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resumo Atualmente, o maior desafio em engenharia de tecidos consiste no 

desenvolvimento de estruturas e aplicação de estratégias que visem mimetizar 

a complexidade anatómica e celular, assim como a vascularização de tecidos 

nativos, de forma a manter a viabilidade e funcionalidade das células. A 

presença de estruturas funcionais à base de vasos sanguíneos é essencial para 

garantir o fluxo adequado de nutrientes, assim como a difusão de oxigénio em 

toda a estrutura de suporte, dois requisitos essenciais para manter a viabilidade 

celular. 

Este trabalho teve como objetivo desenvolver um modelo complexo in vitro que 

mimetize a rede vascular nativa. Com esse intuito, membranas multicamadas 

compreendendo seis bicamadas de quitosana (CHI)/alginato (ALG) e CHI/ALG-

RGD (tripéptido de Arginina (R)-Glicina (G)-Ácido aspártico (D) responsável pela 

adesão de células à matriz extracelular) foram produzidas, via tecnologia de 

deposição camada-a-camada (do inglês Layer-by-Layer assembly technology), 

em estruturas impressas de ALG. As fibras de ALG revestidas com os filmes 

multicamadas foram embebidas em goma xantana, quimicamente modificada 

com grupos metacrilatos, de modo a obter uma estrutura de hidrogel 

mecanicamente robusta após foto-reticulação por ação da luz UV. A liquefação 

das estruturas impressas de ALG, contendo as multicamadas de CHI/ALG ou 

CHi/ALG-RGD, com ácido etilenodiamino tetra-acético (EDTA), levou à 

formação de microcanais nos quais se cultivaram células endoteliais humanas, 

extraídas da veia umbilical durante 24 horas. Os resultados obtidos 

demonstraram que os microcanais compreendendo as membranas 

multicamadas à base de CHI/ALG-RGD contribuíram para uma maior adesão 

celular, demonstrando o seu potencial para estratégias de engenharia de tecidos 

e medicina regenerativa. 
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abstract Nowadays, the biggest challenge in tissue engineering consists in developing 

structures and in the application of strategies to emulate the anatomical and 
cellular complexity and vascularization of native tissues to maintain cell viability 
and functionality. The presence of functional blood vessel networks is essential 
to ensure adequate nutrient flow and oxygen diffusion throughout the support 
structure, two key requirements for maintaining cell viability.  
This work aimed to develop a complex in vitro model that mimics the native 
vascular network. To this end, a multilayered membrane made of six bilayers of 
chitosan (CHI)/alginate (ALG) or CHI/ALG-RGD (tripeptide of Arginine (R)-
Glycine (G)- Aspartic acid (D) responsible for the cellular adhesion to the 
extracellular matrix (ECM)) were produced via Layer-by-Layer (LbL) assembly 
technology on the ALG printed structures. The ALG structures coated with the 
multilayered membranes were embedded in xanthan gum, chemically modified 
with methacrylated groups in order to obtain a mechanically robust hydrogel 
structure after photocrosslinking by UV light exposure. The liquification of the 
ALG printed structures, coated with the CHI/ALG, CHI/ALG-RGD or without the 
multilayers membranes, with ethylenediaminetetraacetic acid (EDTA), led to the 
formation of microchannels in which human umbilical vein endothelial cells 
(HUVECs) were cultured for 24 hours. The obtained results demonstrate that the 
microchannels encompassing CHI/ALG-RGD multilayered membranes 
contributed to a larger cellular adhesion, demonstrating their potential to be 
applied in tissue engineering and regenerative medicine strategies. 
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Chapter 1 – Motivation 

When an organ fails or disfunctions, it can be due to many reasons. To date, the most 

common treatment strategies to address such events resort to the use of autografts 

(transplanting tissues or organs from a healthy site to the injured site in the same patient) 

and allografts (transplanting tissues or organs from a deceased donor or cadaver to the 

patient), which, although generally successful, entail major hurdles.[1] For instance, those 

treatment strategies involve very high costs, chronic pain, possible immunogenicity, several 

surgeries, anatomical limitations and quite long post-operative recovery, which extensively 

limit their use. In addition, in case of allografts, there is also the risk of disease transfer, 

infection or rejection of the organ or tissue to be transplanted from the donor by the patient. 

All of this implies that thousands of people would have to wait for long periods and could 

even die while waiting for the suitable functional transplant.[2, 3] Currently, only a low 

percentage of patients waiting to receive an organ end up finding one available and 

compatible. As an alternative to the lack of human organs and tissues to study and test, 

scientists have turned to the use of animal models and two-dimensional (2D) cell-culture to 

study tissues and organs disfunctions and their reaction to drugs.[1] Although promising, such 

strategies do not provide an exact representation of the human tissues and organs 

microenvironment. 

2D cell-cultures can develop differently when in three-dimensional environments, 

diverging in some features like cell-cell and cell-matrix interactions, morphology and 

interactions. The animal models have been used for years in the pharmaceutical and cosmetic 

industries as testing subjects for their discoveries. Although very useful for the screening of 

drug effects and assessment of treatment strategies to get new cures for damaged tissues and 

organs, some drugs may be harmless to animals and have undesired effects in humans or the 

opposite can happen.[4]  

Along with that and in similarity with 2D cell-culture studies, animal models do not 

represent truthfully the human tissues and organs. Furthermore, animal models lack the 

ability to mimic [5]  for example, human tumors and drug therapeutic/toxic responses. In this 

last decade, there has been a visible growth in the protest by the general public against the 

use of animal models. These opposing voices have been a growing force with a significant 

financial impact. Hence, tissue engineering has been gathering tremendous attention by the 

medical and engineering communities as an interdisciplinary field of research that employs 
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the principles of chemistry, materials science and engineering and biology towards providing 

astonishing materials and technologies for developing functional biological substitutes of 

dysfunctional tissues and organs. By designing the tissues and organs to grow, in a 

personalized fashion, to mimic an individual’s original anatomic tissue in their size, shape 

and immunological compatibility, it is theorized that it will be possible to overcome the lack 

of compatible organ availability and reduce the probability of infection and/or host immune 

rejection of the transplants by the patient.[6] The materials used in regenerative strategies 

need to be able to fully overtake the functions of the original tissue/organ or to stimulate the 

regeneration of the patients’ tissue, in order to have a successful tissue regeneration strategy.  

The ideal cellular material for tissue engineering would be stem cells owing to their 

intrinsic capacity to differentiate in distinct type of cell according to the targeted tissue, the 

scaffolds should be fabricated by resorting to biocompatible, biodegradable and non-toxic 

biomaterials, and should exhibit mechanical properties consistent with the anatomical tissue 

or organ to be repaired. Moreover, stem cells’ aptitude of self-renewal can be conserved 

continuously over generations. However, cells collected from mature (non‐stem) cells and 

‘adult’ stem cells (for example mesenchymal stem cells) can also be used up to a certain 

degree.[7] 

As for the scaffold, it may mimic the function of the native extracellular matrix, of 

the tissue or organ to address. It provides a physical support to cell and may include growth 

factors and specific ligands in order to trigger an enhanced cellular response, i.e. to allow 

the cells to attach, migrate, proliferate and differentiate. The ideal characteristics for a 

scaffold to be used in tissue engineering consist in biodegradability, biocompatibility, high 

porosity and a well-defined 3D structure. The scaffold should also allow for cell-cell 

interaction due to its importance in the cellular development.[8] 

The scaffold’s nature is of high importance as its properties have influence over the 

organization and differentiation of the cells. The use of multilayered films allows for the 

entrapment in-between layers of bioactive molecules and provides with a physical substrate 

able to be chemically modified. In this project, we used multilayered membrane, not only to 

encourage the cells attachment to it but also as a mimicry of the physical barrier the separates 

the blood from the other organs. 
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Chapter 2 – Prevascularization strategies 

 

Tissue engineering seeks to meet the demand for tissues and organs functioning for 

addressing biomedical and healthcare purposes. However, despite the enormous advances in 

the field, there are still some issues that prevent its use commercially.[1] One of the major 

limitations in tissue engineering is the application of strategies to emulate the anatomical 

and cellular complexity and vascularization of native tissues to maintain cell viability and 

functionality. The lack of functional vascular networks in engineered tissues has been a 

struggle for the scientific community since the early developments in the field and represents 

a great challenge in terms of physiology, immunology, and manufacturing demands.[2–4] 

 

1. The vascular system 

The vascular or circulatory system’s major function is to provide the circulation of the 

blood carrying oxygen, nutrients and metabolic byproducts throughout the body, perfusing 

organs and tissues to maintain cell viability and functionality. Without this network, there 

are limitations concerning the diffusion of nutrients and oxygen, thereby resulting in 

restriction of the size of the developed tissues.[5] It is possible to divide this system into two 

interconnected but distinct systems: the cardiovascular which is responsible for the 

circulation of the blood and the lymphatic system that oversees the circulation of lymph. 

Plasma, erythrocytes, leukocytes, and thrombocytes constitute the blood. Plasma is the 

extracellular matrix of blood cells where they are also found suspended. Erythrocytes or red 

blood cells contain hemoglobin bound to oxygen. Leukocytes, also known as white blood 

cells are responsible for immune response. Thrombocytes, commonly known as platelets has 

a primary function to clot blood vessel injuries in order to stop the bleeding. All of this is 

pumped through the body by the beating action of the heart. Lymph, the liquid that flows 

through lymph capillaries, is formed by the collection of excess liquid produced by the 

interstices of tissues and gathered in these vessels. After its transport through the lymph 

nodes, it joins back to the bloodstream.[3] 

The blood vessels in conjugation with the heart and the blood vessels form the 

cardiovascular system. The blood circulates through the body within the blood vessels, 
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which can be differentiated into three types: arteries, veins, and capillaries. The arteries carry 

the blood from the heart to the rest of the body and the veins conduct the blood that ran 

through the body into the heart. The smallest blood vessels in the body are named capillaries 

and is where the exchange of water, oxygen, nutrients, and other compounds between the 

blood and the tissues occurs.[1, 6]  The arteries are composed of five layers of adventitia, 

elastic lamina, smooth muscle cells (SMCs), basement membrane (BM), and endothelial 

cells (ECs). The arteries ramify into arterioles (made of three layers of SMCs, BM, and ECs), 

metarterioles, and arterial capillaries. The capillaries only have two layers of BM and ECs.[6] 

Tissues have a 100-200 μm oxygen, nutrients and waste diffusion limit which restricts 

the possible dimensions of tissues to bioengineer due to the cells not surviving beyond this 

limit (Figure 2.1).  Within a tissue, cells that distance more the 200 µm from a blood vessel 

or capillary are not able to receive nutrients and oxygen from it and nor expel their metabolic 

waste and, as such, they do not survive. Pre-vascularization can be an answer to avoid 

cellular necrosis for tissues thicker than the diffusion limit by producing structures similar 

to blood vessels that aim to assure the delivery of oxygen and bioactive molecules to ensure 

the development of the tissue in vitro.[5, 7] 

 

 

Figure 2.1 – Illustration of the diffusion and transport processes in vascularized tissues in vivo. Image obtained 

from [7]. 
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2. Blood vessel formation and assembly 

In embryogenesis, clusters of small dimensions encompassing vascular progenitor 

cells are formed from the mesoderm layer (angioblasts).[8, 9] The peripheral cells within these 

clusters differentiate into endothelial cells, while the ones present in the core differentiate 

into blood cells. This process is termed vasculogenesis. As the cells rearrange, a primary 

network is formed, and it is initiated the production of proteases with the ability to destroy 

their surrounding extracellular matrix, allowing the cells to outflow from the network walls 

and proliferate to form new vessels.[8, 10] Endothelial cells can secrete factors that recruit 

mural cells which will produce the extracellular matrix. This matrix plays an important role 

in the stabilization of the new vessels’ network. Proceeding angiogenesis is the release of 

pro-angiogenic factors that direct the migration and sprouting of the endothelial cells. This 

newly formed vessels grow, proliferate, and interact with already existing vessels via 

anastomosis.[8, 11] 

 

3. Importance of vascularization 

Oxygen is necessary for cells to maintain the cells alive. It reaches the cells via passive 

diffusion and as a consequence, the oxygenation gradient has a tendency to decline from the 

peripheral to the core of tissues.[4, 12] In some cases, it is possible that the tissues’ core is 

quite deep that the cells will experience a hypoxic environment. In such environments, the 

lack of oxygen may lead to cellular apoptosis after prolonged exposure periods in vivo. This 

is a result of the shortage in oxidative phosphorylation and anaerobic respiration.[13] On the 

other hand, the excess of oxygen or hyperoxia is also detrimental to the cells, possibly 

leading to decelerating the proliferation of cells in cultures which can also end up leading to 

cells’ apoptosis. As such, it is key to find the right balance in terms of oxygen supply to cells 

in order to achieve thriving tissues.[12, 14] 

In addition to the supply of oxygen and nutrients, and the removal of waste products 

and toxins, the vascular network itself also plays a significant role on cell proliferation and 

differentiation. The deficiency in nutrient supply and accumulation of cellular waste can be 

followed by cell starvation which influences cell development.[15, 16] Adhesion, proliferation, 

differentiation, and a variety of other cellular functions are dependent on signal transduction 

and cellular communication, which are, in part, mediated by vasculature structures. The 
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cardiovascular system is the highway for the response of the immune system. It works in 

favor of the tissue in cases where potential pathogens encounter immune cells and locating 

and directing to infection sites. However, especially in transplanting constructs into bodies, 

the vasculature allows for the immune cells to come in contact with the transplanted 

construct and recognize it as foreign and elicit an immune response.[3, 12] 

Tissue engineered 3D biological structures emerged as a reliable alternative to 

overcome the lack of organ transplant availability and the high process cost, as well as to 

reduce the probability of infection and/or host immune rejection of the transplants by the 

patient. Such shortcomings can be surpassed by designing the tissues and organs to grow in 

a personalized fashion, aiming to fully recapitulate an individual’s original anatomic tissue 

in terms of the size, shape and immunological compatibility.[17] As such, to engineer 

functional tissue engineered constructs, there is the need to combine cells, porous scaffolds 

and suitable bioactive signaling cues, which represent the three pillars of tissue 

engineering.[18, 19] 

 

4. Interest in prevascularization 

Human native tissues have very specific architectures and each tissue possess a unique 

structural organization. In cases where tissue engineered constructs fail to accurately mimic 

the heterogeneous nature of native tissues and are implanted in patients, there is the 

possibility to induce a disease or even to trigger the development of a carcinogenic tissue.[4, 

20] Also contributing to the success of an engineered complex tissue is its ability to control 

the diverse functions of the cells. The lack of such control leads tissue engineered constructs 

to be dysfunctional and malignant. The matrix stiffness, molecular gradients, and 

hierarchical structure also influence the viability of the cells within a large engineered tissue 

construct and, consequently, are obstacles in the path to viable engineered organs.[21] 

However, one of the main challenges in tissue engineering strategies is the lack of a 

vascularized structure.  

It is possible to promote the vascularization of a construct after implantation. In such 

cases, the perforated, un-vascularized construct takes advantage of the host’s peripheral 

vascular system capability of angiogenic sprouting. However, it is a rather time-consuming 

vascularization technique that compromises its use, being possible that the construct’s core 
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reaches necrosis earlier than the formation of a functional vascular network. On the other 

hand, pursuing prevascularization in vitro may accelerate the anastomosis with the host 

vasculature, enabling the core’s viability.[4, 11] 

The incorporation of a prevascular network into an engineered tissue before 

implantation has shown to be vital to the production of larger size and functional tissues and 

organs that avoid the formation of a necrotic core. Prevascularizing constructs reduces the 

need for vasculogenic and angiogenic processes after implantation and, in mice, have shown 

to promote the vascularization and the inosculation with the host’s vasculature.[22, 23] 

Prevascularized engineered tissues have also  demonstrated great interest to replace studies 

using animal models and ex vivo (cadaveric) human tissue models.[4] 

To date, the vascularization of engineered constructs as shown promising results in 

thin tissue slides (2D), while the vascularization of 3D constructs has experienced a slow 

pace development. The most common in vitro model still in use is a cell monolayer, also 

referred to as 2D cell culture.[24] However, in humans, the cells are enclosed within a 3D 

extracellular matrix. This means that the most used in vitro model for scientific studies do 

not accurately mimic the microenvironment within the human body. The differences 

between the use of 2D versus 3D platforms include cellular adhesion, proliferation, 

migration and differentiation. The 3D in vitro model replicates more precisely the cellular 

microenvironment in human tissues.[25–27] However, designing a 3D model entails much 

more challenges and difficulties. A common undesired occurrence is the loss of cellular 

viability during long-term culture, which extensively reduces the lifespan of the in vitro 

models. Therefore, researchers have been looking into modifications of the system to 

improve the long-term cellular viability.[24, 28] The prevascularization of these models has 

the potential to increase the lifetime of the cellular viability, as well as better emulate the 

native tissue vasculature. Having a vascular network within an engineered 3D model will 

have an influence over cell-cell interactions, primarily when using co-culture tissue 

models.[29, 30] The cell-cell crosstalk influence the cell functionality in vivo.[24] 
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5. Prevascularization approaches 

Several techniques have been proposed to date to trigger the formation of a 

prevascularized structure. The in vivo prevascularization involves a porous acellular scaffold 

that is attached to the side of the patient’s artery. The vascularization occurs post-

implantation with the cells infiltrating the scaffold through angiogenic sprouting. The next 

step involves waiting a time period of a few weeks to allow for the development of a 

microvascular network. The microvascular network is then harvested and explanted to the 

host’s target site.[11] With this process, the scaffold can be perfused after implantation. 

Nonetheless, two different surgeries are required. In addition, the vascularized construct 

must be removed from the site of the first surgery and implanted into the ischemic target 

site. This process can be challenging due to limitations in nutrients that arise after 

implantation.[31, 32]  

In addition, for 3D tissue constructs of bigger dimensions, the already time-consuming 

process would require even more time. It is possible that this time period is too long and, 

consequently, lead to necrosis prior to the formation of a vascular network. To avoid this 

fate, the interest in prevascularization has gathered plenty of attention among the scientific 

community. The possibility of having  a tissue that is vascularized prior to its implantation 

is desired as it speeds up the process of anastomosis with host vasculature in order to allow 

the cells to have faster access to nutrient supply.[3, 7] Currently, there are several methods 

being used to fabricate blood vessels-like structures in vitro, as described in the following 

sections. 

 

5.1. Bioprinting 

3D bioprinting has grown rapidly in the last decade due to the intrinsic capability to 

produce biological constructs, differentiating itself from traditional 3D printing mainly due 

to the materials used.[33] The traditional 3D printing consists in accurately create 3D 

constructs in an additive manufacturing/layer-by-layer (LbL) fashion using a heated nozzle 

to melt plastic.[34, 35] The term bioprinting is used when referring to additive manufacturing 

techniques that fabricate living tissue constructs from a biological ink (or bioink). 3D 

bioprinting (Figure 2.2) is used to print tissue-like structures and scaffolds inspired by the 
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biological structure and organization of the native tissues to mimic while controlling their 

size, internal structure and materials to be assembled. [36–38] In addition, 3D bioprinting 

allows the combination of scalability, resolution, and repeatability, in opposition to 

techniques such as direct laser ablation or electrostatic discharge.[39–41] 

 

 

Figure 2.2 – Schematic illustration of the 3D bioprinting process: Starting in the selection of the intended 

tissue/organ to bioprint, CT scanning/MRI technique or other 3D scanning techniques are used to transfer a 

digital copy of the organ/tissue into a modeling software. In digital form, the tissue/organ can be structurally 

modified if needed and then processed in a digital modeling software with the goal to generate a G-code. The 

selection of the optimal materials to be used as bioink is based on the constructs’ application. Then, the 

biomaterials are prepared for the bioprinting step, in which a 3D bioplotter is used to obtain a 3D construct. 

After bioprinting, some constructs may need some incubation time before its application either on medical 

cases, such as implantation or in laboratory cases, for example in drug testing.  

 

The bioprinting techniques are divided by their dependence on fundamentally different 

principals. As such it is possible to categorize them as extrusion, ink-jet, and laser-based 

approaches.[42] The field of bioprinting has gathered a lot of attention, with researchers not 

only striving to improve the performance of already existing bioprinters but also to develop 

new bioprinting technologies. An example is the development of the “freeform reversible 

embedding of suspended hydrogels” process (Figure 2.3) which allows the fabrication of 3D 

constructs that possess a complex architecture not achieved utilizing conventional 

approaches.[43] 
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Figure 2.3 – Freeform reversible embedding of suspended hydrogels method performed by Hilton and co-

workers by extruding ink into a thermoreversible support bath. A) Schematic representation of the process. B)  

Letters printed in alginate with the freeform reversible embedding of suspended hydrogels method in a gelatin 

support bath. The apparent deformation of the letters in the last photograph is due to change in optical 

properties, convective currents and the diffusion of the black dye out of the alginate. Scale bars: 1 cm. Image 

adapted from [43]. 

 

Nowadays, the bioprinters commercially available have features that allow the user to 

control features such as temperature and viscosity to pursue groundbreaking studies. This 

has provided the ability to fabricate hybrid constructs composed of multiple hydrogel 

materials and cell types, meaning control over mechanical stiffness and composition of the 

construct.[44] An example, is the bioprinting of scaffold-free, large-diameter tubular tissue 

constructs using an indirect agarose molding technique (Figure 2.4).[41] This technique 

provides the researchers with control over the tube’s shape, dimension and hierarchical 

branching. Another application of this approach is the fabrication of toroid-shaped, scaffold-

free tissue from an alginate-based mold obtained from bioprinting, showing the possibility 

to design and produce viable tissue with customizable architecture.[45, 46] 

 

 

Figure 2.4 – Bioprinting of large diameter tubular tissue constructs. A) Template design; B) Deposition of 
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agarose cylinders (stained with blue dye); C) Bioprinter used; D) Bioprinted result. E) Difference in diameters 

obtained 3 days post-printing. Image obtained from [41]. 

 

More recently, laser-based bioprinting approaches have been introduced, which 

include the Laser-Induced-Forward-Transfer (LIFT) technique and stereolithography (SLA). 

The LIFT technique consists of focusing the beam of a highly powered laser onto a photo-

absorbent material coated with a bioink. When this material is hit with enough laser intensity, 

it vaporizes causing high-pressure zone. The increase of pressure propels a small quantity of 

the bioink onto a glass slide, which aims to collect the ink.[46–48] 

Laser-assisted bioprinting has several advantages, including the ability to print a high 

density of cells with high-resolution, as well as the use of bioinks disclosing high viscosity. 

Furthermore, it can be used at room temperature, print single cells within scaffolds and is a 

non-contact printing method, which means that it does not cause mechanical damage to the 

cells. However, it is a time-consuming methodology and the side effects of the lasers in the 

cells are not yet fully understood. Moreover, this technology has limitations in the number 

of layers that can be printed, therefore limiting its application in tissue engineering 

strategies.[35, 36]  

SLA was patented in the 1980s despite being only in the last couple of decades that 

was able to be applied in the tissue engineering field by demonstrating the intrinsic capability 

to encapsulate cells and fabricate 3D tissue scaffolds. Projection stereolithography (PSL) can 

fabricate living tissue constructs with controllable porous architecture. The porous scaffolds 

demonstrate better cellular viability when compared to their non-porous counterparts, mostly 

due to nutrient delivery within the scaffolds.[18, 49] 

Currently, the SLA systems commercially available have been modified in order to 

expand their use in tissue engineering such as the ability to produce 3D constructs composed 

of different layers made of different cell types and material composition, aiming to improve 

the long-term viability of encapsulated cells.[34, 50] 

A key advantage of the bioprinting technology is the ability to obtain truly 3D 

perfusable microchannel networks with the possibility to be lined with ECs. To study the 

effects of the vascular network spatial organization, the most useful approaches are 3D 

networks fabricated into pre-designed patterns (Figure 2.5).[42] It has been observed that 

human umbilical vein endothelial cells (HUVECs) are capable of lining the lumen in 

microchannels embedded in hydrogels after their extrusion-based bioprinting.[51] To achieve 
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this network, the channels were bioprinted within the bulk ECM using fugitive ink (also 

known as sacrificial ink), that was later on removed. This resulted in microchannels seeded 

with HUVECs. In another study, it was demonstrated the possibility to print cell-laden 

tubular hydrogel constructs using a multilayered coaxial extrusion system, which 

demonstrated cell viability, tunable tube dimensions, perfusability and complex 

architecture.[52] 

 

 

Figure 2.5 – B) Confocal micrographs showing the 3D structure of 10 layers of tubes with green fluorescent 

beads, which were perfused with red fluorescent microbeads inside the lumens. Scale bars: 500 µm. C) 

Confocal micrographs showing the before and after the injection of red fluorescent microbeads into single, 

continuous bioprinted tube. Scale bar: 1 mm. Image adapted from [52]. 

 

Although 3D bioprinting has shown a lot of promise in fabricating vasculatures, it still 

has several drawbacks. It is important to consider the biocompatibility of the sacrificial ink, 

as well as the removal process to use and the resulting by-products. For instance, some 

sacrificial inks may contain cytotoxic compounds harmful to cell viability and may even 

affect cell phenotype. The same issues can occur in the fugitive ink removal processes which 

require its chemical dissolution and heat treatment.[53, 54] 

3D bioprinting technologies are widely known for the possibility to fabricate objects 

with complex architecture. Nevertheless, the bioprinted material is usually soft with a high 

water content, even when it has incorporated live cells incorporated, which restricts the level 

of structural complexity possible to be achieved in the printed constructs.[53, 55] 
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5.2. Microfluidics (Lithography) 

Microfluidic technology has grown in popularity in a vast array of fields, particularly 

for achieving vascularization of tissue constructs. With microfluidics it is possible to 

fabricate complex microfluidic networks with ultra-high resolution, providing control over 

the geometrical features of the network. One approach for the vascularization of tissue 

constructs is to fabricate microchannel networks  within bulk collagen matrix and posteriorly 

seed these channels with HUVECs to simulate perfusable blood vessels.[56] Another 

approach encompass the fabrication of microchannel networks in agarose hydrogels 

encapsulating murine fibroblasts. While these channels were not seeded with HUVECs, it is 

possible to demonstrate an increase in  the murine fibroblast viability by the perfusion of the 

hydrogel with microchannels.[57] 

Another approach to vascularization is to provide supplemented medium under 

controlled flow rate and direction to ECs within the hydrogel device, fabricated using 

microfluidic technology. The cells spontaneously self-assemble into perfusable vascular 

networks within the hydrogel.[58] The vascular networks obtained from the self-assembly of 

the ECs is considered to be the result of natural vasculogenic and angiogenic processes and 

the vessels have a higher rate of formation using microfluidic technologies.[59] However, the 

vascular networks engineered by microfluidics are restricted to a thin tissue (unlike the 

networks obtained via the bioprinting) differing from the 3D organization found in the 

human native vascularized tissues. Additionally, the vascular networks are not able to be 

easily removed from the microfluidic system for implantation, thus reducing the possibility 

to be applied in regenerative medicine.[58, 59] 

 

5.3. Micropatterning 

The approach to vascularization by micropatterning consists of patterning biological 

material on a substrate aiming to induce vasculogenesis with controlled spatial organization 

or patterning directly onto adhesive substrates. Micropatterning techniques used for vascular 

applications include soft lithography and laser-assisted micropatterning. One approach is to 

fabricate PDMS stamps by resorting to standard photolithographic techniques (Figure 2.6). 

The stamps can be used to pattern fibronectin strips on glass coverslips which show 

preferential adhesion from the human endothelial progenitor cells (hEPCs) in comparison to 
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non-adhesive poly(ethylene glycol) (PEG) surface.[60]  

 

 

 

Figure 2.6 – A) Schematic representation of the fabrication of the stamps used to pattern the fibronectin strips. 

B) i. fluorescence microscopy images of fluorescently -labeled fibronectin in an array of 100 µm stripes on a 

polyethylene glycol silane coated glass. Scale bar: 100 µm ii. Human endothelial progenitor cells (stained with 

mouse anti-human vascular endothelial cadherin (red) and nuclei (blue)) spread and adhesion, 24 hours after 

seeding. Both adhesion and distribution are higher on the condition with higher concentration of fibronectin. 

Scale bar: 100 µm. Image adapted from [60]. 

 

Another approach consists in the production of substrates with design-specific 

microgrooves that are possible to be filled with cells after in vitro cell culture. With this 

technique it is possible to fabricate lumenized vascular tubes where the user can control their 

diameters by varying the dimensions of their microgrooves. These lumenized channels were 

observed to branch into multiple tubes whilst preserving their lumenized structure when the 

cellular material was previously cultured within the branched microgrooves of varying 

designs. The result consists in lumenized endothelial tubes with controlled spatial 

organization.[61] 

Micropatterning allows for vascular networks to be harvested and encapsulated within 

a hydrogel to produce vascularized tissue later used for in vivo implantation. Nevertheless, 

its throughput still needs optimization in addition to achieve a 3D vascularized tissue.[62] 
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5.4. Wire molding 

Immediate perfusion of medium throughout the engineered tissue is feasible by 

incorporating microchannels within the tissue construct. A common fabrication procedure 

used in wire molding is the submersion of a wire within a pre-polymer solution, which can 

have cells. The wire is manually removed after polymerization, leaving behind a 

microchannel.[63] An advantage of this approach is the possibility to distribute equal 

microchannels throughout large tissue constructs and within various Z-planes, thus 

engineering tissues in a true 3D form.[64] As mentioned above, the vasculature present in the 

human body often present more complex architectures than a monolayer of ECs. Combining 

wire molding with other procedures has been reported to recapitulate the bilayer structure in 

vitro that mimics the one found in capillaries, i.e. a layer of ECs surrounded by a layer of a 

smooth muscle cell (SMC).[65] 

Besides the immediate perfusability, the wire molding approach is advantageous due 

to the precise control over the microvascular diameter. Moreover, the fact that this approach 

can vascularize thick 3D constructs is also advantageous when compared with other 

approaches that are limited to thin sheets of tissue. 

 

5.5. Cell sheet engineering 

When using cell sheet technologies, a confluent monolayer of cells is formed being 

able to be harvested. Usually, they are obtained via culture in thermo-responsive polymers 

as they can be detached without resorting to chemical treatment. After harvesting, the cells 

in the sheets remain viable. One approach to vascularization comprises stacking cell sheets 

of ECs and fibroblasts in varying configurations. When vascular networks were formed, 

these constructs were implanted and demonstrated enhanced vasculogenesis.[4, 55, 66] 

The major strengths of cell sheet engineering technology rely on the nature of the 

scaffold material used, the obtained cell density and harvesting method. The ECM is 

naturally produced by the cells which disregard the need for sacrificial biocompatible 

materials and cytotoxic chemicals. Sheets with high cell density and homogenous cell 

distribution can contribute for a higher regenerative function. The detaching and stacking of 

the sheets may require some thermal treatment, however due to its low level, it does not 
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cause significant harm to the cells. Another advantage is the possibility to create thick 

stackings and to control the vascular network’s orientation.[66] 

 

6. Conclusion 

To have available engineered tissues and organs raises expectations in optimizing 

organ supply for transplants as well as in bettering clinical trials with more precise organ 

representations.  

To date, successfully engineered tissue constructs already in clinical use consist in 

avascular tissues. With 2D models having proven their success, 3D thick functional vascular 

models have remained intangible. Ideally, the perfect engineered vascularized constructs 

should mimic the hierarchical order of the vascular network. The ability to fabricate accurate 

replicas of human native vascular networks in vitro is now the focus of several research 

endeavors. It is being increasingly recognized that in order to successfully engineer large 

tissues and organs, including micro-scale capillary networks, it is key to maintain the 

viability of large cell populations within thick constructs. 

The aforementioned highlighted techniques are just a few that have great potential to 

trigger in vitro vascularization. Each of them, with their own strengths and weaknesses, 

focuses in a different path towards achieving the same goal. To be able to engineer functional 

tissues and organs ready for implantation largely depends on the presence of mature and 

well-perfused vascular networks, which is not a short-term goal but still a deep field to 

discover.  

The bioprinting technologies have undergone a recent boost in scientific research. 

Currently, different approaches using bioprinting technologies allow to 3D bioprint 

multicellular constructs with high precision, with an organization similar to native tissues, 

as well to fabricate perfusable 3D microchannel networks within the bulk tissue. Bioprinting 

is a relatively new technology when compared with others such as photolithography, 

meaning its development is still in its infancy and, thus, has plenty of room for 

improvements.  
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Chapter 3 – Materials and methods 
  

1. Materials 

 

1.1.  Alginate 

Alginate (ALG, pKa ~ 3.38 or 3.65 for mannuronic or guluronic acid resides, 

respectively, Mw = 538 kDa, viscosity ≈250 cP) is a naturally-occurring and hydrophilic 

polysaccharide, typically extracted from brown algae (Phaeophyceae), including Laminaria 

digitata, Laminaria hyperborea, Ascophyllum nodosum, and Macrocystis pyrifera.[1] It has 

been shown to be very appealing for biomedical and biotechnological applications owing to 

its biocompatibility, low or even non-toxicity, non-immunogenic properties, low cost, and 

ionic gelling ability in the presence of divalent cations (e.g., Ca2+, Mg2+, Ba2+) under mild 

temperature and pH condition.[2, 3] Moreover, owing to its anionic character at pH higher 

than the pKa, it allows the build-up of electrostatic-based multilayered systems with 

oppositely charged cationic polymers.  

ALG is a linear binary compound containing blocks of (1–4)-linked β-D-mannuronic 

(M) and α-L-guluronic (G) acid residues in its chemical structure.[4–6] The ALG blocks are 

composed of homopolymeric regions encompassing consecutive M residues, consecutive G 

residues, and heteropolymeric regions of alternating M and G residues (Figure 3.1). 

Depending on the species of algae from which ALG is extracted using aqueous alkali 

solutions, most commonly NaOH, and on the collection period, the ALG’s G and M content, 

sequence, length of each residue, and molecular weight may differ. 

The ALG used in this work was acquired from Sigma-Aldrich and used as received, 

i.e. without any further purification. 
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Figure 3.1 – Chemical structure of ALG showcasing the G-block, M-block, and alternating GM-blocks. Image 

obtained from [3]. 

 

 

 

 

1.2.  Chitosan 

Chitosan (CHI, pKa ~6-6.5) is an hydrophilic and cationic polysaccharide obtained by 

the partial deacetylation of chitin, the second most abundant polysaccharide in nature, found 

mainly in crustaceans’ exoskeleton, such as in the crab and shrimp’s shells.[7] It presents a 

linear backbone structure encompassing randomly distributed β-(1–4)-linked D-

glucosamine and N-acetyl-D-glucosamine linked through glycosidic bonds (Figure 3.2). 

CHI has been gathering much attention in biomedical and biotechnological applications 

owing to its biocompatibility, biodegradability, and antibacterial properties. Moreover, the 

protonation of its amine groups at pH<pKa, reveals CHI’s polycationic character, making it 

a highly suitable candidate for the assembly of electrostatically-driven multilayer assemblies 

for tissue engineering and regenerative medicine strategies.[8, 9] 

Chitosan (Mw = 236.8 kDa, 80% degree of deacetylation (DD), viscosity 200−800 cP) 

was obtained from Primex EHF, that is a recognized Icelandic marine biotechnology 

company and a leader in the manufacture and supply of pure chitin and CHI biopolymers 

extracted from the cold water shrimps of Siglufjordur, Iceland.  
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Figure 3.2 – Molecular structure of chitosan. 

 

 

1.3.  Xanthan gum 

Xanthan gum (XG) is a water soluble, naturally-occurring exopolysaccharide 

produced by the bacterial fermentation of glucose, mainly by the Gram-negative bacteria 

Xanthomonas campestris. XG is the most important microbial polysaccharide. Since its 

approval by the FDA in 1969 as a nontoxic and safe biopolymer, and due to its rheological 

properties, i.e. shear thinning behavior, it has been widely used in the food and 

pharmaceutical industry, and cosmetics as a thickener and stabilizer.[10, 11] XG chemical 

structure consists of a primary structure of repeated pentasaccharide units encompassing two 

glucose units, two mannose units, and one glucuronic acid unit (Figure 3.3). XG backbone 

comprises a linear (1→4)-linked β-D-glucose repeating chain, attached to a charged 

trisaccharide sidechain composed of D-mannose (β-1,4), D-glucuronic acid (β-1,2), and D-

mannose, which are attached to alternate glucose units in the backbone by α-1,3 linkages. 

The side chain is responsible for assigning the anionic character of XG. Its molecular weight 

ranges from 2×106 to 20×106 Da.[10–12] 

XG was obtained from the commercial store Celeiro (Doves Farm Foods Ltd, 

distributed by Bricer Unipessoal, Portugal).  
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Figure 3.3 – Chemical structure of XG. Image adapted from [12]. 

 

 

 

2. Methods 

 

2.1. Preparation of the alginate ink 

The preparation of the ink followed the method described by Freeman & Kelly, with 

minor changes in the viscosity of the ink.[2]  

Briefly, an ALG ink solution was prepared at 5% (w/v) in phosphate buffer solution 

(PBS, Sigma Aldrich). Moreover, a 60 mM calcium chloride (CaCl2) aqueous solution was 

also prepared. To form the desired ALG ink, the aforementioned solutions were mixed up at 

a volumetric ratio (v/v) of 25:9 (ALG solution: CaCl2 solution). The resulting ALG inks 

were left to crosslink for 30 minutes prior to the printing process. 

 

2.2. 3D printing using alginate ink 

The designed structures were generated using Computer-Aided Design (CAD) software. 

Each structure was then sliced into layers depending on its height. In this case, there was the 

need to print solely one layer to form the 3D structure. A 3D Cellink Inkredible bioprinter 

(Cellink, Sweden) and a 23G (0.33 mm of inner diameter) needle were used to print the ALG 

structures. 
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2.3. 3D modelling using CAD 

The scaffold was designed using the Blender software. The overall design of the 

scaffold consisted on a cylinder with a diameter of 0.33 mm (Figure 3.4a), to match the 

internal diameter of the needle used. The cylinder’s length varied between 1 to 5 cm.  

Moreover, a sinusoidal shape (Figure 3.4b), a star (Figure 3.4c) and a rough sketch of 

a capillary representation (Figure 3.4d) were also printed. The CAD designs were saved as 

Standard Triangular Language (.STL) file extension. 

 

2.4. Printing using Repetier-Host 

The obtained .STL files were assembled onto Repetier-Host, a software provided by 

Cellink company. The printing settings used were: extrusion pressure between 45 to 55 kPa 

and needle speed of 25 mm/s. All the printing was performed at room temperature. The 

extrusion pressure, which was set on the Repetier-Host 3D printer had to be constantly 

optimized during the printing process as the ALG and CaCl2 were in the cartridge. The speed 

used was the lowest possible to achieve more control over the precision of the printable 

structure.  

 

 

Figure 3.4 – Scaffold design viewed in Repetier-Host: a) cylinder; b) sinusoidal; c) star; and d) capillary 

representations. 
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Prior to the printing, the 3D bioprinter was calibrated in the x, y, and z axes. Then, the 

previously ink loaded cartridges were fitted with the needle tip of choice and placed into the 

printer’s cartridge holder. After 30 minutes of ink pre-crosslinking time, the printing process 

was started. The designs were printed on a petri dish. Afterwards, the printed structures were 

immersed in a 60 mM CaCl2 aqueous solution for 5 to 10 minutes to further crosslink the 

structure. Finally, all the structures were rinsed with deionized water. 

 

2.5. Production of chitosan-alginate multilayered films  

 

2.5.1. Quartz crystal microbalance with dissipation monitoring 

The build-up of the CHI/ALG and the CHI/ALG-RGD was monitored in situ by 

quartz crystal microbalance with dissipation monitoring (QCM-D, Q-Sense Pro, Biolin 

Scientific, Sweden) in a liquid environment. This apparatus measures in real time the 

frequency and dissipation changes (∆f and ∆D, respectively) of the quartz crystal generated 

by the adsorption of the polyelectrolyte on the gold-coated 5 MHz AT-cut quartz crystal 

sensors (QSX301 Gold, Q-Sense, Sweden). The gold-coated quartz crystal substrates were 

excited at multiple overtones (1, 3, 5, 7, 9, and 11, corresponding to 5, 15, 25, 35, 45, and 

55 MHz, respectively). Before testing on the CHI and ALG or ALG-RGD aqueous solutions, 

the crystals were thoroughly cleaned and then placed in the QCM-D chamber, and 

equilibrated in an aqueous solution at pH 5 until a baseline was reached. All the experiments 

were performed at 25°C. The sample’s aqueous solutions were prepared at pH 5 and injected 

with a constant flow rate of 50 µL/min. The CHI solution (0.5 mg/mL) was injected for 6 

min. It was followed by the rinsing step that consisted in the injection of deionized H2O at 

pH 5 for 4 min, aiming to remove weakly adsorbed layers. In the next step, the solutions 

used were ALG or ALG-RGD (both at 0.5 mg/mL) and their injection was performed for 6 

min. To close the cycle of build-up of one bilayer, another rising step was for 4 min. 

Multilayered thin films encompassing 6 CHI/ALG and 6 CHI/ALG-RGD bilayers were 

attempted. The final multilayered thin films were dried under a soft stream of N2. The 

frequency of each overtone was normalized to the fundamental resonant frequency of the 

quartz crystal substrate (Δfn/n, in which n denotes the overtone number). 
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2.5.2. Multilayered membranes build-up  

The build-up of the CHI/ALG and CHI/ALG-RGD multilayered membranes on the 

ALG-based cylindrical and sinusoidal printed structures was performed using an automatic 

home-made dipping robot (CORPUS®), following the assembling conditions gathered in the 

QCM-D experiments. The automatic dipping robot allowed us to control the CHI and ALG 

deposition time, rinsing time, as well the number of cycles, i.e. multilayered film thickness. 

 Briefly, the ALG structures were alternately dipped in the aqueous solutions of the 

CHI and ALG biopolymers at pH 5 for 6 min each. In-between the immersion of the 

structures in the CHI and ALG or CHI and ALG-RGD aqueous solutions, washing steps (4 

min each) were needed to remove weakly adsorbed molecules and avoid the cross-

contamination of the biopolymer solutions. The polyelectrolyte solutions were prepared at a 

concentration of 1 mg/mL at pH 5 (CHI – Mw = 236.8 kDa, 80% degree of deacetylation 

(DD) and ALG – Mw = 538 kDa). With these four steps, a CHI/ALG or CHI/ALG-RGD 

bilayer was formed and this process was repeated 6 times, thus leading to a 6 CHI/ALG or 

CJI/ALG-RGD bilayered film. The LbL assembly process was performed at room 

temperature. In the end of the deposition cycles, i.e. after the deposition of the 6 bilayers, 

the ALG structures coated by the (CHI/ALG)6 or (CHI/ALG-RGD)6 films were stored in 

deionized water to prevent them from drying and collapsing. 

The structures containing the CHI/ALG or CHI/ALG-RGD multilayered films were 

further cross-linked with a natural-origin, water-soluble cross-linking agent extracted from 

the fruits of gardenia jasminoides, namely genipin (Wako chemical, USA, Mw = 226.23 

kDa). A genipin solution (1 mg/mL) was prepared by dissolving the adequate amount of 

genipin in a water (pH 5)/DMSO mixture at a 4:1 (v/v) ratio. The genipin crosslinking agent 

solution was incubated with the structures overnight. Afterwards, the structures were 

extensively washed with ethanol to dissolve the genipin that did not react, followed by air 

drying. 

 

2.5.3. Zeta (ζ)-potential measurements 

 Prior to the preparation of the marine polysaccharide-based multilayers, the electrophoretic 

mobility of the individual CHI, ALG and ALG-RGD aqueous solutions (0.5 mg/mL at pH 
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5) were investigated by zeta (ζ)-potential measurements, to assess their possible interaction 

via attractive electrostatic interactions. The ζ-potential values of all polymeric aqueous 

solutions were measured at 25 ºC based on the electrophoretic mobility under an electric 

field using a Zetasizer Nano-ZS (Malvern Instruments Ltd., Royston, Hertfordshire, UK). 

The electrophoretic mobility (u) was then converted into a zeta (ζ)-potential value using the 

Smoluchowski relation (ζ = uη/ε, where η and ε are the viscosity and permittivity of the 

solution, respectively)[13] Six measurements were performed and averaged for each sample. 

 

2.5.4.  Statistical Analysis 

Statistical analysis of the data was done using GraphPad 8.3.0. 

 

2.6.  Glycidyl methacrylate xanthan gum-based hydrogel 

To avoid ALG shape’s collapsing, after its liquefaction the resulting CHI/ALG or 

CHI/ALG-RGD membranes were embedded within a glycidyl methacrylate (GMA)-XG 

hydrogel further crosslinked by UV light irradiation. 

 

2.6.1.  Synthesis of XG-GMA 

Chemically modifying natural-based polymers is a common practice in the field of 

tissue engineering aiming to enhance the cellular behavior. Altering the compounds in order 

to acquire the ability to photocrosslink is widely used with polymers which intended use is 

to construct a 3D structure. Such can be attained by the introduction of methacrylic pendant 

groups into the backbone of natural-based polymers, such as in the of XG. The chemically 

altered polymers undergo free radical polymerization when under UV light and mixed with 

a photo-initiator.[14, 15] 

In this work, photo-responsive XG hydrogels were prepared as described by Huang 

and co-workers.[16] The synthetic route is depicted in the Figure 3.5.  
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Figure 3.5 – Schematic representation of the covalent chemical synthesis of XG-GMA. Image adapted from 

[11, 16]. 

 

Firstly, a 0.1% (w/v) XG aqueous solution was prepared by dissolving XG powder in 

deionized water, followed by stirring overnight. Secondly, 100 mL of this solutions was 

poured into a round-bottom flask and heated to 80°C. Then, 5 mL of GMA (>95%, stabilized 

with hydroquinone monomethyl ether (MEHQ) from TCI Chemicals) was added to the 

heated XG solution. After 12-18 h of reaction at 80°C, the resultant solution was collected 

and dialyzed (Mw cut-off: 12-14 kDa) for 3 days to remove unreacted molecules. Finally, the 

solution was lyophilized in a freeze-dryer (Telstar LyoQuest Plus Eco, VWR) and stored at 

4 °C.  

 

2.6.2.  Synthesis of XG-GMA hydrogels 

XG-GMA was dissolved in a PBS solution at pH 7.4 containing 0.5% (w/v) 2-

hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure, I2959) to achieve a 

concentration of 0.5% (w/v). This XG-GMA solution was poured into a silicone well and an 

ALG filament, either with or without the (CHI/ALG)6 or (CHI/ALG-RGD)6 multilayered 

film, was immersed on it, leaving both ends of the filament outside the XG-GMA solution 

in opposing ends (Figure 3.6). Then, the XG-GMA was exposed to UV light irradiation for 

60 s (350-420 nm, 200 mW/cm2), leading to the formation of a photo-crosslinked hydrogel. 

The resulting hydrogel construct was immersed in a 10 mM EDTA aqueous solution at pH 

8 overnight in order to liquify the alginate filament, thus leading to the (CHI/ALG)6 or 

(CHI/ALG-RGD)6 free-standing multilayered membrane. 
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Figure 3.7 – Alginate printed filament, with a (CHI-ALG)6 multilayered film encapsulated within a XG-GMA 

aqueous solution prior to UV-light exposure to obtain a robust hydrogel. Scale bar: 5 mm. 

 

2.6.3.  Rheological Characterization of XG-GMA 

To evaluate the viscosity of the developed XG-GMA hydrogels at 0.5% (w/v), 

rheological measurements were performed using a Kinexus Ultra+ rheometer (Malvern), 

fitted with a smooth plate geometry. Briefly, the samples were poured on the rheometer’s 

plate and the chosen test geometry was lowered. The UV light was turned on 20 s after the 

begin of the test and, then, turned off 3 min later. Control experiments were performed with 

solely PBS and 0.5% Irgacure. The experiments were performed at room temperature and 

the samples were stabilized for 5 min before starting the measurements. 

 

2.7.  Cell Isolation, Culture and Passaging 

The cells used in this thesis were obtained from human umbilical cord provided by the 

Centro Hospitalar do Baixo Vouga (Aveiro, Portugal) after patient’s informed consent and 

donor anonymization under a strict collaboration protocol established between the 

University of Aveiro and the Centro Hospitalar do Baixo Vouga, approved by the Human 

Ethics Committee of the hospital. 

 

2.7.1.  Human Umbilical Vein Endothelial Cells 

The human umbilical vein endothelial cells  (HUVECs) used in this study were 

obtained by the Centro Hospitalar do Baixo Vouga (Aveiro, Portugal), isolated by the 



Chapter 3 – Materials and methods 

 

43  

COMPASS Research Group’s researchers, as previously reported by Covas and co-

workers,[17] and later stored in a cryotank. Prior to using the cells, a T75 cell culture flask 

was coated with a 2% gelatin solution (Type B from bovine skin, Sigma Aldrich) and left to 

incubate for, at least 30 min, at 37.5 °C in a humidified 5% CO2 atmosphere. This gelatin 

layer was cleaned with sterile PBS, while the HUVECs were left thawing at room 

temperature. This cell suspension was seeded into the T75 flask, coated with gelatin, and 

pre-warmed Medium 199 (M199, Sigma-Aldrich) + 1% GlutaMAX™-I (Thermo Fisher), 

supplemented with 10% Fetal Bovine Serum (FBS, Alfagene) and 1% Antibiotic-

Antimycotic solution (ATB, Thermo Fisher) was added.  Medium was changed every 2 to 3 

days to assure adequate quantity of nutrients and growth factors to the cells. The cell culture 

was kept in an incubator at 37.5 °C in a vapor-saturated atmosphere with 5% CO2. 

 Upon reaching 80-90% of confluence, the cells were passed to a bigger cell culture 

flask (T175). This aimed for the removal of the medium from the T75, washing the cells 

with PBS and add trypsin. The following step was the incubation at 37.5 °C during 5 min. 

The detachment of the cells was verified using a light microscope (Zeiss, Axiocam 105 

color). The reaction was neutralized by using three times the trypsin volume of the same pre-

warmed M199 used for cell culture above. To count the cells, it was pipetted 100 μL of the 

cell suspension to a Neubauer counting chamber (BLAUBRAND), under the light 

microscope at a 10x magnification. The cell suspension was then centrifuged 5 min at 300 g 

and the supernatant removed carefully. The remaining pellet was resuspended in M199 and 

transferred to a T175 already coated with a clean layer of gelatin. 

 

2.7.2.  Cell staining  

When 80-90% of confluence was achieved, the cells were removed from the T175 cell 

culture flask and counted. After the removal of the supernatant, the resulting pellet was 

resuspended in PBS to obtain 1 million of cells per mL. This suspension was protected from 

the light and 5 µL of Dil Stain (1,1’-Dioctadecyl-3,3,3’,3’-Tetramethylindocarbocyanine 

Perchlorate (DiIC18(3)), Thermo Fisher) was added, as per the fabricator recommendations 

and incubated for 20 minutes at 37.5°C. The incubated suspension was centrifuged 5 min at 

300x g, the supernatant removed, and the pellet resuspended in M199 to obtain a final 

concentration of 40 000 cells per µL.  
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All HUVECs used were between passages 5 and 7 to ensure the representation of key 

endothelial characteristics.  

 

2.7.3.  Cell seeding 

Prior to the seeding of the HUVECs in the microchannels, enclosing or not the 

(CHI/ALG)6 or (CHI/ALG-RGD)6 membrane, encapsulated in the hydrogels, the cells were 

sterilized under UV light for 10-20 min. Then, the hydrogels were submerged in the culture 

medium (M199 supplemented by 20% fetal bovine serum, and 1% antibiotic) for one to two 

days at 37.5ºC. The cells were inserted in the channels using a syringe and a needle with an 

inner diameter of 0.5 mm. The hydrogels with the cells were incubated for 1 day at 37.5°C 

in a humidified 5% CO2 atmosphere. 

To evaluate the biological performance of the coated channels, in vitro cell culture 

studies were performed. 

 

2.8.  Image analysis 

The images obtained from the fluorescence microscope were analyzed using ImageJ 

software. Z-stacks were reconstructed with the z-projection function of ZEN lite software 

(Zeizz, Germany), which projects multiple images on a single plane. Following the 

projections, the channels were merged and colored to obtain the final images. The acquisition 

of Z-stacks and the images’ reconstruction were performed to improve the quality of the 

images and reduce the background caused by the thickness of the hydrogels and z-axis 

orientation of the hydrogels’ channels.  

 

2.9.   DNA assay 

DNA content was quantified using the PicoGreen DNA kit (Molecular Probes) 

following the manufacturer’s instructions. Prior to the DNA quantification, the cells were 

lysed by osmotic and thermal shock and the supernatant was used for the assay. Triplicates 

were performed for each sample or assay standard. The plates were read on a microplate 
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reader (BioTek, USA) using 485 and 528 nm as excitation and emission wavelengths, 

respectively, according to the spectroscopic properties of the dye. The DNA amounts were 

calculated using a calibration curve. 

Statistical analysis was performed by Shapiro Wilk normality test using Graph Pad 

Prism 8.3.0 for Windows. After, statistical analysis was performed using one-way ANOVA 

analysis (Graph Pad Prism 8.3.0 for Windows).  
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Abstract 

The presence of a functional vascular network is critical to the long-term viability of 

larger engineered tissues. Seeing as the engineered structures’ core has a short-term cellular 

viability dueto the structures size being larger than the general diffusion limit for tissues. 

This hurdle has gathered a lot of attention with several proposals for prevascularization in 

vitro. However, none of them have been entirely successful in attaining a fully functional 

vascular network. In this work, we propose combining the layer-by-layer (LbL) assembly 

technology with three dimensional hydrogels. Two combinations of biopolymers were 

chosen to fabricate the multilayer films, namely CHI/ALG and CHI/ALG-RGD, on top of 

ALG printed structures. They were then embedded within a xanthan gum solution, having 

xanthan gum chemically modified with glycidyl methacrylate to be photo-responsive. After 

the crosslinking of the xanthan gum polymeric chains under UV light irradiation, the 

hydrogels were submerged in an EDTA aqueous solution to liquify the printed and 

embedded alginate structure and obtain a hollow channel encompassing the multilayered 

membranes.  Then, human umbilical vein endothelial cells (HUVECs) were cultured in the 

CHI/ALG and CHI/ALG-RGD-based microchannels for 24 hours, reveling a high cell 

adhesion on those coated with the (CHI/ALG-RGD)6 multilayered membrane. 

 

Keywords: chitosan, alginate, 3D bioprinting, layer-by-layer membrane, capillary-like 

structures, xanthan gum hydrogels, endothelial cells, tissue engineering  

 

1. Introduction 

The ability to engineer functional tissue constructs at the micro/nanoscale through 

the combination of biomaterials, signaling molecules and cells has been one of the key aims 

of the tissue engineering and regenerative medicine field.[1] Both the use of the Layer-by-
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Layer (LbL) multilayered films, made of materials such as, polyelectrolytes, biomolecules, 

colloid or particles, and hydrogels have provided the scientific community with several 

breakthroughs.[2–5] However, the idea of combining both is still relatively recent. To date, 

the prevascularization of tissue engineered constructs has been addressed in two different 

manners.[2, 6–9] The production of thin membranes using the LbL assembly technology has 

been oriented to the biomimicy of the native vascular network environment and cellular 

spatial control during development and differentiation.[2, 8–10] The manufacture of 

biomaterial-based hydrogels constructs aims to emulate the three-dimensional (3D) 

representation of the vascular environment by controlling the scaffold design up until the 

seeding of the cells over the two-dimensional (2D) commonly obtained with LbL.[11–13] 

Three decades ago, Decher and co-workers introduced the LbL assembly technology 

as a simple, inexpensive and highly versatile bottom-up approach to fabricate 

electrostatically-driven polyelectrolyte multilayered films with precisely tailored properties 

and functions by resorting to polycations and polyanions assembled in an alternate fashion.[8, 

14] Since then, the LbL assembly technology has shown all its versatility in terms of the 

building blocks that can be assembled into multilayered films. Besides electrostatics, a 

multitude on non-electrostatic intermolecular interactions also play a key role on the 

fabrication of highly hydrated multilayered assemblies. Those non-electrostatic based 

driving forces include hydrogen bonding, hydrophobic and host-guest interactions, 

coordination chemistry, biological specific interactions, among others.[3, 15–18] The only 

requisite is that the assembled materials show complementary intermolecular interactions. 

[18] This means that a vast array of building blocks can be used in the assembled films. 

Moreover, an important feature of this technology relies on the fabrication of multilayered 

films under very mild conditions, which means that there is no need for harmful organic 

solvents, high temperatures, or extreme pH, thus being advantageous for biomedical and 

biotechnological applications Moreover, virtually any substrate, being planar or more 

convoluted substrates (e.g., porous, colloidal particles, and cylindrical/tubular structures) of 

almost any surface chemistry (regardless of size and shape) can be used to fabricate such 

multilayered films by resorting to different assembly methodologies (e.g., dip-coating, spin-

coating, spraying).[15, 19–23] 

The most common assembly method is dip-coating, which encompasses multiple 

cycles of dipping the substrate into aqueous solutions of complementary materials with 



Chapter 4 – Embedding layer-by-layer membranes in hydrogels for engineering modular tissue-like 

constructs 

 

51 

 

intermediate washing/rinsing steps to remove weakly adsorbed layers and avoid the cross-

contamination of the materials’ solutions.[9] By controlling the number of repetitions of these 

steps/cycles, i.e. the number of adsorbed layers, one is able to precisely control the thickness 

of the resulting multilayers.[9, 24, 25] The fabrication of hollow cylindrical/tubular membranes 

is one of the many structures that this technology enables to attain.[3] The employment of 

multilayered membranes in the biomedical field is not a new concept with already several 

examples ranging from the production of biomimetic coatings to the ability of controlling 

the drug release and cellular adhesion.[15, 17, 26]  

The use of hydrogels in tissue engineering came across as a solution to achieve 3D 

tissue constructs, which can be cell-seeded or cell-laden. Scaffolds encapsulating or 

entrapping cells within their structure are cell-laden scaffolds, which differ from the cell-

seeded ones, where cells are placed on the scaffold and adhere to the surface of the 

scaffold.[27–29] Nowadays, the use of hydrogels is centered in additive manufacturing of 

sacrificial and permanent scaffolds.[30–33] Specifically, bioprinted hydrogels have been 

showing great potential for addressing the problematics of prevascularization.[27, 34, 35] 

Moreover, photo-crosslinkable hydrogel constructs have been shown to be very attractive to 

be used in the embedding of printed sacrificial materials.[34, 36] 

The use of bioprinting in the fabrication of 3D constructs fit for prevascularization is 

still a relatively new concept due to the 3D bioprinting technology only coming about in the 

last decades.[4, 37, 38] Bioprinting techniques are commonly divided in three major categories: 

extrusion, laser-assisted and inkjet bioprinting. Inkjet-based technique was the first to 

incorporate the use of cells, due to the simplicity of the adaptation of a standard office inkjet 

printer.[30, 39, 40] However, its inability to print larger tissue construct sifted the attention to 

extrusion-based techniques.[30, 41] 

This work’s idea consisted in the evaluation of the potential to recreate the vascular 

microenvironment by constructing a hollow channel, lined with LbL CHI/ALG membrane, 

within a XG-based hydrogel. To construct the membrane, it was chosen the use of CHI and 

ALG biopolymers due to their biocompatibility, structural resemblance to 

glycosaminoglycans and their ample successful use in literature.[3, 42, 43] As a LbL substrate 

it was used an ALG ink due to its ability to retain the shape during the LbL dipping cycles 

and simplicity in its elimination. Xanthan gum chemically modified with glycidyl 

methacrylate has shown to have excellent biocompatibility and 3D structural stability after 
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UV light exposure.[44] 

 

 

2. Materials and methods 

 

2.1. Materials 

Alginate (ALG, Mw = 538 kDa, viscosity ≈250 cP) was purchased as powder from 

Sigma-Aldrich as used as received. The chitosan (CHI, Mw = 236.8 kDa, 80% degree of 

deacetylation (DD), viscosity 200−800 cP) was acquired from Primex EHF (Siglufjordur, 

Iceland). Xanthan gum (XG) powder was obtained from the commercial store Celeiro 

(Doves Farm Foods Ltd, distributed by Bricer Unipessoal, Portugal). 

 

2.2. Methods 

 

2.2.1. Preparation of the ink 

The preparation of the ink followed the method described by Freeman & Kelly, with 

minor changes in the viscosity of the ink.[45] Briefly, an ALG ink solution was prepared at 

5% (w/v) in phosphate buffer solution (PBS, Sigma Aldrich). Moreover, a 60 mM calcium 

chloride (CaCl2) aqueous solution was prepared to crosslink the ALG ink. To form the ALG 

ink, these solutions were pre-crosslinked by mixing the two at a volumetric ratio (v/v) of 

25:9 (alginate solution:CaCl2 solution). The inks were left to crosslink for 30 minutes prior 

to printing. 

 

2.2.2. 3D-Printing using alginate ink 

Each designed structure was then sliced into layers depending on the height of the 

structure. In this case only one layer was needed to be printed to form the 3D structure. A 

3D Cellink Inkredible bioprinter (Cellink, Sweden) and a 23G (0.33 mm of inner diameter) 

needle were used to print the inks. 
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2.2.3. 3D Modelling using CAD 

The overall design of the scaffold consisted on a cylinder with a diameter of 0.33 mm 

(Figure 3.4a), to match the internal diameter of the needle used. The cylinder’s length varied 

between 1 to 5 cm. 

 

2.2.4. Printing using Repetier-Host 

The printing settings used were: extrusion pressure between 45 to 55 kPa and needle 

speed of 25 mm/s. All the printing was performed at room temperature. The extrusion 

pressure, which was set on the Repetier-Host 3D printer had to be constantly optimized 

during the printing process. The printing process started 30 minutes after the mixture of the 

alginate and CaCl2. Afterwards, the printed structures were immersed in a 60 mM CaCl2 

aqueous solution for 5 to 10 minutes to further crosslink the structure. 

 

2.2.5. Production of chitosan-alginate multilayered films 

 

2.2.5.1. Quartz crystal microbalance with dissipation monitoring 

The build-up of the CHI/ALG and the CHI/ALG-RGD was monitored in situ by 

quartz crystal microbalance (QCM-D, Q-Sense Pro, Biolin Scientific, Sweden) in a liquid 

environment. The gold-coated quartz crystal substrates were excited at multiple overtones 

(1, 3, 5, 7, 9, and 11, corresponding to 5, 15, 25, 35, 45, and 55 MHz, respectively). Before 

the testing on the CHI and ALGs solutions, the crystals were thoroughly cleaned. the Au-

plated quartz crystals were alternately exposed to 0.5 mg/mL CHI (6 min adsorption time) 

and ALG (6 min adsorption time) or ALG-RGD (6 min adsorption time) aqueous solutions 

at pH 5, rendering the surface positively and negatively charged respectively, to build-up 

(CHI/ALG)6 and (CHI/ALG-RGD)6 multilayered films. After each deposition step, the 

substrates were rinsed with an aqueous solution at pH 5 for 4 min to remove weakly adsorbed 

molecules. The final multilayered thin films were dried under a soft stream of N2. 
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2.2.5.2. Multilayered membranes build-up 

  

The build-up of the CHI/ALG multilayered films on the ALG-based cylindrical 

printed structures was performed using an automatic home-made dipping robot (CORPUS®). 

Briefly, the structures were alternately dipped in the aqueous solutions of the CHI and ALG 

biopolymers at pH 5 for 6 min each. In-between the immersion of the structures in the CHI 

and ALG aqueous solutions, the structures were dipped in washing steps (4 min each) at 

room temperature. The polyelectrolyte solutions were prepared at a concentration of 1 

mg/mL at pH 5(CHI – Mw = 236,8 kDa, 80% degree of deacetylation, viscosity 200−800 cP 

and ALG – Mw = 538 kDa, viscosity ≈250 cP). With these four steps a CHI/ALG bilayer 

was formed and this process was repeated 6 times, thus leading to a CHI/ALG membrane 

with six bilayers. 

A genipin (Wako chemical, USA) solution (1 mg/mL) was prepared by dissolving 

the adequate amount of genipin in the same solution as the washing buffer previously 

prepared for the LbL process at pH 5/DMSO mixture at a 4:1 (v/v) ratio). The genipin 

crosslinking agent solution was incubated with the cylindrical structures overnight. 

Afterwards, the structures were extensively washed with ethanol. 

 

2.2.6. Zeta potential 

Electrophoretic mobility measurements were performed with a Zetasizer Nano Series 

(Malvern Instruments). The samples measured were CHI 0.5 mg/mL, ALG 0.5 mg/mL and 

ALG-RGD 0.5 mg/mL aqueous solutions at pH 5. 

 

2.2.7. Glycidyl methacrylate xanthan gum-based hydrogel 

 

2.2.7.1. Synthesis of XG-GMA 

To achieve photo responsive xanthan gum hydrogel it was followed the procedure 

reported by Huang and co-worker.[44] Firstly, a 0.1% (w/v) XG aqueous solution was 

prepared by dissolving XG powder in deionized water, followed by stirring overnight. 

Secondly, 100 mL of this solutions was poured into a round-bottom flask and heated to 80°C. 

Then, 5 mL of GMA (>95%, stabilized with hydroquinone monomethyl ether (MEHQ) from 

TCI Chemicals). After 12-18 h of reaction at 80°C, the resultant solution was collected and 



Chapter 4 – Embedding layer-by-layer membranes in hydrogels for engineering modular tissue-like 

constructs 

 

55 

 

dialyzed for 3 days, using dialysis membranes (Mw cut-off: 12-14 kDa) to remove unreacted 

GMA residues. Finally, the solution was lyophilized in a freeze-dryer (Telstar LyoQuest 

Plus Eco, VWR) and stored at 4 °C. 

 

2.2.7.2. Synthesis of XG-GMA hydrogels 

XG-MA was dissolved in a PBS solution at pH 7.4 containing 0.5% (w/v) 2-hydroxy-

4’-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure, I2959) to achieve a concentration 

of 0.5% (w/v). This XG-GMA solution was poured into a silicone well and an ALG filament, 

either with or without the CHI/ALG multilayered membrane, was immersed in the hydrogel, 

leaving both ends of the filament outside the hydrogel in opposing ends. Next, the hydrogels 

were exposed to UV light irradiation for 60 s (350-420 nm, 200 mW/cm2), forming a photo-

crosslinked hydrogel. The hydrogel was immersed in an EDTA solution (10 mM) overnight 

in order to liquify the alginate filament, thus leading to the CHI/ALG multilayered 

membrane. 

 

2.2.8. Cell seeding 

Prior to the seeding of the HUVECs in the channels of the hydrogels, they were 

sterilized under UV light for 10 to 20 minutes. Some of the membranes were injected with 

fibronectin and left to incubate overnight. The channels were then washed with M199 to 

remove the remaining fibronectin. The hydrogels were submerged in the culture medium 

(M199 supplemented by 20% fetal bovine serum, and 1% antibiotic) for one to two days at 

37.5ºC. The cells were inserted in the channels using a syringe and a needle with an inner 

diameter of 0.5 mm. The hydrogels with the cells were incubated for 1 day at 37.5°C in a 

humidified 5% CO2 atmosphere. 

 

 

2.2.9. Cellular viability assay 

To evaluate cell viability was assessed after 24 hours of incubation using the 

live/dead assay (calcein AM/propidium iodide (PI) staining). Briefly, the hydrogels were 

incubated for 20 min with 2 μL calcein AM (1 mg mL-1, Molecular Probes, Invitrogen, USA) 

and 1 μL PI (1 mg mL-1, Molecular Probes, Invitrogen, USA) in 1 mL PBS protected from 
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light. The channels were washed with PBS to remove residual fluorescent and immediately 

imaged in an upright widefield microscope (Axio imager M2, Carl Zeiss, Germany). The 

images were acquired at the wavelengths of 520/525 nm and 607/650 nm for the excitation 

of calcein and propidium iodide, respectively. To evaluate the adhesion of the cells to the 

membranes, membrane-free hydrogels where used. 

 

2.2.10. DNA assay 

DNA content was quantified using the PicoGreen DNA kit (Molecular Probes) 

according to the instructions from the manufacturer. Prior to DNA quantification, cells were 

lysed by osmotic and thermal shock and the supernatant was used for the assay. Triplicates 

were performed for each sample or assay standard. The plates were read on a microplate 

reader (BioTek, USA) using 485 and 528 nm as excitation and emission wavelengths, 

respectively, according to the spectroscopic properties of the dye. The DNA amounts were 

calculated using a calibration curve. 

 

 

3. Results and discussion  

 

In this work, we aim to embed a multilayered membrane in a hydrogel in order to 

obtain a within the hydrogel hollow channel coated with the multilayered membrane were 

cells could be cultured (Figure 4.1). The materials proposed for the multilayered membrane 

would be chitosan and alginate, two biopolymers biocompatible and with a variety of literacy 

denoting their successful use with the layer-by-layer assembly method. This membrane 

would be built upon structures printed using an alginate ink. To embed these, it would be 

xanthan gum hydrogel, seeing as it is also biocompatible. To culture inside these channels it 

was chosen human umbilical vein endothelial cells (HUVECs). 
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Figure 4.8 – Schematic representation of the steps to obtain a (CHI/ALG)6 or (CHI/ALG-RGD)6 multilayered 

membrane embedded in a XG-based hydrogel for cell culture. 

 

3.1.  Printing 

 

The shapes chosen to be printed had the goal to demonstrate nor only the versatility 

of the printing techniques in printing different geometries in a personalized fashion but also 

their ability to be perfused when within a hydrogel (Figure 4.2). The possibility of having 

more complex shapes than a straight line, which can be also perfused, opens new avenues in 

other designs that not only vary widely within the 2D dimensions (x and y axes) but also in 

the z axis.   

The alginate ink proposed by Freeman and Kelly[45] was not compatible with the 

Cellink Inkredible bioprinter available at our lab. The lowest printing speed of the bioprinter 

was too fast and the ink was extruded to the petri dish in a drop-by-drop manner. By rising 

the alginate concentration to 5% (w/v), the solution extruded from the cartridge was viscous 

enough to be a continuous line. 

 

 

Figure 4.9 – Photograph of the printed alginate structures after the CaCl2 crosslinking bath. (A) cylinder; (B) 
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sinusoidal; (C) star; (D) capillary representations. Scale bars, 5mm. 

 

The obtained structures have an inner diameter due to the natural spreading of the 

ink as it exits the needle. The choice of dissolving the alginate in PBS contributed to reduce 

the spreading ratio of the alginate ink. The influence of phosphate ion in the alginate inks’ 

mechanical properties has been previously demonstrated.[45, 46] The constructs printed were 

structurally strong enough to be picked up from the petri dish and still maintain their shape 

with minimal deformation due to its own weight, as shown in Figure 4.3. 

 

 

Figure 4.3 – Printed designs held up by a tweezer. 

 

 

 

3.2. Preparation and physicochemical and morphological characterization of 

chitosan-alginate multilayered films 

 

3.2.1. Electrostatic-driven Layer-by-Layer assembly of multilayered films 

LbL films encompassing positively charged chitosan and oppositely charged alginate 

were adsorbed on the personalized printed constructs. CHI and ALG were chosen as the 

biopolymers to build-up the multilayered films due to their intrinsic features, including 

biocompatibility, biodegradability, bioavailability (biopolymers widely available in the sea), 

and non-immunogenic properties, being very appealing for biotechnological and biomedical 

applications. Moreover, the presence of cationic (protonated amine groups) and anionic 

(deprotonated carboxyl groups) functional groups in CHI and ALG structures at certain pH 

conditions will be key to trigger the assembly of the biopolymers into electrostatically-driven 

LbL films. 
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3.2.2. Zeta (ζ)-Potential Measurements  

The positive and negative electrical charges assigned to CHI and ALG, respectively, 

is dependent on the dissociation constant (pKa) of the biopolymers and pH of the working 

solutions. As such, the electrical charge of freshly prepared CHI and ALG aqueous solutions 

at pH 5 (working pH) was assessed by ζ-potential measurements in order to determine the 

possible interaction and successful build-up of multilayered films encompassing both 

biopolymers. The freshly prepared CHI, ALG and ALG-RDG aqueous solutions (0.5 mg/mL 

at pH 5) exhibited ζ-potentials of +17.9 ± 0.4 mV, −23.4 ± 1.6 mV and −19.7 ± 2.7 mV 

(Table 4.1), thus confirming the cationic nature of the CHI and anionic nature of the ALG 

and ALG-RGD biopolymer solutions, respectively, at pH 5. Based on the gathered values, 

we hypothesize that the positively charged CHI and the negatively charged ALG molecules 

could be used to build-up electrostatic based multilayered assemblies. 

 

 
Table 4.1– Mean ζ-potential and respective standard deviation of CHI, ALG, and ALG-RGD 0.5 mg/mL 

aqueous solutions at pH 5. 

 

3.2.3. Build-up and characterization of CHI/ALG multilayered films 

The possible step-by-step build-up of a six CHI/ALG and six CHI/ALG-RGD bilayer 

films on a gold-plated quartz crystal surface, by employing the electrostatic-driven LbL 

assembly interaction between oppositely charged materials, was assessed using the QCM-D 

apparatus. This technique is more than a mass sensing device allowing us to obtain 

information on the mass changes per adsorbed layer, though the change in the frequency 

shift (Δfn/n) of the gold-coated quartz crystal substrate, as well as on the viscoelasticity of 

Solutions Mean ζ-potential (mV) 
Standard 

deviation 

ALG -23.4 1.6 

ALG-RGD  -19.7 2.7 

CHI  +17.9 0.4 
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the adsorbed layers, making use of the energy dissipation in the mechanical oscillation of 

the gold-coated quartz crystal substrate. 

Figure 4.4 shows the normalized frequency shift (Δfn/n) and the dissipation factor 

(ΔDnn) obtained at the 3rd (n = 3; 15 MHz), 5th (n = 5; 25 MHz), 7th (n = 7; 35 MHz), 9th 

overtones (n = 9; 45 MHz) and 11th overtones (n = 11; 55 MHz) during the build-up of six 

bilayers of CHI/ALG (Figure 4.3A) and CHI/ALG-RGD (Figure 4.3B) films onto the gold-

coated quartz crystal substrate.  

 

 

Figure 4.4 – QCM-D monitoring of the normalized frequency (Δfn/n) and dissipation (ΔDn) shifts as a function 

of time for the LbL deposition of (CHI/ALG)6 (A) and (CHI/ALG-RGD)6 (B) onto gold-coated quartz crystal 

sensors and intermediate rinsing steps. Numbers refer to the adsorption of CHI (1), ALG or ALG-RGD (3), 

and rinsing steps (2 and 4). 

 

The successive decrease in the Δfn/n and ΔDn as a function of time after the injection 

of each material (CHI, ALG or ALG-RGD at 0.5 mg/mL at pH 5) onto the quartz substrate 

not only confirms the deposition of each material and, thus, increase in the adsorbed mass at 

every stage of the adsorption process, but also indicates a gradual and stable growth of the 

multilayered films at the nanoscale. Moreover, the continuous increase in the ΔDn reveals 

the viscoelastic behavior of the adsorbed layers, meaning that the multilayered film is not 

rigid and shows damping properties, which is a typical behavior of polymeric systems. [17, 

47] With the increase in the energy dissipation values after each deposition step, the overtones 

became more separated, which is a characteristic behavior of a soft and hydrated film, and 

suggests that the viscoelastic properties of the adsorbed films are not constant throughout 

the assembly process. The sequential decrease of the frequency shift together with the 

increase of the energy dissipation implies that at the working pH of 5 the negatively charged 

ALG molecule adsorbed onto the positively charged CHI layer. Such behavior confirms the 
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effective interaction between the two molecules and the successful and stable build-up of 

multilayered films.  

A more pronounced decrease in the Δfn/n, as well as increase in the ΔDn was denoted 

for the (CHI/ALG-RGD)6 film, which is assigned to the functionalization of the ALG 

biopolymer with the RDG sequence that provides additional sites for the interaction with the 

CHI biopolymer. As such a higher adsorbed mass and viscoelasticity was observed in the 

case of the (CHI/ALG-RGD)6 multilayered film. In both multilayered films, the washing 

steps led to negligible changes in the Δf7/7 and ΔD7 values, suggesting the strong association 

of both materials and the irreversible nature of the adsorption process. In overall, the QCM-

D results confirm that both the (CHI/ALG)6 and the (CHI/ALG-RGD)6 multilayered films 

were successfully conceived by exploring the attractive electrostatic interactions between 

oppositely charged building blocks. 

Then, the same LbL assembly process was performed on the bioprinted ALG 

structure using an automated dipping robot and 1 mg/mL CHI, ALG or ALG-RGD aqueous 

solutions at pH 5. In order to assess the formation of the (CHI/ALG)6 multilayered 

membrane on the ALG structure’s surface by fluorescence microscopy, the CHI biopolymer 

was labelled with rhodamine B isothiocyanate (RITC). As shown in the Figure 4.5, the (CHI-

RITC/ALG)6 film was deposited on the ALG printed structure. 

 

 

 

Figure 4.5 – Rrepresentative fluorescence microscopy image of the (RITC-labeled CHI/ALG)6 

multilayered film deposited onto the ALG printed structure. Scale bar: 200 µm. 

 

3.3. Glycidyl methacrylate xanthan gum hydrogel 

 

The XG-GMA aqueous solution obtained after dissolving XG-GMA in PBS at pH 

7.4, with 0.5% (w/v) Irgacure, at a concentration of 0.5% (w/v), was poured into the silicone 
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molds and reticulated under UV light. It was possible to assess by naked eye that the photo-

crosslinking of the solution was successful when the hydrogel was removed from the mold 

(Figure 4.6), due to the ability of the hydrogel to retain the mold’s shape.  

 

 

Figure 4.6 – XG-GMA hydrogel (without inner channel) after being removed from the silicone mold. Scale 

bar: 5 mm. 

 

For the hydrogels incorporating the ALG printed structure with or without the 

(CHI/ALG)6 multilayered film, the structure was placed in the center of the XG-GMA 

aqueous solution in the mold before being exposed to the UV light for 60 s. Then, the ALG 

printed structure, with or without the (CHI/ALG)6 multilayered membrane, was liquified 

with an EDTA aqueous solution at pH 8, thus resulting in a perfusable microchannel within 

the XG-GMA hydrogel that held the shape of the printed ALG structure. In order to verify 

the perfusion extension of the channel created within the hydrogel, a fluorescent dye aqueous 

solution was injected into the microchannel. The naked-eye visible movement of the 

fluorescent dye solution through the microchannel across the hydrogel proved the success of 

the liquefaction of the printed ALG structure (Figure 4.7). 

 

 
Figure 4.7 – Orange fluorescent solution injected into the channel obtained by the liquification of the alginate 

printed structure viewed under UV light. (A) cylinder; (B) sinusoidal; (C) star; (D) capillary representations. 

Scale bars: 5 mm. 
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3.3.1.  Rheological characterization of the XG-GMA hydrogel 

The photo-gelling response of the XG-GMA solution at 0.5% (w/v) with the photo-

initiator used in this work was characterized under UV light exposure. Figure 4.8 shows the 

characterization of the XG-GMA hydrogel’s sample shift from the solution state to the gelled 

state behavior throughout the time and the frequency spectra and the time sweep, both 

obtained at room temperature, where the UV light was turned on 20 s after the initiation of 

the analyze. The sudden and sharp rise of both moduli G’ (elastic modulus) and G” (viscous 

modulus) right after the 20 s mark illustrates the beginning of the photo-reticulation of the 

solution. The change in the elastic modulus’ slope after the sharp rise corresponds to the 

behavior of the gel.   

 

3.4.  In vitro biological performance 

 

3.4.1.  Cellular Adhesion and viability 

In order to check cell viability, it was performed a calcein/propidium iodide (PI) 

staining, where viable cells are labeled with green fluorescent dye calcein and the red 

fluorescent dye PI binds to the DNA of the dead cells.  

In general, 24 h after injecting the cells into the channels, it is visible a large 

difference between dead (red) and viable (green) cells, where the first ones are visibly more 

Figure 4.810 – (A) Time sweep at 1 Hz of XG-GMA 0.5% (w/v) in Irgacure 0.5% (w/v). (B) Frequency spectra 

of XG-GMA 0.5% (w/v) in Irgacure 0.5% (w/v). The dashed lines shown are drawn to guide the eye to the 

time point where the UV light was turned on. 
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predominate (Figure 4.9). The hydrogels which channels were lined with the membranes 

with the RGD labeled alginate showed a higher quantity of cells, both viable and non-viable 

cells, which may be due to the existence of sites for integrins to bind to, provided by the 

RGD labeled alginate. 

In order to assess the cellular adhesion on the (CHI/ALG-RGD)6 multilayered 

membrane, some channels were flushed with PBS before the calcein/propidium iodide 

staining, 24 h after seeding HUVECs stained with Dil. After the medium M199 that 

surrounds the hydrogels was removed, the DPBS was slowly and carefully injected into the 

channels to clear out the cells that had not adhered to the channel walls. The hydrogels were 

then viewed under a fluorescent microscope afterwards incubating for 20 minutes at 37.5°C 

and 5% CO2 with the dyes calcein and PI. 

It was possible to visualize a clear lower number of cells present in the channels that 

were flushed with DPBS. Still, the hydrogels with the (CHI/ALG-RGD)6 membrane and 

without membrane showed a higher number of cells when compared to the hydrogels with 

the (CHI-ALG)6 membrane. Comparing the hydrogels with the (CHI/ALG-RGD)6 with the 

ones that do not have a LbL membrane, it was not viewed a considerate difference in the 

number of cells within the channels.  
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Figure 4.9 – Live/dead assay of HUVECs seeded onto the microchannel-free and microchannel containing the 

(CHI/ALG-RGD)6 or (CHI/ALG)6 multilayered membrane embedded in the XG-GMA hydrogels. 

Micrographs obtained 24 hours after cell seeding. Dashed blue lines were placed to delimitate the channel. 

Scale bars: 500 µm. 

 

3.4.2.  DNA Quantification 

Cell adhesion differences were quantified by the evaluation of the DNA present in the 

samples (Figure 4.10). The results obtained support the information shown in the 
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fluorescence microscope that, 24 hours after being injected in the cells, the hydrogels with 

channels lined with a membrane contained a larger amount of cells. Specifically, the 

hydrogels with membranes which were fabricated using the RGD labeled ALG showed a 

larger amount of DNA over all. By quantifying the DNA present in the channels we 

demonstrated the presence of the adhered cells. 

 

Figure 4.10 – DNA assay on the hydrogels 24 hours after seeding. The HUVECs were seed within the channel 

without membrane, in channels lined with (CHI/ALG)6 membrane and in channels lined with a (CHI/ALG-

RGD)6. Significant differences between each condition were found for p 0.05(*). 

 

 

4. Conclusion 

In conclusion, we have developed combined structures inspired by the native 

capillary tissue environment. These structures attempt to recreate the physical 

microenvironment of the capillary tissues by combining hydrogels and multilayered 

membranes fabricated with the layer-by-layer technique. 

The structures were obtained by embedding membranes composed of six bilayers of 

marine-origin polymers into a xanthan gum solution that was then reticulated under UV light 

exposure. Prior to their embedding, these membranes were assembled on top of an alginate 

printed structure. In the hollow space within the membrane, left behind by the liquification 

of the alginate printed structure, were cultured HUVECs. 

After seeding the cells for 24 h, it was possible to assess a higher cell adhesion to the 

(CHI/ALG-RGD)6 multilayered membrane. The results were supported by the quantification 

of the DNA in each construct, which confirmed the adhesion of the cells. As such, we can 

conclude that the combination of the hydrogel network and multilayered membranes shows 
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promise in the engineering of capillary-like structures. 
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Chapter 5 – Final remarks and future perspectives 

 

The last decade has brought up several approaches to engineer advanced functional 

constructs to replace damaged tissues and/or organs. The prevascularization of a functional 

engineered construct prior to its implantation in the human body remains as one of the major 

challenges in the tissue engineering and regenerative medicine field. Although, the 

successful replication of the complex native vascular microenvironment has yet to be 

achieved, simple vascular networks have been already formulated, showing great potential 

to be used in the near future.  

The main goal of this dissertation was to design and develop 3D functional structures 

to be used in vascular tissue engineering. Those structures encompass natural-origin 

polymers and have been developed through combination of the LbL assembly technology 

and hydrogel network formation. To accomplish this, two marine-origin polymers have been 

used to fabricate the LbL membrane, namely, CHI and ALG or ALG-RGD, and the hydrogel 

has been produced using xanthan gum. 

In order to demonstrate the spatial versatility of the bioprinting technique, different 

shaped and sized structures were produced. The ALG ink used proved to be successful to 

replicate the designed ALG structures and to sustain its printed shape after being crosslinked. 

The multilayered membranes, assembled on top of the ALG printed structures, were 

obtained using the dip-assisted methodology. The developed LbL membranes encompassed 

6 bilayers of CHI/ALG or CHI/ALG-RGD, i.e. (CHI/ALG)6 and (CHI/ALG-RGD)6, 

respectively.  

The ALG printed shapes enveloped in the multilayered membranes were embedded in 

a xanthan gum solution, with xanthan gum previously chemically modified with glycidyl 

methacrylate. With the goal of assessing the relevance of the membranes’ presence, some 

hydrogels were constructed with ALG printed shapes that did not have a multilayered 

membrane (control). Following their reticulation by UV light exposure, the hydrogels 

containing the ALG printed structures were immersed in an EDTA solution. This solution 

liquifies the ALG printed shape, leading to a hollow channel within the hydrogel.  

In this thesis, HUVECs were injected into these hollow channels, encompassing the 

multilayered membrane, and the cell adhesion was assessed after 24 hours of culture. The 

cells showed higher adhesion to the membranes assembled with the ALG-RGD, as revealed 

by fluorescence microscopy and DNA quantification. It was also verified a significant 
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amount of non-adhered cells within the channel, likely due to the culture being performed in 

static conditions.  

The presence of the LbL membrane emulates the physical barrier of the capillaries, 

that separates the blood from the rest of the tissues. As future work, it would be interesting 

to evaluate cellular behavior at a longer period of time and in a co-culture, to assess the 

development of two different cell types separated by a multilayered membrane, as well as to 

perform the cell culture in dynamic conditions. As it is possible to entrap bioactive 

compounds in-between the LbL membrane, that would be slowly released into the 

surrounding environment in a sustained and controlled manner, it is possible to use it as a 

slow-release mechanism of molecules that influence the cellular development and 

differentiation. The bioactive compounds include signaling peptides, growth factors, and 

drugs whose release and availability in the hydrogel could be triggered by various release 

systems.  

As aforementioned, the multilayered membranes were assembled using marine-origin 

polymers, however the LbL assembly technique is not limited to these materials which also 

contributes to the control of the microenvironment within and outside of the channel. The 

LbL assembly technology enables the membrane to have the first and last layers made of 

different materials which means it is possible to functionalize each side of the membrane for 

a different end goal (e.g., functionalize each side with different materials to promote the 

binding of different cells or materials). The device developed during this work holds great 

potential to be scaled-up through several practical ways which is not possible for several 

devices already in use in tissue engineering applications.  

The developed structure could also be applied as a reservoir for cells as the channels 

is encased by hydrogel, a highly porous network. It allows for solutions exterior to the 

hydrogel to diffuse to it, reaching the cells within the channel.  In addition, the device here 

studied might have some application as a microfluidics device, however it would be needed 

to study the hydrogel resistance to the constant flow of solutions.  

As the bioprinting technique is a relatively new concept, it is still very dependent on 

the technology available today. As the new discoveries are made new possibilities come to 

light like more accurate bioprinters or the ability to bioprint more complex and personalized 

designs as computed tomography scans.  

In conclusion, the fields of tissue engineering and regenerative medicine are in 

continuous development with new ideas being studied every day by the scientific 

community. The concept of combining already studied prevascularization techniques has 
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grown, however the combination here explored has not been reported in literature and has 

demonstrated its potential to be employed in several ways in the near future. 

 

 

 


