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ABSTRACT 

ECM-mimicking biomaterial research has driven numerous 

advances in tissue engineering in recent years, bringing novelties in 

polymer chemistry and cell-material interactions. New 3D biomaterial 

platforms can provide pivotal insights for bioengineering, allowing the 

investigation of cell fate, drug delivery, or novel translational 

applications in regenerative medicine. Recently, hydrogels have 

received a considerable interest as leading candidates for engineered 

tissue scaffolds due to their unique compositional and structural 

similarities to the natural extracellular matrix. This research topic aims 

to implement recent advances in the areas that focus on developing 

next-generation biomaterials and biotechnologies with controlled 

material composition, defined structural architectures, dynamic 

functionality, and biological complexity targeted toward various 

applications in regenerative engineering and translational medicine. 

 In this thesis the functionalization of gelatin and chitosan with 

methylfuran is reported. The obtained polymers were combined with a 

maleimide PEG through Diels-Alder reaction, formulating GelChiDA 

(GELatin, CHitosan, Diels-Alder), an enhanced 3D hybrid hydrogel 

platform. The click chemistry-based hydrogel is formed spontaneously 

by mixing reactive compounds, and occurs in mild conditions without 

further purifications, catalysts or UV irradiation. The starting materials 

and the resulting hybrid biomaterial were characterized in terms of 

physical-chemical properties. The proposed analytical strategy 

guarantees a global view of the complex biomaterials properties and 
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can be applied to characterize all platforms of this nature. GelChiDA 

showed interesting rheological properties, including self-healing 

characteristics and promising preliminary biocompatibility tests. 

GelChiDa was formulized as bioink to be used with pneumatic 3D 

bioprinters, and the protocol was optimized by assessing the optimal 

timing to perform bioprinting at low pressure into grid-like structure, 

without affecting cell viability. Moreover GelChiDA was investigated as 

construct for in vitro tumor model spheroids, proving to be a stable 

platform for future pharmacological tests as pathological models. 

The ability to control the shape, porosity and surface morphology of 

scaffolds has created new opportunities to overcome various 

challenges in tissue engineering such as vascularization and complex 

architecture. In this context, a novel application of Ice Binding Proteins 

is proposed: the use of these proteins allows to tune the biomaterial 

according to the endmost need without affecting cellular vitality.  

Starting from GelChiDA construct, elastin, identified as a potential 

scaffold that renders extensibility and elasticity to tissues, was included 

as component to a new hybrid construct. The multimodal three 

component GELCHEL (GELatin, CHitosan, ELastin) hydrogel 

conceived and studied in our work, combines the various properties 

and advantages that each component provides and lends itself to 

future massive variety of biomedical applications. After chemical and 

physical deep characterization, GELCHEL hydrogel has been 

formulated and bioprinted with U87 glioblastoma cell line and 

cytotoxicity tests highlight a great biocompatibility. Moreover, 

antibacterial property of chitosan in the construct is maintained in the 

network, giving a relevant advantage to the platform. 
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Project perspective is to expand the Diels-Alder based hydrogel 

library to other materials and composition. The final aim is to create an 

extensive standardized library of formulations that includes all features 

that are required and could be used as a versatile material for a wide 

range of bioapplications. 

U87 spheroids were employed as tumor models to evaluate the 

inhibitory effect of sodium hyaluronate functionalized with matrix 

metalloproteinases (MMPs) inhibitor molecules. Spheroids were 

included into the functionalized platform and the specific inhibition of 

membrane metalloproteins was evaluated by immunofluorescent 

quantification assay, opening doors to future application in biomedical 

field. 
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1. INTRODUCTION 

Modern medicine, as scientific discipline based on the experimental 

method, is the result of continuous progress since the beginning of the 

last century.1 Despite the developments and sophistications introduced 

in the biomedical field, nowadays the replacement of tissues and 

organs damaged by trauma or diseases still represents a crucial 

problem. In fact, organ transplantation is confined by the limited 

availability of donors and incompatibility or rejection problems.2 To 

overcome these limitations, the multidisciplinary field of artificial organs 

or regenerative medicine strategies aim to reproduce functions and 

structures of human tissues taking inspiration from organs features and 

tissues micro- and macroenvironments.3 Artificial organs employed for 

clinic applications, include a variety of medical devices of different 

nature and with different functionalities. Animal derived medical 

devices opportunely modified are currently employed as implantable 

heart valves subtitutes.4 Engineered artificial retina or visual devices 

are used as functional implantable devices displaying different 

functional and structural features.5 However, these systems are usually 

connected to external devices for the functionality control. Other 

examples that include also extracorporeal implantable devices (i.e. 

lung, pancreas, heart) with functional properties, still limiting patients’ 

life–style and representing temporary solutions to resolve organ and 

tissues failure.6 Thus, we are not still able to replace with artificial 
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devices the functional complex organs besides substantial 

simplifications.3 Globally there are a large number of constraints, often 

unfortunately not completely known.7 

In this panorama, great expectations are placed in regenerative 

medicine and tissue engineering that aim to repair and regenerate 

tissues and organs damaged from trauma or pathologies, taking 

advantage of intrinsic self-renewal properties of cells and tissues of 

human body.8 

In fact, by increasing the knowledge of how different cell populations 

and the surrounding acellular components interact within the tissue 

microenvironments, many researchers are studying new solutions to 

induce in a controlled way tissue morphogenesis.9 
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1.2 Tissue Engineering 

The term Tissue Engineering (TE) was coined by the Washington 

National Science foundation in the 1987 meeting and today represents 

a rapidly evolving science with publications that over the years have 

become more and more numerous and extensive.10–12 

Tissue engineering was defined by its founders, Prof. Langer and 

Dr. Vacanti, as follows: 

"Tissue engineering is an interdisciplinary science that applies the 

principles and methods of engineering and biological sciences with the 

aim of understanding the fundamental relationships between structure 

and function in healthy and diseased mammalian tissues and to 

develop biological substituteable to restore, maintain or improve the 

functions of damaged organs or tissues ". 13 

The main purpose of this new discipline is to recreate various human 

tissues (epithelial, vascular, nervous, bone, cartilage...) by developing 

engineered systems that allows the replacement of human damaged 

tissues ex vivo or in vivo.3 

It involves the cooperation of many professional figures as it requires 

several disciplines: the areas concerned are basic sciences, 

biomaterials science, biotechnologies, bioengineering, regenerative 

medicine and cell biology. Among these, cell biology assumes 

significant importance: it is increasingly necessary to study and 

understand in detail the mechanisms that regulate the growth, 
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proliferation, differentiation of cells and the methods through which 

components of the extracellular matrix (ECM) interact and control 

cellular functions.14 

The design of these tissues arises through the combined use of 

materials, cells, biochemical mediators and innovative culture systems 

through two types of approach: 

- in vitro: the biomaterial is seeded with the cells and placed in a 

bioreactor that simulates the biological environment, creating optimal 

culture conditions for tissue growth. Once completed, the tissue will 

then be implanted in the patient.15 In vitro tissue engineering 

approaches make it possible to recapitulate physiological and 

pathological conditions outside the body; these approaches also 

enable the development of tissue-on-the-chip and organ-on-the-chip 

platforms for cell biology studies or drug screening. However, the in 

vitro tissue engineering approach still faces technical and regulatory 

obstacles prior to in vivo translation. Translational concerns include 

immune-acceptable cell sources, challenges with off-the-shelf 

availability and scaling up capability, cost effectiveness, as well as 

preservation and handling issues.16 Furthermore, even if the 

production of tissues able to replicate the damaged structural tissue 

has been already applied in clinic (i.e. cartilage transplant), the 

production of functional tissue is still challenging. 

- in vivo (tissue guided regeneration): in this approach engineered 

biomaterials are implanted in damaged tissues taking advantage of 
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native regenerative potential of human body and inducing in situ tissue 

repair.17,18 While cells can be transplanted for in situ tissue 

regeneration, in situ tissue engineering approaches often focus on the 

recruitment of endogenous stem cells to the site of injury by using 

biomaterial or growth factor based cues in order to enhance healing. 
19–21 A distinctive feature of in situ tissue engineering is that any 

engineered constructs that are implanted are not functionally mature. 

In contrast, in vitro tissue engineering focuses on the functional 

development of a tissue prior to implantation. The in situ approach has 

several advantages: in situ tissue-engineered products offer improved 

off-the-shelf availability of the finalized products, because in situ tissue 

engineering often does not involve extensive manipulation of cells and 

materials outside of the body to create functionalized tissue. Because 

in situ tissue engineering often relies on extracellular components to 

stimulate native regeneration, this approach offers the opportunity to 

bypass some (but not all) of the regulatory issues inherent in vitro 

tissue engineering-based approaches.16 

The fundamental elements for the realization of biological tissues 

are: 

• Cells: the choice of the correct cellular source is a crucial point 

for the engineering of a tissue. The cells used can be of various 

type:  

o  autologous, taken by the same individual on whom the 

implant will be performed. This type of cells drastically 
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reduces the problems of rejection and transmission of 

diseases 

o allogeneic, coming from a donor of the same species 

o xenogenic, obtained from a donor of another species 

o stem cells: undifferentiated cells that have the ability, as 

they grow, to divide into specialized cells of various 

types. 

• Scaffold: constitutes the support on which the cells are 

implanted. It can be natural or synthetic, permanent or 

biodegradable, but always and necessarily biocompatible with 

the natural environment in which it will be implanted. Besides 

the support function, it must allow the adhesion and movement 

of cells and act as a carrier of biochemical factors (e.g. growth 

factors) and substances necessary for cell development. The 

scaffold in tissue engineering is therefore the analogue of the 

extracellular matrix in the physiological environment.12 

• Bioreactor: in vitro approach need a device designed and built 

to stimulate cultured cells, and in particular biophysical and 

mechanical conditions, in order to reproduce in a biomimetic 

way the environment that regulate the processes of tissue 

generation and growth in living organisms.22,23 
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1.3 Extracellular Matrix And Cell Environment  

In the field of bioengineering and tissue engineering, in addition to 

the tools and techniques, the materials used are of fundamental 

importance. Traditional materials are not suitable because, operating 

in the biological field, particular properties are required. Thus, 

biomaterials are employed, since they are capable to mimic the 

extracellular matrix complexity in order to give the right structural 

support and biochemical signals during 3D cell culturing.24 

A substantial part of the tissue volume is made up of the extracellular 

space, largely filled by an intricate network of macromolecules and 

soluble factors that establish the ECM, where cells live, proliferate and 

migrate.25,26 It includes a variety of locally secreted proteins and 

polysaccharides, which aggregate in a network organized in a compact 

manner and connected directly to the surface of the cell that produced 

it.27 

The relative quantity variations of macromolecules constituting the 

ECM and the way in which they assemble, give rise to a diversity of 

morphologies, each adapted to the functional requirements of a 

different tissue (Figure 1).28  

Originally it was thought that the ECM of vertebrates performed 

mainly as a relatively inert scaffold, able to stabilize the physical 

structure of the tissues. By now, it is widely demonstrated that the 

matrix plays a much more active and complex role in cells behavior 
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regulation, influencing their development, migration, proliferation and 

metabolic function.29–31 

The ECM has a complex molecular conformation. The three main 

classes of macromolecules that establish the matrix are fibrous 

proteins, glycoproteins, proteoglycans.  

 

 
Figure 1: Schematic illustration of the main components of the cell microenvironment. Key 

components of the cell microenvironment include neighboring cells, soluble factors, the ECM, 
and biophysical fields (e.g., stress and stain, electrical, and thermal fields). Reprinted 
(adapted) with permission from Huang at al.32 Copyright 2017 American Chemical Society. 

 

Among all the fibrous proteins, the main component of the animal 

extracellular matrix is collagen. It is the most abundant protein in 

mammals (30% of the protein mass) and sequentially organizes in 

helices of three chains, fibrils and fibers. Generally, regardless of the 

collagen types, they provide tensile strength and stiffness, regulate cell 
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adhesion, support chemotaxis and migration, and direct tissue 

development.33,34 Another abundant protein in the extracellular matrix 

is elastin, which gives elasticity to tissues, such as blood vessels, skin 

and lung tissue.35 

Proteoglycans are given by the combination of proteins and 

glycosaminoglycans (GAGs). GAGs are linear polysaccharide chains 

formed by repeating disaccharide units, where one is an amino sugar 

(i.e. N-acetyl glucosamine). The most common GAGs are chondroitin, 

keratin, and dermatan, which are sulfated, and hyaluronan. Another 

class, the heparans, are mainly associated with cells and basement 

membranes.36 Except for hyaluronan, all GAGs can be associated to a 

protein backbone and give rise to the proteoglycans, another 

fundamental component of ECM. Proteoglycans are large 

macromolecules, weighting millions of Daltons, mainly with the 

appearance of “bottle brush”, capable to attract a lot of water, 

occupying space and giving compressive strength to the matrix.37 The 

proteoglycan molecules form a viscous and highly hydrated substance 

in the connective tissues, where the fibrous proteins are engaged: the 

polysaccharide gel resists the compressive forces exerted on the 

matrix, while the collagen fibers ensure tensile strength.  

Cells adhere to the extracellularmatrix through interaction with 

adhesive extracellular matrix glycoproteins, including fibronectin (FN) 

and laminins.38 FN exists in two main forms: a soluble form, called 

plasma FN (pFN), non-reactive with adhesion receptors and present in 
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the blood, and another insoluble multimeric form, called cellular FN 

(cFN), highly adhesive. cFN is deposited as fibrils in the ECM by 

fibroblasts, epithelial cells and other cell types (i.e. chondrocytes, 

synovial cells and myocytes).39 Both forms have similar, but not 

identical precursors, which consist of a dimer of about 450 kDa 

composed of two identical subunits of 225 kDa, linked by a disulfide 

bridge. Each subunit contains approximately 2300 amino acids and is 

highly glycosylated.40 FN is involved in a wide variety of cellular events, 

such as cell adhesion, morphology, organization of the cytoskeleton, 

migration, differentiation, oncogenic transformation, phagocytosis and 

hemostasis.41 The polymerization of FN in the ECM is strongly 

regulated to ensure that the adhesive information in the ECM is 

appropriate. The adhesive information of the FN is due to the presence, 

in its amino acid sequence, of particular repeating units of three amino 

acids, Arg-Gly-Asp (RGD), motif in common with other protein 

specifically recognized by the integrins.41,42 Laminins are a family of 

glycoproteins consisting of homo and heterodimers of α, β and γ chains 

with molecular weight between 140-400 kDa encoded by eleven genes 

related to each other and variously combined together to form 

numerous isoforms.43,44 From a functional point of view, they are 

involved in the binding of cells to the basement membrane and have 

binding domains for integrins, dystroglycans, proteoglycans and other 

receptors for the maintenance of the phenotype and tissue survival. 

Laminins regulate cell migration, proliferation and differentiation during 

embryonic development; they also influence cell adhesion, migration 

and differentiation in adult life and in numerous pathological 

conditions.45,46 
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From what has been explained, the importance of the cell-matrix 

interaction in the regulation of all cellular functions is evident. For this 

reason, biomaterials science is trying to properly engineer materials to 

meet the most common needs of biomedical applications. Nowadays, 

there are a plethora of approaches used for the design of increasingly 

innovative biomaterials. Until recent past, the only two characteristics 

that a biomaterial had to possess were biocompatibility (the material 

must not be cytotoxic or immunogenic) and biodegradability 

(degradation during ECM remodeling). In the modern meaning of 

biomaterial, however, among its characteristics, we must consider the 

ability of the biomaterial to interface with the biological environment 

and modulate the cellular response in a desired way. Therefore, the 

biomaterial becomes not only a support for the regeneration of a tissue 

or a vehicle for the transport of a drug, but an active part in the 

regulation of cellular functions. In the design of a biomaterial, it is 

necessary to consider the multiple factors that can influence the cell-

material interaction. These parameters represent the chemical 

characteristics of the material, such as the nature of the material and 

the presence of biochemical signals, and the physical features, such 

as the mechanical properties, shape and dimensions. 
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1.4 3D Cell Cultures  

Cell cultures are laboratory methods that allow cells growth under 

controlled conditions in vitro, through the supply of basic nutrients 

contained in proper culture media. Thanks to artificial environments 

that allow to regulate temperature, humidity and gas concentration, 

cells can grow, proliferate, differentiate, migrate, and perform all the 

various mechanisms underlying their natural behavior. In 2D cultures, 

used since the early 1900s, cells are seeded on adhesion substrates, 

typically coated plastic plates, on which they exhibit a planar growth 

pattern.47 The 2D method is consolidated, relatively inexpensive and 

has the great advantage to have a lot of comparative literature. 

However, it is far from reproducing accurately physiological 

circumstances. 2D cultures are still widely used and convenient for 

many routinely employments but result inappropriate for more 

advanced applications: growing on a flat surface is not a good way to 

understand how cells grow and function in a human body, where they 

surrounded by other cells in a 3D complex environment. Furthermore, 

cells arranged on two-dimensional surfaces receive equal amount of 

nutrients, growth factors and drugs, giving a not reliable predictive 

testing system. Moreover, abnormal cell morphology, flatter and 

stretched in 2D culture than in vivo, influences many cellular processes 

including cell proliferation, differentiation, apoptosis, gene and protein 

expression.48 For these reasons, in recent years, three-dimensional 
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culture systems have been increasingly the subject of studies and use. 

Research has shown that 3D methods more accurately represent the 

microenvironment in which cells naturally live as they are able to 

reproduce cell-cell and cell-ECM interactions, allow the co-culture of 

heterogeneous cell types and display cells in different life stages 

(proliferating, quiescent, necrotic, etc.) (Figure 2).  

 

 

Figure 2: Schematics shows the difference of cells growing in 2D and 3D environment.49   
Copyright © 2012. Published by The Company of Biologists Ltd. 

  

3D culture systems are generally divided into two classes: scaffold-

free and scaffold-based. Among the scaffold-free methods, spheroids 

and organoids are the most employed models. They resemble the 3D 

organization of cell aggregates mimicking cell-cell communications 

and, in case of spheroid co-cultures or organoids the crosstalk between 

different cell components. However, lack of ECM and scaffold to 

support cell populations and to induce cell-ECM interactions, does not 

allow to obtain homogeneous tissues.50  
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Alternatively, other advanced systems can be developed through a 

3D matrix support or scaffolds, a construct able to support the initial 

attachment and/or proliferation of cells, facilitating formation of 

functional 3D cultures.51 Therefore, the principles of tissue engineering 

can also be used for the development of 3D models for drug testing or 

biological studies.  

There are no scaffolds universally suitable for every cell type and 

application. Indeed different types of them are available, and a variety 

of manufacturing techniques have been developed to fabricate new 

ones, tuning their properties as needed.52 Scaffolds-based system has 

the advantage of guarantee various predefined biochemical (cytokines, 

growth factors, cell adhesion peptides, etc) and biophysical (structures, 

stiffness, degradation, etc) cues for cell fate control and tissue 

formation.  
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1.5 Biomaterials 

A first definition of biomaterial was given during the Consensus 

Development Conference on the Clinical Application of Biomaterials in 

1982 at the NHI (National Institute of Health, Bethesda, USA): 

"Any substance or combination of substances, other than a drug, of 

synthetic or natural origin, that can be used for any period of time, alone 

or as part of a system that treats, augments or replaces any tissue, 

organ or function of the body." 53 

This definition is certainly general as it includes transplanted tissues 

and organs, materials used for the construction of biomedical 

equipment that are not used in direct contact with the tissues and 

included the concept of temporary implant.54 

In 1986, during a second Consesus Development Conference held 

in Chester, the definition of biomaterial was changed as follows: "A 

non-living materials used in medical device intended that has an 

interface with biological systems." 55 

The contact between the material and the living tissue is pivotal for 

this definition, even if it is not intended to be necessarily lifetime 

enduring. Living materials such as transplanted organs are excluded 

from the definition, which includes instead treated and no longer living 

tissues of biological origin. 

Given the heterogeneity and vastness of biomaterials, it is 

appropriate to classify them. A possible classification is based on 
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structural and chemical features, and according to it biomaterials are 

grouped into five categories: metals, polymers, ceramics, composites 

and biological materials. 

Most used biomaterials in tissue engineering are polymers thanks to 

their greater resemblance to body tissues and their ease of processing 

and formulating. They are used in particular in the construction of 

supports (scaffolds) where cells are implanted and guided in their 

organization and arranged with each ther, thus creating the desired 

tissue. 11,53,56 

With the advent of 3D Bioprinting, biomaterials suitable for 

biofabrication using this technology are often referred to as bioinks and 

have become an important area of research within the field. A definition 

of bioink has been proposed to clarify its distinction from classical 

biomaterials: 

 “a formulation of cells suitable for processing by an automated 

biofabrication technology that may also contain biologically active 

components and biomaterials”.57 

 

1.5.1 Properties of Biomaterials 

Some essential properties of biomaterials must be evaluated in 

employed in tissue engineering applications: 
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- Biocompatibility: The ability of a material to determine, by a living 

system, a favorable reaction to its presence in a specific application; 

- Biodegradation: Each implanted material causes and undergo to a 

reaction by the organism. The materials can therefore be divided into 

biostable and biodegradable materials with respect to their application 

as permanent or temporary implant materials. The biostable ones 

resist the action of the biological environment while preserving their 

characteristics; biodegradable materials on the other hand, undergo 

progressive degradation or chemical transformation as a result of 

specific actions by the cells. The residues due to the biomaterial 

degradation can produce unwanted inflammatory reactions. Polymeric 

biomaterials are generally biodegradable;  

- Bioactivity: bioactivity indicates the ability of the material to trigger 

specific biological pathways in the body. This type of material allows 

the formation of direct interactions with biological tissue, which can 

grow on the surface following certain stimuli. All this allows the 

integration, from a mechanical point of view, between the natural tissue 

and the implanted biomaterial.58,59 

 

1.5.2  Synthetic Polymer Biomaterials 

Synthetic polymeric materials have significant advantages: they can 

be industrially reproduced on a large scale with fine control over certain 

parameters such as molecular weight, degradation times, shape and 
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porosity of the structure.60,61 The main disadvantage is due to the lack 

of bioactive residues to allow cellular recognition. 

Polymeric materials for biomedical applications differ in the 

requirements asked for traditional applications: they must contain very 

limited quantities of additives and monomeric residues that could be 

released into the tissues. 

The most used biomaterials in tissue engineering are degradable 

polyesters, in particular polylactic acid (PLA), polyglycolic acid (PGA) 

and g-polycaprolactone (g PCL) (Figure 3 ). 

 

 
Figure 3: Chemical structure of PLA, PCL and PGA 

 

Their success was mainly determined by the fact of being known 

and approved for use in the production of sutures and systems for the 

controlled delivery of drugs.62 

PGA is a rigid thermoplastic polyester with high crystallinity (about 

50%), characterized by a high melting point (225 °C). The interest in 

this type of polyester comes from the fact that the degradation products 

are natural metabolites. The hydrolytic cleavage of the ester bond 

leads to the formation of glycolic acid, which can then be degraded to 

CO2 and H2O, similarly to what happens for polylactic acid, or follow a 
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different path that involves enzymatic oxidation to glyoxylate and 

subsequent conversion into glycine by the action of glycine 

transaminase.63,64 

Due to its hydrophilic nature, PGA tends to lose its mechanical 

strength rapidly, 50% in two weeks, and is reabsorbed about 4 weeks 

after implantation.  

Like PGA, PLA is also a thermoplastic polyester, whose hydrolytic 

degradation leads to the formation of acid lactic, a natural metabolite. 

The L isomer of lactic acid is preferentially metabolized in the human 

body. The lower hydrophilicity of polylactic acid compared to 

polyglycolic acid determines a slower hydrolysis. 

Both PGA and PLA have also been used in the manufacture of nails, 

screws and plates for orthopedic implants where, instead of being 

removed when they have exhausted their stabilizing function, they are 

absorbed and metabolized by the host organism.65 PCL is a 

biodegradable synthetic semi-crystalline polyester. Being endowed 

with good characteristics of biocompatibility and a high thermal 

stability, it has received attention for the realization of implantable 

devices.66 In particular, it is used for the construction of long-lasting 

plants since the degradation of PCL is much slower than PGA and PLA: 

it is of the order of 2-3 years.67 
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1.5.3 Natural Polymer Biomaterials With Protein 

Structure 

1.5.3.1 Collagen and Gelatin  

Collagen is the main component of the extracellular matrix and 

represents the most abundant protein in mammals: about 25% of the 

total protein mass and about 6% of humans body weight.33 

There are different collagen types and they are able to form fibers in 

the skin, tendons, bones, cartilages and cardiovascular tissues. 

Collagen fibers have the purpose of limiting tissue deformations and 

preventing mechanical breakage. 

The primary structure of the individual chains is composed of over 

1400 amino acids and is characterized by the repetition of numerous 

sequence triplets: glycine, proline, hydroxyproline (Gly-Pro-Hyp). Pro-

Hyp sequence is responsible for the secondary structure of the 

molecule due to the steric hindrance between the two aforementioned 

amino acids. Linear collagen polymers interact with each other to form 

a triple helix. Collagen is made up of polypeptide chains that are 

resistant to stretching and tightly intertwined in such a way to form a 

compact superhelix. Each single filament assumes a left-handed 

helical tertiary structure providing a high traction force due to its rigidity; 

filaments are then arranged in a right-handed superhelix forming the 

quaternary structure of tropocollagen, which is the structural unit of 
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collagen whose organization modulates the strength and stiffness of 

the entire tissue. Glycine, being the smallest amino acid with a 

hydrogen as R-group, is placed inside the triple helix while proline and 

hydroxyproline favor the spiral winding of the chains.68 

The stabilization factors of the collagen molecules are the 

interactions between the three helices constituting the superhelix which 

are represented by hydrogen bonds, ionic bonds or by cross-links. 

These interactions contribute to mechanically stabilize the fibers and 

increase the tensile strength of the tissue. The particular structure of 

collagen fibers is responsible for its mechanical behavior: indeed, when 

subjected to traction, the fibers rotate and flex, modifying their spatial 

geometry from helical to linear shape. When the protein chains are 

stretched, the mechanical properties increase depending on intra and 

intermolecular bonds.68 

Collagen is also very chemically stable and is used as a support for 

tissue regeneration as it facilitates proliferation and cellular 

metabolism; however, it is difficult to regulate its biodegradability and 

mechanical properties.  

Gelatin, a high molecular weight polypeptide, is produced from the 

denaturation and / or physico-chemical degradation of collagen. The 

mechanical properties of gelatin-based products depend on the 

physical and chemical characteristics of the raw material.69 Collagen 

and Gelatin interact with cells throught different way: in Collagen, cell 

binding motifs include the high affinity triple-helical GxOGER 
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sequences (where G is glycine; O is hydroxyproline; R is arginine, and 

x is hydrophobic, exemplified by phenylalanine, F). By contrast Gelatin 

contains the linear RGD cell adhesive motif.70 Gelatin is available at 

low cost from bovine dermis, porcine skin or their bones. The resulting 

protein is biocompatible, biodegradable, and is water soluble. Gelatin-

based gels have low mechanical properties and low stability, which can 

be improved with chemical functionalizations. Combining gelatin with 

other materials enhances its physical, mechanical and structural 

properties.  

 

1.5.3.2 Elastin  

Many animal tissues, such as skin, blood vessels, ligament 

cartilages, lungs, bladder, require resistance and elasticity to perform 

their functions in the best possible way. These properties are 

guaranteed by a dense network of elastic fibers, present in the ECM, 

which allow the relaxation of these tissues after deformation due to 

stretching or contractions.29 Elastic fibers consist mainly of two 

elements: amorphous elastin, which forms the central core, and a 

sheath of microfibrils, the latter has a diameter of around 10 nm and is 

mainly composed of glycoproteins.71 

Elastin, together with collagen, is a fibrous protein present in the 

extracellular matrix of most vertebrate organisms and represent the 
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longest structures of the ECM. It represents more than 50% of the 

extracellular component of the great arteries (aorta), 30% of the lungs 

and 2-3% of the skin.71–73 The main characteristic of this protein, hence 

the name, is to give elasticity to the organs and tissues in which it is 

present. 

Elastin is composed of considerable quantities of Proline and 

Glycine, which, unlike collagen, are distributed randomly, and is almost 

totally free of Hydroxyproline. There are also other amino acids, such 

as Desmosine and Isodesmosine: it is believed that these particular 

amino acids cause cross-links between molecules, forming a three-

dimensional network of randomly wound chains, which would be 

responsible for its elastic properties. In fact, the elastic fibers stretch 

easily and return to their original length when the deformation force is 

removed.74 

These mechanical characteristics are also due to the tertiary 

structure of the elastin, which adopts a spiral shape with disordered 

winding (random coil). This protein is synthesized by fibroblasts and 

smooth muscle cells, in the form of tropoelastin, a soluble precursor.75 

The tropoelastin molecules, once secreted in the intercellular spaces, 

undergo a process of aggregation, transforming themselves into 

elastin, a highly hydrophobic and insoluble protein.75 
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1.5.4 Natural Polymer Biomaterials With 

Polysaccharidic Structure 

1.5.4.1 Hyaluronic Acid 

Hyaluronic acid (HA) is a high molecular weight polysaccharide 

belonging to the glycosaminoglycan family. HA is a linear 

polysaccharide consisting of disaccharide units repetitions of D-

glucuronic acid and N-acetyl glucosamine joined by β (1,4) and β (1,3) 

glycosidic bonds (Figure 4 ).76 Under physiological conditions it forms 

a sodium salt, with the carboxylic residue negatively charged (sodium 

hyaluronate): it is highly hydrophilic, surrounded by water molecules 

linked by hydrogen bonds.  

 
Figure 4: Hyaluronic acid chemical structure 

 

The chemical-physical properties of HA have been the subject of in-

depth studies.77–80  

Its molecular weight can reach 8 x 106 Da, 107 Da or 108 Da 

according to various authors, depending on the enzyme that catalyzes 

its synthesis.81,82 Due to the high molecular weight and strong 
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intramolecular interactions, the aqueous solutions of HA are highly 

viscous and exhibit a typical shear thinning behavior. Under 

physiological conditions, all carboxylic groups of glucuronic acid are 

completely ionized, giving the hyaluronic acid molecule the ability to 

coordinate many water molecules, reaching a high degree of hydration. 

In the amorphous matrix of a connective tissue and in general in the 

extracellular matrix, hyaluronic acid deals with maintaining the degree 

of hydration, turgidity, plasticity and viscosity by retaining a significant 

number of water molecules. This polymer is also able to act as 

absorber for mechanical shocks as well as an efficient lubricant (for 

example in the synovial fluid) preventing damage to the tissue cell from 

physical stress. The high molecular weight of HA together with its high 

degree of hydration allows multiple chains to organize themselves to 

form a dynamic reticular structure. It has also been shown and 

confirmed that HA is involved in intracellular activities, which include 

regulatory processes, cell migration and adhesion.79,83,84 The high 

molecular weight gives HA, among others, anti-angiogenic and anti-

inflammatory properties, while low molecular weight HA fragments 

cause opposite biological activities, i.e. inflammation, 

immunostimulation and angiogenesis.85 HA has specific binding sites 

on some receptors such as CD44, RHAMM and ICAM-1 all involved in 

cellular mechanisms such as cell repair, proliferation, motility and 

regulation of the inflammatory response.86,87 Many authors have 

reported and reviewed the numerous functions of HA and its fragments 
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in wound healing processes, as well as in tumor growth and cancer 

proliferation, during which CD44 receptors are over-expressed.88,89 

The reactive groups -OH and -NHCOCH3 determine the specific 

properties of hyaluronic acid. As a biomaterial for tissue engineering it 

is used for the regeneration of the dermis, epidermis and cartilage. 

 

1.5.4.2 Chitosan 

Chitosan is a copolymer consisting of residues of N-acetyl-2-D-

glucosamine and 2-D-glucosamine, which derives from the partial 

deacetylation of chitin. Chitin is the most abundant biopolymer in 

nature after cellulose and is found mainly in the exoskeleton of 

arthropods and in the cell wall of fungi. Chitosan structure makes it 

structurally similar to GAGs (Figure 5). 

 

 
Figure 5: Chitosan-Chitin chemical structures 

 

The microstructure of the chitosan influences the properties of the 

polymer itself and depends on the conditions in which the deacetylation 
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reaction is carried out: in heterogeneous conditions a chitosan 

insoluble in water but soluble at acidic pH is obtained, on the contrary 

the homogeneous deacetylation of the chitin produces a soluble 

chitosan in water. The physico-chemical properties of chitosan, such 

as water solubility, biodegradability and reactivity, depend on the 

percentage of free amino groups in the chain and therefore on the 

degree of acetylation of the polysaccharide.90,91 Chitosan is available 

in a wide range of molecular weights and degrees of acetylation; 

moreover it can be chemically modified by intervening on the –NH2 and 

–OH groups to generate derivatives useful for the development of new 

formulations. Chitosan is biocompatible, biodegradable, non-toxic and 

mucoadhesive, characteristics that make it interesting for applications 

in the medical and pharmaceutical fields.90 It is broken down by 

lysozyme in serum and by lipase, an enzyme present in saliva and 

gastric and pancreatic fluids; the products of enzymatic degradation 

are not toxic.90 Chitosan increases the permeability of cell membranes, 

acting as an absorption promoter because it prolongs the residence 

time of the delivery systems at the absorption site and is able to open 

the tight junctions of cell membranes. It also shows mild microbial 

antiadhesive properties and immunoadjuvant activity.92,93 
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1.6 Hydrogel  

Even if classic biomaterials, such as metals, ceramics, and synthetic 

polymers, have been used to successfully replace the mechanical 

function of tissues (e.g., bone, teeth or knee joints), their use is limited 

to mimic hard tissue.94 Therefore, the necessity of developing new 

biomaterials, composed of biologically derived building blocks, such as 

extracellular matrix (ECM) components (for example, collagen, elastin 

and hyaluronic acid), is increasing more and more. In fact, proteins, 

glycoproteins and proteoglycans, are important starting materials to 

design and develop heterogeneous micro-architectures that may 

facilitate ECM-cell interactions, providing chemico-physical structures 

and specific biochemical properties, in order to mimic native ECM 

environment. Regarding this, biomaterials formulated in form of 

hydrogels are taken in account.95 

Hydrogels consist of a three-dimensional network of hydrophilic 

molecules, capable of swelling incorporating large quantities of 

water.96 On the basis of the chemical structure and the swelling ability 

hydrogels can incorporate quantities of water equal to several times 

the initial weight of the material itself.97 These materials can be 

chemically stable for a determined period of time, or degrade and 

eventually dissolve; in the first case they are defined as permanent or 

chemical hydrogels, characterized by a cross-linked network through 

covalent bonds, while in the second case the hydrogels are defined 
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reversible or physical, in which the network is held together by ionic 

interactions. The possibility of being made, theoretically, with any 

water-soluble polymers, allows obtaining a wide range of chemical 

compositions and physical properties. Furthermore, hydrogels can be 

synthesized in different forms, such as plates, microparticles, 

nanoparticles, coatings and films.98 For this reason they are now 

commonly used in clinical practice, or in experimental medicine for 

various fields of application, such as regenerative medicine, diagnostic, 

pharmaceutical, cosmetic and nutraceutic.99 When a hydrogel begins 

to absorb water, the first molecules enter the network hydrating the 

groups with greater affinity to water; this quantity is defined as "primary 

bound water".96 After interacting with the polar groups, the network 

swells, thus exposing the hydrophobic groups that interact in turn with 

the water molecules. This quantity is referred to as “secondary bound 

water”.96 After the interaction between the water and the hydrophilic 

and hydrophobic groups has taken place, the network continues to 

absorb water which tends to lead to an infinite dilution: the chemical or 

physical crosslinks present between the chains contrast water 

absorption. The result of these two opposing forces is the achievement 

of an equilibrium at a certain swelling value, a balance between the 

expansion forces of the solvent, which leads to lowering of the system 

enthalpy, and the forces elastic contraction of the network.96,100 

Although both the hydrophilic and hydrophobic groups are now 

saturated, there is an additional amount of water that is incorporated, 
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defined as free water or bulk water, which fills the free space between 

the chains.100 The swelling capacity of hydrogels is mainly attributed to 

the presence of hydrophilic groups (-OH, -CONH2, -COOH -SOH3), and 

depends on factors such as the hydrogel structure and the degree of 

crosslinking. The swelling capacity is lower at higher crosslink ratio: 

the degree of crosslinking influences the area permitted for diffusion 

across the hydrogel network and, subsequently, the capacity for 

hydrogels to take up water. The chemical structure of the polymer 

determines the ratio between hydrophilic and hydrophobic species and 

the water absorption.100 

The classification of hydrogels can be based on various criteria, 

such as morphology (particles, powders, spheres, membranes, fibers 

and emulsions), or the synthetic method (graft-polymerization, 

crosslinking), or also based on the response of the material from the 

application environment (smart hydrogels).100 Most commonly they are 

classified based on the origin of the starting material (synthetic, natural 

and semi-synthetic). 

 

1.6.1 Crosslinking Methods for Hydrogel Synthesis  

Several crosslinking strategies are available for the control of homo- 

or heteropolymer based hydrogels. The final hydrogel properties, such 

as mechanical and biochemical ones, are strongly related to 

crosslinking methods employed in hydrogel formulation. For instance, 
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crosslinking nature, density or degree, determines various physical 

properties of hydrogels, including elasticity, water content, mesh size 

and degradation rate. The crosslinking methodology is therefore 

selected based on the final biomedical application. The features and 

the desired properties of injectable hydrogels for therapeutic use will 

be different if compared with hydrogels for tissue engineering and 3D 

in vitro culture models. Considering 3D bioprinting manufacturing 

processes, the opportunity to encapsulate cell populations during the 

printing processes, require a crosslinking methodology that does not 

interfere with cell viability and distribution. 

A homogeneous crosslinking of polymers that constitute the final 

hydrogels is necessary to prevent uncontrolled release of 

macromolecular chains in cell media and the consequent loss of tissue 

construct morphology. Various crosslinking strategies were employed 

and validate for the formulation of hydrogels. Depending on the nature 

of the crosslinking we can discern the physical hydrogels, or the 

chemical hydrogels. 

Particularly, chemical crosslinking methods covalently couple 

reactive functional groups using functional groups already available on 

polymer chain or by the introduction of new functional groups, while 

physical ones utilize non-covalent interactions between functional 

groups, such as ionic or electrostatic interactions, hydrogen bonds, 

hydrophobic/hydrophilic interactions or π- π stacking.  
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1.6.1.1 Physical Cross-Linking 

Physical or reversible hydrogels have gained attention because of their 

relatively facile production. All of these interactions do not require 

starting materials modifications, are reversible, and can be disrupted 

by changes in physical conditions such as ionic strength, pH, 

temperature, application of stress, or addition of specific solutes that 

compete with the polymeric ligand for the affinity site on the protein: 

• Hydrogen bonds: in this case the secondary intra and 

intermolecular forces are able to build network in environmental 

conditions.  

• Amphiphilic grafting and block copolymers: Amphiphilic block 

copolymers consist of at least two parts with different solubility, causing 

their self-assembly into superstructures in the sub-micrometer range 

with cores consisting of their hydrophobic, surrounded by a corona of 

their hydrophilic parts,101–103  

• Crosslink by ionic interactions: Ionic cross-linked polymers which 

are formed by the addition of di- or tri-valent counter ions are 

considered in this category. B-glycerolophosphate and sodium 

tripolyphosphate are the anionic molecules are commonly used for 

ionic crosslinking.104–106 

Physical or reversible hydrogels have gained attention because of 

their relatively facile production. All of these interactions do not require 

starting materials modifications, are reversible, and can be disrupted 
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by changes in physical conditions such as ionic strength, pH, 

temperature, application of stress, or addition of specific solutes that 

compete with the polymeric ligand for the affinity site on the protein. 

 

1.6.1.2 Chemical Crosslinking 

Interest in chemically cross-linked hydrogels has grown, thanks to 

the advancement of the use of the 3D Bioprinting technique which 

requires hydrogels with superior physical properties.107 Chemical 

crosslinking may be considered a suited technique to formulate 

hydrogels based on proteins and polysaccharides, since these 

biomaterials have numerous functional groups in their chains (primary 

amines, carboxylic acids, hydroxyl groups, etc.). To achieve an even 

more tailorable chemical crosslinking, synthetic and natural 

biopolymers can be previously functionalized with selected functional 

groups before obtaining hydrogel.  

Chemical crosslinking: 

• Crosslink by aldehydes: glutaraldehyde (GA) is inexpensive, highly 

reactive and is very soluble in an aqueous environment. These 

characteristics allow it to be used as a cross-linking agent for the 

synthesis of chemical hydrogels. Polymers containing amine and 

hydroxyl groups as gelatin, chitosan or polyvinyl alcohol may be 

crosslinked by GA. The reaction occurs through a Schiff’s base 
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reaction between aldehyde groups of GA and amine and hydroxyl 

groups of the polymers. However, problems can arise with GA due to 

excessive cross-linking and potential cytotoxicity. GA is non-

environmentally friendly and toxic even at low concentrations and may 

leach out into the body during hydrogel degradation, inhibiting cell 

growth. 

• Crosslink by high energy irradiation and photocrosslinking: high 

energy electron beams (e-beams) and γ rays induce crosslinking and 

sterilization in a single step.108–112 This method is advantageous as it is 

not necessary to use a cross-linking agent, nor a catalyst or an additive, 

which can vary the properties in terms of biocompatibility.113,114 Another 

advantage is the possibility of controlling the degree of crosslinking and 

the size of the pores inside the hydrogel can be controlled by varying 

the duration of irradiation.113 This method is commonly used for the 

synthesis of hydrogels based on PVA, PEG and acrylic acid.114  

Radical polymerization is widely used for non-specific 

bioconjugation in biomaterials field and represents an excellent tool for 

several applications in tissue engineering. It involves the formation of 

free radicals via decomposition of an initiator by light, temperature, or 

redox reaction. The following reaction of multifunctional free radical 

building blocks leads to the development of a polymer network. This 

kind of mechanism offers some advantages, such as well-

characterized reaction kinetics and facile in situ polymerization in 

presence of cells, with spatiotemporal control. However damage by 
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free radicals and exothermic reactions which may lead to a local 

increase in temperature, could cause the loss of cell viability and 

function. A widely used example is methacrylated gelatin (GelMA), 

which undergoes photoinitiated radical polymerization (i.e. under UV 

light exposure with the presence of a photoinitiator) to form covalently 

crosslinked hydrogels.115  

• Enzymatic Crosslink: the use of enzymes in order to catalyze the 

polymer crosslinking is very interesting for the formation of injectable 

hydrogels, which are formed in situ, thanks to the enzymatic condition 

reactions witch are suitable for the physiological environment. 

Furthermore, this makes it feasible to inject through a syringe the 

formulation that contains the precursors, which will later gel inside the 

body, without the formation of toxic substances. Both physical and 

chemical hydrogels can be synthesized, depending on the activity of 

the enzyme itself. For example, the fibrin gel is formed by the 

enzymatic activity of thrombin, which converts fibrinogen into fibrin 

(monomer). The monomers polymerize by forming fibrin fibers, 

physically cross-linked.116 The advantage of an enzymatic crosslink is 

the strongly covalent bonding as well as rapid gelation (always no more 

than 10 minutes) under physiological conditions.117  

• “Click chemistry”: defined by Sharpless in 2001, Click reactions 

possess advantages such as high yields under mild conditions, no by-

products, high specificity and selectivity.118 This new way of looking at 

processes involves several mechanisms; among all, the most 
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employed for the synthesis of hydrogels are the Michael addition and 

the Diels-Adler cycloaddition.119,120 Michael addition is a reaction of 

addition of a nucleophile which are defined as Michael donors, to a 

compound containing an unsaturated α-β carbonyl, which play the role 

of Michael acceptors.121 Generally, nucleophiles capable of carrying 

out Michael-type addition include halide ions, cyanide ions, thiols, 

alcohols, and amines; however, only thiols, alcohols, and amines are 

suitable in cross-linking of biomaterial hydrogels, given the relative 

toxicity of halides and cyanides in the body.122–127 On the other hand, 

Michael acceptors consist of maleimides, α,β-unsaturated ketones and 

methacrylates. Furthermore, the reactions are achievable in presence 

of water and salts, making easy their employment in biomaterial 

applications.128 Several polymers and precursors are compatible with 

this reaction, with high conversion rates and process speed. It can be 

used for the synthesis of linear, branched, dendritic and network 

polymers.121 The Diels–Alder (DA) reaction is a [4+2]-cycloaddition 

between a conjugated diene and a dienophile, to form a substituted 

cyclohexene derivative. The maleimide moiety is a dienophile widely 

used in Diels−Alder reactions. Interestingly, once the maleimide 

function is inserted in a biomaterial, it becomes suitable for both 

Michael and Diels−Alder ligations. As far as the diene moiety is 

concerned, furan, cyclopentadiene, and photogenerated 

orthoquinodimethanes (photoenols) have been used to functionalize 

the starting biopolymers for subsequent Diels−Alder conjugations with 
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maleimide. In recent years, methylfuran was used to replace furan, 

because it provided more electron-rich diene, thus, accelerating the DA 

reaction at pH 7.4.129 Polymers were usually modified with furan or 

furan derivatives to react with poly(ethylene glycol) dimaleimide for 

hydrogel formation.129,130  
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1.7 3D Bioprinting 

While 3D printing, which allows direct digital manufacture (DDM) of 

a large variety of polymers and metal items, is driving a manufacturing 

revolution, far more surprising is its application in the biological field. 

Indeed 3D Bioprinting represents one of the most recent and promising 

tissue engineering techniques.131 

A definition of Bioprinting was given in 2009 at the International 

Conference on Bioprinting and Biofabrication, held in Bordeaux: 

"Bioprinting can be defined as the use of computer-aided transfer 

processes for patterning and assembling living and non-living materials 

with a prescribed 2D or 3D organization in order to produce bio-

engineered structures serving in regenerative medicine, 

pharmacokinetic and basic cell biology studies. In this context, additive 

manufacturing of 3D scaffolds able to instruct or induce the cells to 

develop into a tissue mimetic or tissue analog structure, for example, 

through distinctive cell interaction, hierarchical induction of 

differentiation, or functional evolution of the manufactured scaffolds 

falls within bioprinting ".132 
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1.7.1 Fundamental Concepts for the Birth of 3D 

Bioprinting 

As previously discussed, cell biology is of particular importance in 

the 3D Bioprinting technique.133 It is essential to study and understand 

the mechanisms that regulate the formation of organs and tissues 

(morphogenesis) to develop a model that emulates the natural one and 

reproduces its morphology and functionality (Figure 6).134 

Nature is therefore assumed as a model and attempts are made to 

replicate and exploit its dynamics for the creation of constructs that are 

as similar as possible to the originals, in order to regenerate or replace 

them without the appearance of undesirable effects that currently limit 

known techniques.135 
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Figure 6: Concept map of variables and relations critical to biofabrication. The hydrogel 
(polymer type(s), concentration, molecular weight and chemical composition) directly 
determines the viscosity, gelation mechanism and speed, and mechanical properties of the 
final gel. This -in combination with processing parameters, such as nozzle gauge and 
fabrication time- influence the main outcomes Printing fidelity and Cell viability and function. 
Adapted from 135 
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1.7.2 Stages of the Process 

Scaffold-based regenerative medicine therapies require scaffold 

fabrication, the implantation of cells on the latter, and then the 

conditioning of the construct in a bioreactor in order to obtain adequate 

cell proliferation. 

Traditionally, the fabrication of the scaffold and the implantation of 

cells are two separate and distinct phases of the process. The most 

recent 3D Bioprinting techniques combine the two steps in a single 

step, allowing the layer-by-layer writing of biomaterials, chemical 

molecules and living cells in order to form a heterogeneous 3D 

construct of the desired shape. 

The fundamental skill in 3D Bioprinting consists in the ability to 

accurately control the amount of bioink ejected from the nozzle and 

deposited on the substrate, employing a cell-compatible protocol. 

The 3D Bioprinting process begins with the definition of a digital 

model of the architecture to be fabricated that can be directly obtained 

from CT (Computed Tomography) and MRI (Magnetic Resonance 

Imaging) images of the patient who needs tissue transplantation.136 

Through the automatic processing of CAD (Computer-Aided 

Design) images we then obtain a 3D model to be created. Software 

tools can also help in the construction of a complex system, finely 

controlling the location of different biomaterials, biological molecules 

and cells lines. 
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Through specific algorithms, the digital model is then converted into 

a series of instructions necessary to guide the hardware systems; the 

exact format of machine instructions, in this CAM (Computer-Aided 

Manufacturing) manufacturing process, depends on the printing 

technique and hardware configuration used. 

Once the print signal is activated, the control system guides the 

hardware components for the physical realization of the desired 

construct. Complex engineered tissues will be formed by spatially 

modeled layers of cells, which aggregating together will form the 

specialized tissue.137,138 

The entire procedure must take place in a sterile environment to limit 

contamination of both the raw materials and the final construct. 

Since living cells are also involved in the manufacturing process, a 

critical aspect to consider is the time and the physical conditions (i.e. 

pressure, temperature) required to produce the construct: the amount 

of time available depends on the cell type used and, unless conditions 

are particularly favorable, it should not exceed one hour. Longer times 

will result in reduced cell viability and abnormally high cellular stress, 

which will lead to a degradation of functions.139 

The 3D constructs developed should be characterized to confirm the 

functional and structural features of the obtained synthetic tissue and 

they can then be used for drug screening, as models for tumor studies 

or as implant materials.137,140 
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1.7.3 3D Bioprinting Techniques 

1.7.3.1 Ink-Jet Based Bioprinting 

Ink-jet 3D Bioprinting is a printing process that involves the precise 

deposition of drops of bioink, ranging in size from nanoliter to picoliter, 

on the biopaper according to a precise digital model. It is an adaptation 

of the traditional ink-jet printing process and in most cases is achieved 

by partially modifying commercially available desktop printers.141 

The ink-jet printing methodologies are basically two: 

• CIJ (Continuous Ink-Jet): a continuous stream of droplets is 

produced by forcing the ink through a microscopic nozzle 

under pressure and deflected onto the substrate by an 

electric field. Where, in the digital model, the deposition of 

bioink is not required, the droplets are guided into a sort of 

gutter and collected for reuse; 

• DOD (Drop-on-Demand): ink droplets are emitted through 

the nozzle by means of an impulse pressure only when 

requested by the model. In 3D Bioprinting, the DOD 

approach is preferable due to its impulsive nature and the 

risk of contamination due to the recirculation of bioink in the 

CIJ technique (Figure 7). 
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Figure 7: Schematic representation of Ink-Jet Based Bioprinting. Adapted from 135. 

The size of the drops and the spatial resolution in ink printing are 

determined by various factors: the viscosity of the bioink, the size of 

the nozzles, the distance between them and pressure selected.  

The ink-jet technique offers the possibility to print different cell 

species, biomaterials or their combinations through different print 

heads in a single manufacturing process, allowing the creation of 

complex multicellular constructs.142 

 

1.7.3.2 Laser Assisted Bioprinting 

Laser printing technology (LAB: Laser-Assisted Bioprinting) is a 

direct, non-contact writing process. LAB systems are characterized by 

three main components: an impulsive laser source, a donor “ribbon” 

containing cells suspended in a gel and a receiving substrate. They are 

analyzed individually in more detail below: 
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• Laser pulses lasting a nanosecond, with wavelengths near 

UV or UV, are used as an energy source; 

• The "ribbon" consists of a glass or quartz plate, transparent 

to the wavelengths of laser radiation, with one side coated 

with thermosensitive bioink encapsulated within a thin layer 

of hydrogel. 

• Depending on the optical characteristics of the bioink and the 

wavelength of the laser, the system may also contain a thin 

(~ 100 nm) laser absorption layer, consisting of metals (such 

as Au, Ti, Ag) or metal oxides (TiO2 ), to protect cells from 

direct exposure to the beam and to allow them to be kept 

alive during transfer; 

• The receiving substrate is mounted on a base with triaxial 

drive, positioned under the belt at a distance between 700- 

2000 μm. This substrate is usually coated with a low 

viscosity biopolymer (such as hydrogel) carefully chosen to 

cushion the impact of the cells, favor their adhesion and 

maintain the structure of the construct. 143 

The laser pulse is focused through lenses on the donor slide, 

containing the cells suspended in the gel, creating a vapor bubble from 

which shock waves are generated that push the cells towards the 

receiving substrate (Figure 8). 
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Figure 8: Schematic representation of laser- assisted bioprinting. Adapted from 135. 

 

The growth and subsequent compression of the bubble depends on 

the following factors: 

• intensity of laser energy (E);  

• viscosity of the bioink (ν); 

• surface tension (v); 

• thickness of the bioink film (ε); 

In this case different cell types, Bioprinting is possible by selective 

propulsion of different cells from the donor slide to the recipient 

substrate. Laser printing technology, as well as inkjet technology, takes 

place simultaneously with the printing of the biopaper, allowing the 

creation of three-dimensional fabric constructs. 

The latter are obtained through laser writing performed in 

conjunction with the photo-polymerization of the hydrogel: the cells are 

deposited according to a precise pattern on a receiving substrate by 

means of a laser beam, and this operation is followed by the hydrogel 
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printing on the top of the surface of each cell; the process is repeated 

for several cycles until a three-dimensional structure is obtained.143 

In order to work with living cells and biomaterials, the radiation used 

must not induce alterations in the biological material due to the 

potential denaturation of DNA by UV radiation. The duration, intensity 

and frequency of the pulse must therefore be taken into account in 

order not to cause excessive cellular overheating, as well as the quality 

of the laser beam and focal lenses to contain their divergence.  

 

1.7.3.3 Extrusion-Based Bioprinting 

Also extrusion-based printing was introduced in the early 2000s and 

it is the most common and affordable bioprinting technique. This 

technique uses high pressure or mechanical force to extrude the 

bioink, overcoming the problem of droplets formation and drawing the 

bioink in the form of cylindrical filaments in both 2D and 3D patterns. 

According to its working mechanism, extrusion based bioprinting can 

be classified into: pneumatic micro extrusion, mechanical or solenoid 

(Figure 9).  
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Figure 9: Schematic representation of Extrusion-based Bioprinting technique. Adapted 

from 135. 

Some advantages of this method are:  

• a wide material selectivity; 

• ability to disperse highly viscous bio-inks with high cell 

densities, cell pellets, tissue spheroids and tissue strands; 

• Possibility to use scalable production and synthetic polymers; 

o high cell viability, typically above 90%.  

However, extrusion-based printing has a downside, as it has a 

relatively low resolution (> 100 μm). Indeed, to obtain a construct with 

high cell viability it is necessary to decrease the printing pressure or 

increase the nozzle size. Nevertheless, using a nozzle with a bigger 

diameter, a corresponding lower resolution is obtained.144 

1.7.3.4 Comparison of Bioprinting Techniques 

Systems based on laser writing have a high resolution with an error 

that falls around 5.6 ± 2.5 μm compared to the digital model. 
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This resolution cannot be obtained with any other 3D Bioprinting 

technique, which makes laser printing excellent for micro cellular 

techniques of organs and tissues such as micro vascularization.145,146 

However, the laser shock linked to the thermal and mechanical 

deformations induced to the cells and the interactions of the cellular 

components with the radiations emitted represent risk factors for the 

viability of the printed construct. 147 

It is therefore necessary to optimize parameters such as:  

• pulse duration; 

• wavelength; 

• pulse repetition speed; 

• energy and focus diameter of the laser beam; 

• rheological properties of the bioink (surface tension, viscosity);  

• properties of the receiving substrate. 

The inkjet and extrusion valve systems are versatile and low 

cost.131,145,148 These techniques favor the encapsulation of the cells 

and , through the use of multiple print heads, allow a simpler realization 

of cellular constructs compared to laser writing. However, similar 

technologies face drawbacks such as sedimentation and cell 

aggregation in the orifice of the nozzle, with consequent clogging of the 

latter. Therefore, the construction process must be short-lived, since 

the material settles under static conditions. Furthermore, the diameter 

of the nozzle must be adequately designed in order not to damage the 

cell during deposition. In conclusion, the parameters to be optimized in 
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order to make this technique functional are the nozzle diameter, the 

viscosity of the biological material and the delivery time of the bioink.147 

 

1.7.4  3D Bioprinting Prospective  

The field of tissue engineering has grown significantly since its 

inception in the late 1980s. 3D bioprinting is assuming a key role in the 

fabrication of advanced 3D cellular constructs for tissue repair and 

regeneration. Among the wide range of biofabrication techniques 

currently available to generate cellular constructs for Tissue 

Engineering, 3D bioprinting is one of the most attractive owing its ability 

to print multiple biomaterials, cells and biochemicals (termed as 

“bioinks”) in precise spatial locations with high resolution, accuracy and 

reproducibility. Bioprinting technologies enable the automated 

biofabrication of cell-laden constructs through the layer-by-layer 

deposition of bioinks in both in vitro and in vivo.144,149 

There are many tissue engineered products now commercially 

available and generating revenue, or in clinical trials. However, the 

products that have reached commercialization are relatively simple in 

tissue structure. There is a significant need for improved ability to 

fabricate complex tissues that effectively mimic the native architecture 

of tissues found in the human body. Furthermore, there is a need for 

bioink materials to be accessible, easy to use and formatable for 
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various uses. Fulfillment of this need will push the field of tissue 

engineering from the research lab to the clinic.  

1.8 Outline Thesis 

The introduction of this thesis presents a general overview of the 

tissue engineering field and gives a more detailed literature overview 

including various aspects of 3D Bioprinting technique and applications. 

Discussed topics are the general requirements involved in scaffold 

design, well‐known and frequently used biomaterials and commonly 

applied scaffold fabrication methods. Additionally, this section includes 

the specific biomaterials and fabrication method adopted in the 

following chapters of this thesis. Chapter 1A presents how Diels Alder 

reaction could be used to generate a novel Gelatin-Chitosan based 

bioink. Whereas Chapter 1A deals with formulation, characterization 

and application of this bioink, Chapter 1B describes how to tune the 

morphology of the novel scaffold by Ice Binding Protein inclusion.  

The same cross-linking technique was employed in Chapter 2, 

where a multimodal Gelatin, Chitosan and Elastin based hydrogel has 

been formulated and characterized. The successful use of this 

technique applied on different biomaterials, together with the set up 

analysis platform to outline the physical-chemical properties of the 

obtained constructs, offers a wide range of applications in the field of 

tissue engineering. Finally, in Chapter 3, hyaluronic acid conjugated to 

small molecule inhibitors was tested on spheroid models of 

glioblastoma, to study the metalloproteinases expression inhibition for 

future applications in the clinical field. 



 

 

 56 

 

 

 

 

  



 

 

 57 

CHAPTER 1A  

GelChiDA: Chitosan-Gelatin Hybrid Hydrogel 
for 3D Bioprintable in vitro Models 

 

Hydrogels are used as bioinks in cell-laden three dimensional (3D) 

bioprinting, since those structures mimic the physical features of native 

ECM.150,151 The major challenges in bioinks development consist in 

encapsulation of cells, bioprintability and high post-printing 

morphological stability, allowing at the same time ECM remodelling.152–

154 The crosslinking process is pivotal for all these aspects, leading to 

the gelification of the molded structure essential to preserve the shape 

and ensure its stability.155 It is therefore necessary to have an effective 

crosslinking process both from a mechanical and chemical point of 

view and, at the same time, it has to be compatible with encapsulated 

cells. 

The aim of the work is to develop new hybrid bioinks that provides 

mammalian cells with the essential properties of their native 

environment, in order to obtain 3D structured tissue mimetics suitable 

for in vitro test clinical studies.  

To better emulate the ECM network, we decided to represent both 

protein and polysaccharidic contributions. Gelatin was chosen to mimic 

collagen, the most abundant structural protein present in human ECM, 
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since it is the corresponding hydrolyzed form. Besides its low cost and 

easy supply, the use of gelatin has several advantages in biomedical 

field: it is a biocompatible polymer well-soluble in water at 37 °C, 

provides RGD recognition sequences and exhibits amphoteric 

behavior.156,157 Therefore, gelatin has already been extensively 

employed as biomaterial for tissue engineering applications and 3D in 

vitro microfluidic systems.158–160 

The ECM is also characterized by a large variety of GAGs and 

proteoglycans (PG). Considering the structural and biochemical role of 

polysaccharidic chains in the ECM, we introduced chitosan as 

polysaccharidic component. Over the past several decades, chitosan 

has emerged as a promising biomaterial for biomedical applications 

due to its natural origin and structural similarity to GAGs naturally 

presented in native tissues. Furthermore, its biocompatibility, 

biodegradability, and antimicrobial activity make chitosan an attractive 

biomaterial for the development of medical devices and tissue 

engineering strategies.161 

For these reasons, the combination of gelatin and chitosan 

biopolymers has been already widely explored for disparate biomedical 

applications as drug delivery controlled system, implantable scaffolds 

or injectable hydrogels for wound healing or tissue engineering.162–170 

Multiple crosslinking strategies were investigated to obtain the ultimate 

construct. The most employed methods include chemical reaction of 

complementary groups (i.e. glutaraldehyde, b-glycerophosphate) or 
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photopolymerization (or photocrosslinking), in presence of UV light and 

a photoinitiator.167,171–173  

These methods, despite giving advantages as stability and fast 

curing rate, could be hazardous since might affect cells viability, 

triggering DNA and membrane firmness. Chemoselective ligation 

strategies have been extensively studied, including thiol-ene, azide-

alkyne cycloaddition and Michael addition. In our work, Diels-Alder 

reaction has been employed as alternative to conventional crosslink 

method, guaranteeing multiple advantages as click chemistry reaction: 

hydrogel formation occurs at physiological pH, does not need toxic 

solvents or catalysts, and do not produce harmful by-products, allowing 

cells encapsulation without polymerization reactions which could affect 

their growth.174,175 Diels-Alder reaction has already been employed as 

cross linking strategy in single polymer hydrogel formulation.129,176 In 

this work its use has been optimized on hybrid material composed of 

polymers with different reactivity. Gelatin (GE) and chitosan (CH) have 

been functionalized with methyl furan as diene. Starting biomaterials 

functionalization was achieved through reductive amination of free 

chitosan and gelatin primary ammino groups, to generate the methyl 

furan functionalized biopolymers. A dienophile, such as an alkene with 

an electron-withdrawing group, capable to readily react with the diene 

in DA cycloaddition, is needed. We selected commercial four arm Star-

PEG decorated at the ends with maleimide groups, acting as 

crosslinker.  
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After a thorough study, the optimal formulation to obtain a stable and 

functional construct has been reached. Its potential has been studied 

with different formulations, such as bioink, for the application of 3D 

tissue bioprints and as a scaffold for the inclusion of spheroids for brain 

tumor in vitro models purpose. The new hybrid hydrogel has been 

validated both from a chemical and biological point of view, with tests 

of vitality, stability and chemical-physical properties (Figure 10).177  

 

 
Figure 10: Graphical representation of hybrid formation, cell encapsulation, and formulation 

in a cell-laden hydrogel bioprinted construct.177 

 

One of the limits of using natural biomaterials is their variability, 

which can occur between one batch and another, affecting the 

reproducibility of the formulations and thus applications.174,177 

Moreover, the characterization of complex structures can be 

challenging. Therefore, the development of such promising hybrid 

hydrogel requires a standardization of the process in order to 

guarantee reproducibility of batches, which is critical for frontier 

CH-5MF

GE-5MF

Star-PEG-MA U87

Hydrogel

Bioprinting

GE-MF:CH-MF:Star-Peg-MA
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research translation. Various analytical techniques have been used 

and optimized for a detailed report of both starting natural biopolymers 

and the final hybrid construct’s physical and chemical properties.178 

Moreover, the crosslinking reaction has been followed and 

characterized. To this purpose, we exploited the combination of HP-

SEC-TDA, UV, FT-IR, NMR, and TGA.178   
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1. RESULTS AND DISCUSSION 

1.1 GelChiDA Formulaion 

In order to formulate the hybrid hydrogel, starting materials amino 

free groups underwent derivatization reaction. As diene 5-methyl 

furfural was chosen as it allows faster reaction kinetics than furfural. 

After materials functionalization with orthogonal moieties that allow the 

Diels Alder reaction with the commercial 4arm-PEG10K-Maleimide 

(PEG-Star-MA), different formulations were tested (Scheme 1). The 

optimal formula was obtained after several tests with variation of 

protein and polysaccharide content, keeping unchanged the PEG-Star-

MA quantities (Table 1).177  

 

 
Scheme 1: GelChiDA reaction 
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Table 1: Tested different formulation 

Entry %W/V Ratio Gelification Printability 

Gel-MF:Chit-MF 3% 1:1 
1:3 
3:1 

X 
X 
X 

X 
X 
X 

Gel-MF:Chit-MF 5% 1:1 
1:3 
3:1 

✓ 

✓ 

X 

X 
X 
X 

Gel-MF:Chit-MF 7,5% 1:1 
1:3 
3:1 

✓ 

✓ 

✓ 

X 
X 
X 

Gel-MF:Chit-MF 3% 2:1 
1:2 

X 
X 

X 
X 

Gel-MF:Chit-MF 5% 2:1 
1:2 

✓ 

✓ 

✓ 

X 

Gel-MF:Chit-MF 7,5% 2:1 
1:2 

✓ 

✓ 

X 
X 

 

Given the higher presence of diene groups on the chitosan 

backbone, thanks to the higher availability of amino groups, as the 

polysaccaridic ratio was lowered, the softer the hydrogel became. 

Below 5% biopolymers concentration there is no hydrogel formation 

while above that point the construct was lumpy, opaque and not 

bioprintable.  

The GelChiDa hybrid hydrogel was selected with the final 

biopolymers concentration of 5% (50 mg/ml ) with polymer ratio of 
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CH:GE:Peg-star=1:2:0.16. The hydrogel transition is completed after 3 

hours at 37 °C. 

 

1.2 Gelatin-MF Chemical Characterization 

Gelatin has been functionalized with 5-methyl furfural and the 

obtained functionalized biomaterial studied with Nuclear magnetic 

resonance (NMR) characterization. The spectrum complexity is due to 

signals overlapping to which the various amino acid functional groups 

refer. The 1H-NMR gelatin spectrum shows principal peaks at δ = 0.91 

ppm (CH3, Val), δ = 1.40 (CH3, Ala), δ = 3.00 and 2.9 ppm (Lys), δ = 

3.25 ppm (Arg) and 7.48 ppm (Tyr and Phe).179 In methyl furan 

derivate, the lysine signal at 2.9 ppm decreases compared to the 

intensity of the same peak in the gelatin 

spectrum, pointing its involvement in functionalization (Figure 11). By 

comparison between the integral of the peaks of H-1 (6.5 ppm) and H-

2 (6.1 ppm) in methylfuran and the peak of the reference, we calculated 

the amount of methylfuran. In particular, we estimated 6.29·10-4 mmol 

of methylfuran per mg of Gelatin-MF. Considering the weighted 

average of aminoacids’ molecular weight, we estimated the degree of 

functionalization as 12,7%. The signal of the methyl moiety at 2.3 ppm 

has not been considered since it is influenced by the underlying signals 

of aminoacidic chains in gelatin.  
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Figure 11: A) 1H NMR spectrum of gelatin-MF. B) comparison between 1H NMR spectra 
of gelatin and gelatin-MF. 1H NMR (deuterated PBS pH 7.4 with 0.05% wt 3-
(trimethylsilyl)propionic-2,2,3,3-d4 acid sodium salt, 37°C, 400 MHz): δH 6.5 (s), 6.1 (s), 4.2 
(s), 2.3 (s).  
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Figure 12: A) comparison between 13C NMR spectra of gelatin and gelatin-MF. B) focus on 

the area between 62 and 20 ppm. 13C NMR (deuterated water, 37°C, 400 MHz): δC 181-168, 
156.8, 155.5, 141.5, 129.4-128.7, 115.7, 107.1, 70.0, 67.1-14.9, 12.9. 
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Figure 13: gHMBC spectrum of gelatin-MF. 

 

Gelatin and Gelatin-MF were analyzed through 13C NMR analysis 

(Figure 12). The chemical shifts of specific carbon atoms, and the 

evaluation of certain pairwise contribution parameters between the 

substituents, provide information on the structure of the considered 

proteins. In particular, gHMBC experiment was performed and 

permited to obtain a 2D heteronuclear chemical Shift correlation map 

between long-range coupled 1H and 13C: H-6 (2.3 ppm) correlates with 

C-2 (107.1 ppm) and C-3 (155.5 ppm), while H-5 (4.3 ppm) correlates 

with C-4 (141.5 ppm) (Figure 13). 

As a further characterization of the successful functionalization, the 

Fourier-transform infrared spectroscopy (FT-IR) was performed. FT-IR 

spectrum of Gelatin-MF was compared with that of the untreated 

gelatin as control. The spectrum of starting material shows the 
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characteristic two peaks at 1635 and 1535 cm-1 (highlighted in green 

in Figure 14), corresponding to the C=O and -NH- of the amide II 

respectively. In the case of Gelatin-MF, in blue scale the signals of 

C=C, C-H and -C-O-C- of the furan rings respectively at 843, 786 and 

1079 cm-1 can be observed. 

 
Figure 14: FTIR Gelatin and Gelatin-MF 

 

To better define the features of the functionalized starting polymers, 

Molecular weight distribution by size exclusion chromatography with 

triple detector array (HP-SEC-TDA) analysis were employed to 

characterize gelatin-MF compared to the unfuctionalized protein. The 

solvent systems induce complete denaturation and loss of higher 

orders protein structure of gelatin. In this way, good separation is 

obtained and accurate molecular weight information can be acquired. 

Chromatographic profiles of gelatin and gelatin-MF have a large bell-

shape chromatographic peaks, with a quite high polydispersion index 

value. The average molecular weight of gelatin has been calculate 

around 196 kDa (Figure 15). 
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The obtained results reveal no significant variations in molecular 

weight values and viscosity between the gelatin and gelatin-MF 

samples analyzed. As expected, the derivatization of amino groups of 

lysine to N-methyl-(5-methylfurfuyl), after reductive amination with 5-

methylfurfural, does not significatively change the molecular weight 

values (Table 2).  

 
Figure 15: HP-SEC-TDA chromatogram of gelatin (a) and gelatin-MF (b) 

 

Table 2: Main results of the HP-SEC-TDA analysis for the gelatin and gelatin-MF samples. 
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1.3 Chitosan-MF Chemical Characterization 

Chitosan has been functionalized with 5-methyl furfural and the 

obtained functionalized biomaterial was characterized through NMR 

technique. 1H-NMR spectra was acquired in D2O at 37 °C. By 

comparison between the assigned integrals of the peaks of H-8 (2.2 

ppm), H-10 (6.2 ppm) and H-11 (6.0 ppm) of methylfuran, H-2b (2.6 

ppm) on the functionalized monomer of chitosan and H-2a (2.9 ppm) 

of the unreacted monomers, we estimated the degree of 

functionalization as 20% (Figure 16). 
13C NMR spectra of chitosan-MF compared with chitosan has been 

performed and gHMBC permitted the assignment of all proton and 

carbon chitosan chemical shift (Figure 17). In particular, H-8 (2.2 ppm) 

correlates with C-11 (106.0 ppm) and C-12 (152.7 ppm), while H-7 (2.0 

ppm) correlates with C-14 (174.6 ppm) (Figure 18). 
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Figure 16: (A) 1H NMR Chitosan. 1H NMR (deuterated PBS pH 7.4 with 0.05% wt 3-
(trimethylsilyl)propionic-2,2,3,3-d4 acid sodium salt, 37°C, 400 MHz): δH 6.2 (0.20 H, s), 6.0 
(0.20 H, s), 4-3.6 (5.55 H,m), 2.9 (0.65 H, s), 2.6 (0.20 H, s), 2.2 (0.60 H, s), 2.0 (0.45 H, s) (B) 
Chitosan and chitosan-MF 1H NMR spectra compared. 
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Figure 17: 13C NMR spectra of chitosan-MF compared with chitosan. 13C NMR (deuterated 

water, 37°C, 400 MHz): δC 174.6, 152.7, 150.8, 109.0, 106.0, 102.2-100.5 (m), 77.5-71.6, 
61.4, 60.2, 56.2, 55.4, 44.3, 22.2, 12.7. 

 

 
Figure 18: gHMBC spectrum of chitosan-MF. 
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Examining FT-IR spectrum, variations are detected at 1566 cm-1 and 

790 cm-1 corresponding to C=C stretching and C-H bending of aromatic 

furan, respectively (Figure 19). Another modification at 1079 cm-1 

highlighted by yellow band was detect and associated to the alkoxy C-

O stretching.  

 
Figure 19: FTIR of chitosan and Chitosan-MF 

 

Molecular weight distribution by size exclusion chromatography with 

triple detector array (HP-SEC-TDA) analysis were employed to 

characterize Chitosan-MF compared to the unfuctionalized 

polysaccharide. The chromatografic profile with a large asymmetric 

bell-shape chromatographic peak indicate a quite high polydispersion 

index value (Figure 20). As seen for gelatin, it has not been detected a 

high variation in chitosan chemical properties indicating that the 

polymer maintains its structure after the functionalization reaction with 

5-methylfurfural with a slight increase in molecular weight (Table 3). 
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Figure 20: HP-SEC-TDA chromatogram chitosan (A) chitosan-MF (B) samples. 

 
Table 3: Main results of the HP-SEC-TDA analysis for the Chitosan and Chitosan-MF 

salmples. 

Sample Mw kDa Mn kDa D (Mw/Mn) [ μ ] dl/g 

Chitosan 47.5 28.7 1.7 1.5 
Chitosan-MF 57.0 30.0 1.9 1.7 
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1.4   GelChiDA Characterization  

1.4.1 Inverting Tube Test 

Together with the starting biomaterials polymers, the hydrogel has 

been studied and deeply characterized. The very first, rapid and 

straightforward test is the inverting tube. Thanks to its simplicity and 

high efficiency, this method is often used to determine the sol-to-gel 

transition.180 In the case reported here, it was a valid technique to 

provide visual evidence of hydrogel formation and its compactness. 

Indeed, unlike control formulated without PEG-Star-MA addition, 

hydrogel remains well adhered to the walls of the bottom of the vial, 

demonstrating mechanical resistance to the gravity force. The test was 

led at 37 °C, to avoid spontaneous gelatin gelification at lower 

temperature independent from crosslinking process (Figure 21). 

 

 

Figure 21: Test inverting tube of GelChiDA and control  
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1.4.2  Rheological Analysis 

Rheological analyses were carried out since they are fundamental 

for identifying the intervals of strain and applied stress in which the 

sample respond. The rheological analysis was performed on 

homogenous GelChiDA hydrogel formulations prepared as previously 

described.  

The rheological analysis was carried out on homogenous hydrogel 

solutions prepared as described in the Material and Methods section. 

The strain sweep test (Figure 22A) showed a linear viscoelasticity zone 

(LVE), where the intrinsic structural properties of the samples are 

independent of the applied stress and where the storage modulus (G′) 

is higher than the loss modulus (G′′). In the terminal LVE, the 

deformation is so large that a liquid-like behavior prevails; that is, the 

yield point is reached. The crossover points of the dynamic moduli were 

calculated. GE-CH hydrogel showed a linear strain region up to about 

40% (Figure 22A). The 2% strain value was then selected for 

subsequent sweeps. The crossover point occurred at a very high value 

of strain. This value of LVE is typical of entanglement networks and 

strong gels (Ross-Murphy and Shatwell, 1993). Mechanical plots were 

obtained by means of frequency sweep tests performed at a strain 

value below the critical strain γc, in the LVE zone (2% for all samples). 

Measurements of the viscoelastic moduli G’ and G” were registered 

with a range of oscillation frequencies at a constant oscillation 

amplitude. Figure 22B shows how the viscous (G”) and the elastic (G’) 

moduli vary with frequency. The storage modulus G’ was higher than 

the loss modulus G”. This reflects the existence of three- dimensional 
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networks similar to those of strong gels. Thus, in the LVE region, the 

sample shows solid-like properties. The mechanical plots are 

representative of hydrogel properties and classification. The hydrogels 

can be classified as “strong” hydrogels when G’ > G” showing linear 

viscoelasticity at high strains. “Weak” hydrogels exhibit G′ > G′′ linear 

viscoelasticity just at low strain values at all the detected frequencies 

(Lapasin and Pricl, 1995). Consequently, the GE-CH hydrogel under 

study can be considered as a strong gel because of the slight 

dependence of G’ and G” on the frequency. The data presented here 

are similar to those in a study by Martínez-Ruvalcaba et al. (2007) on 

chitosan/xanthan hydrogels. According to the theory of weak gels 

(Bohlin, 1980), the assessment of the viscoelastic behavior of 

hydrocolloid gel allows the quantification of the intensity of colloidal 

forces acting within the polymer network and the interactions among 

components that interact with each other to a certain extent, forming a 

single strand. Therefore, the relationship between the mesostructure of 

a hydrogel and its rheological behavior can be established. The Bohlin 

coordination number z quantifies the number of flow units interacting 

with one another to give the observed flow response of the material:  

 

G′(ω)∼ω1z (3)  

 

By processing the G’ (w) data of the GE-CH hydrogel, the z value 

was equal to 25.6, confirming the status of the robust structured gel 

network. Traditional hydrogels are characterized by weak properties if 

subjected to a mechanical stimulus or stress. Compared to other 

hydrogels presented in the literature, the growth of the viscoelastic 
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behavior in response to deformation of the produced GE-CH hydrogel 

extends the plausible application of the hybrid polymer to different 

tissue engineering or biomedical applications. In particular, the self-

healing properties of hydrogels have an increased value for both 3D 

bioprinting procedures and injectable systems (Taylor and in het 

Panhuis, 2016). Therefore, the self-healing properties of the hydrogel 

were investigated by the application of 800% oscillatory shear strain. 

After shear removal, the restoration of the dynamic moduli was 

followed in real time (g 2%, ω 1Hz). The healing efficiency (HE) was 

calculated according to Equation 3. A value of HE closer to one 

indicates the more desirable self-healing capability, whereas a value 

closer to zero indicates less efficient self-healing (the result is shown 

in Figure 22C). A completely destructured network and transformation 

into a liquid-like material (G”>G’) are the immediate results of high 

shear strain (g = 800% for 3 min, ω 1 Hz). Right after cessation of 

destructive strain, the sample exhibited solid gel responses, with 

values of instantly restored G′ of around 90% of the original value, with 

a calculated HE index equal to 0.89. The healed hydrogels were strong 

enough to sustain repeated stretching; indeed, upon repeating this 

change of amplitude force, the structure of the hydrogel did not change 

significantly from that after the first step, and the same healing 

efficiency (HE=0.88) was obtained. Generally, the self-healing ability of 

the hydrogel and the time required for the healing process increase 

with the growth of the viscoelastic behavior in response to deformation 

of the hydrogels. The observed self- healing properties of the hydrogel 
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may be related to the physical interactions between the amino groups 

of chitosan and the carboxylic groups of gelatin.  

 
Figure 22: A) Storage (G , blue) and loss (G , green) moduli vs. oscillation strain (γ) for GE-
CH. (B) Storage (G′, blue) and loss (G , green) moduli vs. angular frequency (ω) for GelChiDA 
hydrogel. (C) Structural recovery behavior of the GE-CH as a function of time, assessed by 
monitoring G′	(t) (γ2%, ω1 rad/s) after destruction by applying an 800% oscillatory shear strain. 
Modulus G′	(blue) and G” (green).  
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1.4.3 Swelling Analysis 

An important property of biomaterials is the ability to undergo 

volumetric changes, in response to increased water uptake in 

physiological wet tissues. Therefore, the swelling analysis was 

performed according to the literature.181 To determine GelChiDA 

swelling properties, dried samples were immersed in PBS (pH 7.4) at 

37 °C and the weight measured at intervals for days, until reaching a 

stationary condition. The following equation was employed to calculate 

the swelling ratio:  

𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔% =
Ws −Wd
Wd	 	𝑥	100 

[Wd = Weight of polymer; Ws = weight of swollen polymer]  

 

The construct showed the highest swelling rate between 2 and 24 

hours followed by an important decrease probably due to a free 

polymer chain organization during the water uptake. An equilibrium has 

been reached at 72 hours, and the structure has been maintained for 

40 days (Figure 23). 

  
Figure 23: GelChiDA swelling in PBS pH7.4 
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1.4.4  Scanning Electron Microscope (SEM) 

Analysis  

The dried samples obtained as previously described were analyzed 

under the scanning electron microscope (SEM). SEM images are 

collected at different magnifications and allow for greater resolving 

power compared to optical microscope images, given the shorter 

length wave of electrons with respect to photons. This type of 

microscope works with greater depth of field, going to capture good 

images to evaluate the porosity of the scaffold. GelChiDA SEM images 

has been compared with those of control, made up following the same 

protocol excepted for addition of PER-Star-MA crosslinker. The 

analysis shows that GelChiDA displays a more regular compact and 

porous structure with much smaller pore size compared to the control, 

probably due to the crosslinking reaction (Figure 24). 
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Figure 24: A) Control’s SEM analysis, made by no-functionalized polymers B) GelChiDA 
SEM analysis C) GelChiDA dried sample.   

 

1.4.5 UV and FT-IR Analysis Real Time 

As the starting biomaterials, the hybrid obtained construct was 

characterized through FT-IR analysis. To follow the progress of the 

reaction, the sample was freeze-dried at different time in liquid nitrogen 

during the Diels Alder crosslinking reaction. Each sample was freeze-

dried and reduced in powder before the FT-IR analysis. The obtained 

spectra show an intensity decrease of signal at 862 cm–1 over the time, 

attributed to C-H vibration of double bond in furan ring, meaning the 

ongoing Diels Alder reaction and and the consequent adduct formation 

(Figure 25). 

A

B

C
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Figure 25: FT-IR spectra of GelChiDA Diels Alder Reaction 
 

The kinetics of the Diel Alder reaction was studied with UV analysis 

by following the maleimide peak at 293 nm. The reaction between the 

furan ring and the maleimide, which bring to the adduct formation, was 

associated to the maleimide peak decrease as shown in Figure 26.182 

Scattering effect causes absorbance increment in all the samples. 

 
Figure 26: UV spectra of cross-linking reaction in real time 
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1.4.6 NMR Characterization  

The NMR peaks identified in both starting polymers were employed 

to choose the right signals in order to follow the reaction kinetics. The 

analysis was carried out in deuterated PBS (dPBS) at pH 7.4 at 37 °C: 

1ml of hydrogels was prepared as previously described and 

immediately inserted into a NMR tube after the addition of PEG-Star-

MA to follow the cross-linking kinetics until completion. Spectral 

variations, such as reduction in peak intensities, line broadening, and 

chemical shift changes, are all aspects monitored to assess the degree 

of cross-linking reaction and to determinate the reaction kinetics.  

In particular, the maleimide peak at 6.9 ppm, has been identified as 

overwhelming evidence of the reaction (Figure 27). 

  
Figure 27: 1H NMR spectrum of 4arm-PEG10K-Maleimide. 1H NMR (deuterated PBS pH 

7.4 with 0.05% wt 3-(trimethylsilyl)propionic-2,2,3,3-d4 acid sodium salt, 37°C, 400 MHz): δH  
6.90 ppm (8H, s), 3.71 ppm (PEG backbone, s) 
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Figure 28: 1H NMR spectrum of hydrogel at 5 minutes and 3 hours. 

 

Figure 28 and Figure 29 show the spectra of the hydrogel formation in 

real time. Observing the comparison of timepoints of the kinetics, the 

signal at 6.9 ppm, assigned to maleimide moieties, a progressive 

lowering of the intensity of the peak is clear until disappears after 3 h. 

5 min

1 h

3 h
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Concurrently, a decrease attributed to furan ring peaks at 6.0 and 6.6 

ppm were detected, indicating a partial MF conversion into the Diel 

Alder adduct (Figure 28). Moreover, the peak influenced by the signal 

of H-2 of chitosan-MF at 2.6 (CHN) shift by experiencing a change in 

the neighboring chemical environment, coherently with the reaction 

advance. A shift of the methyl motifs at 2.2 and 2.3 ppm is detectable 

as highlighted in Figure 29 B. 

 

 
Figure 29: Comparison between 1H NMR spectrum of blended polymers and real-time gel 

formation at 5 min, 1 h, and 3 h (a) with a focus on the area between 1–3.5 (b) and 6–7.5 ppm 
(c). at 5 min, 1 h, and 3 h (a) with a focus on the area between 1–3.5 (b) and 6–7.5 ppm (c). 

 

A deeper characterization has been performed using DOSY-NMR 

spectroscopy, a technique based on the application of pulsed field-

gradient (PFG), became the method of choice for determining and 

measuring the diffusion of molecules in solution. In principle, the 

diffusion coefficient of a molecular species, under certain conditions 

(e.g. specific concentration, solvent and temperature), depends on its 

actual molecular weight, size and shape. By measuring the diffusion 
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coefficient of a given molecular species, under controlled conditions, it 

is possible to obtain information on its actual size and molecular weight, 

and consequently also on its interactions with the surrounding 

environment and possibly other molecules. For this reason, DOSY-

NMR analysis has been used to study and evaluate the effective 

interaction of the biopolymers in solution, resulting as a change in the 

molecular weight and thus the diffusion coefficient of the sample in 

solution. In Figure 30 the GelChiDa and blended spectra are compared 

and have two distinct diffusions, differing on average 1.10–1.11 m / s2. 

Observing the graph of the hydrogel, the different signals appear on a 

straight line, with little difference from each other, indicating that all the 

polymers in solution are linked together to form a single construct. 

Conversely, gelatin and chitosan appear on two different levels in the 

blended sample, being unbound and having different molecular 

weights. 

 
Figure 30: (a) Diffusion ordered spectroscopy NMR (DOSY) and (b) 1H NMR spectra of 

blended (blue) and hydrogel (red) at the end of kinetics. 
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1.4.7 Thermogravimetric Analysis (TGA)  

TGA is an analysis method in which the continuous recording of the 

mass variations of a sample in a controlled atmosphere as a function 

of temperature or time is carried out. The resulting diagram is called a 

thermogram or thermal decomposition curve. This technique has been 

selected to evaluate whether crosslinking has changed the material's 

thermal resistance properties. Samples TGA curve appears having a 

similar trend composed from two degradation steps. The first is 

probably due to the water content weight loss and occurs around 67-

88 °C for all the materials. The second step takes place in a wider 

temperature range in view of biopolymers’ collapse (Table 4). The TGA 

graphs show that the functionalization of biomaterials slightly increased 

the heat resistance capacity, compared to the starting materials (Figure 

31). The GelChiDA hybrid hydrogel shows an average behavior 

between the two starting functionalized polymers at the corresponding 

stage, as it has a main degradation temperature higher than chitosan 

but lower than gelatin. Interestingly, GelChiDa has a lower % weight 

loss at high temperatures than all other materials, showing higher 

stability at high temperatures. 
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Table 4: TGA analysis results of GelChiDA compered to starting functionalized biopolymers  

Sample Water desorption Degradation 

 Peak 
(°C) 

Range 
(°C) 

Weight 
loss (%) 

Peak 
(°C) 

Range 
(°C) 

Weight 
loss (%) 

Gelatin 75 27-156 10.6 319 184-
606 

67.4 

Gelatin-MF 67 27-148 8.6 324 170-
604 68.1 

Chitosan 88 27-155 12.9 226 180-
361 44.7 

Chitosan-MF 76 27-150 9.3 235 161-
343 40 

GelChiDa 75 27-156 8.2 309 167-
650 55.3 

 

 

 
Figure 31: TGA curves of unfunctionalized and functionalized starting materials and 

GelChiDA. 

 



 

 

 90 

1.5  Bioogical Evaluation  

1.5.1 3D Bioprinting Model  

The bioprinting protocol was assessed, adapting the printing 

condition of the hydrogel to cell culture. The formulation was printed 

after 2.5 hours, where the construct is in a jelly state, able to maintain 

the shape while the crosslinking reaction is still occurring. This strategy 

allows the hydrogel extrusion at low pressure, so that it does not affect 

cell viability. Furthermore, the semi-gel state allows to obtain a 

homogeneous bioink because it is possible to suspend the cells without 

concentration variability or cellular aggregates in the bioprinted 

constructs. To evaluate the compatibility of the novel hydrogel 

formulation with cell culture a viability test was conducted. The LIVE / 

DEAD® viability / cytotoxicity assay allows the detection of live cells 

and dead cells with two different fluorescent probes that recognize the 

intracellular esterase activity and the integrity of the plasma 

membrane. Live cells fulfill ubiquitous intracellular esterase activity, 

detected by the enzymatic conversion of calcein AM, a non-fluorescent 

cell permeant, into the deep green fluorescent polyanionic dye calcein 

(etc / em 495 nm / 515 nm). Cells with damage to the plasma 

membrane are instead permeable to ethidium homodimer-1 (EthD-1), 

which by binding to nucleic acids produces a red fluorescence, thus 

identifying dead cells (etc / em ~ 495 nm / ~ 635 nm). The LIVE / 

DEAD® test showed that the printing process does not significantly 

affect cell viability. As shown in Figure 32 which represents bioprinted 

GelChiDA, cell viability is guaranteed. Most of the cells within the 
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hydrogels are viable (green) at the different experimental times 

examined (day 1, day 3 and day 6).  

 

 
Figure 32: A LIVE/DEAD imaging of bioprinted U87 cells; B Resulting LIVE/DEAD 

histograms of viability’s bioprinted cells. (Mean ± SD One-way ANOVA, n = 3: *p < 0.005).  
 

1.5.2 3D Spheroid Cultures  

To go further and to investigate the range of GelChiDA applications, 

3D cell spheroid screening has been performed. Tumor 

microenvironments in vivo display multiple barriers to the penetration 

of antibodies, immunoconjugates or drugs and are therefore difficult to 

study in vitro. Cells cultured as monolayers show less resistance to 

therapy, requiring the development of more representative alternative 

models of the tumor as found in vivo. This difference in sensitivity can 

be explained as “multicellular resistance”, a drug-resistance 

mechanism conferred by cell-cell contacts, cell-matrix network and the 

three-dimensional shape assumed by the tissue. Multicellular 

resistance acquired by tumor cells may contribute to the difficulty of 

translating promising results obtained with in vitro studies into therapy. 
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In vitro cultures of multicellular tumor spheroids have started to fill the 

gap between in vivo tumor complexity and monolayer cell cultures and 

have become valuable models for studying drug resistance. Therefore, 

several commercial materials are under investigation to better control 

the integrity of spheroid, to study the effect of the microenvironment, 

and to build up complex tissue-like studies. The viability of spheroids 

embedded in synthetic matrices or polymers has, in any cases, some 

limitations. Natural materials can induce undesirable phenomena, such 

as cell migration and differentiation, or, in certain cases, can be toxic 

or not appropriate for cell-adhesion purposes.183  

The GelChiDA costruct was employed as a hydrogel to encapsulate 

and maintain U87 3D spheroids. U87 spheroids were cultured until 

obtaining spheroidal structures and a 500 μm diameter. GelChiDA 

hydrogel was employed to embed the 3D spheroids and to follow their 

integrity and viability over time. The preliminary results of spheroids 

hydrogel embedded are show in Figure 33.  

By staining with H&E, cells in the external layer exhibit a polygonal 

morphology and tend to be tightly packed, while, in the center of the 

spheroid, U87 cells are fusiform and less densely packed. However, 

during all the monitored spheroid culture, cells appear viable and 

proliferative and do not show morphology suggesting sufferance or 

degeneration. An interesting observation for the produced hydrogel is 

related to its ability to maintain the spheroid dimensions and structure, 

maintaining viability over the culture time points, whereas many of the 

commercially available matrices result in increased cell migration.  
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Figure 33: Histological images of spheroids embedded in hydrogel at days 1 (A), 3 (B), and 

6 (C).  
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2. MATERIALS AND METHODS  

2.1. Materials 

Water-soluble chitosan was purchased from Carbosynth Ltd, UK. A 

LIVE/DEAD Cell Viability Assay was purchased from ThermoFisher. All 

other chemicals were purchased from Merck KGa, unless differently 

stated, and used as received without further purifications. Deionized 

water (conductivity less than 0.1 S) was prepared with an inverse 

osmosis system (Culligan, Milan, Italy). PolyCAL TM Pullulan std-57k 

(Malvern Instruments LtD, Malvern, United Kingdom). The reagent 

grades were 98%. 
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2.2. Methyl-Furan Gelatin Functionalization 
(Gelatin-MF)  

 

Scheme 2: Functionalization of Gelatin with Methyl-Furan through reductive amination. 

 

Reagents MW 
(g/mo

l) 

Eq. Mass 
(g) 

Mol 
(mmol) 

d 
(g/ml) 

V 
(ml) 

Gelatin-Lys 
(considering 5% of 

Lys) 

146.1
9 

1 2 0,684   

5-methylfurfural 110.1 100 7,52 68,37 1,107 6,8 

NaCNBH3 62,84 50 2,15 34,2   

PBS pH 4.5      30 

 

To functionalize Gelatin, 30 ml of PBS at pH 4.5 were employed to 

completely dissolved Gelatin type A (2.00 g) powder at 37 °C under 

agitation. Once a homogeneous solution was obtained, 6.8 ml of 5-

methyl furfural was added and left under gentle stirring at 37 °C. After 

30 min, the amine first reacts with the carbonyl group to form 

NH2

NH2

OH

O

HN

O

5-Methylfurfural
NaCNBH3

PBS pH 4,5
3h 37°C

NH2

Gelatin Gelatin-MF
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a hemiaminal species, which subsequently loses one molecule of 

water, to form imine. 2.15 g of NaCNBH3 was added in order to reduce 

the intermediate in the final amine. The reaction occurs in 3 h at 37 °C. 

Dialysis has been use as purification method using a 14 kDa cellulase 

membrane at 40 °C. Dialyzation has been performed against a NaCl 

solution (0.1M) for 1 day, followed by mQ H2O for 4 days. The obtained 

solution was filtered using 0.45 and 0.22 µm filters and then freeze-

dried to give 1.73 g of a white spongy solid (Scheme 2). 
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2.3. Methyl-Furan Chitosan Functionalization 
(Chitosan-MF)  

 

 
Scheme 3: Functionalization of Chitosan with Methyl-Furan through reductive amination. 

 

 
Reagents MW 

(g/mol) 

Eq. Mass 

(g) 

Mol 

(mmol) 

d 

(g/ml) 

V 

(ml) 

Chitosan 146.19 1 2 0,684   

5-methylfurfural 110.1 
10

0 
7,52 68,37 1,107 6,8 

NaCNBH3 62,84 50 2,15 34,2   

2% Acetic Acid      35 

 

To functionalize Chitosan, 35 ml of 2% acetic acid solution were 

employed to completely dissolved Chitosan soluble powder (2.00 g). 

Sonication and vortex were used to speed up the dissolving process. 

206 μl of 5-methyl furfural was added, and left under gentle stirring for 

30 min. 65 mg of NaCNBH3 were added, and the mixture was left to 

react under agitation for 3 h at room temperature. After that, the 
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reaction was dialyzed with 14 kDa cellulose membrane, against 

against a NaCl solution (0.1M) for 1 day, followed by mQ H2O for 4 

days at room temperature. The obtained solution was filtered using 

0.45 and 0.22 µm filters and then freeze-dried to give 1.37 g of a white 

spongy solid (Scheme 3). 
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2.4. GelChiDA Hydrogel Formulation 

 
Scheme 4: Functionalization of Gelatin with Methyl-Furan through reductive amination. 

 
Reagents Eq. Mass (g) V (ml) 

Chitosan-MF 1 16  

Gelatin-MF 2 33  

PEG-Star-MA 0.16 2.5  

PBS pH 7.4   1 

 

In order to formulate the novel hybrid platform, to maintain the 

viability of embedded cells and to better control the reactivity, click 

chemistry has been chosen as crosslinking method. The hybrid 

hydrogel obtained through a Diel Alder (DA) reaction between methyl 

furfural and functionalized Chitosan (Chi) and Gelatin (Gel) has been 

called GelChiDA. As dienophile group a commercial maleimide 

functionalized PEG-star has been employed. Different amount of 4arm-

PEG10K-Maleimide (PEG-Star-MA) and various two polymers ratio 

combinations were investigated in order to obtain the best kinetics 

hydrogel for the final construct. The hybrid hydrogel with % m/V ratio 
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of CH:GE:Peg-star= 1:2:0.16 of the final biopolymers concentration of 

5% (50 mg/ ml) was selected. To formulate the bioink gelatin-MF (33 

mg) and chitosan-MF (17 mg) were dissolved in 0.750 ml of PBS at 7.4 

pH by vortexing at 37 °C until complete dissolution. PEG-Star-MA (2.5 

mg) was dissolved in 0.250 ml at RT and added to the mixture. The 

reaction occurred in 3 hours at 37 °C (Scheme 4). 

 

2.5. SEM Analysis  

The gelatin-MF, chitosan-MF, and PEG-Star-MA solution formed as 

previously described was transferred into Teflon molds (15 mm 

diameter) and left for 3 h at 37 °C. Once the Diels-Alder reaction had 

occurred, the sample was transferred at −80 °C for 24 h and then 

freeze-dried for 48h to obtain cylindrical compact structure. SEM was 

employed to characterize the cross-section of the fibrous dried 

samples obtained. Samples from lyophilization were mounted onto 

SEM stubs with conductive adhesive carbon tape and silver paste, and 

sputter coated with 10nm chromium by means of high vacuum Quorum 

Q150T coating system. SEM-SE (Scanning Electron Microscopy - 

Secondary Electrons) micrographs were acquired by means of High 

Resolution Field-Emission Zeiss Gemini 500 SEM, operating with 5kV 

acceleration voltage. 
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2.6. Molecular Weight Distribution by Size 
Exclusion Chromatography with Triple 
Detector Array (HP-SEC-TDA) Analysis.  

Evaluation of the molecular weight distribution of gelatin and gelatin-

MF samples was performed by Size Exclusion Chromatography 

coupled with a multi-detector system (refractive index, right and low 

angle light scattering, viscometer, Viscotek mod. 305 Triple Detector 

Array, Malvern Instruments LtD, Malvern, Uk).184 In particular, the 

analysis of gelatin was performed at 40 °C, using on TSKPWXL column 

(Tosoh Bioscience, 7.8 mm ID x 30 cm). A total of 0.01 M K buffer + 

0.125 M NaNO3, containing 0.05% NaN3, pre-filtered using 0.22 µm 

filter (Millipore), was used as mobile phase at a flow rate of 0.6 mL/min. 

0.1 mL of sample were injected at about 1 mg/mL. Chromatographic 

conditions for gelatin-MF were set up using two TSKPWXL columns in 

series (Tosoh Bioscience, 7.8 mm ID x 30 cm, V0 6 mL, Vt 11 mL each 

one) with an aqueous solution of 0.2 M NaNO3 added with 0.05 % NaN3 

pre-filtered onto 0.22 µm filter (Millipore), used as mobile phase at a 

flow rate of 0.6 mL/min. 0.1 mL of each sample were injected at about 

1 mg/mL. For both methods columns, injector and detectors were 

maintained at 40 °C. For chitosan and chitosan-MF samples, 

chromatographic conditions were set up using two gel columns 

TSKWXL mixed bed column (Tosoh Bioscience, 7.8 mm ID x 30 cm, 

V0 6 mL, Vt 11 mL) with an aqueous solution of 0.3 M Sodium Acetate, 

0.3 M Acetic Acid (pH 4) added with 0.05 % NaN3 pre-filtered onto 

0.22 µm filter (Millipore), used as mobile phase at a flow rate of 0.6 

mL/min. 0.1 mL of each sample were injected at about 1 mg/mL. 



 

 

 102 

Columns, injector and detectors were maintained at 40 °C. The 

detector was calibrated with the Pollulan narrow standard of known 

Mw, polydispersity, and intrinsic viscosity (Malvern Instruments LtD, 

Malvern, Uk). The chromatogram elaboration was performed using 

OmniSEC software version 4.6.2. For calculations, a differential 

refractive index increment (dn/dc) value of 0.180 for gelatin and its 

derivates and 0.167 chitosan and its derivates were used for converting 

RI voltages to solute concentration at each data slice across a 

chromatographic peak, as previously described.184–186 The obtained 

Mw ad Mn values were rounded to the nearest 1000 Da.  

 

2.7. FTIR-ATR 

FT-IR was adopted to characterize the starting materials and to 

follow the Diel Alder reaction at different time point. The starting 

materials, after being freeze-dried, were placed on the steel instrument 

surface and measured at different regions. To record the GelChiDA 

reaction steps, the hydrogel was prepared as previously described, 

and freezed using Liquid Nitrogen to stop immediately the reaction. 

Once freeze-dried the samples were reduces in powder and analyzed. 

The absorption spectral range was collected between 4000 cm−1 and 

650 cm−1 at a spectral resolution of 2 cm−1 and 40 scans and analysis 

were performed using PerkinElmer Spectrum 100 FTIR Spectrometer. 
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2.8. UV−Vis Measures 

The UV-Vis absorption-solution was use to follow the rection kinetics 

from 0 to 3 hours. JASCO V-770 spectrophotometer was employed to 

record region between 200-500 nm. 1 mL of the hybrid GelChiDA 

starting solution was transferred into a quartz cuvette with a 0.1 mm 

optical path immediately after crosslinking addition. The sample has 

been maintained at 37 °C in between the measurements, to avoid 

gelatin gelification at RT. 

 

2.9. Nuclear magnetic Resonance Spectroscopy 
Experiments 

1H-NMR and gHMBC spectra were acquired using a Varian 400 

MHz Mercury instrument, operating at a proton frequency equal to 400 

MHz at 37 °C. The preparation of the sample has been maintained as 

previously reported excepted for deuterated PBS pH 7.4 which was 

adopted as solvent. 0.05% wt of 3-(trimethylsilyl)propionic-2,2,3,3-d4 

acid sodium salt (0 ppm) was employed as internal standard. For all 

polymers analysis the pulse angle and the relaxion delay were set at 

90° and 2 seconds respectively, while the number of scans varied 

between 160 and 240 depending on the signal-to-noise ratio. The 

hydrogel kinetics of GelChiDA was monitored by the acquisition of 1H-

NMR spectra over time, using 16 scans, with a pulse angle of 90° and 

20 s of relaxation delay. Every 10 min, a spectrum was recorded for a 

total of 32 spectra. gHMBC spectra were obtained with 200 increments 
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of 512 transients each and relaxation delay of 2 s. The gHMBC 

experiment was optimized for long-range J-coupling 1H-13C of 8 Hz. 

 

2.10. Diffusion Order Spectroscopy NMR (DOSY) 

DOSY experiments were performed on GelChiDA hydrogel and on 

blended form. The latter was prepared with the hydrogel protocol and 

concertation except for the 4-arm-PEG10K-maleimide addition. The 

experiments were performed at 37 °C with Bruker ADVANCE NEO, 

500 MHz spectrometer (Bruker, Karlsruhe, Germany) equipped TCI 

cryo-genic probe of 5mm and measured using the 2D stimulated echo 

sequence (STE experiment) using bipolar gradient pulse for diffusion. 

In 1H dimension of the diffusion experiments a sweep width of 20 ppm 

was used. The diffusion time (Δ) and the gradient pulse (δ) were set to 

300 ms and 5 ms respectively. The 2D DOSY experiments were 

acquired using the 2D-stimulated echo sequence with bi-polar gradient 

pulse for diffusion with gradients varied linearly from 5 to 95% in 32 

steps with 16 scans per step. Spectra were processed by Top-Spin 

4.0.6 software. A 1-Hz line broadening Lorenzian function was applied, 

and each row was phased and baseline corrected before Fourier 

transformation in the F2 dimension. The diffusion coefficients D for the 

1H dimension in which molecules with different diffusion coefficients 

correlate to two distinct signals were calculated with Bruker Dynamic 

Center 2.5 (Bruker, Karlsruhe, Germany). The fitted function used is 

𝐼 = 𝐼!
(#$∙&!∙'!∙(!)∙(∆#"#) where I is the observed intensity, I0 the reference 

intensity, x the gradient strength, D the diffusion coefficient, γ the 
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gyromagnetic ratio of the observed nucleus, δ the length of the 

gradient and Δ the diffusion time. 

 

2.11. Rheological Analysis  

The rheological properties of the hydrogel were studied using a CMT 

rheometer (DHR-2, TA Instruments, USA) equipped with a 40-mm-

diameter plate–plate geometry. For all tests, the temperature and the 

gap between the plates were kept constant 37 °C and 1.0 mm, 

respectively, and a solvent trap was used to prevent loss of solvent. 

The viscoelastic behavior of the material at the mesoscale was 

investigated by means of dynamic measurements and quantified 

through the storage modulus [or elastic component of the complex 

modulus G∗(ω)] G’(ω), and the loss modulus [or viscous component of 

the complex modulus G∗(ω)] G”(ω) [Pa]. G’(ω) and G”(ω) characterize 

the solid-like and fluid-like contributions to the measured stress 

response that follows a sinusoidal deformation of the tested material, 

respectively. The range of linear viscoelastic response under 

oscillatory shear conditions was identified by means of a strain sweep 

test: the sample was subjected to an extended field of strains (0.01–

100%) at a constant frequency of 1 Hz. The mechanical plots were then 

drawn by performing a frequency sweep test over the 0.01–100 rad/s 

frequencies at a constant strain (2%). Finally, a step strain sweep test 

was carried out to investigate the self-healing properties of the sample 

in response to applied shear forces. Viscoelastic properties were 

measured as a function of time in an oscillatory time sweep (3 min, 2% 

strain, 1 Hz frequency) before and after severe destruction of the gel 
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network (800% strain, 3 min, 1 Hz frequency). The extent of the self-

healing behavior was calculated according to Zhao et al. (2014)187 as 

the ratio of the storage moduli of the healed (G′h) and pristine gels 

(G′p). Data were analyzed with TRIOS 3.0.2 software. 

 

2.12. Cell Culture  

Human glioma U87-MG cells were maintained in adhesion condition 

in T75 tissue culture flasks. U87 cells were cultured in Dulbecco’s 

modified Eagle’s medium supplemented with 10% fetal bovine serum, 

100 units/ml penicillin, and 100 mg/ml streptomycin at 37 °C under a 

humidified atmosphere with 5% CO2.  

 

2.13. Bioprinting Process  

GelChiDA was formulated as previously reported, sterilized for 

30min under UV-light and 2 h at 37 °C to obtain partial network 

formation of the hydrogel solution. U87 glioblastoma cells (7 × 105/ml) 

in complete medium were added to the GE-CH solution (5%, 2 ml) and 

after making the mixture homogeneous through a gentle pipette, the 

bioink was loaded into 5-ml bioprinter cartridge.188 Each sample was 

bioprinted as a two layers grid on 35-mm Petri TC dishes using a 22G 

nozzle with a 0.41 mm diameter at 25– 35 KPa. After printing, cells 

were maintained at 37◦C with 5% CO2. The culture media were 

refreshed every 2 days.  
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2.14. Spheroids Formation and Histological 
Analysis Procedure 

Cell aggregation was induced by growing cell suspensions in 96-

multiwell Ultra-low Attachment Surface as already described.177 Briefly, 

once cell culture monolayers were detached via standard 

trypsinization, cells were counted and resuspend to reach the 

concentration of 5 x 104/ml. 100 μl of cells suspension (5 x 103) were 

pipetted into each well and allowed to grow for 5 days, until spheroids 

reach the diameter of ~500 μm. Spheroids were deposited in GelChiDA 

hydrogel using a 24-well plate.  

In order to fix hydrogel-embedded spheroids and to obtain a 

compact hydrogel structure, 10% buffered formalin was added for 2 h 

at RT into the well. After fixation, hydrogel-embedded spheroids were 

washed in PBS and were moved into histological cassettes, adding 

filter paper pieces on top and bottom of the sample to avoid loss of 

material. Samples were paraffin-embedded with a tissue processor 

(ETP, Histo-Line Laboratories) using a standard protocol, cross-

sectioned at 3-μm thickness by rotary microtome (Leica RM2265), 

mounted on glass slides, and stained with Haematoxylin and Eosin 

(H&E). Sample sections were observed under a light microscope 

(Olympus BX51). Representative images were captured with a digital 

camera (Evolution VF digital Camera) using Image-Pro Plus software.  
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2.15. LIVE/ DEAD Assay 

To evaluate the viability of the cultured U87 bioprinted cells, the 

obtained 3D engineered tissues were stained by incubation in 1 mL of 

PBS containing 1 μM of calcein-AM for 20 min at 37 °C and then 1 ml 

containing 0.036 μM of ethidium homodimer (EthD-1) for an additional 

10 minutes at 37 °C.189 Reagents were provided by LIVE / DEAD 

Viability / Cytotoxicity assay kit (invitrogen). The test allows to evaluate 

the effect GelChiDA and bioprinting process on cell viability using two 

different probes: Calcein AM that stains the viable cells in green and 

the Ethidium homodimer that highlights dead cells in red. The stained 

bioprinted models were washed three times with PBS pH 7.4 prior to 

obtaining the images. Image analysis was performed with a CELENA 

digital imaging system with a PlanAchro 4X Ph TC objective. Cell 

viability was calculated as (number of green-stained cells / number of 

total cells) × 100 using Fiji software ImageJ.190 

 

2.16. TGA Analysis 

Mettler Toledo TGA/DSC1 Star-e System was employed to perform 

TGA analysis. Freeze dried samples of ∼10 mg were subjected to 

temperatures ranging from 30 °C to 800 °C. The samples’ weight 

changes were studied in function of temperature and time. Nitrogen 

was used as purge gas with a flow rate of 50 mL min−1.  
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2.17. Statistical Analysis  

Results are presented as mean ± SD and compared using one-way 

ANOVA. Statistical significance was set at p < 0.05.  
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CHAPTER 1B  

TUNING GELATIN-CHITOSAN BASED 
SCAFFOLD POROUS STRUCTURE USING ICE 

BINDING PROTEIN (IBP) 

The control of porous shape and dimensions to form mechanically 

stable 3D geometries with an adequate profile, is a critical aspect in 

fibrous scaffold formulations. Scaffolds must provide suitable 

mechanical properties as well as porous structure morphology and 

connectivity to enable cell growth.191–193 

The pore connectivity, size, and shape are some of the major factors 

for appropriate cell ingrowth, with the optimal pore size differing 

according to the type of tissue e.g. 5 μm for neovascularization, 5-15 

μm for fibroblast ingrowth, 20 μm for hepatocyte ingrowth or 20–125 

μm for adult mammalian skin. 194–199 Therefore, the control of porosity 

and pore size is an important parameter. Among the most used 

methods to produce controlled porosity scaffolds, some are based on 

the leaching of soluble particles and gas-based techniques.200,201 

In this study we decided to engage Ice Binding Protein (IBP) as 

alternative method to control hydrogel porosity.  

IBPs comprise structurally different classes of proteins, which have 

the common ability to bind ice and inhibit its growth.202 The antifreeze 

proteins activity on thermal hysteresis mainly consists of lowering of 
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freezing point. In contrast with the widely used antifreeze solutes, such 

as ethyl glycol or trehalose, IBPs do not lower the freeze point in 

proportion to concentration, acting in a non-colligative manner.  

As a result of their positive properties, IBPs are considered as thermo-

resistance or thermo-tolerance strategies used by some organisms 

such as marine fish, insects, plants and bacteria for survive adverse 

environmental conditions.203 The ability of IBPs to influence the growth 

of ice crystals and inhibit recrystallization allowed their application in a 

wide variety of industry sectors. They have been involved in food 

technologies, to improve the texture and properties of frozen foods 

during storage refrigerated, also reducing the loss of nutrients caused 

by products defrosting phase. A further use of these biological 

molecules concerns the improvement, through genetic engineering, of 

the frost tolerance in plants which in the natural environment they 

would be susceptible to.  

In this study the possibility of exploiting the antifreeze properties of 

these peculiar proteins in the field of tissue engineering was 

investigated.  
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1. RESULTS AND DISCUSSION  

1.1. Tuning Gelatin-Chitosan Based Scaffold 
Porous Structure Using Ice Binding Protein 
(IBP) 

The idea is to include the protein in a scaffold before the freeze-dry 

process so that the porosity of the construct can be controlled. Adding 

an external element able to tune the morphological properties of a 

biomaterial can be exploit as a method of standardization of 3D 

constructs. For this aim EfcIBP supplied by Prof. Lotti was employed. 

EfcIBP is a bacterial IBP identified by metagenomic analysis of the 

Antarctic ciliate Euplotes focardii and the associated consortium of 

non-cultivable bacteria.204,205   
 

 First, the biocompatibility of the protein under study was tested on 

U87 bioprinted GelChiDA models. EfcIBP at different concentrations 

was added to the culture medium and an MTT test was performed of 

up to 48 hours. The protein was shown to have the best compatibility 

at 7.5 x 10-4 mM and therefore this concentration was chosen to test 

the effects of the protein on the effects of the biomaterial (Figure 34). 
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Figure 34: MTT assay on GelChiDA bioprinted with IBP in culture medium at different 
concentrations. 

The effect of the protein on the material morphology was tested and 

already macroscopically the outcome was evident (Figure 35).  

 

Figure 35: Images of (A) GelChiDA w/o IBP (B) GelChiDA with IBP freeze dried following 
freezing at -20°C (C). Images of (D) GelChiDA w/o IBP (E) GelChiDA with IBP freeze dried 
following freezing at -80°C (F). 

A) B) C)

D) E) F)
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The effects of freezing temperature on the porosity of materials have 

been reported in previous works. It is generally accepted that at a lower 

temperature, the number of crystal nuclei initially formed is greater than 

in samples frozen at a higher freezing temperature.206 Consistent with 

these observations, differences in pore size are observed between the 

two control GelChiDA hydrogels prepared at different freezing 

temperatures without IBP, showing smaller pores in the higher 

temperature frozen sample (Figure 36). The situation is different and 

peculiar if we compare the samples in the presence of IBP. The biggest 

change can be seen when comparing the freeze-dried samples frozen 

at -20 °C with and without protein (Figure 36 A and 36 B), which appear 

to be the most different scaffolds from both macroscopic and 

microscopic points of view. The visual evaluation of SEM images 

reported in Figure 36 shows that GelChiDA sample with IBP display a 

significantly higher porosity than the same sample without IBP freezed 

at the same temperature. The porosity appears regular, and the 

material light, fibrous and foamy. Indeed, the freezing step takes place 

at a temperature close to the phase change, as the IBP is low melting 

protein. This change is not as pronounced in freeze-dried samples after 

freezing at -80 °C, which do not differ particularity, probably because 

the protein is not active under these conditions.  
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Figure 36: The inner structure of freeze-dried GelChiDa following freezing at -20 °C w 
/o(A) and in presence of IBP (B) and at -80 °C w/o (C) and with IBP (D) 
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2. MATERIALS AND METHODS  

2.1 GelChiDA with IBP Addition Formulation  

 
Scheme 5: Reaction GelChiDA scheme with IBP 

Reagents Eq. Mass (mg) V (ml) 

Chitosan-MF 1 16  

Gelatin-MF 2 33  

PEG-Star-MA 0.16 2.5  

IBP 0.013 0.2  

PBS pH 7.4   1 

 

To introduce IBP in the hydrogel network, 33 mg of Gelatin-MF and 

16 mg of Chitosan-MF have been solubilized in 800 µl at 37 °C. Once 

the biomaterials were completely dissolved, 0.2 mg IBP in 100 μl of 

PBS 7.4 was added into the solution. 2.5 mg of PEG-Star-MA was 

solubilized in 100 μl at RT and then added to the reaction. After 3 hours 

at 37 °C, the hydrogel formation occurs (Scheme 5). 
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2.2  MTT Assay 

U87 were bioprinted in 96-well plates at a density of 2x106 cells/ml 

of GelChiDA, as previously reported in Chapter 1A paragraph 2.4. After 

24 hours of incubation at 37 °C, the cells were treated with the different 

concentrations of IBP solubilized in the culture medium for 2, 24 and 

48 hours. Two hours before the experimental time point, 10 μl of the 

MTT labeling reagent (final concentration 0.5 mg/ml) was added in 

each well. The plate was incubated at 37 °C and 5% CO2. After two 

hours of incubation, the medium with excess MTT was removed and 

the cells were lysed wit isopropanol for 15 minutes. Finally, the 

absorbance was measured with a microplate reader (SPECTROstar 

nano microplate reader) at a wavelength of 570 nm. 

 

2.3  SEM Analysis  

SEM was employed to characterize the cross-section of the fibrous 

dried samples obtained. The gelatin-MF, chitosan-MF, and PEG-Star-

MA solutions formed as previously described with and without IBP at 

different concentrations were transferred into Teflon molds (15 mm 

diameter) and left for 3 h at 37 °C. Once the Diels-Alder reaction had 

occurred, the samples were transferred at −80 °C and 20 °C for 24 h 

and then freeze-dried for 48h to obtain cylindrical compact structures. 

Samples from lyophilization were mounted onto SEM stubs with 

conductive adhesive carbon tape and silver paste, and sputter coated 

with 10nm chromium by means of high vacuum Quorum Q150T 

coating system. SEM-SE (Scanning Electron Microscopy - Secondary 
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Electrons) micrographs were acquired by means of High Resolution 

Field-Emission Zeiss Gemini 500 SEM, operating with 5kV 

acceleration voltage. 

 

2.4  Statistical Analysis  

Results are presented as mean ± SD and compared using one-way 

ANOVA. Statistical significance was set at p < 0.05.  
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3. Conclusion 

In this work the functionalization of gelatin and chitosan with 

methylfuran was reported. The obtained polymers were used with a 

PEG-star-MA formulating GelChiDA as a new hybrid hydrogel platform. 

The novel hydrogel has the great advantage to combine 

polysaccharidic and proteic part representing the principal components 

of native ECM through click chemistry. The click chemistry-based 

hydrogel is formed spontaneously on mixing of reactive compounds, 

without further purifications or UV irradiation. 

The starting materials and the resulting hybrid biomaterial were 

characterized in terms of physical-chemical properties: they were 

studied using HP-SEC-TDA, UV, FT-IR, NMR, a TGA. The proposed 

analytical strategy guarantees a comprehensive view of the critical 

properties of complex biomaterials and can, in principle, be applied to 

all constructs of this nature. GelChiDA showed interesting rheological 

properties, including self-healing characteristics and promising 

preliminary biocompatibility tests. The bioink formulation was optimized 

by modulating the concentrations of chitosan and gelatin and 

assessing the optimal timing to perform bioprinting process into grid-

like structures. GelChiDa properties permits to extrude the biomaterial 

working at low pressure, without affect cells viability. Another 

application of GelChiDa was investigated as an in vitro tumor model 

using spheroids, proving to be a stable platform for future 

pharmacological tests as pathological models. A novel application of 

IBPs translated into the biological field has been proposed: the use of 

these proteins allows to tune the biomaterial according to the endmost 
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need without affecting cellular vitality. The possibility of using the 

GelChiDA hydrogel in 3D applications paves the way for more detailed 

studies in the field of tissue engineering and 3D culture for advanced 

biological studies.  
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CHAPTER 2  

GELCHEL: Chitosan-Gelatin and Elastin as 
Multifunctional 3D Bioprintable Platform 

 

Starting from GelChiDA construct, a novel hydrogel formulation has 

been developed. The crosslinking strategy through Diels Alder reaction 

was maintained but elastin was introduced into the network as new 

protein of ECM components. Elastin is a key ECM protein that provides 

support, elasticity and elastin fragments are involved in cell-signaling 

events such as proliferation and in inducing angiogenesis. All of these 

properties make elastin an attractive candidate for biomaterials 

scaffolds for medical applications, and for these reason it has been 

included as element in the new hydrogel propose.207–210  

Elastin is a mammalian ECM protein consisting of cross-linked 

tropoelastin monomers, organized around a fibrillin-rich microfibrillar 

structure.211 In vivo, elastin makes up part of the elastic fibers, 

endowing tissues with elastic properties and stiffness at low strain 

levels. Additionally, it allows tissues to get back into their original shape 

after stretching or compression. For these reasons, elastin can be 

found into wall vessels of arteries (32%), elastic ligaments (50%), lung 

(7%), tendons (4%) and skin (5%).212,213 Fully polymerized mature 

elastin is basically insoluble, metabolically inert and extremely resistant 

to thermal and chemical insults.214 Elastin has an uncommon amino 

acid composition, with about 75% hydrophobic residues (Gly, Val, Ala) 

and hydrophilic domains with many Lys residues which are important 
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in crosslinking reactions.215 Structural stability, elastic resilience and 

bioactivity of tropoelastin, combined with its ability to self-assembly, 

make this protein a highly desirable candidate to design biomaterials. 

Such network would not only reflect ECM physical features, but would 

also have biological cues for target cell incorporation and signaling for 

ECM remodeling in tissue engineering applications.216 Although elastin 

is a biopolymer with attractive properties, in vivo its crosslinking makes 

elastin fibers insoluble. Therefore, it is difficult to obtain pure elastin in 

large quantities. Elastin isolation can be achieved by a number of 

methods that lead to a wide range of final products, including insoluble 

elastin, decellularised tissue and purified elastin.217,218 Insoluble elastin 

may be also hydrolyzed to obtain soluble elastin. Hence the need to 

develop elastin-like polypeptides (ELPs) which can be produced by 

synthetic or recombinant approaches.216 ELPs can be employed 

instead of natural elastin and consist of the pentapeptide sequence 

VPGXG, where X represents a guest residue which can be any amino 

acid except proline.219 An advantage in usage ELPs is the opportunity 

to incorporate specific sequences that have cell biological effects, such 

as Arg-Gly-Asp (RGD) motifs.220 However, some limitations concern 

the limited quantities of ELP peptide obtainable by recombinant or 

synthetic methodologies, and furthermore it is important to study the in 

vivo reaction to the entire protein, which may give formulation 

advantages. 

In this scenario, we present a simple approach to tame elastin 

properties and synthesizing elastin-based material. 

The multicomponent GELCHEL (GELatin, CHitosan; ELastin) 

hydrogel conceived and studied in our work, combines in a single 
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construct the various advantages that each component provides and 

lends itself to future massive variety of biomedical applications. 

Chemical and mechanical characterization as FT-IR, 1H NMR, 13C-

NMR, SEM, swelling test, AFM have been performed. GELCHEL 

hydrogel has been bioprinted with U87 cell line and cytotoxicity tests 

(live-dead, CCK-8 proliferation assay) highlight a great 

biocompatibility. Furthermore, cytoskeletal with nuclei staining showed 

a good cell distribution in the bioprinted constructs. As intrinsic 

additional feature of GELCHEL, the antibacterial property of chitosan 

in the construct has been evaluated.  
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1. RESULTS AND DISCUSSION 

1.1 GELCHEL Hydrogel Formulation 

After functionalization of Chitosan, Gelatin and Elastin with 5-

methylfurfural, and subsequential chemical characterization, these 

three biopolymers have been employed to formulate a hybrid hydrogel 

by Diels-Alder reaction. The introduced dienes subsequently undergo 

cross-linking exploiting a Diels-Alder cycloaddition reaction using as 

dienophile a commercially available 4-arm-PEG10K-maleimide to 

obtain a heteropolymers based hydrogels (Scheme 6). As reported in 

a previous work, this cross-linking approach resulted in a highly 

reproducible, biocompatible, affordable product.177 In fact, higher 

quantities of elastin give homogeneity problems to the hydrogel, with 

problems of solubilization, while increasing the quantity of peg gives 

problems of excessive crosslinking giving a lumpy and non-printable 

material. The optimal formula was obtained after several tests with 

variation of elastin and chitosan content, while keeping unchanged the 

Star-PEG-MA and elastin quantities (Table 5).177 In fact, higher 

quantities of elastin give homogeneity problems to the hydrogel, with 

problems of solubilization, while increasing the quantity of peg gives 

problems of excessive crosslinking giving a lumpy and non-printable 

material. 
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Scheme 6: GELCHEL formulation scheme. 

Table 5: GELCHEL formulations tests 

Entry %W/V Ratio Gelification Printability 

Gel-MF:Chit-MF 3,5% 

1.3:1 

1:1.3 

1.5:1 

1:1.5 

1:2 

2:1 

✓ 

✓ 

✓ 

✓ 

✓ 

X 

✓ 

X 

X 

X 

X 

X 

Gel-MF:Chit-MF 5% 
1.5:1 
1:1.5 

✓ 

✓ 

X 
X 

Gel-MF:Chit-MF 6,5% 
1.5:1 
1:1.5 

✓ 

✓ 

X 
X 

 

The GELCHEL hybrid hydrogel formulation selected was obtained 

with the final biopolymers concentration of 3,5% (35 mg/ml) with 
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polymer ratio of CH:GE:EL:Peg-star=1:1.3:0.15:0.2. The hydrogel 

transition is completed after 3 hours at 37 °C. 

 

1.2 Elastin-MF Chemical Characterization 

As for the other polymers, Gelatin and Chitosan, that form the hybrid 

hydrogel, elastin has undergone functionalization and a deep chemical 

characterization. To maintain the efficiency of Diels Alder reaction, 

elastin was functionalized thought reductive amination with 5-

methylfurfural. 

The obtained functionalized biomaterial, Elastin-MF, was 

characterized through Nuclear magnetic resonance (NMR) technique. 

As we can see in elastin 1H NMR spectrum, reported in Figure 36, the 

functionalization and the followed final product purification was 

successful. As in all complex protein, there is signals overlapping due 

to the presence of various aminoacidic. Generally being a hydrophobic 

protein, we decide to perform the elastin NMR spectra acquisitions 

analysis in DMSO, instead of D2O as previously reported for the other 

polymers. In particular, considering the literature, 1H-NMR spectrum 

shows principal peaks at δ 0.73 (CH3 Val), δ 1.20 (CH3 Ala), δ 1.90 (-

CH2-CH2-Pro), δ 3.6-4.3 (overlapping of CH2 and CH of amino 

acids).221 Comparing with the unfunctionalized elastin two near peaks 

at δ = 5.96 and 6.19 ppm were observed, corresponding to the 

hydrogens of furan double bonds, and the peak at δ = 2.21 ppm that is 

associated to the methyl group of the furan. Furan peaks were 

characterized thought 13C NMR analysis (Figure 37). This proved that 
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the reaction of functionalization occurred. Functionalization degree has 

been calculated using TMS as internal standard and considering the 

signals corresponding to the proton on the double bonds of methylfuran 

moieties. In particular, we estimated 9.46·10-4 mmol of methylfuran per 

mg of elastin-MF. Considering the weighted average of aminoacids’ 

molecular weight, with respect to the aminoacid composition of elastin, 

we estimated the degree of functionalization as 20% (Figure 38).222 
 

 

Figure 37: 1H-NMR Elastin and elastin-MF spectra 

6

21
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Figure 38: 13C NMR Elastin and elastin-MF spectra 

 

 
Figure 39: Elastin-MF quantification 
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FTIR spectroscopy is a powerful tool for the evaluation of the 

chemical composition of blend materials and, in the case of proteins, 

for investigation of their dynamics and conformation.223  

The spectrum of untreated elastin shows the characteristic two peaks 

at 1635 and 1535 cm−1 corresponding to C=O and -NH- of the amide 

II, respectively, and at 1242 cm-1 for amide III, assigned to β-sheet 

conformation. By comparison with elastin-MF spectrum, the signals of 

C=C, C-H, and -C-O-C- of the furan are detectable between 800 and 

1150 cm-1 (Figure 39). 

 

 
Figure 40: FT-IR elastin and elastin-MF spectra. 
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1.3 GELCHEL characterization  

1.3.1 Inversion tube test 

To confirm that hydrogel formation depends by the presence of 

4arm-PEG10K-Maleimide as cross-linker agent, it has been performed 

the test inverting tube on GELCHEL hydrogel and on a blended control 

without the cross-linker. Both hydrogel and control have been prepared 

in the same way as reported in material and method paragraph and 

incubated at 37 °C to avoid spontaneous gelification of gelatin at room 

temperature. Figure 40 shows the GELCHEL hydrogel remains well 

adhered to the walls of the bottom of the Eppendorf, displaying 

mechanical resistance to the gravity force, unlike blended control. 

 

 

1.3.2 FT-IR Analysis Real Time 

To characterize the crosslinking reaction and the DA construct, real 

time FT-IR analysis was performed up to 3 hours. Once the 

crosslinking reaction was initiated after the addition of the crosslinker 

Figure 41: Inverting tube test of GELCHEL (left) and Blended control (right)  
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PEG-Star-MA, several samples were frozen in liquid nitrogen at 

different times to stop immediately the reaction, then analyzed by FT-

IR to follow the cross-linking. An increase of the DA cyclo-adduct peak 

was observed at 1180 cm−1 highlighting the cross-linking reaction 

success.224 There are two broad absorption bands observed for 

proteins using FTIR, conventionally called amide I and amide II bands, 

at wavenumbers 1700–1600 cm−1 and 1600-1500 cm−1, respectively. 

The Amide I band is more commonly used for characterizing the 

secondary structure, and it is primary governed by C=O stretching 

vibrations of peptide bonds, which are modulated by the secondary 

structure (α-helix, β-sheet, etc.), while amide II indicates the 

deformation along the C-N bonds. Figure 41 shows how the hydrogel 

crosslinking reaction does not affect amide bands, indicating the 

protein biomaterials conformations were well maintained throughout 

the reaction without any negative effects on structure and therefore 

functionality. 

 
Figure 42: Stacked transmission FT-IR spectra of GELCHEL reaction 
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1.3.3 Swelling test  

To evaluate behaviours of GELCHEL hydrogel in wet environment 

hydrogel swellability has been analysed incubating in PBS buffer at  

37°C for 40 days. (Figure) That experiment has been carried out in 

triplicate and in PBS at different pH (pH 5.5, 7.4 and 8.5) in order to 

calculate the swelling ratio and evaluate the resistance at different 

pH.225  

In the first part of the diagram there is a rapid growth of swelling ratio 

especially at pH 7.4. Comparing the three different pH it is possible to 

observe that at pH 7.4 the maximum value of swelling ratio, with an 

average value of 13, is achieved after 24h such as water content that 

reach the value of 34%. On the other hands swelling performed with 

PBS at pH 5.5 and pH 8.5 gain the maximum value of swelling ratio 

after 8 day with an average value of 16 and 14 respectively and a water 

content of 43% and 31% respectively (Figure 42). All the hydrogels 

show a good stability for 40 days, after that started degradation, due to 

polymer loss, resulting not possible performing further analysis.   

 

 
Figure 43: Graph swelling test with water content % (A) and swelling ratio (B). 
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Comparing these swelling data with the swelling results of the 

hydrogel proposed in Chapter 1, we observe that, unlike GelChiDA 

whose peak swelling ratio was reached in the first few hours, 

GELCHEL takes several days, probably due to presence of elastin 

hydrophobic domains. Furthermore, it can be observed how GELCHEL 

achieves and maintains higher Ratio Swelling levels over time: this 

may be due to the lower concentration of polymers used in the 

formulation (3.5% vs 5%) which enable to obtain a less compact 

material allowing a higher water uptake during swelling. 

 

1.3.4 SEM (scanning electron microscopy) 
analysis 

SEM is one of the most used techniques for characterization of 

materials, both from a morphological and chemical composition point 

of view. SEM was employed to visualize the detailed structural features 

of the hydrogel.226,227 For blended control, the same GELCHEL’s 

formulation protocol was followed without the addition of the 

crosslinker. Comparing the hydrogel with the control, which displays a 

flat laminar structure, a homogeneous morphology was observed with 

interconnected porous with an average diameters of 125 μm (Figure 

43). 
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Figure 44: SEM images of hydrogel (A) and control (B) at different magnifications. 

 

1.3.5 1H HR-MAS  

The GELCHEL was analyzed by HR-MAS NMR. 1H HR MAS 

spectra were obtained from all starting materials and then compared to 

the GELCHEL spectrum. In Figure 44 the spectra obtained from the 

analyzes have been reported stacked and a peak at 6.45 ppm has 

been identified, attributed to the adduct of the Diels Alder reaction. 

100 μm

100 μm

100 μm100 μm

100 μm

100 μm

A) B)
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Figure 45: HR MAS NMR comparisons between GELCHEL and starting materials 

 

1.3.6 Atomic Force Microscopy (AFM) Analisys  

Stiffness is a prominent property for scaffolds study in tissue 

engineering applications. It is known that the rigidity of the scaffold can 

guide the differentiation of stem cells and affects cell migration, the 

latter important for cellular infiltration from tissues. Although 

biochemical stimuli are clearly very important in regulating cellular 

behavior, it has become clear that a scaffold with inappropriate 

stiffness can frustrate the tissue regeneration. Atomic force microscopy 

(AFM) has proven to be a valuable instrument to characterize 

quantitatively the mechanical and morphological properties of soft, 

medium and hard materials.228  

 In principle, the Young’s modulus of a hydrogel can be measured 

by finding a relationship between a force applied to the hydrogel and 

the resultant deformation of the hydrogel. Young’s modulus is usually 

GELCHEL

Gelatin-MF

Chitosan-MF

Elastin -MF
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obtained by measuring the stress-strain curves of a hydrogel specimen 

through the compression or the tensile method and then finding the 

slope of the curve.229  

AFM uses a small flexible cantilever to indent the sample and the 

mechanical stiffness can be assessed recording the sample 

deformation induced by the controlled force applied through a tip at the 

end of the cantilever. During this process, the AFM records the applied 

force as a function of the tip position (indentation) in the so-called force-

distance curves. By fitting every force-distance curve to the Hertz-

Sneddon model it possible to extract the apparent Young’s modulus. 

This is proportional to the ratio between the applied force and the 

deformation and it is the evaluation of the sample stiffness.230 The 

results pulled in the graph (Figure 45) show how GELCHEL falls into 

the range between 1.5 and 6 kPa, which mostly includes extracellular 

matrix of soft tissue with high complexity as brain and lungs.231–233 

Furthermore, the values follow in settle area demonstrating that the 

measured points and consequently the formulation of GELCHEL 

samples are reliable and reproducible. 

 
Figure 46: Young's modulus of GELCHEL scaffolds. 
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1.4 Biological Evaluation  

1.4.1 3D Bioprinting Model  

3D printing tests have been performed with the aim of creating 

defined shapes and verifying if hydrogel maintains its structure in 

presence of medium and cells. GELCHEL hydrogel has been prepared 

such as described paragraph 2.3 and a bioprinting protocols has been 

developed. After 2 h the hydrogel is in a semi-liquid state, as the DA 

reaction is not totally completed. This state permits to handle the 

biomaterial and enable the homogeneous cellular dispersion during the 

bioprinting process.  

On bioprinted models, LIVE / DEAD assay has been performed to 

evaluate the biocompatibility of the novel hydrogel formulation with U87 

cell culture. The LIVE / DEAD viability / cytotoxicity assay allows to 

discriminate viable cells from non-viable cells by using two fluorescent 

molecules: Acetoxy Methyl Calcein (Calcein-AM) and Ethidium 

Homodimer 1 (EthD-1). Calcein-AM is a hydrophobic, non-fluorescent 

substance capable of crossing the cell plasma membrane; once 

penetrated, the cytoplasmic esterases cause its transformation to 

Calcein, a fluorescent hydrophilic compound which is retained in the 

cytoplasm and which produces a green fluorescence (ex / em 495 nm 

/ 515 nm). EthD-1, on the other hand, only penetrates cells that have 

damage to the cytoplasmic membrane and binds to nucleic acids, 

producing a red fluorescence (ex / em 495 nm / 635 nm). Therefore, 

viable cells, thanks to their intracellular esterase activity, will have 

cytoplasm colored green; the dead cells will instead have a red colored 
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nucleus. This technique is fast, sensitive and can be used to detect 

cytotoxic events.  

 
Figure 47: Live/dead assay on GELCHEL bioprinted with U87 cell line and microscope 

picture of the shape. 

The assay was performed on bioprinted cells with a tissue pattern 

grid shape, and the analysis was carried out at 1, 7 and 14 days. The 

images reported in Figure 46, show that after 14 days the percentage 

of cells permeated by ethidium homodimer cells (red, dead cells) 

remains very low, with a vitality of 85%. In addition, brightfield images 

display that GELCHEL is able to maintain its structure for up to 14 days 

of cell culture. 

The high biocompatibility of the new tissue model was then verified 

with a CCK-8 proliferation assay. In this case, since not going to 

evaluate the print stability of the biomaterial, the bioink was prepared 

following the same protocol and then bioprinted directly in a 96-

multiwell plate. The needle size and pressure have been maintained. 

Cell viability was assessed by the WST-8 test (Cell counting kit-8). The 

highly water-soluble WST-8 (2- (2-methoxy-4-nitrophenyl)-3-(4-
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nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt) 

tetrazolium salt is converted by mitochondrial dehydrogenases of live 

cells to formazan, a yellow-orange colored product. The optical 

absorbance of formazan can be measured spectrophotometrically at 

the wavelength of 450 nm and is directly proportional to the number of 

viable cells. 

 
Figure 48: CCK-8 proliferation assays of bioprintend (Treated) compared to standard cells 

culture w/o biomaterials (control). 

As shown in the graph reported in Figure 47, the presence of the 

biomaterial and the bioprinting technique, which involves mechanical 

stress, does not cause any toxicity for up to 14 days. 

A fluorescence experiment with TRIC-conjugated phalloidin, a bright 

orange-fluorescent dye, and DAPI was carried out to underestimate the 

cellular behavior within the constructs. Phalloidin is a toxin from the 

Amanita Phalloides plant capable of binding at the interface of the F-

actin filaments, preventing their depolarization. If conjugated to 

fluorophores it is visible under the fluorescence microscope. Using a 

High-Content Analysis System the samples were set up in 96-
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multiweel. To qualitatively observe the shape and cell viability of the 

cultured cytoskeletal cells, the fluorescence images of DAPI (blue) / 

phalloidin (orange) were analyzed in Figure 48. The samples appear 

uniform, and the cell dispersion is homogenous. The cell population 

grows at different time points and, as expected, the aspect ratio 

(longest length / shortest length) of the cell cytoskeleton changes with 

increasing culture periods. Cells appear to get used to the presence of 

the material by interacting with it and forming cell-to-cell interactions.  

 

 
Figure 49: Phalloidin/DAPI staining on GELCHEL bioprinted models at 1, 7 and 14 days 

 

Sem analysis was performed once again on bioprinted constructs.234 

The aim is to evaluate and confirm the cell morphology obtained with 

the previous fluorescience experiments. Micrographs obtained from 
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SEM showing the interaction of U87 by the cytoskeleton filaments with 

the surrounding cell-cell contacts.235 Images in Figure 49 show how 

cells interact with the scaffold and with each others. Moreover, by 

comparison of bioprinted culture at different time the increase of the 

cell population is consistent. 

 

Figure 50: SEM images of U87 GELCHEL bioprinted scaffolds at day 1, 7 and 14 at 
different magnification 
 

1.4.2 Bacterial-growth Inhibition Assay  

Chitosan is a biomaterial known for its properties, including 

antiadhesive and antimicrobial activity. The introduction of 

antiadhesive properties represents an added value on biomaterials and 

cell constructs, considering the high contamination risks in both in vivo 

and in vitro applications. In order to investigate whether chitosan 

antibacterial activity is maintained in our construct, bacterial-growth 

inhibition assay was performed. Several controls were conducted with 

the different components of GELCHEL, maintaining the concentration 

100 μm

100 μm 100 μm

100 μm

100 μm

100 μm

1 DAY 14 DAY7 DAY
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of the biopolymers constant: Gelatin, Chitosan, Gelatin + Chit (+), 

Gelatin + Chit (-) (for details see the caption), Gelatin + Elastin and 

PBS pH 7.4. The Figure 50 shows that the presence of chitosan inhibits 

bacterial growth even when engaged in the GELCHEL network. In fact, 

in all samples where chitosan is present there is an inhibitory halo of 

bacterial growth. 

 

 
 

Figure 51: Bacterial-growth inhibition assay. 10 μl of different biomaterials: GELCHEL, 
Gelatin, Chitosan, Gelatin + Chit (+), Gelatin + Chit (-), Gelatin + Elastin and PBS pH 7.4 were 
dropped on an E.coli BL21 inoculated LB agar surface. The material tested were prepared 
maintaining GELCHEL biopolymers concentration. In Gelatin + Chit (+) the amount of chitosan 
has substituted the absent elastin contribution, while in Gelatin + Chit (-) the amount of elastin 
was covered from gelatin and the chitosan ratio is the same to the original hydrogel. 
Representative image of three independent experiments 
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2. Materials and Methods 

2.1 Materials 

Water-soluble chitosan was purchased from Carbosynth Ltd, UK. A 

LIVE/DEAD Cell Viability Assay was purchased from ThermoFisher. All 

other chemicals were purchased from Merck KGa, unless differently 

stated, and used as received without further purifications.  

2.2 Elastin Functionalization (Elastin-MF)  

 

Scheme 7: Elastin functionalization with 5-methyl furfural reaction scheme 

Reagents MW 
(g/mol) 

Eq. Mass 
(g) 

Mol 
(mmol) 

d 
(g/ml) 

V 
(ml) 

Elastin 146.19 1 0,1 0,684   

5-methylfurfural 110.1 
10
0 

3,76 68,37 1,107 3,4 

NaCNBH3 62,84 50 1,08 17,1   

PBS pH 4.5      20 

 

Elastin (soluble from bovine neck ligament salt-free, lyophilized 

powder) was dissolved in PBS buffer (20 mL, pH = 4.5) and placed 

NH2
NH2 5-Methylfurfural

NaCNBH3

PBS pH 4,5
on 4 °C

OH

O

NH2
NH

O

Elastin Elastin-MF
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under agitation at 4 °C. Once a yellowish homogeneous solution was 

obtained, 3.4 ml of 5-methyl-furfural was added and the solution was 

kept at 4 °C under agitation. Lastly, 1.08 g of NaCNBH3, was added 

and the reaction was stirred for 24 hours at 4 °C. A 0.22 μm bottle-top 

filter, kept in an ice bath, was used to filter and sterilize the elastin 

solution. Subsequently the product was freeze-dried to give 850 mg of 

a yellowish spongy solid and stored at -20 °C (Scheme 7).  

 

2.3 GELCHEL Formulation 

 
Scheme 8: GELCHEL reaction scheme 

 

Reagents Eq. Mass (g) V (ml) 

Chitosan-MF 1 14  

Gelatin-MF 1,3 18  

Elastin-MF 0,15 2  

PEG-Star-MA 0,2 3  
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To produce 1 ml of GELCHEL hydrogel 14 mg of chitosan-MF and 

18 mg of gelatin-MF were dissolved in 800 μl PBS pH 7.4 at 37 °C to 

avoid solidification of gelatin and improve solubilization. Meanwhile 5 

mg of elastin-5-methylfuran has been solubilized in 100 μl PBS pH 7.4 

at 4 °C and 3 mg of PEG-Star-MA has been dissolved in 100 μl PBS 

pH 7.4 at room temperature. Solubilized Elastin-MF and PEG-Star-MA 

were added to the solution of chitosan-MF and gelatin-MF. The solution 

was vortex for few minutes and let to react at 37 °C. The hydrogel is 

completely formed in 3 hours (Scheme 8). 

2.4 Swelling Test  

The swelling test has been performed on 500μl of lyophilized 

hydrogel with 1 ml of PBS, the compound swollen at 37 °C. 181 To 

evaluate the behaviours of the hydrogel in acid, neutral and basic 

environments the assay has been performed at pH 5.5, pH 7.4 and pH 

8.5.181 The weight of the freeze-dried hydrogel was collected in order 

to calculate the weight’s averages at different time points. Swelling 

ratio and water content has been calculate as indicated in the following 

formulas: 

𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔	𝑟𝑎𝑡𝑖𝑜 = 	
𝑊	𝑠𝑤𝑜𝑙𝑙𝑒𝑛
𝑊	𝑑𝑟𝑦  

 

𝑊𝑎𝑡𝑒𝑟	𝑐𝑜𝑛𝑡𝑒𝑛𝑡	% = 	
𝑊	𝑠𝑤𝑜𝑙𝑙𝑒𝑛 −𝑊	𝑑𝑟𝑦

𝑊	𝑠𝑤𝑜𝑙𝑙𝑒𝑛 	∗ 100 
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2.5  Cell Culture  

Human glioma U87-MG cells were maintained in adhesion condition 

in T75 tissue culture flasks. U87 cells were cultured in Dulbecco’s 

modified Eagle’s medium supplemented with 10% fetal bovine serum, 

100 units/ml penicillin, and 100 mg/ml streptomycin at 37 °C under a 

humidified atmosphere with 5% CO2.  

 

2.6  3D Bioprinting Protocol  

Once 1 ml GELCHEL was formulated as previously reported, 

sterilized for 30 min under UV-light and an hour and half at 37 °C to 

obtain partial network formation of the hydrogel solution. 2x106 cell/ml 

of U87 cells has been added to the hydrogel. After making the mixture 

homogeneous through a gentle pipette, the bioink was loaded into the 

bioprinter cartridge. Each sample was bioprinted as a two layers grid 

on 35 mm Petri TC dishes using a 21G nozzle with a 0.41 mm diameter 

at 50–60 KPa. After printing, cells were maintained at 37 °C with 5% 

CO2. The culture media were refreshed every 2 days.  

 

2.7 CCK-8 Assays  

For label-free, non-invasive and long-term monitoring of cell viability, 

CCK-8 kit was chosen. In the extracellular microenvironment, WST-8 

reacts with 1-Methoxy PMS reduced form to generate the WST-8 

formazan (orange water-soluble product) and 1-Methoxy PMS. The 

WST-8 formazan is an orange-colored product and reflects the living 
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cell status. Hence, this system monitors the cell viability by the variation 

of orange intensity over time. The bioink was prepared following the 

same reported protocol and then bioprinted directly in a 96-multiwell 

plate. The needle size and pressure have been maintained. 100 μl of 

bioink was bioprited in 96-multiwel plate and 100 μl of culture media 

was added and refreshed every 2 days. The assay was performed on 

bioprinted costruct on day 1, 7 and 14, using as control cell culture in 

the absence of GELCHEL hydrogel. The control was seeded the day 

before at the concentration of 5x103 per well. At the end of the 

treatment, each well was washed with PBS and cells were incubated 

with 100 μl of serum-free medium, supplemented with 10% of WST-8, 

for 2 hours at 37 °C in the dark. The formazan produced was then 

quantified using a microplate reader (SPECTROstar nano microplate 

reader) at 450 nm, subtracting a reference blank. 

 

2.8 Morphological Analysis Protocol 

100 μl of construct prepared as previously reported was bioprinted with 

pressure 50-60 KPa directly in 96-multiweel black for high content 

analysis. To perform the analysis, the samples were fixed with 10% 

formalin solution for 30 min at RT and then permeated with a 0.1% 

solution of Triton X diluted in PBS pH 7.4 for 15 min. After 3 washes of 

10 min with PBS pH 7.4 the samples were stained with phalloidin-TRIC 

(phalloidin conjugated with Tetramethylrhodamine, a bright orange-

fluorescent dye) 0.66ug / ml for 1 hour in the dark. After 3 washes of 5 

min with PBS pH 7.4, the nuclei were labeled with 0.1 μg / ml DAPI dye 

solution for 8 min. After 3 washes of 5 min with PBS pH 7.4 the samples 



 

 

 148 

were visualized with Operetta CLS High-Content Analysis System 

(PerkimElmer) the samples were analyzed at 1,7 and 14 days and of 

bioprint images at different layers were acquired, up to a thickness of 

50 μm. 

 

2.9 Antibacterial Activity Test Protocol 

In this part of the investigation, bacteria-seeded agar was used. 1 

ml of an E. coli BL21 ampicillin resistant cell culture (OD600 = 0.2) was 

spread on LB plate added by the antibiotic and dried under the flow 

bench for 30 min. Then, 10 μl of different biomaterials: GELCHEL, 

Gelatin, Chitosan, Gelatin + Chit (+), Gelatin + Chit (-), Gelatin + Elastin 

and PBS pH 7.4 (used as a control) were dropped on the inoculated 

agar surface, dried as described above and incubated for 16 h at 37°C. 

The material tested were prepared maintaining GELCHEL biopolymers 

concentration. In the case of gelatin and chitosan mixture, two 

condition were evaluated: in Gelatin + Chit (+) the amount of chitosan 

has substituted the absent elastin contribution, while in Gelatin + Chit 

(-) the amount of elastin was covered from gelatin and the chitosan 

ratio is the same to the original hydrogel. The amount of PEG-Star-MA 

has been maintained constant in each preparation. 

 

2.10 AFM Analysis  

AFM measurements were performed on GELCHEL hydrogel 

formulated as previously reported in PDMS cylindrical mold of 10 mm 

in diameter and 5 mm in height placed in a 36 mm petri dish and 
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covered with PBS 7.4. AFM measurements were performed using a 

Nanowizard II (JPK BioAFM, Bruker Nano GmbH, Berlin) equipped 

with a square-based pyramid probe (MLCT-BIO, cantilever E, 0.1 N/m 

nominal spring constant). Data were acquired force spectroscopy 

mode. Force-indentation curves were acquired with a maximum 

applied force of 1 nN, a 8 μm ramp length and a constant tip speed of 

1 μm/s on several grids of 15x15 μm2 with 16x16 points. 

Data processing was performed using JPK data processing software 

(JPK BioAFM, Bruker Nano GmbH, Berlin) with the Hertz-Sneddon 

contact mechanics, taking account the shape of the tip.236–238 

 

2.11 SEM Analysis 

The GELCHEL hydrogel formed as previously described was 

transferred into Teflon molds (15 mm diameter) and left for 3 h at 37°C. 

Once the Diels-Alder reaction had occurred, the sample was 

transferred at −80 °C for 24 h and then freeze-dried for 48h to obtain 

cylindrical compact structure. Scanning Electron Microscopy (SEM) 

was employed to characterize the cross-section of the fibrous dried 

samples obtained. Same protocol has been followed for Gelatin-MF, 

Chitosan-MF and Elastin-MF without Star-PEG as blended control. 

SEM analysis was performed on U87 bioprinted constructs: once 

followed the bioprinting protocol, each grid was fixed with PFA for 2 

hours at RT at 1, 7 and 14 days. After 3 washes of 10 minutes with 

millqH2O, samples were transferred at −80 °C for 24 h and then freeze-

dried for 48h. Samples from lyophilization were mounted onto SEM 
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stubs with conductive adhesive carbon tape and silver paste, and 

sputter coated with 10nm chromium by means of high vacuum Quorum 

Q150T coating system. SEM-SE (Scanning Electron Microscopy - 

Secondary Electrons) micrographs were acquired by means of High 

Resolution Field-Emission Zeiss Gemini 500 SEM, operating with 5kV 

acceleration voltage 

 

2.12 FTIR-ATR 

FT-IR was adopted to characterize the starting materials and to 

follow the Diel Alder reaction at different time point. PerkinElmer 

Spectrum 100 FTIR Spectrometer was used to record the spectra. The 

starting materials, after being freeze dried, were placed on the steel 

instrument surface and measured at different regions. To record the 

GelChiDA reaction steps, the hydrogel was prepared as previously 

described, and frozen using Liquid Nitrogen to stop immediately the 

reaction. Once Freeze dried the samples were reduces in powder and 

analyzed. The absorption spectral range was collected between 4000 

cm−1 and 650 cm−1 at a spectral resolution of 2 cm−1 and 40 scans.  

2.13 NMR Spectroscopy Experiments 
1H-NMR spectra were acquired using a Varian 400 MHz Mercury 

instrument, operating at a proton frequency equal to 400 MHz at 37°C. 

The preparation of the sample has been maintained as previously 

reported excepted for deuterated PBS pH 7.4 was adopted as solvent. 

0.05% wt of 3-(trimethylsilyl)propionic-2,2,3,3-d4 acid sodium salt (0 

ppm) was employed as internal standard. For all analysis the pulse 



 

 

 151 

angle and the relaxion delay were set at 90° and 2 seconds 

respectively, while the number of scans varied between 160 and 240 

depending on the signal-to-noise ratio. The HR-MAS NMR analysis 

were performed with a Bruker BioSpin FT-NMR AvanceTM 500 (1H 

frequency = 500 MHz) equipped with a superconducting ultrashield 

magnet of 11.7 Tesla, with the HRMAS probe (with pulse field gradient 

module on Z axis). The probes have been designed to perform solution 

type experiments, while spinning the sample at the magic angle. The 

probe is doubly tuned (1H and 13C), in addition to a 2H lock channel. 

The probe allows to perform high resolution MAS experiments at 

spinning rates of up to 15 kHz, for 4 mm Zirconia rotors, for liquid or 

liquid-like samples; in our work the spinning rates were optimized to 

5KHz speed value, to rich a compromise between the needing to have 

the spinning side bands out of the 1H spectrum, the best resolution 

behavior and the minimum presence of rotational artifacts. 

 

2.14 Statistical Analysis  

Results are presented as mean ± SD and compared using two-way 

ANOVA. Statistical significance was set at p < 0.05.  
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3. Conclusion 

Elastin-based materials are an emerging and promising topic in the 

field of biomaterials and the new proposed GELECHEL is a valid 

alternative to synthetic elastin-like polypeptides and can have great 

potential in the regeneration of soft tissues.211 In this work, we 

demonstrate, for the first time, the use of elastin combined with gelatin 

and chitosan as an elastic bioink for 3D bioprinting. The synergistic 

association of the three biopolymers allowed a high-resolution printing 

with great cell viability. Since the importance role of elastin in brain 

blood vessels and angiogenesis, U87 Glioblastoma cell line were 

bioprinted and characterized. GELCHEL stability and bioprintable 

properties were showed highlighting a great biocompatibility; 

furthermore, cytoskeletal with nuclei staining showed a good cell 

distribution in the bioprinted constructs. GELCHEL showed 

antibacterial property due to presence of chitosan. Taken together, our 

results demonstrate the potential of GELCHEL as bioink for 3D 

bioprinting of functional tissue which could be employed for tissue 

engineering applications and studies.  
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CHAPTER 3  

HA-MMPI for Biomedical Application  

Glioma refers to a type of primary brain tumor originating from the 

glia cells, which represent the support and nourishment tissue for 

neuronal cells.239 Glioblastoma multiforme (GBM), besides being the 

most prevalent among brain tumors (> 50% among central nervous 

system tumors), is the most common glial malignancy.240,241 GBM is 

made up of highly atypical and irregular cells that multiply very 

rapidly.242 This neoplastic form has hemorrhagic components and is 

histologically characterized by the proliferation of the vascular 

endothelium (neoangiogenesis) and by large areas of necrosis with 

consequent alteration of the blood brain barrier.243 This tumor is 

characterized by a highly invasive behavior which contributes to the 

failure of currently available therapies and depends on specific 

enzimes.244,245 Matrix metalloproteases (MMPs) constitute a family of 

structurally correlated zinc-dependent endopeptidases with the ability 

to degrade various protein components of the ECM and basement 

membrane.246 These enzymes are synthesized at the level of tumor 

cells or normal stromal cells (fibroblasts, endothelial and inflammation 

cells) and their expression is regulated by numerous autocrine, 

paracrine and / or endocrine factors present in the cellular 

microenvironment.247 In GBM, an increase in levels of MMP-2 

(gelatinase A) and MMP-9 (gelatinase B) was observed compared to 

normal brain tissues or other brain tumors, indicating their active role 

in the highly invasive behavior that characterizes this type of 
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tumor.248,249 The implication of MMP-9 seems to be mainly linked to the 

stimulation of angiogenesis, since these endopeptidases are present 

in abundance in the proliferating blood vessels.250,251 Here they act as 

promoters of the vascular endothelial growth factor (VEGF) release, 

which mediates the activation of angiogenesis by interacting with the 

receptors present on endothelial cells,.252 Furthermore, there appears 

to be a correlation between the levels of VEGF and MMP-9 and 

therefore the degree of progression of glioblastoma.253,254 Differently, 

the activity of MMP-2 is associated with the degree of malignancy of 

GBM, as it is related to the metastatic invasiveness of the tumor.255 

Studies focused on the role of Membrane-type matrix 

metalloproteinases (MT-MMPs) in the carcinogenic process have 

highlighted the increase of MT1-MMP in some brain tumors, and in 

particular in gliomas. The elevated expression of MT1-MMP mRNA in 

gliomas was associated with the level of disease progression, having 

observed in these endopeptidases both a role in the degradation of 

ECM proteins and in the activation of pro-gelatinase A, MMP-2, which 

was the main cause of malignant progression of the tumor.256,257 

Therefore, in GBM, the increase in the levels of specific 

metalloproteases, first of all MMP-2, is associated with the degree of 

tumor progression and metastatic invasiveness, which make this type 

of tumor highly aggressive and difficult to treat.246 This evidence can 

provide an initial basis for the development of innovative specific 

therapies against GBM, using specific MMPs as a selective target.258 

Given the importance that metalloproteases cover in tumor growth and 

invasiveness processes, and given the need for selective inhibitors, to 

minimize adverse effects, in the last years, MMP inhibitors (MMPI) with 
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high affinity towards these metalloenzymes have been synthesized 

and tested.259–263 

In this context a new biopolymer was investigated in collaboration 

with University of Florence and University of Siena.  

This work aims to characterize the suitability of hyaluronic acid (HA) 

based polymer conjugated with MMP-2 inhibitor (MMPI, structure not 

reported for IP reasons). In principle, grafting MMPI along the sodium 

hyaluronate backbone joined the HA outstanding viscoelastic and 

lubricating actions, with the inhibition of MMP-2 that is directly involved 

in disease progression. Moreover, this type of functionalization permits 

to slow down the HA degradation, reducing the low molecular weight 

HA fragments generated during physiological degradation, which are 

known to be responsible of inflammatory effects.85,264  

The development of MMP-2 inhibitors based on biomaterial systems 

capable of acting directly at the tumor site could open new frontiers for 

the treatment of tumors with poor prognosis. These hydrogel materials 

with inhibitory activity used in the surgical environment after the 

removal of the tumor mass could be effective for the treatment of 

relapses, an important recurring problem in these diseases. We have 

been provided with HA-MMPI conjugated biomaterial and our role was 

to develop a fluorescent protocol on tumor 3D model in order to confirm 

the MMP-2 inhibition, seen in vitro. 
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1. RESULTS AN DISCUSSION 

1.1  Immunofluorescence MMP-2 and MMP-9 
Experiment  

Once the new synthesis compound MMP-2 inhibitor grafted to 

hyaluronic acid was provided, the potential and applicability of this 

construct were validated in 3D. Spheroid models of U87-GM were used 

for the experiments. After hydrating the crosslinked material with the 

inhibitor, U87 spheroids were included and cultured for one day. HA 

without crosslinker at high concentration (4%) was used as control and 

the brightfield image shows the invasiveness of the tumor model 

leading to material degradation and cell migration. This degradation did 

not allow the fixation of the construct and subsequent histological 

analyzes. Differently, however, for the HA-MMI samples: after 24 hours 

the structure of the spheroids has been kept intact as can be observed 

from the images in Figure 51. 

 
Figure 52: Images of U87 spheroid embedded in no crosslinked HA as control (A) and in 

functionalized HA-MMPI. Histological images of HA-MMPI embedded spheroid (C)  

Therefore, the present study compared the expression profiles of 

MMP-2 and MMP-9, overexpressed in GBM. As a control, cultured 

spheroids in absence of the biomaterial were used. Strong 

100 μm 100 μm 100 μm 

A) B) C)
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immunoreactivity was found for each of the proteins studied. The 

experiments were conducted in triplicate and a specific 

immunofluorescence protocol was developed. Each image obtained 

was loaded and reprocessed with MatLAB in order to conduct 

statistical studies. For each sample, images were taken on different 

regions, and therefore a normalization for the number of cells involved 

was necessary. The samples were normalized for the DAPI nuclear 

dye fluorescence intensity correlated with the amount of cells on each 

slide (Figure 52). From the data the presence of the hyaluronic material 

with the inhibitor functionalized reduces the expression of MMP-2. In 

fact, reporting the normalized data, the fluorescience value for MMP-2 

appears higher in the control compared to the treated one. On the other 

hand, the data shows an increase in MMP-9 in the presence of HA-

MMPI, with the control resulting to have a lower expression. This data 

confirm the expettations; it is known that the presence of hyaluronic 

acid increases the expression of MMP-2 and MMP-9.264,265 The 

increase in expression is found only in MMP-9 and not in MMP-2, 

validating the immunohistochemistry method and the specific inhibitory 

capacity of the MMPI synthesis molecule linked to hyaluronic acid. 
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Figure 53: (A) Immunofluorescent images of HA-MMPI and Control spheroids.(B) Box-plots 

of inhibitor effect in channel ratio MMP9/DAPI and MMP2/DAPI. Lines represent median 
values. Plus signs denote outliers. *P < 0.05, ***P < 0.001 using Student’s t tests.  
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2. MATERIALS AND METHODS  

2.1  Materials 

 Buffer solution pH 6.0, Citric acid / sodium hydroxide solution was 

purchased from Honeywell Fluka. All other reagents were purchased 

from Merck KGa, unless differently stated, and used as received 

without further purifications. 

 

2.2  Cell Culture  

Human glioblastoma cell culture. The U-87 human glioblastoma cell 

line was obtained from Sigma-Aldrich (Milan, Italy). U-87 MG were 

grown in Minimum Essential Medium (MEM) supplemented with 2 mM 

L-glutamine, 1.0 mM sodium pyruvate, 10% fetal bovine serum, 100 

units/ml penicillin, and 100 mg/ml streptomycin. Cell culture was 

maintained in 2D monolayers at 37 °C under a humidified atmosphere 

with 5% CO2.  

 

2.3   3D Spheroids Formation 

Cell aggregation was induced by growing cell suspensions in 96-

multiwell Ultra-low Attachment Surface as already described.177 Briefly, 

once cell culture monolayers were detached via standard 

trypsinization, cells were counted and resuspend to reach the 

concentration of 5 x 104/ml. 100 μl of cells suspension (5 x 103) were 
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pipetted into each well and allowed to grow for 5 days, until spheroids 

reach the diameter of ~500 μm. 

 

2.4   HA-MMPI Embedding 

15  mg of HA-MMPI has been hydrated with 1 ml of PBS at pH 7.4. 

Once the buffer has been completely absorbed, the sample was 

splitted in 3 and inserted into a 96 well plate. In the meantime, after 5 

days of growth, 10 resulting spheroids (diameter ~500 μm) were 

moved by 50 μl gentle pipetting fresh culture medium into PBS 

hydrated HA-MMPI coated well plate and cultured for 1 day. 

 

2.5   Immunofluorescence and Histological 
Analysis 

Embedded spheroids were fixed with 10% neutral buffered formalin 

for 1 h at RT, washed with phosphate-buffered saline (PBS), placed on 

filter paper and moved into histological cassettes. Using a standard 

protocol, samples were paraffin-embedded with a tissue processor 

(ETP, Histo-Line Laboratories) and cross-sectioned by rotatory 

microtome (Leica RM2265). Sections at 3 μm thickness were obtained, 

mounted on glass slides and stained with Haematoxylin and Eosin 

(H&E). Representative images were captured with a digital camera 

(Evolution VF digital Camera) using Image-Pro Plus software. 

Embedded spheroids were employed for immunofluorescence assays 

for MMP-2 and MMP-9 detection. Samples were deparaffinized with 
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xylene and rehydrated through a 100%, 95%, 70%, 50% ethanol 

series and lastly washed in water. Antigen retrival treatment using 

buffer solution pH 6 was performed at 90 °C for 10 min. After colling 20 

min at RT, slices were incubated in permeabilization/blocking solution 

(5% goat serum, 1% Triton X-100 in PBS) at room temperature for 30 

min. Sample were incubated overnight at 4 ℃ with a primary antibody 

against anti-MMP-9 (anti-MMP-9 produced in mouse, SAB1402274) 

and MMP-2 (anti-MMP-2 produced in rabbit, SAB2108458) diluted in 

PBS 1% goat serum 1:100. After incubation, slices were washed 3 

times for 5 min with 1:5 diluted permeabilization/blocking solution. The 

secondary antibodies used were CF 488-conjugated goat anti-mouse 

IgG (SAB46000234) and CF 568-conjugated goat anti-rabbit IgG 

(SAB4600082) 1:200 diluted in PBS for 1 h. After 3 PBS washes, 5 min 

each, coverslips were mounted with a drop ofFluoroshield™ Mounting 

Medium with DAPI to visualize the nuclei and image by confocal 

fluorescence microscopy. As control, the same staining protocol has 

been followed on spheroids without the HA-MMPI biomaterial. 

 

2.6   Confocal Analysis 

A spinning disk confocal microscope (Zeiss Cell Obesrver SD) 

equipped with a high speed sCMOS Camera (Hamamatsu Orca flash 

2.0) provide the fluorescence image acquisition of the labelled 

spheroids slices. A full three-dimensional image was acquired for each 

sample with a planar resolution of 600x600 nm2 for a total area of 

160X160 µm2 and a z stack of five images spaced apart of 1µm. The 

objective used was a plan 20X with 0.4 of NA. Each plane consists of 
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a multichannel image with a time-separated acquisition using 405, 488 

and 561 nm solid-state lasers for excitation and a three-band pass filter 

to acquire of the fluorescence signal in the 425-455, 500-535, 590-700 

nm windows.  

The signal quantification was executed following the subsequent 

procedure: 

• Each channel is considered independently. 

• A bi-dimensional Maximum Projection Image is obtained by 

the full three-dimensional image.  

• An adaptive intensity threshold calculated as a fixed percentile 

(5%) of the intensity histogram is used to generate a binary 

mask to distinguish the signal (above the threshold) from what 

considered as noise (below threshold). 

• The sum of the total intensity of the pixel inside the mask 

divided the area of the mask is computed as signal magnitude 

of this specific channel 

• The Dapi signal that quantifies the nuclei presence is used as 

a further normalization of the fluorescence signal. 

 

2.7   Statistical Analysis  

Statistical analysis was determined with Student’s t test for 

comparison between two experimental groups. p < 0.05 was 

considered statistically significant. 

  



 

 

 163 

3. Conclusion 

The intrinsic biocompatibility and biodegradability together with the 

susceptibility to chemical modifications make HA attractive for the 

development of biomaterials with promising and wide clinical potential. 

The particular role of natural lubricant and the excellent properties of 

retaining water make HA a compound with great potential in the 

biomedical field. The novelty reported concerns a new hyaluronic acid 

derivative, which maintains the chemical-physical characteristics of 

natural hyaluronic acid displaying additional anti-inflammatory 

properties and greater resistance to enzymatic degradation. The 

property investigated in this work is the inhibitory capacity of MMP2, 

the metalloproteinase responsible for glioblastoma infection. To 

evaluate it, a 3D experiment with embedded spheroids was set up and 

the metalloproteinase expression quantified with immunofluorescence. 
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