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SUMMARY 

This study is focused on the development of biomaterial inks and bioinks suitable for 3D 

printing technology and their applicability in the field of personalized medicine. Extrusion 

3D printing represents a multidisciplinary technology that is generating high interest in 

healthcare area for tailoring treatments to individual patients. The engineering and 

development of advanced biomaterials with specific rheological characteristics for this 

technology, with biocompatible character and more environmentally friendly, are in the 

spotlight of the pharmaceutical industry. 

In the first place, three commercial polymers such as alginate, an aqueous polyurethane 

dispersion and cellulose nanoentities have been analyzed and characterized. In addition, 

cellulose nanocrystals have been obtained via enzymatic hydrolysis based on a method 

developed in previous studies. These water-based polymeric materials will constitute the 

base of the developed inks, by either mixing the polymers or acting as single-component 

inks. 

After the preparation and rheological characterization of the all single-component and 

multicomponent inks, the 3D printed samples were processed using different techniques 

in order to maintain their three-dimensional structure and thus, obtaining forms with 

either porous or compact structures. These printed samples were characterized for their 

subsequent evaluation as potential drug delivery systems or scaffold materials for tissue 

engineering, among other biomedical applications. 

The inks based on alginate and nanocellulose allowed the addition of different drugs to 

their formulations, creating customizable devices for controlled release. On the other 

hand, bioinks based on alginate and polyurethane containing living cells were developed 

for 3D bioprinting in order to obtain scaffolds with the proper characteristics for neo-

cartilage formation. 

In addition, 3D printed customizable mesh implants for groin hernia repair, made of 

alginate and polyurethane and capable to release antibiotics in situ, were developed. 

 

 

 

 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

RESUMEN 

El presente estudio está enfocado al desarrollo de tintas y biotintas aptas para la 

tecnología de impresión 3D y su aplicabilidad en el campo de la medicina personalizada. 

La ingeniería y desarrollo de materiales avanzados con características reológicas 

específicas para esta tecnología, que resulten respetuosos con el medio ambiente y 

presenten propiedades biocompatibles suponen una gran revolución en el sector de la 

salud. 

En primer lugar, en este trabajo se han analizado y caracterizado tres polímeros 

comerciales como son el alginato, una dispersión acuosa de poliuretano y 

nanoentidades de celulosa. Además, se han obtenido nanocristales de celulosa vía 

hidrólisis enzimática en base a un método desarrollado en estudios anteriores. Dichos 

materiales poliméricos en base acuosa constituyen la base de las tintas desarrolladas, 

bien mediante la mezcla de dichos polímeros entre sí o actuando como tintas 

monocomponente. 

Después de la preparación y caracterización reológica de todas las tintas, las muestras 

impresas en 3D se procesaron mediante diversas técnicas para el correcto 

mantenimiento de su estructura tridimensional obteniendo así piezas con estructuras 

porosas o compactas. Dichas piezas impresas fueron caracterizadas para su posterior 

evaluación como sistemas para liberación de fármacos o soporte para ingeniería de 

tejidos, entre otras aplicaciones biomédicas. 

Las tintas desarrolladas en base a alginato y nanocelulosa permitieron la adicción de 

diferentes fármacos a sus formulaciones, creando dispositivos personalizables mediante 

impresión 3D que permitan su liberación de forma controlada. Por otro lado, se 

desarrollaron biotintas capaces de albergar células en base a alginato y poliuretano, con 

el fin de imprimir un soporte celular con las características idóneas para la formación de 

neo-cartílago articular in situ. 

Además, en este estudio se desarrollaron implantes de mallas personalizables para la 

reparación de hernias inguinales a partir de alginato y poliuretano, capaces de liberar 

antibióticos in situ, mediante la tecnología de impresión 3D.
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 1. Introduction 

1.1. Motivation 

Nowadays medicine is moving towards the employment of customized treatments 

adaptable to individual necessities. The pursuit of these new personalized therapies 

impulses the demand of advanced technologies to cover specific requirements. 

Moreover, the increment of data collection and analysis of individual patients can provide 

precise information to design and develop tailor-made therapies.  

In recent times, three-dimensional (3D) printing technology, also known as additive 

manufacturing, has gained high interest in healthcare due to the ability of fabrication of 

advanced and customizable objects, using non-cytotoxic materials. This versatile 

technique allows the layer-by-layer manufacturing of objects with predefined design, 

made by materials with specific characteristics. Those employed materials not only must 

present biocompatibility, but also ideally they should be extracted or synthesized causing 

the least possible impact on the environment. More concretely, in extrusion 3D printing 

water-based biopolymers are used, which present a suitable atmosphere for the 

integration of living cells and drugs, showing a great potential for biomedical applications. 

The development of suitable materials for this technology is considered as an important 

key question, since the extrusion printing process requires materials, called inks, with 

specific rheological behavior to achieve functional 3D constructs. The inks used for 

extrusion 3D printing are usually composed of water-based biomaterial blends, 

containing multiple components interacting one another to reach the required rheological 

character, but the pursuit of single-component inks has been arousing interest, since the 

presence of one type of material decreases the possibility of adverse reactions in the 

host body. 

Biocompatible 3D constructs or living cellular scaffolds must be modified after being 

printed to retain the shape over a long period and thus, perform the predetermined 

functions. The need of new advanced carriers for controlling drug release focalized in 

specific areas, the pursuit of customizable implants and medical devices, as well as 

smart materials for cell support and tissue regeneration have increased the healthcare 

industry’s interest in extrusion 3D printing technology as an innovative tool to meet the 

high demand of personalized therapies. 

Therefore, in this work, inks suitable for extrusion 3D printing technology have been 

developed from biocompatible and environmentally friendly materials such as alginate, 

waterborne polyurethane dispersion and cellulose nanoentities. These biomaterials were 
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employed either alone or blended to achieve specific rheological properties to be 3D 

printed. Furthermore, customized devices were printed from the developed inks and then 

were tested for controlled drug release, as well as their capacity as supporting materials 

for tissue regeneration, among other medical applications. 

 

1.2. State of the art 

1.2.1. Precision medicine and customized therapies 

In recent times, medicine is moving away from ‘one size fits all’ concept [1]. The 

increasing awareness about individual variation leads to the development of 

personalized therapies adjusted to specific needs and thus, to treat the patient as an 

individual. Clinical treatments are commonly designed for a particular disease, without 

taking into account individual patient requirements or limitations that could lead to 

inadequacy or infectivity of the treatment [2]. The administration of the same active 

compound at the same dosage to different individuals has shown varied responses or 

inefficacy in some cases [2,3]. Moreover, there are even drugs or stablished dosages 

that are harmful to certain groups of people [3], but taking into account individual 

variability it would be possible to predict how a person reacts to a specific treatment and 

design an alternative therapy adapted to particular requirements [4,5]. The common 

observation of patients with apparently the same clinical diagnosis or symptoms often 

exhibit different responses to the same treatment and consequently, they could be 

classified into subgroups and identify which ones will work for them based on their 

individual genetic and environmental predisposition (Figure 1.1) [5].  

Personalized medicine is a field of pharmaceutics that is arousing high importance 

nowadays and consisting in the recompilation of each person’s clinical history data, 

genetics and environmental information and thus, taking into account almost all 

individual sources of variability that might influence the disease treatment and prevention 

[3]. Advances in genomics, metabolomics or proteomic technologies are required for 

data collection, as well as other advanced methodologies are needed to develop 

personalized therapies based on precision medicine. A recent study has reported that 

the market for precision medicine in the European Union (EU) is estimated in 15.8 billion 

dollars, whereas in United States it will be more than 87 billion dollars by the year 2023 

[6], indicating a very high increase in demand for these advanced technologies. 



Chapter 1 

7 
 

 

Figure 1.1 Schematic overview of conventional medicine versus precision medicine. 

 

Engineering and biomedical engineering fields are in charge of the development of 

specific tools that can approach precision therapies and clinical solutions [7]. Some 

examples of the developed engineering tools applied in personalized medicine data 

collection are artificial intelligence and machine learning, being crucial in drug dosage 

determination and other specific analysis for individual patient. Other important 

technologies are related to gene sequencing, gene editing and nanomedicine, but one 

of the most relevant area that is currently arousing high interest in precision medicine is 

the biomaterials’ field [6,7].  

Advanced biomaterials’ research enables the development of innovative product designs 

to target and treat a wide range of diseases [6]. New sophisticated biological and drug 

products will require advanced biomaterial-based devices to deliver them in order to 

obtain the desired effect in target site [6,8]. Biomaterials can play an important role as 

delivery vehicles to control cellular viability or as drug carrier. Additionally, 3D printing 

technology allowed the creation of biomaterial-based devices with complex 

morphologies and structures across many length scales to fit specifically the condition 

defect of the individual patient [9,10]. In healthcare and pharmaceutical industry, 3D 

printing can be employed to produce advanced medical devices to achieve tailored 

treatments and therefore, it shows high potential in the field of personalized medicine 

[11].  
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1.2.2. 3D printing technology in precision medicine  

3D printing technology, formally known as additive manufacturing, consists in the layer-

by-layer deposition of the material, creating complex structures engineered by computer-

aided design (CAD) software, converting those prototypes into real physical objects 

[12,13]. These patterns are automatically transformed in sequential slides, and then a 

computer-controlled translation mechanism moves in X, Y and Z directions based on the 

designed pattern, depositing the material to fabricate objects in a succession of layers 

[14–16]. This technology was first introduced in 1980 and its use has increased 

significantly in recent years in industrial applications as well as in conventional every day, 

creating high socioeconomic impact [14,17]. In the medical sector, the 3D printing market 

size was valued at over 1.7 billion dollars in 2020 and is estimated to expand between 

2021 and 2027 expecting to reach 7.1 billion dollars by then due to the high demand for 

customized 3D printed devices and implants [18]. According to Global Market Insights, 

in 2020 the percentage of 3D printing in health industry was 40 % and 30 % in North 

America and Europe, respectively, but the tendency is changing and the increment in 

Asian and Latin American regions are notably [18]. 

There are several types of 3D printers depending on physical and chemical 

characteristics of the employed materials and the industrial application of the obtained 

object [19]. One of the most employed is Fused Deposition Modelling (FDM) that consists 

in the fabrication layer-by layer of 3D structures by melting filaments made of pure 

thermoplastic polymers or a combination of different polymeric materials [13]. A printer-

heated head melts the filament and deposits the material in a plane surface, cooling 

down rapidly and thus retaining the shape with high-resolution [14,20]. This technology 

is also used in pharmaceutical and healthcare industries [21,22], but the most employed 

and promising 3D printing method in precision medicine and biomedical field is extrusion 

3D printing of biomaterials [23,24]. 

 

1.2.2.1. Extrusion 3D printing technology 

Syringe extrusion 3D printing technology, also known as Direct Ink Writing (DIW), refers 

to the fabrication of complex 3D structures using semi-solid materials with specific 

rheological properties that could be extruded through nozzle and recover its shape 

afterwards [19]. The mechanism of this extrusion-based printer is similar to that 

explained previously for FDM, switching the printer-heating head for a syringe containing 

the material. This semi-solid material is pushed by a mechanical or pneumatic piston that 

applies enough force to extrude the material through a needle or nozzle, located in the 
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tip of the syringe. The material is progressively deposited on a bed or in a Petri dish, 

depositing the layers on top of one another, building the CAD prototype (Figure 1.2) 

[19,20]. The controlling system of the equipment automatically calculates the force, the 

amount of material needed and the number of layers depending on parameters such as 

printing speed, the diameter of the nozzle and the dimensions of the CAD model. 

 

Figure 1.2. Images of an extrusion 3D printer. From CAD model to material extrusion process. 

 

Syringe based technology occupied more than 40 % of the market share in 2020 and it 

is expected to triplicate its impact by the year 2027. One of the factors that influences 

this high market demand is the field of 3D bioprinting, which is expected to continue 

growing in the coming years, due to the healthcare and the pharmaceutical industry[18]. 

Indeed, Khaled et al. [25] carried out studies in which syringe extrusion 3D printing was 

employed as a tool for the manufacturing of polypills for the release of different drugs to 

treat type II diabetes, while Kolesky et al. [26] developed 3D printed constructs for the 

biofabrication of artificial vasculature for organs and tissues, demonstrating that this 

technology currently represents an emerging tool for healthcare industry. 

 

1.2.2.2. Bioinks and biomaterial inks 

The materials employed in extrusion 3D printing technology are known as inks, and they 

have to present specific rheological characteristics to achieve a suitable printing 

performance [27–29]. Inks used in the field of 3D printing for medical applications should 

be classified as bioinks, if they contain living cells dispersed in a water-based biomaterial, 
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and if the material does not carry living cells they are known as biomaterial ink [19,30]. 

Bioinks are commonly employed in 3D bioprinting for tissue regeneration applications 

[31] while biomaterial inks, which can contain drugs in their formulation [9], are often 

employed for advanced drug delivery [32]. This biomaterial inks can also be employed 

as scaffolds for the support of living cells seeded afterwards [33] (Figure 1.3). 

 

Figure 1.3. Graphical representation of bioink and biomaterial ink concepts and their main 

characteristics. 

 

These bioinks and biomaterial inks are usually composed by polymeric biomaterials 

specifically developed to avoid cytotoxicity and undesirable inflammatory reactions from 

host body [34,35]. The employed biomaterials can be extracted from natural sources [36] 

or synthesized from different monomers [37], showing biocompatibility properties in all 

cases [38]. Some examples of the naturally occurring biomaterials are chitosan, 

hyaluronic acid (HA), alginate, cellulose, collagen, starch, gelatin or even extra cellular 

matrix (ECM) components [24,39]. Synthesized biomaterials such as poly-lactic-co-

glycolic acid (PLGA), polyethylene glycol (PEG), acrylic copolymers based on 

poly(acrylate co-ethyl-methacrylic acid), known commercially as Eudragit ® [40], and 

polyurethane (PU) are also widely employed in extrusion 3D printing [9,37]. Regulatory 

agencies such as Food and Drug Administration (FDA) and European Medicines Agency 

(EMA) must approve their use in pharmaceutical and healthcare industries [41,42]. In 

1989, the FDA approved the use of PLGA as injectable drug carrier [43] and recently HA 

and collagen as soft tissue fillers [41].  
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- Rheological properties 

Extrusion efficiency and shape fidelity quality are highly dependent on rheological 

properties of the bioinks and biomaterial inks and therefore a careful design of the 

materials is required [35,44,45].  

Rheological properties such as viscosity, yield stress, yield point and elastic modulus 

should be evaluated to determine the printing characteristics of the inks [45,46]. Bioinks 

and biomaterial inks for extrusion based 3D printing technology must present viscoelastic 

properties [47], shear thinning behavior and appropriate viscosity to form continuous and 

smooth filaments [46,48]. Besides, those inks have to show rapid viscosity recovery after 

passing through the nozzle to ensure shape fidelity of the printed samples [49], as well 

as enough elastic behavior to prevent structure collapse after printing [50].  

During extrusion, the material behaves as a laminar fluid, showing resistance to flow 

under the application of a shear stress [51]. This resistance depends on the viscosity, 

which higher values usually implies high printing fidelity and shape accuracy [48]. 

However, high viscosity also gives rise to increased shear stress when the material 

passes through the nozzle, that in the case of bioinks containing cells can compromise 

their viability [52,53]. The main characteristics that determine the viscosity of inks are the 

molecular weight of the polymer and the concentration of their solutions [54]. 

Viscosity is defined as the ratio between the shear stress and the velocity gradient 

perpendicular to the plane of shear, called shear rate [51,55]. Fluids showing a linear 

relationship between the two are classified as Newtonian, whereas those that display 

deviations from linearity are known as non-Newtonian fluids [56]. Non-Newtonian fluids 

can be classified into pseudoplastic or dilatant [57,58]. Pseudoplastic behavior, also 

known as shear-thinning, displays a decrease of the shear stress as the shear rate 

increases, which will result in a decrease of viscosity [51]. Shear-thinning is the most 

common non-Newtonian fluid behavior that materials exhibit in extrusion 3D printing [59]. 

Dilatant behavior or shear-thickening typically shows an increase in viscosity, i.e. an 

increase in shear stress as the shear rate increases [60].  

The assessment of the viscosity under a shear rate increment by means of rotational 

rheometry can provide information on the shear-thinning behavior [61] of the bioinks and 

biomaterial inks and thus, predict their printability window and allow the establishment of 

important printing parameters such as proper printing speed or nozzle diameter [36,45]. 

Mathematical models can approach experimental shear-thinning results to ideal material 

behavior [62,63]. There are several mathematical models to adjust experimental profiles, 

but power-law model is the most employed for non-Newtonian fluids [64] due to its 
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versatility to explain Newtonian, pseudoplastic and dilatant behaviors depending on their 

flow behavior index or n value [65,66], as it can be observed in Figure 1.4. 

 

Figure 1.4. Representation of the different material flow behaviors and mathematical power-law 

model. 

 

In extrusion 3D printing, shear-thinning behavior can be traduced in high initial viscosity 

at zero shear rate, when the bioink or biomaterial ink is placed into the syringe. 

Afterwards, the viscosity should decrease at high shear rates, when the material is 

passing through the nozzle. At this step, the material should flow with the minimal 

resistance, particularly in the presence of cells [29,45]. Finally, in a third stage, the 

viscosity must increase almost until initial values, recovering the structure when the 

shear rate is stopped after extrusion and thus, contributing to hold the printed shape 

[19,46,49] (Figure 1.5). It has been widely observed that higher initial viscosity values of 

the material demonstrate less possibility to structural collapse after printing [67,68]. On 

the other hand, the assessment of flow behavior index (n) and flow consistency index 

(K) from power-law adjustments of the different inks will help to predict their properties 

and suitability for extrusion-based 3D printing technology [69,70]. After extrusion, when 

the ink has been deposited on the surface, the internal forces of the material should 

oppose to collapse, showing elastic properties and consequently holding the printed 

shape [19,73].  
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Figure 1.5. Schematic representation of inks behavior during 3D printing process. 

 

Viscoelasticity is a property of the material that shows elastic behavior and viscous flow, 

which can be described by two parameters [74,75]. The storage modulus, also related 

to the elastic modulus and represented by G’, is a parameter that represents the amount 

of energy stored by the material after the application of a stress [76] and therefore, it is 

related to its shape retention after 3D printing [77,78]. The loss modulus, also named 

viscous modulus and denoted by G’’, represents the amount of energy dissipated by the 

material [76] and thus, this characteristic is related to viscous flow of the bioinks and 

biomaterial inks. 

Shape fidelity and extrudability can also be correlated with yield stress and yield point, 

as well as with G’ values [19,79]. Yield stress is defined as the pressure that has to be 

exceeded for starting the material flow [48,80]. It depends on the number and the 

strength of existing interactions between the molecules in the ink, which provides internal 

resistance to deformations and shape changes. For a proper material extrusion, the 

internal network should be broken under certain shear stress application, reaching the 

critical yield stress value and, hence, starting the flow [48]. Achieving this critical yield 

stress value is required for the viscosity to start to decrease. However, applied shear 

stress should be enough to reach the yield point stress value [45], which is defined as 

the stress value at the crossover point between G’ and G’’. According to the literature, it 

is the force needed for extrusion [81], allowing material flow through the nozzle. Storage 

modulus values are also an indicative of the amount of interactions among the polymer 

chains within the bioink or biomaterial ink [82]. The higher storage modulus, the higher 



Introduction 

14 
 

stiffness due to the presence of a highly structured network into the material, which will 

be traduced in shape retention [46,48]. Chen et al. [83] reported G’ values from 1150 to 

6909 Pa with a yield stress from 32 to 455 Pa and yield point values from 140 to 722 Pa 

for starch based inks suitable for extrusion 3D printing.  

Bioinks or biomaterial inks presenting suitable initial viscosity, yield stress, yield point 

values and high elastic properties will show proper filament formation and material 

deposition on a surface after extrusion [19,84], being able to support their own weight 

and the subsequent layers on top achieving thus, proper-extrusion properties (Figure 

1.6) [29]. 

 

Figure 1.6. Schematic representation of extrusion performance and correlation with rheological 

properties of the inks. 
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Extrudability properties can be tested by the evaluation of filament uniformity in planar 

surfaces. Semi quantitative evaluation, based on the circularity of printed filaments and 

shape fidelity, was recently introduced by the printability index concept (Pr) [85]. When 

the inks present proper-extrusion properties the disposition of the deposited filaments 

present perfect square shape when filaments form 90 º and thus, Pr index is 1. On the 

contrary, bioinks or biomaterial inks that present low initial viscosity and loss modulus 

values higher than storage modulus under an increment of shear stress present under-

extrusion properties [36]. This will be traduced in droplet formation after extrusion due to 

the material liquid state and collapse of the printed structure, presenting Pr index < 1 

with circular and rounded shape when filament are deposited with an angle of 90 º. 

Finally, inks with high G’ values, high yield stress and yield point values present 

difficulties to flow through the nozzle, or even can cause nozzle obstruction. In this case, 

the amount of molecular interactions within the material is such that the shear stress 

applied by the 3D printer system is not sufficient to overcome yield point value. This 

phenomenon is known as over-extrusion properties and it can be traduced as irregular 

filament formation presenting Pr values > 1 and unsuitable material deposition, which 

derives in imprecise shape reproduction [14,29,86]. 

Storage modulus and loss modulus of the bioinks and biomaterial inks are also typically 

assessed as a function of the frequency and deformation [46]. Those experiments 

provide information about the material behavior under oscillatory sweep measurements. 

The ratio between viscous modulus and elastic modulus (G’’/G’) as the angular velocity 

increases is known as loss tangent or tan δ [87], and it is related to printing resolution. 

When low tan δ values are measured, the material produces regular extrusion filaments 

indicating solid-like behavior while as tan δ values increase, the uniformity of the 

extrusion filaments is disrupted, forming droplets and showing liquid-like behavior [47]. 

Gao et al. [47] reported values of tan δ in the range of 0.25 to 0.45 for a suitable 3D 

printing performance of alginate-gelatin based inks, while Mazzocchi et al. [88] reported 

tan δ ranges from 0.29 to 0.33 for thiolated HA bioinks. 

Rheological parameters of the bioinks and biomaterial inks are important to establish the 

proper printability window depending on employed biomaterials and their possible 

application field after 3D printing [45,70]. For the development of bioinks, which 

containing living cells, the rheological parameters should present enough viscosity and 

viscoelasticity to be successfully extruded and retain the desired shape, without 

compromising cell integrity [52,92,93]. However, biomaterial inks cover a wider 

printability window in which printing parameters and consequently, rheological properties 

are more flexible. As it can be observed in Table 1.1, initial viscosities in the range of 



Introduction 

16 
 

103 Pa·s are adequate to show good printability as well as G’ values in the range of 103 

Pa and tan δ values of 0.2. However, these printability windows often depend on the 

solid content and the amount of interactions between the biopolymer chains present in 

the inks [94]. 

Table 1.1. Summary of rheological properties and printability window of suitable bioinks and 

biomaterial inks found in the literature. 

Bioink / 

Biomaterial 

ink 

Viscosity 

Pa·s 

n 

 

K 

(Pa·sn) 

G’ 

(Pa) 

Yield 

stress 

(Pa) 

Yield 

point 

(Pa) 

Tan δ 

 

Ref. 

Alginate-

gelatin 

- - - - - - 0.25-0.45 [47] 

Starch-based - - - 1.103-

7·103 

32-

455 

140-

722 

- [81] 

GO-Alginate 4·103 0.35 360 - - - - [72] 

PU- cell laden - - - 4·103 - - - [89] 

Alginate-

cellulose cell-

laden 

1·104 - - 3·103 - - 0.2 [90] 

Alginate-

cellulose 

5·103 0.39 787 - - - - [71] 

Alginate-

cellulose 

1.5·103 - - 4·103 - - 0.15 [49] 

Gelatin 

methacryloyl- 

gellan gum 

cell-laden 

1·103 - - - 48.2 - - [86] 

PU-cellulose 5·103 0.18 335 3·103 94 1·103 0.2 [91] 

 

- Inks composition 

Bioinks and biomaterial inks employed in extrusion 3D printing are mainly composed of 

polymeric biomaterials that present a great capacity to be suspended in aqueous 

solutions [95,96]. Water-based polymeric systems that compose bioinks should present 

flexibility, providing a suitable niche to host living cells [31]. However, this extra flexibility 

can give rise to problems for achieving functional 3D printing constructs [97]. Those 

constructs occasionally do not present suitable mechanical characteristics to retain the 
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printed shape for a long period and therefore, post-printing modifications such as freeze-

drying or crosslinking are needed to overcome these challenges [98,99]. Freeze-drying 

technique is commonly used after 3D printing of water-based biomaterial inks in order to 

retain accurately the printed shape, creating nanoporous structures. This technique 

consists in the elimination of water from the 3D printed samples directly by sublimation, 

preserving the original dimensions and obtaining porous structures [100,101]. Besides, 

these porous structures show great swelling capacity, which can facilitate not only the 

release of many drugs and molecules of interest, but also enable the growth and 

proliferation of seeded cells into the porous matrix [100,102]. Crosslinking processes 

allow either the transformation of the polymer suspension into a gel-like structure or the 

stabilization of the printed shape, modifying their physicochemical characteristics 

[97,103]. The presence of specific chemical groups in the polymer structure enables the 

formation of a high viscosity gel-like material that could be maintained for a longer 

periods with the aid of crosslinking agents. Those crosslinking agents normally are small 

molecules that stablish covalent or non-covalent bonds among polymer chains [104].  

Bioinks and biomaterial inks can be either single-component or multicomponent. 

Generally, single-component inks show poor viscosity and viscoelasticity to be correctly 

printed and retain the printed shape [105] and consequently, the mixture with other 

biopolymers that present larger molecular weight or nanoentities that interact with the 

polymeric structure can improve their rheological properties [106,107]. Multicomponent 

inks are composed of different polymeric systems that interacts one another by means 

of the entanglement of their polymer chains, or by the establishment of either physical or 

chemical interactions among their molecules [107,108]. Multicomponent inks widely 

employed for 3D printing technology are based on alginate blends [109,110]. Alginate 

water suspensions usually present poor viscoelastic characteristics to retain the printed 

shape, but when they are mixed with other high molecular weight biopolymers such as 

gelatin, HA or collagen, their rheological properties are adequate [111–113]. Moreover, 

the addition of nanoparticles to the alginate suspensions, either natural or synthetic, 

enables the modification of their rheological characteristics and therefore, expands their 

printability window [36,49,71].  

Alginate is widely employed in extrusion 3D printing technology for biomedical 

applications due to its great capacity to form hydrogels and its biocompatible character 

that provides a suitable environment for cell proliferation [102,109]. Alginate is commonly 

extracted from the cell wall of some brown algae species such as Laminaria hyperborea, 

Macrocystis pyrifera or Ascophyllum nodosum [114], or it can also be obtained via 

bacterial synthesis from bacteria of Pseudomonas and Azotobacter genera [115]. This 
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biopolymer is composed of large chains of linear unbranched polysaccharides containing 

different amounts of 1,4′-linked β-D-mannuronic acid (M) and α-L-guluronic acid (G) 

subunits [116,117]. The chemical composition and the M/G sequence may vary widely 

between algae species and even among the different parts of the algae [118]. The ratio 

between M and G subunits influences their physicochemical properties, since alginate 

chains containing majority of G blocks provide stiffer structural conformations [118] while 

M blocks predominance shows high flexibility of the chains [119]. The large content of 

hydroxyl groups (-OH) along the whole polysaccharide structure allows the formation of 

hydrogen bonds among those hydroxyl groups and the water molecules and thus, its 

suspension in aqueous media [120,121]. All M and G subunits present in their structure 

a carboxyl group (-COOH) that can establish ionic interactions with cations. The bond 

between two carboxyl groups from alginate chains with a single divalent cation forms 

egg-box structures that promote the creation of a strong gel-like network, with higher 

affinity for G subunits than M [118,122,123]. Ca2+ ions are widely employed as 

crosslinker agent of alginate-based bioinks and biomaterial inks after 3D printing to retain 

the printed shape for a longer period [36,124] (Figure 1.7).  

 

Figure 1.7. Representation of M-M-M and G-G-G blocks of alginate and graphical 

representation of Ca2+ crosslinking process: formation of the egg-box structure when Ca2+ ions 

are added to an alginate solution. 

 

Other water-based polymers that are also widely used in extrusion-based 3D printing 

technology due to their suitable characteristics are waterborne polyurethanes. 

Polyurethanes (PU) are synthetic polymers commonly used for biomedical purposes due 

to its excellent biocompatibility as well as its great physical and mechanical properties. 
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Polyurethane family present tensile strength, large elasticity, and biocompatible 

character, characteristics that imitate successfully natural tissue mechanics. Therefore,  

they are widely employed as scaffolds for tissue engineering applications such as 

cartilage regeneration [125,126]. Besides, PUs are also used for manufacturing of 

medical devices and surgical instrumentation such as catheters, intra-aortic and gastric 

balloons or as a coating for breast implants, among others [127]. However, PUs are 

commonly synthetized using organic solvents, and the presence of those residual solvent 

in the final product can derive in a cytotoxic material. The recent development of 

waterborne polyurethane (WBPU) dispersions has created an environmentally friendly 

material in which organic solvents are replaced by water, overcoming possible cytotoxic 

reactions [128,129].  

PUs and WBPU dispersions as well, are usually composed by two main blocks: the soft-

segment, which is formed by a polyol, and the hard-segment that generally is composed 

by an isocyanate and a chain extender consisting on a low molecular weight diol. 

Besides, a covalently attached molecule containing ionic groups such as carboxylic, 

sulfonate, or quaternary ammonium salt, is incorporated as an emulsifier component. By 

this way, the hydrophilic character of the ionic groups allows the dispersion of the 

polyurethane in water enclosing the hydrophobic part in the core and thus, forming stable 

polyurethane nanoparticles (Figure 1.8) [129–132].  

WBPU dispersions usually present strength and flexibility related to the hard and soft 

segments, respectively, as well as a structure with regular particle sizes, which allow the 

maintenance of the dispersion over time [129,132]. WBPU dispersions present other 

positive characteristics such as the combination of high solid content and high molecular 

weight with low viscosity [133]. Moreover, the presence of carboxylic groups in the outer 

part of the particle structure allow the crosslinking in the presence of divalent cations 

such as Ca2+ or Mg2+, forming ionic interactions among the carboxylic groups from 

different particles and thus creating a 3D stiff network [134]. 

All of these characteristics make biodegradable WBPU dispersions good candidates for 

the manufacture of medical devices using extrusion 3D printing technology. Besides, 

non-degradable WBPU are also demanded in personalized medicine depending if the 

scaffold or implant requires to remain into human body for long time, performing a 

specific function [135]. WBPU can form part of the bioinks and biomaterial inks blended 

with other polymers such as sodium alginate, gelatin or HA that provide an increase of 

the viscosity of the neat WBPU dispersion [89,126,134]. 
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Figure 1.8. Schematic representation of WBPU dispersion structure: from basic components to 

particle formation. Ca2+ ion crosslinking among particles forming a high-organized network. 

 

In reported studies carried out by Hung et al. [125], a WBPU dispersion was blended 

with hyaluronan at 2 wt. %, achieving an increase in the viscosity of the neat WBPU 

dispersion from 2.5 Pa·s to 10.2 Pa·s at 1 s-1, and showing at 100 s-1 a viscosity of 2.7 

Pa·s, and hence, shear-thinning behavior. In another work also reported by Hung et al. 

[128] a WBPU dispersion was mixed with polyethylene oxide (PEO) in a proper 

concentration among 22 and 26 wt. % to increase the viscosity at rest, achieving suitable 

printability. 

Another common polymer employed in extrusion 3D printing for pharmaceutical and 

medical applications is cellulose. Cellulose is a natural biopolymer present in the cellular 
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wall of all plant cells performing a structural function and therefore, is one of the most 

abundant polymers on earth. It is commonly extracted from different wood species, but 

also it can be extracted from some species of bacteria, tunicates and algae [136]. Diverse 

cellulose forms such as cellulose nanoentities and functionalized cellulose structures are 

widely employed in the biomedical and pharmaceutical industry due to their 

biocompatible and biodegradable character [137,138]. 

Cellulose structure consists in long polysaccharide chains composed of D-

glucose subunits linked by β-(1-4)-glycosidic bonds [139]. The hydrogen bonds formed 

between hydroxyl groups and oxygen from the different chains stabilizes the linkage 

among the different subunits and results in a linear structural configuration. Hydrogen 

bonds can also be formed among the hydroxyl groups from cellulose chains and water 

molecules, stabilizing the structure in aqueous environments.  

Cellulose is widely known for its role as a reinforcement in different composites due to 

its great mechanical properties provided by a high crystalline structure [140,141], 

reporting Young’s Modulus values up to 50 to 70 GPa and tensile strength values from 

600 to 1200 MPa for cellulose nanofibers papers [142]. Cellulose fibers are composed 

by macrofibers, microfibers and elementary fibrils, which have specific regions that 

present highly ordered cellulose parts (crystalline) and other regions showing disordered 

structures, known as amorphous regions (Figure 1.9) [136,143].  

 

 

Figure 1.9. Schematic representation of cellulose structure, CNC and CNF obtaining process 

from wood. 
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Those elementary fibrils from cellulose pulp can be individualized by mechanical 

treatment, chemical oxidation or enzymatic treatment, giving rise to cellulose nanofibers 

(CNF) presenting sizes from 3 to 50 nm in diameter and from 0.5 to 2 μm in length, 

depending on the treatment intensity. Furthermore, treatments with strong acids such as 

sulfuric acid can hydrolyze the amorphous regions, producing the isolation of short 

rigid cellulose nanocrystals (CNC) with sizes from 5 to 20 nm in diameter and lengths 

among 100-200 nm [142,144,145]. However, those acid treatments can compromise the 

biocompatible character as well as the structural integrity of the cellulose by the 

incorporation of sulfate groups into CNC structure and providing high solubility in water. 

On the contrary, enzymatic hydrolysis processes to obtain CNCs have demonstrated to 

be less aggressive and thus, their biocompatible properties remaining unchanged [146–

148]. In addition to being more environmentally friendly compared to acidic processes, 

the enzymatic hydrolysis process usually results in a higher polymerization degree of 

cellulose and consequently, in nanoentities with higher lengths, compared to those 

obtained by sulfuric acid hydrolysis. Endoglucanases are a type of enzymes that attack 

specifically in the amorphous regions in a random way, resulting in nanofibers in the 

crystalline form entwined with fibers in amorphous phase [149]. 

CNC and CNF are usually employed as rheological modifier and reinforcement of bioinks 

and biomaterial inks, improving viscosity and viscoelastic properties of multiple 

biomaterial blends [124,150]. Cellulose nanoentities normally do not present suitable 

properties to be single printed and therefore, they are typically blended with high 

molecular weight polymers that present inappropriate rheological characteristics, such 

as SA, HA, chitosan or WBPU dispersions, achieving inks with suitable characteristics 

for extrusion 3D printing technology. The nanoentities are just entangled within the long 

chains of the polymers or even establish hydrogen bonds among the hydroxyl groups 

from cellulose and other hydroxyl groups from the polymers, forming a complex network 

[71,151,152]. In a recent study carried out by Vadillo et al. [91] a biomaterial ink was 

developed by adding 0.5 wt. % of CNC to a WBPU dispersion, which increased the 

viscosity of the initial WBPU from 3·103 to 1·104 Pa·s, as well as the G’ from 1·103 to 

3·103 Pa was developed. 

 

1.2.3. Applications of extrusion 3D printed scaffolds in precision medicine 

Extrusion 3D printing technology has experienced a marked increment on healthcare 

field in recent times. Medical applications, involving extrusion 3D printed constructions, 

are an advantage over conventional therapies, including the development of 

personalized prostheses, implants and surgical models, as well as advanced drug 
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delivery carriers or customizable scaffolds for tissue engineering (Figure 1.10). These 

are some of the principal technological advantages of healthcare 3D printing, enhancing 

the industry progression of this advanced technology [153,154]. 

 

Figure 1.10. Schematic overview of the principal applications of extrusion 3D printing 

technology in precision medicine: From mesh implants for skin and surgical models of vertebra 

to scaffolds for bone regeneration and drug delivery carriers. 

 

1.2.3.1. Personalized prostheses, implants and surgical models 

The manufacturing of implants and prostheses by 3D printing technology has recently 

caused a great impact in the area of medical devices, satisfying the high demand for 

personalized therapies. 3D printing enables the manufacture of tailor-made products that 

cover individual needs depending on patient anatomy and condition [155,156].  

The design and manufacturing of 3D printing medical implants and prostheses commonly 

start from digital images obtained by computed tomography (CT) or magnetic resonance 

imaging (MRI) from a specific injury or area of a patient. CAD technology recreates the 

3D prototype using the images previously obtained and the tailor-made structures are 

fabricated layer by layer directed by the 3D printer system, following the specific CAD 

design [157,158]. 

The capacity to produce rapidly customized implants and prostheses through 3D printing 

overcomes persistent problems in orthopedics and surgery, providing implants that 

match site-specific mechanical and physical properties [156]. New orthopedic devices 

such as nylon meshes presenting lightweight, durability and water resistant properties 
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[159], medical instruments and devices such as nylon-based uretic stents and 

laparoscopic trocars, as well as personalized surgical implants for vaginal tissue 

reinforcement [160] have been successfully manufactured and developed through 3D 

printing. Those are great examples of how 3D printing technology can specifically cover 

and satisfy the market of personalized implants.  

Moreover, surgical model structures from individual patients are highly demanded for 

diagnosis and treatment support [161]. The use of 3D printing models enables accurate 

diagnosis, a better evaluation and analysis of the injury, as well as the proper 

visualization of patient specific organ anatomy or defect. The use of these models during 

the preoperative planning increases the amount of information of the characteristics of a 

specific organ or anatomical area, reducing possible complications during surgery 

[156,162]. An example of this application is the 3D printing orbital models to be used in 

surgical procedures to help and recognize anatomical landmarks and thus, allow the 

accurate fixation of the required implant due to the difficulty of skull area visualization 

[163]. 

 

1.2.3.2. Carriers for drug delivery 

Pharmaceutical industry is one of the principal fields in which personalized therapies are 

demanded. Solid oral dosage forms such as tablets or capsules are most recommended 

pharmaceutical products. However, those items occasionally do not have the desired 

positive effect or present negative effects in determined population groups. Pediatric 

population group usually require specific dose that varies according to the age and body 

weight of children, whereas large amount of different drugs are administrated for geriatric 

group population on a daily basis. Besides, both groups commonly present swallowing 

difficulties of conventional tablets [154,164]. Polypharmacy can be an alternative to 

traditional oral dosage forms by means of the development of poly-pills fabricated 

according to specific patient necessities using 3D printing technology [165]. Active 

pharmaceutical ingredients (API) and drugs are commonly incorporated and stabilized 

into the biomaterial inks before being 3D printed and thus, oral dosage forms can be 

designed to release the required dose for each patient [166]. It was concluded that 

customized 3D printed tablets containing a combination of the different drugs with the 

required individual dose are more accurate and safe for advanced age populations [154]. 

The 3D printing tablets containing one or more APIs with different properties can present 

different dissolution profiles in physiological media. Precise control over the release 

behavior of the APIs can be achieved depending on the selected materials to carry the 
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drugs, but also by the design of a specific geometry and internal structure of the printed 

tablet [156,167]. Internal structure modification processes are usually carried out after 

3D printing of the constructs by means of post-printing processes [99]. These post-

printing processes not only modulate the release pattern of the drugs but also stabilize 

the obtained 3D shape after printing.  

Although solid oral dosage forms have been the most widely studied, 3D printing is also 

used to fabricate transdermal drug delivery systems in order to achieve a focalized 

release in a specific area [168,169]. This could be beneficial for the improvement of 

hydrophobic drug release in target site. Hydrophobic drugs usually present issues related 

to pharmacokinetics and bioavailability due to their low solubility in physiological 

conditions [170]. The fabrication of customizable drug carriers or patches for the 

localized release of hydrophobic drugs by means of encapsulation and stabilization into 

the biomaterial inks could be a form to overcome bioavailability problems [171,172]. 

 

1.2.3.3. Scaffolds for tissue engineering 

Tissue regeneration field is focused on the development of new techniques to repair, 

regenerate and replace damaged tissues and organs, as well as the creation of in vitro 

3D tissue models for better understanding of tissue ingrowth, broad visualization of a 

different disease stages and as a non-invasive tool for testing new drugs and cosmetic 

products [96,173]. 

The manufacturing of suitable 3D biological environments enabling cell-cell interactions 

and recreating the natural biological niches needed for suitable tissue ingrowth can be 

achieved through extrusion 3D printing technology. 3D bioprinting is the most popular 

technology for this complex application due to its low cost, high customization degree 

and capacity to print a wide range of biocompatible smart materials containing living cells 

and biological molecules into accurately designed constructs, which will provide 

structural support for the newly formed tissue [96,105,174]. The employed cells for this 

application can come from different sources, including established cell lines, primary cell 

cultures from individual patients or even stem cells. Successful tissue regeneration 

strongly depends on the interactions between cells and the cells with scaffold and 

therefore, the selected biomaterials should enable essential biological functions such as 

cell adhesion and migration, the diffusion of nutrients, oxygen and secreted products, as 

well as sufficient mechanical support over time [175,176]. Furthermore, in some cases, 

scaffolds should remain for a long period or degrade depending on the clinical scenario, 
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and therefore this is another important factor to keep in mind at the time of scaffold 

design. 

Multilayer scaffold design enables to repair complex tissues such as skin, cartilage or 

bone, which have a high thickness and heterogeneous composition, a major challenge 

for monolayer scaffolds until now [177]. Moreover, the multilayer scaffold geometry 

influences a wide range of aspects such as porosity, mechanical properties and 

biological cell performance [178]. The obtained geometry of the scaffolds is determined 

by the position and orientation of the deposited filaments, and therefore, the space and 

direction among filaments will result in a broad range of pore sizes. Effective pore 

interconnection is an essential requirement to enable nutrient and oxygen transport to 

the cells and thus, scaffold design and geometry are the key factors to ensure tissue 

ingrowth [179,180].  

In precision medicine, not only scaffolds should be designed according to better scenario 

for cell proliferation, but also in base of the damaged zone or specific injury from an 

individual patient [181]. Extrusion 3D printing technology enables a high grade of 

customization, fabricating constructs that match with the shape of damaged area 

providing a suitable biological environment for tissue ingrowth. Therefore, this 

technology is a key tool to enable faster solutions for tissue replacement in regenerative 

medicine [154,173,181]. 

 

1.3. General objectives 

The main objective of this work has been the development of biomaterial inks and bioinks 

with suitable characteristics for extrusion 3D printing technology, as well as the 

subsequent analysis of the 3D printed constructs for their potential use in precision 

medicine as drug delivery carriers, customizable implants and scaffolds for tissue 

engineering. For that purpose, different alginate/WBPU/cellulose biomaterial blends 

were developed varying their solid contents on the ink formulations. Moreover, two 

single-component inks made of crosslinked alginate and enzymatically obtained CNCs 

(EnCNCs), respectively, were also developed and characterized. After the development 

and characterization of both inks and 3D printed scaffolds, their potential applications in 

precision medicine and biomedical field were also studied in each case. 

Therefore, after a brief introduction to the state of the art of the principal topics of this 

work in Chapter 1, the specifications of the materials and reactants employed, as well as 

the full methodologies and techniques have been well described in Chapter 2. From this 

point, the work was divided as follows: 
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- In Chapter 3, the alginate, WBPU dispersion and the CNF employed throughout 

the study have been well characterized. Besides, the obtaining process of 

EnCNCs was also described. 

- In Chapter 4, single-component inks from either alginate with different 

crosslinking degrees or EnCNCs with different solid contents were developed. 

The different inks and the suitable 3D printed constructs have been well 

characterized. Moreover, the potential biomedical applications of the printed 

scaffolds are tested. 

- In Chapter 5, different alginate-CNF biomaterial inks with different CNF contents 

have been developed and characterized for extrusion 3D printing. The suitable 

inks were loaded with hydrophobic and/or hydrophilic drug models, and the 

subsequent 3D printed constructs were tested as tablets for controlled drug 

delivery. 

- In Chapter 6, different alginate contents were added to WBPU dispersion to 

create five different biomaterial inks. 3D printed meshes have been created and 

their potential use as customizable implants for groin hernia repair was evaluated 

through mechanical and morphological analyses. Besides, the most promising 

ink was loaded with antibiotic for local release. 

- In Chapter 7, five different A-WBPU blends were developed as bioinks for 

cartilage tissue regeneration applications. The rheological properties as well as 

the encapsulation and viability of the cells into the bioinks has been studied. The 

selected bioinks were 3D printed and the synthesis of specific cartilage molecules 

into the scaffolds was evaluated.  
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 2. Materials and methods 

2.1. Aim of the chapter 

In this chapter, the materials employed for the development of the bioinks and 

biomaterial inks as well as the material needed for the isolation of enzymatic cellulose 

nanocrystals (EnCNC) are described. All methodology and equipment used for the 

characterization of the materials, 3D printing process and the characterization of the 

printed scaffolds, as well as the techniques employed to test the applications of these 

samples are well explained. 

 

2.2. Materials 

Medium viscosity alginate from brown algae (A2033) was purchased from Sigma-Aldrich. 

Commercial anionic aliphatic polyester-polyurethane waterborne dispersion (WBPU, 

Impraperm® DL 3746 XP) with a solid content of 40 % was kindly provided from 

Covestro. Cellulose nanofibers (CNF, Lot. 9004-34-6) were bought from Maine 

University (USA). Di-hydrated calcium chloride (CaCl2·2H2O, >99%) was purchased from 

Sigma-Aldrich. Commercial PBS tablets (Phosphate Buffer Saline) at pH = 7.4, were 

purchased from PanReac. For EnCNC isolation, Whatman® filter paper was employed 

as a substrate. For drug delivery applications, curcumin from Curcuma longa (Turmeric, 

purity >65%) was acquired from Sigma-Aldrich. Chloramphenicol powder (C11H12Cl2N2O5 

purity ≥ 98%) was purchased from Sigma Aldrich. A commercial polypropylene hernia 

mesh was kindly donated for research. 

The described materials were blended or processed alone to be employed as biomaterial 

inks or bioinks. All developed formulations are described and summarized in Table 2.1. 

Table 2.1. Summary of the principal components of the developed bioinks/biomaterial inks. 

Bioink/Biomaterial 

ink formulation 

Components 

A-Ca Alginate, calcium chloride 

EnCNC Enzymatic cellulose nanocrystals 

A-CNF Alginate, cellulose nanofibers 

A-CNF-cur Alginate, cellulose nanofibers, curcumin 

A-CNF-clph Alginate, cellulose nanofibers, chloramphenicol 

A-CNF-cur-clph Alginate, cellulose nanofibers, curcumin, chloramphenicol 

A-WBPU Alginate, waterborne polyurethane 

A-WBPU+Ca Alginate, waterborne polyurethane, calcium chloride coating 
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2.3. Methods 

2.3.1. Materials characterization 

2.3.1.1. Dispersion characterization 

- Solid content 

Solid content of WBPU dispersion and EnCNC obtained slurry was determined by a 

general gravimetric method according to UNE-EN ISO 638 normative. In brief, 2mL of 

material dispersion were added in a glass recipient previously weighted. Then, the 

material + recipient were weighted and introduced in an oven at 100 ºC overnight in order 

to guarantee all water elimination from the samples. After the drying process and 

subsequent room temperature equilibration, the glass recipients with the dried samples 

were weighted again and the solid content was calculated subtracting the recipient 

weight. These measurements were carried out at least in triplicate. 

 

- Particle size 

Particle size from WBPU dispersion and polydispersity were measured by dynamic light 

scattering (DLS), using a BI-200SM goniometer from Brookhaven. The intensity of 

dispersed light was measured with the aid of a luminous source of He-Ne laser (Mini L-

30, wavelength 637 nm, 400 mW) and the detector (BI–APD) located on a rotary arm 

that allows the measurement of the light intensity at 90º. Samples were prepared by 

diluting a drop of WBPU dispersion into distilled water. All measurements were 

performed at room temperature in triplicate.   

 

- Dispersion stability 

The stability of the WBPU dispersion was evaluated by zeta potential measurements. 

The Zetasizer Ultra equipment (Malvern Panalytical) was employed for this 

measurement. The zeta potential of the dispersion was measured by applying an electric 

field across the sample. Particles with zeta potential will be displaced toward the 

electrode of the opposite charge with a proportional speed of the zeta potential 

magnitude and thus, determining the stability of the dispersion. 

 

- pH 

The pH of the WBPU dispersion was measured in triplicate with a pH meter COND50 

VIOLAB, calibrated with pH 4.00 and 7.00 buffer solution standards. 
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2.3.1.2. Morphological characterization  

- Atomic force microscopy (AFM) 

AFM in tapping mode was used to characterize the morphology of the CNF and EnCNC, 

using a Nanoscope III scanning probe microscope (Multimode TM Digital instruments) 

with an integrated force generated by cantilever/silicon probes, applying a resonance 

frequency of about 180 kHz. The cantilever had a tip radius of 5–10 nm and was 125 nm 

long. Samples were prepared by spin-coating technique using P6700 Spin-coater at 

2000 rpm for 120 s. A droplet from a CNF and EnCNC suspension of 0.01 wt. % was 

deposited on mica substrates. 

 

2.3.1.3. Physicochemical characterization  

- Molecular weight 

The molecular weight of alginate was obtained from intrinsic viscosity measurements. 

Different alginate concentrations (from 5·10-3 g·mL-1 to 6.25·10-4 g·mL-1) in NaCl 0.1 M 

were prepared in order to calculate relative viscosity of alginate at 25 ºC, using a capillary 

viscometer in a water bath. The relative and the reduced viscosity values were obtained 

and from them intrinsic viscosity was calculated [1]. Then, the molecular weight of the 

alginate was calculated using viscometric equation described as follows [2,3]: 

                                                          [η] = Kv · MAv                                              (Eq. 1) 

Where [η] is the intrinsic viscosity and M is the molecular weight of the biopolymer. For 

alginate derived from brown algae dissolved in NaCl 0.1 M viscosimetric constants of Kv 

and Av of 7.3·10-3 cm3/g and 0.92, respectively, were used [3]. 

 

- Fourier transform infrared spectroscopy (FTIR) 

The characteristic functional groups of alginate, WBPU, CNF, and EnCNC were 

analyzed by FTIR using a Nicolet Nexus spectrophotometer in attenuated total reflection 

(ATR) mode with a Specac MKII Golden Gate accessory with a diamond crystal at a 

nominal incidence angle of 45º and ZnSe lens. Spectra were recorded between 4000 

and 500 cm-1 and 32 scans, with a resolution of 4 cm-1. 

 

- Carbon nuclear magnetic resonance (13C NMR) 

13C NMR spectrum of CNF was recorded with an Advance Bruker equipped with BBO z-

gradient probe. Experimental conditions were 125.5 MHz, number of scans 14000, 
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spectral window 25000 Hz with a recovery delay of 2 sec. The solvent employed for all 

experiments was deuterated H2O. 

 

- X-Ray diffraction (XRD) 

Crystallinity of CNF was determined by XRD using a Philips X’pert PRO automatic 

diffractometer performing at 40 kV and 40 mA, in theta-theta configuration, a secondary 

monochromator with Cu-Kα radiation (λ = 1.5418 Å) and a PIXcel solid state detector 

(active length in 2θ 3.347º). Data were obtained from 2θ = 5 to 75º (step size 0.026 and 

time per step 80 s) at room temperature. A fixed divergence and antiscattering slit were 

used to provide a constant volume of sample illumination. In order to calculate 

crystallinity index, Segal equation [4] was used: 

Crystallinity index (%) = 
(I200 – Iam)

I200
·100                             (Eq. 2) 

where I200 corresponds to the intensity of crystalline peak and Iam is referred to the 

intensity of the amorphous peak. 

 

2.3.1.4. Thermal characterization 

- Thermogravimetric analysis (TGA) 

Thermal stability of alginate, WBPU, CNF and EnCNC was performed by TGA using a 

Mettler Toledo TGA/DSC 3+ instrument. Samples of 2-3 mg were heated from 25 to 800 

°C at a heating rate of 10 °C·min-1 in nitrogen atmosphere to prevent thermoxidative 

degradation. The initial degradation temperature (T0) was calculated as temperature at 

which the weight loss was 5 %. The maximum degradation temperature (Td) was 

calculated as the minimum of the degradation peak in the derivative curve. 

 

- Differential scanning calorimetry (DSC) 

Thermal properties of WBPU, curcumin, chloramphenicol, A-CNF matrix and A-Ca based 

inks were studied by DSC, using a Mettler Toledo DSC 3+ equipment, provided with a 

robotic arm and an electric intracooler. Aluminum pan containing sample with a weight 

of 5–10 mg was heated from -75 to 250 °C for WBPU at a scanning rate of 10 °C·min-1 

in nitrogen atmosphere. The glass transition temperature was determined as the 

inflection point of the heat capacity change, whereas the short range order-disorder 

transition and enthalpy were established as the temperature of the maximum and the 
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area of the endothermic peak. Curcumin, chloramphenicol and A-CNF loaded and 

unloaded samples were heated from 0 to 200 ºC at 10 ºC·min-1, whereas A-Ca based 

inks were heated from 25 to 300 ºC at 10 ºC·min-1. 

 

2.3.1.5. Mechanical characterization 

Tensile tests of alginate and WBPU films was performed using an INSTRON 5967 testing 

machine provided with a 500 N load cell and pneumatic clamps to grip the samples. 

Young’s Modulus, stress at yield, stress at break and strain at break were calculated 

from stress-strain curves. Five tests were carried out for each material and average 

values were calculated and collected. All samples were cut with a pneumatic die in 2.75 

mm in width, 0.5 mm in thickness and 10 mm in length and then were tested at a speed 

of 20 mm·min-1 at room temperature. 

 

2.3.1.6. Rheological characterization 

Rheological measurements of employed materials and bioinks/biomaterial inks were 

performed using a Haake Viscotester iQ Rheometer (Thermo Scientific) at 25 ºC in a 35 

mm parallel plate-plate geometry with a gap of 1 mm using 1 mL of sample for viscosity 

under steady shear rate in rotary mode, viscosity recovery and oscillatory stress sweep 

assays. Coaxial cylinders geometry with a piston radius of 12.54 mm and a ring gap of 

1 mm at 25 ºC was used for WBPU viscosity measurements, while oscillatory stress 

assays for this material were carried out using a 60 mm cone-plate geometry of 2º with 

a gap of 0.1 mm at 25 ºC. Ares G2 Rheometer (TA Instruments) was employed for 

oscillatory strain sweep and frequency sweep tests, using 25 mm parallel plate-plate 

geometry with a gap of 1.5 mm among them and 0.5 mL of sample. All measurements 

were performed in triplicate. 

All viscosity flow analyses were previously equilibrated during 40 seconds at a constant 

shear rate of 0.2 s-1, and then viscosity data from 0.2 s-1 to 100 s-1 were collected. 

Experimental results of viscosity test were compared to power-law model described as 

follows: 

                                                                η =K·(γ̇)
n-1

                                            (Eq. 3) 

where η is the viscosity of the ink (Pa·s), K is the consistency coefficient (Pa·sn), �̇� is the 

shear rate (s-1) and n is the power-law index (dimensionless). 
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Viscosity recovery measurements of the A-CNF based inks, drug-loaded A-CNF based 

inks and A-WBPU based inks, samples were carried out by submitting the sample to 

different consecutive shear rates. The first at 0.2 s-1 during 100 seconds, then a shear 

rate ranging from 10 to 100 s-1 (agreeing with printing conditions in each case) for 100 

seconds, and finally, a step of 0.2 s-1 for the last 100 seconds and the recovery 

percentages at the end of the experiment were calculated using the software RheoWin 

Data Manager. In the case of A-Ca based inks, EnCNC inks and A-WBPU bioinks, 

samples were subjected to a shear rate sequence of 0.2 s-1 during 40 seconds, then a 

shear rate ranging from 10 to 50 s-1 (agreeing with printing conditions in each study) for 

20 seconds, and a final step at 0.2 s-1 for the last 60 seconds.  Recovery percentages 

after 20 seconds and 60 seconds were calculated using RheoWin Data Manager. 

Oscillatory stress sweep tests from all the developed inks were performed during an 

increase of shear stress from 10 to 2000 Pa at a constant frequency of 1 Hz. Storage 

modulus (G’) and loss modulus (G’’) variations were measured.  

Linear Viscoelastic Range (LVR) was determined from strain sweep tests working at 1 

Hz between 0.01 and 100 % of strain for each ink. Oscillatory frequency sweep 

measurements were performed in the LVR, at 1 % of strain from 0.1 to 100 Hz for A-

CNF based inks and drug-loaded A-CNF based inks, and at 1% of strain from 0.1 to 10 

Hz for A-Ca based inks and EnCNC inks. 

 

2.3.2. Extrusion 3D printing and bioprinting 

Samples of A-CNF based inks, drug-loaded A-CNF inks and A-WBPU inks with different 

shapes and sizes were printed with a Voladora 3D printer (Tumaker, S.L. Spain) which 

has been modified for layer-by-layer syringe extrusion printing. The modification of the 

printer consists in the replacement of the FDM head for a mechanical piston able to move 

the embolus of a syringe, allowing the extrusion of the material through a needle in X 

and Y directions. All inks were 3D printed at room temperature, with a speed of 4 mm s-

1 through a 5 mL plastic syringe of 12.4 mm in diameter with a needle of 0.8 mm in 

diameter at a constant pressure controlled by the printer software. 

A-CNF samples were printed in a dog bone shape of 45 mm in length and 3 mm in height 

and in cylinders of 15 mm in diameter and 10 or 5 mm in height. A-CNF-cur samples 

were printed in a prism shape of 25x25x4 mm3, whereas A-CNF-clph samples were 

printed in cylinders of 20 mm in diameter and 8 mm in height. Cylinders of 12 mm in 

diameter and 8 mm in height and prism shape of 15x15x4 mm3 were chosen for A-CNF-
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cur-clph ink formulation. CAD mesh model of 50x58x0.65 mm with holds in hexagonal 

shape of 2.8 mm in diameter was chosen for A-WBPU inks. 

Samples of A-Ca based inks, EnCNC inks and A-WBPU bioinks were 3D printed using 

a REGEMAT 3D printer, with a constant pressure controlled by the software according 

to printing speed. A-Ca and EnCNC inks were 3D printed using the same printing 

conditions than for previous samples while A-WBPU bioinks were 3D printed at room 

temperature at a velocity of 2 mm·s-1 through a 5 mL plastic syringe of 12.4 mm in 

diameter with a nozzle of 0.4 mm. 

A-Ca inks were 3D printed in cylinder shape of 10 mm in diameter and 5 mm in height, 

while EnCNC were 3D printed in dog bone shape of 45 mm in length and 3 mm in height 

and cylinders of 10 mm in diameter and 5 mm in height. A-WBPU bioinks were 3D printed 

in mesh-cylinder shape of 10 mm in diameter and 1.5 mm in height with a square hole 

shape of 1.5x1.5 mm. 

 

2.3.2.1. Printability test 

Printability (Pr) assays were performed to evaluate gelation conditions of A-Ca based 

inks and proper solid content of EnCNC formulations. A square shape mesh of 

20x20x0.65 mm with square holes of 3x3 mm was 3D printed at a speed of 3 mm·s-1. 

ImageJ software was used in order to measure the perimeter and area of each square 

hole, and  Pr was calculated using the following equation [5]: 

                                                           Pr = 
L

2

16·A
                                          (Eq. 4) 

where L is the perimeter of the square shape holes while A represents the area of the 

holes. Pr values lower than 1 means under-gelation and poor accuracy on shape 

reproduction, Pr= 1 means proper-gelation and suitable accuracy and finally Pr values 

higher than 1 means over-gelation and unsuitable accuracy due to poor interconnection 

between layers. 

 

2.3.2.2. Post-printing processes 

- Freeze-drying 

The freeze-drying process of scaffolds after 3D printing was carried out using a Telstar 

LyoQuest equipment. The samples were previously frozen at -20 ºC for at least 2 hours 

and then were placed into the lyophilizer cabinet with conditions of 0.1 mbar of vacuum 

pressure and -80 ºC during 24-48 h to achieve an optimal freeze-drying process.  
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- Ca2+ crosslinking 

Ca2+ crosslinking process from 3D printed samples was carried out immersing the 

scaffolds in a CaCl2 solution. Drug loaded A-CNF scaffolds were soaked into a 0.5 M 

solution of CaCl2 during 4 h and then dried at room temperature for one week. A-WBPU 

meshes were coated with a Ca2+ ion crosslinking layer by soaking the air-dried A-WBPU 

meshes into a CaCl2 0.2 M solution during 24 hours. Then, the meshes were oven-dried 

(80 ºC) during 2 hours to ensure the complete water elimination. A-WBPU cell-laden 

scaffolds were immersed in 0.1 M CaCl2 sterile solution during 5 min immediately after 

3D printing to preserve the architecture of the samples during culture process. 

 

2.3.3. Characterization of the scaffolds 

2.3.3.1. Morphological characterization 

- Dimensions characterization of the samples 

Dimensions of the post-printed scaffolds and meshes were measured using a caliper 

and a micrometer. Thickness and pore size of the A-WBPU 3D printed air-dried meshes 

and commercial PP mesh were also measured, as well as the specific weight of the 

meshes that was calculated as the weight (g) divided by the area of the sample (m2), 

neglecting the thickness [6,7].  

 

- Scanning electron microscopy (SEM) 

Morphology (surface and cross section) of the scaffolds was analyzed by SEM. Freeze-

dried A-CNF scaffolds were analyzed using a FEI ESEM Quanta 200 microscope 

operating at 5-20 kV. Freeze-dried and Ca2+ crosslinked/air-dried A-CNF-cur-clph were 

analyzed using a Hitachi S-4800 microscope with a cold field emission electron source 

for high resolution, operating from 0.5 to 30 kV accelerating voltage with a resolution of 

1 nm at 15 kV and 1.4 nm at 1 kV. A-WBPU chondrocyte-laden scaffolds were analyzed 

using a TM3030Plus (Hitachi High-Technologies) equipment, operating at 15 kV. These 

scaffolds were firstly processed for this technique through incubation with a solution of 4 

% of paraformaldehyde in PBS during 20 min for cell fixation and then they were 

immersed in a sequentially ethanol solutions (from 50 to 100 %) during 15-20 min in each 

in order to dehydrate the cells. Finally, the samples were incubated for 15-20 min in 

hexametyldisilazane (HMDS) to dry completely the scaffolds. Dried samples were coated 

with gold using a SC7620 Mini Sputter Coater before morphological analysis. 
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- Confocal microscopy 

Human embryonic kidney cell line (HEK239) cells from A-CNF, A-Ca and EnCNC 

scaffolds were observed using a Zeiss 710 confocal laser scanning microscope. The 

presence of cells were evaluated in fluorescence using 4′,6-diamidino-2-phenylindole 

(DAPI) staining for the viewing of cell nucleus at the range of blue and green light spectra 

(λ=400 - 550 nm) using an UV lamp, performing multilayer analysis from the base to the 

surface of the seeded scaffolds. 

LIVE/DEAD experiments from A-WBPU+Ca meshes were evaluated using the confocal 

microscope Olympus LV500 and fluorescence images were taken at a magnitude of 10x. 

Living cells were identified in the green fluorescence spectrum (calcein: λ = 495-515 nm) 

and dead cells were observed in red fluorescence spectrum (propidium iodide: λ = 535-

617 nm). 

 

2.3.3.2. Mechanical characterization 

- Tensile tests 

Uniaxial tensile tests of the 3D printed A-WBPU meshes and the commercial PP meshes 

were carried out using an INSTRON 5967 with a load cell of 30 kN. Samples of air-dried 

meshes from all compositions, as well as the commercial PP meshes were cut in 

rectangular pieces of 30 mm in length and 10 mm in width. Samples were vertically 

clamped between the two grips with a distance of 10 mm and force-displacement assays 

were performed at a speed of 20 mm·min-1. Tensile stiffness was calculated from the 

linear part of elastic region in load-displacement curves [7,8]. Breaking force was 

determined as the maximum load (N) per width (cm) of tested sample [6,9]. Elastic limit 

was calculated from force-elongation curves using the 0.2 % offset method [10] and 

elastic elongation was measured from the force-elongation curves as the percentage 

change in length at the end of the elastic region (elastic limit) divided by its initial length 

[7]. 

- Compression tests 

Mechanical properties of A-CNF based (n=5), A-Ca (n=3) based and EnCNC (n=3) 

freeze-dried cylindrical scaffolds were evaluated by compression tests using an 

INSTRON 5967 with a load cell of 30 kN at a speed of 5 mm·min-1. Tests of A-CNF based 

scaffolds were performed up to 80 % of strain while A-Ca based and EnCNC were 

performed up to 90 %. Compressive modulus, calculated from the slope of the stress-

strain curve in the elastic region, compressive strength, calculated as the maximum 
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stress value at the maximum compressive strain, and densification strain, calculated as 

the strain value at the intersection point between the lines of stress plateau and 

densification were determined from stress-stain curves. 

 

2.3.3.3. Water absorption and in vitro scaffolds disintegration 

Water absorption, also called swelling degree, was studied by a general gravimetric 

method. The samples were introduced in PBS solution (pH 7.4) at 37 ºC and the swelling 

behavior was evaluated by weighting swollen samples at different time intervals of 30 

min, 1, 2, 4, 6, and 24 hours. Three samples from each time point were tested to check 

the repeatability of the analysis. Swelling degree (SD) was calculated as follows: 

 SD (%) = (
Ws-Wi

Wi
) ·100 (Eq. 5) 

where Ws represents the weight of swollen samples and Wi represents the weight of 

initial freeze-dried scaffold. Equilibrium was considered at 24 hours. 

The swollen samples were then freeze-dried and weighted again in order to calculate 

the disintegration degree of the scaffolds along the experiment, following the next 

equation: 

                        Disintegration degree (%) = 100 - (
Wd

Wi
·100)                    (Eq. 6) 

where Wd is the weight of the freeze-dried samples at different times and Wi is the initial 

weight. 

To quantify the in vitro degradation of the A-WBPU meshes and CaCl2 coated A-WBPU 

meshes over time, small pieces of the original meshes were weighted, and introduced 

into a PBS solution and stored at 37 ºC during 21 days. At predetermined times, the 

samples were collected, washed twice with distilled water to remove the impurities and 

then they were weighted again after an oven-drying process to ensure all water removal. 

 

2.3.4. Biomedical applications 

2.3.4.1. Drug delivery 

- Drug solubility determination 

Solubility determination assays of curcumin and chloramphenicol were performed in 

water, PBS (pH 7.4) and ethanol. Standard calibration curves were prepared from 

dissolutions with known concentrations of the drugs in different solvents using the UV-
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VIS-NIR Shimadzu 3600 spectrophotometer. Absorbance of curcumin solutions from 

0.025 to 2.5 mg·mL-1 were determined in water and in PBS with a maximum absorbance 

wavelength of 430 nm, while absorbance of curcumin in ethanol (from 0 to 0.025 mg·mL-

1) was determined at a maximum wavelength of 426 nm.  Chloramphenicol absorbance 

was calculated in water from solutions of 0.025 to 2.5 mg·mL-1 and in PBS from solutions 

of 0 to 0.125 mg·mL-1 at an absorption wavelength maximum of 278 nm, while the 

absorbance in ethanol solutions of 0.001 to 0.125 mg·mL-1 was determined at a 

maximum wavelength of 273 nm. To determine the solubility of drugs in water, PBS and 

ethanol, saturated solutions were prepared by adding an excessive content of drug to 

each solvent, and then the mixtures were sonicated for 2 h. The saturated solutions were 

incubated at 37 ºC for 48 h with constant stirring of 150 rpm until reaching the equilibrium. 

The equilibrated solutions were centrifuged at 2500 rpm during 5 min to remove the 

excess of drug and then measured using UV-VIS-NIR equipment at predetermined 

absorption wavelengths maximum for each solvent. 

 

- In vitro drug delivery tests 

Drug release experiments were carried out in vitro conditions (PBS pH= 7.4, 37 ºC with 

constant stirring). To quantify the amount of released curcumin from A-CNF-cur 

scaffolds, freeze-dried (n=3) and Ca2+ crosslinked/air-dried (n=3) samples were 

weighted and then soaked in 40 mL of PBS solution. Due to the low solubility of curcumin 

in aqueous media, the drug amount released was evaluated based on protocol proposed 

by Sanoj Rejinol et al. [11]. In brief, at predetermined time points, 40 mL of PBS medium 

containing the released drug were removed and centrifuged for 30 min at 14000 rpm, 

and 40 mL of fresh PBS at 37 ºC were added to the glass containing the sample to 

continue the release experiment. After the centrifugation step, the PBS (liquid phase) 

was discarded while the solid phase containing the A-CNF matrix and the non-dissolved 

curcumin was resuspended in 15 mL of ethanol (96 %). The amount of released curcumin 

at each time point was determined at room temperature using UV-VIS-NIR 

spectrophotometer by comparing the absorbance at λ= 426 nm with the standard curve 

with known concentrations of curcumin dissolved in ethanol, as follows [12]: 

                                               Drug release (%) = 
[Mr]

[Mt]
·100                                   (Eq. 7) 

where [Mr] is the concentration of drug released at each time interval and [Mt] is the total 

amount of drug present in the scaffold. 
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The quantification of chloramphenicol release was also performed in vitro conditions.  

Freeze-dried (n=2) and Ca2+ crosslinked/air-dried scaffolds (n=2) of A-CNF-clph were 

weighted and introduced in 40 mL of PBS solution at 37°C with constant stirring. At each 

time point, 10 μL of PBS medium were collected from the release experiment and then 

diluted in 990 μL of fresh PBS. The resulted dilution was measured at room temperature 

using UV-VIS-NIR spectrophotometer to determine the amount of released 

chloramphenicol by comparing the absorbance at λ= 278 nm with the prepared standard 

curve of known chloramphenicol concentrations diluted in PBS applying Eq. 7. 

To evaluate the release of curcumin and chloramphenicol simultaneously from A-CNF-

cur-clph freeze-dried (n=2) and Ca2+ crosslinked/air-dried (n=2) scaffolds, samples were 

first weighted and introduced in 30 mL of PBS. At each time interval, PBS was discarded 

and replaced by fresh one, as previously. Removed PBS was centrifuged for 30 min at 

14000 rpm, the supernatant was collected and diluted 1:100 in fresh PBS to measure 

the dissolved chloramphenicol concentration by UV-VIS-NIR, following the method 

described above. The solid pellet containing A-CNF matrix and curcumin was diluted in 

12 mL of ethanol (96 %) enabling the measurement of curcumin by UV-VIS-NIR 

equipment at room temperature, as previously. The sink conditions were maintained 

along the whole experiment [13].  

Chloramphenicol release from antibiotic-loaded A-WBPU+Ca meshes (n=3), A-Ca (n=3) 

and EnCNC (n=3) samples was also evaluated in vitro (PBS, 37 ºC, constant stirring), 

following the same method described above for chloramphenicol release experiments. 

The measurements were carried out using UV-VIS-NIR (Shimadzu 3600) equipment and 

the quantification of the delivered chloramphenicol was calculated using Eq. 7. 

 

2.3.4.2. Tissue engineering 

- In vitro cell cultures 

HEK293 cell line was a kind gift of Dra. María Muñoz Caffarel. The cells were defrosted 

at passage 4 and expanded in vitro at 37 ºC, 5 % of CO2, replacing the culture medium 

every 72 h. Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10 % of fetal 

bovine serum (FBS) and 1 % (100 U·mL-1) of penicillin-streptomycin (Pen/Strep) 

composed the culture media for this cell line. The freeze-dried A-CNF (n= 3), A-Ca (n=9) 

and EnCNC (n=9) scaffolds were transferred into a 24 well plate after sterilization 

process, carried out by UV light inside the laminar flow hood for 3 h, with no evidence of 

scaffold damage. After sterilization process HEK cells at passage 15 were trypsinized, 

counted and seeded on the scaffolds at a density of 2·105 cells per sample. Besides, 
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2·105 cells were seeded in an empty well in monolayer as a control. The culture medium 

was replaced every 72 h and the scaffolds were harvested at time points of 0 (6 h), 7, 14 

and 21 days, except of A-CNF scaffolds that were harvested after 7 days of culture. The 

presence and proliferation rate of the cells into the scaffolds and controls were monitored 

by staining the nucleus with DAPI solution (5 mg·mL-1) diluted in PBS (1:2000), after 

washing twice the scaffolds with PBS. DAPI-stained cells were observed after 10 min of 

incubation using a confocal laser-scanning microscope. 

Murine teratocarcinoma derived chondrogenic cell line (ATDC5) were defrosted at a 

passage 15 and cultured under in vitro conditions of 37 ºC and 5 % of CO2 at a density 

of 10,000 cell·cm2 in maintenance media formed by Dulbecco's Modified Eagle Medium: 

Nutrient Mixture F-12 (DMEM:F-12) supplemented with 5 % FBS and 1 % of Pen/Strep. 

The cells were expanded changing the culture medium every 48 h until reaching over 

than 80 % of confluence. Afterwards, the cells were thrypsinized and counted before 

added to the A-WBPU bioinks at a density of 2·106 cells per milliliter of material. After 3D 

printing and CaCl2 crosslinking process, A-WBPU (n=60) scaffolds were placed in 6 well 

plates and then were cultured in maintenance media. Moreover, other 24 scaffolds from 

each formulation were also cultured in differentiation media composed by DMEM:F-12 

supplemented with 5 % of FBS, 1 % Pen/Strep, 100 μg·mL-1 insulin transferrin selenium 

(ITS) and 0.2 mM L-Ascorbic acid-2-phosphate. The scaffolds were harvested after 24 

hours, 14 and 28 days of in vitro culture for further analysis. 

 

- Cytotoxicity tests  

o Short-term cytotoxicity test  

The extractive method for film materials (ISO 10993−11:2009) was employed to measure 

the cytotoxicity of the WBPU film. For this assay, murine fibroblasts (L929 cells) were 

seeded into 96-well plate at a density of 4×103 cells per well with 100 μL of complete 

culture medium composed by DMEM supplemented with 10 % FBS and 1 % Pen/Strep. 

After 24 h of culture, the medium was replaced with 100 μL of negative control (complete 

medium), positive control containing 10 % of dimethyl sulfoxide (DMSO) in complete 

medium and extractive medium previously cultured with the biomaterial during 24 h. A 

10 % of PrestoBlue®, which is a resazurin-based solution that indicates cell viability, was 

added to each well and the optical density was measured at 570 and 600 nm with a 

spectrophotometer at time points of 0, 24, 48 and 72 h. The viability of the cells was 

calculated following the Eq. 8.  
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                                               Viability (%) = 
[A]sample

[A]control
·100                                  (Eq. 8) 

where [A]sample is the absorbance of the sample cells and [A]control is the absorbance 

of the negative control. All assays were performed in triplicate. 

 

o Lactate dehydrogenase (LDH) release cytotoxicity test 

LDH release quantification was performed to evaluate the effect of cell encapsulation 

into the A-WBPU bioinks. The measurement of LDH content into the culture media is a 

well indicator of cell damage and cytotoxicity of the employed materials. The LDH release 

analysis was performed using the culture media of encapsulated cells on the A-WBPU 

bioinks by means of CyQUANT™ LDH Cytotoxicity Assay Kit. The amount of LDH 

released in the culture media can be quantified by a series of coupled enzymatic 

reactions, giving rise to a red formazan product that can be spectroscopically measured. 

The amount of formazan product is directly proportional to the amount of LDH released 

into the medium, indicating the levels of cytotoxicity. To perform these experiments, all 

culture media of cell-laden A-WBPU droplets were harvested after 24h, 72h and 7 days 

of culturing. The culture media were centrifuged at 8000 rpm during 5 minutes to remove 

all residual material and ECM. A negative control was also prepared by harvesting the 

medium of confluent monolayer chondrocytes cultured during 24 h. The cells for the 

negative control were lysed using 200 μL of 10X lysis buffer and incubated during 45 min 

before culture harvesting to ensure that all LDH from the cells was released to the 

medium. Then, the LDH content was measured in triplicate from 50 μL of each culture 

sample and standard solutions, following the manufacturer instructions. The amount of 

red formazan from each sample was calculated by measuring the absorbance at 490 nm 

and 680 nm, subtracting the 680 nm value from the 490 nm. Finally, the LDH 

concentration was calculated from the standard curve and thereafter, the LDH 

measurement of each sample was normalized using the negative control.  

 

- Cell proliferation and protein quantification 

o Preliminary LIVE-DEAD assays 

Preliminary LIVE/DEAD assay was performed to evaluate the cell viability on the 

developed A2.5-WBPU+Ca meshes. A mesh sample was cut in 5x5 mm pieces, 

sterilized during 30 min under UV light and then introduced in 500 μL of culture medium 

(DMEM + 10 % FBS + 1 % Pen/Strep) to achieve material moistening. Murine fibroblast 

L929 cell line were cultured under in vitro conditions of 37 ºC and 5 % of CO2 until 
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reaching a cell density of 2.5x106 cell·mL-1. Cultured cells were collected through 

trypsinization and 5x104 cells were seeded on the surface of the moist mesh samples in 

a 24 well plate. Furthermore, 5x104 cells were also seeded in empty wells as a control. 

Then, seeded samples were incubated during 24 h at 37 ºC to allow cell adhesion, and 

then 500 μL of culture medium were added afterwards. Culture maintenance was carried 

out by replacing the medium every four days. After 3 and 7 days of seeding, samples 

were harvested for LIVE/DEAD assay. Firstly, culture medium was removed from the 

wells, samples were washed three times with PBS and then moved to a clean well plate. 

Afterwards, 250 μL of a solution containing 4 μM of calcein and 5 μM of propidium iodide 

were added into the wells with the seeded samples and PBS, and then they were 

incubated at room temperature for 20 min. The cells were observed by confocal 

microscopy and the viability was calculated counting the total number of green-

fluorescent cells (live) and red-fluorescent cells (dead) from the images using ImageJ 

(Fiji) software. The number of living cells were divided by the total amount of counted 

cells to obtain the viability percentages. 

 

o Cell number quantification 

Cell number quantification into the A-WBPU bioprinted scaffolds after culture was carried 

out by deoxyribonucleic acid (DNA) analysis. Firstly, for the measurement of cell number 

into laden A-WBPU droplets, samples were harvested after 24 h, 72 h and 7 days from 

culture and frozen at -80 ºC. Moreover, A-WBPU printed scaffolds were harvested after 

24 hours, 14 and 28 days, and frozen at −80 °C afterwards. To enable the digestion of 

the extracellular matrix and cell lysis, the scaffolds were freeze-thawed 3 times with liquid 

N2 and then Proteinase K treatment was applied to digest the extracellular matrix. 

Samples placed in Eppendorf tubes were incubated at 56 °C for 16 h with 300 μL of 50 

mM Tris/1 mM EDTA/1 mM iodoacetamide (TRIS/EDTA) solution that contained 

Proteinase K in a concentration of 1 mg·mL-1. After the digestion, the samples were again 

freeze-thawed 3 times with liquid N2 to facilitate DNA extraction. DNA was quantified 

using a CyQuant cell proliferation assay kit. In brief, cellular ribonucleic acid (RNA) was 

degraded by incubating the samples with 200 µL of a lysis buffer that contained RNase 

A during 1 h at room temperature. Moreover, a standard curve was prepared with known 

DNA concentrations from 0 to 2 µg·mL-1. Then, 100 μL of each sample and standards 

were placed in a 96 well black plate in triplicate and 100 μL of 2x GR-dye solution were 

added in each sample and incubate for 15 min at room temperature before measuring. 

Fluorescence intensity was measured at an emission wavelength of 520 nm and 

excitation wavelength of 480 nm using a Multi-Mode Plate Reader. 
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o Glycosaminoglycan (GAG) quantification 

Samples from Proteinase K digestion were used to measure GAG content from time 

points of 14 days and 28 days. 100 µL from the digested samples were extracted after 

freeze-thawed step. The GAG content was determined by adding 25 µL of each sample 

and standards into a 96 well plate in triplicate. Then, 5 μL of 2.3 M NaCl and 150 μL of 

1,9-dimethylmethylene blue (DMMB) solution, composed by 16 mg DMMB in 5 mL of 

ethanol were added per each well. A standard curve with known concentrations of 

chondroitin sulfate from shark cartilage was previously prepared from 0 to 10 µg·mL-1 in 

TRIS/EDTA buffer solution. The absorbance at 525 and 595 nm was measured using a 

Multi-Mode Plate Reader. The values from 595 nm were subtracted from 525 nm ones 

and the concentrations were obtained from the standard curve. 

 

o Histology 

Histological analysis from A-WBPU (n=8) chondrocyte-laden scaffolds harvested after 

28 days of culture in both maintenance and differentiation media were carried out. 

Samples were immersed in an optimal cutting temperature (OCT) compound creating 

blocks that were sectioned using a cryostat LEICA CM1950. Hematoxylin & Eosin, 

Masson’s Trichrome and Safranin-O (with fast green and Weigert's Iron Hematoxylin 

solutions as counter stains) staining were performed in scaffolds slides to observe both 

cells and ECM deposition. Samples were observed using an optical microscope (Nikon 

eclipse Ts2) equipped with a camera to record the images. 

 

o Gene expression analysis 

After 28 days of culturing in maintenance and differentiation conditions, A-WBPU (n=12) 

chondrocyte-laden scaffolds were harvested, placed in Eppendorf tubes containing 750 

μL of Trizol solution and stored at -80 ºC for further analysis. Afterwards, the samples 

were freeze-thaw three times to enable RNA extraction from the encapsulated cells. RNA 

extraction from scaffolds was carried out using PureLink RNA Mini Kit (Thermo 

Scientific), following manufacturer instructions. First, samples were centrifuged 5 min at 

12000 G to remove scaffold and ECM. Then 0.2 mL of chloroform were added per mL of 

Trizol and after 3 min of incubation at room temperature, the samples were centrifuged 

at 12000 G for 15 min. The aqueous phase containing the RNA was collected and the 

organic was removed. For small samples, 0.5 mL of isopropanol were added and 

incubated for 10 min at room temperature. Then, the samples were centrifuged for 10 

min at 12000 G to form a white gel-like pellet where the total RNA were placed. The 
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pellet containing RNA was mixed in a ratio 1:1 with ethanol 70 % and then 700 μL of the 

mix were introduced to the Pink mini column kit, removing the rest of the cell components 

and isolating the messenger ribonucleic acid (mRNA). The final amount of mRNA was 

eluded from the column using 30 μL of RNase-free water and then the mRNA 

concentration was measured in each sample using a NanoDrop.  

Copy deoxyribonucleic acid (cDNA) was synthesized from isolated mRNA using 100-200 

ng per sample by means of reverse transcriptase (RT) enzymatic reaction. In brief, 

samples were incubated with RT enzyme for 5 min at 25 ºC, then 20 min at 46 ºC and 

finally at 95 ºC during 1 min. Real-time quantitative polymerase chain reactions (RT-

qPCR) were prepared on a total volume of 20 μL per sample using a primer stock solution 

that contains 10 μL of iQ SYBR green (Thermo Fisher), 2 μL of cDNA, 1 μL of reverse 

primer and 1 μL of forward primer (Table 2.2.).  

Table 2.2. List of primers used for RT-qPCR experiments. 

 

Polymerase chain reactions (PCR) for transcription factor SOX9, collagen I (Col1a1), 

collagen II (Col2a1) and aggrecan (ACAN) genes were carried out using a thermocycler 

(QuantStudio™ 5 Real-Time PCR System). Firstly, two thermal cycles of 50 °C for 2 min 

and 95 °C for 2 min were performed and then, cycles of 95 °C for 15 s and 60 °C for 30 

s repeated 40 times were carried out. Obtained cycle threshold (Ct) values of RT-qPCR 

samples were normalized against glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH) gene employed as housekeeping, and finally the gene expression of each 

sample was analyzed using the ΔΔCt model [14]. 

 

2.3.5. Statistical analysis 

Statistical analysis was performed using SPSS statistics software version 26. Data were 

expressed as mean ± standard deviation (n ≥ 3), and one-way analysis of variance 

(ANOVA) tests were performed considering *p < 0.05 as statistically significant. 

Gene Forward primer 5’-3’ Reverse primer 5’-3’ 

GAPDH TGGCAAAGTGGAGATTGTTGCC AAGATGGTGATGGGCTTCCCG 

SOX9 AGTACCCGCATCTGCACAAC ACGAAGGGTCTCTTCTCGCT 

Col1a1 GCTCCTCTTAGGGGCCACT CCACGTCTCACCATTGGGG 

Col2a1 AGTACCTTGAGACAGCACGAC GCTCTCAATCTGGTTGTTCAG 

ACAN AGAACCTTCGCTCCAATGACTC AGAACCTTCGCTCCAATGACTC 
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 3. Characterization of alginate, WBPU and cellulose nanoentities  

3.1. Aim of the chapter 

This chapter is focused on the characterization of commercial alginate and WBPU, as 

well as in the preparation and characterization of different types of cellulose 

nanostructures, which show potential in the field of 3D printing technology. Two types of 

cellulose nanoentities were characterized: commercial CNF and EnCNC. Besides, the 

obtaining process of CNCs via enzymatic hydrolysis is well described in this chapter.  

First, the molecular weight of the alginate was calculated by intrinsic viscosity. 

Subsequently, it was dissolved in water at 4 wt.% and a film was prepared by solvent 

casting and subsequently characterized. The commercial WBPU dispersion was 

characterized regarding its solid content, pH, stability and particle size. Then, a film was 

also prepared by solvent casting and characterized. Morphological, physicochemical, 

thermal and mechanical properties and biocompatibility were analyzed. The morphology, 

physicochemical and thermal properties of freeze-dried CNF and EnCNC were analyzed. 

These materials will be the basis for the development of new biomaterial-based inks for 

3D printing technology. After the determination of their characteristics, the inks will be 

prepared through blending these materials, acting as rheological modifiers to each other 

or even as single-component inks. 

 

 3.2. Characterization of alginate 

The molecular weight of the employed commercial alginate was calculated from the 

intrinsic viscosity using Eq. 1, resulting in 2.4x105 g·mol-1. The ratio among M and G 

subunits that composed this biopolymer is 1.56 [1]. It has been reported that the M/G 

ratio influences the alginate properties when it is crosslinked with Ca2+ ions. In this case, 

the high content of M subunits would lead to crosslinked alginate matrices with higher 

flexibility due to the lower affinity to Ca2+ ions in comparison with those with high G 

subunits content [2]. 

An 8x8 cm2 film was prepared by casting an aqueous alginate solution in a Teflon mold, 

which was left to dry at room temperature for 7 days, obtaining a brown film that shows 

certain transparency and rigidity (Figure 3.1 A). Thereafter, the obtained film was 

characterized in order to study the properties of this biopolymer before use it as a 3D 

printing ink component. 
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Figure 3.1 A) Digital image of an alginate film, B) FTIR spectrum, and C) TGA results of the 

alginate. 

 

The chemical structure of the alginate was analyzed by FTIR (Figure 3.1 B). The 

spectrum showed the stretching vibration of the O–H groups in the 3500-3250 cm-1 

interval, and the stretching vibration of C–H at 2924 cm-1. The peaks located at 1617 and 

1417 cm-1 corresponded to the symmetric and asymmetric stretching vibrations of O=C-

O-Na+ ion salt, and the band at 1030 cm-1 to the C–O stretching vibration. Finally, the 

bands at 950 cm-1 and 887 cm-1 corresponded to C–H stretching vibrations from M and 

G units, respectively [3,4]. The band at 815 cm-1 was related to the predominance of M 

groups in this biopolymer [2]. 

The thermal stability of alginate was studied through TGA analysis. The weight loss and 

its derivative curves shown in Figure 3.1 C revealed that alginate undergoes a two-stage 

thermal degradation. The first one occurred between 100 and 190 ºC, which was 

attributed to the dehydration of the polymer, while the second one occurred in the range 

of 190 to 260 ºC. This second weight loss was attributed to the progressive 

deconstruction of the polymer entanglement and the formation of a carbonaceous 

residue that finally yields to Na2CO3 char compound [5]. The pronounced peak at 215 ºC 

observed in derivative curve represented the degradation temperature of this polymer. 
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Mechanical characterization of the alginate film was also performed by means of tensile 

test. The obtained Young modulus, tensile strength and elongation at break values are 

summarized in Table 3.1. The alginate film showed high Young’s modulus and stress at 

break values, with low elongation at break (5.33 %). These values are in accordance 

with those reported in the literature for sodium alginate films [6], concluding that this 

material showed rigidity and high resistance at break. 

Table 3.1. Mechanical properties of the alginate film. 

 Young’s modulus 

(GPa) 

Stress at break 

(MPa) 

Strain at break  

(%) 

Alginate film (n=5) 2.28 ± 0.66 45.10 ± 15.22 5.33 ± 2.29 

 

 3.3. Characterization of WBPU 

Solid content of the WBPU dispersion was determined by weight difference. The 

measurements were done by duplicate and an average solid content of 40.25 ± 0.18 % 

was measured, which is in accordance with the data provided by the manufacturer. 

The particle size and distribution of the WBPU dispersion were analyzed by DLS. Particle 

size is an essential parameter to measure the stability of the WBPU dispersion [7]. 

Dispersions with small particle sizes tend to be highly stable, while dispersions with 

larger particle sizes have less stability, causing the precipitation of these particles [7,8]. 

The results of this experiment showed a particle size of 87.1 ± 0.3 nm, with a 

polydispersity of 0.083. The stability of the dispersion was studied through Z potential 

measurements, and the obtained value was -70.64 mV. For stable dispersion, Z potential 

values above +30 mV and below -30 mV indicate stable dispersions [9], so the selected 

WBPU dispersion is stable and was maintained over and extended duration.  

pH was also measured in triplicate and the obtained average value was 7.38 ± 0.12, 

similar to those reported in the literature for WBPU dispersions [8,9]. This value matches 

the human physiological range of 7.35-7.45 of the interstitial fluids [10] and thus, this is 

an indication that the WBPU dispersion could present biocompatible character [11]. 

After the analysis of the WBPU dispersion, 10 mL of this material were placed in a Teflon 

mold of 8x8 cm2 and allowed to dry at room temperature for 7 days to obtain a film that 

will be characterized. The obtained film showed transparency and flexibility (Figure 3.2 

A). 
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Figure 3.2. A) Digital image, B) FTIR spectrum, C) TGA results and D) DSC thermogram of the 

WBPU film. 

 

The chemical structure analysis of the WBPU film was performed by FTIR (Figure 3.2 

B). The spectrum showed an absorption band corresponding to the N-H stretching 

vibration at 3440-3250 cm-1 and a band attributed to the in-plane bending vibration of N-

H at 1530 cm−1. The aliphatic C-H stretching vibration band appeared from 2900 to 2800 

cm-1. The band of the stretching absorption of the C=O group of the ester and urethane 

appeared at 1728 cm-1 and 1654 cm-1, respectively. In this interval the typical absorption 

band of carboxylate group at 1735 cm-1 should also appear, overlapped with urethane 

and ester band. The band observed between 1259 and 1100 cm-1 corresponds to 

stretching vibration of C–O bonds of the ester and urethane groups. [12,13]. This 

analysis revealed that this WBPU presented the typical bands corresponding to the 

structure of the anionic aliphatic polyester-polyurethane waterborne dispersion. 

The thermal stability and degradation properties of this WBPU film were studied by TGA 

and the results are shown in Figure 3.2 C. The weight evolution curve did not show any 

loss up to 295 ºC, starting to degrade at this temperature (T0). This behavior indicated 

that the WBPU film barely contained water molecules. The firstderivative curve analysis 
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showed a single pick corresponding to the degradation temperature (Td) of this WBPU 

at 363 ºC, where the most of the weight loss occurred. 

DSC analysis of WBPU film (Figure 3.2 D) showed two transitions. The first transition 

was observed at low temperatures (from -50 to -38 °C) and it was related to the glass 

transition temperature (Tg) stablished at -44 ºC. The second transition was observed in 

the broad range of 50–140 °C, showing an endothermic peak with a maximum at 91 ºC 

and an enthalpy of 11.60 J·g-1 associated to order-disorder transition related to the short 

range ordering of the hard segment of the WBPU [15]. In this interval, the enthalpy value 

could be influenced by water molecules traces remained in the film after drying process. 

However, TGA curve showed that weight loss in the range of 50 to 140 ºC hardly occurs 

and thus, the observed enthalpy would correspond mainly to the order-disorder transition 

of WBPU. 

Mechanical characterization of the WBPU films was carried out by means of tensile test 

and the results are collected in Table 3.2. This WBPU showed low Young’s modulus, 

stress at break and stress at yield values and high strain at break, characteristic of 

materials of high flexibility. The low value of stress at yield suggests that most of the 

deformation of the sample occurs on the plastic zone, where the sample is not able to 

recover the original shape [14]. These mechanical characteristics are typical from 

WBPU, and these results matched with those observed in the literature for WBPU films 

[15]. 

Table 3.2. Mechanical properties of the WBPU film. 

 Young’s modulus 

(MPa) 

Stress at break 

 (MPa) 

Strain at break 

(%) 

Stress at yield  

(MPa) 

WBPU film 

(n=5) 

6.89 ± 2.06 4.37 ± 2.21 779.47 ± 164.27 1.89 ± 0.49 

 

Cytotoxicity tests of WBPU were carried out in order to guarantee its suitability for 

biomedical applications and the results are shown in Figure 3.3. WBPU film was 

incubated with culture media and then the medium was extracted to culture with L929 

murine fibroblast. 
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Figure 3.3. Short-term cytotoxicity assays of the WBPU film. A) Absorbance versus incubation 

time of a positive control (DMSO), negative control (culture medium) and WBPU film. B) Viability 

(percentage in respect of the negative control) of live fibroblast cells on WBPU. 

 

In Figure 3.3 A, the absorbance versus incubation time for the positive (culture medium 

+ 10 % of DMSO) and negative (culture medium) controls, as well as for the WBPU film 

is shown. As can be observed, the WBPU film did not affect to cell growth, showing 

similar absorbance values to the negative control at 24 h of incubation. At 48 and 72 h 

the absorbance and consequently, the cell growth levels were maintained. The cell 

viability in respect to the negative control as a function of the incubation time is 

represented in Figure 3.3 B. It was observed that the viability values of the cells cultured 

with the extracted media of the WBPU film were higher than the established acceptance 

limit by the ISO 10993-5 of 70% in respect to the negative control. After these analyses, 

it can be concluded that WBPU is non-cytotoxic and suitable for biomedical purposes.  

 

3.4. Characterization of CNFs 

Freeze-dried commercial CNFs (Figure 3.4 A) were analyzed in order to determine their 

morphology, physicochemical and thermal characteristics. Morphological characteristics 

and dimensions of CNFs were studied by AFM. As can be observed in Figure 3.4 B, 

height and phase images showed cellulose nanofibers with several micrometers in length 

and with diameters between 50-200 nm. 
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Figure 3.4. A) Image of freeze-dried CNF and B) AFM height and phase images of CNF (10x10 

μm). 

 

The 13C NMR spectrum of CNF is shown in Figure 3.5 A, where the different peaks 

corresponding to each carbon of the cellulose molecule can be observed. C1 was located 

between 100 and 110 ppm, whereas C4 peak was observed between 85 and 90 ppm. 

The broad peak between 70 and 80 ppm was attributed to the C2, C3 and C5 of the D-

glucose molecule. Finally, the peak observed among 70 and 60 ppm corresponded to C6 

bonded to the primary –OH group. The spectrum is characteristic of cellulose I structure 

[15]. 

The XRD pattern of CNF (Figure 3.5 B) showed strong diffraction peaks at 2θ = 14.5º, 

16.5º and 23º, and a small peak at 34º corresponded to (11̅0), (110), (200) and (004) 

crystallographic planes, respectively, associated to cellulose I crystalline structure [18]. 

A crystallinity index of 71 % was estimated according to Eq. 2. 
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Figure 3.5. A) 13C NMR spectrum, B) XRD pattern, C) FTIR spectrum and D) TGA results of 

CNF. 

 

 

FTIR analysis spectrum (Figure 3.5 C) showed a broad band from 3600 to 2900 cm-1 

corresponding to the stretching vibration of the hydrogen-bonded –OH groups. The band 

between 2900-2850 cm-1 was assigned to the C–H stretching vibration and the band at 

1428 cm-1 corresponded to the CH2 bending vibration. The band at 1641 cm-1 was 

associated to water absorption, whereas the bands located at 1160 and 1031 cm-1 

corresponded to the stretching vibrations of C–O–C and C–O β-glycosidic bonds, 

respectively. Finally, the band at 897 cm-1 was assigned to the β-glycosidic linkage of 

cellulose structure [16,17].  

TGA analysis was performed and the results are shown in Figure 3.5 D. A 5% of weight 

loss was observed from 25 to 100 ºC resulted from the residual water evaporation. 

Thermal stability was observed until 260 ºC (T0), where the weight of the sample is 

starting to drop. Derivative curve showed a marked peak corresponding to the 

degradation temperature at 357 ºC (Td) of this biopolymer.  
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3.5. Enzymatically-obtained cellulose nanocrystals (EnCNC) 

3.5.1. Enzyme isolation and CNC obtaining process 

EnCNCs were obtained from the hydrolysis of 100 % cellulose filter paper carried out by 

a reconstructed ancestral endoglucanase. In previous works, ancestral sequence 

reconstruction techniques were used to rebuild ancient proteins that had more specific 

activity than existing enzymes [19,20]. In this case, the reconstructed ancestral 

endoglucanase had the specificity to break β-1,4-glycosidic bonds from cellulose 

polymer randomly, attaching to the amorphous regions and thus, isolating crystalline 

cellulose parts from cellulose fibers [21,22] (Figure 3.6). 

 
Figure 3.6. Schematic representation of ancestral endoglucanase performance: CNCs isolation 

from cellulosic filter paper by means of β-1,4-glycosidic bonds breakdown. 

 

To perform the enzymatic hydrolysis of the cellulose from the filter paper, the 

endoglucanase protein had to be expressed and purified following a protocol developed 

in previous work [21]. In brief, the reconstructed sequence of the ancient endoglucanase 

contained in a plasmid expression vector (pQE-80L) was expressed using E.coli BL21 

as a bacterial host. The BL21 bacteria were transformed with the pQE-80L plasmid and 

then plated in a Luria-Bertani (LB) plate with carbenicillin. After overnight incubation of 

the plate at 37 ºC, 3-4 colonies were collected to make an inoculum in LB medium with 

carbenicillin and chloramphenicol. The transformed BL21 bacterial culture was incubated 

overnight at 37 ºC with gently agitation and isopropyl β-D-1-thiogalactopyranoside 

(IPTG) compound was added for induction of plasmid overexpression into the bacteria. 

The enzyme purification process is summarized in Figure 3.7 A. The culture of 

transformed BL21 bacteria was centrifuged and the bacterial pellet was washed with 

extraction buffer. Then, the bacteria were lysed by lysozyme incubation and 

ultrasonication during 15-20 min. The residual parts of the bacteria were eliminated by 
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ultracentrifugation and the supernatant was incubated at 50 ºC in order to precipitate the 

no thermostable proteins that were then removed by centrifugation. The protein solution 

containing the endoglucanase was incubated with a HisTrap cobalt affinity resin that was 

able to join specifically with a histidine chain residue present in the endoglucanase 

sequence to facilitate the purification of this protein specifically. The unspecific proteins 

that were not joined to the cobalt column resin were removed by washing and 

centrifugation. Finally, the endoglucanase was extracted from the HisTrap cobalt column 

with the aid of a specific elution buffer containing imidazole. The final concentration of 

the enzyme was measured using a NanoDrop 2000 spectrophotometer and then stored 

at 4 ºC. 

 

Figure 3.7. Schematic representation of A) bacterial transformation with pQE-80L expression 

plasmid and endoglucanase purification process and B) enzymatic hydrolysis of filter paper and 

CNCs extraction process. 

 

Once the endoglucanase enzyme was isolated, the hydrolysis process of the cellulose 

was carried out (Figure 3.7 B). Filter paper composed by 100 % cellulose fibers was cut 

and smashed in water in a proportion of 4 wt. %, until a cellulose paste was obtained. 

Then, the purified endoglucanase was added to the cellulose pulp in a proportion of 5 

mg of enzyme per gram of substrate and it was incubated at 50 ºC during 24 h with gently 

stirring. After the hydrolysis process of the cellulose, the reaction was stopped by 

ultrasonicating the CNCs and cellulose pulp mixture during 2 hours at 30 % of amplitude. 

The obtained CNCs in water after the sonication process were ultracentrifuged at 33000 

G during 1 h to obtain a CNCs slurry that were freeze-dried or directly stored after solid 
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content quantification. The measured solid content of the slurry was estimated at 9.60 ± 

0.05 wt. %. 

 

3.5.2. CNCs characterization 

The obtained EnCNC obtained through the above mentioned method were widely 

characterized in previous work [21]. In this study, a brief morphological, physicochemical 

and thermal characterization was performed. 

Morphological characteristics and dimensions of EnCNC were determined by AFM. In 

Figure 3.8 A, height and phase images of EnCNC can be observed, showing 540 ± 450 

nm length and diameters around 21 ± 10 nm, in accordance with CNCs sizes observed 

in previous morphological characterizations [21]. 

 

Figure 3.8. A) AFM height and phase images (3x3 µm) B) FTIR spectrum and C) TGA results of 

EnCNCs. 
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As can be observed in Figure 3.8 B, the FTIR analysis revealed that EnCNC presented 

a typical cellulose pattern, similar to that previously observed for CNF. A broad band 

from 3600 cm-1 to 3000 cm-1 is shown and corresponded to –OH vibration. Another broad 

band from 2900 to 2800 cm-1 was observed and attributed to C-H stretching vibration. At 

1640 cm-1 a band related to the absorbed water was observed, and at 1425 cm-1 a band 

corresponding to C-H bending. The bands located at 1158 and 1028 cm-1 corresponded 

to C–O–C and C–O stretching vibrations, respectively. The band at 897 cm-1 was 

attributed to the β-glycosidic bond [17,23]. The spectrum is similar to those observed in 

previous studies [21]. 

Thermal characteristics of EnCNC were determined. TGA analysis curves shown in 

Figure 3.8 C also presented similar characteristics observed in TGA analysis of CNF. In 

this case, the T0 is located at 270 ºC due to the higher crystallinity [21] if it is compared 

to CNF [24]. The degradation temperature (Td) observed in the first derivative curve is 

stablished at 331 ºC.  

 

3.6. Conclusions 

In this chapter, commercial alginate, WBPU dispersion and CNFs have been 

characterized. These materials will be used afterwards in this thesis work for the 

development of the bioinks and biomaterial inks. 

An alginate film was prepared by solvent casting, and physicochemical characterization 

showed the typical structure of alginate biopolymers with a majority of M units, whereas 

mechanical tensile tests indicated high stiffness and strength at break of this material. 

WBPU dispersion presented high particle stability maintained over time as well as pH 

values in the range of physiological human body. A solvent casted film was prepared, 

obtaining a transparent and flexible material. Physicochemical analysis revealed that the 

structure of this WBPU corresponded to an anionic aliphatic polyester-polyurethane 

dispersion, while mechanical tensile tests showed low stiffness and strength and high 

values of strain at break characteristics of a material with high flexibility. Cytotoxicity tests 

showed cell viability rates above 70 % after 3 days of incubation and thus, suitability for 

biomedical applications. 

Regarding the freeze-dried CNFs, morphological characterization revealed fiber sizes of 

several micrometers in length and diameters in nanometer scale. Physicochemical 

analysis performed by FTIR, 13C NMR and XRD confirmed the typical structure of 

cellulose biopolymer. 
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The obtaining process of EnCNCs was carried out firstly by means of the purification of 

an ancestral endoglucanase. Thereafter, second step consisted in the hydrolysis of 

cellulose filter paper by the enzyme, followed by the CNCs isolation and finally CNCs 

concentration. Morphological analysis revealed that the obtained CNCs were located in 

nanometer scale and physicochemical and thermal analyses confirmed the 

characteristics of cellulose structure 
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 4. Single-component inks for 3D printing and its biomedical applications 

4.1. Aim of the chapter 

The aim of this chapter is the development of monocomponent inks with suitable 

characteristics for 3D printing technology, without the necessity of rheological modifiers 

such as nanoentities or biomaterials blending. Alginate is a biopolymer widely employed 

for extrusion 3D printing, despite neat alginate aqueous suspensions are not able to 

retain a desired 3D shape. As it was explained in chapter 1, this biopolymer can form 

ionic crosslinking between their carboxylic groups and divalent cations such as Ca2+ or 

Mg2+, obtaining hydrogels that present a strong and moldable gel-like structure. In this 

study, alginate at 4 wt. % in water was selected to prepare different hydrogel based inks 

with different gelation degrees by means of Ca2+ crosslinking. Besides, the obtained inks 

were fully characterized for their use in extrusion 3D printing. 

Moreover, biomaterial ink formulations based on the EnCNC obtained as described in 

the previous chapter were also developed. Nanocellulose is a biopolymer commonly 

used in 3D printing as rheological modifier with the purpose of optimizing the 

viscoelasticity and shear-thinning properties. CNC-based inks are usually blended with 

other polymeric matrices or crosslinked with different agents, but sometimes those 

crosslinking molecules are cytotoxic, compromising the biocompatibility of the cellulosic 

material. However, CNC inks can present suitable conditions for 3D printing at high solid 

contents as it has been demonstrated in the literature [1]. Therefore, the objective of this 

section was to optimize the proper solid content of EnCNC suspended in water needed 

to be correctly 3D printed showing shape fidelity, without the need for other polymeric 

blends. The preparation and characterization of all biomaterial inks are well described in 

this chapter. Rheological characterization and printability evaluation were carried out.  

On the other hand, the obtained single-component printed samples were processed by 

freeze-drying technique. The scaffolds were morphological and mechanical 

characterized, and finally, their capacity for drug release was assessed and preliminary 

cell proliferation experiments were performed. 

 

4.2. Alginate-Ca2+ (A-Ca) and EnCNC inks preparation  

In order to prepare the A-Ca biomaterial inks, the alginate powder fully characterized in 

Chapter 3 was dissolved at 4 wt. % in water mixing with a mechanical stirrer until a 

homogeneous suspension was achieved. As explained in the introduction section, 

sodium alginate can crosslink with Ca2+ ions to form a gel-like network, and therefore, 
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for the development of A-Ca biomaterial inks, the theoretical maximum amount of this 

crosslinking was calculated. The molecular weight of the alginate was analyzed in 

chapter 3, and from this result (2.4x105 g·mol-1) and the molar weight of the COO- 

molecules (175 g·mol-1), the total weight of carboxylic groups present in the alginate was 

calculated. Then, the total amount of CaCl2 molecules needed to fully crosslink a specific 

amount of alginate was determined, considering a molar relation of 1:2 among the Ca2+ 

ions and COO- groups for each alginate subunit.  

The total crosslinking of alginate resulted in a stiff material with solid-like characteristics 

that was not possible to be extruded through a nozzle. Therefore, less crosslinking 

degree was established in order to obtain gel-like biomaterial inks with desirable 

characteristics for 3D printing. The crosslinking degree chosen for these ink formulations 

were 5, 10 and 20 % in respect of the total amount of CaCl2 needed (Table 4.1). The 

specific amount of CaCl2 required in each formulation was prepared in 0.2 mL of water 

and then added to the 4 wt. % alginate solution. The A-Ca blends were mixed by 

mechanical stirring until homogenization.  

Table 4.1. Solid contents and crosslinking percentage of A-Ca and EnCNC biomaterial ink 

formulations. 

 

The crosslinking degree of the developed Alginate/Ca2+ inks was assessed by DSC 

analysis, which highlighting the impact of Ca2+ as a crosslinking agent (Figure 4.1). The  

alginate curve showed a large endothermic band from 75 to 125 ºC, which is related to 

the presence of bonded water, followed by an exothermic peak at 244 ºC corresponding 

to the degradation of this polymer [2]. The alginate-Ca2+ crosslinked network led to a 

slight shift of the degradation exothermic peak from 244 ºC (neat alginate)  to 257 ºC for 

A4-Ca20 ink, indicating an increased resistance to thermal degradation of A-Ca based 

formulations as the gelation degree increased. These thermograms showed that the heat 

Biomaterial ink 

formulation 

Alginate  

(wt. %) 

Ca2+ crosslinking  

(%) 

EnCNC  

(wt. %) 

A4 4 0 - 

A4-Ca5 4 5 - 

A4-Ca10 4 10 - 

A4-Ca20 4 20 - 

EnCNC6 - - 6 

EnCNC10 - - 10 
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needed for the breakage of calcium–carboxylate bonds in the formed hydrogel structure 

was dependent on the gelation degree, indicating that larger amount of physical unions 

are formed as the Ca2+ content increased in the ink formulations [3]. 

 

Figure 4.1. DSC curves of neat alginate (A4) and A-Ca based biomaterial inks. 

 

Besides, the obtaining process and the characterization of EnCNC were described in 

Chapter 3. From the freeze-dried EnCNC pellets, 6 and 10 wt. % water-based EnCNC 

formulations were mixed and homogenized by sonication in a bath during 2 hours. These 

data are collected in Table 4.1. 

 

4.3. Rheological characterization of A-Ca and EnCNC inks 

Neat alginate 4 wt. % solution (A4) and the developed A-Ca and EnCNC biomaterial ink 

formulations were rheologically characterized in order to overview their potential for 3D 

printing. 

Flow viscosity assays were performed and the results are shown in Figure 4.2. For A-

Ca based formulations (Figure 4.2 A), shear-thinning behavior as well as high viscosity 

values at low shear rates were observed, demonstrating strong dependence of viscosity 

on shear rate changes, which are typical from non-Newtonian fluids [4,5]. Nevertheless, 

low viscosity values of 100 Pa·s at low shear rate were observed for A4, indicating that 

neat alginate solution presented more fluid-like characteristics than the crosslinked ones. 

On the contrary, the viscosity values of A-Ca biomaterial inks at low shear rates 

increased as the crosslinking degree increased in the formulations (Table 4.2). The non-

Newtonian behavior of the A-Ca based formulations could be demonstrated by adjusting 

the experimental results to a power-law model (Eq. 3). Obtained data are collected in 

Table 4.2. Power-law index (n) values of 0.11 and 0.21 were calculated for A4-Ca20 and 

A4-Ca10, respectively. These values indicated non-Newtonian shear-thinning behavior 



Single-component inks for 3D printing and its biomedical applications 

92 
 

since these values are closer to 0, while the n values for A4 and A4-Ca5 formulation 

were 0.58 and 0.40 demonstrating that these formulations presented closer behavior of 

Newtonian fluids with less viscosity changes with the increase of shear rate. Consistency 

coefficient (K) raised as the Ca2+ crosslinking percentage increased (from 73.47 Pa·sn 

for A4 solution to 683.97 Pa·sn for A4-Ca20), and Pearson correlation coefficient (R2) 

showed strong relationship among the experimental results and the theoretical power-

law model (R2 > 0.96 for all cases). 

 

Figure 4.2. Flow viscosity versus shear rate curves. A) Viscosity curves of A4-Ca based 

formulations and B) Viscosity curves of EnCNC6 and EnCNC10 biomaterial ink formulations. 

 

Table 4.2. Viscosity measured at 0.2 s-1, power-law index (n), consistency coefficient (K), Pearson 

correlation coefficient (R2), recovery percentage after 20 seconds and after 60 seconds. 

 

The evolution of viscosity with increasing shear rate of EnCNC6 and EnCNC10 ink 

formulations are shown in Figure 4.2 B. Both formulations showed shear-thinning and 

non-Newtonian behavior, as it could be demonstrated by the comparison with the 

Biomaterial 

ink 

Viscosity  

(Pa·s) 

n 

 

K 

(Pa·sn) 

R2 Recovery 

after 20 sec. 

(%) 

Recovery 

after 60 sec. 

(%) 

A4 112 ± 8 0.58 73.47 0.96 89 ± 4 95 ± 2 

A4-Ca5 299 ± 22 0.40 121.07 0.99 76 ± 3 83 ± 2 

A4-Ca10 1745 ± 60 0.21 581.48 0.99 87 ± 2 87 ± 2 

A4-Ca20 2068 ± 359  0.11 683.97 0.98 84 ± 3 85 ± 3 

EnCNC6 129 ± 25 0.17 39.59 0.99 70 ± 3 73 ± 2 

EnCNC10 2372 ± 417 0.15 618.94 0.99 74 ± 2 77 ± 4 
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theoretical power-law model (Table 4.2). For these nanocellulose-based formulations, 

power-law index showed low values (0.17 and 0.15) indicating strong shear-thinning 

behavior. However, K coefficient and viscosity at low shear rate (0.2 s-1) of EnCNC6 

showed values of 39.59 Pa·sn and 129 ± 25 Pa·s, respectively, which are much lower if 

compared to the 360 Pa·sn and 4·103 Pa·s values reported in the literature for printable 

materials [5,6]. Nevertheless, EnCNC10 presented viscosity values of 2372 ± 417 Pa·s 

at low shear rate of 0.2 s-1 and K value of 618.94 Pa·sn, stablished within a suitable 

printability window [6]. 

Shape recovery tests were carried out in order to simulate printing conditions, and the 

calculated recovery results are collected in Table 4.2, while the graphical representations 

are shown in Figure 4.3. The percentages of viscosity recovery for A4-Ca formulations 

after 20 seconds of applying a high shear rate stage were between 76 and 89 % for all 

biomaterial inks, while after 60 seconds the percentage increased as the crosslinking 

degree  decreased. 

 

Figure 4.3. Shape recovery experiments. A) Viscosity values at different shear rate applications 

of A4-Ca based biomaterial ink formulations. B) Viscosity values at different shear rate 

application of EnCNC based inks. 

 

This behavior suggest that the higher crosslinking degree the faster viscosity recovery 

after removal of the high shear rate. Regarding EnCNC based inks, it can be observed 

a viscosity recovery increase of 2 % for both formulations among 20 and 60 seconds 

after stopping the high shear rate application. 

Oscillatory tests were also performed to study the viscoelastic characteristics of the 

developed A4-Ca and EnCNC based inks. The evolution of G’ and G’’ with an increase 

of shear stress is represented in Figure 4.4. A4 biomaterial ink always showed G’’ above 

G’, indicating liquid-like behavior and predominance of viscous characteristics (Figure 

4.4 A). Nevertheless, in A4-Ca crosslinked formulations, G’ was always above G’’ in the 
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LVR, predominating the elastic behavior and gel-like structure. As it is well known, G’ 

values in LVR represents the resistance of a material to be elastically deformed and thus, 

the presence of elastic behavior and the mechanical strength [4,7]. In Figure 4.4 B, 

EnCNC6 and EnCNC10 ink formulations showed G’ over G’’ indicating gel-like behavior 

and elasticity. The G’ values of the different formulations in LVR could be correlated to 

shape fidelity of the printing materials [8].  

 

Figure 4.4. Storage modulus (solid symbols) and loss modulus (open symbols) versus shear 

stress of A) A4-Ca based biomaterial inks and B) EnCNC based biomaterial inks. 

 

In Table 4.3, the G’ values for all developed formulations in LVR (plateau zone) are 

collected. In the literature, G’ values from 600 to 4000 Pa are related to shape fidelity of 

the printed materials [8,9], therefore the observed G’ values of A4-Ca10 (1521 Pa) and 

A4-Ca20 (2209 Pa) suggested that the 3D printed samples will retain the designed 

shape. On the other hand, A4-Ca5 and A4 formulations presented G’ values below 600 

Pa, suggesting that the printed shape of these biomaterial inks would not be maintained. 

As the shear stress increased, the G’ values drop below G’’, reaching a viscous and 

liquid-like behavior at high shear stress rates [11].  

As explained in Chapter 1, the stress value at which G’ value drops leaving the LVR is 

known as yield stress and it is related to the required minimum pressure to start the 

extrusion of the inks [12]. From this value, the interactions between molecules start to 

break. Furthermore, the crossover between G’ and G’’, is known as yield point and it is 

commonly related to the necessary shear stress value to extrude the material through a 

nozzle during 3D printing process [4]. Therefore, the storage modulus value in LVR, yield 

stress and yield point values enable the establishment of printing pressure ranges for a 

specific material [12,13]. In this case, the values increased as the Ca2+ crosslinking 

degree raised in the A4-Ca biomaterial inks and thus, the required printing pressure 

range to extrude the developed formulations. 
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Table 4.3. G’ in the LVR, yield stress, yield point and tan δ values at 1 Hz of the A4-Ca based 

formulations and EnCNC based inks. 

 

Regarding the EnCNC based ink formulations, G’ of EnCNC6 in LVR showed a value of 

293 Pa, which is lower than the mentioned value of 600 Pa reported in the literature [1,8] 

and therefore, EnCNC6 would not present shape fidelity. However, the EnCNC10 ink 

showed a higher G’ value of 21180 ± 3363 Pa, suitable to maintain the desired shape 

after printing, and in the range of 104 Pa reported for 20 wt. % CNC inks [1]. This behavior 

could be explained by the shape and size of these enzymatic CNCs discussed in the 

previous chapter, which allowed enough flexibility under shear stress and stiffness in 

relaxing condition. Moreover, with an increment of 4 % in the solid content of enzymatic 

CNCs, the solid-like behavior and viscoelasticity increased significantly under low-

pressure conditions. The yield stress and yield point values denoted that the hydrogen 

bond interactions among CNCs and water molecules are more labile than ionic ones and 

thus, the alignment of CNCs would occur at 3D printing process [1,14]. The biomaterial 

ink based on 10 wt. % of enzymatic nanocellulose presented similar rheological 

characteristics than other CNC biomaterial inks with double solid content reported in the 

literature [1]. 

In Figure 4.5 A, frequency sweep tests for A4-Ca and EnCNC based inks are presented. 

In general, G’ and G’’ presented frequency dependency and the two moduli increased 

as the oscillation frequency raised. Furthermore, it is known that the larger difference 

between G’ and G’’ values indicates highly organized gel-like structure, as it was the 

case for A4-Ca based biomaterial inks as the gelation degree increased [15,16]. In the 

case of EnCNC10 biomaterial ink, high G’ and G’’ values were observed indicating solid-

like behavior and stiffness. Similar values of  G’ and G’’ or G’’ above G’ indicate poor 

Biomaterial 

ink 

G’ in LVR  

(Pa) 

Yield stress 

(Pa) 

Yield point 

(Pa) 

Tan δ 

(1 Hz) 

A4 140 ± 8 - - 1.32 ± 0.04 

A4-Ca5 201 ± 4 146 ± 11 312 ± 73 0.53 ± 0.01 

A4-Ca10 1522 ± 585 270 ± 145 795 ± 107 0.37 ± 0.01 

A4-Ca20 2209 ± 127 333 ± 36 983 ± 53 0.23 ± 0.01 

EnCNC6 293 ± 70 9 ± 3 42 ± 8 0.35 ± 0.02 

EnCNC10 21180 ± 3363 71 ± 3 495 ± 51 0.070 ± 0.001 
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elastic behavior and weakly organized network structure of the material [10,17] as it was 

observed for A4 solution.  

 

Figure 4.5. A) Frequency sweep test of A4-Ca based inks (left) and EnCNC based inks (right). 

B) Tan δ values as a function of frequency sweep test of A4-Ca based inks (left) and EnCNC 

based inks (right). 

 

For an ideal 3D printing performance, inks also need a good solid-liquid balance to retain 

the desired structure, with proper interconnection between layers and correct shape 

fidelity. The ratio between G’’ and G’ (G’’/G’) is known as tan δ, and can be correlated 

with shape strength and the highly organized internal network structure [18,19]. Tan δ 

versus frequency is represented in Figure 4.5 B and values at 1 Hz are collected in 

Table 4.3. It had been reported that tan δ values close to 0 indicated strong solid-like 

behavior, and values close to 1 represent liquid-like behavior [10,18]. Values of A4 and 

A4-Ca5 were higher than 0.5 representing liquid-like behavior while A4-Ca10 and A4-

Ca20 showed values between 0 and 0.5, indicating solid and elastic behavior. Moreover, 

tan δ values of the developed biomaterial inks can also be related to the different gelation 

degrees of alginate-Ca2+. Tan δ values between 0.25 and 0.45 are correlated with regular 

filament extrusion, structural integrity and shape fidelity after printing of alginate-based 

formulations, as it has been reported by Gao et al. [18]. Therefore, following this 
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tendency, A4-Ca10 ink would present smooth filament extrusion and shape fidelity, while 

A4 and A4-Ca5 would show structural collapse. A4-Ca20 biomaterial ink formulation will 

present irregular filament extrusion and, thus poor layer interconnection and low 

accuracy on shape reproduction. Regarding EnCNC6 and EnCNC10 inks, they 

presented tan δ values of 0.37 and 0.07, respectively, representing solid-like 

characteristics. 

 

4.4. 3D printing of A-Ca and EnCNC biomaterial inks and scaffolds 

characterization 

4.4.1. Printability test and 3D printing of A-Ca and EnCNC biomaterial inks  

After rheological characterization, the printability of the developed inks was tested by 

means of the 3D printing of a mesh with a regular square shape. When biomaterial inks 

have ideal gelation conditions or ideal printing characteristics, the extruded filament will 

present a clear morphology with smooth surface and constant width in three dimensions, 

resulting in this case in a regular mesh with perfect square shape holes in the printed 

scaffolds [15].  

Figure 4.6 A shows the results of the printability tests of A4-Ca based inks. It can be 

observed that A4 solution presented a total loss of the regular square shape after printing 

with the subsequent layers fusing each other, demonstrating liquid-like and under-

gelation characteristics as it was previously observed in the rheological characterization. 

For A4-Ca5 biomaterial ink formulation, it was observed that the Pr value was 0.81 ± 

0.02, expressing under-gelation conditions and liquid-like characteristics, as predicted in 

the rheological tests. As can be appreciated, the square shape of the printed mesh 

structure was not regular, indicating that this biomaterial ink formulation would not be 

able to retain the desired shape. In the case of A4-Ca10 biomaterial ink, Pr value was 

0.95 ± 0.06 and, as it was observed in the literature, the Pr values in the range of 0.9 

and 1.1 for alginate-based inks resulted in suitable gelation conditions [15], and thus A4-

Ca10 biomaterial ink presented ideal printing conditions. For A4-Ca20 ink, the calculated 

Pr value was 1.40 ± 0.39, which indicated over-gelation conditions, irregular filament 

extrusion and poor interconnection between layers. According to this printability tests, 

the A4-Ca10 ink formulation presented ideal gelation conditions, correct printing 

performance and accuracy on shape reproduction, as previously predicted in the 

rheological characterization.  

After the evaluation of printability, A4 showed an immediate structural collapse of the 

printed sample whereas A4-Ca5, A4-Ca10 and A4-Ca20 inks printed into cylinder shape 
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showed different shape retention degrees, following the tendency observed in 

rheological evaluation. However, only proper-gelled A4-Ca10 scaffolds demonstrated 

correct shape fidelity and accuracy on cylinder shape reproduction (Figure 4.6 B).  

 

Figure 4.6. A) Evaluation of the printability of the A4-Ca based biomaterial inks. White scale bar 

represents 20 mm. B) Cylinder CAD model and subsequent 3D printing of A4-Ca10 ink in a 

shape of 10 mm in diameter and 5 mm in height. 

 

The printability of EnCNC based inks was also assessed. As can be seen in Figure 4.7 

A (upper), the EnCNC6 ink with a Pr value of 0.81 ± 0.04 showed poor accuracy in 

square shape reproduction and subsequently a tendency to fluid. The Pr value for the 

EnCNC10 ink was 0.93 ± 0.05, which translates to a suitable biomaterial ink that would 

retain the desired shape and a correct mesh reproduction in the case of EnCNC10 

formulation. Dog bone pieces were 3D printed to evaluate shape fidelity of both ink 

formulations (Figure 4.7 A, down). As could be observed, EnCNC6 did not show proper 

shape fidelity and suitable printing conditions, thus confirming the results obtained in the 

rheological tests. In contrast, EnCNC10 dog bone pieces showed good printability and 

shape fidelity. 
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Figure 4.7. A) Printability test of the EnCNC based inks (upper images) and 3D printed dog 

bone samples (bottom images). White scale bar represents 20 mm and black scale bar 

represents 10 mm. B) Cylinder CAD model and subsequent 3D printing of EnCNC10 ink in a 

cylinder shape of 10 mm in diameter and 5 mm in height. 

 

After the printability evaluation, it could be concluded that 10 wt.% of EnCNCs, was the 

minimum content required to obtain a biomaterial ink with suitable conditions for 3D 

printing technology. Siqueira et al. reported a minimum of 20 wt. % of acidic CNCs for a 

proper 3D printing performance [1,20]. The difference could be related to their different 

dimensions, namely, 540 ± 450 nm in length and 21 ± 10 nm in diameter the EnCNC,, 

and 120 nm in length and 6.5 nm in diameter acidic CNCs. Cylindrical scaffolds of 

EnCNC10 were 3D printed showing shape retention and accuracy on CAD model 

reproduction (Figure 4.7 B), without the aid of any matrix or any crosslinker. 

 

4.4.2. Morphological characterization of A4-Ca based and EnCNC scaffolds 

All cylindrical printed pieces from A4-Ca based inks and EnCNC10 ink were freeze-dried 

in order to eliminate water and retain the given shape. Freeze-drying consists on the 

elimination of water from the printed samples directly by sublimation, achieving scaffolds 

with a porous structure. The dimension and the amount of pores in the resulted structures 

are dependent on the water crystal size and thus, the larger water amount in the 
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formulation, the larger pore size on the scaffolds [21]. Consequently, the solid content 

and the water amount of the ink formulation will control the final porosity, increasing as 

the solid content decreases [22].  

After freeze-drying, the obtained scaffolds were morphologically characterized. A4-Ca5, 

A4-Ca10 and A4-Ca20 scaffolds are shown in Figure 4.8. As can be appreciated, the 

appearance of the printed pieces corroborated the printability assessment in the three 

cases. A4-Ca5 showed structural collapse due to its under-gelation characteristics, 

whereas the over-gelation condition of the A4-Ca20 ink led to irregular final shaped 

forms. Finally, A4-Ca10 scaffolds showed proper shape fidelity and accuracy on the 

shape reproduction, as it was predicted.  

 
Figure 4.8. Freeze-dried A4-Ca based scaffolds. 

 

The internal morphology of the scaffolds was evaluated by SEM, and the obtained 

images are shown in Figure 4.9. As can be observed, the pores are larger as the gelation 

degree decreased in the scaffold. A4-Ca5 scaffold shows larger pore amount and size 

than A4-Ca10 and A4-Ca20 scaffolds, which present similar porosities between them. 

Higher gelation degree implies higher compactness and contraction of the internal 

structure. Polymeric chains of the crosslinked alginate presented more interactions one 

another reducing the space among them and thus, the ice crystal size during freeze-

drying process. Therefore, due to the low printing accuracy and the irregular morphology, 

the A4-Ca5 scaffolds were discarded for further characterization and application. 
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Figure 4.9. SEM images of the cross-section at different magnifications of A-Ca based 

scaffolds. 

 

EnCNC10 cylindrical scaffolds were also morphologically characterized (Figure 4.10). 

As can be seen, these scaffolds show shape fidelity and proper cylinder shape after 

freeze-drying process. The internal structure was also analyzed by SEM and porous 

distribution is observed, presenting small and irregular pores where CNCs aggregates 

can be distinguished at higher magnifications. As it was previously explained, pore size 

depends on the ice crystal size and thus, on the water content, being these pores larger 

as the CNCs are forced to aggregate [20]. 
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Figure 4.10. EnCNC10 freeze-dried scaffold (left) and SEM images (right) at different 

magnifications of the cross-section. 

 

4.4.3. Mechanical characterization of A-Ca based and EnCNC10 scaffolds 

Compressive mechanical stress-strain curves of A4-Ca10, A4-Ca20 and EnCNC10 

scaffolds are shown in Figure 4.11.  

 

Figure 4.11. Compressive stress-strain curves of A) A4-Ca10 and A4-Ca20 scaffolds and B) 

EnCNC10 scaffold. 
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Young’s modulus, compressive strength at 90 % of strain and densification strain values 

obtained from the curves are summarized in Table 4.4. All samples followed the typical 

compression behavior of porous materials, with a linear elastic region at low stress 

values, followed by an extended plateau ending in a densification region, where the 

stress dramatically increased. A4-Ca10 scaffolds showed similar mechanical strength 

and Young’s modulus than A4-Ca20 (Table 4.4).  

Table 4.4. Young’s modulus, compressive strength and densification strain of A4-Ca10, A4-Ca20 

and EnCNC10 scaffolds. 

 

 

Besides, the densification strain for both A-Ca cylindrical scaffolds remained similar, 

which was in accordance to the similar porosity observed in SEM images. However, the 

irregular structure achieved after printing of over-gelled A4-Ca20 might interfere the 

correct mechanical behavior, and thus it is important to remark that it is needed to 

achieve an accurate and regular shape after 3D printing in order to obtain proper 

mechanical properties. After the assessment of the mechanical properties, A4-Ca10 

scaffolds were selected as the most suitable to be tested for possible biomedical use. 

Mechanical analysis of EnCNC10 scaffolds showed high Young’s modulus value of 106 

± 14.11 MPa (Table 4.4), and a compressive strength of 8.84 ± 1.00 MPa at 90 % of 

strain. These scaffolds also showed a densification strain of 64.34 ± 1.84 % due to the 

high stiffness and subsequent low deformability of the structure. Cellulose nanoentities 

present great mechanical properties itself, as it was reflected in this compression 

analysis [23]. The hydrogen bond formation among CNCs gave rise to scaffolds with high 

mechanical properties and thus, promising applicability on bone tissue engineering [24]. 

Young’s modulus values from 0.2 to 2 GPa have been reported for natural bone tissue 

and therefore these porous scaffolds could imitate the original trabecular bone structures 

[24,25]. 

 

Scaffold 

(n=3) 

Young’s modulus 

(MPa) 

Compressive strength 

(MPa) 

Densification strain 

(%) 

A4-Ca10 12.37 ± 2.56 1.19 ± 0.24 75.11 ± 1.57 

A4-Ca20  7.68 ± 3.30 0.81 ± 0.15 74.33 ± 0.65 

EnCNC10 105.99 ± 14.11 8.84 ± 1.00 64.34 ± 1.84 
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4.4.4. Water absorption  

The porous structure of these scaffolds would allow water entry into the structure, which 

is crucial for drug release applications as well as for tissue engineering, as it ensures the 

presence of nutrients and growth factors throughout the scaffold, allowing cell growth 

inside. The swelling capacity by water absorption of A4-Ca10 and EnCNC10 scaffolds 

was thus assessed. A4-Ca10 swelling ratio was evaluated during 24 hours (Figure 4.12 

A), where a rapid swelling occurred in the first 2 hours, followed by slower increase 

period. Moreover, the scaffolds did not lost their structural integrity along the experiment. 

This high water absorption capacity observed in the hydrogel could be explained due to 

the high M content of this alginate [26]. As it was explained in Chapter 1, the egg-box 

structure formed among the carboxylate groups of alginate and the Ca2+ ions present 

higher affinity for G subunits, creating a weaker gel-like network with high swelling 

capacity due to the presence of higher M subunits in this case. 

The swelling degree of EnCNC10 scaffolds is represented in Figure 4.12 B where a 

similar pattern observed in A4-Ca10 scaffolds is observed, with a rapid water absorption 

in the first hours and then a slow increase sustained over time. 

 

Figure 4.12. Swelling degree of A) A4-Ca10 scaffolds and B) EnCNC10 scaffolds. 

 

4.5. Biomedical applications of A-Ca and EnCNC biomaterial inks 

4.5.1. Preliminary in vitro cell proliferation test 

With the aim of assess the biocompatible character and the suitability of these scaffolds 

for tissue engineering applications, preliminary qualitative analyses of cell proliferation 

were performed. For that purpose, HEK293 was chosen as a cell line model for these 

experiments. 2·105 cells were seeded in each A4-Ca10 and EnCNC10 scaffold and they 
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were then incubated in vitro (at 37 ºC with 5 % of CO2) during 21 days. After that time o 

soaking culture medium, it was observed that none of the scaffolds lost their structural 

integrity. The nucleus of the cells were dyed with DAPI before the qualitative analysis at 

different time points and then, the presence of cells was evaluated by confocal laser 

scanning microscopy. The images of the seeded scaffolds and controls at time points 0 

(6 hours after seeding), 7, 14 and 21 days are shown in Figure 4.13. 

 

Figure 4.13. Confocal microscopy images (10x) of controls and seeded A4-Ca10 and 

EnCNC10 scaffolds at different time points. Blue stained circles represent the nucleus of the 

HEK293 cells. Scale bar represent 250 µm. 

 

As could be clearly observed, HEK293 cells appeared as blue fluorescent stained circles 

whereas both the cells and the materials could be detected in the images from the 

seeded scaffolds. Comparing the images taken from the two scaffolds to that obtained 

for the monolayer control at 6 hours after cells seeding, it could be appreciated that no 
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cell growing was detected in the scaffolding structures. However, after 7 days of seeding 

some groups of cells were already observed into the scaffolds (denoted by red circles). 

At time points of 14 and 21 days, big cell groups could be detected into the scaffolding 

matrices, increasing the number over time. The observed cell proliferation in the 3D 

cultures was lower compared to monolayer controls, especially for the first two weeks. 

Nevertheless, the 3D cultures of HEK293 cells presented a visible increase in their 

number from 14 day after seeding that would be extended over time if were compared 

to monolayer controls, which presented high proliferation only up to 14 days [27]. This 

fact demonstrated that these 3D scaffolds could host cells and enable their proliferation 

for a longer period, and therefore, they would present promising characteristics for use 

as supporting materials for tissue engineering. HEK293 cells proliferate on the porous 

matrices and further demonstrating the biocompatibility of these materials. 

 

4.5.2. In vitro drug delivery test 

The drug release capacity from A4-Ca10 and EnCNC10 scaffolds was tested in order to 

demonstrate the possible application of these 3D printed scaffolds as drug delivery 

systems. In this case, 5.5 wt % of chloramphenicol was loaded into A4-Ca10 and EnCNC 

10 biomaterial inks, which is a broad-spectrum water soluble antibiotic classified as class 

III drug in the biopharmaceutical system [28]. The antibiotic-loaded scaffolds from both 

formulations were successfully 3D printed in cylinder form, showing proper shape fidelity, 

and concluding that neither printability nor morphology were changed respect to the 

unloaded inks. In vitro chloramphenicol release experiments from these scaffolds were 

performed, and the results are shown in Figure 4.14.  

 

Figure 4.14. Chloramphenicol release patterns from A) A4-Ca10 and B) EnCNC10 scaffolds. 
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A4-Ca10 loaded scaffolds were able to release almost the 100 % of the antibiotic to the 

physiological medium in 8 hours (Figure 4.14 A). Similar release behavior was observed 

for EnCNC10 loaded scaffolds, where chloramphenicol was released almost totally in 8 

hours (Figure 4.14 B). These chloramphenicol release profiles agree with those reported 

by Zao et al. [30], where 90 % of loaded chloramphenicol was released from alginate-

CNC hydrogels in 8 h. 

The in vitro drug release results of chloramphenicol-loaded A4-Ca10 and EnCNC10 

scaffolds demonstrated that 3D printing technology and freeze-drying process enabled 

the manufacturing of drug-loaded scaffolds with porous structure, which allowed 

controlled release to the physiological medium of drugs with high solubility in aqueous 

media. Therefore, A4-Ca10 and EnCNC10 3D printed scaffolds could be employed as 

tablets for drug delivery applications. 

 

4.6. Conclusions 

In this chapter, single-component ink formulations for extrusion 3D printing technology 

have been successfully developed.  

On one hand, Alginate/Ca2+ based inks were rheologically characterized, presenting an 

enhanced shear-thinning behavior as well as increased viscosity and yield points as the 

gelation degree increased. Printability tests showed that alginate gelation degree below 

10 % resulted in structural collapse, while above 10 % resulted in over-extrusion, leading 

to irregular filament and inaccuracy in the printed samples. Consequently, alginate inks 

with a gelation degree of 10 % exhibited adequate filament formation and shape fidelity, 

with a homogeneous porosity after freeze-drying process.  

On the other hand, a 10 wt. % concentration of EnCNC was enough to obtain an ink with 

suitable conditions for 3D printing, thanks to the particular shape and size of such CNCs. 

This ink presented high shear-thinning behavior and viscosity at low shear rates, as well 

as high G’ and yield point values that translated into regular extrusion properties and 

shape fidelity in the printability tests. Thereafter, although morphological analysis of the 

freeze-died scaffolds showed an irregular porosity, mechanical analysis showed a high 

Young’s modulus value attributed to the intrinsic properties of nanocellulose itself. 

Regarding the possible biomedical applications of the single-component scaffolds, 

preliminary drug delivery and cell proliferation tests were performed. Both scaffolds 

showed a high swelling capacity that would ensure cell proliferation and an efficient 

mechanism for drug release. Qualitative cell proliferation tests were carried out showing 
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progressive cell growth over time after seeding, demonstrating a potential application as 

supporting materials for tissue engineering. The drug release capacity was in vitro tested, 

showing a fast delivery of chloramphenicol to the physiological medium from both single-

component scaffolds. 
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 5.  Alginate-CNF inks for 3D printing and drug-loaded scaffolds for 

controlled release 

5.1. Aim of the chapter 

The main objective of the work described in this chapter was the development of 

multicomponent biomaterial ink formulations, more specifically based on alginate and 

cellulose nanofibers, with suitable characteristics for 3D printing technology. As 

demonstrated in the previous chapter, alginate-water solutions do not present proper 

rheological characteristics such as high viscosity and viscoelasticity, to be extruded 

through a nozzle and hold the printed shape. However, it is well known that the addition 

of nanoentities to a polymeric water dispersion can modulate its rheological properties. 

CNFs are one of the most used rheological modifiers in 3D printing technology due to 

their versatility and biocompatibility, as explained in Chapter 1. Therefore, in this chapter, 

five biomaterial inks of alginate and different CNF contents were developed and 

rheologically characterized. 

The natural origin and the biocompatible character of these materials allowed their use 

for biomedical applications and thus, A-CNF inks that presented suitable characteristics 

for 3D printing were tested for their use as scaffolds for drug delivery. After 3D printing, 

post-printing processes are commonly used to dry the printed samples, to preserve the 

desired shape and create solid structures that can be employed, for instance, as drug 

delivery systems. Hence, A-CNF printed samples were subjected to post-printing 

processes and the obtained constructs were well characterized in this chapter.  

With the purpose to test the drug release from A-CNF based scaffolds, a hydrophobic 

and a hydrophilic model drugs were chosen. Hydrophobic drug molecules usually 

present bioavailability issues due to its low solubility in physiological conditions, and 

therefore, its encapsulation and localized release from biopolymeric platforms could 

enhance its availability in target site. Hydrophilic drug molecules require high doses due 

to its high solubility in physiological medium and consequently, its rapid elimination from 

the body. The manufacturing of advanced drug delivery devices can focus and control 

the release of a wide range of drug molecules. 

Therefore, the second objective was the development of drug-loaded A-CNF based inks 

suitable for 3D printing technology and the manufacture of devices for controlled drug 

delivery. The release of hydrophobic and hydrophilic drugs, as well as the simultaneous 

release of both drugs from A-CNF based scaffolds were tested in vitro. 
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5.2. A-CNF biomaterial inks preparation and characterization 

Five biomaterial ink formulations were prepared from alginate (A) and cellulose 

nanofibers (CNF). CNF dispersions with different contents were prepared by mixing the 

CNF at concentrations of 1, 2, 3, 4 and 5 wt. % with 60 mL of distilled water, and 

dispersed using an Ultraturrax for 15 minutes at 12000 rpm and finally ultrasonicated for 

2 hours until well homogenization. Alginate powder was added to the CNF dispersions 

at 4 wt. % with respect to the total content of the formulation, and blended with an 

Ultraturrax until complete homogenization. Samples were maintained refrigerated during 

the whole procedure in order to prevent water evaporation. The obtained ink formulations 

(Table 5.1) were named as A-CNFX, representing X the CNF wt. % on the biomaterial 

ink. 

Table 5.1. Summary of developed A-CNF biomaterial ink formulations. Material contents are 

expressed with respect to the total mass of the formulation. 

 

5.3. Rheological characterization of A-CNF biomaterial inks 

Rheological characterization of the developed A-CNF biomaterial inks was performed 

with the aim of predicting both the printability and shape fidelity, following the same 

experiments preformed in the previous chapter. As it could be observed in the flow 

viscosity curves (Figure 5.1 A), these biomaterial inks presented high viscosity at zero 

shear rate, being higher with the increase of CNF content, and shear-thinning behavior 

in all cases. Power-law equation (Eq. 3) was employed to calculate the power-law index 

(n), consistency coefficient (K) and Pearson correlation coefficient (R2) and obtained 

values are collected in Table 5.2. It was found that n values are approaching to zero 

while K values increased from 150 to 698 Pa·sn as the CNF content raised in the 

formulations, indicating non-Newtonian fluid and shear-thinning behavior [1,2]. R2 values 

close to unity showed a strong correlation between experimental data with the power-

Biomaterial ink 

formulation 

Alginate  

(wt. %) 

CNF  

(wt. %) 

A-CNF1 4 1 

A-CNF2 4 2 

A-CNF3 4 3 

A-CNF4 4 4 

A-CNF5 4 5 
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law model. All these data demonstrates that an increase in CNF content in the ink 

formulations produced an increment of shear-thinning behavior and non-Newtonian fluid 

characteristics. 

 

Figure 5.1. Rheological characterization of the five A-CNF formulations: A) Viscosity as a 

function of shear rate increase. B) Viscosity recovery tests. 

 

Viscosity recovery test were performed in order to determine the recovery degree of the 

A-CNF based inks and thus, simulate printing conditions (Figure 5.1 B). Recovery 

percentage was calculated from recovery assays and summarized in Table 5.2. The 

obtained results indicated that, in general, recovery percentage increased as the CNF 

content increased. In the case of A-CNF4 and A-CNF5, the unexpected slightly lower 

recovery value could be caused by the partial loss of material during the experiment at 

the maximum shear rate values. However, the viscosity achieved when the shear rate 

stopped would be enough to hold the shape of printed scaffolds. 

Table 5.2. Viscosity measured at 0.2 s-1, power-law coefficients viscosity recovery percentages, 

yield point values and G’ at strain of 0.1 % of the five A-CNF based biomaterial inks. 

Biomaterial 

ink 

Viscosity 

(Pa·s) 

n 

 

K 

(Pa·sn) 

R2 Recovery 

(%) 

Yield point  

(Pa) 

G’ in LVR 

(Pa) 

A-CNF1 290 ± 32 0.44 149.15 0.99 72 ± 2 - 277 ± 51 

A-CNF2 518 ± 59 0.36 234.08 0.99 72 ± 1 90 ± 12 463 ± 55 

A-CNF3 850 ± 93 0.31 333.44 0.99 75 ± 3 284 ± 46 1233 ± 76 

A-CNF4 1418 ± 71 0.26 481.37 0.99 65 ± 6 365 ± 16 2177 ± 68 

A-CNF5 2266 ± 99 0.15 697.53 0.99 66 ± 3 600 ± 21 5583 ± 76 

 

In Figure 5.2 A the storage modulus (G’) and the loss modulus (G’’) as a function of 

stress are shown. As it could be observed, G’’ was always above G’ for A-CNF1 
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indicating liquid-like behavior. For the rest of the A-CNF based formulations G’ was 

higher than G’’ indicating solid-like behavior. Yield point values (black circles) were 

determined, and the values are collected in Table 5.1. As it could be observed, these 

values were higher as CNF content increased, indicating that the higher CNF content in 

the formulation the higher force will be needed to extrude the material during 3D printing.  

 

Figure 5.2. Oscillatory sweep tests of the A-CNF based biomaterial inks. A) G’ (solid symbols) 

and G’’ (open symbols) as a function of shear stress. B) G’ (solid symbols) and G’’ (open 

symbols) versus strain. C) G’ (solid symbols) and G’’ (open symbols) as a function of frequency. 

D) Tan δ values from frequency sweep test. 

 

The LVR of these A-CNF based biomaterial inks was determined by strain sweep test 

(Figure 5.2 B). At values between 0.1 and 1 %, the G’ and G’’ were independent of the 

strain, and G’ was higher than G’’ demonstrating highly structured gel-like network in the 

LVR at lowest strain conditions. At strain values above 1 %, G’ and G’’ began to 

decrease, indicating the deformation of the material and loss of the gel-like network, 

resulting G’’ higher than G’. The G’ values at 0.1 % of strain are summarized in Table 

5.2. The results denoted, a significant stiffness enhancement as the CNF amount 

increased in the formulation, and consequently, an increase of elasticity and strength 

characteristics of these A-CNF based inks. Indeed, the G’ values of A-CNF3, A-CNF4 

and A-CNF5 formulations at LVR were higher than 1200 Pa. 
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Frequency sweep tests of A-CNF based formulations are shown in Figure 5.2 C. All 

results presented frequency dependence of G’ and G’’ showing the increase of the two 

moduli as increasing the oscillation frequency. As it could also be observed, inks with 

the highest modulus values corresponded to those with higher CNF content, as well as 

higher difference between G’ and G’’ with the increment of applied frequency, achieving 

its maximum value at the highest frequency, where the solid-like behavior of the 

viscoelastic ink predominated. On the contrary, A-CNF1 presented similar values of G’ 

and G’’ indicating fluidity and weakly network structure of the material. 

Tan δ values from frequency sweep test were also measured, and the results are shown 

in Figure 5.2 D. Tan δ values of A-CNF3, A-CNF4 and A-CNF5 denoted shape fidelity 

whereas values higher than 0.5 observed for A-CNF1 and A-CNF2 indicated liquid-like 

behavior and thus, poor shape retention properties. 

After the rheological characterization, it can be concluded that CNFs added to an alginate 

solution acted as rheological modifiers, increasing the viscosity, shear-thinning behavior 

and viscoelastic properties of the developed biomaterial inks. A-CNF3, A-CNF4 and A-

CNF5 presented suitable characteristics to be extruded through the nozzle and hold the 

printed shape, whereas A-CNF1 and A-CNF2 presented liquid-like characteristics and 

poor conditions for 3D printing technology.  

 

5.4. 3D printing, post-printing and scaffolds characterization 

5.4.1. 3D printing of A-CNF inks 

A-CNF based biomaterial inks were 3D printed in several forms (Figure 5.3) in order to 

correlate with rheological parameters 3D printing visualization. All developed inks were 

able to be extruded through the nozzle, showing proper filament formation and correct 

layer deposition, but, as it could be noticed, printed samples from A-CNF1 and A-CNF2 

biomaterial inks did no present accuracy on dog-bone shape reproduction and collapsed. 

A-CNF3, A-CNF4 and A-CNF5 showed shape fidelity and structural integrity as well as 

smooth uniformity and good connection between layers after printing.  

The structural collapse and poor shape fidelity of A-CNF1 and A-CNF2 biomaterial inks 

were in accordance to the measured low viscosity values at low shear rate, as well as to 

the fluidity and liquid-like behavior above discussed. 
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Figure 5.3. Computer-aided design (CAD) models of dog-bone and cylinder, and digital images 

of 3D printed samples from the developed A-CNF based biomaterial inks. 

 

In conclusion, formulations with CNF content of at least 3 wt. % presented suitable 

characteristics to be successfully 3D printed. The printed samples showed a more 

accurate representation of the CAD model as the CNF content in the A-CNF based 

formulations increased. The CNFs acted as rheological modifier increasing shape fidelity 

and structural integrity, as well as avoiding collapse of printed samples. Therefore, A-

CNF1 and A-CNF2 formulations were discarded due to their poor suitability for 3D 

printing technology, whereas A-CNF3, A-CNF4 and A-CNF5 biomaterial ink formulations 

were selected as suitable for 3D printing technology. Cylindrical samples of these A-CNF 

ink formulations were 3D printed and subjected to freeze-drying as a post-printing 

modification. 

 

5.4.2. Morphological characterization of the scaffolds 

A-CNF scaffolds were characterized by SEM after freeze-drying process. Both the 

surface and cross-section perpendicular to the deposition of the layers of freeze-dried 

scaffolds are shown in Figure 5.4. It can be observed that the surface of A-CNF3 scaffold 

presented larger porosity than A-CNF4 and A-CNF5, where non-homogeneous porosity 

surfaces were noticed, with compact and porous regions appearing together. As it can 

be observed in cross-section images, the porosity decreased and higher compactness 

was observed as the CNF content increased in the ink formulation. The different layers 

were correctly merged during the 3D printing process and thus, no separated threads 
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were observed. Moreover, the scaffolds appeared as a single piece, demonstrating 

extrusion uniformity of the inks and proper material deposition. 

 

Figure 5.4. SEM images of A-CNF based freeze-dried scaffolds. 

 

In summary, higher CNF content in the biomaterial ink formulations led to a reduced 

porosity both in the surface and in the internal structure of the scaffolds. It is worthy to 

note that varying the amount of CNF only in 1 wt. % was enough to observe morphology, 

porosity and compactness changes between A-CNF3, A-CNF4 and A-CNF5 printed 

scaffolds. 

 

5.4.3. Mechanical characterization of the scaffolds 

Compressive mechanical tests of the freeze-dried scaffolds from A-CNF3, A-CNF4 and 

A-CNF5 were performed and the curves are shown in Figure 5.5. Compressive modulus, 

compressive stress and densification strain values obtained from the curves are 

collected in Table 5.3.  
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  f 

Figure 5.5. Compressive stress-strain curves of A-CNF3, A-CNF4 and A-CNF5 freeze-dried 

scaffolds as well as images of mechanical performance associated to each phase of the 

experiment. 

 

Table 5.3. Compressive properties of freeze-dried A-CNF based scaffolds. 

Scaffold 

(n= 5) 

Young’s modulus  

(MPa) 

Compressive stress 

 (MPa) 

Densification strain 

(%) 

A-CNF3 12.0 ± 5.7 1.5 ± 0.4 66.6 ± 2.1 

A-CNF4 22.8 ± 12.3 2.7 ± 0.8 65.6 ± 1.3 

A-CNF5 28.1 ± 13.4 3.2 ± 0.8 63.0 ± 1.2 

 

A-CNF5 scaffolds showed higher mechanical strength and stiffness due to the reinforcing 

effect of CNF, in agreement with the rheological results. Indeed, mechanical results 

showed an increase of Young’s modulus and compressive stress values as CNF content 

increased, whereas the densification strain values decreased due to the porosity 

reduction. Lower modulus for A-CNF3 scaffolds and lower compressive stress than A-

CNF4 and A-CNF5 was measured, while A-CNF5 reached non-porous behavior zone 

faster than A-CNF3 and A-CNF4.  
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5.4.4. Water absorption and scaffold disintegration 

Water absorption capacity and disintegration degree of A-CNF based scaffolds were 

assessed for 24 hours and the obtained results are shown in Figure 5.6. Swelling degree 

was calculated using Eq. 5, and the results showed that it was higher in A-CNF3 scaffolds 

than A-CNF4 and A-CNF5 (Figure 5.6 A). This could be caused by the larger porosity 

observed in A-CNF3 scaffolds that enabled faster water penetration, compared to those 

scaffolds with higher CNF content that showed higher compactness.  

 

Figure 5.6. A) Water absorption capacity and B) disintegration degree of A-CNF based 

scaffolds. 

 

It should be taken into account the progressive disintegration of the scaffolds in PBS, 

and thus the mass gain due to the water uptake and the mass loss were competing 

particularly from the 4th hour of the experiment. The faster swelling degree and the higher 

porosity resulted in higher disintegration over time, as it can be observed in Figure 5.6 

B. The disintegration degree was assessed using Eq. 6 described in Chapter 2. A-CNF3 

scaffold showed the highest water absorption and fastest disintegration due to its larger 

porosity observed by SEM. 

 

5.4.5. Preliminary cell biocompatibility test 

Preliminary qualitative assessment of cell growth was performed and hence, the 

biocompatibility of the developed A-CNF based scaffolds was also tested. HEK293 cells 

were seeded in A-CNF3 and then they were incubated for one week under in vitro 

conditions (37 ºC and 5 % CO2). It was observed that the scaffolds did not totally lose 

their structure after culturing. In this case, the seeded scaffolds were evaluated through 

a Z-axis multilayer analysis by confocal laser scanning microscopy, observing the 
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nucleus of the cells stained with DAPI and taking images of the scaffolds layer-by-layer 

at different heights, from the base to the surface, as it is shown in Figure 5.7.  

 

Figure 5.7. Preliminary qualitative biocompatibility test in the A-CNF3 scaffold. The images of 

the upper part summarized the Z-multilayer analysis of a cylindrical scaffold performed by 

confocal laser microscopy. Down part of the figure shows the control (seeded cells without 

scaffold) and the images of a seeded A-CNF3 scaffold taken layer by layer from the base to the 

surface by confocal laser microscopy. Scale bars represent 100 μm. 

 

As can be observed in the control, the nuclei of the HEK293 cells were observed as 

green fluorescent stained circles, while other structures such as the extended cytoplasm 

could also be detected. In the images taken from the seeded A-CNF3 scaffold, both the 

cells and the scaffold were observed. It has been reported in the literature that cellulose 

nanofibers can be observed by confocal laser microscope between blue and green 

fluorescence emission spectra [3], and consequently they could be detected in the 

images, particularly in the middle and the surface of the scaffold. After 7 days of culturing, 

the analysis revealed that cells appeared throughout the scaffold and they were able to 

integrate and growth in the porous A-CNF based scaffolds, demonstrating the 

biocompatible character of these biomaterial inks. 

The morphological and mechanical analyses, as well as the water absorption capacity, 

the biocompatibility and cell growth into these A-CNF based scaffolds revealed their 

suitability to be used for biomedical purposes. In the following study, the application of 

these A-CNF based inks for controlled drug delivery was assessed. 
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5.5. Drug-loaded A-CNF scaffolds for controlled release 

5.5.1. Drugs characterization and integration into the A-CNF inks 

Once the biomaterial inks were characterized, the manufacturing of A-CNF printed 

devices for controlled drug release was carried out. For that purpose, curcumin was 

chosen as a hydrophobic drug model whereas chloramphenicol was again selected for 

this study as a hydrophilic drug model due to its well integration into the polymeric 

matrices shown in the previous chapter. Both drugs were deeply characterized before 

and after their incorporation into the A-CNF based inks. 

 

5.5.1.1. Drug solubility determination 

The solubility of both drugs in the different solvents employed in the release and 

extraction processes, as well as their crystallinity were analyzed. Curcumin is extracted 

from natural sources (from turmeric) and classified as class II drug in the 

Biopharmaceutics Classification System (BCS), showing low solubility in aqueous 

solutions but high permeability in targeted site [4]. The solubility of curcumin was 

evaluated at 37 ºC, and the results were 7.4 mg·mL-1 in water, 6.7 mg·mL-1 in PBS and 

26.4 mg·mL-1 in ethanol, being higher in ethanol than in aqueous media. 

Chloramphenicol is a synthetic drug employed as broad-spectrum antibiotic and 

classified as class III according to BCS, presenting high solubility in aqueous solutions 

but low permeability in target zone [5]. The solubility of chloramphenicol was also 

measured at 37 ºC, being the values 29.3 mg·mL-1 in water, 28.8 mg·mL-1 in PBS and 

380.4 mg·mL-1 in ethanol. Both drugs presented higher solubility in ethanol than in 

aqueous media, although chloramphenicol showed higher values in water and PBS than 

curcumin. 

 

5.5.1.2. Drug crystallinity and integration into A-CNF based inks 

Six different drug-loaded formulations were prepared from the previous developed A-

CNF based biomaterial inks. A-CNF3, A-CNF4 and A-CNF5 were chosen for these 

experiments due to their suitability for 3D printing technology and the previous 

characterization that showed their adequacy of these scaffolds for biomedical purposes.  

Curcumin in 15 wt. % or chloramphenicol in 50 wt. % were incorporated to A-CNF3, A-

CNF4 and A-CNF5 in respect of the total solid content in the formulation, and the 

developed drug-loaded formulations are summarized in Table 5.4.  
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Table 5.4. Summary of developed drug-loaded A-CNF biomaterial ink formulations. 

 

The amount of chloramphenicol was added according to recommended daily dosage of 

50 mg·kg-1 in adults [6], while the amount of curcumin was selected following similar 

procedures in the literature [7] due to the non-officially determined daily dosage, but 

without surpassing the toxicity levels reported [8].  

Despite the low solubility observed for curcumin in water or in PBS, it is reported that this 

drug can be stabilized in alginate aqueous solutions [9]. When curcumin is mixed with 

alginate in solution, the hydrophobic drug particles are trapped and stabilized by the 

polymeric chains of alginate and thus, they stay homogeneously distributed throughout 

the aqueous alginate matrix [9,10]. Moreover, CNF could even improve this stabilization 

through Pickering effect [11,12] and consequently curcumin was successfully integrated 

and stabilized in A-CNF based inks. Prepared formulations were denoted as A-CNFX-

cur and A-CNFX-clph, being X the CNF content (in wt. %) in the formulation. Moreover, 

a biomaterial ink containing both drugs was also prepared from A-CNF3 ink formulation, 

preserving the same drug contents determined for the previous formulations, and 

denoted as A-CNF3-cur-clph. 

The crystallinity and integration degree of the drugs into the A-CNF based inks were 

studied by DSC and showed in Figure 5.8.  

Biomaterial ink 

formulation 

Alginate      

(wt. %) 

CNF        

(wt. %) 

Curcumin 

(wt. %) 

Chloramphenicol 

(wt. %) 

A-CNF3-cur 4 3 15 - 

A-CNF4-cur 4 4 15 - 

A-CNF5-cur 4 5 15 - 

A-CNF3-clph 4 3 - 50 

A-CNF4-clph 

A-CNF5-clph 

A-CNF3-cur-clph 

4 

4 

4 

4 

5 

3 

- 

- 

15 

50 

50 

50 
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Figure 5.8. DSC curves of curcumin, chloramphenicol, A-CNF3 matrix, A-CNF3-cur, A-CNF3-

clph and A-CNF3-cur-clph. 

 

DSC patterns of neat curcumin and chloramphenicol showed their melting temperatures 

at 173 ºC and 150 ºC, respectively, in accordance to the crystalline structure of both 

drugs. DSC curve of A-CNF3 matrix showed a broad endothermic peak corresponding 

to water evaporation that was bonded to the hydroxyl groups of alginate and CNF [13]. 

As it could be noted in the thermograms of A-CNF3-cur and A-CNF3-clph inks the 

melting peaks associated to curcumin and chloramphenicol appeared at almost the same 

temperatures as those observed individually, demonstrating that both drugs preserved 

their crystalline structure once integrated into the A-CNF3 biomaterial ink. DSC curve of 

A-CNF3-cur-clph biomaterial ink also showed the mentioned endothermic peaks 

associated with crystalline domains of curcumin and chloramphenicol.  

These results revealed that both drugs were present in crystalline form in the ink, and 

this characteristic was preserved in all developed formulations due to non-thermal 

modification during the ink manufacturing process. 

 

5.5.1.3. Rheological characterization of drug-loaded A-CNF inks 

The suitability of drug-loaded A-CNF biomaterial inks for extrusion 3D printing technology 

was tested carrying out similar rheological measurements than those performed 

previously for A-CNF based ink formulations. Moreover, this rheological characterization 

would assess whether the addition of curcumin or chloramphenicol to the formulations 
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interfered in the printability properties and shape fidelity of those drug-loaded inks.Flow 

viscosity tests of the different loaded biomaterial inks were carried out and the results 

are shown in Figure 5.9 A.  

 

Figure 5.9. Rheological characterization of A-CNF-cur and A-CNF-clph based ink formulations. 

A) Flow viscosity versus shear rate increase and B) Viscosity recovery tests. 

 

As it can be observed, all A-CNF-cur and A-CNF-clph based formulations showed shear-

thinning behavior and high viscosity values at zero shear rate. In this case, the shear-

thinning behavior was affected by the different CNF content as well as by the 

characteristics of the loaded drug in the inks such as structure and content. These 

changes in the properties of the inks could be quantified by comparing the experimental 

flow viscosity values to a power-law model using Eq. 3, as in previous characterizations. 

The consistency coefficient and power-law index values, as well as Pearson correlation 

coefficient for all drug-loaded biomaterial ink formulations are summarized in Table 5.5.  

Table 5.5. Viscosity measured at 0.2 s-1, power-law coefficients, recovery percentage, yield point 

values and storage modulus measured at 0.1 % of strain (LVR). 

 

Biomaterial 

ink 

Viscosity 

(Pa·s) 

n 

 

K 

(Pa·sn) 

R2 Recovery 

(%) 

Yield point 

(Pa) 

G’ in LVR 

(Pa) 

A-CNF3-cur 1269 ± 23 0.30 380.68 0.99 68 ± 3 337 ± 52 2773 ± 540 

A-CNF4-cur 1826 ± 52 0.23 534.91 0.99 70 ± 5 476 ± 29 3002 ± 659 

A-CNF5-cur 2528 ± 237 0.19 660.79 0.99 60 ± 2 568 ± 20 6234 ± 290 

A-CNF3-clph 1510 ± 107 0.24 568.63 0.99 65 ± 4 589 ± 39 3030 ± 364 

A-CNF4-clph 2193 ± 167 0.18 659.54 0.99 66 ± 3 862 ± 35 5747 ± 719 

A-CNF5-clph 2833 ± 121 0.14 880.85 0.99 67 ± 3 1419 ± 179 9017 ± 448 



Chapter 5 

129 
 

As the CNF content of the inks increased, K values increased from 380.68 to 660.79 

Pa·sn for A-CNF-cur inks and from 568.63 to 880.85 Pa·sn for A-CNF-clph based 

formulations. Power-law index values decreased from 0.30 to 0.19 for curcumin-loaded 

inks and from 0.24 to 0.14 for chloramphenicol-loaded inks, indicating strong non-

Newtonian behavior and enhanced shear-thinning behavior as the CNF content 

increased in the formulation [1,2,14]. This shear thinning is higher in chloramphenicol-

loaded inks, demonstrating that drug characteristics and content also influenced the 

shear-thinning behavior. R2 coefficients of 0.99 in all cases demonstrated the strong 

relationship between the experimental data and the theoretical power-law model. All 

these results confirmed that curcumin and chloramphenicol, as well as the CNF content, 

performed as rheological modifiers increasing viscosity and shear-thinning behavior of 

the developed biomaterial inks. 

The structure recovery of the developed drug-loaded A-CNF based inks was assessed 

(Figure 5.9 B) and the recovery percentages are collected in Table 5.5. Viscosity 

recovery percentages from 60 to 70 % were obtained for the developed formulations and 

those values should be enough to support the 3D structure of the printed samples after 

printing. 

Oscillatory stress sweep tests (Figure 5.10 A) were carried out to assess the viscoelastic 

properties of the developed A-CNF-cur and A-CNF-clph ink formulations. All formulations 

showed G’’ below G’ indicating solid-like structure and elastic behavior of the material, 

as it was previously observed for A-CNF based formulations.  

Yield point (G’=G’’) values are collected in Table 5.5 and, as it could be noticed, the 

addition of drugs contributed to increase the yield point values (denoted by circles), from 

337 ± 52 to 1419 ± 179 Pa and from 589 ± 39 to 1419 ± 179 Pa for curcumin and 

chloramphenicol loaded A-CNF inks, respectively. If these results are compared to those 

of the A-CNF based inks, whose values oscillated from 284 to 600 Pa, it should be 

remarked that both drugs and the CNF content of the biomaterial inks caused the 

increase of the necessary force to extrude the inks through a nozzle [14]. 

G’ and G’’ versus strain are represented in Figure 5.10 B. It can be observed that in the 

LVR, G’ values were always above G’’ ones indicating dominance of elastic behavior in 

this zone in all formulations. However, at high strains G’ values dropped while G’’ raised, 

indicating the disruption of the structure network and predominance of viscous behavior.  
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Figure 5.10. Oscillatory rheological measurements for A-CNF-cur and A-CNF-clph based 

biomaterial inks. A) G’ (solid symbols) and G’’ (open symbols) versus shear stress. Yield point 

values are denoted by black circles. B) G’ (solid symbols) and G’’ (open symbols) versus strain. 

C) G’ (solid symbols) and G’’ (open symbols) as a function of frequency. D) Tan δ as a function 

of frequency sweep test. 

 

As it could be observed, G’ values (Table 5.5) increased as CNF and drugs content did, 

contributing to the increase of solid-like behavior and viscoelasticity of the inks, 

especially in the case of chloramphenicol. The obtained G’ values in LVR from 2773 ± 

540 to 6234 ± 290 for curcumin loaded inks and from 3030 ± 364 to 9017 ± 448 Pa for 

chloramphenicol loaded inks were significantly higher compared to those of the unloaded 

inks (from 1233 to 5583 Pa). Consequently, observed G’ values for A-CNF-cur and A-

CNF-clph biomaterial inks suggested that the 3D printed samples will be able to hold the 

shape with a successful reproduction of the CAD design. 

Frequency sweep tests are shown in Figure 5.10 C. As the frequency increased, G’ was 

above G’’ indicating solid-like behavior, following the same tendency observed in the 

previous oscillatory assays for A-CNF based biomaterial inks. Tan δ values from 

frequency sweep tests are also represented in Figure 5.10 D, showing decreased values 

as the CNF content increased in the formulation and indicating elastic and gel-like 
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behavior for all formulations. Moreover, for the formulations with equal CNF content, 

chloramphenicol-loaded inks showed lower tan δ values than curcumin loaded ones, 

probably due to the higher drug amount present in A-CNF-clph ink formulations. 

In conclusion, the addition of either curcumin or chloramphenicol to the developed A-

CNF based inks increased the viscosity and shear-thinning behavior of the unloaded A-

CNF inks. Moreover, these drug-loaded biomaterial inks guaranteed shape retention of 

the 3D printed samples due to the gel-like behavior and viscoelasticity higher than the 

observed for unloaded A-CNF ink formulations. 

 

5.5.2. 3D printing of drug-loaded A-CNF inks and scaffolds characterization 

A-CNF-cur and A-CNF-clph biomaterial ink formulations were 3D printed, showing in 

general suitable printing performance, filament uniformity, shape retention and accuracy 

on CAD model reproduction (Figure 5.11 A).  

Prism and cylinder shapes with similar volume but different surface area were 3D printed 

for A-CNF-cur and A-CNF-clph, respectively, demonstrating that these biomaterial inks 

reproduced successfully the predetermined CAD model. All A-CNF-cur inks, A-CNF3-

clph and A-CNF4-clph formulations presented suitable printability, correct layer 

deposition and shape fidelity. However, the 3D printer used was not able to supply the 

necessary force to extrude A-CNF5-clph ink through the nozzle and thus, this biomaterial 

ink was not used for further experiments.  

In order to evaluate the capacity of A-CNF based scaffolds to release hydrophobic and 

hydrophilic drugs simultaneously, both curcumin and chloramphenicol were added to A-

CNF3 ink formulation in the same contents, as it was previously used for A-CNF-cur and 

A-CNF-clph inks (Figure 5.11 B). A-CNF based formulation with 3 wt. % of CNF was 

chosen to ensure its extrusion through the nozzle during 3D printing after the addition of 

the drugs, supported by previous rheological measurements. 

 

5.5.2.1. Post-printing processes 

After the 3D printing process of A-CNF-cur based inks, A-CNF3-clph, A-CNF4-clph and 

A-CNF3-cur-clph ink formulations, the obtained samples were subjected to post-printing 

processes in order to retain the 3D structure (Figure 5.11). These post-printing 

processes consisted in freeze-drying and ionic crosslinking of the structure through Ca2+. 

The printed samples were crosslinked in a CaCl2 0.5 M solution for 4 h and then air-dried 

to obtain pharmaceutical forms. As it could be observed in the images, the Ca2+ 
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crosslinked samples lose their accuracy on shape reproduction due to the contraction of 

the sample as a consequence of the ionic bond formation during the crosslinking 

process, while the freeze-dried scaffolds preserved the original shape.  

 

Figure 5.11. Schematic representation of 3D printing process of drug-loaded A-CNF based 

biomaterial ink formulations: from CAD models, 3D printing and finally post-printing processes 

that consisted in freeze-drying or Ca2+ crosslinking. A) Left images corresponded to A-CNF3-cur 

ink printed in a prism shape and right images represented A-CNF3-clph ink 3D printed as 

cylindrical samples. B) Schematic representation of A-CNF3-cur-clph ink preparation, 3D 

printing in different shapes and the result after post-printing processes. 
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Developed A-CNF3-cur-clph biomaterial ink was successfully 3D printed in cylindrical 

and patch shapes, and the obtained samples were also freeze-dried or Ca2+ crosslinked 

and air-dried afterwards to manufacture pharmaceutical tablets with different 

characteristics, morphologies and sizes as it can be seen in Figure 5.11 B. 

   

5.5.2.2. Morphological characterization of the scaffolds 

The morphology of freeze-dried and Ca2+ crosslinked/air-dried drug-loaded A-CNF 

scaffolds was analyzed by SEM to check the morphological differences between the two 

post-printing processes. The images of surface, cross-section and inner part of freeze-

dried and Ca2+ crosslinked/air-dried scaffolds are shown in Figure 5.12.  

 

Figure 5.12. SEM images of freeze-dried and Ca2+ crosslinked/air-dried A-CNF3-cur-clph 

scaffolds. Upper images corresponded to the surface, middle images to the cross-section and 

down images corresponded to inner part of the scaffolds. Red arrows indicate the drug crystals. 
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As it could be appreciated, freeze-dried scaffold showed a porous matrix throughout the 

tablet, in the surface as well as in the cross-section, as it was previously observed for A-

CNF based freeze-dried samples. In the inner-part image, drug crystals (red arrows) 

were observed into the porous structure, distributed throughout the scaffold. The 

morphology of Ca2+ crosslinked/air-dried scaffolds was also studied. The SEM images 

revealed that in this case, an enveloped compact form was obtained due to the higher 

ionic crosslinking achieved in the external part compared to the inner part of the sample. 

In these compact forms, drug crystals were also observed into the A-CNF matrix (red 

arrows). 

In conclusion, the SEM images revealed that the drugs were uniformly distributed 

throughout the loaded A-CNF samples. The porous and compact morphologies achieved 

after freeze-drying or Ca2+ crosslinking/air-drying, respectively, suggested possible 

differences in drug release patterns. 

 

5.5.3. In vitro drug delivery tests 

The capacity of drug release from 3D printed A-CNF-cur, A-CNF-clph and A-CNF3-cur-

clph samples, both freeze-dried and Ca2+ crosslinked/air-dried forms, was evaluated in 

vitro. The released amount of drugs was measured by UV-VIS-NIR spectroscopy at 

different time points.  

 

5.5.3.1. Curcumin release 

Curcumin release from A-CNF-cur based scaffolds was tested and the delivery patterns 

are shown in Figure 5.13. As it can be observed, curcumin release was faster in freeze-

dried forms than in Ca2+ crosslinked/air-dried ones for all formulations. It was also 

observed, that curcumin delivery was carried out through progressive scaffold 

disintegration and subsequent release of the drug to the physiological medium for both 

freeze-dried and crosslinked tablets. The porous structure and the high water absorption 

capacity of the freeze-dried scaffolds allowed faster water entry causing scaffold 

disintegration, which triggered in shorter time of curcumin release than in case of Ca2+ 

crosslinked ones. In vitro curcumin release values less than 60 % in the first 8 h from 

chitosan-based hydrogels were reported by Nakawaga et al. [15], being slower than in 

the freeze-dried samples. The envelope observed in the Ca2+ crosslinked forms could 

retard the water absorption into the scaffold until the progressive loss of formed coat, 

and consequently, cause a slower scaffold disintegration and slower curcumin release. 

In addition, the internal compact microstructure could also contribute to delay drug 
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release. Curcumin release values of 42.5 % in the first 4 h from crosslinked cress seed 

gum hydrogels were reported by Shahbazizadeh et al. [16], being higher than the values 

measured for A-CNF-cur Ca2+ crosslinked/air-dried scaffolds. 

 

Figure 5.13. Release patterns from A-CNF-cur based tablets. Curcumin release from A-CNF-

cur freeze-dried (solid symbols) and Ca2+ crosslinked/air-dried (open symbols) scaffolds. 

Images of curcumin release taken at 2 and 4 hours from the A-CNF-cur based freeze-dried (F-

d) and Ca2+ crosslinked/air-dried (Ca2+) scaffolds. 

 

Regarding the effect of the CNF content in curcumin release patterns, A-CNF3-cur and 

A-CNF4-cur showed similar release patterns and shorter delivery time than A-CNF5-cur, 

in both freeze-dried and Ca2+ crosslinked/air-dried scaffolds. Higher content of CNF into 

the scaffolds leaded to lower porosity and greater stiffness, which triggered a slower 

water uptake and consequently, lower disintegration and slower curcumin release. As it 

can be observed in Figure 5.13 (right images), large differences in curcumin release 

between freeze-dried and Ca2+ crosslinked/air-dried samples, as well as the CNF content 

were noticed. After 2 h, curcumin was hardly delivered from Ca2+ crosslinked/air-dried 

scaffolds compared to the freeze-dried ones. After 4 h, the differences in the release 

patterns remained significant and more evident among the three formulations depending 

on their CNF content.  

In conclusion, curcumin release kinetics was found to be dependent on the CNF content 

and the morphology of the sample (porous or compact) that conditioned the 

disintegration degree of the scaffolds. The freeze-dried forms would improve the 

bioavailability of this hydrophobic drug in respect of the Ca2+ crosslinked/air-dried tables 



A-CNF inks for 3D printing and drug-loaded scaffolds for controlled release 

136 
 

and thus, it can represent an advantageous method to enable the delivery of hydrophobic 

drugs that present low solubility in physiological conditions. 

 

5.5.3.2. Chloramphenicol release 

Chloramphenicol release patterns from A-CNF3-clph and A-CNF4-clph are shown in 

Figure 5.14.  

 

Figure 5.14. Chloramphenicol release patterns from A-CNF3-clph and A-CNF4-clph scaffolds. 

Solid symbols represent freeze-dried scaffolds and open symbols represent Ca2+ 

crosslinked/air-dried scaffolds. 

 

As it could be observed, chloramphenicol release performed faster in freeze-dried 

scaffolds than Ca2+ crosslinked/air-dried ones, as it was previously observed in curcumin 

release patterns. A-CNF porous matrix from freeze-dried scaffolds again enabled a faster 

drug release to the physiological medium, while Ca2+ crosslinking/air-drying method 

provided a compact structure that increased the delivery time of chloramphenicol. Among 

60-80 % of drug was measured in 24 h for freeze-dried forms whereas around 50-70 % 

of chloramphenicol were released in 48 h from Ca2+ crosslinked tablets. In this case, 

chloramphenicol release was not triggered by the disintegration of the scaffold since the 

A-CNF matrices remained almost complete after the experiments, suggesting that the 

release occured due to its hydrophilic character and its rapid dissolution into the 

physiological medium. There were no remarkable differences in the release patterns 

between the two formulations regarding the CNF content, suggesting that the amount of 

CNF present in the scaffolds did not interfere in the chloramphenicol release. Release 
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values of almost 100 % of chloramphenicol in 24 h from porous cellulose-based 

hydrogels were reported by Laçin et al. [17], while release values of 80 % in 6 h from 

polyvinyl alcohol-sodium alginate crosslinked hydrogels were reported by Xie et al. [18], 

representing a fast release than those observed in A-CNF-clph forms. Therefore, the 

Ca2+ crosslinking/air-drying post-printing method represents an option to retard the 

delivery of hydrophilic drugs in physiological conditions during larger periods and thus, 

avoid their rapid elimination from the body. 

 

5.5.3.3. Curcumin-chloramphenicol release 

Curcumin and chloramphenicol simultaneous release from A-CNF3-cur-clph scaffolds 

was in vitro evaluated. 3D printed A-CNF3-cur-clph scaffolds in prism and cylindrical 

shapes, both freeze-dried and Ca2+ crosslinked/air-dried were tested and their release 

patterns are shown in Figure 5.15. 

 

Figure 5.15. Curcumin and chloramphenicol simultaneous release curves from the A-CNF3-cur-

clph freeze-dried (solid symbols) and Ca2+ crosslinked/air-dried (open symbols) scaffolds. Left 

graph represent drug release from prism shape samples and right graph represent drug release 

from cylindrical ones. 

 

It was observed that the release of both drugs was performed faster in freeze-dried 

scaffolds than in Ca2+ crosslinked/air-dried forms, following the same tendency described 

before for A-CNF-cur and A-CNF-clph scaffolds. No remarkable differences in release 

patterns between the prism shape and cylindrical ones were observed for 

chloramphenicol, whereas small differences were observed in curcumin delivery, since 
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it was delayed in respect to the previous release curves when this drug was delivered 

alone, in both freeze-dried and Ca2+ crosslinked/air-dried scaffolds. A-CNF3-cur-clph 

samples, both prism shape and cylinders, showed lower surface area than A-CNF3-cur 

prism samples, so these differences in the surface area could directly retard the 

disintegration degree of these pharmaceutical forms and thus, curcumin release. 

However, chloramphenicol release patterns were similar than when it was delivered 

alone, in either freeze-dried or Ca2+ crosslinked/air-dried samples, demonstrating that 

the release of this drug did not depend on the scaffold disintegration or the surface area. 

These release curves demonstrated that the surface area and scaffold disintegration did 

not affect to the chloramphenicol release from A-CNF based scaffolds, whereas 

curcumin delivery was directly caused by the disintegration of the sample, as it was 

previously observed when it was delivered alone, and this disintegration degree depends 

on the surface area of the 3D printed sample. The design of a porous drug delivery 

scaffold with specific surface area could be a method to control the release of 

hydrophobic drugs in physiological conditions. 

 

5.6. Conclusions 

In this chapter, A-CNF based ink formulations were developed and rheologically 

characterized in order to check their properties for 3D printing. Biomaterial inks with CNF 

contents above 3 wt. % showed high viscosity, shear thinning behavior and viscoelastic 

properties suitable for 3D printing technology, which were corroborated after 3D printing 

performance. A-CNF3, A-CNF4 and A-CNF5 showed accuracy on CAD model 

reproduction and shape fidelity of the printed samples. The A-CNF based scaffolds were 

freeze-dried and porous matrices were achieved, showing less porosity but higher 

mechanical properties as the CNF content increased, while the swelling capacity and 

disintegration degree of the scaffolds decreased with the reduction of the porosity. 

Regarding the potential application of the A-CNF 3D printed scaffolds for drug delivery, 

curcumin (hydrophobic) and chloramphenicol (hydrophilic) were added to suitable 

biomaterial inks. Rheological test showed that all formulations presented an increase of 

the viscosity and shear-thinning behavior in comparison to A-CNF biomaterial inks 

without drugs. Drug-loaded 3D printed samples with different shapes and sizes were 

freeze-dried to achieve low-density porous structures or Ca2+ crosslinked and air-dried, 

to create compact and stiff tablets. 

In vitro drug release tests from A-CNF-cur and A-CNF-clph scaffolds, both freeze-dried 

and Ca2+ crosslinked/air-dried, revealed that the release was faster in all freeze-dried 
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scaffolds compared to Ca2+ crosslinked/air-dried ones in all cases. Hence, 3D printed 

and freeze-dried scaffolds with a porous structure could enable the release of 

hydrophobic drugs that present low solubility in physiological conditions, while Ca2+ 

crosslinking/air-dried tablets would delay the administration of hydrophilic drugs during 

longer periods, and thus, avoiding their rapid elimination from the body.  

Release experiments carried out in vitro from A-CNF3-cur-clph pharmaceutical forms of 

both drugs simultaneously suggested that an increase of the surface area of the 3D 

printed samples could be a method to accelerate the release of hydrophobic drugs to the 

physiological medium, while the shape and size of the scaffold did not affect the delivery 

of hydrophilic drugs. 

The developed A-CNF inks are suitable for manufacturing functional pharmaceutical 

forms through 3D printing technology for the controlled release of hydrophobic and 

hydrophilic drugs. 
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 6. Alginate-WBPU inks for 3D printing of tailor-made mesh implants for 

hernia repair 

 6.1. Aim of the chapter 

The objective of this chapter is the development of tailor-made mesh implants from safer 

materials adaptable to specific needs of the patients through 3D printing technology, 

which would suppose an alternative for conventional ones. Hernia injuries are the main 

conditions where mesh implants are needed to provide a suitable reinforcement of the 

damaged tissue. Commercial implants made of polypropylene (PP) knitted fibers are 

commonly used for this application, but complications related to the lack of flexibility, 

elasticity or mesh infection have been reported. These commercial meshes usually 

present high tensile strength values, as well as poor elasticity that could restrict 

physiological movements. The materials commonly used in commercial mesh fabrication 

are non-absorbable synthetic polymers that can induce high inflammatory responses and 

form adhesion with the viscera. Therefore, it is important to use safer materials with 

proper characteristics to enable tissue ingrowth of the damaged area and minimize 

immunological host response caused by either foreign materials or possible post-surgical 

infections. 

Alginate and WBPU films characterized in previous chapters presented high values of 

tensile strength and high elasticity and flexibility, respectively, in the performed 

mechanical analysis. Due to the versatility of these materials, their biocompatible 

character and their suitable mechanical and rheological properties, alginate and WBPU 

were chosen for the manufacture of these alternative implants. Both materials were 

blended in different proportions, and the prepared inks were properly characterized 

through rheological measurements to evaluate their suitability for 3D printing technology. 

The mesh implants were designed according to morphological characteristics observed 

in the commercial meshes since those properties such as pore size, mesh weight and 

thickness are important parameters to ensure proper reinforcement of the damaged 

area.  

The developed 3D printed meshes were widely characterized in this chapter. 

Morphology, mechanical properties and tissue ingrowth were measured and compared 

with reported physiological values to evaluate the adequacy of these meshes for hernia 

repair application. Moreover, the addition of an antibiotic to the ink formulations was 

studied in order to manufacture meshes able to release this antibiotic in wound area and 

thus, avoiding possible infection complications. 
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 6.2. A-WBPU inks preparation 

Five different biomaterial ink formulations were prepared from alginate (A) and 

waterborne polyurethane (WBPU) dispersion. Alginate powder was added in 0.5, 1, 1.5, 

2 and 2.5 wt. % in respect of the total amount of WBPU dispersion. Both materials were 

mixed gently with a mechanical stirrer until complete homogenization. The obtained 

biomaterial ink formulations were denoted as AX-WBPU, being X the A content in respect 

to the total amount of WBPU, and are summarized in Table 6.1. The antibiotic-loaded 

ink with chloramphenicol (clph) content of 5.5 wt. % in respect of the total solid content 

was prepared by adding it to A2.5-WBPU ink formulation. 

Table 6.1. Summary of developed A-WBPU biomaterial inks. Proportions of alginate and WBPU 

weights in the different formulations and total solid contents present in each formulation. 

 

6.3. Rheological characterization of A-WBPU inks 

In order to evaluate the suitability of the developed inks for 3D printing technology, 

rheological tests were performed as in previous chapters. First, flow viscosity curves 

versus shear rate increase were represented for the neat WBPU dispersion and the A-

WBPU inks (Figure 6.1 A). WBPU dispersion showed low viscosity values at low and 

high shear rates, demonstrating that the neat WBPU presented Newtonian fluid 

characteristics. However, the five A-WBPU based inks presented shear-thinning 

behavior and high viscosities at low shear rates and thus, strong dependence of viscosity 

on shear rate changes and non-Newtonian fluids characteristics [1,2]. As the alginate 

content increased in the formulations, viscosity values at zero shear rate also increased, 

as it can be observed in Table 6.2.  

Biomaterial ink 

formulation 

Alginate/WBPU  

(w/w) 

Total solid content  

(wt. %) 

WBPU 0/100 40 

A0.5-WBPU 0.5/100 41.2 

A1-WBPU 1/100 42.5 

A1.5-WBPU 1.5/100 43.7 

A2-WBPU 

A2.5-WBPU 

A2.5-WBPU-clph 

2/100 

2.5/100 

2.5/100 

44.8 

46 

51.5 
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Figure 6.1. Rheological characterization of WBPU and A-WBPU inks. A) Viscosity versus a 

shear rate increase. B) Viscosity recovery tests. C) Shear stress sweep tests where the storage 

modulus is represented by solid symbols and the loss modulus is represented by open symbols. 

 

Table 6.2. Viscosity measured at 0.2 s-1, power-law index, consistency coefficient, Pearson 

correlation coefficient, recovery percentage after 100 sec, G’ in LVR and yield point values. 

Biomaterial 

ink 

Viscosity 

(Pa·s)  

n 

 

K 

(Pa·sn) 
R

2

 
Recovery 

(%) 

G’ in LVR  

(Pa) 

Yield point 

(Pa)  

WBPU 0.30 ± 0.09 0.87 0.14 0.95 - - - 

A0.5-WBPU 615 ± 19 0.10 148.57 0.99 83 ± 5 2113 ± 280 54 ± 1 

A1-WBPU 1018 ± 47 0.16 272.71 0.99 86 ± 7 3193 ± 665 117 ± 23 

A1.5-WBPU 1450 ± 120 0.16 401.93 0.99 73 ± 6 4821 ± 654 192 ± 24 

A2-WBPU 2093 ± 17 0.17 569.76 0.99 79 ± 6 7885 ± 362 429 ± 10 

A2.5-WBPU 3024 ± 161 0.17 796.87 0.99 68 ± 1 9912 ± 122 712 ± 62 

 

The Newtonian and non-Newtonian behavior of the WBPU dispersion and the A-WBPU 

ink formulations, respectively, were explained by comparing the experimental data with 

the power-law model (Eq. 3), as it has been done in previous rheological 

characterizations. Values of power-law index from 0.10 to 0.17 were observed for A-
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WBPU formulations (Table 6.2) indicating strong shear-thinning and non-Newtonian 

behavior, while the n value for neat WBPU was 0.87, close to 1, denoting thus the 

Newtonian-like behavior of this dispersion [3]. Consistency coefficient increased as the 

alginate content did (from 148 to 797 Pa·sn), and Pearson correlation coefficient showed 

strong relationship among the experimental results and the theoretical model. 

Viscosity recovery tests were also carried out and the results are shown in Figure 6.1 B. 

The recovery percentages were calculated and the obtained results were collected in 

Table 6.2, showing values from 68 to 90 % for all inks that suggested shape fidelity after 

3D printing.  

Oscillatory sweep tests were also performed to study the viscoelastic characteristics of 

the developed A-WBPU inks. Storage modulus and loss modulus versus shear stress 

are shown in Figure 6.1 C. WBPU dispersion presented G’’ always above G’, which 

indicated liquid-like and viscous characteristics. However, the five A-WBPU ink 

formulations showed always G’ above G’’ in the LVR, indicating solid-like behavior. The 

G’ values of the different formulations in LVR could be related to shape fidelity 

characteristics and are collected in Table 6.2. The observed increase in G’ values of A-

WBPU inks (from 2113 ± 280 to 9912 ± 122 Pa) as the alginate content raised in the 

formulation suggested that the 3D printed samples could retain the shape if they are 

compared to the values of 647, 1154, 2400 and 4000 Pa reported in the literature [4,5].  

As the shear stress was increased during the experiment, the values of G’ drop below 

G’’, reaching a viscous and liquid-like behavior at highest shear stress rates [6]. The 

measured yield point values (G’=G’’) increased as the alginate content raised in the A-

WBPU based formulations from 54 ± 1 to 712 ± 62 Pa and thus, the required force to 

print it [1]. 

The rheological characterization results showed that the neat WBPU dispersion behaved 

as a Newtonian fluid with poor characteristics for 3D printing. However, after the addition 

of different contents of alginate to the dispersion, the obtained blends achieved desirable 

characteristics for 3D printing, acting this alginate as rheological modifier of the 

biomaterial inks. The developed A-WBPU formulations reached high viscosity, shear-

thinning behavior and the viscoelasticity required for a suitable 3D printing performance. 

 

6.4. 3D printing and characterization of the meshes 

After the rheological characterization, the five developed A-WBPU inks were 3D printed 

according to a CAD model of a mesh featuring hexagonal shape holes. The results are 
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shown in Figure 6.2. All developed ink formulations presented good printability, proper 

layer deposition, accuracy on reproduction of mesh model and shape fidelity, 

demonstrating that the five A-WBPU ink formulations were suitable for 3D printing 

technology, as it was previously demonstrated by rheological characterization. After 3D 

printing A-WBPU printed meshes were dried at room temperature showing uniformity 

and maintaining the original shape and size after air-drying. 

 

Figure 6.2. 3D printing process of A-WBPU inks: from CAD model to air-drying process. 

 

6.4.1. Morphological characterization of A-WBPU meshes 

After 3D printing and air-drying process, the meshes were morphologically 

characterized. Morphological characteristics such a mesh weight, the diameter and 

shape of the pores, the thickness or the material degradation and subsequent absorption 

into the body are important parameters to ensure a proper implantation and behavior of 

the mesh during patient hernia recovery. Pore diameter in the range of 0.1-0.6 mm is 

considered small, while medium pore size is established between 0.6-1 mm, and pores 

with diameters larger than 2 mm are denominated as very large. Mesh weight is another 

important parameter related to the amount of foreign material present in the host body. 

According to some authors, meshes can be classified as lightweight (35-70 g·m-2), 

standard weight (70 -140 g·m-2) and heavyweight meshes (≥ 140 g·m-2) [7-9]. 

In Figure 6.3 the uniformity and transparency of dried meshes from the five A-WBPU 

inks can be appreciated, what would enable their successful implantation during surgery 

process [7]. The mentioned morphological parameters are listed in Table 6.3. A-WBPU 

meshes presented weight values higher than 140 g·m-2 and were then classified as 

heavyweight meshes [8].  
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Figure 6.3. Images of the five A-WBPU meshes after air-drying process. 

 

Table 6.3. Morphological parameters of A-WBPU meshes. 

Mesh formulation Weight  

(g·m-2) 

Pore diameter 

(mm) 

Thickness  

(mm) 

A0.5-WBPU n=4 307.47 ± 49.95 

(heavy weight) 

2.75 ± 0.22 

(very large) 

0.48 ± 0.03 

A1-WBPU n=4 315.40 ± 60.44 

(heavy weight) 

2.95 ± 0.05 

(very large) 

0.67 ± 0.02 

A1.5-WBPU n=4 293.72 ± 63.50 

(heavy weight) 

2.69 ± 0.24 

(very large) 

0.52 ± 0.08 

A2-WBPU n=4 334.49 ± 58.96 

(heavy weight) 

2.76 ± 0.23 

(very large) 

0.59 ± 0.08 

A2.5-WBPU n=4 313.02 ± 45.54 

(heavy weight) 

3.05 ± 0.06 

(very large) 

0.50 ± 0.03 

 

Regarding the pore shape and size, the hexagonal pores of the printed A-WBPU meshes 

measured around 2.8 mm (Figure 6.4 A) and were therefore classified as very large 

pore size meshes due to their pore diameter larger than 2 mm [8,9]. As it has been 

reported in the literature, that hexagonal pore shape allow better tissue regeneration than 

the diamond or square pore shapes usually present in commercial meshes, as well as 
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very large pores facilitate the tissue ingrowth and avoid granuloma infection [9,10]. 

Thickness of the meshes is another important parameter of hernia mesh and A-WBPU 

based meshes presented values around 0.55 mm, which is the standard value for hernia 

meshes compared to commercial ones [11,12]. These studied morphological parameters 

were compared among the different mesh formulations and no significant differences in 

weight, thickness, and pore diameter were observed (p>0.05 for all characteristics).  

 

Figure 6.4.  A) Morphological properties of A2.5-WBPU mesh after air-drying, CaCl2 coating 

process and subsequent morphological characterization of the A2.5-WBPU+Ca mesh. B) In 

vitro degradation studies of A-WBPU meshes (left graph) and A-WBPU+Ca meshes (right 

graph). 

 

In conclusion, the morphological characteristics of these meshes did not depend on the 

alginate content in the ink formulation, but on the CAD mesh model before 3D printing 

and the total solid content. The desired morphological characteristics of the meshes 

could be achieved through the modification of the CAD mesh model dimensions during 

the manufacturing process, and thus, the size of the mesh could be adjust to the specific 

patient injury.  

In vitro degradation studies of the meshes were performed and the results are presented 

in Figure 6.4 B (left image). It was observed that the mesh weight decreased in the first 

24 h as the alginate content did in the formulations, and then the weight was maintained 

during 21 days, which is generally the minimum time to recover from hernia surgery [13], 
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and consequently, considering these meshes as partially absorbable. Dried WBPU 

cannot be degraded or dissolved in aqueous media [14], while alginate could be 

dissolved by extracellular fluids and eliminated from the host body [15]. After the 

observation of these degradation results, it was concluded that in the first 24 hours, 

alginate from the meshes was fast dissolved in physiological conditions, and thus, the 

mesh structure and its properties might be affected. In order to avoid alginate loss, a 

CaCl2 coating was applied to the A-WBPU meshes by introducing the air-dried meshes 

in a CaCl2 0.2 M solution for 24 hours (Figure 6.4 A). The Ca2+ cations from the solution 

stablished ionic interactions among carboxylic groups from both alginate and WBPU in 

the surface of the meshes, reinforcing their structure and avoiding the rapid loss of 

alginate in the PBS, as it was demonstrated in the in vitro degradation studies performed 

from the coated meshes (Figure 6.4 B, right graph). The mesh weight of all CaCl2 coated 

A-WBPU meshes showed a slight change after 21 days of degradation experiment, but 

these meshes should still be considered as partially-absorbable meshes. Morphological 

parameters of these new A-WBPU+Ca meshes were also evaluated and summarized in 

Table 6.4.  

Table 6.4. Morphological characteristics of A-WBPU+Ca based meshes and commercial 

polypropylene mesh. 

Mesh formulation Weight  

(g·m-2) 

Pore diameter  

(mm) 

Thickness  

(mm) 

A0.5-WBPU+Ca n=4 294.68 ± 72.26 

(heavy weight) 

2.79 ± 0.22 

(very large) 

0.53 ± 0.05 

A1-WBPU+Ca n=4 295.12 ± 53.87 

(heavy weight) 

3.03 ± 0.10 

(very large) 

0.56 ± 0.12 

A1.5-WBPU+Ca n=4 284.49 ± 51.21 

(heavy weight) 

2.87 ± 0.13 

(very large) 

0.58 ± 0.05 

A2-WBPU+Ca n=4 294.86 ± 53.62 

(heavy weight) 

2.90 ± 0.12 

(very large) 

0.57 ± 0.06 

A2.5-WBPU+Ca n=4 285.80 ± 33.47 

(heavy weight) 

2.88 ± 0.12 

(very large) 

0.49 ± 0.02 

Commercial PP n=1 37.90  

(light weight) 

3  

(very large) 

0.40 
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There were no significant differences in these characteristics between the coated and 

uncoated meshes (p>0.05 for all categories). The weight, pore size and thickness 

remained almost unchanged, as well as the dimensions and transparency, thus 

concluding that the CaCl2 coating process did not affected to the morphological 

properties of the printed A-WBPU meshes. 

A commercial mesh implant commonly used for hernia repair was also characterized. 

This implant is composed by a PP knitted fibers that remains into human body for a 

longer period and thus, considered as non-absorbable material [7]. The studied mesh is 

shown in Figure 6.5 and its morphological characteristics are listed in Table 6.4. 

 

Figure 6.5. Image of a commercial PP mesh usually employed in abdominal hernia injuries 

repair. 

 

The commercial mesh was classified as light weight mesh, presenting diamond shaped 

pores of 3 mm in diameter, thickness of 0.40 mm and a fiber diameter of 0.105 mm, 

which are common morphological characteristics from the most used meshes in hernia 

repair [16,17]. 

In conclusion, A-WBPU and A-WBPU+Ca meshes presented suitable morphological 

characteristics to perform as hernia repair implants that would contribute to tissue 

regeneration due to their very large hexagonal pores, which, as it has been reported in 
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the literature [9,10], avoids inflammatory reaction. Very large pores and transparency 

properties would enable their implantation, allowing better visibility of the structures and 

proper fixation. Moreover, the developed A-WBPU and A-WBPU+Ca meshes could be 

adapted to the specific patient injury, changing the dimensions of the CAD mesh model 

and thus, suitable and customized hernia mesh implants composed of alginate and 

WBPU can be manufactured by 3D printing technology. 

 

6.4.2. Mechanical characterization of A-WBPU and A-WBPU+Ca  

The developed A-WBPU and A-WBPU+Ca meshes were mechanically characterized to 

evaluate the suitability of the meshes to the biomechanical requirements of the human 

body [18,19]. Mechanical performance evaluation of the developed A-WBPU, A-

WBPU+Ca and commercial PP meshes was performed by comparing them with strain 

data of human groin area. The meshes were gripped to pneumatic clamps and tensile 

tests were carried out as it can be observed in Figure 6.6. 

 

Figure 6.6. Images of mechanical tensile test of a A-WBPU based mesh. 

 

Mechanical parameters such as tensile stiffness, breaking force, elastic limit and elastic 

elongation of the meshes were evaluated and shown in Table 6.5. All 3D printed meshes 

presented isotropic behavior since they responded equally when they were tensioned in 

both longitudinal and transversal directions, and consequently their fixation in the injury 

zone would be easier than commercial anisotropic ones, without paying attention to a 

specific orientation, and enabling optimal adaptation to the anatomical structures as well 

[20]. On the contrary, commercial PP mesh showed anisotropic behavior, meaning that 

it must be inserted in the appropriate orientation to match the physiological stress [12]. 
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Table 6.5. Tensile stiffness, breaking force, elastic limit and elastic elongation of the studied A-

WBPU, A-WBPU+Ca and commercial PP meshes (in longitudinal and transversal directions). 

 

Mesh formulation 

Tensile 

stiffness 

(N·mm-1)  

Breaking 

force  

(N·cm-1) 

Elastic 

limit 

(N·cm-1) 

Elastic 

elongation  

(%) 

A0.5-WBPU n=10 0.99 ± 0.23 14.89 ± 3.09 5.22 ± 0.67 76.97 ± 8.02 

A1-WBPU n=10 1.83 ± 0.24 16.12 ± 1.51 7.34 ± 0.8 64.75 ± 3.25 

A1.5-WBPU n=10 2.43 ± 0.48 17.40 ± 2.07 8 ± 0.81 57.15 ± 3.76 

A2-WBPU n=10 3.80 ± 0.50 17.98 ± 0.62 9.24 ± 0.58 47.80 ± 5.42 

A2.5-WBPU n=10 4.70 ± 0.60 19.17 ± 2.70 11.27 ± 0.95 42.63 ± 1.88 

A0.5-WBPU+Ca n=8 1.03 ± 0.12 16.13 ± 3.24 5.24 ± 0.17 61.20 ± 5.15 

A1-WBPU+Ca n=8 1.75 ± 0.41 20.10 ± 4.11 6.47 ±  2.81 54,82 ± 3.06 

A1.5-WBPU+Ca n=8 3.02 ± 0.36 24.47 ± 1.21 11.14 ± 1.70 49.40 ± 3.00 

A2-WBPU+Ca n=8 4.80 ± 0.50 26.29 ± 1.31 14.32 ± 0.91 40.52 ± 6.34 

A2.5-WBPU+Ca n=8 4.51 ± 0.79 26.38 ± 1.08 15.83 ± 1.04 42.57 ± 6.60 

Comm. PP long. n=6 3.03 ± 1.69 33.14 ± 11.66 3.8 ± 1.5 19.20 ± 3.06 

Comm. PP transv. n=6 9.52 ± 0.84 57.17 ± 4.08 36.83 ± 3.20 39.23 ± 5.81 

 

Tensile stiffness is referred to the ratio between the force that acts on an elastic material, 

and the displacement resulted in an uniaxial plane [20,21]. Results of the A-WBPU and 

A-WBPU+Ca meshes showed an increase in tensile stiffness values as the alginate 

content increased in the formulation, suggesting that the alginate contributed to the 

reinforcement of the mesh structure. Comparing the tensile stiffness of the developed 

meshes with the commercial PP, longitudinal value for the PP mesh was similar to the 

formulations with higher content of alginate, whereas the result of transversal value for 

PP was significantly higher than the measured for A-WBPU and A-WBPU+Ca meshes. 

Tensile stiffness values of 0.44 ± 0.12 N·mm-1 for 3D printed thermoplastic polyurethane 

meshes were reported in the literature [22], which are significantly lower than the 

obtained for all A-WBPU and A-WBPU+Ca meshes. 

Breaking force is a mesh parameter equivalent to the tensile strength, referred as the 

maximum force measured in Newton that the mesh will withstand before breaking, in 

respect to the width of the tested specimen measured in centimeter [20,21]. Breaking 

force values of 16 N·cm-1 have been reported in the literature for small and groin hernias 

[7], [20]. The breaking force values of the developed A-WBPU meshes increased as the 
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alginate content raised in the formulations and, if the values are compared to the 

physiological ones reported, all of them would be able to support the required tensile 

strength of 16 N·cm-1 without breaking. However, it is crucial that the physiological tensile 

value of 16 N·cm-1 is close to the range of the elastic limit to enable the recovery of the 

implant after corporal movements.  

The elastic limit of the developed meshes was calculated from the force-elongation 

curves as the force required to cause a plastic deformation of 0.2 % [23], and the 

graphical representation of A-WBPU and A-WBPU+Ca values is shown in Figure 6.7 A. 

The elastic limit values of the developed meshes were smaller than the required 

physiological tensile strength of 16 N·cm-1. However, after the CaCl2 coating, an increase 

of the elastic limit of the meshes was observed, reaching values of 15.83 ± 1.04 N·cm-1 

for A2.5-WBPU+Ca formulation, and thus, achieving required physiological value of 16 

N·cm-1 in the elastic zone. It was observed that the differences on elastic limit values 

among the formulations with and without CaCl2 coating were higher as the alginate 

content increased, suggesting that the created crosslinking network also acted as mesh 

reinforcement, increasing its mechanical strength. 

 

Figure 6.7. Graphical representation of mechanical parameters of the A-WBPU, A-WBPU+Ca 

and commercial PP meshes: A) Elastic limit values and comparison to the physiological tensile 

strength value of 16 N·cm-1. B) Measured elastic elongation values of the developed meshes 

and comparison to the physiological elastic range from 20 to 40 %. Bars without pattern 

represents A-WBPU meshes and square pattern represents A-WBPU+Ca meshes. 

 

Elasticity or elastic elongation is also an important mechanical parameter of hernia mesh 

implants, related to the deformation percentage of the material under the action of 

opposing tensile forces. However, when the forces stop, the material should be able to 

recover its original shape [20,21]. The elasticity of the human abdominal wall has also 

been studied in literature and, physiological elastic elongation values of 23 ± 7 % for men 

and 32 ± 17 % for women were measured in the longitudinal direction under 16 N·cm-1, 
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whereas 15 ± 5 % for men and 17 ± 5 % for women were measured [19]. Consequently, 

the physiological elastic elongation range has been considered in between 20-40 % [20]. 

The elastic elongation values of the studied meshes were also measured from force-

elongation curves and the obtained values are shown in Figure 6.7 B. As can be 

observed, all developed formulations showed suitable elastic elongation values to 

support physiological elasticity requirements of 20-40 %, being much higher the values 

measured in the formulations with lower alginate content. This also demonstrated that 

the alginate content contributed to the stiffness while WBPU provided the elasticity to the 

A-WBPU and A-WBPU+Ca mesh formulations. Commercial PP mesh showed elastic 

elongation values under the physiological range for longitudinal direction but high values 

in the transversal direction. Therefore, these commercial meshes should improve their 

elastic elongation range in longitudinal plane to match specifically the physiological 

movements to avoid tension in the scar area and problems of mesh shrinkage [10].  

Force-elongation experiments of A-WBPU and A-WBPU+Ca meshes before and after 

21 days introduced in PBS were performed and the results are represented in Figure 

6.8. 

 

Figure 6.8. Force-elongation curves of the A-WBPU (upper images) and A-WBPU+Ca (down 

images) meshes before and after the immersion in PBS during 21 days. 
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This experiment reproduced the mesh state after patient recovery time from a groin 

hernia surgery that requires a minimum of three weeks, according to the specialists [13]. 

The force-elongation curves performed after 21 days introduced in PBS showed poor 

mechanical properties of A-WBPU meshes due to the dissolution of alginate in the 

medium, while mechanical properties of A-WBPU+Ca formulations remained almost 

similar after three weeks of immersion. This analysis also corroborated that the CaCl2 

coating reinforced mesh structure, increasing tensile strength and elastic limit values of 

the A-WBPU implants and thus, demonstrating functionality at least along critical 

recovery time of three weeks after surgery. Consequently, the ionic bonds remained in 

the meshes for a longer period without compromising their mechanical properties. 

In conclusion, after mechanical analysis of the developed meshes, it was concluded that 

A2.5-WBPU+Ca formulation was the most suitable to manufacture hernia mesh implants 

through 3D printing technology, since it presented elastic limit values of 15.83 ± 1.04 

N·cm-1 and maximum elastic elongation values of 42.57 ± 6.60 %, both under 

physiological ranges. A2.5-WBPU+Ca isotropic meshes would be fixed easier without 

paying attention to a specific orientation in groin area or small hernias, supporting the 

required tensile forces in their elastic range and thus recovering their original shape after 

the physiological movements during patient recovery time. 

 

6.5. Cell viability test from A2.5-WBPU+Ca mesh 

Preliminary LIVE/DEAD analysis was performed to evaluate the cell growth and 

proliferation on the A2.5-WBPU+Ca meshes. L929 murine fibroblasts were seeded on 

the surface of the selected mesh, and their viability were evaluated at 3 and 7 days after 

seeding through LIVE/DEAD staining. The obtained images are shown in Figure 6.9, 

revealing that there were a large number of viable cells (green) and a shortage of dead 

cells (red). The culture on the A2.5-WBPU+Ca meshes after 3 days reached the 

monolayer in some parts, with a shorter cell density compared to the control. This could 

be due to slow cell adhesion and proliferation during the first days. However, confocal 

images of both the mesh and the control were crowded of live cells after 7 days of 

seeding. Cell viability was quantified by measuring the ratio between green-fluorescent 

cells (live) and red-fluorescent cells (dead), obtaining viability values above 90 % in all 

cases. 
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Figure 6.9.  LIVE/DEAD images at 3 and 7 days after seeding for cell viability examination from 

A2.5-WBPU+Ca mesh. Calcein represent cell viability (green stained circles) and propidium 

iodide represent non-viable cells (red stained circles). Images were obtained by confocal 

microscopy at 20x magnification. Scale bar represented 100 μm. Graphical representation of 

cell viability percentages in the A2.5-WBPU+Ca mesh and the control after 3 and 7 days of 

seeding. 
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In conclusion, LIVE/DEAD experiments demonstrated that during the first week after 

mesh implantation fibroblast cells would grow throughout the surface of the mesh, what 

would enable tissue repair of the damaged area. This experiment also corroborated the 

biocompatible character of the alginate and WBPU.  

 

6.6. In vitro antibiotic delivery from A2.5-WBPU-clph+Ca mesh 

The addition of antibiotics to the developed 3D printed meshes would allow their 

focalized release in the damaged area after implantation, avoiding future mesh 

replacement caused by infection complications [22,24]. As demonstrated in the previous 

chapters, 3D printing technology enables the manufacture of drug-loaded devices by 

adding the necessary drug dosage in the ink formulation.  

In this case, 5.5 wt. % of chloramphenicol, which as a broad-spectrum antibiotic is often 

used for surgical prophylaxis in the wound area [25], was added in the A2.5-WBPU 

biomaterial ink formulation after selection of A2.5-WBPU+Ca mesh as the most suitable 

for hernia repair, according to the previous experiments. The antibiotic-loaded A2.5-

WBPU-clph biomaterial ink was successfully 3D printed and then coated with CaCl2 after 

the air-drying process, as before, obtaining a chloramphenicol loaded mesh designated 

as A2.5-WBPU-clph+Ca. Swelling degree and in vitro chloramphenicol release from 

A2.5-WBPU-clph+Ca meshes were analyzed for 24 h and the results are shown in 

Figure 6.10.  

 

Figure 6.10. Swelling ratio and in vitro chloramphenicol release experiments from the antibiotic-

loaded A2.5-WBPU-clph+Ca meshes during 24 hours. 

 

The meshes showed a swelling capacity of 120 % in 24 h and the 80 % of the loaded 

chloramphenicol was released to the physiological medium in the first 24 h. 
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In summary, antibiotic-loaded meshes from A-WBPU inks can be developed by 3D 

printing technology. Swelling and release experiments demonstrated that the antibiotic 

could be delivered into the wound site during the first 24 h after implantation, and thus 

infection and a future mesh replacement could be avoided.  

 

6.6. Conclusions 

In this chapter, five A-WBPU biomaterial ink formulations with different alginate contents 

were developed in order to manufacture 3D printed mesh implants that could be 

potentially employed for hernia repair.  

The obtained A-WBPU inks were rheologically characterized showing shear-thinning 

behavior, high viscosities and viscoelasticity, characteristics that increased as the 

alginate content increased in the ink formulations. 

A-WBPU 3D printed meshes showed suitable printing performance, shape fidelity and 

accuracy in model reproduction, being adaptable to a specific patient injury by modifying 

the CAD mesh model. Besides, a CaCl2 coating was applied to the air-dried meshes as 

physical reinforcement, obtaining implants that present the following characteristics: 

partially-absorbable, heavyweight, very large pores, transparency and isotropic 

behavior, which could facilitate their implantation.  

Mechanical tests of the developed meshes revealed that the alginate, as well as the 

CaCl2 coating, reinforced the mesh structure increasing the tensile strength and elastic 

limit, while WBPU provided the elasticity. The obtained mechanical results were 

compared with the  reported physiological values and it was concluded that A2.5-

WBPU+Ca mesh formulation was the most suitable for hernia repair, being able to 

support the physiological tensions of small and inguinal hernias. 

Finally, antibiotic-loaded A-WBPU mesh implants were developed for their local 

administration. In vitro antibiotic delivery experiments revealed that the drug was 

released in the first 24 h, and thus, post-surgical infection complications and future mesh 

replacement would be avoided. 
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 7. Alginate-WBPU bioinks for 3D bioprinting of scaffolds for cartilage 

regeneration 

7.1. Aim of the chapter 

The aim of this chapter is the development of bioinks composed of alginate and 

waterborne polyurethane for the fabrication of scaffolds for cartilage regeneration 

through 3D printing technology. 

In the previous chapter, A-WBPU based inks showed proper rheological properties for 

extrusion 3D printing. Besides, the subsequent 3D printed meshes presented 

mechanical strength provided by the alginate and high elasticity and resilience given by 

the WBPU. These mechanical characteristics are also present in mature articular 

cartilage, suggesting that they could be good support materials for cartilage tissue 

engineering. 

On the other hand, as explained in Chapter 1, 3D bioprinting allows the creation of 

functional 3D constructs containing living cells, enabling in situ tissue formation. In 

particular, the articular cartilage tissue is only formed by a type of cells named 

chondrocytes and, for the formation of neo-tissue, it is necessary the fabrication of 

complex scaffolds that can host these cells and thus, mimic the original tissue. However, 

chondrocyte cultures in stiff 3D architectures can lead to de-differentiation of the cells 

towards hypertrophic phenotypes. Hence, chondrocyte-laden constructs should present 

proper strength and elasticity to avoid cellular de-differentiation. 

Therefore, in this chapter A-WBPU bioinks were developed and rheologically 

characterized. Their suitability for 3D bioprinting was analyzed, as well as the 

encapsulation and viability of the chondrocytes into the printed constructs. Moreover, in 

vitro cartilage formation and the absence of de-differentiated phenotypes were 

evaluated.  

 

7.2. A-WBPU bioinks preparation and characterization 

Five different ink formulations were prepared from alginate powder and WBPU 

dispersion. In this case, alginate powder at 10 wt. % was first dispersed in chondrocyte 

expansion medium (DMEM:F-12 + 5 % FBS + 1 % Pen/Strep). Then, the alginate-culture 

medium were mixed with the WBPU dispersion, obtaining ink formulations with different 

alginate/WBPU proportions as it is shown in Table 7.1, obtaining 0.4, 0.8, 1.6, 3.2 and 

6.4 wt. % alginate, respectively, in each formulation. Alginate and WBPU solutions were 
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previously autoclaved to be sterilized during 10 min at 121 ºC. Both materials were mixed 

in the biosafety cabinet using sterile syringes to extrude and mix the materials until 

homogenization, preserving sterile conditions. The obtained ink formulations were 

denoted as AX-WBPU, being X the alginate amount in respect to the total solid content 

in the formulation. 

Table 7.1. Summary of the developed A-WBPU ink formulations. Proportions of alginate + culture 

medium/WBPU weight and total solid content present in each formulation. 

 

7.2.1. Rheological characterization of A-WBPU inks 

The suitability of the developed inks for 3D printing technology was evaluated by 

performing similar rheological assays than in the previous chapter. First, flow viscosity 

curves versus shear rate increase were performed (Figure 7.1 A), showing the five inks 

shear-thinning behavior and thus, non-Newtonian characteristics. However, only A1.6-

WBPU, A3.2-WBPU and A6.4-WBPU showed high viscosity at low shear rates. 

Moreover, as the alginate content increased in the formulations, viscosity values at zero 

shear rate increased, as it can be observed in Table 7.2. The non-Newtonian behavior 

of the A-WBPU ink formulations can be explained by comparing the experimental data 

with a power-law model (Eq. 3), as performed in previous rheological characterizations. 

Values of power-law index among 0.22 and 0.25 were obtained for all A-WBPU 

formulations (Table 7.2) indicating strong shear-thinning and non-Newtonian behavior in 

all cases. Consistency coefficient raised as the alginate content increased in the 

formulation (from 51.7 to 975.1 Pa·sn), and Pearson correlation coefficient, denoted 

strong correlation among the obtained experimental results and the power-law model 

(R2>0.9).  

Viscosity recovery tests were also carried out and the results are shown in Figure 7.1 B. 

The recovery percentages were calculated and the obtained values are summarized in 

Bioink formulation Alginate + culture medium / WBPU 

(w/w) 

Total solid content  

(wt. %) 

A0.4-WBPU 4/96 40.4 

A0.8-WBPU 8/92 40.8 

A1.6-WBPU 16/84 41.6 

A3.2-WBPU 32/68 43.2 

A6.4-WBPU 64/36 46.4 
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Table 7.2. All inks showed recovery percentages between 75 and 98 % after 60 seconds, 

indicating good shape fidelity properties of the materials after 3D printing.  

 

Figure 7.1. Rheological characterization of the developed A-WBPU inks. A) Viscosity versus 

shear rate. B) Viscosity recovery tests. C) Storage modulus represented by solid symbols and 

the loss modulus represented by open symbols, versus an increasing shear stress. 

 

Table 7.2. Viscosity measured at 0.2 s-1, power-law index, consistency coefficient, Pearson 

correlation coefficient, viscosity recovery percentages after 60 sec, G’ in the LVR and yield point 

values. 

Bioink 

formulation 

Viscosity 

(Pa·s) 

n K 

(Pa·sn) 

R
2

 
Recovery 

(%) 

G’ in LVR  

(Pa) 

Yield point 

(Pa) 

A0.4-WBPU 184 ± 20 0.22 51.72 0.99 97.0 ± 1.0 770 ± 123 19 ± 4 

A0.8-WBPU 325 ± 13 0.22 106.27 0.93 87.0 ± 1.0 1357 ± 62 43 ± 2 

A1.6-WBPU 786 ± 37 0.21 241.61 0.99 91.1 ± 2.7 1950 ± 74 123 ± 1 

A3.2-WBPU 1220 ± 54 0.25 458.27 0.96 75.8 ± 0.1 1944 ± 22 241 ± 4 

A6.4-WBPU 2668 ± 2 0.24 975.14 0.92 84.8 ± 1.2 2488 ± 122 1407 ± 30 
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Viscoelastic characteristics of the A-WBPU inks were studied by oscillatory sweep tests. 

Storage modulus and loss modulus versus shear stress are shown in Figure 7.1 C. The 

five A-WBPU bioink formulations showed always G’ above G’’ in the LVR, indicating 

solid-like behavior and elastic characteristics. The G’ values in LVR of the different 

formulations are related with the shape fidelity after printing [1] (Table 7.2). The increase 

in G’ values of A-WBPU inks from 770 ± 123 to 2488 ± 122 Pa suggested that the 3D 

printed samples could retain the shape when compared to values within a printability 

window ranging from 647 to 4000 Pa reported in the literature [2,3]. A0.4-WBPU and 

A0.8-WBPU formulations presented suitable viscoelastic characteristics despite the low 

viscosity values observed in the previous experiments. As the shear stress increased, 

the values of G’ values drop below G’’ acquiring a viscous and liquid-like behavior [4]. 

The yield point values increased from 19 to 1407 Pa as the alginate content did in the A-

WBPU formulations, thus increasing the force needed to extrude the material through 

the nozzle during 3D printing process [5]. 

Rheological characterization results showed that the addition of alginate-culture medium 

to the WBPU dispersion allows achieving desirable characteristics for 3D printing, 

increasing the viscosity and viscoelastic properties, as observed in the previous chapter. 

The developed A-WBPU inks reached proper viscosity, shear-thinning behavior and the 

viscoelasticity required for a suitable 3D printing process and shape retention of the 

obtained scaffolds. 

 

7.2.2. Cell encapsulation into A-WBPU bioinks  

After the rheological characterization, the ability of cell encapsulation into the A-WBPU 

bioinks was evaluated. Bioink droplets with a volume of 40 µL containing a cell density 

of 2·106 cell·mL-1 were 3D printed, Ca2+ crosslinked for 5 min and cultured for 24, 72 h 

and 7 days (Figure 7.2). The crosslinking of the scaffolds is an important point to ensure 

proper encapsulation of the cells in the form, creating a suitable environment for the cells 

to grow and perform their specific functions [6,7]. The ionic interactions among carboxylic 

groups present in the alginate as well as in WBPU particles with Ca2+ created a proper 

network that allowed nutrient exchange without compromising cell viability [8].  

After harvesting the droplets at the different time points, cell number counting and 

cytotoxicity tests were performed in order to determine the cell viability in the developed 

bioink formulations. 
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Figure 7.2. Images of cell-laden droplets obtaining process and culture in expansion medium 

for 24, 72 h and 7 days. Down images represented freeze-dried droplets of each formulation 

after 7 days of culture. 

 

During the culture process, it was observed that A0.4-WBPU, A0.8-WBPU and A1.6-

WBPU droplets were not able to preserve their integrity, leaching the material from the 

inner part to the culture medium. This suggests that the bioinks with less alginate content 

were not effectively crosslinked and did not maintain the full integrity of the scaffold 

during the whole experiment. The different droplets were freeze-died to observe the inner 

part of the samples after 7 days of culture and pictures are shown in Figure 7.2 (down 

images). A3.2-WBPU and A-6.4-WBPU presented a compact internal structure as 

opposed to A0.4-WBPU, A0.8-WBPU and A1.6-WBPU, in which only the envelope could 

be detected, demonstrating that formulations with higher alginate content presented 

proper shape retention capacity. 

The cell viability of the droplets was tested by means of DNA quantification and lactate 

dehydrogenase (LDH) release cytotoxicity assays (Figure 7.3). The results of the cell 

number quantification assays are shown in Figure 7.3 A. As can be observed, the initial 

number of cells per droplet (8·104 cells) remained unchanged after 24 hours of culture in 

all cases. However, after 72 h and 7 days of culture, the cell number in the droplets with 

the less alginate content dropped due to the matrix disintegration. The cells lost their 

scaffolding and were probably released into the culture medium along with the liquid-like 

support materials. The cell number in the A3.2-WBPU and A6.4-WBPU droplets 

remained constant over the 7 days of experiment. 
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Figure 7.3. Graphical representation of A) cell number and B) cytotoxicity of the droplets from 

the different A-WBPU formulations after 24, 72h and 7 days of culture. 

 

LDH release to the culture medium was used as a measure of cytotoxicity (Figure 7.3 

B). The obtained results were normalized against a negative control, which presented 

the initial number of 8·104 cells, treated with lysis buffer. These results revealed that the 

higher alginate content in the formulation, the higher volume of LDH released probably 

due to the higher viscosity of these bioinks. The extrusion process of the high viscosity 

bioinks could result in cell crushing and thus, the release of LDH to the culture medium. 

It has been reported that bioprinting of hydrogels with high viscosity compromises cell 

integrity due to the high shear rates needed during the extrusion process [9], 

phenomenon that could have occurred in this case for high alginate content bioinks. As 

demonstrated in previous chapters, the alginate as well as the WBPU dispersion 

employed for these experiments presented a biocompatible character. Therefore, the 

cytotoxicity values detected in the culture medium of 35.77 ± 2.24 %, 22.6 ± 3 % and 

45.59 ± 4.6 % for A1.6-WBPU, A3.2-WBPU and A6.4-WBPU formulations, respectively, 

after 24 h were not be caused by the materials itself, but for the extrusion process of the 

encapsulated cells. However, as it was demonstrated by the quantification of DNA, this 

slight crushing effect during 3D printing is not crucial for global cell viability in these higher 

alginate content bioinks due to the constant cell number presented for at least one week 

of culturing.  

After rheological characterization, measurement of cell viability and encapsulation 

efficiency in the developed A-WBPU bioinks, it was observed that only A3.2-WBPU and 

A6.4-WBPU formulations presented proper structural integrity and cell viability after a 

week immersed in culture media. Moreover, these formulations presented better 

rheological properties such as high viscosity and viscoelasticity to be 3D printed and 

retain the desired shape compared to those with less alginate content. Therefore, A3.2-
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WBPU and A6.4-WBPU formulations were selected as the most suitable to perform 

experiments of in vitro cartilage formation. 

 

7.3. 3D Bioprinting of A-WBPU scaffolds and in vitro cartilage formation 

7.3.1. 3D bioprinting of chondrocyte-laden constructs 

In order to achieve successful chondrogenic tissue restoration, it is necessary to 

fabricate support scaffolds that present adequate mechanical properties to withstand the 

loads applied in the articular joint areas [10]. The mechanical properties of the A-WBPU 

meshes studied in the previous chapter revealed that increasing the alginate content in 

the formulation contributes to increased mechanical strength, on the one hand, and that 

WBPU provides elasticity and resilience properties, on the other hand, which are similar 

characteristics to those observed in mature articular tissue [11,12]. Therefore, those 

observations suggest that the selected A3.2-WBPU and A6.4-WBPU formulations with 

high alginate content would behave as suitable support materials for chondrogenic 

restoration, mimicking articular cartilage tissue. 

The scaffolds for in vitro cartilage regeneration assays were manufactured by 3D 

bioprinting technique. A3.2-WBPU and A6.4-WBPU bioinks were loaded with a 

chondrocyte density of 2·106 cell·mL-1 and thereafter, the cell-laden formulations were 

3D printed following a specific CAD model. The design of the scaffolds is crucial to 

ensure proper nutrient and oxygen diffusion, chemical exchange and waste removal 

among cells and the environment, avoiding chondrocyte de-differentiation [13–15]. It is 

important to provide a proper grid morphology to the constructs as these structure not 

only provide good communication with the environment, but also modulate the 

mechanical properties as well as the differentiation potential of the cells [16–18]. In this 

case, the scaffold architecture chosen for these experiments presented a square hole 

(strand distance) of 1.5 mm with a deposition of the material following a geometry of 90 

– 0 º. After 3D bioprinting process, the scaffolds were crosslinked for 5 min with a 0.1 M 

CaCl2 solution to achieve functional cell-laden constructs (Figure 7.4). The scaffolds 

were incubated during 14 and 28 days in basal (maintenance) and differentiation media 

containing growth factors and specific biochemicals that lead to chondrogenic 

phenotypes, to test whether the employed materials are able to promote cell adhesion, 

proliferation and tissue formation, avoiding de-differentiation. 
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Figure 7.4. 3D bioprinting process of A3.2-WBPU and A6.4-WBPU formulations: from CAD 

model to functional cell-laden scaffolds. Printed scaffolds were cultured during 14 and 28 days 

in basal (maintenance) and differentiation media. 

 

7.3.2. Scaffolds characterization and in vitro cartilage formation 

After 14 and 28 days of incubation, the scaffolds were harvested and morphologically 

characterized. SEM images presented in Figure 7.5 and Figure 7.6 revealed that all 

scaffolds from both A3.2-WBPU and A6.4-WBPU presented structural integrity, without 

material leaching out of the constructs along the experiment (left columns). 

Chondrocytes were found throughout the scaffolds, presenting spherical morphologies, 

typical from this phenotype [19]. The cells appeared embedded in the material, 

sometimes by pairs, similarly to the lacunae found in the native tissue. Besides, the 

presence of cells in all scaffolds suggested that these materials did not affect cell viability 

for longer periods of incubation, performing as suitable constructs for chondrocytes 

support. Moreover, the design of the scaffolds was adequate to promote nutrient 

exchange with the media and thus, cell survival. There were no visual differences in the 

number of cells between both formulations, time points or culturing conditions, since 

large and close groups of chondrocytes were not observed in any case, suggesting that 

no proliferation or only slight proliferation occurred.  
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Figure 7.5. SEM images of A3.2-WBPU scaffolds after 14 and 28 days of culture in 

maintenance and differentiation media. Magnifications of x100 (left column), x1500 (middle 

column) and x6000 (right column) were applied. 

 

The cells were mostly located inside of the scaffolds, as it can be observed in the images 

(middle and right columns). However, after the dehydration process needed for SEM, the 

original structure of the constructs was lost due to the water removal and the subsequent 

shrinkage after the treatment. 
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Figure 7.6. SEM images of A6.4-WBPU scaffolds after 14 and 28 days of culture in 

maintenance and differentiation media. Magnifications of x100 (left column), x1500 (middle 

column) and x6000 (right column) were applied. 

 

After SEM analysis, the total DNA content into the scaffolds was determined (Figure 

7.7). Samples after 24 h of culture were also analyzed as a control. Values of 6·104 ± 

1·102 cells and 6.7·104 ± 1.6·103 cells per scaffold for A3.2-WBPU and A6.4-WBPU, 

respectively, were measured at 24 h. However, after 14 days of incubation the number 

of cells decreased in maintenance and differentiation conditions for both formulations. 

This could be caused by cell crushing effect during the bioprinting, being more 

accentuated in A6.4-WBPU scaffolds, as it was previously observed in droplets analysis. 

The number of cells in A3.2-WBPU after 14 days in maintenance and differentiation 

media presented values of 5.2·104 ± 1.3·103 and 5.1·104 ± 1.4·103, respectively, while in 
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A6.4-WBPU the values for cell number were 5.8·104 ± 4.4·103 and 5.3·104 ± 4·103 cells 

per scaffold in maintenance and differentiation media respectively. 

 

Figure 7.7. Cell number after 24 h, 14 and 28 days of culture in maintenance and differentiation 

conditions from A3.2-WBPU and A6.4-WBPU scaffolds. 

 

After 28 days of incubation, the values remained constant for both formulations and 

conditions. For A3.2-WBPU values were 5.3·104 ± 3.5·103 and 5.3·104 ± 2.2·103 cells 

per scaffold in maintenance and differentiation medium, respectively, and values of 

5.2·104 ± 1.4·103 and 5.2·104 ± 4·102 cells in A6.4-WBPU formulation.  

In conclusion, chondrocytes embedded in A3.2-WBPU and A6.4-WBPU matrices were 

not able to proliferate, although their viability were not compromised at least during 28 

days of incubation, confirming the previous observations in SEM images.  

In the studies carried out by Martinez-Avila et al. [20], chondrocyte-laden cellulose-

alginate constructs with a density of 20·106 cell·mL-1 before printing showed a significant 

proliferation after 14 and 28 days of culture, suggesting that the higher loaded cells the 

higher increment in their number along incubation time. In other study carried out by 

Hung et al. about chondrocyte-laden in WBPU constructs [21], also a significant 

increment of cell number after 14 days of incubation was informed, starting from 5·107 

cell per mL of material. High cell densities loaded into the materials will be translated into 

higher proliferation rates due to the presence of very close groups of cells, creating a 
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suitable environment in which growth factors and other chemical cues are exchanged 

among them, increasing cell proliferation rates [22].  

Chondrogenic cells present in mature cartilage tissue usually do not have proliferative 

capacity, but their main function is the maintenance of tissue homeostasis by means of 

the synthesis of specific extracellular matrix, which contains mainly large amounts of 

glycosaminoglycan (GAG) and collagen II [23,24]. Sulfated GAG molecules allow water 

retention in their structure, being the responsible of the osmotic pressure generated into 

the tissue [25]. Collagen II forms a structured network with fibers in different orientations 

and providing mechanical strength [26]. The deposition of these molecules are the main 

characteristic of the chondrocytes and the core of the mechanical properties of the 

mature articular cartilage [27].  

In cartilage tissue regeneration, the seeded chondrocytes should be able to synthesize 

and deposit these molecules to form functional and mature tissue. However, when 

chondrocytes are in vitro expanded in 3D cultures, it could lead to de-differentiation of 

the cells towards hypertrophic phenotypes characterized by a deposition of higher 

concentrations on osteogenic markers such as collagen I [28,29]. The evaluation of the 

GAGs presence in the developed scaffolds would inform about the capacity of these 

chondrocytes to form functional neo-tissue in the 3D constructs, similar to the native one 

[30,31].  

Optical images of histological Safranin-O staining, which is a marker for GAG, from 

cultured A3.2-WBPU and A6.4-WBPU scaffolds during 28 days are shown in Figure 7.8. 

In these images, GAGs deposition was hardly observed, in neither maintenance nor 

differentiation conditions, probably due to the small thickness of the histological slides. 

However, the original structure of the scaffolds could be appreciated. The cryosectioning 

technique of the samples allowed preserving the internal structure where cells were 

embedded. A-WBPU matrices were observed as pink and blue stained structures and 

chondrocytes are detected as stained blue circles (cytoplasm) with black nuclei located 

into the structure indicated by red circles. 
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Figure 7.8. Safranin-O staining images (with fast green and Weigert's Iron Hematoxylin 

solutions as counter stains) after 28 days of culture in maintenance and differentiation 

conditions from A3.2-WBPU and A6.4-WBPU scaffolds. Magnifications of 10x (left column) and 

20x (right column). Cells are denoted by red circles. 
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The GAG deposition was also analyzed quantitatively after 14 and 28 days of culture, 

and the obtained results are shown in Figure 7.9 A.  

 

Figure 7.9. A) GAGs deposition and B) normalized GAGs content after 14 and 28 days of 

incubation in maintenance and differentiation media from A3.2-WBPU and A6.4-WBPU 

chondrocyte-laden constructs. 

 

After 14 days of incubation, GAG content was similar in maintenance and differentiation 

conditions from both A3.2-WBPU and A6.4-WBPU scaffolds, presenting values from 4 

and 5 µg per sample, respectively. However, after 28 days, the amount of GAGs 

increased, reaching values around 6 µg per sample in both formulations and conditions. 

This suggest that the de-differentiation phenomena of these chondrocytes did not occur 

due to the similar levels of GAGs observed in both maintenance and differentiation 

conditions. The GAG content was normalized versus the total DNA content and the 

obtained values are shown in Figure 7.9 B. After 14 of culture, A3.2-WBPU scaffolds 

showed values of 13.7 ± 2.8 and 12.9 ± 0.9 µg of GAGs per µg of DNA for maintenance 

and differentiation conditions, respectively. A6.4-WBPU scaffolds showed values of 14.5 

± 1 and 16 ± 0.3 µg of GAGs per µg of DNA for maintenance and differentiation, 

respectively. Further, after 28 days of incubation, A3.2-WBPU constructs contained 

values of 21.2 ± 1.5 and 16.8 ± 0.9 µg GAGs per µg of DNA in maintenance and 

differentiation conditions, respectively, while A6.4-WBPU scaffolds presented values of 

19.4 ± 2.1 and 18.7 ± 1.2 µg of GAGs per µg of DNA. The fact that GAG normalized 

values to DNA increased during the culture period is in accordance with the observations 

reported in the literature [32].   

In general, high polymer concentrations can inhibit matrix formation of embedded cells 

[33,34]. However, this affirmation was not in accordance with the concentrations 

evaluated in this study, since A6.4-WBPU presented values of GAGs content in general 
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higher than formulation with lower alginate content. In other studies, the authors also 

observed that the higher solid content in the formulation the higher GAGs deposition [32]. 

The observed GAGs content into the developed constructs suggest that the A-WBPU 

bioinks are able to promote specialized ECM synthesis, leading to the maintenance of 

chondrocyte phenotype at least during 28 days of culture. 

The presence of collagen deposition in the scaffolds after 28 days of culture was 

analyzed through histological staining. Hematoxylin & Eosin and Masson’s Trichrome 

staining were performed, and the optical images are shown in Figure 7.10 and Figure 

7.11, respectively. Histological staining techniques allow the visualization of principal cell 

structures stained with different components depending on their chemical character [35]. 

Hematoxylin stains specifically acid cell structures (purple) such as ribosomes and 

nucleus, whereas Eosin stains basic cell parts (pink-orange) such as cytoplasm, collagen 

and other structural molecules [36]. In the optical images from all formulations and 

conditions after 28 days of incubation (Figure 7.10), chondrocytes can be detected 

distributed along the surface sometimes in small groups (red circles), as it was previously 

observed. Purple stained circles represented cell structures such as the nucleus and in 

some cases cytoplasm, whereas other structural molecules were visible as orange-pink 

parts surrounding the nucleus.  

Masson’s Trichrome staining (Figure 7.11) represents collagen fibers and connective 

tissues specifically in blue-green, while the nucleus appears stained in dark brown and 

cytoplasm in pink [37]. Basic cell structures can also be appreciated in Masson’s 

Trichrome images, with groups of chondrocytes appearing close one another in all 

formulations and conditions (red circles), but no collagen fibers (blue-green) are detected 

surrounding the cells. This suggest that the deposition of this structural molecule is not 

present or not appreciated in these histological slides probably due to the small thickness 

of the samples. In the images for both staining, the original porosity and the structure of 

the scaffolds can also be appreciated due to material highlighting by the different stains. 

No visual marked differences were detected among maintenance and differentiation 

conditions in each case, nor between both A-WBPU formulations. 
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Figure 7.10. Hematoxylin & Eosin staining images after 28 days of culture in maintenance and 

differentiation conditions from A3.2-WBPU and A6.4-WBPU scaffolds. Magnifications of 10x (left 

column) and 20x (right column). Cells are denoted by red circles. 
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Figure 7.11. Masson’s Trichrome staining images after 28 days of culture in maintenance and 

differentiation conditions from A3.2-WBPU and A6.4-WBPU scaffolds. Magnifications of 10x (left 

column) and 20x (right column). Cells are denoted by red circles. 
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To support histological results, the analysis of gene expression by RT-qPCR from A3.2-

WBPU and A6.4-WBPU scaffolds cultured during 28 days in maintenance and 

differentiation conditions was performed. Chondrocytes from mature articular cartilage 

are characterized by larger expression of collagen II, aggrecan (ECM proteoglycan), 

transcription factor Sox-9 (responsible for chondrocyte differentiation) and low 

expression levels of collagen I [38–40]. This characteristic phenotype is the responsible 

of the mechanical properties of articular cartilage tissue [41]. When chondrocytes are 

cultured and expanded in 2D or in stiff 3D scaffolds, there is an increase in cell spread 

area, formation of actin filaments and larger synthesis of collagen I fibers, giving rise to 

de-differentiation of the cells towards hypertrophic phenotypes [30,42]. Therefore, 

expression (fold increase) of Sox9 Col1 and Col2 compared to monolayer controls was 

determined and the results are shown in Figure 7.12. ACAN (aggrecan) gene expression 

was also analyzed, but not relative expression was detected in neither scaffolds nor 

controls, and therefore the data are not reflected in the graphical results. 

 

Figure 7.12. Gene expression analysis from A3.2-WBPU and A6.4-WBPU scaffolds harvested 

after 28 of incubation in maintenance and differentiation conditions. Analysis of Sox9, collagen I 

(Col1) and collagen II (Col2) expression (fold increase) in the 3D scaffolds compared to 2D 

controls. 

 

The analysis revealed irregular expression patterns for all formulations and conditions, 

probably due to the low amount of mRNA extracted from scaffolds. However, collagen II 

was upregulated approximately 70-fold for A3.2-WBPU and A6.4-WBPU scaffolds in 

maintenance conditions, much higher than collagen I that was upregulated 0.9-fold and 
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2.5-fold for A3.2-WBPU scaffold in maintenance and differentiation conditions, 

respectively, in respect to monolayer controls. A6.4-WBPU scaffolds in differentiation 

condition also showed upregulation of 8.4-fold for collagen II, while no expression for 

collagen I was detected in this formulation.  

Sox9 transcription factor was only upregulated in A3.2-WBPU scaffolds, showing 2.5-

fold and 26-fold in maintenance and differentiation conditions, respectively. Values of 35-

fold, 20-fold and 2-fold are reported in the literature [21] for Sox9, Col2 and Col1 relative 

expression, respectively, in polyurethane-hyaluronic acid scaffolds with a density of 

2.5·105 cells after 14 days of culture. This suggests that with higher initial cell number in 

the scaffolds, the mRNA extracted would have been higher, enabling a better detection 

of all studied markers.  

The gene expression analysis suggested that the embedded chondrocytes in A3.2-

WBPU and A6.4-WBPU scaffolds after 28 days of culture synthesized typical 

chondrogenic markers, corroborating the absence of de-differentiated phenotypes. 

However, A3.2-WBPU scaffolds showed, in general, higher chondrogenic expression 

than A6.4-WBPU constructs, suggesting that the high viscosity and stiffer mechanical 

character of this formulation might lead to slight de-differentiation.  

 

7.4. Conclusions 

In this study, the fabrication of 3D bioprinted scaffolds from biocompatible A-WBPU 

bioinks and their potential application for cartilage tissue regeneration was carried out.  

Five bioinks with different amounts of alginate were developed and characterized, 

demonstrating that those with the highest alginate content showed higher viscosity, 

viscoelasticity and shape retention, as well as capacity to maintain their structural 

integrity and the cell viability along a week of incubation. Therefore, the formulations with 

the highest alginate contents were selected as the most suitable to perform experiments 

of in vitro cartilage tissue formation. 

Regarding the 3D bioprinting process, a grid architecture for the printed constructs was 

chosen demonstrating that this shape was able to provide suitable nutrient and signaling 

exchange for cell survival during at least 28 days of culture. Cell number and scaffolds 

integrity remained constant along the experiment, as it does in mature articular tissue. 

The evaluation of specialized ECM deposition (GAGs) showed an increment over time 

after 28 days, suggesting that the laden chondrocytes remained in a differentiated 
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phenotype, without the necessity of the growth factors provided by the differentiation 

medium.  

Histological evaluation of the scaffolds after 28 days of culture did not show collagen I 

fibers deposition, indicating that the chondrocytes did not change to hypertrophic and 

de-differentiated phenotypes. To support histological results, gene expression analysis 

was performed, showing high expression of collagen II and low expression of collagen I, 

demonstrating the presence of chondrogenic phenotypes into the bioprinted scaffolds 

after 28 days of incubation. However, the lower expression in A6.4-WBPU constructs 

suggested that the high viscosity and stiffer mechanical character of this formulation 

might lead to slight de-differentiation compared to A3.2-WBPU scaffolds.  

Therefore, A3.2-WBPU bioink and subsequent chondrocyte-laden scaffolds are able to 

maintain differentiated phenotypes capable to synthesize specialized ECM and thus, 

appearing to be potential candidates for in vitro regeneration of articular cartilage tissue. 
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 8. General conclusions, future works and scientific contributions 

8.1. General conclusions 

The aim of this work was the development of biomaterial inks and bioinks suitable for 

extrusion 3D printing technology composed of alginate, WBPU and cellulose 

nanoentities and the fabrication of scaffolds with suitable characteristics and potential 

applicability in precision medicine and healthcare industry. With this purpose, different 

polymeric blends and single-component ink formulations were developed and 

characterized. Finally, the assessment of the obtained scaffolds for drug delivery and 

tissue engineering applications, among others, were carried out. 

Regarding the single-component inks, the formulation containing 10 wt. % of EnCNC 

represents the minimum solid content needed to achieve high viscosity and proper 

viscoelastic properties for extrusion 3D printing, while only the A-Ca formulation with 10 

% of gelation degree presented suitable rheological characteristics for 3D printing 

compared to the formulations with higher or lower crosslinking degrees. Scaffolds 3D 

printed with both monocomponent inks showed porosity, high mechanical properties and 

cell proliferation after freeze-drying process, characteristics that make them potential 

candidates for tissue engineering applications. Moreover, both EnCNC and A-Ca porous 

scaffolds exhibited rapid in vitro drug release, demonstrating to be optimal materials for 

drug delivery systems. 

Developed A-CNF ink formulations with CNF contents above 3 wt. % showed shear-

thinning behavior and suitable viscoelastic properties for extrusion 3D printing 

technology. In order to manufacture tailor-made drug delivery systems for controlled 

release, hydrophobic and hydrophilic drug models were loaded in A-CNF ink 

formulations, showing good integration into A-CNF matrices and proper 3D printing 

performance. In vitro delivery experiments demonstrated that freeze-dried scaffolds, 

which presented a porous structure, could facilitate the release of hydrophobic drugs that 

present low solubility in physiological conditions, while Ca2+ crosslinking/air-dried 

compact tablets would delay the administration of hydrophilic drugs during longer 

periods, avoiding their rapid elimination from the body and thus, the need of high doses. 

With the purpose of manufacturing alternative and customizable hernia mesh implants, 

different biomaterial inks made of alginate and WBPU were developed and 

characterized, showing all good properties for extrusion 3D printing. A CaCl2 coating was 

applied to the 3D printed meshes as physical reinforcement, obtaining implants classified 

as partially-absorbable, heavyweight meshes with very large pores, presenting 

transparency and isotropic behavior that could facilitate their implantation. The analysis 
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of the mechanical properties revealed that the mesh implants with 6 wt. % of alginate 

and Ca2+ coat were the most suitable for hernia repair due to their ability to support the 

physiological stresses of small and inguinal hernias, recovering their original shape after 

physiological movements. Moreover, antibiotic-loaded meshes showed a suitable in vitro 

release of the drug, which would suppose a strategy to avoid post-surgical infection 

complications and a future mesh replacement. 

Finally, in situ neo-cartilage formation was evaluated in 3D bioprinted chondrocyte-laden 

scaffolds constituted by alginate and WBPU. Cell number and scaffolds structure 

remained constant along the experiment, while the synthesis of specialized ECM (GAGs) 

increased with time until 28 days of incubation, suggesting that the laden chondrocytes 

remained in a differentiated phenotype. Besides, expression analysis of specific genes 

was performed, demonstrating the presence of chondrogenic phenotypes in the A-

WBPU bioprinted constructs with 3.2 % of alginate, with these bioprinted scaffolds being 

potential candidates for in vitro cartilage tissue regeneration. 

 

8.2. Future works 

Based on the results obtained in this thesis work, the following ideas and research lines 

are proposed as future works: 

- The assessment of EnCNC scaffolds for bone tissue regeneration applications. The 

outstanding mechanical properties and the macroporous network obtained after 

freeze-drying suggest that EnCNC scaffolds will perform as suitable supporting 

material for bone tissue regeneration. Osteoconductive and osteoinductive 

properties of these scaffolds should be evaluated. Besides, active molecules such 

as specific growth factors and calcium phosphate could be loaded into the 

biomaterial ink for further osteogenesis induction. 

 

- The development of bioinks based on alginate-Ca2+ for skin tissue regeneration. Due 

to the observed cell proliferative capacity of the alginate-Ca matrices in preliminary 

assays carried out in this thesis work, fibroblast and keratinocytes would be loaded 

in the developed alginate-Ca inks for 3D bioprinting of cell-laden scaffolds. The 

capacity to form functional neo-tissue in vitro in the printed constructs should be 

extensively analyzed. In addition, alginate could be functionalized by linking RGD 

peptides in their structure to improve cell adhesion properties. 

 



Chapter 8 

199 
 

- The assessment in vivo of the capacity of targeted drug delivery from the loaded A-

CNF scaffolds. The ability of hydrophobic and hydrophilic drugs release from freeze-

dried and crosslinked compact dosage forms in animal models should be evaluated 

to corroborate the conclusions obtained in vitro.  

 

- The evaluation in vivo of the 3D printed A-WBPU+Ca mesh implants for hernia repair. 

Mesh implantation capacity and subsequent hernia recovery in animal models should 

be analyzed as preclinical studies to ensure its potential application for the healing 

of human abdominal or groin hernia conditions. Moreover, the antibiotic-release 

capacity of the printed meshes in the wound site should be evaluated in vivo to 

corroborate the absence of mesh infection during recovery time.  

 

- The optimization of the cell concentration loaded into the A-WBPU bioinks for 

cartilage tissue regeneration. Based on the experiments carried out in this thesis 

work about in vitro cartilage formation, an increase of the number of chondrocytes 

laden in the bioinks would be translated in higher GAGs and collagen II deposition 

and thus, larger amount of specialized neo-tissue formation. 
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ANNEXE III – List of abbreviations 

 

3D printing  Three-dimensional printing 

13C NMR  Carbon nuclear magnetic resonance 

A   Alginate 
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AFM   Atomic force microscopy 

API   Active pharmaceutical ingredients 
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cDNA   Copy deoxyribonucleic acid 
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DAPI   4′,6-Diamidino-2-phenylindole 

DIW   Direct ink writing 

DMEM   Dulbecco’s modified Eagle medium 

DMMB   1,9-Dimethylmethylene blue 

DMSO   Dimethyl sulfoxide 

DNA   Deoxyribonucleic acid 

DSC   Differential scanning calorimetry 

ECM   Extracellular matrix 

EMA   European Medicines Agency 

EnCNC  Enzymatic cellulose nanocrystals 
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FBS   Fetal bovine serum 

FDA   Food and Drug Administration 

FDM   Fused deposition modelling 

FTIR   Fourier transform infrared spectroscopy 

G   α-L-Guluronic acid 

GAG   Glycosaminoglycan 

GAPDH  Glyceraldehyde-3-phosphate dehydrogenase 

GO   Graphene oxide 

HA   Hyaluronic acid 

HEK   Human embryonic kidney 

HMDS   Hexametyldisilazane 

IPTG   Isopropyl β-D-1-thiogalactopyranoside 

ITS   Insulin transferrin selenium 
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M   β-D-Mannuronic acid 
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PLGA   Poly-lactic-co-glycolic acid 

PP   Polypropylene 

PU   Polyurethane 

RGD   Arginine-glycine-asparagine 

RNA   Ribonucleic acid 

RT   Reverse transcriptase 

RT-qPCR  Real-time quantitative polymerase chain reactions 

SEM   Scanning electron microscopy 

SD   Swelling degree 

TGA   Thermogravimetric analysis 

UV   Ultraviolet 

WBPU   Waterborne polyurethane 

XRD   X-ray diffraction 
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ANNEXE IV – List of symbols 

 

2θ   Reflectance angle 
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Av   Viscometric constant 
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Td   Maximum degradation temperature 

Tg   Glass transition temperature 

Wt.   Solid content 

γ̇   Shear rate 

λ   Incident radiation wavelength 

ΔΔCt   Difference in cycle threshold value



 

 
 

 




