and 

maximum stress) are summarized in Table 4.11. First, comparing the 

effect of the direction on each scaffold, it can be observed that all the 

parameters present significant differences depending on the direction of 

the measurement for the system formed by aligned fibers, whereas for 

the system with randomly distributed fibers none of the evaluated 

parameters presents significant differences. 
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On the other hand, comparing the systems independently, the Young's 

modulus values are considerably higher for the random fiber system (6.3-

7.2 MPa compared to 0.8-2.3 MPa for the aligned system). Something 

similar took place with the maximum stress, with values around 4000 

kPa for the random system, well above the 200 kPa obtained for the 

aligned system. However, the values of strain at break are similar when 

comparing the perpendicular direction of the system aligned with the 

random system (ca 65%), which is, again, considerably higher than the 

value obtained for the direction parallel to the fiber orientation (30%), 

demonstrating the low deformability of the fibers when they are aligned 

parallel to the direction of the applied stress. These differences can be 

due to the propagation of tensions that take place between the fibers 

when they are arranged randomly, with respect to those oriented in the 

same direction, allowing the scaffold to withstand greater stress, as can 

be seen when comparing the values obtained by both systems (Table 

4.11) (Wisnom and Green, 1995). 

 

Figure 4.34. Macroscopic and SEM images of electrospun PCL/GE 16/4 random scaffolds 

after a mechanical break in perpendicular or parallel test 



Chapter 4: Development of scaffolds via electrospinning  

211 

 

 

It is worth highlighting the breakage produced in the scaffold after 

performing the mechanical test (Figures 4.34 and 4.35). Two types of 

fracture can be observed depending on the direction of the applied stress 

and the sample on which it is applied. For the random system, the 

breakage observed was similar to the measuring direction (Figure 4.34). 

It was a fragile breakage favored by high deformations.  

 

Figure 4.35. Macroscopic and SEM images of electrospun PCL/GE (16/4) aligned scaffolds 

after a mechanical break in perpendicular or parallel test 

 

On the other hand, Figure 4.35 shows the two rupture types that took 

place in the aligned system. The images evidence how the breakage was 

much more uniform and homogeneous when the test was performed in 

the perpendicular direction to the orientation of the fibers. The 

application of a certain stress in the parallel direction to the fiber 

orientation breaks the fibers, which occurs as a result of the formation of 

a neck and cavities within the strangling area; this is called a moderately 
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ductile fracture. However, if the stress is applied perpendicular to the 

fiber orientation, then the global matrix breaks down, resulting in a 

fragile fracture (similar to that obtained for the random system). 

In addition, the difference between the isotropy and anisotropy found in 

the systems studied can be explained by the combination of continuum-

based descriptions and models for nanoporous materials (Gurtin and Ian 

Murdoch, 1978; Wang et al., 2011). The structure formed by randomly 

oriented fibers is induced by an imperfect homogeneous network, 

causing the applied stresses to be distributed over the entire surface with 

certain homogeneity, regardless of the direction of the stress. However, 

the aligned system behaves in a different way since the fibers are aligned, 

obtaining no connection points between them. Thus, this system favors 

the appearance of discontinuities, giving rise to fracture points (grains) 

and, consequently, inducing the sample to break down (Mikata, 2019; 

Wisnom and Green, 1995). 

 

  



Chapter 4: Development of scaffolds via electrospinning  

213 

 

4.4 Conclusions 

As a general conclusion, hybrid PCL/protein scaffolds formed by 

nanofibers with different concentrations and types of protein (collagen 

and gelatin) have been obtained by electrospinning. 

More hydrophobic and stiffer scaffolds were obtained when using PCL 

with a higher molecular weight. It was observed that 14 kDa was a too 

low molecular weight for PCL to produce suitable nanofibrous scaffolds. 

However, the incorporation of gelatin to the initial formulation improved 

the electrospinning process (in a specific proportion), allowing it to 

obtain homogeneous nanofibrous scaffolds. 

The most suitable conditions to produce scaffolds have been selected 

according to a processing parameter characterization. On the other hand, 

an increase in the rotational speed produced an increase in the alignment 

of the fibers which induced a better wettability as deduced by the 

decrease observed in the contact angle of the systems. As for the 

morphology of the fibers, the fiber alignment produced a slight decrease 

of the fiber size, and greater pore area and uniformity when the fibers are 

semi-aligned. In addition, the alignment of the fibers also produced 

scaffolds with better mechanical properties in wet conditions when the 

fibers are semi-aligned. 

Higher protein content was observed in the gelatin-based scaffolds 

compared to the collagen ones, as a consequence of a better performance 

of the electrospinning process. Therefore, the hydrophilicity of PCL 

scaffolds can be enhanced with the addition of gelatin to their initial 

formulation, due to the hydrophilic character of this protein. In addition, 

hybrid PCL/protein scaffolds presented lower fiber size and, 

consequently, lower porosity. Consequently, there was a general 

reduction of the mechanical properties of PCL-based scaffolds, 
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dominated by the presence of protein (either gelatin or collagen) in the 

fibers, obtaining scaffolds with a Young’s modulus or maximum stress 

up to four times lower than that of pure PCL scaffolds. In fact, the 

addition of gelatin produces more deformable scaffolds with lower 

stiffness. 

Different correlations between the PCL/GE ratio and the different 

properties measured (N content and contact angle) were established. 

Linear correlations were obtained, although with opposite slopes, since 

WCA increases with the PCL/GE ratio whereas the N content decreases 

as the ratio increases. Furthermore, the uniformity of the systems was 

measured by analyzing the homogeneity of the nanofibrous membranes. 

A maximum was found for the ratio with the lowest mean fiber diameter 

(20/4, ratio 5:1), although there are variations in the concentration of 

each of the polymers. In fact, higher mean sizes lead to an increase in the 

heterogeneity of the systems. It has been proved how the total polymer 

concentration affects the fiber formation, but also the ratio between the 

two polymers when using a binary system. The studies revealed that for 

combinations of PCL and gelatin, the most suitable ratios have been 

found to be 4:1 and 5:1 (16/4 and 20/4 systems). 

Hybrid PCL/protein scaffolds presented lower fiber diameter and, 

consequently, lower porosity. Lower fiber sizes are more suitable to 

obtain a larger surface for cell adhesion. Consequently, there was a 

general reduction of the mechanical properties of PCL-based scaffolds, 

dominated by the presence of protein (either gelatin or collagen) in the 

fibers, obtaining scaffolds with a Young’s modulus or maximum stress 

up to four times lower than that of pure PCL scaffolds. In fact, the 

addition of gelatin produces more deformable scaffolds with lower 

stiffness. In addition, the hydrophilicity of PCL scaffolds can be 
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enhanced with the addition of gelatin to their initial formulation, due to 

the high hydrophilic character of this protein. Specifically, according to 

our results, PCL/GE 16/4 scaffolds seems to be the most appealing 

mixture. 

Working in dry conditions, makes the scaffolds less stiff and more 

deformable due to a softening of their properties, being reflected by a 

decrease in both Young’s modulus and maximum stress, but with an 

increase in the strain at break. In addition, the cyclic loading performed 

to the systems in both dry and wet conditions gives rise to a decrease in 

the Young’s modulus, whereas the maximum stress and strain at break 

do not show significant differences (except the semi-aligned system 

which exhibits a slight increase in the strain at break at dry conditions). 

It has been proved how the electrospinning technique allows creating 

anisotropic materials, which exhibited different properties depending on 

the measuring direction. The randomly oriented system [PCL/GE 16/4 

random] showed no significant differences when measuring its 

properties in the parallel and perpendicular directions with respect to the 

fiber formation. However, the aligned system [PCL/GE 16/4 aligned] 

presented significant differences in all the properties when measuring 

them in these two directions. Young’s modulus and maximum stress 

showed lower values in the perpendicular direction, whereas the contact 

angle and strain at break were lower when measuring them in the parallel 

direction of the fiber formation. 
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5.1 Introduction 

Molecular Imprinting (MI) is a technique that allows the production of 

structures with desired properties by adding specific polymers which can 

modulate the structure of the system. This technique is based on the 

construction of ligand selective recognition sites in synthetic polymers 

where a template (atom, ion, molecule, complex, etc.) is employed as a 

recognition site shaper during the polymerization process. The 

subsequent removal of the template allows the formation of vacancies 

with selective recognition (Whitcombe et al., 2014; Ye et al., 2000). 

The molecular imprinting technique is often described as a method to 

make a molecular lock match a molecular key based on the formation of 

sites with specific molecular recognition (Chen et al., 2016; Kadhirvel et 

al., 2015). Molecular recognition is a fundamental process in the natural 

world for the rapid recognition of enzymes and nucleic acids. Molecular 

imprinting technologies, such as processes for the preparation of 

synthetic polymers with binding sites for specific molecules, are the next 

development in the practical application of molecular recognition 

(Braunschweig et al., 2009; Chen et al., 2011).   

A typical MI process contains a solvent, a target molecule and a template 

(Figure 5.1). 

 

Figure 5.1. Schematic overview of a Molecular Imprinting process. Figure obtained from 

Chronakis et al. (2006) 

 

The solvent is generally used as a dispersion media and recognition sites 

forming agent. On the other hand, the second element of the MI process 
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is the target. Its main role is to form a complex with the template, thus it 

is necessary to select a suitable target and process to form the previous 

target-template complex. Depending on the target used, the MI process 

can be divided into two different groups: conventional and alternative 

molecular imprinting. Traditionally, the molecular imprinting process 

has been carried out with monomers and crosslinkers through a pre-

polymerization stage. In this case, the process is called conventional 

molecular imprinting. However, molecular imprinting can be obtained 

directly from polymers instead of combining monomers and 

crosslinkers. This new concept is called alternative molecular imprinting 

and was proposed by Yoshikawa in the late 90s (Yoshikawa, 2001; 

Yoshikawa et al., 1995). Basically, it is similar to conventional molecular 

imprinting, with the only difference being that the starting materials are 

polymers instead of monomers.  

Finally, the template is the main element of the MI process. The process 

has been traditionally performed using small molecules as templates 

(Chen et al., 2011; Fasihi et al., 2011; Zhang et al., 2014). In addition, 

large species, such as drugs and viruses, have also been used for MI (Cai 

et al., 2010; Hayden and Dickert, 2001), whereas the use of proteins and 

other biomacromolecules still poses an important challenge. Removal of 

the template leaves a cavity, matching the physical and chemical 

characteristics of the template species. Any variation from the structure 

of the desired species to a structurally similar but non-identical entity 

may result in loss of selectivity. Template removal can be carried out in 

two different ways depending on the method used for the elimination of 

the template molecule in this stage. On the one hand, the template can be 

removed with simple solvent extraction. On the other hand, a chemical 
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cleavage is needed when a covalent process takes place (Ghorani et al., 

2015). 

There are different types of Molecular Imprinting techniques (Ertürk and 

Mattiasson, 2017). Thus, four different types of MI can be distinguished 

depending on the interaction between the template and the target. The 

most commonly used are the covalent and the non-covalent, produced 

through a covalent bond or hydrogen bonding, respectively. However, 

there are other types based on electrostatic or ionic interactions, and 

ligand-metal coordination, which are called ionic and metal centre 

coordination molecular imprinting, respectively (Chen et al., 2016).  

In covalent imprinting, all the recognition sites have theoretically the 

same affinity and selectivity due to the identical depths and shapes of the 

binding cavities. However, covalent imprinting is seen as a less flexible 

method, since only a few molecules can be used with a chemical 

condensation reaction (Turiel et al., 2001). On the other hand, although 

the non-covalent approach is characterized by a more heterogeneous 

binding, leading to a significant decrease in overall recognition 

performance, the removal of the template is straightforward. This fact, 

combined with the different possibilities to be performed (ionic 

interactions, hydrogen bonding, etc.), has made this process become 

more popular, as it is easy to carry out and also due to its binding and 

removal rate (Wulff and Schauhoff, 1991).  

Our approach is based on the use of systems produced by 

electrospinning. The electrospinning technique has been already studied 

in Chapter 4 and involves the formation of extremely long ultra-thin 

polymeric fibers. The combination of MI together with electrospinning 

was first developed by Chronakis et al., (2006), where poly(ethylene 

terephthalate) (PET) was used as the target and the drug 2,4-
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dichlorophenoxyacetic acid as the template. In this sense, other 

approaches were produced (Frenot and Chronakis, 2003; Ghorani et al., 

2015; Yoshikawa et al., 2011) by making use of the combination of 

electrospun nanofibers and the molecular imprinting technique. 

However, these studies were performed using a chemical cleavage, 

hindering the overall process due to the presence of additional steps 

involving chemical reactions. 

Our hypothesis proposes the combination of the electrospinning process 

together with a solvent extraction step to induce the formation of specific 

sites in the target for the desired polymer. A combination of a synthetic 

and a natural polymer was considered when performing the 

electrospinning stage. More specifically, the selection of the systems was 

based on the study carried out in Chapter 4. Poly(ε-caprolactone) (PCL) 

was selected as the synthetic polymer due to its biocompatibility and 

easy processing, among other characteristics (Gümüşderelioğlu et al., 

2011; Woodruff and Hutmacher, 2010). Gelatin, which is the denatured 

form of collagen, was selected as the natural protein due to its advantages 

(biomechanical and biocompatibility properties) in Tissue Engineering 

applications (Allam et al., 2012). Thus, the main goal is the development 

of a molecular imprinting technique to modify electrospun scaffolds in 

order to modulate their structure and properties by using macromolecules 

(more specifically proteins) as the template (MacroMolecular 

Imprinting). A schematic view of the overall process carried out is shown 

in Figure 5.2: 
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Figure 5.2. Schematic overview of the Molecular Imprinting process carried out 

The systems were characterized after each stage of the process. The 

characterization encompasses the study of the template-target interaction 

through infrared spectroscopy (FTIR) and the analysis of the variations 

of the surface hydrophobicity with contact angle measurements. 

Moreover, the protein rebinding was evaluated with Energy Dispersive 

X-ray Spectroscopy (EDAX) and BCA protein quantification. 
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5.2 Material and methods 

5.2.1. Materials 

Gelatin protein (gelatin type B, 80-120g Bloom) was supplied by Henan 

Boom Gelatin Co. Ltd (China). Its protein content is higher than 90 wt.%. 

On the other hand, type I pork collagen protein (Pork HI95) was supplied 

by Essentia Protein Solutions (Grasten, Denmark). Their complete 

compositions can be seen in Chapter 2. 

Poly(ε-caprolactone) (PCL, Mw = 45,000 g/mol), Bovine Serum 

Albumin (BSA, Mw = 66,000 g/mol), 1,1,1,3,3,3-hexafluoro-2-propanol 

(HFIP), Sodium Dodecyl Sulphate (SDS) and Dimethylsulfoxide 

(DMSO) were purchased from Sigma Aldrich (Germany). 

5.2.2. Molecular Imprinting process (MI) 

The overall process of the molecular imprinting process is mapped in the 

following figure (Figure 5.3): 

  

Figure 5.3. Stages of the Molecular Imprinting process 

 

Electrospinning 

The electrospinning process was carried out with the same processing 

conditions as the studies performed in Chapter 4. As a summary, the 

processing conditions used are: 14 kV of voltage, 0.4 mL/h of flow rate 

and 14 cm as the needle-collector distance. 

Two different systems were produced using a Fluidnatek LE-100 

(Bioinicia). On the one hand, PCL/GE 16/4 scaffolds were produced with 

the most promising concentration (16 % PCL and 4 % gelatin). On the 
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other hand, PCL neat scaffolds (16 %) were also produced and evaluated 

as a control. 

Solvent Extraction 

As commented before, the scaffolds were produced with PCL and 

gelatin, two molecules with different solubility character. Thus, the 

second stage consisted of a solvent extraction process by immersion of 

the scaffolds in MiliQ water for 4 h to allow the gelatin to dissolve. After 

that, the samples were dried overnight. 

Rebinding process 

The second stage consisted of the immersion of the membranes in a 

template solution (0.5 wt.%) at pH 3 for 2 h. This stage was carried out 

to study the possible rebinding of template molecules (gelatin) on the 

surface of the nanofibrous membrane. 

5.2.3. Studies performed 

The different studies performed have been summarised in the following 

table (Table 5.1).  

Table 5.1. Studies performed: Systems used (PCL and PCL/GE), variables analyzed, and 

parameters involved 

Systems Variables studied Parameters Sections 

PCL/GE 

 

PCL 

Initial Study - 5.3.1 

Template used 

(selectivity) 
Gelatin/collagen/BSA 5.3.2 

Immersion time 

(reaction kinetics) 
1/2/4 h 5.3.3 

Template solution 

concentration 

(efficiency) 

0.5/0.05/0.005/0.0005 % 5.3.4.1 

Number Cycles 

(efficiency with 

time) 

1/2/3 cycles 5.3.4.2 

pH 3/6/9 5.3.5.1 

Salting in/out 
MgCl2 (in) / KPO3 (out) 

SDS / DMSO 
5.3.5.2 

Target used PCL14, PCL45, PCL80 5.3.5.3 
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All the studies were performed with a binary scaffold formed by PCL45 

(16%) and gelatin (4%) [named as PCL/GE], while using a PCL45 (16%) 

scaffold [named as PCL] as a reference control. The operating conditions 

selected as reference are summarized in Table 5.2:  

Table 5.2. Reference operating conditions selected to perform the MI process 

Molecular Imprinting 

Reference Conditions 

Template Gelatin 

Target PCL45 

Immersion Time 2 h 

Template Solution 

Concentration 
0.5 % 

pH 3 

 

5.2.4. Characterization of scaffolds 

The membranes were characterized initially and after each stage to 

follow the evolution of the membranes within the process. The 

characterization techniques are described in detail in Chapter 4. A brief 

description is given below: 

Fourier Transform Infrared Spectroscopy (FTIR) 

The chemical bonds were analysed by ATR-FTIR method using an iS50 

ATR-FTIR spectrophotometer (Nicolet, Thermo Fisher Scientific, 

USA). The different spectra were collected in the range of 4000-1500 

cm-1. 

Water contact angle (WCA) 

Scaffolds wettability and hydrophobicity were assessed by water contact 

angle (WCA) measurements using the sessile drop method (droplets with 

an approximate volume of 5 μL). Both WCA values of the right and left 

sides of the deionized water droplets were measured and the average 
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value was calculated. The equipment used was a Drop Shape Analyzer 

(Krüss, Germany). 

Energy Dispersive X-ray Spectroscopy (EDAX) 

The atomic compositions of the membrane were examined with the 

energy dispersive spectroscopy capability of the SEM equipment using 

an EDAX Si(Li) detector and an acceleration voltage of 5 kV. The 

samples were covered with a film of Au in a high-resolution sputter 

coater. Microscopy examination of the scaffolds was previously 

performed with an XL 30 (Philips XL Series, USA) at an acceleration 

voltage of 15 kV. This technique allows us to determine the presence of 

Nitrogen (N) in the sample, as a direct measure of the protein content in 

the systems. 

Template Binding 

The analysis of the template binding was performed using a BCA protein 

quantification using a BCA kit. The BCA Protein Assay Kit (Pierce, 

Germany) was used following the manufacturer's instructions: 

microplate procedure (10μL sample/200 μL BCA working reagent; 

incubate at 37°C for 30 min; measure the absorbance at 562 nm). For 

every microplate prepared, a BSA-dilution curve consisting of 8 points 

up to 2000 μg/mL BSA was included as standard to check for 

consistency between different experiments. 

- Ligand Binding A: The result obtained corresponded to the total 

template content (in µg) in the membrane after the rebinding process. 

- Ligand Binding B: Specifically, for the “template solution 

concentration study”, the template content in the membrane was 

compared to the total amount of template in the rebinding solution using 

Equation 5.1:  

% 𝐵𝑖𝑛𝑑𝑖𝑛𝑔 =  
𝑇𝑒𝑚𝑝𝑙𝑎𝑡𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡

𝑇𝑒𝑚𝑝𝑙𝑎𝑡𝑒 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
· 100           (5.1) 



Chapter 5: (Macro)Molecular Imprinting  

235 

 

5.2.5. Statistical analysis 

At least three replicates were carried out for each measurement. 

Student´s t-test and one-way analysis of variance (p < 0.05) were 

performed using PASW Statistics for Windows (Version 18: SPSS, 

Chicago, IL). Standard deviations were calculated for selected 

parameters.  
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5.3 Results and Discussion 

Molecular Imprinting (MI) is an innovative technique used to place small 

molecules on surfaces with specific sites. However, carrying out the 

molecular imprinting process with larger molecules (i.e. proteins) is still 

challenging. Therefore, initially, to corroborate that the process was 

successfully performed, an initial study was performed with the designed 

reference conditions, comparing the results obtained for PCL/GE and 

PCL neat scaffolds. 

5.3.1. Initial study 

An evaluation of the process was performed through the analysis of both 

types of scaffolds in each different stage of the process. Thus, a 

characterization of the process was performed under different points of 

view and the results were shown in Figure 5.4 and Table 5.3. 

 
Figure 5.4. FTIR, water contact angle measurements and template binding results obtained 

for PCL and PCL/GE scaffolds after performing each stage of the MI process 
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Stage 1 

This stage consisted in the fabrication of scaffolds via electrospinning. 

The main difference between the samples is the presence of proteins in 

the initial formulation for the PCL/GE system compared to the PCL neat 

sample.  

Figures 5.4A and 5.4B show the FTIR profiles of both scaffolds. 

Considering the PCL neat scaffold (Figure 5.4A), a characteristic sharp 

band is observed at 1725 cm-1 (Cebi et al., 2016), associated with 

carbonyl stretching (characteristic for PCL). However, the PCL/GE 

system (Figure 5.4B) presented, apart from the peak at 1700 cm-1 

previously mentioned, a broad area at 3276 cm-1 associated with N-H 

stretching (traditionally called Amide A signal) and two small bands at 

1635 and 1525 cm-1, related to carbonyl stretching and C-N stretching of 

amides, respectively. These peaks are characteristic of proteins 

(Muyonga et al., 2004). These peaks match with the ones obtained for 

fish gelatin in Chapter 2 (Section 2.3.2). 

In addition, Figure 5.4C shows the contact angle values for these 

systems. PCL is a hydrophobic molecule, which explains the high value 

observed for WCA (ca. 105º), in contrast with gelatin, which presents a 

hydrophilic character and, thus, the resulting scaffold presented a WCA 

lower than 60º. 

Table 5.3. EDAX values (%) obtained for the PCL/GE 16/4 and PCL systems after 

performing each stage of the molecular imprinting process. Values with different letters are 

significantly different (p<0.05) 

EDAX Results (%) 

SYSTEMS Stage 1 Stage 2 Stage 3 

PCL/GE 3.31a - 2.83b 

PCL - - 1.34c 

 



Víctor Manuel Pérez Puyana 

238 

 

Furthermore, Table 5.3 shows the EDAX results for both structures. The 

analysis of the PCL neat sample revealed no Nitrogen in its structure, 

whereas the PCL/GE presented 3.31 % of N in it. 

Stage 2 

In this stage, both systems were then submitted to solvent extraction 

using MiliQ water. PCL is insoluble in water, thus the properties found 

for the PCL neat scaffold were the same as before. However, gelatin is 

water-soluble, thus gelatin was released into the solution from the 

scaffold. This effect is corroborated by the different techniques 

performed. Figure 5.4B (dash line) exhibits the loss of the characteristic 

peaks for proteins in the FTIR profile, showing a profile similar to the 

one obtained for the PCL-neat system (Figure 5.4A). The alteration of 

the composition of the scaffold is also noticeable by the variation of 

WCA (Figure 5.4C). The WCA values of PCL/GE scaffolds go from 54º 

to 100º, obtaining a high hydrophobic system that was not significantly 

different (p<0.05) from the PCL neat sample. Moreover, the EDAX 

analysis is in line with the one observed in the other techniques, revealing 

the absence of N in the PCL/GE structure.  

In conclusion, all the gelatin present in the structure (and observed in the 

previous section) is lost during this stage, giving rise to a scaffold similar 

to the one formed with only PCL. 

Stage 3 

The final stage of the process consisted of the immersion of the scaffolds 

from Stage 2 in a template (gelatin) solution. While one might think that 

the deposition of gelatin in both structures should be similar, the results 

revealed different behaviors. 

Figures 5.4A and 5.4B show the FTIR spectra of both scaffolds after 

Stage 3 (black bold line). The characteristic peak of PCL at 1700 cm-1 is 
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observed again, together with the representative peaks for proteins 

(described in Stage 1). However, the intensity of the peaks is much 

higher for the PCL/GE system compared to the PCL neat scaffold. This 

result is linked to the WCA values obtained and shown in Figure 5.4C. 

In both systems, there was a decrease in the contact angle values as a 

consequence of the increase in their hydrophilicity due to the presence 

of protein on the surface of the fibers. However, the PCL/GE system 

presented a WCA of 50º, similar to the one obtained in Stage 1, whereas 

the PCL scaffold gave a value close to 80º. 

These results reinforced the idea of the presence of a higher 

concentration of protein on the surface of the PCL/GE scaffold compared 

to the PCL neat scaffold after Stage 3. However, to estimate this, the 

template binding was measured in both systems after the sequence of 

stages and the results were plotted in Figure 5.4D. Ligand Binding A 

results enable the quantification of the total protein deposited over the 

surface, doubling the value obtained for the PCL/GE system compared 

to the PCL neat one.  

In conclusion, the deposition of the protein on the surface of the scaffolds 

was different for the two cases studied, which was more remarkable for 

the PCL/GE system. This fact may be explained considering the third 

stage as a rebinding process in which gelatin molecules (from the 

template solution) are inserted in some of the specific sites left by the 

initial gelatin after coming out during Stage 2. That effect can be 

considered as a molecular imprinting process in which there are specific 

sites for gelatin binding. However, since this process is relatively new 

and innovative, a complete characterization is necessary in order to 

evaluate the influence of different parameters on the overall process. 
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5.3.2. Evaluation of the selectivity 

The selectivity of the process was evaluated by repeating the same 

process with different template solutions. For this reason, the process 

was followed using other proteins instead of gelatin: collagen and BSA. 

Collagen was selected due to its structural similarity with gelatin, and 

BSA was selected in order to use a molecule from the same family as 

gelatin but with a different structure. The results of the characterization 

performed using different templates are shown in Figure 5.5. 

 

Figure 5.5. FTIR, water contact angle measurements and template binding results obtained 

for PCL and PCL/GE scaffolds after performing the MI process varying the template 

solution used (gelatin, collagen or BSA) 

 

The FTIR profiles shown in Figure 5.5A correspond to PCL/GE 

scaffolds after performing the complete cycle using different template 

solutions. It can be observed that the characteristic peaks of proteins 
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appear in the three profiles (N-H, C=O and C-N stretching at 3276, 1635 

and 1525 cm-1, respectively). However, the intensity of the bands varied 

depending on the protein because, when the process was fulfilled using 

BSA (bold line), the peaks were softer and of lesser intensity than the 

ones obtained with collagen (dash line). The bands for the latter are 

closer to the ones obtained for the reference (gelatin, straight line).  

Apart from the FTIR profiles, the contact angle values of the final 

systems after conducting the process with different template solutions 

are also shown in Figure 5.5 (Figure 5.5B). The results follow two 

different trends depending on the scaffold studied. PCL/GE scaffolds 

show increasing contact angle values following the sequence 

Gelatin>Collagen>BSA, which means that the surface presented a higher 

amount of protein when the process was carried out with gelatin or 

collagen rather than with BSA. On the other hand, the outcomes of the 

PCL neat-based system indicate that the process was better fulfilled with 

collagen compared to gelatin or BSA, giving rise to a lower contact angle 

value. For this system, the efficient sequence of deposition is 

Collagen>Gelatin>BSA. 

Table 5.4. EDAX values (%) obtained for the PCL/GE and PCL systems after performing the 

molecular imprinting process with different template solutions (gelatin, collagen or BSA). 

Values with different letters are significantly different (p<0.05) 

EDAX Results (%) 

SYSTEMS 
Stage 3 

[Gelatin] 

Stage 3 

[Collagen] 

Stage 3 

[BSA] 

PCL/GE 2.83a 1.78c 0.73d 

PCL 1.34b 1.50bc 0.49d 

 

The EDAX results observed in Table 5.4 show the nitrogen 

concentration (%) of the membranes after performing the overall process 

with different template solutions, which can be associated with the 
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amount of protein rebound in the membranes. The results follow an 

inversely proportional trend as the contact angle values since the 

PCL/GE system show a decrease in the nitrogen content when using a 

template solution produced with collagen or BSA compared to the one 

produced with gelatin. On the other hand, the PCL neat-based scaffold 

presented the maximum value for collagen, followed by gelatin and 

BSA.  

In addition, Figure 5.5C shows the results of the template binding 

calculations. These results are in accordance with the previous data 

shown (FTIR, contact angle and EDAX values). A decreasing stream is 

observed for the PCL/GE scaffold, with a protein rebinding four times 

higher for gelatin compared to BSA (45 and 10 µg, respectively). An 

intermediate value was obtained when the process was followed using 

collagen (10 µg). 

Once again, these results correlate the effectivity of the MI process with 

the amount of protein presented over the surface of the scaffold. In this 

sense, the selectivity of the process is affected by the type of protein 

used. The specific sites generated by gelatin allow a better rebinding 

process of proteins with a similar shape, especially if it is the same 

protein as initially. This fact is verified by the better results obtained for 

the gelatin and collagen proteins with respect to BSA. However, 

relatively good results were obtained for collagen as a substitute for 

gelatin, demonstrating the possibility of using this technique to obtain 

scaffolds with expensive molecules from raw materials in a low 

concentration, using a dummy template (which is gelatin in our study).  
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5.3.3. Evaluation of the reaction kinetics 

Apart from the binding capacity, reaction kinetics for a given 

molecularly imprinted material is a significant aspect of the MI process. 

Thus, the immersion time of the scaffolds in the template solution in 

Stage 3 was modified in order to study the evolution of the protein 

binding with time. The reference time was set at 2 h and a lower and 

higher time were evaluated (1 and 4 h, respectively). The results for the 

characterization of the systems are shown in Figure 5.6. 

 

Figure 5.6. FTIR profiles, water contact angle measurements and template binding 

results obtained for PCL and PCL/GE scaffolds after performing the MI process varying the 

immersion time in the template solution (1, 2 or 4 h) 

 

Figure 5.6A shows the evolution of the FTIR profile of the PCL/GE 

system with the immersion time. The characteristic peak of PCL remains 

constant at 1700 cm-1, whereas the corresponding peaks of proteins 
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exhibit an increase with the immersion time, highlighting the peaks at 

1635 and 1525 cm-1. These results are in accordance with the contact 

angle values shown in Figure 5.6B, where the system PCL/GE shows a 

decrease in the WCA, reaching a plateau at ca. 50º when the immersion 

time is at least 2 h. In addition, the contact angle of the PCL/GE system 

at 1 h was not significantly different from the one obtained by the PCL 

neat system (97 and 102º, respectively). 

Table 5.5. EDAX values (%) obtained for the PCL/GE and PCL systems after performing the 

molecular imprinting process with different immersion times (1, 2 and 4 h). Values with 

different letters are significantly different (p<0.05) 

EDAX Results (%) 

SYSTEMS 
Stage 3  

[1 h] 

Stage 3 

[2 h] 

Stage 3 

[4 h] 

PCL/GE 1.91a 2.83b 3.44b 

PCL 0.29c 1.34d 1.29d 

 

Comparing the EDAX results from both systems, they are significantly 

higher for the PCL/GE-based scaffolds with respect to the PCL neat 

scaffolds. However, both systems showed the same tendency, which is 

an increase in the nitrogen content until reaching a plateau as of 2 h 

immersion, presenting no significant differences with the 4 h immersion.  

Furthermore, the protein binding results plotted in Figure 5.6C show two 

different profiles. On the one hand, the PCL/GE system exhibits a 

marked increase in the template binding as of two hours of immersion in 

the template solution. On the other hand, the PCL system shows a slight 

increase in the protein binding with the immersion time but with no 

significant differences in the results (p<0.05). In any case, the protein 

binding was between 2 and 4 times higher for the PCL/GE compared to 

the pure PCL system. 
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5.3.4. Evaluation of the efficiency 

The efficiency of the process can be evaluated from two completely 

different points of view. On the one hand, it can be considered as the 

minimum amount of protein (template) in the solution necessary to 

achieve proper rebinding. On the other hand, it can be also considered as 

the number of cycles necessary to be performed to achieve proper 

rebinding. Therefore, both types of studies were performed and are 

shown below. 

5.3.4.1. Template solution concentration 

Different template solution concentrations (0.5, 0.05, 0.005 and 0.0005 

wt.%) were used to evaluate the minimum amount of protein (template) 

in the solution necessary to achieve proper rebinding. A summary of the 

results obtained was plotted and compared in Figure 5.7. 

Figure 5.7A shows the evolution of the FTIR profile of the PCL/GE 

scaffold with the different concentrations of the template solution. As 

can be observed, the intensity of the peaks shown at 3276, 1635 and 1525 

cm-1 decrease when the solution concentration is lower than 0.05 %; they 

even tend to disappear at the lowest concentration measured. Together 

with the FTIR results, the contact angle values show the same trend: 

scaffolds with higher contact angles are obtained when they are 

immersed in template solutions with lower concentrations (Figure 5.7B). 
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Figure 5.7. FTIR profiles, water contact angle measurements and template binding 

results obtained for PCL and PCL/GE scaffolds after performing the MI process varying the 

concentration template solution used (0.5, 0.05, 0.005 and 0.0005 %) 

 

In the same line as the results plotted in Figures 5.7A and 5.7B, Table 

5.6 shows the EDAX results of the final scaffolds obtained varying the 

template solution concentration.  

Table 5.6. EDAX values obtained for the PCL/GE and PCL systems after performing the MI 

process varying the concentration template solution used (0.5, 0.05, 0.005 and 0.0005 %). 

Values with different letters are significantly different (p<0.05) 

EDAX Results (%) 

SYSTEMS 
Stage 3  

[0.5 %] 

Stage 3 

[0.05 %] 

Stage 3 

[0.005 %] 

Stage 3 

[0.0005 %] 

PCL/GE 2.83A 2.47A 1.38B 0.44CD 

PCL 1.34B 0.62C 0.23D 0.11D 
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Two different trends are observed, as the PCL neat system shows a linear 

decrease with the decrease in the template solution, whereas the PCL/GE 

system shows a constant value, which decreases when the solution 

concentration is lower than 0.05 %. 

The ligand binding results also reflect the influence of the solution 

concentration on the MI process. Interestingly, two different tendencies 

are observed depending on whether the process is carried out with the 

system formed by PCL/GE or just by PCL. The first case shows a plateau 

region up to 0.05 %, from which the rebinding decreases, going from 40 

µg to ca. 10 µg (Figure 5.7C). However, the system formed by PCL neat 

shows a progressive decrease in protein deposition as the concentration 

of the solution used decreases.  

Moreover, in order to relate the total amount of protein initially present 

in the solution with the amount of protein rebound after stage 3, Figure 

5.8 was plotted, in which the ‘Ligand Binding B’ results are shown.  
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Figure 5.8. Template binding results (Ligand Binding B) obtained for PCL and 

PCL/GE scaffolds after performing the MI process varying the concentration template 

solution used (0.5, 0.05, 0.005 and 0.0005 %) 
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The efficiency of the process underwent a polynomial growth by 

decreasing the used concentration since, although the amount of rebound 

protein decreases, its ratio over with the amount of total protein in 

solution leads achieving an efficiency of more than 50%. However, as it 

is verified when comparing Figures 5.7C and 5.8, while it is true that an 

increase in efficiency takes place, it is at the expense of the amount of 

rebound protein. Therefore, it would be necessary to select an 

intermediate situation in which the efficiency is acceptable without 

affecting the amount of protein linked on the surface of the PCL (0.05%). 

5.3.4.2. Number of cycles performed 

The process was performed in successive cycles to evaluate whether 

there is a continuous growth of the protein rebinding or the process 

reaches a plateau. Thus, the MI process was studied after performing 1, 

2 and 3 consecutive cycles (Figure 5.9). 

The FTIR profiles shown in Figure 5.9A present a similar peak intensity, 

with a slight increase when the process was repeated 3 times (C3, bold 

line). In addition, Figure 5.9B shows the contact angle values of the 

PCL/GE system after performing the successive cycles. Interestingly, the 

contact angle values for the PCL/GE scaffolds did not show significant 

variations, with values of ca. 50º. These results are in accordance with 

the template binding observed in Figure 5.9C, with values in the range 

of 45 µg for the PCL/GE system, regardless of the number of cycles 

performed. 
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Figure 5.9. FTIR profiles, water contact angle measurements and template binding 

results obtained for PCL and PCL/GE scaffolds after performing the MI process varying the 

number of consecutive cycles performed: 1 cycle (C1), 2 cycles (C2) or 3 cycles (C3) 

However, PCL scaffolds show different behavior. Contact angle values 

show a progressive decrease when the samples were subjected to a 

greater number of successive cycles. This fact, together with the increase 

in the template binding observed in Figure 5.9C evidenced the increase 

in the protein binding when the sample was immersed in the template 

solution for more cycles. Gelatin binding increased from 15 µg to ca. 35 

µg when the cycle was performed 3 times. This increase is also observed 

in the EDAX results shown in Table 5.7 with an increase in the Nitrogen 

content (%). 
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Table 5.7. EDAX values obtained for the PCL/GE and PCL systems after performing the MI 

process varying the number of consecutive cycles performed: One cycle (C1), two cycles (C2) 

or three cycles (C3). Values with different letters are significantly different (p<0.05) 

EDAX Results (%) 

SYSTEMS 
Stage 3  

[C1] 

Stage 3 

[C2] 

Stage 3 

[C3] 

PCL/GE 2.83a 3.05a 4.05d 

PCL 1.34b 1.93c 2.12c 

 

On the other hand, WCA was also measured after performing a new 

solvent extraction process after the rebinding process and the results 

were also plotted in Figure 5.9B. Interestingly, the contact angle values 

reached values in the range between 95 and 105º, evidencing a marked 

hydrophobic character for both the PCL and PCL/GE systems after 

performing the new solvent extraction stage. Consequently, it seems that 

protein binding is lost after performing again solvent extraction (like the 

one carried out in Stage 2), as a proof of the reversibility of the process.   
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5.3.5. Evaluation of the environmental conditions 

This study is divided into three different sections according to the 

different variables considered: 5.3.5.1) effect of the pH; 5.3.5.2) the 

addition of salts; and 5.3.5.3) the target used. 

5.3.5.1. pH 

An interesting parameter to evaluate is the pH of the template solution, 

as it may alter the structure of the template in solution. Three different 

pH values were analyzed (3, 6 and 9). Considering that the isoelectric 

point (Ip) of the gelatin protein is at pH 4.5 according to the 

characterization shown in Chapter 2, pH values lower and higher were 

studied to evaluate the shift that takes place in the structure and its 

consequence on the process. At pH 3, the protein is positively charged 

due to the fact that the pH of the solution is lower than its Ip. On the other 

hand, working at pH 6 and 9 allowed us to evaluate the process when the 

protein was negatively charged in an acidic and basic environment.  

Figure 5.10A shows the evolution of the FTIR profile of the PCL/GE 

scaffold with the different pH values of the solution studied. Although it 

is true that the intensity of the broad peak at 3276 cm-1 did not vary, the 

intensity of the two peaks at 1635 and 1525 cm-1 decreased with the pH, 

which was more remarkable at pH 6 and 9. In this sense, contact angle 

values in Figure 5.10B show a similar trend, with a lower contact angle 

found at pH 3 compared to the ones obtained at pH 6 and 9, as a 

consequence of a lower protein deposition when the pH is higher than 

the Ip of the protein. 
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Figure 5.10. FTIR profiles, water contact angle measurements and template binding 

results obtained for PCL and PCL/GE scaffolds after performing the MI process varying the 

pH of the template solution (3, 6 or 9) 

 

These results are in accordance with the EDAX and template binding 

results shown in Table 5.8 and Figure 5.10C, respectively. The EDAX 

results show an N content of 2.8 % for the system obtained at pH 3, 

higher than the ca. 1.6 % for the system obtained at pH 6 and 9. Besides, 

protein binding is almost double after performing the cycle at pH 3 

compared to the system conducted at pH 6 and 9. 

Table 5.8. EDAX values obtained for the PCL/GE and PCL systems after the MI 

process varying the pH of the template solution (3, 6 or 9). Values with different letters are 

significantly different (p<0.05) 

EDAX Results (%) 

SYSTEMS 
Stage 3  

[pH 3] 

Stage 3 

[pH 6] 

Stage 3 

[pH 9] 

PCL/GE 2.83a 1.64b 1.54b 

PCL 1.34b 0.80c 0.26d 
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PCL in solution is negatively charged. These results show a better 

interaction between PCL and the protein at pH 3, reinforcing the idea of 

ionic binding between the specific sites formed in PCL and the protein 

(gelatin), which is positively charged at pH 3. 

5.3.5.2. Salting in/out 

The Hofmeister series are formed by different salts with different 

behaviors in solution (Table 5.9). On the one hand, there are salts that 

promote the salting in effect, which is related to the stabilization of a 

solute in solution (i.e. protein molecules) by decreasing the electrostatic 

energy between its molecules. On the other hand, there are salts that 

promote the salting out effect, which consists of the precipitation of a 

molecule (i.e. protein) due to its favourable protein-protein interaction, 

leading to the formation of an aggregate which is no longer soluble.  

Table 5.9. Cationic and anionic Hofmeister series (Arakawa and Timasheff, 1984; 

Hardy et al., 2008) 

Salting out                                                                                       Salting in  

NH4
+ K+ Na+ Li+ Mg+2 Ca+2 Gdn+ 

SO4
-2 PO3

- Acetate- Cl- NO3
- I- SCN- 

 

The influence of the salting in/out effect on the MI process was analysed 

with the addition of different salts (10 mg/mL) in the template solution 

(MgCl2, KPO3, SDS and DMSO). MgCl2 was used to promote the salting 

in effect, whereas KPO3 was used to promote the salting out effect (as 

shown in Table 5.9). In addition, SDS and DMSO were used to study the 

influence of the protein folding and unfolding on the MI process. The 

results obtained when no salts were added, were included as a reference 

(initial study, section 5.1). 
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Figure 5.11. FTIR profiles, water contact angle measurements and template binding 

results obtained for PCL and PCL/GE scaffolds after performing the MI process including 

different salts in the template solution (MgCl2, KPO3, MgCl2+KPO3, SDS and DMSO) 

 

Different considerations can be noted out from the results obtained 

(Figure 5.11). First, the addition of MgCl2 produced an increase in the 

typical protein peaks observed in the FTIR spectra (Figure 5.11A), 

especially remarkable in the broad peak at ca. 3300 cm-1 (3276 cm-1). In 

addition, both the PCL/GE- and PCL neat-based scaffolds presented a 

lower contact angle compared to the reference one (with no salts added) 

(Figure 5.11B). These results show a higher protein rebinding compared 

to the reference system, tested and corroborated with the template 

binding analysis, showing a protein rebinding two times higher than the 
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reference for the PCL/GE system and 1.25 times higher for the PCL neat 

scaffold (Figure 5.11C). In conclusion, the salting in effect (fomented by 

the addition of MgCl2) promoted the protein rebinding, which was more 

remarkable for the PCL/GE system.  

On the other hand, the opposite result occurred when using KPO3 (salting 

out effect). Figure 5.11C showed a decrease in the template binding 

compared to the reference data (28 instead of 45 µg and 9 instead of 18 

µg for the PCL/GE and PCL systems, respectively). These quantitative 

results are corroborated by the decrease observed in the intensity of the 

protein peaks in the FTIR spectrum when including KPO3 to the template 

solution and the increase in the contact angle of both systems (PCL/GE- 

and PCL neat-based), as a consequence of obtaining a more hydrophobic 

system, i.e., with a lower proportion of rebound protein. These results 

could be due to the fact that the salting out effect leads to the aggregation 

of the protein and, therefore, the formation of big aggregates which 

cannot fit in the cavities previously formed. 

The influence of the combination of both effects was also studied by the 

immersion of the scaffolds in a template solution with MgCl2, followed 

by the immersion in another template solution with KPO3. The results 

were called MgCl2+KPO3 and are also shown in Figure 5.11. In general, 

both the FTIR profile and contact angle values obtained are similar to the 

ones obtained with the addition of only MgCl2. This can be verified by 

the template binding results (Figure 5.10C), which have no significantly 

different values from the ones obtained for the salting in effect. In 

conclusion, once the protein rebinding occurs, the addition of salting out 

molecules does not promote the subsequent release of the rebound 

protein. 
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Apart from salting in/out salts, other substances were also evaluated to 

study their influence on the MI process (SDS and DMSO). Considering 

the results obtained in both cases, the contact angle values obtained were 

not significantly different from the values obtained during the salting out 

effect for both the PCL/GE and PCL neat scaffolds. In addition, the FTIR 

profiles show a softening of the characteristic protein peaks, which could 

be due to a lower protein rebinding efficiency. To verify this, the 

template binding was also analyzed, showing results similar to those 

obtained for salting out and, once again, lower ligand binding results 

comparing these values with the reference ones. It can be concluded that 

a similar effect takes place when using substances which promote protein 

unfolding, such as SDS or DMSO (Bhuyan, 2010). Unfolding of the 

protein promotes its aggregation (Azuaga et al., 2002; Jahn and Radford, 

2008) and, subsequently, the formation of big aggregates which cannot 

fit in the template cavities of the target. 

On the other hand, the concentration of the salt can affect the salting 

in/out process (Grundl et al., 2017). In this sense, different 

concentrations of MgCl2 were evaluated to analyze the influence of the 

salt concentration on the salting in/out process. Figure 5.12 shows the 

ligand binding results of PCL/GE and PCL structures under the influence 

of MgCl2 at different concentrations (10, 100 and 1000 mg/mL). No 

significant differences are observed when a small amount of MgCl2 is 

included (10 mg/mL). However, a marked increase is observed when the 

salt concentration is higher (100 mg/mL). Nevertheless, the 

improvement of the template binding is not linear with the salt 

concentration, as can be seen when the salt concentration is 1000 mg/mL 

with a dramatic decrease of the template binding.  
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Figure 5.12. Template binding of PCL/GE and PCL-based scaffolds after performing 

the MI process including MgCl2 at different concentrations in the template solution (0, 10, 

100 and 1000 mg/mL) 

 

These results suggest that there is an optimal salt concentration which 

enhances the salting in effect, whereas an excessive salt concentration 

reverses the process, improving a salting out effect, and thus decreasing 

the ligand binding (Arakawa and Timasheff, 1984). 

5.3.5.3. Target 

Apart from studying the template used, the target was also analysed. 

Different polymers were selected to evaluate the influence of the 

hydrophobicity of the target on the process (Figure 5.13). Specifically, 

for PCL, the higher the molecular weight, the higher its hydrophobicity 

according to the results shown in Chapter 4 (Section 4.3.1, Figure 4.10). 

Therefore, polymers with different hydrophobicity were studied by 

performing the process on PCL with different molecular weight (80; 45 

and 14 kDa). 
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Figure 5.13. Ligand binding of PCL/GE and PCL-based scaffolds using PCL of 

different molecular weights as target (PCL80, PCL45, PCL14) 

 

The differences found in the protein binding were analysed by using a 

ratio comparing the protein rebinding in the polymer neat scaffold (white 

column) and the polymer/gelatin scaffold (striped column). This ratio 

was calculated with the Ligand binding results obtained for the PCL/GE 

and PCL-based scaffolds according to the following equation (Eq. 5.2): 

𝑅𝑎𝑡𝑖𝑜 =  
𝐿𝑖𝑔𝑎𝑛𝑑 𝐵𝑖𝑛𝑑𝑖𝑛𝑔 𝐴 (𝑃𝐶𝐿/𝐺𝐸) 

𝐿𝑖𝑔𝑎𝑛𝑑 𝐵𝑖𝑛𝑑𝑖𝑛𝑔 𝐴 (𝑃𝐶𝐿) 
           (5.2) 

The results are shown in the following table (Table 5.10): 

Table 5.10. Ligand binding ratio between the polymer neat and the polymer+gelatin 

scaffold 

POLYMER PCL80 PCL45 PCL14 

Ratio 3.26 2.79 2.18 
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Conclusion: Protein binding is favored by using hydrophilic polymers:  

PCL14>PCL45>PCL80 

However, according to the ratio included in the previous table, the use of 

a hydrophobic polymer induced significant differences in the MI process 

when carrying out the process with the polymer/gelatin scaffold 

compared to the polymer neat system.  
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5.4 Concluding remarks 

As a general conclusion, the different behaviors shown in this study for 

protein deposition on PCL scaffolds versus scaffolds made with PCL and 

gelatin allowed corroborating that a process of molecular imprinting 

takes place on the latter. In addition, it is an alternative molecular 

imprinting process, since it was carried out with polymeric structures, 

previously processed via electrospinning, instead of using crosslinkers 

and monomers as is traditionally conducted. 

Carrying out the process with different proteins allowed determining the 

high selectivity of the process, since the best results were obtained when 

carrying out the process with the same protein with which it was initially 

blended with PCL (i.e., gelatin). However, good results are obtained by 

carrying out Stage 3 with collagen, with the possibility of using gelatin 

as a dummy template. 

The kinetics of the process was evaluated with different immersion 

times, obtaining a polynomial trend reaching a plateau region after two 

hours, since from that time there was no increase in protein rebinding. 

The study of the efficiency revealed that a decrease in the concentration 

of the template solution results in an enhancement in the overall 

efficiency of the process, but with the disadvantage of the decrease in the 

net amount of rebound protein. In addition, the MI process was tested by 

repeating this process with successive cycles (C1, C2 and C3), obtaining 

similar results, thus discarding the idea of a traditional protein 

deposition. In the same way, when carrying out a new solvent extraction 

after each process, it is possible to verify the reversibility of the process 

by obtaining the same initial systems again. 

On the other hand, the process took place due to ionic interactions 

between both polymers, as demonstrated by the variation in protein 



Chapter 5: (Macro)Molecular Imprinting  

261 

 

rebinding by modifying the pH of the template solution, thus modifying 

the surface charges of the protein. Furthermore, the MI process is shown 

to be favored when using hydrophobic targets and with the addition of 

substances that promote the salting in effect. However, the addition of 

molecules that promote the aggregation of the template (salting out 

effect) led to a worsening of the protein rebinding during the MI process. 

The study of different targets revealed that protein binding is favored by 

using hydrophilic polymers. However, the use of a hydrophobic polymer 

induced significant differences in the MI process when carrying out the 

process with the polymer/gelatin scaffold compared to the polymer neat 

system. 

Consequently, the search for new techniques for the fabrication of 

scaffolds such as the molecular imprinting method opens a new stage in 

the development of scaffolds. The combination with electrospinning, 

apart from having a lower associated cost for the scaffolds, opens up the 

possibility of fine-tuning their properties. All this driving scaffolds to 

have a promising future in Regenerative Medicine and, specifically, in 

Tissue Engineering. 
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6.1 Introduction 

The formation of skeletal muscle tissue in vitro is one of the topics of 

greatest interest in recent years in the field of biomedical research and, 

although great advancements have been made, nowadays, finding the 

optimal biophysical conditions that must be applied in the cellular 

environment is still a challenge (Aghaee-Afshar et al., 2009; Bisson et 

al., 2015; Frudinger et al., 2010; Saihara et al., 2009). 

The nature of musculoskeletal diseases is complex and little known. 

They encompass a wide spectrum of pathologies that affect different 

connective tissues of the skeletal system, including bones, cartilage, 

muscles, tendons and ligaments. Due to the lack of knowledge about the 

etiopathology of many of these diseases, treatment options are limited in 

most cases to the control of their symptoms rather than to their cure or 

prevention (Pimentel et al., 2017). 

The total muscle tissue represents 40% of the human body and its 

structure is greatly adapted to its function, which limits its ability to 

restore itself after damage. The nature of musculoskeletal diseases is 

poorly understood, which restricts the treatment of patients. Therefore, 

the creation of skeletal muscle tissue in vitro is a major topic of current 

interest in the field of biomedical research. 

For the creation of skeletal muscle tissue in vitro, it is necessary to know 

the formation process of its basic structural unit, the skeletal muscle cell, 

also known as muscle fiber. Muscle fibers are grouped in parallel 

(fascicles), with a thickness that varies according to muscle activity; each 

part is surrounded by connective tissue septa with abundant collagen 

fibers, capillaries and nerve fibers (perimysium). Fascicles are grouped 

to form muscles and they are surrounded by a band of irregular dense 

connective tissue with abundant type I and II collagen fibers and elastic 
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fibers called epimysium, which is continuous, with tendons and muscle 

insertions. Through the epimysium, the arteries and nerves penetrate the 

muscles, branching through the perimysium and endomysium to bring 

irrigation and innervation to the muscle fibers (Clark et al., 2002). 

Skeletal muscle cells are cylindrical and very elongated, their size varies 

from 10 to 100 μm and their length varies from 1 to 50 mm. The plasma 

membrane (also called sarcolemma) is surrounded by a basal membrane 

consisting of a basal lamina and a layer of reticular fibers. Each muscle 

cell contains numerous nuclei elongated in the direction of the fiber and 

arranged in its periphery (Paniagua, 2007). 

Efforts have been made to evaluate the effect of scaffold characteristics 

on cellular behavior (Jafari et al., 2017). There are many studies in the 

literature about the use of both artificial and natural polymers in the 

manufacture of scaffolds for biomedical applications. In the case of 

synthetic polymers, it is relatively easy to control the characteristics of 

scaffolds manufactured from synthetic polymers, although this involves 

certain problems related to their immunogenicity and the inflammation 

they cause once they are grafted into the organism (Taylor et al., 1994). 

In addition, nowadays, there are still unsolved challenges in obtaining 

multifunctional scaffolds, mainly related to vascularization, nerve 

regeneration, electromechanical coupling, and structural, mechanical 

and electrophysiological properties that allow for a better contractile 

function of the cells. The main disadvantage, particularly in the 

production of musculoskeletal tissues, is the absence of physiological 

and mechanical stimuli during their formation, which prevents adequate 

cellular regulation and spatial development of the tissue, with the 

consequent decrease in its mechanical quality (Barrère et al., 2008; Lee 

et al., 2001). Furthermore, it has been proved that the culture of cells in 
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2D does not reproduce the anatomy or physiology of a tissue, whereas in 

3D culture in static growth, although it allows the proliferation and 

differentiation in the surface by being in direct contact with the culture 

medium, the cell nucleus becomes hypoxic, and less active or necrotic 

areas appear. Therefore, the current methodology of 3D sowing, instead 

of static growth, uses bioreactors that recreate the proper conditions of 

muscle tissue in vivo, subjecting the seeded scaffold to mechanical 

stimulations that promote more efficient cellular repopulation, 

differentiation and remodeling of the scaffold (Wang et al., 2013). 

Therefore, in order to achieve a greater expansion of cells in culture, thus 

increasing the production of tissue in vitro, as well as an improvement of 

its properties, we propose in this study the introduction of a bioreactor 

that provides these mechanical load stimuli. 
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6.2 Material and methods 

6.2.1. Materials 

Among the scaffolds produced with the different techniques explained in 

the previous sections, the electrospun scaffolds were selected as the most 

promising to perform further biological analysis. 

Therefore, PCL/GE 16/4 scaffolds were selected to carry out the 

biological analysis, assessing the influence of this system with different 

alignments (random, semi-aligned and aligned) on the growth and 

proliferation of skeletal muscle cells. 

6.2.2. Biological study 

Cell culture 

A suitable synergy is necessary between the type of cells used, the 

environment subjected and the architecture and properties of the scaffold 

in order to obtain ex vivo skeletal muscle tissue. The cell lines mostly 

used for the creation of ex vivo muscle tissue were C2C12 (mouse) and 

L6 (rat), obtaining great advances with the latter. 

Thus, cell culture was carried out using Rattus norvegicus skeletal 

muscle cells, cell line L6 (ATCC ® CRL-1458™). Cells were grown in 

Minimum Essential Medium α (MEM α, 12571-063, Gibco), 

supplemented with 10% fetal bovine serum (F7524, Sigma Aldrich) and 

1% streptomycin penicillin (15140-122, Gibco) and they were kept in an 

incubator with controlled temperature and carbon dioxide (37 °C and 5% 

CO2). 

Cell seeding on scaffolds 

The cells were subcultured using 0.05% trypsin / EDTA (25300-062, 

Gibco) when 85-90% confluence was reached. Then, they were planted 

on the scaffolds, which were previously sterilized. Seeding was 
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performed once 10x106 cells were quantified and incorporated in each 

scaffold. The samples were left inside the incubator for 2 hours to allow 

the anchoring of the cells to the scaffold. 

Bioreactor stimulation 

After 2 h in the incubator, the scaffolds were placed in the bioreactor's 

culture chamber. The culture chamber was filled with 45 ml of the 

growth medium, which was replaced after 72h. During the following 48 

hours, in order to allow cells to differentiate in the scaffold, the media 

was replaced with differentiation culture media (MEM α) supplemented 

with 2% horse serum (S0910, Biowest) and 17.8 mM NaHCO3 (S6297, 

Sigma-Aldrich), after washing the scaffold with PBS (phosphate buffer 

saline, L0615, Linus). 

6.2.2.1 “In vitro” evaluation 

When the two weeks of culture were reached, the scaffolds of the in vitro 

studies were extracted from the culture chamber for fixation and 

histological and immunohistochemical evaluation. 

Hematoxylin-Eosin staining (H&E) 

Hematoxylin (GHS316 Hematoxylin Solution, Gill No. 3) and eosin 

(HT110116 500ML: Eosin Y Solution) staining was carried out. In this 

way, blue and purple dyeing of acidic structures such as the cell nucleus 

is achieved, whereas with eosin it is possible to dye the alkaline 

structures pink, such as cellular cytoplasms. 

Immunohistochemical staining (IHC) 

Immunohistochemical staining was performed with the smooth muscle 

actin antibody (Actin, Smooth Muscle (1A4) Mouse Monoclonal 

Antibody, Cell Marque). With this procedure, it is possible to identify 

the protein that has specifically bound to the antibody. The smooth 
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muscle actin antibody was used to detect the muscle cells and determine 

their degree of differentiation. 

6.2.2.2 “In vivo” evaluation 

The scaffolds implanted in the animal model, at the in vivo stage, were 

extracted on the day that the surgical procedure was performed. 

The scaffolds were implanted into female Wistar rats weighing between 

230~280 g. They were anesthetized by intraperitoneal injection of 

Ketamine and Xylazine, at doses of 80 and 10 mg per kg of weight, 

respectively. The puncture was carried out with a hypodermic needle 

(lateral to the midline), close to the vertex of the bladder. All the animals 

were analgesiated with Meloxicam (1mg/Kg every 24 hours) and kept in 

separate cages.  

 

Figure 6.1. Stages of the surgical procedure performed to the rats 
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The first step of the surgery was to perform a perineal amputation of the 

sphincter and rectum complex (Figure 6.1A). After the anorectal 

amputation, the cultured scaffold was placed on the anterior surface of 

the rectum in the form of a hemi-sphincter with two Vicryl 4/0 stitches 

(Figure 6.1B). Finally, a recto-cutaneous anastomosis with Vicryl 4/0 

stitches was performed, reconstructing the natural anal canal orifice 

again (Figures 6.1C and 6.1D). After the surgery, the animals were left 

for 30 days with water and free feed. Once a week they were weighed, 

and the number of bowel movements was counted each week. The 

animals were sacrificed one month after the surgery by injection of 

thiobarbital sodium (diluted in physiological serum) to avoid the pain 

caused by the irritation in the peritoneum, at a dose of 1 mL. During the 

autopsy, the final section of the rectum and the perineum were extracted 

and fixed in 4% formaldehyde to be processed (Figures 6.1E and 6.1F). 

6.2.3. Statistical analysis 

Student´s t-test and one-way analysis of variance (p<0.05) were 

performed using PASW Statistics for Windows (Version 18: SPSS, 

Chicago, IL). Standard deviations were calculated for selected 

parameters.  
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6.3. Results and Discussion 

6.3.1. “In vitro” evaluation 

The in vitro evaluation consisted of studying and analyzing: 

- Cell proliferation, obtained by performing nuclear counting. 

- Cell viability, calculated by estimating the percentage of living 

cells with respect to the areas of necrosis. 

- Cell occupation on the scaffold 

- Degree of differentiation in the scaffolds by analyzing 

immunohistochemical images. 

Hematoxylin-Eosin staining (H&E): 

The images of the H&E staining are shown in Figure 6.2. Figures 6.2A 

and 6.2B show the resulting images for the random system at 10x and 

40x, respectively. It is possible to see foci of necrosis, with indicators of 

cell death such as rounded morphology, eosinophilic cytoplasm and 

retracted and pyknotic nuclei, although generally viable cells with a good 

cell density and cells in different phases of cell division predominate. 

Moreover, it can be observed that it has a lower alignment, 

corresponding to its properties. 

Moreover, Figures 6.2C and 6.2D show the semi-aligned system after 

the staining. Minimal foci of necrosis are observed; the rest are viable 

cells well distributed homogeneously with a good cell density and cells 

in different phases of cell division. 

On the other hand, the images corresponding to the aligned system 

(Figures 6.2E and 6.2F) show viable cells homogeneously distributed; 

however, more foci of necrosis can be seen in different areas. The 

morphology of the cells indicates that there are many of them which are 

in the stage prior to cell death. 
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Figure 6.2. H&E staining images of the different scaffolds processed with different 

alignments: random (A and B), semi-aligned (C and D) and aligned (E and F) at 10x and 

40x, respectively 

 

After analyzing the different images obtained, the nuclear count, cell area 

and occupation were calculated, as well as the cell viability for each type 

of scaffold. The results are summarized below (Table 6.1). Considering 

the results obtained, fiber alignment did not influence cell population or 

occupation. However, improvements were obtained in cell viability and 
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cell area when an intermediate alignment was used (semi-aligned 

systems). 

Table 6.1. Comparative results (cell population, cell viability, cell area and occupation) 

obtained staining image of the different scaffolds processed with different alignments: 

random, semi-aligned and aligned 

 SYSTEMS 
Cell 

Population 

Cell Viability 

(%) 

Cell Area 

(µm2) 

Occupation 

(%) 

Random 1217α 71.7A 23.96a 22I 

Semi-aligned 1220α 86.7B 27.86b 23I 

Aligned 1194α 57.5C 26.59ab 21I 

 

Immunohistochemical staining (IHC): 

Apart from the H&E staining, immunohistochemical staining (IHC) was 

also carried out to study the degree of cell differentiation with smooth 

muscle actin antibody. The results for the three systems evaluated are 

shown in Figure 6.3. 

The results showed that the random scaffold (Figures 6.3A, 6.3A1 and 

6.3A2) had areas where the desired protein is expressed, although very 

scarcely and mostly by the edges of the scaffold. There were few 

fusiform cells, characteristic of myotubules, that may be due to the low 

percentage of alignment, which does not favor the fusion of the cells. 

However, the cells seeded in the semi-aligned scaffolds expressed the 

desired protein, since the actin antibody was recognized. The expression 

of the desired protein was slightly higher in the aligned scaffolds with 

respect to the random system; however, it was similar to that obtained 

for the semi-aligned system. In this case, it predominated at the edges. In 

the images taken at higher magnification (Figures 6.3C1 and 6.3C2), 

some isolated cells with fusiform shaped can be observed. 
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Figure 6.3. IHC staining images of the different scaffolds processed with different 

alignments at 10x: (A) random, (B) semi-aligned and (C) aligned; and at 40x: (A1-A2) 

aligned, (B1-B2) semi-aligned and (C1-C2) aligned 

 

6.3.2. “In vivo” evaluation 

Preliminary analysis: 

First, the mortality was evaluated without noticing any deaths during the 

implant surgery and the postoperative period. In addition, a study of the 

evolution of the weight of the rats and the number of their depositions 

was carried out throughout the experiment to analyze whether the 

implanted scaffold influenced the general health state of the animal. The 

results are shown in Figure 6.4: 
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Figure 6.4. (A) Weight variation and (B) bowel movements of the rats after the surgery 

during the four week-experiment 

 

Figure 6.4A shows the evolution of the weight of the rats during the four 

week-experiment and moments before the final surgery (week 4). The 

weight of the rats remained constant with no significant changes 

throughout the experiment; thus, a dramatic decrease in the weight 

produced by the surgery was not observed. Furthermore, there is a 

correct opening of the anus and of the neo-sphincter from the 

implantation of the scaffold, since there was not a significant drop in the 

bowel movements according to the results shown in Figure 6.4B. 

Macroscopic evaluation: 

First of all, in all the sacrificed rats, the correct healing of the recto-

cutaneous anastomosis and the opening of the neo-sphincter was 

observed (see Figure 6.5): 

 

Figure 6.5. Image evidencing the correct opening of the rat's anus before sacrifice 
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Figure 6.5 shows the correct healing of the recto-cutaneous anastomosis 

and its opening, which was observed in all the sacrificed rats. Thus, anal 

stenosis (narrowing of the anus due to scar tissue in the anal canal, which 

may cause pain and other problems) was not observed. 

Microscopic evaluation: 

At the microscopic level, different variables were studied: 

- Inflammatory reaction: by studying the presence of multinucleated 

giant cells, histiocytes, etc. 

- Location of the scaffold in the histological section and its retraction. 

- Muscular structure creation. 

The histopathological study of all the systems showed chronic 

granulomatous inflammation, with the presence of multinucleated giant 

cells, histiocytes, macrophages, plasma cells and lymphocytes, in a lower 

proportion. This inflammation is characteristic of a reaction to foreign 

bodies, which may be due to the presence of suture wire, both from the 

scaffold and from the recto-cutaneous anastomosis, as can be observed 

in all the samples (see Figure 6.6). 

 

Figure 6.6. Suture with granulomatous chronic inflammatory reaction at two 

magnifications: (A) 10x and (B) 40x 
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However, locating the scaffold could only be possible for the semi-

aligned and aligned systems, as shown in Figure 6.7. However, in none 

of these two systems, or around them, were muscle cells located; only 

the cells corresponding to the inflammatory reaction were found.  

 

Figure 6.7. Histopathologic study of the semi-aligned (A and B) and aligned (C and D) 

systems at two different magnifications (10x and 40x, respectively). Arrows show the scaffold 

and * shows stitches 

 

This is also confirmed by immunohistochemistry (Figure 6.8), showing 

that the scaffold is marked nonspecifically, and the labeled cells are 

inflammatory cells (noticing the absence of muscle cells in the scaffold). 

Necrotic or degenerated cells also show nonspecific staining. By 

histologically analyzing the samples taken from the neo-sphincter, it can 

be considered that the cells involved in the granulomatous inflammatory 

reaction are degrading the material; therefore, these cells have 
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phagocytosed the muscle cells implanted in the scaffold, thus justifying 

their absence. 

 

Figure 6.8. Non-specific immunohistochemistry of rat (A) semi-aligned and (B) aligned 

scaffolds 
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6.4 Concluding remarks 

As a general conclusion, the creation of ex vivo skeletal muscle tissue 

through the use of a bioreactor as well as its perirectal implantation as a 

neo-sphincter were obtained by using PCL/GE 16/4 (4%) electrospun 

scaffolds. 

Fiber alignment did not influence cell proliferation in vitro. However, 

the alignment of the fibers played an important role in cell growth and 

viability. Cell viability and differentiation were promoted to a greater 

extent in the semi-aligned scaffolds as compared to the random and 

aligned scaffolds. 

It was possible to implant the cell-seeded scaffolds in an animal model. 

The implantation of the scaffolds did not produce any anal stenosis in the 

rats and, consequently, no obstructive defecation or weight variation was 

observed. However, chronic granulomatous foreign body inflammation 

was shown in all the systems, together with the absence of muscle cells. 

Future research in this project can be carried out with the improvement 

of the in vitro phase to obtain a more mature muscle tissue prior to 

implantation, which can survive the possible inflammatory reaction of 

the animal. Therefore, the next step will be to carry out tests increasing 

the time of the scaffolds in the bioreactor. 
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