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May God bless and keep you always,
May your wishes all come true,

May you always do for others

And let others do for you.

May you build a ladder to the stars
And climb on every rung,

May you stay forever young,

May you grow up to be righteous,
May you grow up to be true,

May you always know the truth
And see the lights surrounding you.
May you always be courageous,
Stand upright and be strong,

May you stay forever young,

May your hands always be busy,
May your feet always be swift,
May you have a strong foundation
When the winds of changes shift.
May your heart always be joyful,
May your song always be sung,
May you stay forever young,

(Forever young, Bob Dylan, 1974)
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Introduction

Medical models also defined “phantoms,” have been widely used for medical training. They
are increasingly used as medical computational models, for surgical planning, algorithm validation,
and for the development of medical devices. Such models not only reproduce the geometric
structures of human organs, but also possess the properties and functions of the organ structure.
With the rapid advancement of three-dimensional (3D) printing and 3D-bioprinting technologies,
these additive manufacturing techniques have been widely explored to fabricate functional medical
phantoms for various applications. Realistic phantoms of biological tissues are becoming of high
interest in the field of tissue engineering, creating in vitro models to better understand tissue
development, disease mechanisms, to test and screen drugs, to study tumour behaviours and
tumour drug resistance. Since their invention in the 1980s, the techniques for three-dimensional
(3D) printing, formally Additive Manufacturing (AM), have been developed and used for various
applications by many researchers and industrial companies worldwide. In its early years, 3D printing
was primarily a rapid prototyping technique; today, it is radically changing manufacturing and many
other industries with new processes, materials, and applications. In addition to plastic prototypes,
complex engine components, houses, food, and even human organs can be 3D-printed; medical field
represents a major market for 3D printing, a technique showing great potential for personalized
medicine and care. Currently most common medical applications of 3D printing include custom-
made dentures, hearing aid shells, surgical and medical models, orthotic and prosthetic
components, and artificial hip and knee implants [Wu J. et al., (2017); Banks J. et al., (2013); Klein
GTetal., (2013); Gross BCet al., (2014); Zopf D.A. et al., (2013)].

3D-printing technology is also used for fabrication of phantoms of body parts, useful for
doctors when preparing or planning complex medical operations or procedures [Gross BC et al.
(2014)]. Such phantoms can also be effective tools for medical training and patient education

purposes.

3D-bioprinting technology has been developed since early 2000s; it consists in deposition,
layer by layer, of bioinks made of cells plus a gel media to build up 3D bio-functional structures. The
final objective is to use the 3D printing technology for tissue engineering (TE) applications to build

tissues, organs and body parts [Mironov V. et al., (2003); Murphy S.V. et al., (2014)].

3D-printing technologies overcome the drawback of traditional manufacturing processes and



represent an effective tool for producing patient-specific, high-fidelity, medical phantoms rapidly and
at a low cost. Due to the increasing demand for tissue and organ transplantation, and the lack of
tissue and organ donors, numerous efforts have been made in the field of tissue engineering to
develop biological substitutes for human tissues and organs [Atala A. et al., (2006); Furth M.E. et al.,
(2007); Place E.S. et al., (2009)].

For tissue engineering purposes, biodegradable scaffolds with high porosity and
interconnectivity can be employed to provide shape, mechanical support, and microarchitecture for
cellular growth and reorganization to improve and accelerate the healing and repairing process

[Furth M.E. et al., (2007); Kao C.T. et al., (2015)].

Different strategies for creating 3D scaffolds have been proposed and investigated, such as
freeze-drying [Haaparanta A.M. et al., (2014); Campbell J.J. et al., (2017)], gas foaming [Rossi E. et
al.,, (2016)], phase separation [Akbarzadeh R. et al., (2014)], porogen leaching [Guarino V. et al.,
(2008)], and electrospinning [Gasemi-Mobarakeh L. et al., (2008); Orr S.B. et al., (2015)]. However,
a precise control of the porosity and inner microstructure of the scaffold manufactured by these
techniques, with the purpose of controlling oxygen, nutrients, and soluble biomolecules for
promoting cell growth and differentiation, is still challenging. In addition, the possibility of managing
different types of cell growth in tissue engineered scaffolds to form functional complex tissues,

remains a major engineering design issue.

Although autologous cell-laden scaffolds with simple structural design have demonstrated
their capability of driving the regeneration of multifunctional tissues and organs in vivo [Atala A. et
al., (2006); Raya-Rivera A. et al., (2011); Warnke P.H. et al., (2004)], advanced strategies for
manufacturing acellular or cell-laden bio-scaffolds with higher levels of complexity are still in
progress [Furth M.E. et al., (2007); Bertassoni L.E. et al., (2014); Cheng Y.L. et al., (2016); Yeo M et
al., (2016); Ouyang L. et al., (2017)].

An increasing interest is oriented to the creation of complex and functional 3D bio-scaffolds,
with the use of specific biomaterials and cells, to provide a microenvironment similar to native
tissue. Many studies have focused their attention on the development of a robotic dispensing system
for bioprinting (extrusion-based bioprinting), because it represents an easy-to-use system and for its

good compatibility with different bioinks [Liu W. et al., (2017)].

Extrusion-based bioprinting allows the manufacture of 3D constructs on a millimetre scale
by the pneumatically or mechanically driven dispensation of biopolymers or synthetic polymersin a
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layer-by-layer fashion [Liu W. et al., (2017); Melchels F.P.W. et al., (2014); Akkineni A.R. et al., (2016);
Ho C.M. etal., (2017)].

Spheroids and organoids composed of multiple cellular types can be used as the building
blocks for large tissues and organs production: printed using extrusion-based bioprinting [Mironov
V. et al., (2009); Itoh M. et al., (2015)], can be used as phantom tissues in the field of drug, cancer

and disease research.

In tissue engineering strategies, biomaterials are essential components: it is well known that
cellular environment (the Extracellular Matrix) and the cell interactions (cell-cell interaction and cell-
matrix interaction) play a key role; it is for this reason that it is important to select the proper polymer
for a given application. Biomaterials used for this purpose can be natural or synthetic polymers,

degradable (in a certain time span) or non-degradable.

Scaffolds can be made by one polymer only or can be composite/blend scaffolds; in any case
their physicochemical properties, including biocompatibility, biodegradability, mechanical strength,

porosity represent fundamental aspects [Runxuan Cai et al. (2023)].

In this thesis, after a short introduction regarding the biological and technological aspects
inherent the 3D-bioprinting, will be described the activities, the main aspects to consider in

developing a new bioink and the main results obtained in this multi-step work.

The core material selected is collagen, that represents the main structural component of the
human extracellular matrices, chosen for its low antigenicity, high biocompatibility, functional
activity. Collagen consists in a wide family of fibrillar and non-fibrillar proteins, but in this work has
been considered mainly Collagen type |, the most represented in skin, tendons, cartilage, bones,

cornea/eyes structures, for its wide potential of application.

Two collagen-based blends have been developed, one obtained blending collagen and
alginate, the second one mixing collagen with gelatine and alginate, with the purpose of using the
advantages of each component minimizing the respective disadvantages. All the components used
are for alimentary use, from bovine source collagen and gelatine, from brown algae alginate; all

these products are widely available and largely affordable.

About the cells used to test biocompatibility of the bio-blends, has been used SK-LMS-1 cell

line, derived from a leiomyosarcoma of vulva of a 43 years-old white female, mixed with the two



blends developed to form the bioinks and 3D-bioprinted with the pneumatic Cellink Inkredible+ 3D

bioprinter.

The aim of this work was to develop and test hydrogels based on the use of cost-effective
biomaterials, assessing blend properties, with the purpose of creating a library of biomaterials and
bio-scaffolds to be used on large scale as tissue phantom in tissue engineering, in biological and

cancer research, for drug development and, for education purpose.



1. Extracellular Matrix (ECM)

In the human body, almost all the cells interact with extra cellular matrices (ECMs), which
have tissue and organ-specific composition and architecture. These ECMs not only function as
cellular scaffolds, providing structural support, but also play a crucial role in regulating cellular
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Fig.1: 3D_structure model of the natural ECM (from Cells can react not only to the physical
Aghmiuni-Khiavi, 2017). characteristics of their microenvironment, but
also to chemical gradients: materials and tissue models with adequate physical and biochemical
signals from extracellular matrix (ECM), are essential in tailoring cell-matrix and cell-cell interactions

[Zamir E. and Geiger B., (2001)].

Although the two-dimensional (2D) cell culture model has significantly contributed to
biological research, it has been proved to have poor representations of the cellular interactions that
take place in vivo, and this aspect has been demonstrated to be extremely important in cancer
research: drugs showing promising cytotoxicity in 2D in vitro systems, present weak or no efficacy in
real patients with tumours, resulting in a significant delay of anticancer drug development [van der
Worp H.B. et al., (2010)]. To reduce the impact of this problem, the disciplines involved in tissue
engineering have directed their interest toward materials and 3D structures able to emulate the ECM
and the tumour microenvironment (TME) with the objective to construct highly accurate in vitro 3D

tissue models, providing a basis for reproducible and quantifiable investigations.

The ECM represents an intricate network composed of an array of multidomain
macromolecules organized in a cell/tissue specific manner. The structures and properties of the ECM
change from cell to cell [Yue B., (2014)]: for example, the ECM of the cornea is a transparent and soft
sheet, while the ECM of the bone is extremely hard. As the natural microenvironment in which cells
live, the ECM of each tissue and organ is unique in both physicochemical and biological properties

[Watt FM and Huck W.T.S., (2013)].



The ECM provides cells with mechanical support and biochemical signals to promote cell

proliferation and differentiation, among other functions [Gattazzo F. et al., (2014)].

The native ECM is complex in terms of composition, and it mainly contains collagen, non-
collagen glycoproteins (such as fibronectin, laminin, and tenascin), glycosaminoglycans (such as

hyaluronic acid), and proteoaminoglycans. [Choudhury D. et al., (2018); Dzobo K. et al., (2019)].

Collagen is the most abundant and ubiquitous protein in the body, accounting for
approximately 25—-30% of the total vertebrate proteins [Ricard- Blum S., (2011)]. Type | collagen is
the dominant fibrillar component of the ECM in mammals. It provides cells with a 3D environment

that supports cell growth and influences morphology and function.

With respect to tumour research, it is today clear that three-dimensional (3D) cell culture
systems offer an excellent opportunity to recapitulate the real avascular solid tumour, by allowing
cancer cells to be cultured, either alone or in co-culture with other cell types, in a spatial manner
simulating the structural architecture of the tumour that provides cell-cell and cell-ECM
interactions, mimicking the native tumour microenvironment. The cross-talk between the different
cells and components of the tumour microenvironment (TME), plays an essential role in tumour

growth, progression and metastasis [Roma-Rodrigues C. et al, (2019)].

Cancer cells are experts in modifying their surrounding environments: cancer cells can co-
opt fibroblasts to obtain growth factors, necessary to sustain their own growth and proliferation.
Additionally, tumour cells can interact with the surrounding endothelial cells, promoting the release
of soluble factors, like vascular endothelial growth factor (VEGF), to trigger the angiogenic process.
Tumour cells can also evade the immunosurveillance systems through different strategies. [Pitt J.M.

et al., (2016)].

Tumour cells themselves can alter the organization and protein deposition of the ECM,
forming a physical barrier that prevents drug penetration into tumour cells [Najafi M. et al., (2019);
Sangaletti S. et al., (2017)], accumulation, and efficacy, leading to tumour resistance to therapy

[Hanahan, D. et al., (2011)].

This is the reason why new therapeutic strategies have been developed to target the tumour-
promoting microenvironmental factors to block the interaction between tumour cells and the TME

[Roma-Rodrigues C. et al, (2019)].



Thus, discovery and testing new anticancer drug candidates requires preclinical models more
physiological than conventional 2D cultures, capable of recapitulating these TME aspects. In this
sense, spheroids provide the appropriate model of the pathophysiologic parameters present in the
real tumour, because they replicate the complex multicellular architecture, the barriers to mass
transport, and extracellular matrix deposition, which explain their growing use as models for better

prediction of drug effects and delivery in the last decades [Kitaeva K.V. et al., (2020)].



2. 3D-bioprinting
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Fig. 2: Schematic illustration of the 3D bioprinting process and optical images of the printing setup and
construct (from Bioprinting three-dimensional cell-laden tissue constructs with controllable degradation
Zhengjie Wu, Xin Su, YuanyuanXu, Bin Kong, Wei Sun, Shengli Mi)

Three-dimensional (3D) printing is a rapid prototyping technology that creates 3D physical
objects layer by layer [Chatterjee K. and Ghosh T.K., (2020)]. Since the invention of the first 3D
printing technology, stereolithography in 1983, numerous 3D printing technologies have been

developed [Kulkarni P. et al., (2000)].

The American Society for Testing and Materials International Standard has classified 3D
printing technologies into seven categories on the base of the different principles: 1) material
extrusion, 2) powder bed fusion, 3) vat photopolymerization, 4) material jetting, 5) binder jetting, 6)

sheet lamination, and 7) energy deposition.

3D printing can quickly fabricate various structures with little waste of material: it is for this
reason, together with the gradual reduction of the cost and personalized customization, that 3D
printing has become widely used in many industrial fields. As for regards the medical sector it is used
for anatomical modelling, custom made prostheses manufacturing and tissue engineering [Ma D. et

al., (2022)].



An important branch of 3D printing, the 3D bioprinting, is a combination of 3D printing and
biology [Munaz A. et al., (2016)], used to replicate in structure and function their natural

counterparts, printing bioinks (fig. 2) [Matai I. et al. (2020)].

Bioinks are the natural or synthetic biomaterials loaded with living cells and represent the

raw material of 3D bioprinting processes [Hospodiuk M. et al., (2017)].

Selection of bioinks is a basic factor in 3D
' [ bioprinting; it is important for such materials to

E present a good printability, biocompatibility, together

Key q with mechanical and degradation properties (fig. 3)
X L]
9 Bioink [Mao H. et al.,, (2020)].
o Properties

The materials used for 3D bioprinting are
generally divided in two categories: naturally derived
biomaterials (such as collagen, hyaluronic acid,

Fig.3: Key properties of the bioink in 3D  gelatine) and synthetic biomaterials (such as
bioprinting (from Runxuan Cai et al. (2023)).

polylactic acid (PLA), polycaprolactone (PCL), and

polyurethane (PU)). These materials present different advantages and disadvantages: the naturally

derived biomaterials have good biocompatibility, but their mechanical properties are weak; on the

other hand, synthetic biomaterials present lower biocompatibility, but have adjustable properties

[Park S. et al., (2022)].

When replicating a functional living tissue microenvironment, to obtain a good result, it is
necessary to reproduce the composition of the desired tissue or organ. One single material cannot
reproduce all the functions of native tissues and organs because, biological tissues, are made of
various cell types and their extracellular matrices (ECMs) present different composition. [Wang H.

etal., (2022)].

2.1 Bioprinting Process. The typical steps in the 3D bioprinting process, include pre-

processing, processing and post-processing stages.

2.1.1 The pre-processing step includes the culture of human cells and the design of a
scaffold model for 3D bioprinting. The selected cells, need to be expanded in vitro to obtain a
number sufficient to be mixed with the biomaterials. The creation of a 3D model allows the usage

of data generated by computer-assisted design software (CAD, Solidwork) [Wust S. et al., (2014)] or



imported data from medical imaging such as MRI and CT scan [Kang, H.W. et al., (2016)]. The
generation of a 3D model using patient-specific tissue size and morphology enables the creation of
a customized 3D construct that is a closer reproduction of the human tissues. The 3D model is
converted to a standard tessellation language (.STL) file and then saved as a file format such as G-
code. The file format can be easily used by the printer and drives the layer-by-layer deposition of the

biological elements [Chang, R. et al., (2010)]

2.1.2 The processing step allows to fabricate the 3D cell-laden constructs by 3D bioprinting.
The most used bioprinting systems are based on three major strategies: inkjet, laser, and extrusion-
based bioprinting. Generally, a three-axis mechanical platform controls the movements of the
extruders, printing the biomaterials on the base of the 3D tissue models [Derakhshanfar S. et al.,

(2018)].

2.1.3 Post-processing involves the maturation of cell-laden constructs to reinforce the
development of desired tissues. The optimal nutrition and oxygen delivery, as well as removal of
waste, are required to maintain cell viability and functionality. Growth factors are commonly used
and play a key role in cell division, matrix synthesis, and tissue differentiation [Hughes F.J. et al.,

(2006)].

Table I: Comparison of three types of bioprinting techniques.
Bioprintig Inkjet-Based Laser-Assisted Extrusion-Based

2.2 Bioprinting Techniques.

technique Bioprinter Bioprinter Bioprinter Several additive manufacturing
Cost Low High Moderate

Material 3.5-12mPa/s 1-300mPa/s 30 to>6x10"mPa/s
viscosities

techniques have been used to

fabricate 3D scaffolds [Bose S. et al.,

Resolution 10-100pum ~75um 100um-mm range
Quality of Poor Fair High (2013)]. Among them, inkjet-based,

structure
Print speed Fast Medium Slow

Cell Viabillty >85% >95% 40-80% biopnnt—'ng (ﬁg' 4)’ are the most
[nkjet-Based Beoprinter Laser-Assisbed Bioprinter  Extrusion-Based Bioprinder

laser-assisted, and extrusion-based

used to fabricate 3D cell-laden

=1

- "o ;]I. scaffolds for human tissues. Each
Hioprinters

| -_— ' bioprinting  technique presents

specific strengths, weaknesses and

Fig. 4: comparison of 3 types of bioprinting techniques (modified from

limitations. In Table |, is presented a
Malda J. et al., 2013)

comparison of three approaches.

The bioprinting method selected, depends on the considerations of biological issues and their

complexity, resolution and cell structure.
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2.2.1 Extrusion-Based Bioprinting. The extrusion-based bioprinting technique, combines
both a fluid-dispensing system and an automated robotic system for extrusion and printing
respectively [Mironoy, V. et al., (2003)]. The fluid-dispensing system can be driven by a pneumatic-
or mechanical- based power source. By applying a continuous force during the bioprinting process,
bioink is printed as a continuous cylindrical filament rather than a single bioink droplet. Recently,
the trend of extrusion-based bioprinters is a multi-head tissue construction. One of the main
advantages of extrusion bioprinters is their ability to print a wide range of biomaterials with different
viscosity including hydrogels, biocompatible copolymers, and cell spheroids from 30 to 6 x 10’ mPa/s

(Table ) [Jones, N., (2012)].
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3. Bioink

Definition. A bioink is a material suitable for use in an extrusion based dispensing system,
known as a bioprinter, that allows the printing of living cells and growth factors. Often bioinks
possess shear thinning characteristics but this property is not necessary for every bioink. Viscosity
of bioinks can range from water-like to a paste-like consistency: a wide diversity of bioinks exists
(Paige Ford, 2019).

The selection of proper bioink is crucial for successful bioprinting, because it will provide the
required properties for adequate printing fidelity and mechanical properties to ensure printability

and long-term functionality following deposition [Murphy S.V. et al., (2014)].

3.1 Thickening agents can improve the printability of a bioink; a thickening agent can
increase the viscosity or change the rheometric properties of a biomaterial, without significantly
changing other characteristics. Additionally, these thickening agents can stabilize emulsions, (Paige
Ford, 2019) for instance allowing crosslinking. In fact, in the last three decades, low viscosity
biomaterials such as collagen, fibrinogen and matrigel have been developed and have similar
viscosity to water prior of crosslinking or self-assembly. These materials are not bioprintable on their
own because they cannot form continuous filaments, so thickening agents are added to stabilize a
bioink. Common thickening agents in bioprinting include nanofibrillar cellulose, alginate, bentonite,

PEG/PEO, Xanthan, Gellen.

A further advantage in the use of thickening agents is represented by the great reduction of the
costs because of the lower quantities of the expensive biomaterial to obtain the same result, without
any increase of the biomaterial concentration. These thickeners can either be permanent
components of a bioprinted construct or be eliminated after bioprinting. An ideal bioink-filler would
be degraded by the cells. Thickeners may also be used to soften or stiffen the bioprinted filament by
a disrupting or crosslinking process. Additionally, certain thickeners can reduce the sensitivity of a
bioink to temperature changes or drying out, improving the effective “printability window” [Malda

J.etal., (2013)].

3.2 Bioink composition. Biomaterials, cells and bioactive molecules have always been

considered the important components of bioinks, which are used to print structures like natural

tissues [Yang et al., (2020)].
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3.2.1 Biomaterials. Human tissues have complex structure, and a single biomaterial cannot
usually meet all mechanical and functional requirements, which are essential to produce biomimetic
tissue-like constructs [Ashammakhi et al., (2019)]. One of the most important strategies to solve this
problem is the use of multimaterial bioinks. ECM biomimetic bioinks with high performance, have
been generated by blending other materials with unique properties and by the inclusion of fillers

and additives with distinct properties.

The materials commonly used for constructing bioinks are divided into two categories: synthetic
polymers, such as polycaprolactone (PCL), polylactic acid (PLA), polylactic acid-glycolic acid (PLGA),
polyethylene oxide terephthalate-co-butylene terephthalate (PEO/PBT), and natural polymers such
as collagen, gelatine, alginic acid, hyaluronic acid, decellularized extracellular matrix, agarose, and
nanocellulose [Agarwal et al., (2021)]. Natural biological materials, have the advantages of biological
activity, non-toxic degradation products, high similarity and excellent biocompatibility with the ECM.
Synthetic biomaterials are less restrictive in 3D printing because their structure and properties can

be adjusted according to needs.

3.2.1.1 Natural Polymers. Collagen is widely found in all tissues; it is the most abundant
and ubiquitous protein in the body, accounting for approximately 25-30% of the total vertebrate
proteins [Ricard-Blum S., (2011)]. Collagen is highly heterogeneous: it represents a family of collagen
proteins which differ in characteristic, location, molecular and spatial structure. The two main
collagen groups are fibrillar and non-fibrillar collagen [Ricard- Blum S., (2011); Sorushanova A. et al.,

(2019)]. Fibrillar collagen forms fibrils,

a b
: ‘;‘}. i constituting about 90% of all collagen
;"L present in the human body. It is
f ‘-:":1, a1 ai i encoded by 11 genes and is made of

& &\ o~ v é
By R— NS % =§Q—* three polypeptide chains with an a-
:i:.* I

L "\ l-:—--c—" N = .
! o | "=§:> =§:)_‘ -( helix structure, separated by short

non-helical fragments called

fibrillar collagen is cross-striated with

8 :. 4 P *_‘t_' % E
’: ,:: 4 o .'; . ) H -:.'1 N x% ) .
ool :E:}v - - =<3N telopeptides. The spatial structure of

Fig. 5: (a) the triple helix of type I collagen. (b) Hydrogen bonds of transverse bands repeating every 64—

the collagen model (from Zhang et al. Journal of Leather Science and 67 nm (Fig 5a,b). Non-fibrillar
Engineering (2020)). ’
collagen is different in terms of
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structure, distribution and properties. Although it represents only the 10% of all the collagen in the

human body, it is a vital part of many organs [Gelse K. et al., (2003); Holmes D. et al., (2018)].

Collagen is the dominant element of connective tissue extracellular matrix (ECM). Due to its
physicochemical properties, collagen is responsible for the integrity, strength and elasticity of
tissues. Collagen plays an important role in the healing process, tissue growth, regeneration but, also
participates in the processes of cells adhesion, growth and differentiation. These collagen functions
take place mainly due to the specific structure of its fibres. Its spatial structure, called a superhelix,
provides the beneficial properties of collagen, especially very high mechanical strength [Meyer M.,
(2019); Birk D.E. et al., (2015); Brodsky B. and Ramshaw J., (1997)]. Collagen is one of the most widely
used biomaterial in tissue engineering, included in the 3D bioprinting. However, collagen is
temperature-sensitive and prone to degradation during most sterilization processes, so collagen
scaffolds often need to be cross-linked or used in combination with other materials. The 3D collagen
scaffolds, with high porosity, permeability and biocompatibility, could facilitate the formation of new
tissues [Cheng et al., (2021)]. Although collagen has good biocompatibility, it is difficult for collagen
to form a bioink with appropriate viscosity. The formed scaffold has low strength, and the pH needs
to be adjusted before using collagen as a biomaterial, because the fibres formed under neutral pH
conditions give a physical gel within 30 min at room temperature, and at low concentration

[Mazzocchi et al., (2018)].

Gelatine is another commonly used 3D bioprinting material; it is a natural protein derived
from collagen hydrolysis. Gelatine is non-cytotoxic, water-soluble, presents high water absorption
and no immunogenicity; it is biocompatible, and promotes cell adhesion. Gelatine can replace
collagen in 3D bioprinting due to better physical properties but can also be used as additional
material to form a blend. Like collagen, gelatine must be treated with acid or alkali before its use

[Yue et al., (2015)].

Constructs containing gelatine, can be crosslinked by the glutaraldehyde, but this approach
reduces the biocompatibility of the scaffold. Based on this characteristics, pure gelatine is usually
used as a sacrificial material in 3D bioprinting, as it is conducive to the transmission of oxygen and
nutrients. In order to retain the biocompatibility of gelatine and enhance its mechanical strength,
the modification of gelatine and the use of UV cross-linking have been considered by a large number

of researchers [Billiet et al., (2014)].
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Alginate is a natural, seaweed-derived, and ion-sensitive anionic polysaccharide [Neufurth et al.,
(2014)]. 1t is biodegradable, and non-immunogenic; it has been widely used in tissue engineering
application as biomaterial for bioink, because of its low toxicity, good biocompatibility, fast
crosslinking and the shear thinning properties. [Bouhadir et al., (2001); Rastogi and
Kandasubramanian, (2019)]. The main disadvantage of alginic acid hydrogel is the low bioactivity.
Alginate can provide a cytoprotective effect against processing pressure stress and can form a hard
gel with the use of a crosslinking agent as calcium chloride (CaCly), a chelating agent applied
immediately after the 3D printing, able to crosslink alginate via sodium—calcium ion exchange
reaction at room temperature [Demirtas et al., (2017)]. The limitation of alginate is the short cell-
binding domain on the polymer chain, and calcium ions may cause inflammation in the body [Chan

G. and Mooney D.J., (2013)].

3.2.2 Cells. The selection of the cell type is crucial for 3D bioprinting and depends on the
biological tissue under study and to replicate. Not all tissue-specific cells can be isolated and cultured
in vitro, and not all cells can maintain their biological activity after undergoing a 3D bioprinting
process. Therefore, how to optimise cell separation, culture and enhancement of proliferation

technology have always been the focus of exploration and improvement of 3D bioprinting.

Stem cells have a broad application potential in the fields of cell repair, developmental
biology and pharmacology. The 3D bioprinted scaffolds containing live macrophages and antibiotics
demonstrated to promote the clearance of Staphylococcus aureus associated to craniotomy biofilm

infections [(Aldrich A.et al., (2019)].

The neuron is the most basic structural and functional unit of the nervous system, and its
function is to receive stimulation, generate and conduct excitation. Neuron damage, which often
causes irreversible damage to patients, has always represented a major clinical difficulty. By
formulating specific neural tissue bioinks, printing neuronal structures and precisely controlling the
microenvironment in 3D space, may represent a new therapy in the future [Knowlton S. et al.,

(2018)].

Cancer cells can spontaneously assemble into spheroids in 3D culture environment that
privileges cell—cell and cell-ECM interactions over cell-substrate interactions, as typical of 2D culture
environment [Biatkowska K. et al., (2020)]. These predominant cell—cell and cell-ECM interactions

result in the formation of a 3D structure able to reproduce the spatial organization and environment
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of avascular solid tumours, where cells can proliferate, aggregate and differentiate [Biatkowska K. et
al., (2020)].

Spheroids have a diameter of 200um or more, generally with a spherical shape, and display
three concentric zones of heterogeneous cell populations (Fig. 6), recapitulating many
characteristics of the in vivo solid tumours, such as nutrient and oxygen gradients, the morphology

and polarity of the cells, as well as gene
expression and activation of cell
Proliferative zone signalling pathways [Pinto B. et al,
‘-:f"_'_ Quifmrentsone (2020)]. These features make spheroids a
. SR promising model for the study of cancer

biology, cancer initiation, invasion and

metastatic processes, as well as drug

testing [Imamura Y. et al., (2015)]. On the
—_— base of the composition of the bioblends,
Pl st i A% ..-_ Clidiisdprd e Oy ’u Weriolic 1wmer cely

the spheroids formed will be different in

i .
L . M wpgem cely Tmnr ganctated hibendbimt

shape, dimension and number.
Fig. 6: Typical structure of a multicellular tumour spheroid. The
geometric rearrangement of the cells within the spheroid forms
three concentric zones of cell populations: an external
proliferating zone (Proliferative zone); a middle zone of model. Gompertz’s equation represents
quiescent cells (Quiescent zone), and an internal zone of
necrotic cells (Necrotic zone). These cell layers are due to the the most important model of tumour cell
gradients of nutrients, oxygen, and pH, from the outside to the
centre of the spheroid (Necrotic zone) and by the gradients of ~ growth as this model presents a good fit

CO:and lactate, from the centre to the outside (from Pinto B. et . .
al,, (2020)). to data and simplicity. The key

3.2.2.1 Gompertzian cell growth

assumption in the Gompertz model is
that the cell growth rate decreases as function of time (t). Because of this decrease of the growth
rate, the dimension of the tumour mass reaches an asymptotic value (carrying capacity). [Alzahrani
E.O. etal., (2014)]. Many other models followed the Gompertz’s model equation, but in this section,
will be just described the deterministic formulation of Gompertz cell growth model introduced by
Benjamin Gompertz in 1825, and the typical sigmoidal curve describing the model. The dependence
of the size x(t) of the growing tumour on time (t) is well described by the differential Gompertzian

equation

dx/dt = a*n - b*n*In(n) (1)
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where g, is the rate of growth of the tumour, a parameter related to the initial mitotic cellular rate,

and b is the damping factor of growth, mainly represented by antiangiogenic processes.
The objective is to find the right-hand side of equation (1), f(x) of the general equation
dx/dt = f(x) (2)

that describes the corresponding growth. This model considers cell growth not tumour emergence,
this means that if originally, no tumour mass is present (x = 0), there is nothing to grow, so we should
have f(x) = 0. In other words, the desired function f(x) should have the property f(0) = 0 [Olague P.
B. and Kreinovich V., (2016)].

Now, integrating starting from the initial condition x(0)=xo, given a and b, can be obtained:
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Fig. 7. Typical Gompertz sigmoidal growth curve. No is a—blnr = (a—blnzy)e™ (7)

the initial number of cells, N is the maximal number _— a {1 l N

of cells (carrying capacity), and Niis the population size Inxr = b { B & "I") ' (8)

at the inflection point achieved at time (ti) (from

Kozusko F., Bajzer Z., (2003))
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Considering xo=1, the exponential term is not relevant. Fig. 7, shows the curve describing the present
model: it shows an increase until to the inflection point after which the rate of growth slowly

decreases reaching a plateauing behaviour for N ) [Kozusko F., Bajzer Z., (2003)]. ) (N =x).

3.2.3 Growth Factors and Bioactive Molecules. The bioactive molecules applied in 3D
bioprinting are mainly growth factors, enzymes, antibodies, antigens, plasmids, DNA. These
bioactive molecules can be selected according to the type of tissues to be repaired and the functions

to be achieved in 3D bioprinting. Enzymes are proteins or RNAs produced by living cells that are
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highly specific and catalytically efficient for their substrates. (Steier et al., 2020). Growth factors, as
a class of substances able to regulate cell growth and development, have been widely used in tissue
engineering and 3D bioprinting. DNA is an essential biological macromolecule for the development
and normal operation of organisms. It is widely used in modern biology and biochemistry, mainly in
the field of genetic engineering; it can also be applied in 3D bioprinting to prepare gene-active
bioinks and combine with bone marrow mesenchymal stem cells, providing a new idea for the

treatment of bone defect regeneration [Cunniffe G.M. et al., (2017)].
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4. Analysis techniques

In the evaluation of bioinks for extrusion printing, various approaches can be distinguished,
particularly based on how they are related to the different stages of the printing process. It is
necessary to emphasise that any assessments of the cell-free bioink may not hold complete
relevance for the equivalent bioink containing cells, as cells have an impact on the rheological

properties of the mixture.

During the development of a bioink, a suitable gelation mechanism, homogeneity of the
materials in terms of cell/fibre distribution, cytocompatibility, swelling/degradation behaviour need
to be investigated and optimized. Generally speaking, to assess printability, can be useful the
evaluation of the rheological properties of the bioink as predictors of the potential shape fidelity.
Moreover, as hydrogel filaments are the basic elements in extrusion bioprinting, their formation,
planar orientation and stacking during the layer-by-layer printing process can also be evaluated. The
guality and mechanical stability of these filaments is a primary indicator of printing accuracy, shape

fidelity, and resolution that can be achieved.
4.1 Blend characterization

4.1.1 Tube inverting test. It is a simple method to qualitatively assess the gelation of a
sample and the time necessary for such sol-> gel transition. The sample state is controlled at
different times just inverting the tube (fig. 8). When this method is used, it is necessary to consider
variables such as the amount of sample introduced into the tube and the diameter of the test tube

because both factors can affect the result of this test.

v

"
"y %

Fig. 8: Tube inverting test technique.

4.1.2 Swelling test. Swelling is the change in volume of a gel as it absorbs a compatible
solvent, such as water for hydrogels. Swelling is possible because the solid component of the
hydrogel, which is typically a polymer network, is both elastic and hydrophilic, enabling enough
water to be absorbed to increase the volume, but creating elastic tension within the networked
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polymer chains that prevents total dissolution (Fig. 9). During the past decades, hydrogels have
attracted the attention from the research community and the polymer industry to their wide range
of applications as in manufacturing contact lenses, hygiene products, tissue engineering, drug
delivery systems, wound dressings, etc. Swelling rate is one of the most important technical features
of hydrogels. To measure the swelling rate, the profile of swelling capacity versus time of a hydrogel
sample is often obtained by performing free-absorbency capacity measurements at consecutive

time intervals [Zhang et al., (2020)].

4.1.3 Degradation test. Performing the swelling test, it is possible to check the degradation
of the hydrogels: often a reduction in weight during a swelling test, is due to a degree of degradation

with reduction of the mass of construct.

4.1.4 Dehydration test. Dehydration is the change in volume of a gel as it loses its content

of water, during the drying (Fig. 9).
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Fig. 9: Swollen stages (from The Swollen Polymer Network Model. Nate Richbourg, 2023)
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4.2 Rheometer and rheological properties. Rheology is a branch of physics that
describes the deformation and flow behaviour of materials under the influence of applied forces
[Malda J. et al., (2013)]. The term originates from the Greek word “rhei” (pei) meaning “to flow”.
Rheometry is the measuring technology used to determine rheological properties [Introduction to

rheology, D. Vader, H. Wyss].

Rheometers can be identified as “strain controlled” and “stress controlled” rheometers: in

the first case, can be applied a rotation w

Strain-controlled Stress-controlled
Messured | TTENSdUCE besecemen (Strain)and it is possible to measure a torque M
Torguss Sonmoe
feress) o =y Mesues  (stress); in the second case applying a torque M

Wor-Coiiact Hodation L. . X
Deag Cup (stress), it is possible to measure a rotation w

i ™ ?Tq':f (strain) (Fig. 10). Stress-controlled rheometers

i _: - my _— have better torque sensitivity; strain-controlled
Rotation | tete Wizzssies % rheometers can probe higher frequency; but
ARES Bohlin, AR-G2, Anton Paar nowadays, feedback loops are fast enough so

Fig. 10: comparison between strain- and stress- that most rheometers can operate well in both

controlled rheometers. (from Introduction to rheology,

D. Vader, H. Wyss) modes (Introduction to rheology, D. Vader, H.

Wyss).

On the base of the geometries of the measuring systems, rotational rheometers are defined as cone-
plate, plate-plate and concentric-cylinder
4 Ll rheometers (Couette cell) (Fig. 11). Cone-plate

presents uniform strain/strain rate and a fixed

-

gap height; plate-plate geometry presents
non-uniform strain, adjustable gap height.
This geometry represents a good method for
i testing boundary effects like slip. Concentric—

Fig.11: measuring systems: cone-plate (with radius R, cone cylinder, presents a good sensitivity for low-
angle a, truncation a); plate-plate (with radius R, distance
between plates H); concentric cylinders (with bob radius
Ri, cup radius Re, internal angle a at the tip of the bob). Vader, H. Wyss)_

(from Introduction to rheology, D. Vader, H. Wyss).

viscosity fluids (/ntroduction to rheology, D.
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4.2.1 Rheological properties. Rheological properties have
a large influence on hydrogels printability. In 3D extrusion-based
processes, a bioink presents at the beginning, a bulk resting state,
then undergoes a transition to a high shear condition while passing
through the nozzle, and finally reaches a new resting state. The
main rheological properties describing these transitions are
viscosity, viscoelastic shear moduli, elastic recovery, and shear

stress (fig.12) [Ribeiro A. et al., (2018)].

4.2.1.1 Viscosity is the resistance of a fluid to flow under
the application of a stress and has a great influence on the printing
fidelity. Generally, higher viscosities result in higher printing fidelity,

but it also leads to increased shear stress, which can affect the cells

Elmalic racovary
Fig.12: Rheological properties
affecting printability and shape
fidelity. Interplay of rheological
properties in extrusion-based
printing (from Schwab A. et al.,
2020).

suspended in the bioink. The main factors determining the viscosity of polymers in solution are

molecular weight, concentration and presence of additives [Cowie J. and Arrighi V., (2007)]. Viscosity

is defined as the ratio of the shear stress to the shear rate. Fluids exhibiting deviations from linearity,

with change in the ratios are defined non-Newtonian. Non-Newtonian fluids can be classified into

time-independent (shear-thinning and shear thickening) and time-dependent fluids (thixotropic or

rheopectic) [Cheremisinoff N., (1993)]. Shear-thinning is the most common type of time-

independent non-Newtonian fluid behaviour, where the increase of the shear rate y, results in a

decrease of viscosity [Mezger T. G., (2011)]. Some of the non-Newtonian viscous fluid models often

used include (13):

e Bingham-Green visco-plastic: presents a solid
behaviour at low stress, flows at high stress (it
is necessary to exceed a yield stress to flow).

e Shear thinning or pseudo-plastic: does not
present yield stress, flow well at high stress (as
blood, paints).

e Shear-thickening fluids or dilatant: flow well at

du/dy = 4

low shear, present solid behaviour at high

shear (example is maizena).

Fig.13 Rheological models for non-Newtonian
fluids (modified from ACS Omega 2022, 7, 33,
28708-28722)

e Herschel-Bulkley visco-plastic: is a generalization for non-Newtonian viscous fluids.
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4.2.1.2 Viscoelasticity. Bioinks for extrusion printing, show both viscous flow and elastic
shape-retention properties. These properties are known as viscoelasticity. This behaviour is
described by two parameters: the storage (or elastic) modulus G’ and the loss (or viscous) modulus

G".
The storage modulus G'(w) = [, wG(s)sin(ws)ds (1)
The loss modulus G"'(w) = [~ wG(s) cos(ws)ds. (2)

The storage modulus G’ is a measure of the

&

energy elastically stored during deformation and is

| Phare Angie

associated with elastic shape retention; the loss

modulus G" measures the energy dissipated by the
material and is linked to the viscous flow (Fig.14).
Viscoelastic properties can be measured via oscillatory
Fig.14 diagram illustrating the relationship

between complex modulus G* storage  rheology, while viscosity is measured under rotation. G’

modulus G’, loss modulus G” using the phase )
angle 8. The elastic behaviour is presented on and G" are measured as a function of the frequency

the x-axis and the viscous portion on the y-axis
(from Science Exchenge).

and amplitude of the oscillation [Mezger T. G., (2011)].
It is also possible to define the complex viscosity,

representative of the viscous behaviour:

nN*= G*/iw = (G’ +iG”) /iw = G"/w-iG’/w=n"-in" (3)

where G* is the complex modulus. So

In*|=1G*| /w (4)

(S. Milner, Journal of Rheology, 40, 303 (1996))

It is possible to notice that the imaginary part of the complex modulus is related to the real
part of the complex viscosity, and vice versa, generating a phase shift 6 between deformation and

stress in viscoelastic materials, that can be computed using a polar definition of the complex

modulus: _
G* = G +iG" =|Gle” = |G| cos{s) + i| G| sin(d) (5)
= G— = 75 Slﬂi.'.‘_:l = tan(d) (6)
G Gl cos{d)

= d =tan ‘

G
= 7
=)
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The G"/G' ratio (eq. 6) represents the damping factor or tan(8). Shape retention can also be
defined in terms of yield point or yield stress, that is the stress to exceed to obtain a deformation
(Fig.15). Both elastic modulus and yield point are correlated to the number of cross-links within the

bioink [Mezger T. G., (2011)].

The following tests represent a short overview of the most common types of analysis performed

at the rheometer to assess the rheological properties of biomaterials.

4.2.1.3 Amplitude sweeps is an oscillatory test that uses an increasing amplitude (energy
input) to probe sample properties such as rheological stability. The amplitude sweep test (Fig. 15),
is an important assay to properly determine the Linear Viscoelastic Region (LVE) to define rheological
stability within either a % strain or stress value that is a critical input parameter for subsequent
frequency-based assays and for other oscillatory tests performed at the same temperature, to
ensure that the rheological integrity remains intact. It is important to underline that the LVR can

change with temperature [Whitcomb, KJ., (2021)].

4.2.1.4 Frequency sweeps generate a rheological "fingerprint” of a material. It is used to
probe viscoelastic properties such as stiffness (complex modulus, G*), solid nature (elastic or storage
modulus, G'), liquid nature (viscous or loss modulus, G"), solid or liquid tendency (phase angle),
complex viscosity, and tan(6) (G"/G' ratio) across a frequency range. This assay is useful to probe
polymer and biomolecule viscoelastic behaviour and structure in diverse matrices. It is important

that this assay is performed within the LVR (Linear

Yield point i i i i i i
ield poi ~ '..-Flm.r ik Viscoelastic Region) determined with an amplitude
....... -_——— sweep test (Fig. 15). In this case (assay performed
E‘? - L within the LVR), the same result can be obtained
o S A
B e @ \‘ with both methods if the sample does not change
awad
)y during the test period. The results of frequency
- . sweeps are usually represented in a diagram with
Shear Stress

Fig.15: Amplitude sweeps of a viscoelastic the angular frequency (w) plotted on the x-axis and

substance represented as a function of the shear
stress, showing the yield point as the limit of the
linear viscoelastic region and the flow point, e.g.,
the stress at which the viscous modulus G” is above

the elastic modulus G’ and therefore flow can occur. [Faith A. Morrison, Understanding Rheology
(from Schwab A. et al., (2020)).
(2002)].

storage modulus G' and loss modulus G" plotted on

the y-axis, with both axes on a logarithmic scale
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4.2.1.5 Yield point and flow point. Amplitude sweeps can also be used for determining the
yield point and the flow point (Fig. 15). The yield point 1, — also called yield stress — is the value of
the shear stress at the limit of the LVR. This point is also called the linearity limit. The flow point tr—
also called flow stress — is the value of the shear stress at the crossover point G' = G" (fig. 15). At
higher shear, the viscous portion dominates and the sample flows. In conclusion, if a sample shows
G" > G'in the LVR and, therefore the character of a fluid, it may have a yield point but not a flow

point because it is always liquid [Mezger T. G., (2011), Schwab A. et al., (2020)].

4.2.1.6 Loss factor or damping factor: tan(8) = G"'/G' (tangent delta), is a dimensionless
guantity or 1. This factor is given by the ratio of the two components of the complex modulus G*
(eq. 6). The graph of the tan(6) is displayed in addition to the curves of G' and G", when there is a
phase transition in the sample. This is also called the sol/gel transition point or simply the gel point.
It means that the sample has changed its properties during the measurement, passing from the
liquid or sol state to the solid or gel state and vice versa. For practical applications, a liquid is said
ideally viscous if tan(6) > 100:1 = 100, while a solid material is defined ideally elastic if tan(5) < 1:100
=0.01. [Mezger T. G., (2011)].

Many other parameters can affect rheological properties of a material, as environmental
pressure (e.g. overpressure up to 1000 bar = 100 MPa), magnetic field or electric field strength, UV
light rays with controlled intensity [Mezger T. G., (2011)].

It is also important to consider the rheological properties of a blend after mixing with cells.
Important phenomena to be considered include volume exclusion, alteration of viscoelastic
properties due to the cells in suspension, and potential interference of cells with chemical processes.
The extent of these effects depends also on the metabolic state of the embedded cells, their
subtype, and the volume occupied, with potential differences when single cells, spheroids, or

complex aggregates are processed [Schwab A. et al., (2020)].

25



4.3 Imaging techniques in the blend and scaffold development. During the

development of functional tissue constructs, factors needed to be controlled are:

e ECM proteins (Composition, amount, fibre size and spatial orientation);
e Cells (Cell number, viability, growth, morphology, differentiation, cell-cell and cell-matrix
interactions);

e Scaffold (Surface topography, inner structure, particle distribution in composites).

4.3.1 Scaffold transparency is a major issue in the imaging of constructs [Lee J. et al., (2008)].
Most scaffolds possess a high degree of opacity that could derive from high porosities (e.g.
fabrication by particulate leaching or gas foaming), multiple internal surfaces (multi-layered or multi-
surface architectures), incorporation of micro- and nanoparticles (nanocomposites) or highly
diffracting components such as in biopolymer-based hydrogels. Some scaffolds become highly
opaque as result of increasing mineralization during maturation (bone TE constructs). Light in the
UV and visible range (300—700 nm) used for microscopy imaging penetrates such opaque materials
only superficially [Georgakoudi | et al., (2008)] and seeded cells further enhance light diffraction. For
this reason, traditional imaging methods rely on physical sectioning (histology) to obtain images of

the inner micro-architecture, thereby destroying the constructs.

- Each of the following methods discussed, presents its
Live Cell
strengths and limitations and allows imaging within certain
spatiotemporal boundaries. The techniques differ largely

. not only in their invasiveness to the biological material, their

imaging speed and ability to create three-dimensional

views, their biological specificity, imaging depth and

o) & — resolution, but also in terms of costs and time.
DAPI Hoechst “HTdR

. > ¥ 4.3.2 Transillumination and fluorescence
BrdU EDU 25UdR

microscopy. The most traditional tool to image cells and
Fig. 16: Methods for DNA analysis in live
cells (modified from Xu J., Chen X., Rui
JLYu Y, Gu D,Ruan JJ, Ruan BH. Cell
Growth Measurement).

tissues is optical microscopy, with many techniques
available. Common to these techniques is their resolution
window which is determined by the wavelength of the
illumination light. Light microscopes use a transmitted white light spectrum for image generation.
White light microscopy is primarily used for routine analysis (monitoring cell number and

morphology after scaffold bioprinting, spheroids formation, number and dimension of spheroids)
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and for imaging histological stained tissue slices [Kiernan J. (1999)] with various stains such as
Haematoxylin and Eosin, Von Kossa, trichrome [Boos A.M. et al., (2012)]. The limitations of white
light microscopy are low contrast and low specificity in unstained samples. Opaque scaffolds cannot
be examined with transillumination microscopy.

In fluorescence microscopy, a sample is illuminated by light in the near UV or lower visible
spectrum to excite fluorophores within the sample. These are either extrinsically applied or
intrinsically present as auto fluorescent molecules. The fluorophores are detected based on their
fluorescence excitation and emission capabilities. The emission light has a larger wavelength (lower
energy) than the excitation light and is separated and collected by appropriate beam splitters,
dichroic mirrors and emission filters. Unspecific background due to cellular autofluorescence is an
important problem that needs to be controlled.

DNA content can be analysed after fluorescent staining or labelled nucleic acid incorporation.
As shown in Fig. 16, DAPI and Hoechst dyes penetrate the membrane and are commonly used to
label live cells. DNA in active proliferating cells can be labelled by the fluorescent-labelled

bromodeoxyuridine (BrdU) and 5-Ethynyl-2’-deoxyuridine (EDU).

4.3.3 Confocal Fluorescence Microscopy (CFM). A huge increase in image contrast is gained
using laser scanning Confocal Fluorescence Microscopy [Smith L.E. et al. (2010); Muller M., (2006)].
The reduced light intensity is overcome by sensitive photomultiplier detectors. The major concern
about CFM is the issue of photobleaching and phototoxic effects to cells (invasiveness) due to high
laser intensities in the focal plane and ever-present out-of-focus excitation which complicates long-
term imaging. The other major limitation is the low tissue penetration of only around 100 mm
[Oheim M., (2001)].

Fluorescence and confocal microscopy are powerful tools used to get an overview of cell
distribution and cell morphology of scaffold containing cells (figure 2b) [Marelli B. et al., (2011)].
Another application of CFM is the imaging of collagen gel networks [Mickel W. et al., (2008)].

4.3.4 Electron Microscopy. Electron microscopy techniques are very good methods to

characterise spheroids, because they provide high resolution at nanoscale levels.

High-resolution images of the inner structures can be generated by transmission electron
microscopy (TEM) while high-resolution images of the surface of spheroids can be achieved by

scanning electron microscopy (SEM) [Ma, H.L. et al. (2012)].
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The TEM technique provides information on cell—cell interaction in the spheroids, such as cell
junctions, and ECM deposition, as well as information on treatment outcomes such as apoptosis,
cell shrinkage and organelle swelling [Tesei A. et al., (2013)]. Importantly, TEM is mostly used to

analyse the distribution of drugs or nanoparticles into the spheroid [Huang K. et al, (2013)].
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5. Materials and Methods

5.1 Materials

5.1.1 Biomaterials, tools for blend preparation at the bench: natural

polymers for alimentary use have been utilised. Follows a list of materials used in

this experimental work.

Collagen Gelatine

TAL PROTE]
vi COLLAG E'HHE

. PEPTIBES Vital Proteins

L A Collagen Peptides
Bovine Collagen
Powder-Neutral

FunCakes
Gelatin Powder:
Bovine Gelatin,
Bloom150

Alginate Chemical Crosslinker:

home-made CaCl; (80mM) at

Saporepuro the bench.

Sodium-Alginate
Thickening additive CaCl; (50mM) in the printing

product for lab (Cellink solution).
alimentary use

SR
#rnun-mu:

Fig. 17. Tools used at the bench for Fig. 18. Magnetic Fig.19: analytical balance
blend printing rotating/heating plate
with stirrer
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5.1.2 Cells mixed to the biomaterials
for bioinks preparation were SK-LMS-1 Cell
Line (HTB-88™) ATCC. SK-LMS-1 is a cell line
exhibiting fibroblast morphology (Fig. 20)
isolated from the vulva of a 43-year-old, white
female patient with leiomyosarcoma. This

product has applications in cancer research.
Morphology: fibroblast
Growth properties: Adherent

Growth Conditions: Temperature 37°C

Fig. 21: LUNA Il cell counter

VTE 7 d S
\,Z.l U/

F|g 20: SK-LMS-1 Cell Line exhibiting fibroblast
morphology when in culture

LUNA-II™ cell counter. The cells mixed to the bio-blends to form the
bioinks for 3D bioprinting, have been counted with the use of the
LUNA-II™ (Fig. 21), an automated cell counter. Live cells are tagged
with green circles and dead cells are tagged with red circles, making

it easy to verify the accuracy of each count.

5.1.3 CELLINK INKREDIBLE+ pneumatic 3D Bioprinter (two print-heads)

The bioprinter used in this work is CELLINK INKREDIBLE+ (Fig. 22), a pneumatic 3D bioprinter with

two printheads. The printing pressure ranges between 5 to 400 kPa; using an external air supply such

as a compressor, a maximum of 700 kPa of pressure can be provided to the INKREDIBLE+. (from

Nicole Witzleben,2020).
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Technical specification is reported as table.

Fig.22: Cellink INKREDIBLE+ bioprinter

Outer dimentions (LxWxH)

Table Il. Technical specification of Cellink INKREDIBLE+ bioprinter

370 x330x430 mm

Weight

15kg

Build volume

130 x 80 x 100 mm (printbed
has inserts for P100 petri dish
and multi-well plates)

Build surface compatibility

Multi-well plates, petri dish,
glass slides

Resolution xy 10um
Layer resolution 100pm
Pressure range (external 5-400kPa
air supply)

Printheads 2

Printbed Temperature
range

Room temperature

Printhead Temperature
range

Room temperature

UV-sterilization

None

Calibration options

Manual

User interface

Disply, desktop application

Desktop OS compatibility

Windows, Mac OS

Connectivity

SD card, USB B

Supported file formats

.gcode (.stl, .obj, with
software)

27G - 200 pm (Clear)
25G - 250 pm (Red)

22G - 410 uym (Blue)
20G - 580 pm (Pink)

18G - 840 ym (Green)

Fig. 23: Sterile standard conical bioprinting nozzles, length and inner

diameter according to the colour.
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Fig.24: Falcon 6-well-plate, flat
bottom




5.1.4 Further devices used for this work: Rheometer, Incubator and different microscopes

Fig. 25: Rheometer MCR 702e MultiDrive SERIES
ANTON PAAR, plate-plate modality

Fig. 26: CELBIO incubator, at
37°C, 5% COa.

=y
Fig.27: Olympus BX-51 fluorescence microscope for

Fig.28: Inverted optical
blend analysis

microscope (Nikon).

Other materials used include:
Culture medium and disposable materials as

tips, flasks, falcon, serological pipette.

Fig.29: Optical Microscopy: haematoxylin/eosin
staining observation.
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5.2 Methods: A Bioprinting Protocol, which provides instructions for bioprinting with
the bioink using the INKREDIBLE+ has been followed (Table Ill). It covers steps from pre-print mixing
with cells, 3D bioprinting and post-printing processes of crosslinking. This protocol has been

optimized using the Cellink INKREDIBLE+ pneumatic printhead. The following protocol can be

performed at room temperature (RT), intended a temperature between 20-25°C.

Table Ill. Bioprinting Protocol provides instructions for bioprinting with the INKREDIBLE+ bioprinter.

) Activity

Material

Description

Blend
preparation

Collagen+alginate
Collagen+gelatine+alginate

Load bioink in a cartridge at room
temperature.
(If not printed with cells, go to step 3).

Mix blend with
cells

- 3 ml syringes with luer lock
connections

- Prewarmed blend

- Cell suspension in syringe

Mix blend with cell suspension,
taking care do not introduce air bubbles to the
mixture.

Fill the cartridge
with bioink and
load the

3. cartridge

clear cartridges (3cc) loaded
with bioink (blend with cells)

sterile conical bioprinting
nozzles

Place the room tempered bioink in the
printhead and cap with the conical nozzle of
choice: blue conical nozzle, size 22G, 410um
inner diameter has been selected.

Note: decrease the nozzle diameter to achieve
smaller filaments, increases the risk of the
bioink clogging and cell damage.

Printing

Bioprinter INKREDIBLE+
6-well plate

Print structures according to the selected
parameters onto a 6_well plate.

If printability is not as desired, adjust the
pressure up/down by 1 kPa to extrude
more/less material.

Note: it is necessary do not wait too long
between extrusions because the bioink can dry
in the nozzle causing it to clog. If this occurs,
replace with new nozzle.

Crosslinking

Crosslinking solution (CaCly)
Cell culture medium

Crosslink the scaffold bio-printed with CaClx
crosslinking solution. Cover the cell-laden
scaffolds with crosslinking solution as long as
needed, depending on construct size and molar
concentration of the crosslinker. Remove
crosslinking solution and rinse constructs with
basal culture media once.

Incubation

Cell culture medium

After crosslinking and washing, add the
desired medium to the scaffolds and place
them into incubator. Incubate the scaffolds in
cell culture medium in standard culture
conditions (37°C, 5% CO2 and 95% relative
humidity).
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5.2.1 Blend development. Ingredients: Vital Proteins-Collagen Peptides-Bovine Collagen
Powder Neutral; FunCakes Gelatine Powder-bovine gelatine (Bloom150); Saporepuro-Sodium
Alginate (SA) powder from brown algae, product for alimentary use; Calcium Chloride Anhydrous,
distilled water. The blends were prepared by dissolving collagen powder into distilled water through
magnetic stirring for few minutes at room temperature. Subsequently, gelatine was gently added to
the solution enhancing the temperature of the magnetic plate to 38°C, mixing to obtain a completely
transparent blend. After that, sodium alginate powder was added and mixed till to complete
dissolution in the medium. 6 Collagen/Gelatine/SA solutions were prepared at different
concentration for the experiment. The 80mM CaCl, was prepared by dissolving calcium chloride
anhydrous in water, stirring for 5 min. The same procedure was followed for the second blend; the
only difference was that after collagen, sodium alginate powder was added. Also in this case,
different solutions of the blend at different concentration of the components were prepared. The
concentration ratios were selected based on the results of hand-printing tests at the bench,
performed using a kit made of a large syringe, a nozzle with an inner diameter of about 400um and
home-made CaCl, 80mM as crosslinker. The selected blends, where tested for repeatability: each
blend, in the same environmental conditions, was prepared at the selected concentration with the
purpose to obtain the same result at the hand-printing test, that was a scaffold able to maintain the
shape after crosslinking, well adherent to the Petri dish, transparent enough to see through it and
resistant to degradation test performed after hand-printing. The blends that passed the previous
tests, were considered eligible for printability test at the Cellilnk Incredible+ bioprinter (without and
with cells mixed). After blend preparation and before final printing, biomaterials were mixed with

cells to form the bioinks used for scaffold 3D-bioprinting on 6-well plates.

5.2.2 Bioprinting Process The bioprinter used in this investigation was the Pneumatic two-
headed Cellink Incredible+ 3D Bioprinter (Cellink, Goteborg, Sweden). Before starting the bioprinting
process, the characteristics and parameters of the desired scaffold were fixed and a G-code defined
(Fig. 30). The scaffolds were printed into 6-well plates (Falcon flat bottom); equivalent filament shape
was extruded for each change of coordinate (mm E); feed rate was fixed at 600 mm/min (F); printing
pressure was manually optimised for each material, with a pressure range between 2kPa and 7kPa.
The print-head used, was kept at the room temperature of 22°C for all samples. The bioink blends
were extruded from a syringe connected to an air compressor; the conical nozzle used for both

blends had an inner diameter of 410um, a length of 22G. The printed scaffolds, made of 2 layers
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with a height 0.4 mm per layer, had a size of 10.0 x 10.0 x 0.8 mm and a line-space of 2 mm. The

printing process started from the B1 well.

Before starting the bioprinting process, the bioprinter was initialized and the distance of the
nozzle above the collector plate was found by measuring the ‘zero’ of the z-axes and of the x-y plane,
representing the position at which the conical nozzle is in contact with the collector plate and then
raising the nozzle to leave a space sufficient for a sheet of paper to pass through. During the

bioprinting, this distance was further optimised to create well-attached, round, consistent filaments.

O SCinm -Gide ]

e L~ o
L A w [ Vi e
[r— | oty ik e ey

Fig. 30: G_code and image of the 6well plate for printing the scaffolds created with the Cellink
HeartWere software.

Where poor attachment or inconsistency was observed, the initial height was lowered, while
flattened, squashed filaments indicated the printing height needed to be raised. To optimise the
extrusion parameters, the pressure was initially set by observing the flow of material out of the
nozzle in a stationary position. The starting pressure was considered the pressure able to produce a
steady filament flow. For each blend, two 6-well plates were bioprinted, one containing cell free
scaffolds and, the other one containing scaffods made of blend + cells (Figg. 31,32). After the printing
process, scaffolds were covered with calcium chloride (CaCl,) solution (50mM) for a time sufficient
for crosslinking the constructs and then washed away. As a following step, the crosslinked scaffolds,
covered with Dulbecco's Modified Eagle Medium (DMEM-F12), were put into the CELBIO incubator,

at 37°C, 5% CO, until the scaffold detachment and preparation for the different microscopy analysis.
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Fig.31: collagen+alginate: two 6well-plates containing scaffolds bioprinted without (above) and with (below) SK-LMS-1
cells (ATCC), covered with crosslinker (CaCly).

Fig.32: collagen+gelatine+alginate: two 6well-plates containing scaffalds b_i?)prine thout (above) and with (below)
SK-LMS-1 cells (ATCC), covered with crosslinker (CaClz).

When the 4 6-well plates (2 for each material, cell-free and cell-laden) were ready, two scaffolds
from each plate were stained with Haematoxylin and Eosin for optical microscopy observation, two
scaffolds for each plate underwent the inclusion protocol for FE_SEM observation and, one scaffold

for each plate was stained with DAPI for cell control at the inverted optical fluorescent microscopy.
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5.2.3 Blend characterization. After the initial development of blends, the materials
underwent different test for characterization. Later on, are described the tests performed on the

blends.

5.2.3.1 Blend analysis with the OLYMPUS BX-51 microscope, to check homogeneity of the
blends, filament formation, reticulation and crosslinking development. To these purpose, disks of
the materials developed were prepared as described before and were cross-linked for 30 min with
80mM home-made CaCly. Slices of these bulks were cut after crosslinking and observed at the

Olympus BX-51 microscope.

5.2.3.2 Tube inverting test: The samples examined during the tube inverting test were
prepared at the same concentration of those studied for swelling and dehydration assay. To obtain
an indication of the time necessary for sol-> gel transition, the sample condition was checked at
different times just rotating the tube starting from to=0" till to the final time of control tfin (Fig.33).

To control the presence of fluid, it was sufficient to incline the tube.
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Fig.33: tube inverting test.

5.2.3.3 Swelling and dehydration tests: Swelling is the change in volume of a gel as it
absorbs a compatible solvent, such as water for hydrogels, while dehydration test evaluates the
loose of water content in time. For swelling, degradation and dehydration tests, have been used 4
samples, 2 for each material. To evaluate the swelling ratio of the blends, that means the capability
of absorption from the surrounding environment of the samples, weight was measured immediately
after the sol-gel transition (to), and then at fixed intervals, after 1hour, 24hours, 48hours and 72hours
for Collagen_Alginate blend while, for Collagen_Gelatine_Alginate blend, a further control of weight

was performed at 96 hours.
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Dehydration test was performed by leaving the samples in the open air, at room temperature,
weighting the samples at fixed intervals as for swelling test. The formulas used to compute the

swelling ratio percentage (SR%) and the dehydration ratio percentage (DR%) are the following:

W - W
SR% = ]“. = X100 e wit= sample weight (g) swollen/dried at a
: certain time step.
DR% - W — Wi x100 * wd =initial sample weight (g) of the gel {t=0).
wt

5.2.3.4 Rheological measurements. The rheological
properties of the two blends developed (Collagen Alginate and
Collagen Gelatine Alginate), were investigated at 25°C by using a
MCR 702e Anton-Paar rheometer (Graz, Austria); the tests were
performed with a plate—plate geometry, with the diameter of the
upper plate of 25 mm, a gap of 1 mm (Fig. 34).
The amplitude sweep test was performed as function of the
strain y (%), from 0.01% to 100%.

The oscillatory shear measurements were performed as a

function of the oscillation frequency (w), from 0.1 rad/s to 100 rad/s,

Fig. 34: Rheometer MCR 702e
MultiDrive  SERIES ANTON
PAAR, plate-plate geometry

for a constant strain (y) of 0.1% (in the linear range of viscoelasticity).

The elastic/storage (G') modulus and the viscous/loss (G")
modulus were determined in oscillatory shear conditions as a measure of the stored and dissipated
energy during one cycle of deformation.

The damping factor or loss/tangent (tan(8) = G"/G’), gives information about the viscoelastic
characteristics of the samples.

The shear viscosity (n) of the blends was determined as a function of shear rate (y) in

stationary shear flow conditions, for y varying in the range 0.01 s ~1— 1000 s~ 1.

5.2.4 Cell characterization. To assess cell biocompatibility and cell behaviour in the
scaffolds, several techniques to characterise spheroids, either in viable or fixed mode were used.

These techniques allowed to study formation, organization, size, shape and migration of spheroids.
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5.2.4.1. Optical Microscopy was used for monitoring spheroid formation, spheroid
number, morphological changes such as size and shape over time, taking images then analysed by
appropriate software. In this work, the difference in number, size and total area of spheroids were
analysed with an inverted-phase contrast microscope, to evaluate the characteristics of the different
scaffolds. The images taken were used to build up the curves of growth of the number of spheroids
present into each well of the 6well plate: 6 random photos per well, per day of control (dayl, day2,
day5 and day6), for a total number of 36 images per plate, per day of control, were taken for the
computational analysis.

Scaffolds without and with spheroids were also processed for histological sectioning and
underwent a Haematoxylin and Eosin staining procedure for morphological analysis. The 3D-
bioprinted scaffolds, (without and with spheroids) were fixed with Paraformaldehyde 4% (Sigma-
Aldrich, St. Louis, MO, USA) and embedded in paraffin. The paraffin sections were rehydrated by
using both xylene and a descending-graded series of ethyl alcohol. After washing with the 50%
alcohol, the sections were kept for five minutes in distilled water. Then, they were stained with
haematoxylin (Bio-Optica, Milan, Italy) for 2 min, washed in distilled water, and then stained with
Eosin (Bio-Optica) for 2 min; subsequently, they were washed in distilled water. Finally, they were
dehydrated through an ascending graded series of ethyl alcohol and xylene and were mounted with

Eukitt Solution (Orsatec GmbH, Kindler GmbH and Co., Bobingen, Germany). [Greco S. et al., (2023)].

This staining method with Haematoxylin/Eosin, a histochemical stain used in morphology,
made it possible to evaluate the presence of spheroids in the matrices, distinguishing the pyknotic
nuclei and eosinophilic cytoplasm in spheroid sections and, the surrounding eosinophilic matrix

formed by the blends.

5.2.4.2 Fluorescence microscopy. DAPI staining was used to assess presence of spheroids,
proliferation, apoptosis in the spheroids. For DAPI staining, sterile PBS (Corning) was used to dilute
the 4’,6-diamidino2-phenylindole (DAPI) solution (ThermoFischer) to the final concentration of 300
nM. Firstly, the scaffolds containing the spheroids were washed 1-3 times with sterile PBS and then
were coated with the fluorescent dye solution of DAPI (300 nM) and incubated for 1-5 min, covered
with silver paper to protect them from light. Finally, the solution was removed by washing 2—3 times
with PBS and images were acquired by using a Nikon Fluorescent, phase contrast light microscope

[Greco S. et al., (2023)].
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5.3 Statistical Analysis. Non-parametric Kruskal-Wallis test was performed to determine
the difference between the groups of data, followed by a post hoc test. The results obtained have
been displayed as bar chart per column, representing the number of spheroids per day of control,
while the minimum/maximum box and whisker plot has been used for the area of the spheroids,
where the median value is indicated by the continuous horizontal line inside each box. Asterisks ()
indicate statistical significance: *p < 0.5; **p<0.01; ***p < 0.001; ****p < 0.0001. ‘ns’ = “not

significant.”

5.4 Informatic tools. GraphPad PRISM 9 (version 9.5.0) was used for statistical analyses.

Microsoft Excel spreadsheet-Office Home Student 2019 and MatLab R2023a (Academic use) were

used for further data analysis and graphical representations.
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6. Results

6.1 Blend development: preliminary experiments at the bench.

The materials available were tested, mixed at different concentrations and manually printed
into petri dishes at the bench to assess hand-printability. The blends that gave a stable construct,
were selected and underwent a test of repeatability: each blend was prepared and hand-printed
four times. The blends that allowed the hand-printing of a stable scaffold for four times, were

selected. In the following images (Fig. 35a., 35b., 35c.) are reported few examples of the work done.

Fig.35: Scaffolds handprinted at the bench. Line a. handprinted scaffolds made of collagen gelatine alginate at different
concentrations and crosslinked with CaClz, plus a bulk of the same blend also crosslinked. Line b. handprinted scaffolds
made of collagen-alginate, prepared in different days, crosslinked with CaCl». Line c. handprinted scaffold and relative
bulk made of collagen-gelatine non chemically crosslinked. This blend developed at the bench has been eliminated
because of the not availability of a chemical crosslinker; the only crosslinker available for this 3° blend, was the
glutaraldehyde, not biocompatible. These trials have been performed to find the right ratio of the different component
for the blend, to perform analysis of transparency, capability of maintaining a shape, repeatability of the test of hand-
printing, to assess the tendency of lose water content in time).
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6.2 Blend characterization.

6.2.1 Olympus BX-51 Fluorescence Microscope: analysis of blends.

After the development procedure, Collagen-based bio-blends were selected. Immediately after
preparation, slices of the bulk were observed at the Olympus BX-51 microscope (Figg. 36-39) for
analysis of homogeneity of the blends, fibre formation and crosslinking of the constructs. In Fig. 37,
it is possible to notice in real time, the formation of fibres after preparation of the blend not yet

crosslinked.

Fig. 36: Collagen+Alginate blend: slice of bulk after crosslink with Fig. 37: Collagen+Gelatin+Alginate blend observed before sol->gel
CaClz2.Relevant the presence of crosslinked fibres (20X), (Olympus  transition. First stage of fibre formation ((10X) Olympus BX-51
BX-51 microscope). microscope).

Fig. 38: Collagen+Gelatin+Alginate blend crosslinked with CaCl,. Fig. 39: Collagen+Gelatin+Alginate blend crosslinked with CaCl,.

Slice of bulk. It is evident the important presence of crosslinked Slice of bulk. It is evident the important presence of crosslinked

fibres. (20X), (Olympus BX-51 microscope). fibres and reticulation. The black dots are small babbles trapped
into the bulk. (10X), (Olympus BX-51 microscope).
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6.2.2 Tube inverting test

This test allows the evaluation of sol-gel transition of the blends. Collagen-Gelatine blend
presented a sol->gel transition in about 45 min. (Fig. 40, 41(left side of each image); this product
was eliminated because the only chemical crosslinker available was glutaraldehyde, not
biocompatible). The gelling time for Collagen-Gelatine- Alginate (Fig. 42) was about 1.30 hours, while

Collagen-Alginate blend took the longest time, with a sol->gel transition of about 4 hours (Fig. 41

Fig.40: Collagen+Gelatine presents a sol->gel transition in about 45 min (eliminated).

(right side)).

Fig.41: Collagen+Gelatine (on the left) vs Collagen+Alginate (on the right), both in DMEM, at time 0, 3hr, 5hrs after
preparation. Collagen+Gelatine, (blend eliminated), presents a sol->gel transition in about 45 min, while
Collagen+Alginate takes more than 4 hours at the concentrations prepared, at room temperature (19°C).

Fig. 42: Collagen+Gelatine+Alginate blend: control at time 15min, 1hr, 1.30hrs.
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6.2.3 Collagen Alginate blend-swelling and dehydration tests

TablelV: Swalllng tasl TabdeV: Debyvdrotion lest

Welghtz{g) faken al fized
times

Welghti{g) token of feed
times

e Weight Time  Weight

(hours) (9) (hours) (g)

o 11,32 J 11.64

13.38 1 9.45

24 12.80 24 8.35

Fig.43: t?ollagen + alg{nate blend. Samp.les used a8 1404 48 8.19

for swelling, degradation and dehydratrion tests.

72 20.07 i 2.10

Material characterization: collagen + alginate blend (swelling test)
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Material characterization: collagen + alginate blend (dehydration test)
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Fig. 44: collagen + alginate blend. Samples used for swelling and dehydration test weighted at 0, 1, 24, 48 and 72 hrs
(the results are reported in the Table IV and Table V above).

Collagen 0.3g+Alginate0.3g: swelling and ion in time
T T T

B swelling rafio (SR) in fime
SR = - 0.24 o 48hrs
¢ 0.77 a 72hrs

: swelling ratio%

H o W 24,02% a 48hrs
SR% =~ X% 3729% a 72hes
dehydration rafio (DR) %
pr% - W Wi, . -42.12% a 48hrs

wi -43,70% a 72hrs

0 1 2% 48 7

Fig. 45: collagen_alginate blend. Pictorial and numerical representation of the results of swelling and dehydration tests
expressed as swelling ratio, swelling ratio %, dehydration ratio %.
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6.2.4 Collagen Gelatine Alginate blend

swelling and dehydration tests

TaklsWi Swalling el Talavil Dahydralion

Welghhig) token ol lixed teal, Welghhilg) foken ol
LT Mueecl s
Time Weight Time  Weight
(hours) (@) (hours) (9)
0 9,55 o 10,60
1 10,96 1 10.60
F 24 9.45 24 10.57
A s 48 11.93 48 10.52
]
Fig.46: collagen+gelatine+alginate blend. v 1501 o8 10.44

Samples used for swelling, degradation and
dehydratrion test.

Material characterization: collagen+gelatine+alginate blend (swelling test)
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Material characterization: collagen+gelatine+alginate blend (dehydration test)
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Fig. 47: collagen_gelatine_alginate blend. Samples used for swelling and dehydration tests, weighted at 0, 1, 24, 48 and
96 hours (the results are reported in the Table VI and Table VII above).

swelling ratio (3R} in fime
W — W 0,25 a 48hrs

B
e 0,57 @ 98hrs
swm‘ﬁna mﬁo % (SR%) in time
SRR = - ¥ X100 24,927 a 4Bhrs
“4 57.17% a 96hrs
dehydration ratio (DR) &
DR% = W m“r X100 = -0.76% a 48hrs

-1.53% a %bhrs

Fig. 48: collagen_gelatine_alginate blend: results of swelling and dehydration tests. In this test, the last control was at
96 hrs to check the behaviour of the material because of its stability in time.
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In Fig. 45 and Fig. 48, are reported pictorially and numerically, the results of the swelling and
dehydration tests.

It is interesting to notice that the swelling ratio % of the two blends at 48 hours are
comparable, with SR% = 24,02% of the collagen-alginate blend and SR% = 24,92% for collagen-
gelatine-alginate. The result is completely different in the following controls: it is possible to notice
that collagen-alginate, at 72hrs has a SR%=77,29% while collagen-gelatine-alginate blend, at 96hrs
presents a SR%=51,17%, remaining stable in time.

About the dehydration ratio%, collagen-alginate presents a loose of water content equal to
42,12% at 48 hours, reaching a 43,70% at 72hrs, while collagen-gelatine-alginate blend maintains a
constant weight during the whole dehydration test, presenting a loose of water content of 0,76% at
48 hours, that becomes 1,53% at 96 hours. This means that the second blend was able to maintain
its content of water and did not dehydrate when left at room temperature in the open air. This
stability in water content can be observed also looking at the fig.47, in which it is evident a constant
dimension of the bulk prepared for the test, while the sample for the swelling test shows an evident
increase of its dimension and a change in shape but it does not present loose of substance

(degradation).
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6.2.5 Rheometer analysis

The sweep tests were performed using both amplitude and frequency sweep. The same
viscoelastic behaviour of the two blends was observed using amplitude (fig. 49) and frequency
sweep tests (Fig. 51); Collagen-Gelatine-Alginate blend is characterised by solid-like behaviour
(G’>G”) in both the sweep tests (Fig. 49 and Fig. 51). The amplitude sweep tests were performed as
function of the strain y (%), from 0.01% to 100%: G' and G'" showed constant plateau values within
the limit of linear viscoelastic region (LVR). For G' > G" in the LVR, the sample presents a gel-like or
solid structure (Collagen-Gelatine-Alginate up to the value of y=10%, reversing the behaviour). For
G'" > G'in the LVR, the sample is fluid (Collagen-Alginate). The LVR limit was fixed at 0.1 % of strain

(Fig. 49). In Fig. 50, is shown a comparison between the G’ functions of the two collagen-based

blends.
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Fig. 49: Amplitude sweep tests: G’ and G” moduli are given as function of the strain y (%) for Collagen-Alginate and
Collagen-Gelatine-Alginate blends.

& Col_Ag

1000 - Col Gel dlg

MPal

-

)
Fig.50: Amplitude sweep test: Comparison between the G’ moduli as a function of the strain y (%) of Collagen-Alginate
and Collagen-Gelatine-Alginate blends. The LVR limit is fixed at 0.1 % of strain.
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The elastic/storage (G') modulus and the viscous/loss (G”) modulus were also determined in
oscillatory shear conditions as a measure of the stored and dissipated energy during one cycle of
deformation. The oscillatory shear measurements were performed as a function of the oscillation

frequency (w), from 0.1 rad/s to 100 rad/s, for a constant strain y (%) of 0.1% (in the linear range of
viscoelasticity).

Fig. 51, shows a comparison of G’ and G” as a function of (w) for Col_Alg and Col_Gel_Alg blends.
For Col_Gel_Alg sample, the elastic modulus (G’) presents higher values as compared with the

viscous modulus (G").
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Fig. 51: Frequency sweep tests: Comparison of G’ and G"” as a function of (w) for Collagen-Alginate and Collagen-
Gelatine-Alginate blends.

Fig. 52, presents a comparison of the viscoelastic parameters (G'(a), G"(b), tané(c)) as a

function of the oscillation frequency (w) of the collagen-based blends used in Cellink Incredible+ 3D-

Bioprinter.
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Fig.52: Comparison of G’ (a) and of G"(b), as function of (w), of Collagen-Alginate and Collagen-Gelatine-Alginate

blends.
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Fig. 52(c), shows a comparison of tan(6) as a function of the oscillation frequency (w) of the collagen-

based blends. Can be observed that tan(6) for collagen-gelatine-alginate blend is minor than 1.
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Fig.52 (c): Comparison of tan(8) as a function of w of Collagen-Alginate and Collagen-Gelatine-Alginate blends.

The shear viscosity (n) of the two collagen-based blends was determined as function of the shear

rate (y) in stationary shear flow conditions, for y varying in the range 0.01's =1 — 1000 s~ .
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Fig. 52(d) Comparison of the shear viscosity (n) determined as function of shear rate (y) in stationary shear flow
conditions, of Collagen-Alginate and Collagen-Gelatine-Alginate.
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The blends can be easily extruded for shear stress values (oy) above the yield stress (Table
VIIl), when the viscosity suddenly decreases, and the material starts to flow. The yield stress
parameter mainly reveals the resistance of the fluid to flow during the extrusion process;

additionally, this value is also directly correlated to the strength required to each layer of the scaffold,

to support the following 3D printed layers.
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Fig.53: Comparison of yield stress (oy) as function of shear rate (y), of Collagen-Alginate and Collagen-Gelatine-
Alginate.

Table VIl summarises the Rheological characteristics of the two Collagen-based blends at 25 °C.

Table VIII. Rheological characteristics of the Collagen-based blends at 25 °C

G” (Pa) oy (Pa) ny (Pa*s)

100 rad/s

G’ (Pa) G” (Pa) G’ (Pa)

Col_Alg

Col_Gel_Alg

1 rad/s

2.6+0.2

1 rad/s

8.4+0.5

100 rad/s

120.319.4

82.1+2.6

1.1+0.1

9.9+0.2

172.5+13.4

80.5%£7.8

615.1+21.2

207.1+17.1

20.4+0.3

204.2+2.9

G’ and G” values at 1 rad/s and 100 rad/s were considered.

oy - yield stress.

ny - the viscosity corresponding to the yield stress (oy).

In conclusion, Collagen-Alginate blend is a non-Newtonian fluid showing liquid-like behaviour (G”>G’

and tan(6)>1), while Collagen-Gelatine-Alginate shows a solid-like behaviour (G’>G” tan(6)<1), on

the base of the angular frequency values (w).
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6.3 Cell characterization

6.3.1 Collagen_Alginate_SK-LMS-1 cells bioink. Cell characterization at optical
observation with inverted phase contrast microscope. Images taken at day 1, day 2, day 5, day 6 of
control and cell count to build up the curves of growth: were evaluated the formation of spheroids,

the number of spheroids and the area of spheroids per day of observation (Fig. 54).

Fig. 54: Images taken with the inverted phase contrast microscope at day 1, 2, 5, 6 of observation.
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6.3.1.1 Curves of growth: number and area of spheroids

Collagen Alginate based blend: the graph in Fig. 55, represents the curve of growth of the number
of spheroids in time, starting from day1. In each day of control (day1,2,5,6), the count of spheroids
has been performed by taking randomly 6 images from each well of the 6-well plate for a total of 36

photos per plate per day of control.

The graph in Fig. 56, represents the curve of growth of the area of spheroids in time,

expressed in day of observation, starting from day1.
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Fig. 55: Collagen Alginate SK-LMS-1 cell line: number of spheroids in time (day of control)
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Fig.56: Collagen Alginate SK-LMS-1 cell line: area of spheroids in time (day of control).
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6.3.1.2 Statistical analysis: number of spheroids

The graph in Fig. 57 represents the statistical analysis of the number of spheroids per day of
control. It can be observed a statistically significant increase of the number of spheroids from day 1
compared to day 2 (p=0.0172) and compared to day 5 (p= 0.0074) and day 6 (p=0.0013) indicating

an increased spread.
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Fig.57: Collagen Alginate SK-LMS-1 cell line. The bar chart by column shows the number of spheroids per day of control
(from day1 to day 6).
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6.3.1.3 Statistical analysis for area of spheroids

The graph in Fig. 58 represents the statistical analysis of the area of spheroids per day of control
(from day 1 to day 6). It can be observed a statistically significant increase of the area of spheroids
from day 1 compared to day 2 (p<0.0001) and compared to day 5 (p<0.0001) and day 6 (p<0.0001)

indicating an increase in size of spheroids.
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Fig.58: Collagen Alginate SK_LMS-1 cell line. The minimum/maximum box-and-whisker plot shows visually the
area of spheroids per day of control (from day 1 to day 6).
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6.3.2 Collagen_Gelatine_Alginate_SK-LMS-1 cells bioink: optical observation with
inverted phase contrast microscope. Cell characterization at optical observation with inverted phase
contrast microscope. Images taken at day 1, day 2, day 5, day 6 of control and cell count to build up
the curves of cell growth: were evaluated the formation of spheroids, the number of spheroids and

the area of spheroids per day of observation (Fig. 59).

¢ -
Fig. 59: Images taken with the inverted phase contrast microscope at day 1, 2, 5, 6 of observation.
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6.3.2.1 Curves of growth: number and area of spheroids

Collagen Gelatine Alginate-based blend: the graph in Fig. 60, represents the curve of growth of the
number of spheroids in time, expressed in day of observation, starting from dayl. In each day of
control (day1,2,5,6), the count of spheroids has been performed by taking randomly 6 images from
each well of the 6-well plate for a total of 36 photos per plate per day of control.

The graph in Fig. 61, represents the curve of growth of the area of spheroids in time,
expressed in day of observation, starting from dayl. It can be observed that, the trend of the area

of spheroids follows a Gompertzian model of growth [Alzahrani E.O. et al., (2014)].
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Fig. 60. Collagen Gelatine Alginate SK-LMS-1 cell line: number of spheroids in time (day of control).
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Fig.61: Collagen Gelatine Alginate SK-LMS-1 cell line: area of spheroids in time (day of control).



6.3.2.2 Curves of growth overlapped: comparison of the curves of number of

spheroids (Fig. 62) and area of spheroids (Fig. 63) from the scaffolds obtained with the

two bioinks.
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Fig. 62: Collagen Alginate vs Collagen Gelatine Alginate: number of spheroids in time (day of control)
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Fig.63: Collagen Alginate vs Collagen Gelatine Alginate: area of spheroids in time (day of control).
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6.3.2.3 Statistical analysis: number of spheroids

The graph in Fig. 64 represents the statistical analysis of the number of spheroids per day of

control (from day 1 to day 6). It can be observed a statistically significant increase in the number of

spheroids from day 1 compared to day 2 (p<0.0001) and compared to day 5 (p<0.0001) and day 6

(p=0.0006) indicating an increased spread.
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Fig. 64: Collagen Gelatine Alginate SK-LMS-1 cell line. The bar graph by column shows the number of spheroids per day

of control (from day 1 to day 6).
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6.3.2.4 Statistical analysis for area of spheroids

The graph in Fig. 65 represents the statistical analysis of the area of spheroids per day of
control (from day 1 to day 6). It can be observed a statistically significant increase of the area of
spheroids from day 1 compared to day 2 (p<0.0001) and compared to day 5 (p<0.0001) and day 6

(p<0.0001) indicating an increase in their size.
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Fig.65: Collagen Gelatine Alginate SK-LMS-1 cell line. The minimum/maximum box-and-whisker plot shows visually the
area of spheroids per day of control.
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6.3.3 Optical Microscopy analysis: Haematoxylin & Eosin staining
6.3.3.1 Collagen Alginate blend

In Fig. 66, is shown a collection of images of the cell free matrix formed with the Collagen

Alginate blend developed, treated with Haematoxylin & Eosin histochemical staining.

In Fig. 67, is shown a collection of images of the cell laden matrix obtained with Collagen
Alginate SK-LMS-1 cell-line bioink, treated with Haematoxylin & Eosin histochemical staining. It is

possible to observe the presence of eosinophilic multinucleated spheroids.
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Fig.66: Collagen Alginate blend: optical microscopy of cell free matrix stained with Haematoxylin/Eosin
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Fig. 67: Collagen Alginate blend: optical microscopy of cell laden matrix stained with Haematoxylin/Eosin
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6.3.3.2 Collagen Gelatine Alginate blend

In Fig. 68, is shown a collection of images of the cell free matrix formed with the
Collagen Gelatine Alginate blend developed, treated with Haematoxylin & Eosin
histochemical staining.

In Fig. 69, is shown a collection of images of the cell laden matrix formed with the
Collagen Gelatine Alginate SK-LMS-1 cell-line bioink, treated with Haematoxylin & Eosin

histochemical staining. It is possible to observe the presence of eosinophilic multinucleated

spheroids.
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Fig.68: Collagen Gelatine Alginate blend: optical microscopy after Haematoxylin & Eosin staining (matrix only)
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Fig. 69: Collagen Gelatine Alginate blend: optical microscopy after Haematoxylin & Eosin staining
(matrix+SKLMS-1 cell line)
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6.3.4 Fluorescence Microscopy analysis: DAPI staining
In this section are reported the images acquired after DAPI staining. Both the cell free
matrices (Fig. 70, 72) and both matrices with spheroids (Figg. 71, 73) were stained with DAPI. It is

possible to observe an excellent growth of spheroids in both matrices, validating the data.

6.3.4.1 Collagen Alginate blend

-

Fig. 70: Collagen Alginate blend. Optical fluorescence observation (DAPI): matrix only

Fig. 71: Collagen Alginate SK-LMS-1 cell line-bioink. Matrix + spheroids after DAPI staining
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6.3.4.2 Collagen Gelatine Alginate blend

-

Fig. 72: Collagen Gelatine Alginate blend. Optical fluorescence observation (DAPI): matrix only

Fig. 73: Collagen Gelatine Alginate SK-LMS-1 cell line-bioink. Matrix + spheroids after DAPI staining
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7. Discussion

In biological applications, the mechanical properties of bioinks based on natural polymers
such as collagen and gelatine, depend on the concentration, crosslinking mechanism and the
crosslinking conditions of the materials. In addition, the combination of multiple natural materials
into blend/composite materials, can further facilitate mechanical properties: many experimental
studies showed that a single biomaterial as component of a bioink is more restrictive, and the
scaffold obtained are not able to achieve ideal performance. It is for this reason that one of the
current trends in biomaterial development for 3D bioprinting is the construction of blend-bioinks
[Zhang J. et al., (2021)], and this is the reason why, after a few trials performed with the single
materials available, has been decided to develop blend-bioinks for the present work, selecting as

core material Collagen type I.

Although type | collagen has been widely used in 3D bioprinting, it presents limitations, such
as poor mechanical properties, low viscosity, and long gelation time [Sorushanova et al., (2019)]. In
recent years, researchers have used different strategies to improve the printing properties of
collagen, including chemical modification of collagen, adjustment of pH and temperature, change in
collagen concentration, and mixing collagen with other materials [Kim Y.B. et al., (2016)]. Keeping in
mind these aspects, the strategies used in this work to improve the structural properties of the
collagen-based bio-blends developed were diverse, including change in concentration of collagen,
mixing collagen with thickener agents as gelatine, change of the pH of collagen solution, addition of
sodium alginate to the blend, easily crosslinked with CaCl;, a chemical crosslinker quite
biocompatible. The best results obtained are represented by the two blends developed and tested

in this work.

The rheological properties of blends/bioinks are very important to obtain satisfactory 3D
bioprinting [Pramod D. et al., (2021)]. The ideal extrusion bioink should be shear thinner and able to
achieve low viscosity in the high shear environment of the printing nozzle. Normally, the higher
viscosity materials provide structural support for the printed construct and lower viscosity materials
provide a suitable environment for maintaining cell viability and function; encapsulated cells
exposed to higher stresses present a reduction of cell viability during bioprinting [Murphy S. V. and
Atala A. (2014)]. In fact, due to the mechanical requirements for structural stability after extrusion,

the bioink is usually quite viscous, about 10-300 Pa*s, with problems of high shear force and low
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cell survival rate [Blaeser A. et al., (2016); Kang D. et al., (2018)]. In addition, due to the mechanical
limitation of extruding viscous materials through small nozzles, the diameter of the nozzles used is
limited, which further limits the resolution of extrusion printing [Bedell M.L. et al., (2020)]. On the
other end, according to certain authors, biomaterials with liquid-like behaviour are not suitable for
extrusion bioprinting process because they are not able to maintain shape after extrusion, showing

the tendency to modify their shape overtime [Wu D. et al., (2018); Nacu I. et al., (2023)].

This aspect can be overcome using, after the 3D bioprinting process, a cross-linker agent,
able to maintain the shape of the 3D bio-printed scaffolds. Calcium chloride (CaCl;) solution was
used as cross-linker agent for the two collagen-based bio-blends in which alginate was added as
thickener. CaCl; solution, improves the mechanical properties, particularly tensile strength, due to a
crosslinking reaction between Ca?* ions and carboxyl groups of sodium alginate [Ibrahim S.F. et al.,

(2019)].

The two blends developed, showed non-Newtonian behaviour, with an apparent viscosity (n)
depending on the shear rate (y): increasing the shear rate, a shear-thinning behaviour was observed,
while the viscosity value was influenced by the shear rate. This shear-thinning behaviour made the
blends printable [Bercea M., (2023)]. The blends were easily extruded for shear stress values above

the yield stress, oy, as reported in Table VIl [Sakr M.A. et al., (2021)].

Possible drawbacks of the 3D scaffold surface functionalization with post-processing
treatments, as crosslinking treatments, are represented by potential side effects or change in the
original morphology and shape of the scaffolds [Camacho P. et al., (2021)]. In the present work, to
verify a possible modification in shape or change in aspect, for instance a change in transparency of
the blends after treatment with a crosslinking agent, the two bioblends were preliminary tested: the
first 6 scaffolds 3D-bioprinted in a Falcon 6well plate, were put into the CELBIO incubator, at 37°C,
and 5% CO; for 3 days, covered with culture medium (DMEM). At the control, the constructs were
perfectly conserved and did not present any change in shape, loose of substance or modification in

aspect, so the blends were considered adequate for the purpose.

The results and considerations above reported, derive from the analysis of the rheological

properties of the two bio-blends, at 25°C, without cell laden. It is important to highlight that:

1. any assessments of a cell-free bioink may not hold complete relevance with respect to
the equivalent bioink containing cells, as cells have an impact on the rheological
properties of the mixture;
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2. in this experimental work, was used a tumour cell-line, presenting different behaviour
with respect to normal cells and capable, in vivo, to modify properties and composition

of an ECM.

In the present work, an in vitro study and not a clinical application, was used a SK-LSM-1
tumour cell line obtained from the vulva of a 43-year-old, white female with leiomyosarcoma,

furnished by ATCC group, biologically safe, fast to expand, used in cancer research.

When the 3D bioprinting is used for clinical application, the most critical issues is represented
by the selection of an appropriate cell source, which should be safe, minimally invasive, fast and easy

to expand [Amler A.K. et al., (2021)].

The tumour cells used in this work, were able to form spheroids, composed by tumour cells
only and not by a multicellular ensemble; this can have a minor impact on the microenvironment

and on cell behaviour because interactions between different cell-types are absent.

The capability of spheroid formation by the tumour cell-line used, is important to
characterise the two bio-blends that represent the structural support, the ECM for the growth of
tumour cells. In fact, for spheroid formation, it is necessary cell-cell interaction and cell-matrix
interaction. The curves of growth, representing the total number of spheroids formed (Figg. 55, 60)
and the total area occupied by spheroids (Figg. 56, 61) are self-explanatory, giving a picture of the
matrix characteristics, also considering the results of the research studies reported. Furthermore,
overlapping the curves of the number of spheroids (Figg. 55, 60), it is possible to observe the same
trend of growth, even though a numerical difference is present (Fig. 62). On the contrary, the curves
representing the area of spheroids (Fig.63), are quite different and, this difference could be due to
the composition and consequently to the mechanical properties of the blends, representing the
Tumour Micro Environment. Both the blends appear to support the spheroid formation, allowing
cell-cell and cell matrix interaction, but at a certain moment there is a divergence in the cell growth

behaviour.

The mechanical properties of the cellular microenvironment modulate the displacement of
single cells and the formation and growth of tumour spheroids. Based on the composition of the
extracellular matrix, its stiffness and architecture can significantly vary, consequently influencing cell
displacement and tumour growth. Collagen density, which modulates the steric properties of the
matrix, governs individual cell migration and, as consequence, leads to the formation of cell clusters
of different sizes. Matrix stiffness, which characterises the resistance of matrix to deformation in

66



response to applied forces, is a well-known regulator of many biological processes, in particular cell

motility [Ehrbar M. et al., (2011); Lo C. et al., (2000); Pathak A. et al., (2012)].

Different studies, mainly related to 2D conditions, have shown that the matrix stiffness may

influence:

1. the direction of cell displacement, driving the cells along stiffness gradients [Lo C. et al.,
(2000)];

2. cell speed, producing higher cell velocity values with stiffer matrices [Pathak A. et al., (2012)].

In 3D configuration, has been observed that structural changes able to induce stiffness in matrix,
can also affect the matrix architecture, which regulates migration by itself [Pathak A. et al., (2011)].
Differently said, matrices with a higher fibre density may be stiffer, but may also present smaller
pore sizes, which regulate the confinement levels. Confined microenvironments are commonly
associated with restrained cell motility, as cells become unable to move through the matrix [Charras
G. and Sahai E., (2014)]. Consequently, the complexity of 3D cultures makes it difficult to dissociate

the effects induced by matrix stiffness from those produced by matrix architecture.

Cell motility and its dependence on the physical properties of the ECM is particularly
important in cancer biology and for the present work. The mechanical properties of the tumour
microenvironment are diverse with respect to those found in normal tissues, depending on the

ability of tumour cells to sense and modify their environment [Yamaguchi H. et al., (2005)].

In several studies, bioinks containing tumour cells, in 3D scaffolds were able to replicate the
initial stages of growth in avascular solid tumours, creating a setting that can also reflect the initial

stages of metastatic colonization in new tissue [Nyga A., et al., (2011)].

Several techniques to produce multicellular structures from tumour cells are available [Lv D.
et al., (2017)]: in this thesis work, individual cells were directly mixed to the bio-blend and then
printed to form 3D scaffolds to understand how cells organise on the base of the matrix

characteristics [Cheng G. et al., (2009)].

Despite these advances and the various available experimental setups, it is still unclear how

the mechanical properties of 3D scaffolds modulate tumour cell behaviour.

In experimental settings, hydrogels based on collagen, the most abundant component of the

natural ECM [Frantz C. et al., (2010)], are commonly used. Collagen gives the possibility to produce

67



matrices with different mechanical properties simply changing their composition and preparation
procedures [Sapudom J. and Pompe T.,, (2018)]. For example, different collagen concentrations or

changes in pH can modify the different matrix properties [Roeder B.A. et al., (2002)].

Gongalves IG et al. (2021), in their study, replicated a set of experiments in which cells were
seeded in collagen matrices of different collagen densities, producing matrices with different
mechanical properties; tracking individual cell trajectories and speeds, was also analysed the
formation of multicellular clusters and their size was measured. Overall, the results showed that cells
seeded in matrices with low collagen density tend to migrate more. Accordingly, cells leave their
original cluster and form small structures. In contrast, high collagen density reduces cell migration

producing multicellular structures (spheroids) with increased volume.

In conclusion, not only exists a relation between matrix density and individual cell migration but
also experimental data demonstrate how migration, or its inhibition, modulates tumour growth. The
authors concluded that the effect of collagen density on cell migration was a key regulator in tumour

spheroid formation and growth [Gongalves IG et al. (2021)].

It is also necessary to consider the impact that cells can have on the physicochemical properties
of the bioink: the impact of cells on bioink properties is manifold. Cells within a bioink occupy a
specific volume, depending on their size and density. The volume taken up by cells is precluded to
the hydrogel, potentially impacting on the cross-linking efficiency and viscoelastic properties

[Yamada K.M. and Cukierman E., (2007)].

The metabolic state of the embedded cells is also important, as their subtype and the volume
occupied, with potential difference when single cells, spheroids, or complex aggregates are

processed. [Pinto B. et al., (2020)].

It is necessary to underline the importance of the cell type used in a bioink. In this work, were

used vulva leiomyosarcoma cells, presenting a rapid rate of growth in favourable conditions.

In this study, as discussed before, was observed a difference in the area occupied by
spheroids developed in the two diverse bioinks. Considering that the only difference between the
scaffolds was the composition of the blends used to prepare the bioinks, can be supposed that the
difference of mechanical properties, mainly due to a difference of rheological properties, had plaid
a central role in the cell growth mode. As highlighted in many of the studies reported, in 3D

environment, stiffness of the matrix can also modify the architecture of a matrix, first the porosity.
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This aspect, in presence of tumour cells, can be translated into a change of the cell migration
capability, with a change in cell velocity and displacement. These facts could explain the different
total area occupied by spheroids observed into the scaffolds. A softer environment can promote cell
migration leading to the formation of spheroids of smaller size; on the contrary, stiffer matrices,
inducing a certain degree of confinement, can lead to a minor migration of tumour cells and a
parallel increase of the spheroid dimension locally formed that tend to be bigger in size. This fact
could also explain the different curves representative of the area of spheroids. Observing the curve
obtained using alginate-gelatine-collagen, it is possible to notice a Gomperztian modality of growth,
with an exponential phase followed by a log phase, that can be justified by the existence of the three
layers of cells, outer proliferative, inner of necrotic cells, intermediate of quiescent cells, able of
maintaining a steady state in cell growth representing a local reservoir of cells. Conversely, an
environment promoting cell migration together with cell types presenting a high rate of growth can
present a rapid increase in number and dimension of spheroids but also a rapid decrease in number
and size of spheroids formed, followed by a new increase. This can be justified by a rapid growth
followed by a sudden cell death rapidly washed out, allowing a new rise of the wave of growth when

the availability of oxygen and nutrients is newly sufficient to grow up a new generation of cells.

A further important consideration is that the results obtained in this work with the use of
cost-effective products available for alimentary use, are comparable with the results obtained by

many authors, the studies of which have been carried on with the use of commercial bioinks.

About the blends characterization, the tube inverting test gave the expected results, with a
sol->gel transition time shorter for collagen-gelatine (45min), longer for collagen-alginate (more
than 4hours), intermediate for collagen gelatine alginate blend. These results were depending on

the presence/absence of gelatine in the blends considered.

The swelling test demonstrated the capability of water absorption of both the blends: the
collagen-alginate blend increased its water content to 77% after 72 hours vs the collagen-gelatine-
alginate, whose water content augmented of about 55% after a week. The dehydration test gave
extremely different results, showing that the collagen-gelatine-alginate bulk, left at room
temperature and in the room air, did not change its weight in a week. These different properties of
the two blends, that make them different, can be used in different contests, because does not exist
the right material but exist materials with different properties, that allow the use of each material

in the most adequate contest. It is important to underline that the hydration capability tested thanks
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to the swelling test, represents a fundamental aspect of the hydrogels used in tissue engineering as,

the “in vivo tissue” and extracellular matrices present an high water content, physiologically.

Morphological analysis of the blends developed, showed two materials extremely
transparent, easy to be observed in microscopy to visualise fibre formation, reticulation, cross-

linking event and the behaviour of the cell laden.

Optical analysis after haematoxylin/eosin staining, showed a matrix (formed by the blends),

very similar to a living ECM, adequate for cell growth and spheroid formation.

A disadvantage of this technique of analysis with H&E staining, is represented by the fact
that, histological procedure used in spheroid fixation, precludes the study of dynamic alterations in
the spheroids overtime. In addition, sample fracture and deformation of morphology can occur
during spheroid sectioning. Due to the delicate nature and small size of spheroids, the fixation time

may need to be reduced, with respect to biopsies or organ fragments [Vielreicher M. et al., (2013)].

In this research of cost-effective biomaterials for the realization of tissue phantoms, were
only included the simplest tests and techniques of analysis, widely available at a lower cost. The
most expensive device used in the present work was represented by the Anton Paar MCR 702e
MultiDrive Rheometer, available at the Department of Science and Engineering of Materials,
Environment and Urban Planning (SIMAU) of the Engineering Faculty of Universita Politecnica delle
Marche.

About bioactive molecules and growth factors, representing the third element of a bioink,
DNA is an essential biological macromolecule for the development and normal operation of
organisms. It is widely used in modern biology and biochemistry, mainly in the field of genetic
engineering. However, it can also be applied in 3D bioprinting to prepare gene-active bioinks and
combine with bone marrow mesenchymal stem cells, providing a new idea for the treatment of bone
defect regeneration [Cunniffe G.M. et al., (2017)]. It is arguable that also in this area of research the

use of tissue phantom can be extremely supportive.
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8. Conclusions

In the past decades, 3D-printing has become an extremely popular multi-functional
technology platform for the rapid manufacture of synthetic substitutes for tissue engineering (TE)

[Memarian P. et al., (2021)].

3D-printing technology can precisely control the appearance and internal structure of printed

objects through computer - aided design modelling (CAD) [Palmara G. et al., (2021)].

3D-bioprinting can integrate diverse types of living cells into 3D structures composed of
traditional biomaterials, creating artificial grafts able to regenerate damaged tissues [Cheng X. et al.,

(2021)].

At present, the most common 3D-bioprinted artificial scaffolds for tissues or organs in the
medical field include skin, nerves, blood vessels, cartilage and bones [Lin J.et al., (2018); Setacci C.

etal., (2018); Yan W.C. et al., (2018)].

Almost all cells in the human body can be used for bioprinting. The main difficulty of 3D
printing cells is still maintaining cell activity and their original functions and phenotype. This aspect
requires further reformulation and improvement of 3D printing technology to achieve the desired

therapeutic effect.

3D-bioprinting together with other biological manufacturing methods represent a set of tools
for the use of materials, cells and molecules to construct on-demand customized structures in a

reproducible way [Prendergast M.E. and Burdick J.A., (2020)].

This technology is also used for drug delivery [Sandler N. and Preis M., (2016); van der Elst L.
et al., (2021)]: the advancement in technology has made it possible to realize personalized drug
dosage regimens with 3D-printing technology, which has the characteristics of flexibility and precise

control [Sandler N. and Preis M., (2016)].

The use of cost-effective biomaterials for the 3D-bioprinting of scaffolds able to support cell
growth, represents an important tool in biology, medical, pharmacology, cancer research. The
availability of simplified models, fast to prepare and obtained at low cost, can be used as tissue

phantoms for the study of disease development and in preclinical trials for testing new drugs.

The development of preclinical models able to recapitulate patient solid tumour and

microenvironment, can represent the possibility to improve the success rate in anticancer drug
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development. Since the importance of the extracellular matrix (ECM) in cell behaviour become clear,
three-dimensional (3D) cell culture systems were considered fundamental to replicate the avascular
solid tumour, by allowing cancer cells to be cultured, either alone or in co-culture with other cell
types, mimicking the structural architecture of the tumour, with its classical cell-cell and cell-ECM
interactions [Bissell M.J., (2007); Ravi M. et al. (2015); Biatkowska, K. et al., (2020); Shehzad A. et al.,
(2019)].

Based on the the final comment of the Biotechnologist who worked with the blends, who
affirmed that “The reticula formed can be used like a biopsy.... their structure appears intact”, and
considering the results obtained in this work, perfectly coherent with the most recent advancements
in this area of research, it is possible to conclude that, cost-effective biomaterials for 3D-bioprinted

scaffolds, represent a valid option in different areas of research.

Tissue phantoms have also a great potential in the educational field: tissue engineering (TE)
is becoming an important topic in different academic branches (medicine, biology, biotechnology,
bioengineering, science of material, pharmacology and further sectors). The availability of tissue
phantoms prepared with cost-effective materials, would make it possible the introduction of
practical activities for the students in this new research area. The possibility to create low-cost tissue
phantoms with the use of cheap materials largely available, could allow students to meet a new
technology, in the present non widely known because of the high costs of the bioink cartridges
commercially available. The possibility to create a library of these materials, classified on the base
of composition and properties, would allow to practically demonstrate to a future generation of

researchers what 3D-bioprinting means, the potential of this technology in many fields of research.
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