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Abstract
Tissue engineering is an emerging technology whose efforts are aimed towards repairing and
regenerating injured tissues by developing bioactive scaffolds. Recently, scaffolds made of hydrogels
have become interesting candidates for tissue engineering due to their tunable structures that allow
to obtain constructs with a wide range of properties. However, incorporating cells into them and
allowing cell proliferation and differentiation has been a challenge for tissue engineers in the past
years. In this context, the aim of this project was to develop biocompatible bioinks capable of forming
self-supportive 3D scaffold able to host cells. To achieve this challenge, different sets of bioinks were
tested. Firstly, different general formulations based on alginate pluronic and gelatin were tested. In a
second group of formulations, pluronic was removed to assess cell viability. The last group of
formulations was based on a mixture of alginate, collagen and hydroxyapatite nanoparticles, focusing
on a putative application in bone tissue. All formulations were characterized in terms of morphology,
degradation and cell viability. In conclusion, gelatin-containing bioinks tended to be weaker than
collagen-hydroxyapatite ones. However, there was no significant difference in cell viability studies
between all of them.
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1. Introduction
1.1. Motivation
Tissue engineering is one of the most promising fields in science at the moment. To become successful,
it needs to take profit of different knowledge obtained by its multidisciplinary philosophy. Following
this idea, there are a lot of points of view from different people with different background. And this is
what makes field of research prosperous. The more different points of view that there are, the more
possible ways to solve a problem.
Nowadays, there are a lot of areas where tissue engineering is involved in. Specially, this last years,
tissue engineering is trying to incorporate another novel technology to its own interest: 3D printing.
One of the major challenges is to obtain a biocompatible structure, generally in form of scaffold, in
order to replace and improve limiting techniques such as auto or allograft. 3D printing allows to obtain
a personalized artificial graft in less time than traditionally and also with a low cost associated.
Furthermore, materials which present antigenicity could be used in order to avoid further problems.
However, finding the suitable combination of compounds which will be able to achieve all the
requirements to be a nice candidate as a scaffold is one of the main challenges of tissue engineering.

1.2. Objectives
The main goal of this project is to obtain a hydrogel-based scaffold for bone tissue engineering using
3D printing technology. To achieve it, the milestones listed below should be fulfilled:




Development of three novel hydrogel bioinks composed of:
o

A combination of two different viscosities alginates, gelatin and Pluronic F-127

o

Alginate and gelatin

o

Alginate, collagen and hydroxyapatite nanoparticles

Evaluation of each bioink through different techniques to determine its printability, stability
over time in physiological environment, capacity to be used as a scaffold capable to host cells
to favor tissue regeneration
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2. State of the art
2.1. Tissue engineering
Tissue Engineering (TE) is an interdisciplinary field involving life science, medicine, material science,
and engineering. The aim of TE is to combine all of these fields in order to create and replace portions
of, or complete, organs and tissues such as bone, cartilage, liver, pancreas, heart, and kidney (1).
The basis of TE are supported by three fundamental pillars (2):




Scaffolds
Cells
Signals

Basically, the general idea is to transplant a biofactor, which could be cells, genes and/or proteins,
within a porous degradable scaffold. The biofactor is focused on stimulate tissue repair and the scaffold
play an important role by preserving tissue volume, providing temporary mechanical function, and
delivering biofactors as well as substrates (3). In addition, bioactive molecules induce cell proliferation,
differentiation and metabolic activity (4).
Scaffolds
Generally, the ideal scaffold is composed of a biocompatible and biodegradable material with similar
mechanical properties to the tissue which it is to be implanted in and it provides the necessary support
for cells to proliferate and differentiate before transplantation back to the host. Moreover, engineered
scaffolds should promote vascularization and tissue formation, which is essential for tissue engineering
and regenerative medicine (5).
One of the major challenges in designing the scaffolds is to modify their building blocks to mimic the
extracellular matrix (ECM) of the native tissues. ECM is an acellular 3D network composed by amino
acid and sugar-based macromolecules, which bring cells together, and control tissue structure.
Moreover, ease the diffusion of nutrients, metabolites and growth factors as well as regulate
morphogenesis (6). In the following table, properties of a desirable scaffold are summarized (2)(7):
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Table 2.1. Desirable characteristics in a scaffold

Scaffold
characteristics
Biocompatibility

Desirable features





Biodegradability

Bioactivity








Scaffold
architecture








Mechanical
properties


Non-toxic breakdown products
Non-inflammatory scaffolds components, avoiding immune rejection
To allow cell adherence onto surfaces
Controlled scaffold degradation which can complement tissue
ingrowth whilst maintaining sufficient support
Degradable by host enzymatic or biological processes
Allows invading host cells to produce their own extracellular matrix
Scaffold materials that can interact with and bind to host tissue
Osteoconductive and osteoinductive properties
Inclusion of biological cues and growth factors to stimulate cell
ingrowth, attachment and differentiation
Interconnected pores allowing diffusion of nutrients and cell
migration
Microporosity to present a large surface area for cell-scaffold
interactions
Macroporosity to allow cell migration and invasion of vasculature
Pore size tailored to target tissue and cells
Sufficient porosity to facilitate cell ingrowth without weakening
mechanical properties
Inbuilt vascular channels to enhance angiogenesis in vivo
Compressive, elastic and fatigue strength comparable to host tissue
allowing cell mechanoregulation to occur and structural integrity to
remain in vivo
Scaffold material that can be readily manipulated in the clinical
environment to treat individual patient bone defects

In addition, and taking all of the properties mention in Table 1 into account, there has to be a
commitment between its degradation rate and the tissue formation. The scaffold should disappear
when the tissue is completely repaired or formed (3).
Cells
Cells are the essential elements during tissue repair and regeneration. Some of their functions,
depending on the specific system, include synthesis of proteins and secretion of extracellular matrix.
Cells used in tissue engineering need to accomplish the following requirements (8):



Expandability, to be available in sufficient amounts. Cells need to be surrounded by other
cells and create signals between them in order to be viable and proliferate properly
The ability to survive and maintain function for a period of time. This is one of the most
important characteristic taken into account in tissue engineering. Tissue engineering is based
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on grafts; cells may present an elevated ratio of survival along the process to avoid future
defects
Compatibility, to avoid causing immune reactions. As mentioned before, tissue engineering is
developed through grafting, if a group of cells is not properly recognized by the new host, it
could end with a severe immune response or even causing an infection.

Signals
Signals are the way that the cell receive information through some kind of stimulation in order to
differentiate and become one kind of tissue or another, they can be presented in form of growth
factors, adhesion peptides and cytokines (9).

2.2. 3D bioprinting
Nowadays, different techniques are employed to fabricate scaffolds for tissue engineering
applications. Among them, 3D printing is being widely employed because it offers some advantages
over classical processes like obtaining 3D complex structures made from personalized materials or
develop a scaffold with a specific structure to be adapted to a kind of injury. Furthermore, it is easier
and cheaper to develop customized products. In terms of waste, it offers the possibility of working
without generating large amounts of scraps because the printing material can be reused. Finally,
products can be designed in-house and with a high level of reproducibility as well as easy to share (10).
As it is shown in Figure 2.1, 3D printing allows the fabrication of artificial scaffolds from medical imaging
using techniques like computer tomography and magnetic resonance imaging. Then, this information
is translated to a 3D CAD model and transformed into a scaffold or 3D bioprinted tissue through a
bioink composed of different compounds, bioactive molecules and different kinds of cells. Once the
scaffold is created, a postprocessing should be done (11). In this postprocessing steps, for example, a
sacrificial material used to have a mechanical support during the 3D construct fabrication is completely
removed in order to avoid interferences or toxicity in the future (12).
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Figure 2.1. Simplified steps of 3D bioprinting process (13)

Usually, the 3D bioprinters are based on the same three printing methods that 3D printer can offer:
inkjet deposition, laser-assisted desorption, or microextrusion (Figure 2.2)

Figure 2.2. Components of inkjet bioprinter, microextrusion bioprinter and laser-assisted bioprinter (14)

Some of the techniques named before present some complication when 3D bioprinting should be
accomplished. Inkjet bioprinter present a high shear stress and it can only be avoided by using less cell
density in comparison with physiological cell density. And it is also impossible to create unsupported
structures such as bridges using this technique (11).
Laser-assisted bioprinter presents an elevated time of preparation and a non-homogeneous cellprintability. Furthermore, it generates metallic residues that can be harmful for cells and it has high
cost to be used (14).
On the other hand, microextrusion bioprinting is nowadays one of the most common and affordable
technique. It consists on the extrusion of cell-laden filaments containing a high density of cells, known
as bioinks, through a nozzle at a controlled temperature (14).
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Despite the advantages 3D bioprinting offers, it has some important limitations like very narrow
rheological properties (e.g. high viscosity), high shear forces during extrusion that could damage cells
while printed and it is difficult to enhance print speed and resolution. (15)

2.2.1.

Bioink ant their composition

A bioink is composed of a fluidic biomaterial which integrates cells. One of the big challenges of tissue
engineering is the proper selection of bioink composition as it will clearly have impact on successfully
printing viable cells. Bioink composition determines the mechanical and structural properties of the
scaffold and the ability to ultimately favor cell adhesion and promote cell proliferation.
HYDROGELS
Bioinks can be made of synthetic, natural or thermoplastic polymers, as well as ceramics and metallic
materials. Among the different materials employed, hydrogels are currently one of the most widely
employed for 3D bioprinting thanks to their inherent properties. Hydrogels are cross-linked polymeric
networks which have the capacity to hold water within its porous structure. Usually, hydrogel present
hydrophilic groups such as amino, carboxyl or hydroxyl groups, that confer them water holding capacity
(5). They also show an interwoven structure that mimic that of the natural extracellular matrix,
rendering them favorable for live cell incorporation. Apart from its water holding capacity, hydrogels
present other interesting properties, such as a non-adhesive nature, malleability and a resemblance to
living tissue in terms of biocompatibility. Moreover, they present both properties of swelling and deswelling reversibly in aqueous solutions, which are important for some applications such as
regenerative medicine or drug delivery (16).
Furthermore, hydrogels can be easily functionalized or modified to replicate the physicochemical
properties of most biological tissues (17). These unique features make hydrogels excellent
environments for cell attachment and proliferation within their hydrated hydrogel networks, which
offer abundant space for cell growth while facilitating the transport of essential metabolites and
nutrients to the encapsulated cells (18)(19)(20).
Hydrogels can also be used to deliver drugs (21)(22). DNA or RNA fragments and angiogenic or growth
factors. They are especially advantageous when a sustained release of medication is needed (23)(24).
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Alginates
Alginate is a common natural biopolymer used in many bio applications due to its biocompatibility,
wide pore size distribution, low cost and ease of use in printing. Moreover, its physical properties can
be potentially tailored to improve its performance.
Alginate is composed by blocks of (14)- linked β-D-mannuronate (M) and α-L-guluronate (G)
residues. Thanks to this composition, alginate can be constructed with repeating M residues (M-block),
consecutive G residues (G-block), and alternating M and G residues (GM-block). These configurations
can be seen in Figure 2.3.

Figure 2.3. Different chemical structures of alginate and its cross-linked structure (25)

The structure of the alginate determines its ability to cross-link with different divalent cations, such as
Ca2+, Ba2+ and Mg2+ and to form hydrogels (Figure 2.3). It is believed that the G-block structure allows a
high degree of coordination of divalent cations and, therefore, it is the major structure found to form
hydrogels. Depending on block combinations, different properties of alginate hydrogels can be
controlled by modifying the G to M ratio of the alginate polymer.
Alginate hydrogels can also be formed through covalent cross-linking with poly (ethylene glycol)diamine. In this case, a reaction is conducted and the covalent cross-linking reagents may be cytotoxic,
which makes it an unsuitable option for cell applications.
Alginate hydrogels have some limitations, such as its mechanical weakness. The shape of the printed
structure can vary from the pre-designed one. A common solution to this problem is to increase the
concentration of alginate, which results in a better printing quality. Another deficiency from alginate
hydrogels is the short time stability of the printed scaffolds due to the physical cross-linking agents
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used (e.g. CaCl2). Once the scaffold is printed, there is an exchange reaction with monovalent cations
(e.g. Na+) supplied by the cell culture media and the hydrogel becomes gradually dissolved.
Additionally, alginates need some modifications to increase cellular adhesion and proliferation
capacity, as it inherently lacks mammalian cell-adhesivity. Poor cellular adhesion is caused by
hydrogel’s high hydrophicity, which difficults protein absorption(26).
One suitable way to overcome these limitations is by preparing hydrogel composites through
incorporating other hydrogels, biomolecules, or nanomaterials. Biomolecules like gelatin or collagen
are potential candidates. These compounds are cytocompatible and confer biomimetic properties to
the scaffold by creating a native viscoelastic environment for resident cells (17). On the other hand,
there are also mineral materials such as hydroxyapatite (HA), with a crystal structure similar to the
inorganic component of natural bones, which could be added. As stated below, HA is applied in bone
tissue engineering, as it can improve the rate of bone regeneration due to its osteoinductive effect.
Gelatin
Gelatin is a biodegradable polypeptide obtained from the hydrolysis of collagen, which is one of the
main components of the ECM. Its structure is shown in Figure 2.4. The treatment to obtain gelatin can
be either acidic or basic, and type A or type B gelatin are obtained respectively. Each of them has
different properties, such as a different gel strength (Bloom) or charge. Type A has a higher bloom than
type B and exhibits a positive charge at neutral pH, whereas type B has a negative charge at neutral pH
(6).

Figure 2.4. Gelatin chemical structure (27)

One of the major advantages of gelatin is that it promotes cell adhesion and proliferation, as it retains
the tripeptide Arg-Gly-Asp (RGD sequence) from collagen. Moreover, gelation is a thermally reversible
reaction. Gelatin can form a gel at temperatures <29ºC, but it dissolves when physiological
temperature(37ºC) is reached. On the contrary, one of the disadvantages of gelatin is that normally it
must be pre-treated, commonly by methacrylation, to avoid liquefaction of gelatin hydrogels at 37ºC
(26).
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Collagen
As mentioned before, collagen is a good candidate to conform bioinks. It is a natural polymer found in
different tissues such as skin, bone, tendons and ligaments.
There are at least 16 types of collagen in the human body. The most noted ones are type I, II and III,
which represent approximately 80-90% of all the collagens in the body. The main structure of collagen
I is formed of three spiral polypeptide chains. Typically, type I collagen is composed of two α-chains
and a β-chain (28).
Collagen has intresting properties for biomedical applications, such as high swelling ability, low
antigenicity, cytocompatibility and tissue regeneration potential. However, in some cases such as the
use as a bone substitute, collagen must be pretreated due to its poor mechanical strength. Therefore,
collagens are often mixed with bioactive ceramics (29).
Hydroxyapatite
Hydroxyapatite belong to a group known as calcium phosphates, which is the common name of a group
of minerals that contain calcium cations (Ca2+) bound to orthophosphate (PO3−
4 ) , metaphosphate
3−
(PO3−
4 ) or pyrophosphate (PO4 ) anions. Inside this group, there are some calcium phosphates with

a Ca/P atomic ratio between 1,5 and 1,67, which are called apatites (e.g. hydroxyapatite) (30) .
Hydroxyapatite-based materials have been considered potential candidates in the repair, regeneration
and substitution of bone tissue regarding their similarity in composition to the mineral phase of bone.
Another one of their most prominent use is in gene delivery in the form of nanoparticles. In this case,
hydroxyapatite could be an alternative to viral vectors thanks to its inherent biocompatibility,
biodegradability, inorganic nature and ease of fabrication (31).
Pluronic
In 3D bioprinting, one of the main causes of a decrease in cell viability is the presence of stressors
during the printing process. To protect cells is common to use compounds such as pluronic.
Pluronic or polaxamer consists of a group of surfactants containing triblocks made of poly ethylene
oxide (PEO)/poly propylene oxide (PPO)/poly ethylene oxide(PEO) (Figure 2.5). Due to this
characteristic structure, pluronics have an amphiphilic behavior, where PEO groups acts as a
hydrophilic group and PPO as a hydrophobic one. This copolymer presents a possible print gelation
avoiding cross-linking, as they undergo a sol-gel transition upon heating near physiological
temperatures because its thermoresponsivity. In addition, Pluronic F127, is known to increase
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mechanical properties from the bioink, such as shear thinning, compressive modulus and shear
modulus (1).

Figure 2.5. General pluronic structure

However, Pluronic F127 has a fast degradation rate in vivo and it should be cross-linked with some αhydroxy or amino acid to overcome this deficiency. To achieve this, normally UV irradiation is used,
which does not allow the insertion of cells before the reaction (32).
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3. Materials and methods
3.1. Bioinks preparation
3.1.1.

Gelatin-containing bioinks

A first set of bioinks were prepared to be 3D printed. These bioinks were based on mixtures of two
sodium alginate powders of varying molecular weight (MW) (Low viscosity: 216121 g/mol, SigmaAldrich and medium viscosity: 600000 g/mol, Panreac), Pluronic F-127 (Poloxamer 407, Sigma-Aldrich)
and gelatin (240-270 g Bloom, Sigma-Aldrich) using phosphate buffer solution (PBS, Gibco) as medium.
Table 3.1 summarizes the composition of the four bioinks (P_A6G0 –P_A2G8). The ratio between
medium and low MW alginates was kept constant in all the formulas. However, their content was
decreased as the gelatin content was increased from 0 wt.% to 8 wt.% in order to keep constant the
total solid content into the bioink. Pluronic concentration was also kept constant in all the bioinks. A
total of 6g of each bioink were prepared.

Table 3.1. Specific composition of formulations containing pluronic-alginate-gelatin

P_A6G0
%(w/w)

P_A4G4
%(w/w)

P_A3G6
%(w/w)

P_A2G8
%(w/w)

Medium viscosity
alginate

6

4

3

2

Low viscosity alginate

6

4

3

2

Pluronic F-127

13

13

13

13

Gelatin

0

4

6

8

PBS

75

75

75

75

The mixtures that contained gelatin were prepared as following. First of all, gelatin was dissolved with
the half amount of PBS required at 60ºC during 30’ without stirring. Meanwhile, the other compounds,
including the remaining PBS, were mixed in a SpeedMixer (SpeedMixerTM DAC 150.1 FVZ, Flacktek) at
3500 rpm during 5 minutes. Then, the gelatin was added to the mixture and the bioink was left in an
incubator at 37ºC for 1h. After that, it was mixed in the SpeedMixer at 1000rpm during 1 minute.
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Depending on the formulation, bubbles could appear. In order to eliminate them, the mixture was left
overnight in the incubator at 37ºC.
A second set of bioinks were prepared to be manually extruded. These bioinks only contained medium
molecular weight alginate, gelatin and PBS as medium. These bioinks, whose composition is shown in
Table 3.2, were prepared following the same methodology as before.

Table 3.2. Specific composition of formulations containing alginate-gelatin

A3G2

A3G4

A3G8

%(w/w) %(w/w) %(w/w)

3.1.2.

Medium viscosity alginate

3

3

3

Gelatin

2

4

8

PBS

95

93

89

Collagen/HA NPs-containing bioinks

Finally, a third set of bioinks were prepared to be manually extruded. These bioinks contained medium
MW alginate, collagen (provided by Dr. Román Pérez, Universitat Internacional de Catalunya),
hydroxyapatite nanoparticles (see below) and PBS containing sodium citrate as medium. The
composition of the different components is shown in Table 3.3.
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Table 3.3. Specific composition of formulations containing alginate-collagen-hydroxyapatite nanoparticles

Col
%(w/w)

Col 5%HA
NPs

Col 7,5%HA
NPs

Col 10%HA
NPs

%(w/w)

%(w/w)

%(w/w)

Medium viscosity alginate

2

2

2

2

Collagen

0,18

0,18

0,18

0,18

Sodium citrate tribasic 0,2
%(w/w)

90,62

85,62

83,12

80,62

PBS 10x

6

6

6

6

5M NaOH

1,2

1,2

1,2

1,2

HA NPs

0

5

7,5

10

In order to avoid collagen denaturalization, it is necessary to work at 4ºC. First, a stock concentration
of 3 mg/mL of collagen solution was prepared from a 7,8 mg/mL solution by adding 50mM acetic acid
(≥99,5%, Panreac) and pH was adjusted to 7.0 with 5M NaOH (Panreac). The collagen solution was
stored at 4ºC. A stock of 25 wt.% HA NPs was prepared in a sodium citrate tribasic 0,2 wt.% solution of
PBS by dispersing nanoparticles with a high frequency ultrasound probe sonicator (Model 250W,
Branson Digital) in an ice batch. The following parameters were applied: 40% of amplitude and 2
minutes of sonication with cycles of 15 seconds ON + 10 seconds OFF to prevent overheating.
Once the stock solution of NPs was prepared, alginate was mixed with the corresponding amount of
NPs and rinsed with 0,2 wt.% sodium citrate solution. Then samples were mixed in a SpeedMixer at
3500 rpm for 5 minutes and were left in the fridge for 2 hours. The resulting solution was mixed with
a spatula, introduced in a syringe and then stored at 4ºC before use.
Hydroxyapatite nanoparticles (HA NPs) were prepared following the protocol previously stablished by
the BBT group (31). Briefly, the reaction, as shown in Eq. 3.1, is based on the neutralization of calcium
hydroxide (Fluka) with phosphoric acid (≥95%, Panreac) at 40ºC. In order to maintain the temperature
constant, the reaction was prepared on a thermojacketed vessel connected to a thermal bath (CC2,
Huber) (Figure 3.1)
10𝐶𝑎(𝑂𝐻)2 + 6 𝐻3 𝑃𝑂4  𝐶𝑎10 (𝑃𝑂)4 (𝑂𝐻)2 + 18 𝐻2 𝑂

(Eq. 3.1.)
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Figure 3.1. Experimental set up of HA NPs synthesis

100mL of 0,334 M Ca(OH)2 solution was introduced into the thermojacketed vessel. A solution of 0,2
M H3PO4 was added dropwise (IPC High Precision Multichannel Dispenser – ISMATEC) at a rate of
1mL/min under constant stirring. The pH was continuously monitored (PC80, XS instruments) and the
reaction was stopped when it reached 8 by pausing the addition of H3PO4 into the system. Then, the
solution was left stirring for 30 minutes and transferred to a glass bottle. The solution was left overnight
at room temperature. The suspension was washed with deionized water 5 times following cycles of 5
minutes centrifugation at 800 g (5430R, eppendorf), discarding the supernatant and re-suspending the
pellet with deionized water. Finally, the product was separated in 50mL falcons, frozen at -80ºC and
lyophilized (Telstar Cryodos) for two days.

3.2. 3D scaffolds preparation
To obtain the different scaffolds along the project, 3D printing and manual extrusion techniques were
used. Both procedures are similar but in the case of 3D printing, a more accurate control of the
rheology (e.g. viscosity) is required. Motivated by this restriction, an alternative but similar technique
had to be used for the different studies presented below.

3.2.1.

3D printing

The 3D printer (RepRapBCN BCN3D+ Paste Caster, Fundació CIM) used in this work is shown in Figure
3.2. It was located into a flow laminar cabinet specifically to work in sterile conditions, which is
necessary when cells are present in the bioink.
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Figure 3.2. 3D printer

Prior to print a shape, it must be designed and translated to a language (G-code) that could be
understood by the 3D printer. In this case, a cylinder with a 10mm diameter and 2mm height was
performed using the software Meshmixer and saved as STL format. This STL file was translated to Slic3r
to generate G-code instructions.
In this case, Slic3r is a software that allows to fix printing parameters and it also creates a preview of
the designed shape where changes applied could be observed.
Pluronic-alginate-gelatin bioinks were 3D printed using the parameters stablished in Table 3.4 as a
starting points. Moreover, the extrusor speed and the flux ejected could be manually modified. This is
interesting from the point of view that each ink could have a different behavior when printed, so both
parameters were slightly adjusted for each bioink.
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Table 3.4. Initial printing parameters defined to Slic3r software

Parameter

Value

Unit

Layer height

0,41

mm

First layer height

100

%

Perimeters

1

Fill density

30

Fill pattern

Rectilinear

Perimeters speed

10

mm/s

Infill speed

10

mm/s

Travel speed

10

mm/s

First layer speed

100

%

Default extrusion width

0,41

mm

First layer; Perimeters; Infill extrusion width

0,41

mm

Diameter

9,55

mm

Extrusion multiplier

1

Nozzle diameter

0,41

Print Settings

Filament Settings

Printer settings

%

mm

Once the scaffold was printed, 150mM CaCl2 was added dropwise and after 1 minute it was moved to
a 48-well plate. In each well there was a 150mM CaCl2 solution where the scaffold was immersed for 5
minutes to complete the alginate cross-linking, washed three times with PBS and then incubated with
supplemented DMEM in an incubator at 37ºC and 5% CO2.

3.2.2.

Manual injectability

All formulations mentioned before in section 3.1 were manually injected. In this case, the syringe (3mL
syringe, Nordson EFD Optimum) was loaded with the pertinent bioink with the help of a spatula and
trying not to generate bubbles into the syringe, which could generate some imperfections in the bioink
extrusion. Then the cannula (22G, Precision Tips, Nordson EFD) was screwed in the bottom of the
syringe and a plunger (plunger Optimum, Nordson EFD) was placed on the top. Once the assembly was

18

3D printed hydrogel-based scaffolds for tissue regeneration

performed (Figure 3.3a), the bioink was extruded by pushing carefully the plunger with a piston in a
150mM CaCl2 bath. In Figure 3.3b, the system to develop manual injectability is shown. In case that
cells were contained in the bioinks, this technique took place under sterile conditions as it is detailed
below in 3.3.1.

Figure 3.3. Manual extrusion system. (a): Assembly of manual extrusion system; (b): Scheme of manual
extrusion simple using a bath coagulation(33)

3.3. Cell-containing hydrogels preparation
This project is focused on producing scaffolds which contain cells to ease tissue regeneration. However,
working with cells involves many issues that must be taken into account. The methodology for working
using good practices with cells are explained below.

3.3.1.

Bioink sterilization

One of the aims of this work was to determine cell viability in the bioinks. In order to avoid external
contamination, bioinks must be prepared in sterile conditions.
Syringes were autoclaved at 121ºC during 20 minutes. Bioink containers, cannulas, plunger as well as
spatulas were washed with 70% ethanol, dried and irradiated with UV light during 30’ into a laminar
flow cabinet (safety cabinet, Haier biomedical).
Liquid reagents were sterilized by filtering them in sterile conditions with 0,22µm filters into a sterile
50mL falcon. They included 150mM calcium chloride, distillate water, PBS, 50mM acetic acid and 5M
NaOH.
Low-temperature plasma sterilization (Femto, Diener electronic) (Figure 3.4) was used to sterilize solid
reagents. This technique is based on incomplete discharges generated by fast alternating
electromagnetic field in a gaseous medium, in this case, oxygen. The process occurs in a vacuum
chamber were two electrodes generate an electromagnetic field. Sterilization occurs primarily because
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genetic material is destroyed by UV radiation. Additionally, there is also intrinsic photodesorption
which results in an erosion of microorganisms and finally a degradation of microorganisms through
etching(34). In this case, this technique was used with low viscosity alginate, medium viscosity alginate,
pluronic and gelatin.

Figure 3.4. Low-temperature plasma equipment

The settings used are showed in Table 3.5:

Table 3.5. Low-temperature plasma parameters
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Parameter

Value

Pumping down pressure

40mbar

Gas supply

2 minutes

Duration of plasma

10 minutes

Power of plasma

33% of total power

Flushing

30 seconds

Venting

1 minute
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3.3.2.

Cell culture

Rat mesenchymal stem cells (rMSCs) (provided by Dr. Román Pérez, Universitat Internacional de
Catalunya) and human osteosarcoma MG-63 cells (Sigma-Aldrich) were cultured in a 75cm2 culture
flask (Thermofischer scientific) with 12mL of Dulbecco’s Modified Eagle’s Medium (DMEM)(Gibco)
supplemented with 10% FBS (Gibco), 2% HEPES (Gibco), 1% penicillin/streptomycin (Gibco), 1%
glutamine (Gibco), 1% sodium pyruvate (Gibco) and 0,5% CaCl2. Cultures were kept in an incubator at
37ºC and 5% CO2 and media was replaced every 2 days.
Both cell lines were harvested by removing the media, washing one time with PBS and incubating with
2mL of trypsin (TrypLETM, Gibco) for 2 minutes. After that, cells were resuspended in 4mL of culture
media, transferred to a 15mL falcon and centrifuged at 300g. The media was carefully removed and
cells were resuspended in 2mL of fresh media. Then, cells were counted using a Neubauer chamber
(0,0025mm2, Marienfeld).

3.3.3.

Cell encapsulation of gelatin-containing bioinks

In order to ensure that gelatin was presented in a liquid form and no gelation was produced before
cells were encapsulated and extruded within the bioinks, it was necessary to keep all the material at
37ºC along the process.
rMSCs were manually resuspended with a spatula in pluronic-alginate-gelatin bioinks at a density of
5x105 cells/mL and MG-63 cells were also resuspended manually with a spatula in alginate-gelatin
bioinks at a density of 1x106 cells/mL and introduced in a 3mL syringe. 25x103 cells/mL were seeded in
coverslips (24x24mm, Menzel-Gläser) to use them as controls.
Then, a 48-well plate containing CaCl2 150mM at 4ºC was used as a recipient to manually extrude the
bioink, avoiding gelatin release to the media. Notably, temperature of the bioink was kept at 37ºC to
allow alginate cross-linking and gelatin binding to alginate. After 5 minutes of cross-linking, CaCl2
solution was drained and samples were washed three times with PBS. Finally, PBS was removed and
750µL of supplemented DMEM was added to each well. Plates were then placed in an incubator at
37ºC and 5% CO2.
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3.3.4.

Cell encapsulation of collagen/HA NPs-containing bioinks

Collagen is soluble at low temperatures and presents a decrease in its solubility when temperature
increases. Motivated for this, collagen formulations must remain always at 4ºC trying to avoid fibrils
formation. As explained in 3.1.2 all compounds were stored at 4ºC and used at this temperature.
MG-63 cells were resuspended manually with a spatula in Col, Col 5% HA NPs, Col 7,5% HA NPs and Col
10% HA NPs bioinks at a density of 1x106 cells/mL in the bioink and 25x103 cells/mL in the coverslips
used as a control.
Once the bioink was loaded into the syringe, it was extruded into a CaCl2 bath at 4ºC. Moreover, the
syringe was kept in a cold jacket to avoid collagen coagulation. After that, fibers were incubated at
37ºC during 5 minutes, and washed three times with PBS. Finally, PBS was removed and 750µL of
supplemented DMEM was added to each well. The plate was placed in an incubator at 37ºC.

3.4. Bioinks characterization
3.4.1.

Physicochemical characterization

3.4.1.1. RAMAN spectroscopy
Raman spectroscopy (inVia Qontor, Renishaw) was used to evaluate the presence of the different
compounds into the printed/extruded filaments. Briefly, the technique consists in a monochromatic
laser beam that strikes the sample. Once the laser strikes the sample, it generates a scattered light due
to the interaction with the molecules of the sample. A part of this scattered light has a different
frequency from the laser beam and taking profit of this different frequency, the Raman spectrum is
constructed (35).
Bioinks were prepared and incubated with DMEM without phenol red (Gibco) and analyzed at day 0
and day 14 after incubation.
3.4.1.2. SEM analysis
The morphology of the different hydrogels was analyzed by scanning electron microscopy (SEM)
(Phenom XL Desktop SEM, Thermofisher scientific). The principle of this technique is that a beam of
electrons is accelerated by a high voltage and hits the sample. Then, electrons are emitted from sample
by the action of the scanning beam and are collected by a detector. This technique is useful for
understand the surface of a sample or even its composition (36).
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The different filaments/constructs were washed three times with distillated water and freezed at 80ºC. Frozen samples were lyophilized for two days. Lyophilized samples were deposited and fixed
with a double-sided adhesive (Pelco TabsTM, 12mm OD, Ted Pella Inc.) on an aluminum specimen
mounts (12,7mm, 6mm pin, Ted Pella, Inc.). Then a conductive silver paint (Pelco® Conductive Silver
Paint, Ted Pella Inc.) was used to confer conductivity to the sample. Finally, the sample were coated
with a graphite (Graphite Rods, Grade 1, Ted Pella Inc.) by sputtering deposition (K950X, Emitech).
Morphology of the different filaments were analyzed at day 0 and day 14.

3.4.2.

Biological characterization

3.4.2.1. DAPI/Phalloidin assay
To observe the cellular morphology of gelatin-containing bioink constructs, the cytoskeleton and the
nucleus were stained by Alexa FluorTM 568 phalloidin (Thermofischer scientific) and DAPI
(Thermofischer scientific) respectively. Phalloidin binds to actin filaments, which are present in the
cellular cytoskeleton. On the other hand, DAPI binds with a high specificity to DNA causing a nucleus
fluorescent emission.
Cells attached to coverslips, which were used as a staining positive control, and bioink constructs were
placed in a 48-well plate. In order to allow the stains going into intracellular structures, the cells must
be fixated and permeabilized. In this case, samples were washed three times with PBS and then
incubated 30 minutes with 300µL/well of 4% paraformaldehyde in PBS solution. After that, samples
were washed carefully three times with PBS and permeabilized with 200µL of permeabilization solution
(0,1% Triton X-100 in PBS) during 15 minutes at room temperature. Permeabilization solution was
removed and 200µL of phalloidin solution was added to each well and incubated 1 hour at room
temperature and protected from light. Then 200µL of DAPI solution was added to each sample and
incubated 1 minute. Then samples were washed twice with PBS 0,15 wt.% glycine(Sigma-Aldrich) and
observed using a laser scanning confocal microscope (ZEISS LSM 800).
3.4.2.2. Cell Live/Dead assay
A live/dead cell viability assay was used to determine cell viability in all the bioinks studied over a period
of 14 days. The live/dead staining solution was prepared in a solution of PBS containing acetoxymethyl
calcein (Thermofisher scientific) 3µM and 1,5 µM propidium iodide (PI)(Sigma-Aldrich). Calcein-AM is
not a fluorescent molecule, but it emits a green fluorescence when calcein is generated by esterase in
viable cells. On the other hand, PI stains the nuclei, but it cannot pass though the membrane of viable
cells. Taking this into account, calcein-AM only stains viable cells and PI dead cells. Once the staining
solution is prepared, it should remain protected from light.
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As well as in the DAPI/Phalloidin assay, cells attached to coverslips were used as a positive and negative
controls, which means live and dead cells respectively.
Both coverslips and bioink constructs were washed three times with PBS in a 48-well plate. Negative
controls were treated with 200µL of permeabilization solution during 5 minutes. Then 300µL of staining
solution was added per well. The well plate was protected from light at room temperature for 15
minutes. Then, samples were rinsed with PBS and observed using a laser scanning confocal microscope.
Images were taken and analyzed using ImageJ at day 3, 7 and 14.
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4. Results and discussion
Micro-extrusion is regarded as a very promising tool in the design of customized 3D printed scaffolds
for bone regeneration. The most important feature for micro-extrusion 3D printing is the design of the
ink which should be printable (extrudable), self-supportive and biocompatible. To this aim the project
explores different formulations of bioinks able to encapsulate cells and be printable/extruded without
damaging them during this process.
The three groups of formulations that will be investigated comprise:


Inks made of pluronic/alginate/gelatin.



Inks made of alginate/gelatin



Inks made of alginate/collagen/hydroxyapatite nanoparticles.

4.1. Alginate-Gelatin-Pluronic bioinks
First, alginate-gelatin-pluronic bioinks of variable composition will be prepared to fabricate scaffolds
by 3D printing. On one hand, alginate is used as the structural material due to its capability of crosslinking in the presence of divalent cations. Here, two different alginates with different molecular weight
were used. It has been previously reported in BBT group (37) that the mixture of alginates of different
MW modify the viscosity of the ink favoring cell survival during 3D printing. On the other hand, pluronic,
a synthetic thermoresponsive poloxamer, is used to confer the ink with the appropriate rheology to
make the ink 3D printable. Finally, gelatin is incorporated into the ink composition in order to favor cell
proliferation.
A set of four different ink compositions with a fixed amount of pluronic and different contents of
gelatin/alginate were explored (see Table 4.1). The different inks have been named according to the
alginate/gelatin content: P_A6G0, P_A4G4, P_A3G6 and P_A0G8, where the numbers denote weight
percentage of alginate (A) and gelatin (G) respectively.
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Table 4.1. Pluronic-alginate-gelatin inks detailed composition

P_A6G0
%(w/w)

P_A4G4
%(w/w)

P_A3G6
%(w/w)

P_A2G8
%(w/w)

Medium viscosity
alginate

6

4

3

2

Low viscosity alginate

6

4

3

2

Pluronic F-127

13

13

13

13

Gelatin

0

4

6

8

PBS

75

75

75

75

4.1.1.

3D printing and macroscopic structure

The first step in 3D printing is the creation of a CAD design that afterward will be printed. To be
successful in this process, first of all, an initial shape has to be designed, in this case a cylinder was
choose using MeshMixer software (Figure 4.1a) and once the shape is defined, printing parameters
have to be adjusted and optimized by another software (Slic3r) (Figure 4.1b) to transmit the
information to the 3D printer and finally, obtaining the required piece.
After that, the printing parameters for the different inks were adjusted in order to obtain high-quality
scaffolds of 100 mm in diameter and 2mm height. The initial parameters tested for the sample P_A6G0
are summarize in Table 4.2. Figure 4.1c shows an image of a printed scaffold using those parameters.
As it can be inferred from the image, the inks were viscous enough to maintain separate and
continuous lines and therefore avoid inks spreading. Moreover, the scaffolds are self-supportive as 4
different layers can be printed without collapsing. However, some imperfections are also observed:
non-homogeneous macroporosity, non-well-defined shapes or irregular edges. These irregularities are
not attributed to the ink rheology but the CAD design. Thus, infill parameter (fill density), which
represents the amount of printed filament inside the object, was increased from 30% to 40%. Figure
4.1d shows images of the scaffold with different infills. Unlike the 30% infill-scaffold, the 35% scaffold
presented a defined shape without imperfections. However, the 40% infill-scaffold presented
discontinuities in the design when printed. Therefore, it was concluded that the most suitable
adjustment of the infill was 35%, as it allowed to obtain the scaffold with the best characteristics.
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Figure 4.1. Schematic process of 3D printing a scaffold: (a) initial shape created with the software MeshMixer;
(b) Design of the scaffold's infill created by software Slic3r; (c) initial 3D printed scaffold with a 30% of infill; (d)
printed scaffolds with different percentage of infill: 30%(1);35%(2);40%(3)

Table 4.2. Key parameters of scaffold 3D printed containing P_A6G0

Parameter

Value

Unit

Layer height

0,41

mm

Fill density

30

%

Fill pattern

Rectilinear

Infill speed

10

Printing settings
mm/s

The dimensions of the printed scaffolds were compared with those previously introduce in the
software (Table 4.3). A decrease in the diameter (13.3%) and the height (6.5%) is observed which could
be attributed to the cross-linking of the alginate resulting in a shrinkage of the scaffold. On the other
hand, the reduction in height can also be attributed to the weight that the lower layers must stand
leading to a reduction in the diameter of the filament of the lower layers.
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Table 4.3. Dimensional comparison between computer designed scaffold and 3D printed scaffold

Designed scaffold 3D printed scaffold Dimensional variation (%)
Diameter (mm)

10,00

8,67

13,3

Height (mm)

2,00

1,87

6,5

After adjusting the printing parameters for the ink without gelatin (P_A6G0), the same conditions were
applied to 3D printing the other inks (P_A4G4, P_A3G6 and P_A2G8) except extrusor speed and flux
ejected, which needed to be adjusted for each scaffold (Table 4.4).

Table 4.4. 3D printer parameters fixed for each bioink

P_A6G0 P_A4G4 P_A3G6 P_A2G8
Extrusor speed (%) 100

80

70

50

Flux ejected(%)

120

140

200

100

Figure 4.2 shows the images of all the printed scaffolds. As it can be observed, while the inks with no
(0 wt.%) or low (4 wt.%) gelatin content allows obtaining continuous and well-defined filaments leading
to self-supportive scaffolds, the inks containing a higher gelatin content (6 wt.% or 8 wt.%) leads to
scaffolds with more imperfections or prevents obtaining defined shape. This result can be explain
based on the modification of the rheology of the inks depending on the gelatin content. We observed
that the higher the gelatin content, the lower the viscosity. Therefore, the ink with the highest gelatin
content (8 wt.%) was too fluid preventing obtaining a scaffold according to the designed shape.
Based on these results, it was decided to continue the study implementing manual injectability of the
inks within a CaCl2 bath instead of trying to optimize parameters in 3D printing. In this case, defined
fibers were obtained for each ink composition (Figure 4.3).
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Figure 4.2. 3D printed scaffolds with different composition

Figure 4.3. Formulations of pluronic-alginate-gelatin manually extruded

4.1.2.

Cell viability

Cell viability of the different inks was evaluated by live/dead assay to check whether the cells are able
to spread and proliferate or not. To do so, rMSCs cells were mixed with the previous developed inks
(cell density 5·105 cells/g) working always under sterile conditions to avoid contamination. Upon
mixture, bioinks were printed, cross-linked and incubated for 5 days. Three replicas of each scaffold
were evaluated. Cell viability was assessed at days 1 and 5. Seeded coverslips were used as controls.
Figures 4.4 and Figure 4.5 show the confocal microscope images for the control and the different
formulas. The classical spread morphology of cells when they adhere is shown in the live control of
(Figure 4.4) and can be compared with the cells obtained in formulations. Most of the cells within the
extruded hydrogels showed a spherical morphology. Only a small amount of cells was able to spread
with time in the inks with the highest gelatin content (P_A3G6, P_A2G8) (Figure 4.5). The round
morphology together with the lack of proliferation proved that cells were not in a comfortable
environment. However, as the cells are alive, it means that the flow-induced shear stress on the cells
during printing did not affect them.
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Figure 4.4. Controls of Live/Dead staining assay

Figure 4.5. Viability evaluation of cell encapsulated pluronic-alginate-gelatin bioinks using a fluorescence
LIVE/DEAD assay after 5 days incubation.

Paying attention to the composition of the bioinks, it was believed that the presence of pluronic as a
surfactant did not help cell adhesion and even can exert a cytotoxic effect depending on the
concentration (38). On the other hand, alginate has not signaling molecules and cells do not have
specific receptors for it, because of this, alginate was not recognized by cells. In addition, gelatin, which
is the most biocompatible compound in this formulation, did not showed a clear effect. Therefore, a
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new set of formulations containing alginate and gelatin and without pluronic will be evaluated.
Because the inks without pluronic do not have the required rheological properties for 3D printing, the
new inks will be also manually extruded within a CaCl2 solution where the cross-linking of alginate and
the formation of a fiber will take place.

4.2. Alginate-Gelatin bioinks
In order to try to improve cell spreading into the scaffolds, a new group of formulations without
pluronic was investigated. Since pluronic was a structural compound and looking for maintaining the
integrity of the fiber during extrusion, it was decided to work with only medium viscosity alginate (3
wt.%) in the new formulations. As explained before, cells cannot adhere to alginate and trying to
present a chemical substance that cells could recognized, gelatin was added to these formulations. A
set of three different ink compositions with a fixed amount of alginate and different contents of gelatin
were explored (see Table 4.5). The different inks have been named according to the alginate/gelatin
content: A3G2, A3G4 and A3G8, where the numbers denote weight percentage of alginate (A) and
gelatin(G) respectively.

Table 4.5. Alginate-gelatin inks detailed composition

A3G2

A3G4

A3G8

%(w/w) %(w/w) %(w/w)
Medium viscosity alginate

3

3

3

Gelatin

2

4

8

PBS

95

93

89

Furthermore, it was determined that the density of cells should be more elevated because they need
receiving signals from nearby cells to proliferate. Because of this, it was decided to use human bone
osteosarcoma cells (MG-63) which have a bigger growth rate than rMSCs.

4.2.1.

Macroscopic structure

Following the same methodology explained before, the inks were manually extruded in order to
evaluate them in terms of their macroscopic structure. All inks could be easily manually extruded into
a CaCl2 bath and they presented ease to be manipulated without break.
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After from manipulation, their shape was also studied macroscopically by lyophilizing them. As it is
shown in Figure 4.6, the three different formulations were presented as regular and continuous
filaments and there was no deformation or imperfections observed.
Putting all together, it was concluded that the three new formulations were suitable for being manually
extruded.

Figure 4.6. Lyophilized constructs from formulations A3G2; A3G4; A3G8

4.2.2.

Bioink degradation

One important feature of bioinks is their degradation behavior. Inks should be designed to gradually
degrade at the same time as cells create its own extracellular matrix. A too fast degradation rate is not
desirable as it could compromise the filament integrity and might result in the collapse and failure of
the structure.
Macroscopically, after incubation the filaments maintained their shape, but they became weaker and
softer with time. This decrease in their structural properties was believed to be associated with a loss
of weight of some component in the formulation. Since alginate is the compound that forms the fiber
matrix due to the cross-linking of the chains induced by the Ca2+ cations, we believed that gelatin was
the compound that was being released. In order to evaluate this hypothesis, a weight loss analysis
together with a Raman spectroscopy analysis were asses.
4.2.2.1. Weight loss
A degradation analysis was performed by incubating the fibers manually extruded of A3G2, A3G4 and
A3G8 in culture medium at 37ºC for 14 days. Constructs were weighed before and after being cultured.
Prior to weighing the samples were lyophilized. Table 4.6 records the weight of the samples at day 14
compared to the initial weight at day 0 and are shown in Figure 4.7.
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Table 4.6. Comparison of different weights between formulations A3G2; A3G4; A3G8 at initial time and after 14
days in culture media

Day 0

Day 14

Alginate content (mg) Gelatin content (mg) Total weight (mg) Total weight (mg)
A3G2

9,20±0,76

6,13±0,51

14,60±1,74

9,6±1,6

A3G4

9,46±1,46

12,62±1,94

17,43±1,05

6,7±0,9

A3G8

8,27±0,43

22,05±1,14

21,87±1,12

7,7±1,8

Figure 4.7. Weight loss study of samples A3G2; A2G4; A3G8

First, it is worthy to mention that the increase in the total weight (Day 0) for the different inks was
consistent with the gradual increase in gelatin in the formulations. After 14 days of incubation in
medium, all the samples weighed around 7-9 mg. This amount was similar to the initial alginate
concentration in the bioink and it was clearer that gelatin was the released compound.
4.2.2.2. Raman spectroscopy analysis
Raman spectroscopy was used to confirm the previous hypothesis: the weight loss is attributed to
gelatin release. Raman spectroscopy was performed on A3G2, A3G4 and A3G8 formulas at day 0 and
day 14 after incubation.
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According to the literature, sodium alginate presents characteristic bands shown in Table 4.7 (39), and
the characteristic bands for gelatin are found in Table 4.8 (40)(41).

Table 4.7. Sodium alginate characteristic Raman bands

Wavelength(cm-1)

Band assignment

807
888

Skeletal C-C, C-O stretching, and C-C-H, C-C-O bending modes

954
1098

Glycosidic ring breathing mode

1300

Carboxylate stretching vibration: symmetric stretching or C-O single bond
stretching vibration

1413

Symmetric carboxylate stretching vibration

Table 4.8. Gelatin characteristic Raman bands

Wavelength(cm-1)

Band assignment

1247

Amide III: C-N stretching and N-H bending

1464

CH/CH2 vibrations

1670

Amide I: C=O stretching

The characteristic peaks of alginate(A) at 954cm-1,1098cm-1 and 1413cm-1 are highlighted in both
spectrums, as well as the characteristic peaks of gelatin(G) at 1464cm-1 and 1670 cm-1 (Figure 4.8 and
Figure 4.9).
In the spectrum corresponding to the alginate/gelatin constructs at time 0, all the bands from both
components are present. Furthermore, the ratio between alginate and gelatin in the different
formulations can be observed in bands at 1413cm-1 and 1464cm-1 where the second band increases
with the amount of gelatin. The same effect is shown in band 1670cm-1, where there is a clear
correlation between the amount of gelatin in the formulation and the intensity of the peak.
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Interestingly, in the spectrum of the construct after 14 days incubated in cell culture media, the bands
of gelatin disappear and only the bands corresponding to alginate are found.

Figure 4.8. Raman spectrum at initial time of construct printed of: Gelatin;Alginate;A3G2;A3G4;A3G8

Figure 4.9. Raman spectrum after 14 days of construct printed of: Gelatin;Alginate;A3G2;A3G4;A3G8
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From Raman analysis, it could be extracted that initially all the compounds were successfully and
homogeneously incorporated in the formulations. However, the loss of the characteristic bands in the
analysis after 14 days of incubation confirms that gelatin was released from the hydrogel.
4.2.2.3. SEM analysis
SEM was used to visualize the detailed microstructure of A3G2, A3G4 and A4G8 filaments at day 0 and
day 14 (Figure 4.10). The images of the as-prepared filaments, showed a regular porous network all
along the well-structured filament. In contrast, the images obtained after 14 days showed parts of the
wall damaged. Pores observed are created by the process of freeze-drying which involves the freezing
of almost a 90% content of water from the scaffold. Then, when the crystals of ice were sublimated,
this characteristic structure was obtained.

Figure 4.10. SEM analysis of A3G2;A3G4;A3G8 assessed at day 0 and 14

As it was concluded before, gelatin was released to the media, and because of this the microstructure
of the constructs suffered a mass loss that induced a partial disintegration of some areas of their walls.
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4.2.3.

Cell viability

Biocompatibility of gelatin-containing formulations (A3G2, A3G4, A3G8) was evaluated by
incorporating MG-63 cells at a concentration of 1x106cells/g within the inks. Cell viability was assessed
over 14 days using the Live/Dead assay at different time days (3, 7 and 14). Seeded coverslips were
used as controls (Figure 4.11). Three samples of each bioink were fabricated under sterile conditions
and incubated in supplemented medium. Finally, they were imaged in a confocal LSM as it is shown in
Figure 4.12.
In Figure 4.11, the classical spread morphology of MG-63 when they adhere is shown in the live control.
However, when compared with the cells obtained in formulations, it showed that all of the cells
remained round along the incubation time. Moreover, despite A3G2 and A3G4 showed a stable
behavior along the time, A3G8 presented death at days 3 and 14. The irregular behavior, appearing
death at days 3 and 14 and alive at day 7, in cell viability observed in A3G8 could be motivated by the
massive release of gelatin from the filament. It was believed that most cells were released from the
filament and only in some regions cells remained.
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Figure 4.11. Controls of Live/Dead staining assay

Figure 4.12. Viability evaluation of cell encapsulated bioinks A3G2;A3G4;A3G7 at day 3, at day 7 and day 14

Overall, as it is shown in Table 4.9 and Figure 4.13 the cell viability of A3G2 and A3G4 remained high
during the experiment period. This demonstrates that both bioinks have no side effect on the viability
of cells. These results imply that both bioinks could be suitable for 3D printing scaffolds containing cells.
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Table 4.9. Cell viability comparison between different formulations at day 3, day 7 and day 14

t=3 days

t=7 days

t=14 days

A3G2 89,24±5,16

58,03±1,39

79,65±3,46

A3G4 77,27±4,55

71,53±7,58

87,68±3,71

A3G8 Undetermined 56,09±10,91 Undetermined

Cell viability (%)

Alginate-Gelatin cell viability
100,00
90,00
80,00
70,00
60,00
50,00
40,00
30,00
20,00
10,00
0,00
A3G2

A3G4
t=3d

t=7d

A3G8

t=14d

Figure 4.13. Cell viability of Alginate-Gelatin based bioinks

In order to have another technique to validate cellular morphology more accurately than live/dead
assay, a DAPI/Phalloidin staining was used. Cellular morphology of formulations A3G2, A3G4 and A3G8
were evaluated by this staining at day 7 (Figure 4.14)

Figure 4.14. DAPI/Phalloidin assay of A3G2; A3G4; A3G8 at day 7
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As it was expected no cell spreading was found in the images taken after staining the cytoskeleton with
phalloidin. As well as in Live/Dead staining assay, an irregular behavior was observed in A3G8. In this
case, no cytoskeleton stained with phalloidin was observed. Regarding no difference observed
between DAPI/Phalloidin and Live/Dead assay, only Live/Dead were performed in future experiments.
Results obtained in loss weight and in Raman spectrometric assay confirms that there was a release of
almost all the amount of gelatin. It was believed that gelatin, with a small chain length compared to
the alginate chain length, cannot be trapped within the cross-linked alginate resulting in the release of
gelatin to the media at the incubation temperature (37ºC). The release of gelatin from the filaments
left cells entrapped in the alginate fibers and despite the biocompatibility of alginate, which do not
have appropriate binding domains for cells, there was no adhesion observed. Therefore, in order to
incorporate a biocompatible compound with longer chain length, collagen was selected for a new set
of formulations.

4.3. Alginate-Collagen bioinks
The fast release of gelatin observed in the alginate/gelatin filaments in the preceding section was
attributed to the low molecular weight of gelatin. One possible strategy to help retaining gelatin within
the cross-linked alginate network would be to use high molecular weight gelatin or, alternatively,
collagen (which is non-denatured gelatin) to help improving the entanglement between chains.
Since one potential application of these bioinks is in the regeneration of bone, inks combining collagen
and hydroxyapatite nanoparticles were formulated (see Table 4.10) maintaining a 2 wt.% of alginate
and 0,18 wt.% of collagen in all of them and varying the HA NPs concentration. The different inks have
been named according to the composition and hydroxyapatite nanoparticles content: Col, Col 5%HA
NPs, Col 7,5%HA NPs and Col 10%HA NPs.
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Table 4.10. Alginate-collagen inks detailed composition

Col
%(w/w)

Col 5%HA
NPs

Col 7,5%HA
NPs

Col 10%HA
NPs

%(w/w)

%(w/w)

%(w/w)

Medium viscosity alginate

2

2

2

2

Collagen

0,18

0,18

0,18

0,18

Sodium citrate tribasic 0,2
%(w/w)

90,62

85,62

83,12

80,62

PBS 10x

6

6

6

6

5M NaOH

1,2

1,2

1,2

1,2

HA NPs

0

5

7,5

10

4.3.1.

Macroscopic structure

Following the same methodology used for the previous inks, these bioinks were manually extruded
and their macroscopic structure was evaluated.
As it is shown in Figure 4.15 all collagen-containing compositions were easily hand-extruded forming
homogeneous self-supportive filaments. With the incorporation of the HA NPs the inks changed their
appearance from translucent to a white ink.

Figure 4.15. Manually extruded filaments of alginate-collagen/HA NPs bioinks

In addition, diameters of the fibers were measured after 7 days of cell media cultured (Figure 4.16)
showing a higher swelling in those formulations that contained hydroxyapatite nanoparticles.
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Figure 4.16. Diameters of collagen-containing bioinks after 7 days of incubation

It was believed that this behavior could be motivated by an alteration in the cross-linking. Carboxylate
groups of alginate could cross-link with the calcium ions of hydroxyapatite instead of doing with the
CaCl2 ones causing an alteration in the morphology.
Another possibility considered was that the variation in the diameters was provoked by physical
modifications in the structure due to the amount of HA NPs. However, there was no significant
difference between the formulation which contained 5% of HA NPs and the one that had a 10% of HA
NPs. Because of this, the changes observed should be further investigated to determine the specific
cause.

4.3.2.

Bioink degradation

Along the incubation of the different collagen filaments in cell culture media a greater stability of the
collagen formulations compared to the gelatin ones was observed. This was noticed during
manipulation as the filaments could withstand greater forces without breaking. This improved stability
was associated to a more efficient entanglement of the long collagen molecules with alginate.
Furthermore, it was believed that the incorporation of HA NPs could improve the stiffness of the
filaments by restricting the movement between chains.
4.3.2.1. Raman spectroscopy analysis
Raman spectroscopy was used to confirm the presence of hydroxyapatite, collagen and alginate in the
different bioinks: Col, Col 5%HA NPs, Col 7,5%HA NPs and Col 10% NPs formulas after 4 days incubation
in cell culture media.
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According to the literature, collagen presents various characteristic bands summarized in Table 4.11
(42) while the characteristic bands for hydroxyapatite are shown in Table 4.12 (43). The most intense
of collagen at 1340 cm-1, 1448 cm-1 and 1666cm-1 and of HA at 961 cm-1 had been highlighted in Figure
4.17 to facilitate their assignation.

Table 4.11. Collagen characteristic Raman bands

Wavelength(cm-1)

Band assignment

1005

Phenylalanine

1032
1065

C-C stretching

1340

CH2 bending - Amide III

1448

CH2 and CH3 bending

1666

Amide I

Table 4.12. Hydroxyapatite characteristic Raman bands

Wavelength(cm-1)

Band assignment

961

Totally symmetric stretching of the tetrahedral PO4 group

1030
1046
Triply degenerate asymmetric stretching of the PO4 group
1054
1076
In the spectra corresponding to pure collagen all the characteristic bands were clearly observed. Upon
incorporation of hydroxyapatite in the inks the peak at 961 cm-1 (assigned to the vibration of the
phosphate groups in the HA structure) was readily visible but the contribution from alginate and
collagen was difficult to assess. The elevated content of HA in the different formulations compared to
the content of the organic phases could explain this behavior. Nevertheless, in the samples containing
5 and 7,5 wt.% of HA, some of the characteristic collagen bands can still be seen proving the presence
of this phase after 4 days incubation.
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Figure 4.17. Raman spectrum at initial time of construct printed of: Col;Col 5%HA NPs;Col 7,5%HA NPs;Col
10%HA NPs

According to Raman analysis, it was believed that all the compounds were successfully integrated
within the inks. However, another technique should be used to detect more accurately all the
compounds.

4.3.3.

Cell viability

To determine if collagen or a combination of collagen with hydroxyapatite nanoparticles could improve
cell behavior, the biocompatibility of Col, Col 5%HA NPs, Col 7,5%HA NPs and Col 10%HA NPs was
evaluated incorporating MG-63 cells within the inks.
The biocompatibility of the collagen-containing formulations mixed with MG-63 cells at a
concentration of 1x106cells/g of bioink was evaluated by Live/Dead staining after 3, 7 and 14 days of
incubation. Three samples of each bioink were fabricated and incubated in supplemented cell culture
medium and imaged in a confocal LSM.
Figure 4.18 shows representative fluorescent images of cells embedded in the different inks after 3
and 7 days incubation. Overall, a higher density of living cells (stained in green) were observed in the
Col filaments compared to the HA-containing filaments. No differences in terms of cell density were
found between Col 5%HA, Col 7,5%HA and Col 10%HA bioinks. Furthermore, both Table 4.13 and
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Figure 4.19 showed that there were no significant changes between day 4 and day 7 in terms of cell
viability.

Figure 4.18. Viability evaluation of cell encapsulated bioinks Col;Col 5%HA NPs;Col 7,5%HA NPs;Col 10%HA NPs
at day 3 and day 7

Table 4.13. Cell viability comparison between different formulations at day 3 and day 7

t=4 days

t=7 days

Col

74,21±2,67

62,61±6,52

Col 5% HA NPs

76,55±3,61

74,04±6,24

Col 7,5% HA NPs 67,47±5,17

80,45±2,03

Col 10% HA NPs

69,72±13,99 69,71±3,11
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Cell viability (%)
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Figure 4.19. Cell viability of Alginate-Collagen based bioinks

Unexpectedly, all cells remained round in shape regardless of ink formulation and incubation time. In
addition, a lower density of cells was observed in those formulations that contained hydroxyapatite.
This, could be motivated for interaction with cells due to a different swelling behavior.
From the cell viability analysis, it was concluded that cells were unable to attach to the fibers despite
collagen contains the RGD sequence of aminoacids (Arginine, Glycine and Aspartate) which is known
to favor cell adhesion. One explanation to this behavior could be the limited content of collagen
introduced in the inks. However, longer incubation times should be investigated before drawing any
concluding as adhesion could be delayed (44). The results from 14 days incubation will be provided
during the oral presentation as the experiment is still ongoing.
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5. Environmental impact
Nowadays, when a new product is developed, assessing the potential environmental impact is
essential. In this project, different organic solvents have been used and then properly discarded in their
corresponding waste container in order to be destroyed by an external and accredited company. All
laboratories and common working areas have specific containers for plastic, paper and glass, as well
as its equivalents for biological contaminated material.
The main residue generated along this project has been plastic in form of falcons, well plates, Pasteur
pipettes and containers to formulate the bioink. Unfortunately, there is not a current glass alternative
to all this plastic material. Because of this, it is important to design previously the experiment, trying to
avoid unnecessary repetitions and reducing the amount of material used.
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Conclusions

During this project three different alginate-based bioinks have been successfully developed to be 3D
printed or extruded: alginate-gelatin-pluronic, alginate-gelatin and alginate-collagen-hydroxyapatite
nanoparticles. All the fabricated hydrogels were self-supportive and able to host alive cells even after
applying shear stresses during extrusion process. However, the cells were not able to adhere to the
scaffold material and they could not proliferate or differentiate.
Alginate-gelatin-pluronic bioinks can be easily 3D printed into the desired shapes thanks to the
presence of pluronic as it confers the needed rheological properties for 3D printing. The developed
inks can reliably reproduce the CAD design previously designed and they can keep their shape after
cross-linking the alginate. Even though cells were able to survive the extrusion process, a very low cell
density within the scaffolds was observed after a few days which was attributed to the either potential
release or reported cytotoxicity of pluronic. More studies are needed to confirm this statement.
Alginate-gelatin bioinks with different amounts of gelatin were all successfully extruded and crosslinked within a CaCl2 bath, obtaining continuous, homogeneous and self-supportive filaments. This
group of inks showed higher cell density than the previous set of inks. However, no cell spreading was
observed. The release of gelatin from alginate can explain the lack of cell adherence and the fast
degradability observed. For future works, it would be interesting to cross-link gelatin to avoid its
release.
Alginate-collagen-hydroxyapatite nanoparticle bioinks were also successfully extruded. The obtained
filaments were also continuous, homogeneous and self-supportive. These filaments showed also
superior mechanical integrity than the previous inks attributed due to the reinforcement effect of HA
nanoparticle and the entanglement of alginate and collagen. No concluding results were obtained from
incorporating collagen or HA NPs on cell adhesion.
Finally, it is worthy to remark that we have developed and implemented a methodology to encapsulate
cells within bioinks and manually extrude them into defined filaments under sterile conditions. This
methodology is compatible with 3D printing as the extruded filament can be done within a bath that
immediately cross-links the bioink. It would be also interesting to stablish temperature control both in
the syringe and the bath during printing.
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Economic analysis
An economical evaluation of the resources used in this project has been performed to determine the
impact of the master’s thesis. In tables below, used materials are detailed, as well as the cost of the
different equipments and human resources.
As it is represented in Figure 0.1, human resources represent the major cost of this project with around
65% of total cost, followed by the use of equipments (18,5%) and the use and characterization of cells
in the bioinks (14,5%). To achieve a relevant reduction of costs, this three groups should be further
studied.
The total cost of this project has been approximately 5100€.

Table 0.1. Bioinks preparation

Product

Quantity

Price

Cost (€)

Distilled water

1L

0,60€/L

0,60

Low viscosity alginate

4g

81€/100g

3,24

Medium viscosity alginate

30g

31,40€/250g

3,77

Gelatin

20g

68,90€/500g

2,76

Pluronic F-127

8g

75,70€/250g

2,43

PBS Tablets

2

197€/100u

3,94

Pasteur pipette 3mL

20u

36,50€/500u

1,46

90mL sample container

20u

103,71€/200u

10,38

Spatula

1

3,50€/u

3,50

TOTAL

32,08
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Table 0.2. Hydroxyapatite synthesis

Product

Quantity

Price

Cost (€)

Distilled water

0,25L

0,60€/L

0,15

Calcium hydroxide

2,5g

44,80€/500g

0,23

Phosphoric acid

0,25L

40,70€/L

10,18

Precision tip

1u

33,10€/50u

0,67

TOTAL

11,23

Table 0.3. Bioinks 3D printing

Product

Quantity

Price

Cost (€)

3mL syringe

20u

7,32€/20u

7,32

Precision tip

20u

33,10€/50u

13,24

Calcium chloride

5g

108€/100g

5,4

0,22 µm filters

4u

11,87€/10u

4,75

48 - well plate

10u

396,50€/100u

39,65

TOTAL

50

70,36
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Table 0.4. Cell culture and characterization

Product

Quantity

Price

Cost (€)

MG-63 cell

1u

419,50€/u

419,50

DMEM

500mL

27,57€/500mL

27,57

FBS

50mL

145€/100mL

72,50

HEPES

10mL

101€/100mL

10,10

Penicilin/streptomycin

5mL

18,84€/100mL

0,95

Glutamine

5mL

16,59€/100mL

0,83

Sodium pyruvate

5mL

10,20€/100mL

0,51

Calcium chloride

0,20g

108,00€/100g

0,22

Culture flask

8u

139,00€/100u

11,12

Fine glass pipette

30u

9,53€/250u

1,15

EtOH

0,35L

52,43€/L

18,35

Trypsin

20mL

16,28€/100mL

3,26

Neubauer chamber

1u

69,35€/u

69,35

Coverslips

10

31,45€/1000u

0,32

Falcon 15mL

25u

200,00€/500u

10,00

48 - well plate

15u

396,50€/100u

59,48

DAPI

1mg

156,00€/10mg

15,60

Phalloidin

1u

734,00€/300u

2,45

Paraformaldehyde

5mL

29,00€/100mL

1,45

Calcein AM

50µL

415,00€/1mL

20,75

Propidium Iodide

25µL

285,00€/100mL

0,07

TOTAL

745,53
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Table 0.5. Equipments

Technique

Quantity

Price

Cost (€)

SEM

4h

106€/h

424,00

Raman

4h

25€/h

100,00

Freeze Dryer

20h

2€/sample

40,00

Confocal LSM

14h

30€/h

420,00

TOTAL

944,00

Table 0.6. Human resources

Position

Quantity (h) Price (€/h) Cost (€)

Project director

30

60

1800

PhD student

50

30

1500

Master student

600

-

-

TOTAL

3300

Table 0.7. Total cost of the project
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Area

Cost (€)

Bioinks preparation

32,08

Hydroxyapatite synthesis

11,23

Bioinks 3D printing

70,36

Cell culture and characterization

745,53

Equipments

944,00

Human resources

3300,00

TOTAL

5103,2
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Costs
Bioinks preparation
Hydroxyapatite synthesis
3D printing
Cell culture and
characterization
Equipments

Human resources

Figure 0.1. Percentage representation of the different costs
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