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Glossary

3D: three-dimensional

AB: alamar blue

ACI: autologous chondrocyte implantation
ACPC: articular cartilage progenitor cells

Alg: alginate

ALP: alkaline phosphatase

ASCs: adipose-derived stromal cells

ATR: attenuated total reflectance

BMSCs: bone marrow stem cells

CAD: computer-aided-design

cDNA: complementary deoxyribonucleic acid
CH: chitosan

COL: collagen

CPC: calcium phosphate cement

CS: chondroitin sulfate

dECM: decellularized extracellular matrix

DS: dermatan sulfate

DMEM: dulbecco s modified wagle "s medium
DPBS: dulbecco’s phosphate buffered saline
D1-MSCs: D1 mouse mesenchymal stem cells
D1-MSCs-EPO: D1 mouse mesenchymal stem cells to express erythropoie-
tin hormone

ECM: extracellular matrix

EMA: european medicines agency

EPO: erythropoietin hormone

FBS: fetal bovine serum

FCS: fetal calf serum

FDA: food and drug administration

FDM: fused deposition modelling

FGN: fibrinogen

FT-IR: fourier transform infrared

GADPH: glyceraldehyde-3-phosphate dehydrogenase



GAGSs: glycosaminoglycans

Gel: gelatin.

GelMA: gelatin methacrylate

GG: gellan gum

GO: graphene oxide

G': elastic modulus

G'": viscous modulus

HA: hyaluronic acid

HAMA: hyaluronic methacrylate

HAP: hydroxyapatite

hiPSCs: human-derived induced pluripotent stem cells
HPMC: hydroxypropyl-methylcellulose

LAP: laponite

MC: methylcellulose

mRNA: messenger ribonucleic acid

MSCs: mesenchymal stem cells

MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromid
NC: nanofibrillated cellulose

NSAIDs: nonsteroidal anti-inflammatory drugs
OA: osteoarthritis

P/S: penicillin/streptomycin

PBS: phosphate buffered saline

PCL: polycaprolactone

PEG: polyethylene glycol

PEGDA: polyethylene glycol diacrylate

PLA: polylactic acid

PLGA: poly-lactic-co-glycolic acid

PRP: platelet-rich plasma

PTH: parathyroid hormone

PVA: polyvinyl alcohol

qRT-PCR: qualitative real-time polymerase chain reaction
SEM: scanning electron microscopy

SF: silk fibroin

SLA: stereolithography



SYSADOA: symptomatic slow-acting drugs in osteoarthritis
TE: tissue engineering

TCP: B-tricalcium phosphate

UV: ultraviolet

W/V: weight/volume
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Chapter 1. Introduction - State of the art

1. State of the art

3D manufacturing techniques emerged in the earlies 80s when stereoli-
thography (SLA), the first three-dimensional (3D) technology, was invented.
SLA consisted in focusing a laser, mainly ultraviolet (UV) light, towards a bath
composed of a photocurable material and sacrificial non-photocurable ma-
terial. Thus, sacrificial material remained unchanged inside the bath while
photocurable material became harder to create patterns [1]. The patterns
formed a 3D structure which was similar to a computer-aided design (CAD).
Hence, CAD software programs expanded to develop layered structures which
were compatible not only with SLA, but also with the following 3D additive
manufacturing techniques [1,2].

However, it was not until the following decade that the first 3D printing
technology was invented [1,3]. It was based on fused deposition modelling
(FDM) technology which consisted of extruding layer by layer a viscous se-
mi-liquid material to create 3D objects according to CAD [1,3]. The extruded
materials were termed inks and were principally based on amorphous ther-
moplastics. During the 2000s, this technology became popular and visible in
the media since the first printed bladder was successfully implanted in one
human [3]. Furthermore, these collagen-polyglycolic acid bladders printed by
Athala et al. were functional after 5 years of implantation [4]. Later, the first
functional leg prosthesis manufactured through 3D printing was patented [5].
This was a revolutionary advance in orthopaedics since the prosthesis was
fabricated to real size and without the need for any later assembly.

The next decades brought the extinction of FDM patents, which resulted in
the appearance of more accessible and cheaper prototypes [6]. Consequently,
this manufacturing technology extended to diverse fields such as architecture,
mechanics, engineering, food industry and biomedicine. It was there when
bioprinting technology was invented. 3D bioprinters enable the addition of
living cells or biological components into the ink which was renamed as bioink
[2]. In the succeeding decades, 3D printing and bioprinting have been evol-
ving and expanding. Bioprinting companies have been founded, more affor-
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dable prototypes have been released and research based on bioprinting has
been increased.
The history of the 3D manufacturing techniques is reflected in Fig. 1
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(SLA) o
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Figure 1. History of 3D manufacturing techniques.

Conventional manufacturing techniques have been displaced by 3D manu-
facturing techniques since they have the advantage of creating precisely
structured objects. Thus, anatomically functional structures have successfully
reached clinics. 3D printing, in particular, has proven to be a useful technology
when it comes to fabricating diverse organs such as skin, liver, heart or kidney
(Fig. 2) [7-13]. Furthermore, the United States Food and Drug Administration
(FDA) has approved different 3D printed devices for clinical use, including
dental objects, orthopaedic devices, restorative devices and patient-specific
implants [13].

Figure 2. Examples of organs fabricated with 3D printing technlque A) Skin substitute [13]. B)
Nanocellulose-alginate based human-scale ear [9]. C) Printed liver with hepatic vasculature using
acrylic materials [11]. D) Small-scaled heart made of alginate, xanthan gum, gelatin and decellu-
larized human omenta [12]. E) A kidney fabricated with photocurable materials [10].
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On the other hand, after the 3D bioprinting emergence, it has been sought
that the manufacturing structures not only would be anatomically functional,
but also physiologically viable. However, due to high complexity, the fabrica-
tion of a viable organ from scratch is far to complete. However, in an initial
state, 3D bioprinting has demonstrated to be an excellent tool to regenerate
damaged tissues [2].

Furthermore, apart from its uses in organ fabrication and tissue enginee-
ring field, 3D bioprinting has proven to be a versatile technique (Fig. 3). In
fact, it has been applied for drug screening, surgical approaches, personalised
medicine, the fabrication of drug delivery systems and medical devices [14]

DRUG SCREENING

(o ®
.. %
O
0

j I u‘f]r
_\.-77 - C o

3D BIOPRINTING
APPLICATIONS

TISSUE ENGINEERING DRUG DELIVERY

==

MEDICAL DEVICES

ORGAN TRANSPLANTATION

SURGERY APPROACHES

Figure 3. 3D bioprinting applications.

Focusing on the tissue engineering application, 3D bioprinting has gained
popularity over other manufacturing techniques since it takes advantage of
being a rapid prototyping, reproducible and automatic machine [15]. Further-
more, it accepts a wide range of materials and cells [15,16]. Depending on the
method that bioink is extruded and deposited, three different 3D bioprinting
types can be differentiated; extrusion-based, inkjet-based and laser-assisted
bioprinting (Fig. 4).
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Extrusion-based bioprinting consists of the continuous deposition of the
bioink through a needle. Extrusion occurs via the application of pressure which
can be either mechanical or pneumatic. As a result, the obtained 3D structu-
res usually have high resolution. It is the most common bioprinting technique
since it allows the use of high cell densities as well as very viscous materials
[2,17]. Inkjet-based bioprinting is based on droplet deposition of the bioink
after the application of an electrostatic or piezoelectric source [2,18]. It takes
advantage of its simplicity and low costs, but it may be limiting when using
highly viscous materials as well as high cell densities [2,18]. Finally, laser-as-
sisted bioprinting is characterised by the application of a laser energy beam
for the deposition of the bioink. Contrary to previous techniques, this bioprin-
ting method does not expose the cells to shear stress which may damage
them [2,17]. Nevertheless, it is highly expensive and it has limitations when
using high cell densities as well as non-photocrosslinkable materials [2,17].

EXTRUSION-BASED INKJET-BASED LASER-ASSISTED
BIOPRINTING BIOPRINTING BIOPRINTING
PISTON OR
PNEUMATIC
LASER
BIOINK
ABSORBING LAYER
THERMAL OR (S
< PIEZOELECTRIC 2 BIOINK
. :

Figure 4. 3D bioprinting techniques: extrusion-based, inkjet-based and laser-assisted 3D bioprin-
ting.

Regardless of the bioprinting technique, one of the main points for suc-
cessful bioprinting is the bioink. In this regard, bioinks should present ex-
cellent mechanical and biological properties [15]. Mechanical properties are
related to printability, which evidences the suitability of the bioink to manufac-
ture 3D scaffolds. Moreover, these properties are connected with the stability
of printed structures as well as with scaffold shape fidelity to CAD design [13].
Conversely, biological properties refer to being biocompatible and non-toxic.
In addition, the bioink should support the adhesion, proliferation and matura-
tion of living cells [13,16]. Since the 3D manufacturing techniques were inven-
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ted, several polymer-based materials have been demonstrated to be desirable
candidates to be considered as inks or bioinks (Fig. 5).

BIOINK

BIOMATERIALS CELLS

| Stem cells

l

Differentiated cells

l
Epithelial
Cardiac
,—I—\ ,—I—\ Connetive

THERMOPLASTICS INORGANIC COMPOUNDS PLANT DERIVED ANIMAL DERIVED
PCL Bioceramics Alginate Gelatin
PVA Graphene Celluloses Chitosan
Clays Agarose ECM Components:
Collagen

GAGs: hyaluronic, chondroitin

Elastin

Figure 5. Bioink components. Cells and the most used biomaterials classification.
Acronyms; PCL: polycaprolactone, PVA: polyvinyl alcohol, ECM: extracellular matrix, GAG: gly-
cosaminoglycans.

Synthetic biomaterials such as thermoplastics are the preferred option for
3D printing due to their ability to transform into an easily extrudable viscous
liquid at high temperatures [19]. Among them, polycaprolactone (PCL), poly-
vinyl alcohol (PVA) and polylactic acid (PLA) have stood out since they are
biocompatible and biodegradable [19].

With the appearance of 3D bioprinting, the biological component began
to be included inside the ink to form the bioink. The biological component is
composed of living cells that may be undifferentiated such as mesenchymal
stem cells (MSCs) or differentiated cells such as epithelial, cardiac and con-
nective cells [20]. In this regard, the use of natural biomaterials has been
gaining ground over synthetic ones. In fact, natural biopolymers tend to form
highly watered hydrogels which increase the viability of living cells and bioac-
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tive molecules [21]. Furthermore, they are able to create gels after cross-
linkers exposure which favours 3D construct fabrication [22]. An example of
crosslinkable biopolymers are ion-sensitive such as alginate, thermosensitive
such as gelatin, photosensitive such as hyaluronic methacrylate, pH-responsi-
ve such as chitosan or enzyme-sensitive such as fibrinogen [13,23].

Although natural polymers tend to enhance bioink biological properties,
they are devoid of the great mechanical properties that synthetic materials
display. Additionally, these properties can be further reduced by a key step
such as sterilisation, since natural polymers tend to be more sensitive to phy-
sical and mechanical processes [24]. For instance, it is often challenging to
use common sterilisation methods, including heat, radiation, filtration and
chemicals, on bioinks. Thereby, their implications should be addressed on a
case-by-case basis depending on the bioink components.

Taking into account that a good bioink aims to achieve a balance between
mechanical and biological properties, alginate (Alg) has become one of the
most widely used biomaterials. Its excellent biocompatibility together with its
simple gelation procedure with divalent cations makes it ideal for 3D bioprin-
ting [25,26]. Good mechanical properties are shown in Fig. 6A. Likewise,
gelatin-based bioinks are also extensive due to their good mechanical proper-
ties as well as their exceptional support to the cells [27]. Another example of
having balanced mechanical and biological properties is chitosan, which has
been also used to form bioinks [28]. For instance, Fig. 6B shows excellent
mechanical properties on the chitosan-based scaffold in terms of stability and
elasticity.
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Figure 6. Examples of 3D bioprinted structures with diverse materials. A) Alginate-nanocellulo-
se-human chondrocytes [9]. B) Chitosan scaffold showing good elasticity/stability [33]. C) Elas-
tin-based scaffold for vessel reconstruction [33]. D) PCL-hydroxyapatite scaffold for bone repair
[41]. E) Hyaluronic scaffold showing good biological properties [36]. F) Graphene-alginate sca-
ffold showing excellent biocompatibility [40].

However, these plant or animal-derived polymers are not naturally found in
human native tissues and taking into account that one of the main purposes
of 3D bioprinting is biomimicry, extracellular matrix (ECM) components-based
bioinks have been proposed [29]. Thus, hyaluronic acid (HA) and collagen
have been gaining notoriety since they are found in almost all connective
tissues and they have demonstrated excellent biological properties [29,30].
Similar to HA, other glycosaminoglycans (GAGs) such as chondroitin sulfate
(CS) and dermatan sulfate (DS) have shown to be an excellent choice to
fabricate more tissue-specific scaffolds such as cartilage, since they are com-
ponents that are naturally found in the cartilage ECM [31,32]. In this regard,
fibrin and elastin may be also considered tissue-specific biomaterials. In fact,
elastin has been used to develop bioprinted blood vessels (Fig. 6C) since ar-
teries are rich in this protein [33,34].

One of the main disadvantages of ECM-based bioinks is that they fail in
having adequate mechanical properties in terms of viscosity (poor) and ge-
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lation kinetics (slow) [35]. Therefore, in order to increase these properties,
they have been chemically modified to make them photocrosslinkable by UV.
In this sense, HA methacrylate or collagen methacrylate have been used as
bioinks obtaining interesting results [29]. As Fig 6E shows, HA methacryla-
te scaffolds presented good printability together with biocompatibility since
embedded cells demonstrated high cell viability together with elongated shape
[36]. Despite this approach, bioinks composed of different biomaterials have
been shown to be more successful. Thus, the lack of mechanical properties
of ECM-based bioinks has been supplied by adding Alg or gelatin [29,35,37].
Furthermore, to extol even more the mechanical properties, cellulose deriva-
tives such as nanocellulose (NC) or methylcellulose have been also applied in
bioink development [38,39]. An example of this bioink combination is shown
in Fig. 6A, in which scaffolds were made with Alg-NC to support human chon-
drocytes [9].

Another important factor when selecting the biomaterials that integrate
the bioink is the target tissue. The aforementioned natural biomaterial-ba-
sed bioinks are useful for soft tissues, but they fail in obtaining the intrinsic
biomechanics of much harder tissues such as bone [35]. Consequently, apart
from adding the synthetic material PCL, it has been proposed the addition
of inorganic elements. One of the most widely used materials are biocera-
mics. Among them, hydroxyapatite (HAP) has gained notoriety since it is the
main component of native bones. It has been usually applied in combination
with natural biomaterials or, as shown in Fig. 6D, in combination with PCL to
improve not only the printability, but also the biological properties such as
osteoinduction [41]. In addition, bioglasses or multifunctional components
such as graphene oxide (GO) have also been utilised [40,42,43]. GO, apart
from its exceptional physicochemical and mechanical properties, has shown
to be biocompatible when it was added at low concentrations to Alg bioinks
[40] (Fig. 6F).

3D bioprinting has been applied to develop diverse tissues, from skin,
bone, and cartilage to apparently more complex ones such as cornea, pan-

creas or circulatory system [44]. This technology has the advantage of ma-
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nufacturing structures with different sizes, geometrics and porosity which may
be very useful to treat patient-specific bone defects [45]. Likewise, its ability
to deposit bioinks with precise spatial control may be very beneficial to mimic
the compositional and structural heterogeneity of tissues such as cartilage.

In fact, osteochondral injuries are very common in the overall population
due to the increase in risk factors such as obesity, age and intense sport
practising [46]. Furthermore, osteochondral injury can lead to most serious di-
seases such as osteoarthritis (OA) which is characterised by joint pain, inflam-
mation, stiffness and dysfunction [46]. OA pathology and symptomatology are
shown in Fig 7. Despite the seriousness together with the high prevalence of
the disease, current pharmacological treatments become ineffective over time
and the surgical approach has its limitations in terms of high bone and carti-
lage graft demand [47,48]. In this regard, 3D bioprinting provides a potential
solution since bone and cartilage grafts could be supplied with 3D bioprinted
constructs.

Healthy joint  OAjoint
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- .. ° ., ° o 0
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Figure 7. OA disease. Pathology and symptoms.

In conclusion, 3D bioprinting has emerged to be an effective scaffolding
tool for the fields of tissue engineering and regenerative medicine. The impor-
tance of bioink composition is essential because it has to be not only printable
to make highly precise structures in a previously designed manner, but also
compatible with the embedded living cells as well as with the implantation tis-
sues. Consequently, scaffolds may fabricate to be very similar to native tissues
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which could represent a great therapeutic advance in diseases such as OA.
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Chapter 1. Introduction - Methodology

2. Methodology

The methodology of this thesis was divided into different phases called
pre-bioprinting, bioprinting and post-bioprinting. As shown in Fig. 8, the
pre-bioprinting phase was focused on bioink development and characterisa-
tion. Then, the bioprinting phase entailed designing the scaffold and establi-
shing the bioprinting process. Finally, the post-bioprinting phase encompas-
sed the characterisation of the bioprinted scaffold as well as the evaluation of
embedded cells.

N\ N\ [
PRE-BIOPRINTING BIOPRINTING POST-BIOPRINTING
BIOINK DEVELOPMENT CAD and G-CODE ELABORATION | |SCAFFOLD CHARACTERISATION
/ I | - STRUCTURE
) / }X - SWELLING & DEGRADATION
BIOPRINTING - MECHANICAL PROPERTIES
BIOINK CHARACTERISATION
- PRESSURE i BIOLOGICAL EVALUATION
- RHEOLOGICAL PROPERTIES g |
i - SPEED iy -CELLVIABILITY % q
- STERILISATION i} \ - mmoo L
‘ -NEEDLETYPE - - CELL METABOLISIMS ™+
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meL - CROSSLINKING PROCEDURE - DIFFERENTIATION
& J

Figure 8. The bioprinting methodology is divided into phases: pre-bioprinting, bioprinting and
post-bioprinting.

2.1 Pre-bioprinting phase

In the pre-bioprinting phase, the biomaterials, as well as cells type, were
selected. In this sense, Alg was the chosen biomaterial to be a component of
the bioink since it forms viscous hydrogels with an easy crosslinking process
with divalent ions such as calcium [25]. Moreover, it has been widely applied
for different applications such as drug delivery, cell encapsulation and cell
therapy due to its excellent biocompatibility and non-toxic properties [49,50].
However, the former hydrogel had not the adequate rheological properties to
manufacture high-precision scaffolds through bioprinting. Therefore, NC was
added as a rheological modifier. Furthermore, NC is biocompatible as well
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as biodegradable and it has also been applied in diverse biomedical fields
[51,52].

After obtaining the NC-Alg base bioink, different elements were added.
First, in order to enhance the biological properties of the base bioink, HA was
added to form the hyaluronic bioink. HA was reported to be biodegradable
as well as biocompatible [23]. It has been shown to enhance cell adhesion,
proliferation and growth [30][53]. Consequently, it has been used in different
fields such as cell therapy, drug delivery and 3D bioprinting [30,54].

Then, CS and DS were separately added to NC-Alg bioink to develop the
cartilage bioinks due to the fact that they can be naturally found in the carti-
lage ECM. They have got high stability together with low immunogenicity in
comparison with other ECM components [55]. CS promotes cell differentiation
and regulates cartilage metabolism. Furthermore, CS has been used as a
treatment for chondral diseases such as OA due to its therapeutic properties
[56]. Hence, it has been used to fabricate hydrogels for tissue engineering
[57] as well as to develop bioinks in combination with chitosan [32]. On the
other side, DS has been poorly studied as a bioink component. However, DS
has been shown to modulate chondrogenesis, promote the differentiation of
MSCs and improve the maturation of cartilage cells [58].

Finally, bone bioinks were fabricated by adding separately HAP and GO into
NC-Alg bioink. HAP is the main component of bone tissue. It has been widely
applied in the tissue engineering field to create structures for bone regenera-
tion. In addition, its use in 3D printing in combination with thermoplastics has
shown to be osteoinductive and bioactive [41]. In 3D bioprinting, it has been
combined with Alg or collagen to improve scaffold porosity as well as mecha-
nical properties [59]. Likewise, GO has been applied as a bioink component
in combination with Alg or gelatin [40,60]. GO has been shown to enhance
scaffold mechanical properties. Furthermore, it has been reported to improve
the proliferation and osteogenic differentiation ability of MSCs [60,61].

Once the biomaterials that form the bioinks were selected, cell inclusion
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had to be carried out. However, prior to biological component addition, some
vitally important bioink characteristics had to be addressed such as rheology,
cytotoxicity and sterilisation process.

2.1.1 Rheological characterisation

Rheology is a part of mechanics that studies the deformation and flow of
matter. Rheological properties are of key importance since they are related to
bioink printability and scaffold fabrication. In this thesis, rheological properties
were evaluated on the AR100 TA rheometer by performing two different mea-
surements; steady flow and oscillatory shear measurements.

In the first assay, the flow behaviour of all bioinks was evaluated by perfor-
ming shear rate sweeps from 0.1 to 100 s and vice versa. The flow behaviour
curve permitted us to know whether the bioinks are printable or not, since
the viscosity of bioinks must decrease under stress as it occurs in the bioprin-
ting process to pass through the needle. This flow behaviour is known as
shear-thinning. In addition, when the stress is finished after bioprinting, the
bioinks must recover their viscosity to achieve scaffolds with high structural
fidelity. This property is considered thixotropy.

On the other side, oscillatory shear measurements offered to know the
bioink viscoelasticity properties in terms of elastic modulus (G) and viscous
modulus (G”). For a good bioprinting procedure, the bioinks must present
high enough viscoelasticity values to prevent the bioink from leaking out of
the bioprinting needle. In addition, these properties are related to cell pro-
tection against bioprinting pressures. From the G”/G’ relation, Tan & values
were calculated that are related to bioprinting filament form and bioprinting
pressures to apply.

2.1.2 Sterilisation

Before cell incorporation into the bioinks, pathogen elimination must be
ensured. Among the most common sterilisation techniques, filtration, UV ra-
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diation and ethylene oxide sterilisation were discarded due to incompatibilities,
low sterilisation ability with UV and safety issues in the case of ethylene oxide
[24]. Consequently, short and long-cycle autoclave, B-radiation and y-radia-
tion techniques were selected to sterilise the NC-Alg and NC-Alg-HA bioinks.

An autoclave is a technique that uses high pressures and temperatures to
eliminate microorganisms. The sterilisation process in a long-cycle autoclave
occurred at 121 °C temperature and 2 bar pressure for 30 min. However, gly-
coproteins and polysaccharides such as Alg and HA could be affected by high
temperatures. Thus, a short-cycle autoclave was tested in which the sterilisa-
tion process was set at 3.60-3.70 bar pressure and 123-124 °C temperature
for 3.04 min.

As an alternative to avoid high temperatures, ionising radiations were ex-
plored. Although both, B-radiation and y-radiation sterilisations are based on
the disruption of the DNA of microorganisms, they differ in penetration ability.
B-radiation is less penetrant, therefore, NC-Alg and NC-Alg-HA bioinks were
irradiated twice to guarantee a homogeneous dose of 25 kGy in a Rhodotron
TT200 following the ISO 11137 standards [62]. On the other side, y-radiation
sterilisation was performed in a Mark I-30137Cs irradiator applying the requi-
red total dose of 25 kGy.

After the sterilisation, NC-Alg and NC-Alg-HA bioink were characterised by
rheology.

Cartilage and bone bioinks were sterilised using the short-cycle autoclave
method and, after that, they were evaluated by rheology. NC-Alg-GO bioink
was further evaluated after sterilisation.

2.1.3 FT-IR study of graphene bioink

NC-Alg-GO bioink was analysed with a Fourier Transform Infrared (FT-IR)
technique to determine the chemical functional groups inside the bioink after
autoclave sterilisation. The spectra were acquired with a Nicolet iS10 spectro-
meter applying an attenuated total reflectance (ATR) technique. The results
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were in the range of 4000-500 cm™ with a resolution of 4 cm™ and 32 scans.
The study was performed at room temperature.

2.1.4 Cytotoxicity assay

The potential cytotoxicity effect of all sterilised bioinks was assayed using
mouse L929 fibroblasts following the ISO 10993-5-2009 standards [63]. Three
different assays were conducted: adhesion, indirect contact and direct contact
assays.

With the adhesion assay, the ability of the cells to adhere to the bioinks
was measured by seeding them directly onto the bioinks. In the indirect con-
tact assay, the bioinks were kept in culture media to evaluate any possible
cytotoxic product release in the culture media. Afterwards, the obtained con-
ditionate media was used to culture the cells. On the other hand, in the direct
contact assay, the bioinks were directly put in contact with previously seeded
cells to analyse any cytotoxic effect.

In all the assays, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbro-
mid (MTT) in vitro toxicology assay was used to measure cell metabolic acti-
vity as an indicator of cell cytotoxicity, viability and proliferation. The absor-
bance at 570 nm with a reference wavelength set at 650 nm was read in an
infinitive M200 microplate reader. Cell viability was calculated by applying the
following equation (1):

Cell viability (%) = lesting sample OD570 ', 159 (1)
Untreated blank OD570

Six independent samples were evaluated with three replicates per study.
Cell viability above 70% was considered non-toxic.

2.1.5 D1-MSCs culture and cell-laden bioinks fabrication

After bioink characterisation, sterilisation evaluation and cytotoxicity mea-
surement, cells to include inside the bioink were selected.

43



Nanocellulose-alginate based bioinks for 3D bioprinting and osteochondral regeneration

Murine D1-MSCs from ATCC® were used to fabricate the bioinks since they
have the ability to differentiate into different cell types such as chondrocytes
and osteoblasts [64]. Furthermore, MSCs have the potential to secrete an-
ti-inflammatory and immunomodulatory molecules for which they have been
used as cell therapy in OA disease [65]. D1-MSCs were cultured in T-flasks in
a complete culture media at 37 °C and in a humidified atmosphere containing
5% CO,.

In the first experimental work, three different cell densities were proposed
to fabricate NC-Alg and NC-Alg-HA bioinks; 1 x 108, 2.5 x 10% and 5 x 10°cells/
mL.

The same cell type was used for the second experimental research paper
focused on cartilage bioinks (NC-Alg-CS and NC-Alg-DS). However, D1-MSCs
genetically engineered to secrete the erythropoietin hormone (D1-MSCs-EPQO)
were also used for a deeper study of the bioinks biological properties. For this
study, the cell density was set at 5 x 10° cells/mL.

In the third experimental work, bone bioinks (NC-Alg-HAP and NC-Alg-GO)
were studied. Similar to cartilage bioinks, D1-MSCs, as well as D1-MSCs-EPO
at 5 x 106 cells/mL were embedded to fabricate the bioinks.

All the bioink composition is summarised in Table 1.
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Table 1. Developed bioink types and their components

BIOINK BIOMATERIALS % CELLS
(w/v)

1 x 10 D1-MSCs /mL

Base bioink NC: Alg 2% (80:20) 2.5 x 108 D1-MSCs/mL

5 x 10% D1-MSCs /mL

1 x 10 D1-MSCs /mL

Hyaluronic NC: Alg 2%, HA 1% 2.5 x 10° D1-MSCs /mL
(80:20) 5 x 106 D1-MSCs /mL
NC: Alg 2%, CS 5%
(80:20)
Cartilage bioinks 5 x 108 D1-MSCs-(EPO)/mL
NC: Alg 2%, DS 5%
(80:20)
NC: Alg 2%, HAP 1%
(80:20)
Bone bioinks 5 x 108 D1-MSCs-(EPO)/mL
NC: Alg 2%, GO 50 pg/mL
(80:20)

Acronyms: NC: nanocellulose; Alg: alginate; HA: hyaluronic acid; CS: chondroitin sulfate; DS:
dermatan sulfate; HAP: hydroxyapatite; GO: graphene oxide; MSCs: mesenchymal stem cells;
EPO: erythropoietin.

2.2 3D bioprinting phase

A pneumatic extrusion-based bioprinter Bio X from Cellink® was used to
manufacture all the scaffolds. Extrusion-based bioprinting was selected since
it accepts a wide range of cells together with highly viscous materials such
as our bioinks. Before bioprinting, CAD was created using the AutoCAD® sof-
tware and the G-code of the design was generated and revised to avoid any
unwanted movement of the bioprinter. To evaluate scaffold characteristics in
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terms of printability, internal and external structure, swelling, degradation and
mechanical properties acellular scaffolds were bioprinted. Conversely, cells
containing bioinks were used to analyse biological properties such as embed-
ded cells’ viability, functionality or differentiation ability.

2.2.1 Acellular 3D bioprinting

For all the bioink types, circular grid-like scaffolds with a diameter of 15
mm and 4 layers were designed and bioprinted.

In the first experimental work, to make NC-Alg constructs, bioprinting pa-
rameters were set to 20-22 kPa extrusion pressure and 4 mm/s speed. On the
other hand, NC-Alg-HA bioink required an extrusion pressure of 24-26 kPa and
4 mm/s bioprinting speed. Both types of scaffolds were bioprinted through a
27 G conical needle.

In the second experimental work, cartilage scaffolds were manufactured.
In this case, for both, NC-Alg-CS and NC-Alg-DS bioinks, the same bioprin-
ting parameters of 25-30 kPa pressure and 4-5 mm/s speed were established
using a 27 G conical needle.

Finally, bone bioinks NC-Alg-HAP and NC-Alg-GO were created. NC-Alg-
HAP constructs were fabricated using a 22 G conical needle and by applying
15-18 kPa extrusion pressure and 4-5 mm/s bioprinting speed. In contrast,
NC-Alg-GO bioink was extruded through a 27 G conical needle with 22-25 kPa
pressure and 4-5 mm/s speed.

Bioprinting conditions are summarised in Table 2.
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Table 2. 3D bioprinting conditions for each bioink

PRESSURE SPEED
BIOINK (kPa) (mm/s) NEEDLE TYPE
Base bioink 20-22 4-5 27 G conical
Hyaluronic bioink 24-26 4-5 27 G conical
Cartilage bioinks 25-30 4-5 27 G conical
Bone NC-Alg-HAP 15-18 4-5 22 G conical
bioinks  "NCAIg-GO | 22-25 45 27 G conical

Acronyms: NC: nanocellulose; Alg: alginate; HAP: hydroxyapatite; GO: graphene oxide.

All bioprinted scaffolds were crosslinked by submerging them in a 100 mM
calcium chloride solution for 5 min. The entire bioprinting procedure was per-
formed at room temperature.

2.2.2 3D bioprinting with cells

NC-Alg and NC-Alg-HA scaffold fabrication was conducted following the
same design and bioprinting parameters as acellular bioprinting.

For the case of cartilage and bone scaffold manufacturing, the CAD was
modified to facilitate the cell differentiation assays. Thus, the layers of 15 mm
diameter circular grid-like constructs were reduced from 4 to 2. The same
bioprinting parameters as acellular bioprinting were maintained.

In all the cases, the entire bioprinting procedure was performed in aseptic

conditions and after crosslinking, all the scaffolds were placed in a complete
media for their culture.

47



Nanocellulose-alginate based bioinks for 3D bioprinting and osteochondral regeneration

2.3 Post-bioprinting phase
2.3.1 Acellular scaffold characterisation

2.3.1.1 Structure and surface

After bioprinting, the scaffolds’ external and internal structure and archi-
tecture were characterised.

First, macroscopic appearance was evaluated by observing them under
a Nikon AZ100 microscope. Captured pictures were used to determine the
bioinks printability by comparing them with the CAD.

Then, the internal structure was characterised with a Scanning Electron
Microscope (SEM). It was wanted to examine the porosity of the scaffold
which is important for good cell viability and proliferation inside the scaffolds.
Two SEM types were utilised to avoid any structure change after drying the
scaffolds by freeze-drying. Thus, the Hitachi S-3400 SEM was used to observe
dried and gold-coated scaffolds and Hitachi TM-4000 Cryo-SEM to analyse
hydrated scaffolds.

Finally, the optical profilometry technique was used to characterised all
the scaffolds. This technique is used to extract topographical data from the
scaffold’s surface by performing full 3D scans. An optical profilometer from
Sensofar S-NEOX through a focus variation method was conducted by acqui-
ring 3 different areas of the scaffolds. 3D topographical images were obtained
and the Sdr parameter which measured the uniformity of the surface texture
was calculated. All the measurements were post-process with the metrological
software SensoMAP Premium 7.4.

2.3.1.2 Swelling and degradation

The swelling behaviour was studied since it is related to nutrient diffusion
to the cells inside the scaffold. The swelling study was carried out with freeze-
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dried scaffolds that were submerged in Dulbecco 's phosphate-buffered saline
(DPBS) with calcium and magnesium at 37 °C to determine their water uptake
capacity. The swelling % was calculated by weighting them at different time
points and applying the following equation (2).

Swelling (%) = Wuet = Waried x 100 )

dried

Where W, and W, are wet and dried weight, respectively.

dried

The degradation study was performed to evaluate its implication on the
scaffold stability in vivo as well as on the cell behaviour. It was conducted by
placing the scaffolds in culture media at 37 °C and by measuring the scaffold’s
area at different time points. The area loss in % was calculated by using the
following equation (3):

Area loss (%) = Aw‘j&e&r x 100 (3)
before
Where A, . and A correspond to the scaffold area before placing itin

DMEM and after passing the selected time in DMEM.

2.3.1.3_Mechanical properties

Cartilage and bone scaffolds required the evaluation of their mechanical
properties because both tissues are subjected to high compression and tor-
sion forces. The study was performed by a TA.XT.plusC Texture Analyser in
a compression test form. From the slope of the stress/strain curve, the com-
pression Young 's modulus was computed, which is an intrinsic material pro-
perty related to the material ‘s stiffness and elasticity.

2.3.2 Biological evaluation

2.3.2.1 Cell viability, metabolism and functionality

Cell viability of embedded D1-MSCs was qualitatively analysed with the
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Live/Dead™ Viability/Cytotoxicity kit at 21 days after bioprinting. Cell status
was tracked by staining the viable cells in green and the damaged cells in red.
Images were captured in an inverted Nikon TMS microscope with an acces-
sory for fluorescence observation.

Cell metabolic activity of the cells inside the scaffolds was assayed on days
1,7,14 and 21 after bioprinting using the AlamarBlue® reagent as an indirect
indicator of cell viability and proliferation. Fluorescence was read in a Tecan
Trading AG Infinitive M200 microplate reader establishing an excitation wave-
length of 560 nm and an emission wavelength of 590 nm.

Finally, cell functionality was evaluated in cartilage (NC-Alg-CS and NC-Alg-
DS) and bone (NC-Alg-HAP and NC-Alg-GO) scaffolds by assaying the EPO
secretion of embedded D1-MSCs-EPO. A Quantikine IVD Human EPO ELISA
Kit was used to quantify the EPO secretion of supernatants on days 1, 7,14
and 21 after bioprinting.

2.3.2.2 Cartilage differentiation

D1-MSCs embedded in NC-Alg-CS and NC-Alg-DS scaffolds were differen-
tiated into chondrocytes. Cells inside NC-Alg scaffolds were used as controls.
The chondrogenic differentiation was conducted by culturing the bioprinted
scaffolds in a chondrogenic differentiation medium for 21 days. Afterwards,
Alcian blue and Safranin-O stainings were used to observe GAGs and collagen
depositions, respectively, which are naturally produced by the chondrocytes
in the cartilage tissue. Pictures were captured in a Nikon AZ100 microscope.
Next, the total collagen production by chondrocytes was computed by the
hydroxyproline assay kit on days 1 and 21 of culture. The absorbance was
measured at 550 nm. Finally, a qualitative real-time PCR (qRT-PCR) assay
was used to determine the expression of chondrogenic gene markers such as
S0OX9, ACAN, COL1 and COL2. The assay was performed by disaggregating
the scaffolds, extracting the RNA from cells and converting it into cDNA. Glyce-
raldehyde-3-phosphate dehydrogenase (GAPDH) was used as a housekeeping
gene. Gene expression was normalized to GAPDH and undifferentiated nega-
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tive controls. Relative expression was calculated with the 2-22¢T method.

2.3.2.2 Bone differentiation

NC-Alg-HAP and NC-Alg-GO scaffolds were cultured in an osteogenic cul-
ture medium to promote osteogenic differentiation of embedded D1-MSCs for
21 days. NC-Alg bioprinted scaffolds were used as controls. First, the mine-
ralization capacity of embedded cells was evaluated by utilising the Alizarin
Red S stain, which marks calcium deposits. Then, alkaline phosphatase (ALP)
enzyme activity which is naturally released by osteoblasts, was quantified
on days 1 and 21 of the osteogenic culture. The Alkaline Phosphatase Assay
Kit (fluorometric) was applied and fluorescence was read at an excitation
wavelength of 360 nm and an emission wavelength of 440 nm. Finally, the
osteogenic gene expression was determined by quantifying osteogenic mar-
kers RUNX2, ALP, osteocalcin (OSTC) and osteopontin (SPP1). The gRT-PCR
technique was applied following the same procedure as the aforementioned
chondrogenic differentiation. Gene expression was normalized to housekee-
ping gene GAPDH and undifferentiated negative controls. Relative expression
was calculated with the 2-22¢T method.

2.4 Statistics

The experimental results were statistically analysed with IBM® SPSS® sof-
tware. Normal distribution was assessed by the Shapiro-Wilk test. Student’s
test was applied to determine significant differences between the two groups,
whereas ANOVA was used to evaluate multiple groups. Lavene test of homo-
geneity of variances was utilised to apply the Tamhane post-hoc or Bonferroni
tests. Nonparametric data were assessed with the Mann-Whitney test. Signifi-
cant differences were considered when p < 0.05.

51






Chapter 1. Introduction - Hypothesis and objectives

3. Hypothesis and objectives

3D bioprinting has emerged to become a feasible tool for scaffold manu-
facturing purposes since it is automatic, reproducible and enables the fabri-
cation of patient-specific structures. However, the technology is in its infancy
and the development of proper bioinks is still challenging. An adequate bioink
should possess a balance between mechanical and biological properties to not
only be printable, but also to support the embedded cells.

Taking into account these goals, Alg has proven to fulfil both purposes in
its extensive use in the field of tissue engineering. However, as bioink com-
ponent requires an improvement in its rheological properties, NC is added.
NC-Alg blend has been shown to allow the fabrication of good shape fidelity
structures through 3D bioprinting. Moreover, as the final objective of these
scaffolds is to regenerate native tissues, their biological properties must be
enhanced. In this regard, HA, which is naturally found in almost all the con-
nective tissues, is added to achieve this goal.

A further step is to target the bioprinted scaffolds to regenerate specific tis-
sues such as cartilage or bone. In fact, osteochondral defects and injuries are
common among the population and may lead to very prevalent diseases such
as OA which may be really limiting and has no effective treatment. For this
purpose, cartilage ECM-specific components, such as CS and DS, would be a
good option to add to the NC-Alg bioink. On the other hand, bone regenera-
tion may be facilitated due to the addition of HAP, which is abundant in native
bones, or GO that has shown to be a compound with diverse functionalities.
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Taking into account this information, the objectives of this thesis were as
below:

1. To understand osteochondral tissue and defects as well as to evaluate
the advantages of bioprinting technique for OA disease. (Appendix 1).

2. To develop NC and Alg-based bioink and evaluate its suitability for being
processed through 3D bioprinting which would allow us to manufacture sca-
ffolds to support cells. (Appendix 2).

3. To include HA into the NC-Alg-based bioink and evaluate its effects
on the rheological properties as well as on printability to make scaffolds. To
assess the biological impact of adding HA on bioprinted scaffolds containing
D1-MSCs cells. (Appendix 2).

4. To add cartilage ECM components, such as CS or DS, to the NC-Alg
bioink with the objective of manufacturing cartilage-like scaffolds to regenera-
te chondral injuries. (Appendix 3).

4.1. To study the impact of adding CS and DS on bioink properties and
printability as well as the scaffolds properties trough 3D bioprinting.

4.2. To evaluate the biological properties of bioprinted scaffolds after ad-
ding CS and DS and analyse their ability to induce embedded cells to differen-
tiate into cartilage.

5. To add HAP and GO to the NC-Alg bioink in order to fabricate bone-like
scaffolds trough 3D bioprinting to regenerate bone injuries. (Appendix 4).

5.1. To study the impact of adding HAP and GO on bioink properties and
printability as well as the scaffolds properties.

5.2. To evaluate the biological properties of bioprinted scaffolds after ad-
ding HAP and GO and analyse the osteogenic differentiation ability of the
embedded cells.
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4. Results and discussion

4.1. Pre-bioprinting evaluation

Once the bioinks were fabricated, it was essential to demonstrate excellent
mechanical properties, specifically the rheological ones which are related to
bioinks printability, scaffold fabrication and embedded cell viability [66].

4.1.1 Rheological characterisation

First, the rheological behaviour of the NC-Alg bioink was evaluated. Steady
flow measurement results in Fig. 9A showed that the NC-Alg bioink behaved
as a shear-thinning fluid since viscosity decreased under stress. This sugges-
ted that the base bioink would be properly extruded considering that it has
to reduce its viscosity to pass under pressure through the bioprinter needle.
In addition, when stress finished the NC-Alg bioink viscosity returned to ini-
tial values showing a thixotropic behaviour. Therefore, after extrusion, the
bioink would recover its viscosity and the bioprinted scaffold pattern would
be precise. These results were in accordance with the literature in which
a shear-thinning behaviour was achieved after adding NC to an Alg bioink
[9,67]. In addition, these authors suggested that this rheological behaviour
was dominated by the NC since plain Alg bioinks showed poor viscosity toge-
ther with a Newtonian flow behaviour. Thus, the obtained scaffolds showed a
bad shape fidelity [9,67].

On the other hand, viscoelasticity properties in terms of elastic modulus
(G") and viscous modulus (G"”) were analysed (Fig. 9B). Results showed that
the NC-Alg bioink had an elastic solid-like behaviour since G" was higher than
G". Bioinks with viscoelasticity values higher than 5000 Pa showed embedded
cell viability damage due to the fact that they needed high printing pressu-
res to be extruded [68]. Moreover, very high G’ values are related to dense
gel-like bioinks in which cell proliferation and migration is difficulted. The NC-
Alg bioink reached the 3000 Pa G’ value which, according to the literature, is
sufficient to hold the cells in place as well as to allow them to proliferate and
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migrate [69]. Consequently, taking into account the viscoelasticity study, it
was expected to apply no harmful printing pressures to the cells when manu-
facturing NC-Alg scaffolds.

Interestingly, Tan & was calculated with the G"”/G’ relation. According to the
literature, Tan d values around 1 indicate that bioinks extrude uniformly and
require low extrusion pressures, however, printed scaffolds exhibit low shape
fidelity. Conversely, Tan & values close to 0 suggest that bioinks are robust, but
extrusion is uneven and requires higher bioprinting pressures [70]. As shown
in Fig. 9C, the NC-Alg bioink exhibited a Tan & value of 0.37 £ 0.06 which has
been proved to be optimal to fabricate scaffolds with a uniform extrusion and
good shape fidelity as well as high cell viability [70].
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Figure 9. Rheological measurement of all the bioinks. A) Steady flow behaviour evaluation. B)
Analysis of viscoelastic properties. C) Tan & quantification.
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After concluding that the NC-Alg bioink had excellent rheological properties
to fabricate scaffolds through extrusion bioprinting, the other components
were added and their effect on rheological properties was evaluated. In ge-
neral, despite the fact that different elements such as HA, CS, DS, HAP and
GO were separately added, all the bioinks demonstrated the same rheologi-
cal behaviour as the NC-Alg bioink Fig. 9A-B. In fact, all of them showed a
shear-thinning, thixotropic as well as elastic solid-like behaviour which would
suggest good printability. However, slight differences among them were ob-
served.

The NC-Alg-HA bioink showed an increase in viscosity values together with
an improvement of the viscous modulus G” in comparison with the NC-Alg
bioink. This rheological enhancement due to the HA has been previously re-
ported in studies that blended HA with diverse biomaterials such as gelatin or
alginate [71,72].

Similarly, both cartilage bioinks demonstrated much higher rheological pro-
perties than the NC-Alg bioink, being the NC-Alg-CS bioink the one in which
the increase was higher. Similar rheological behaviour has been shown in
other studies that have combined CS with gelatin or HA [73]. The use of DS
as bioink has been little studied and there was not any research to compare
the obtained rheological improvement. However, similar rheological behaviour
can be assumed with the NC-Alg-DS bioink compared to the NC-Alg-CS bioink
due to their close chemical composition. In fact, both are GAGs which have
naturally excellent viscoelastic properties to support the joints since they pro-
tect the chondral tissue from mechanical damage together with providing it
with good lubrication [74,75].

These results indicated that the printing fidelity would be enhanced since
the formation of the extrusion filament would be better on the NC-Alg-HA, NC-
Alg-CS and NC-Alg-DS bioinks than on the NC-Alg bioink with lower rheological
properties [16]. On the other hand, as Fig. 9A-B shows, bone bioinks showed
no rheological differences after the addition of HAP and GO to the NC-Alg
bioink. It was expected due to the fact that these inorganic components are

57



Nanocellulose-alginate based bioinks for 3D bioprinting and osteochondral regeneration

not known as rheological modifiers.

Despite these differences, the G’ values were adequate in all the bioinks to
permit good cell migration and proliferation. Moreover, as shown in Fig. 9C,
the Tan & parameter values of all the bioinks were between the optimal values
of 0.3-0.6 which suggested that the printing pressures would be soft for cell
survival and the scaffolds would be manufactured with good shape fidelity.

4.1.2 Sterilisation evaluation

Once the bioinks were characterised, the sterilisation method was studied.
Although sterilisation is an important aspect prior to cell inclusion in order to
avoid the growth of any pathogenic microorganisms, little has been studied on
bioinks. Three sterilisation techniques, such as short and long-cycle autocla-
ve, B-radiation and y-radiation, were proposed to sterilise the NC-Alg bioink.
Afterwards, the bioink was characterised again.

Results in Fig. 10A showed a sharp decrease in rheological properties af-
ter ionic radiation sterilisations, being the y-radiation the most destructive
sterilisation technique. Despite the fact that both B-radiation and y-radiation
are very accurate sterilisation techniques, it has been published a viscosity
decrease in gelatin and methylcellulose bioinks due to polymer chain dis-
ruption [76]. Furthermore, B-radiation was reported to provoke a molecular
weight loss in cellulose hydrogels which affects the viscosity [77]. Likewise,
y-radiation was related to alginate crosslinking failure as well as to cellulose
chain scission [76,78].

In a similar manner, autoclave sterilisation demonstrated a reduction in the
viscosity values of the base bioink compared to non-sterilised one. Neverthe-
less, this decrease was lower than the rheological decrease caused by B-ra-
diation and y-radiation, suggesting better printability and scaffold fabrication
after autoclaving. Between the two autoclave methods, long-cycle autoclave
sterilisation showed to be more destructive than short-cycle autoclave, pro-
bably because with short-cycle autoclave the NC-Alg bioink was not subjected
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to high temperatures for a long time as with long-cycle autoclave. Thus, the

short-cycle autoclave seemed to be the best option to sterilise the NC-Alg
bioink.

The same procedure was carried out with the NC-Alg-HA bioink resulting in
a similar conclusion (Fig. 10B). Both B-radiation and y-radiation techniques
caused a sharp reduction in the rheological properties of the hyaluronic bioink.
Although we did not find any study in which HA bioinks were exposed to both
radiation types, it has been reported a molecular weight loss in HA nanoparti-
cles when they were radiated with ionising radiations [79]. In addition, the
hyaluronic bioink was composed of NC and Alg which was demonstrated to be
damaged by both radiations. Conversely, autoclave sterilisation showed a
slight decrease in rheological properties, being the short-cycle autoclave the
less harmful technique. These results were in concordance with the literature
which has demonstrated a viscosity reduction in HA solutions after exposing
them to high temperatures [80].
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Figure 10. Sterilisation evaluation. A) Rheological steady flow behaviour after autoclave short
and long-cycles, B-radiation and y-radiation on the NC-Alg bioink. B) A Rheological steady flow
behaviour after autoclave (short and long-cycles), B-radiation and y-radiation on the NC-Alg-
HA bioink. C) Rheological steady flow behaviour of the NC-Alg-CS and NC-Alg-DS bioinks after

short-cycle sterilisation. D) Rheological steady flow behaviour of NC-Alg-HAP and NC-Alg-GO-
bioinks after short-cycle sterilisation.
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In conclusion, ionic radiation techniques were discarded to sterilise NC-Alg-
based bioinks and, between the autoclave sterilisation methods, the short-cy-
cle one was selected to sterilise NC-Alg, NC-Alg-HA as well as cartilage and
bone bioinks.

To ensure that the short-cycle autoclave would not cause unexpected re-
sults on cartilage and bone bioinks, the rheological study was carried out after
the sterilisation process.

Both NC-Alg-CS and NC-Alg-DS showed the same pattern as previous
bioinks in terms of a reduction in viscosity values in comparison with their
non-sterilised pairs (Fig. 10C). This was expected because as HA, both, CS
and DS are glycoproteins that may be affected by high temperatures [81].
Nevertheless, the viscosity decrease was slight and the flow behaviour did
not change, suggesting good printability and scaffold fabrication after sterili-
sation.

On the other side, this rheological reduction was not shown on bone
bioinks due to HAP and GO properties (Fig. 10D). In fact, HAP has been shown
to prevent Alg-based hydrogel from temperature damage [82] and GO has
been reported to reinforce the stiffness and strength of polymeric inks [83],
suggesting that both, HAP and GO, provided the NC-Alg bioink with excellent
mechanical properties. However, the NC-Alg-GO bioink demonstrated a colour
change, which led to conducting an FT-IR assay to evaluate any chemical
alteration.

FT-IR results showed a bond loss between carbon and oxygen molecules in
the sterilised NC-Alg-GO bioink compared to the non-sterilised one, indicating
a GO reduction (Fig. 11). The reduced GO is related to cell toxicity and death
as well as to genotoxicity [84,85]. Consequently, to sterilise the NC-Alg-GO
bioink, GO was sterilised under UV radiation and then, it was mixed with the
short-cycle autoclave sterilised NC-Alg part.
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Figure 11. Short-cycle autoclave evaluation on NC-Alg-GO bioink. A) FT-IR spectra showing
non-sterilised bioink in blue and sterilised bioink in red. B) Signalled results are reflected in the
table.

4.1.3_Cytotoxicity assay

In order to finish the pre-bioprinting evaluation, a cytotoxicity study was
performed using L929 fibroblasts. Results in Fig. 12 indicated that all the
bioinks were non-toxic since cell viabilities above 70% were achieved in the
three assays. Interestingly, the HA addition to the base bioink showed a statis-
tically significant cell viability enhancement in the indirect contact assay (p <
0.001) compared to the NC-Alg bioink. HA-supplemented media was reported
to promote cell viability which may explain these results [86]. Cartilage bioinks
showed no statistical differences compared to the base bioink, nevertheless,
the NC-Alg-CS bioink demonstrated statistically higher cell viability than NC-
Alg-DS in the direct contact assay (p < 0.001). According to the literature,
DS was not reported to be cytotoxic [58,87], therefore, it was suggested that
the ability of the cells to adhere to the NC-Alg-DS bioink may have resulted in
lower cell viability, since there were fewer cells remained in the well plate in
comparison with the NC-Alg-CS bioink. Finally, bone bioinks results highlighted
statistical differences in cell viability between the NC-Alg-GO and the NC-Alg
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bioink in the adhesion assay (p < 0.01). GO was described to have excellent
adhesive properties [88]. For instance, good adherence of L929 fibroblasts to
a GO monolayer was reported in another research [89]. However, this study
applied longer cell incubation times than in our case, which may explain the
lower cell viability shown on the NC-Alg-GO bioink.

Despite these cell viability differences, all the bioinks were considered
non-toxic and to deeply evaluate the biological impact of each bioink, assays
with embedded D1-MSCs were conducted later.
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Figure 12. Cytotoxicity study of all the developed bioinks in adhesion, direct contact and indirect
contact assays. Values represent means + SD. ***: p < 0.001, **: p < 0.01.

4.2. 3D Bioprinting

NC-Alg scaffolds were manufactured through an extrusion bioprinter under
the pressure of 20-25 kPa. The addition of HA, CS and DS led to an increase
in the bioprinting pressure to 25-30 kPa to make NC-Alg-HA, NC-Alg-CS and
NC-Alg-DS scaffolds. Both, hyaluronic and cartilage bioinks demonstrated hi-
gher viscoelastic behaviour on rheology than the NC-Alg bioink which resulted
in applying higher bioprinting pressures to extrude the bioinks. Bioprinting
pressures are related to cell damage due to shear stress that may provoke
cell membrane breakdown as well as alterations in gene expression profile
[90]. In addition, this cell damage is proportional to pressure since the hi-
gher the bioprinting pressure to apply, the higher the percentage of dead
cells according to a study with embedded fibroblast into gelatin bioink [91].
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In consonance with another study in which chondrocytes were included in a
bioink based on gelatin, carboxymethylated nanocellulose and Alg, bioprinting
pressures above 55 kPa might critically increase the shear stress and cell da-
mage [92]. Consequently, the bioprinting pressures used in this thesis were
adequate for reducing cell damage during the bioprinting process.

When it comes to bone scaffolds, the NC-Alg-GO scaffolds were obtained
by applying the same pressures than to the NC-Alg scaffolds, which, as afore-
mentioned, were good for cell survival. However, bioprinting parameters were
changed to obtain the NC-Alg-HAP scaffolds due to particle size. HAP particle
size was around 200-300 pm which obstructed the 27 G (200 pm inner dia-
meter) needle. This type of HAP was selected based on previous experience
in which we proved good osteoinductive and biocompatibility results in vivo
by using gelatin-HAP hydrogels [93]. Therefore, to fabricate the NC-Alg-HAP
scaffolds a 22 G (410 pm inner diameter) needle was used and pressures were
adjusted to 15-20 kPa to maintain a constant extrusion flow, which in turn,
would be better for cell viability.

4.3. Post-bioprinting evaluation

4.3.1 Acellular scaffold characterisation

After bioprinting, scaffolds were evaluated to study their internal and ex-
ternal structure and surface.

Macroscopic images showed that all the bioprinted scaffolds resembled
CAD, indicating good printability (Fig. 13A). However, differences were obser-
ved among them. The higher resolution was detected in hyaluronic scaffolds
as well as in cartilage scaffolds compared to the NC-Alg or bone scaffolds,
which was a consequence of the addition of GAGs to the base bioink. As
shown in the rheological study (Fig. 9), HA, CS and DS improved the rheolo-
gical properties of the base bioink resulting in better printability. In contrast,
NC-Alg-HAP and NC-Alg-GO scaffolds demonstrated a slight improvement in
shape fidelity in comparison with NC-Alg scaffolds, probably owing to the
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maintenance of viscosity and viscoelasticity properties after sterilisation.

Upon closer examination, almost all the scaffolds presented an oblong grid
structure, being the NC-Alg-HA and NC-Alg-CS scaffolds the ones in which the
grid structure was squatter and, therefore, a signal of better scaffold shape
fidelity as there are more similar to CAD grid structure. In fact, as shown in
Fig. 13B, when a grid area measurement was made, the NC-Alg-CS scaffolds
were closer to the theoretical CAD grid area of 0.6 mm?, suggesting that the
CS was among all compounds the one that gave better printability.
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Figure 13. Printability evaluation of all types of scaffolds. A) CAD design compared to macros-
copic images of the scaffolds. Scale bars 5 mm and 500 pm. B) Grid area quantification. Values
represent means £ SD.
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The internal structure of scaffolds was observed by SEM (Fig. 14A). First,
the crosscuts of NC-Alg scaffolds were analysed. Results showed a porous
internal structure indicating that nutrients, as well as oxygen exchange, may
be ensured to support the embedded living cells. These results were in accor-
dance with the literature since it was observed a porous internal structure in
Alg hydrogels [94]. In addition, similar porous structures were achieved when
NC was added. Importantly, this study indicated that the porosity of printed
NC-Alg scaffolds was due to NC, suggesting that scaffold porosity could be
modified by variating the concentration of NC [95].

The addition of GAGs resulted in a similar porous internal structure since
no optical differences were observed in the pictures taken by SEM. In fact,
porous internal structures were detected in other studies with scaffolds con-
taining HA, CS, and DS [32,37,57]. Likewise, bone scaffolds showed porosity
which has been reported in many studies with HAP and GO [93,96]. Porous
structures are very important in fabricating tissues such as bone since porosity
is related to tissue good functionality as well as to their mechanical proper-
ties.

Interestingly enough, surface differences were detected among the sca-
ffold types while performing SEM. For instance, it seems to be higher fibrous-Ii-
ke structures on the hyaluronic, cartilage and GO-containing scaffolds than on
the surface of the NC-Alg scaffolds. In contrast, the NC-Alg-HAP scaffolds’
surface was granulose, probably due to HAP particles.
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Figure 14. Scaffold internal structure and surface characterisation. A) Representative SEM ima-
ges of all the scaffolds. Scale bar 200 um for NC-Alg and NC-Alg-HA scaffolds, 100 pym for cartilage
scaffolds and 50 pm for bone scaffolds. B) Optical profilometry study. I) 3D topographical images
of all the scaffolds. II) Sdr parameter quantification. Values represent means + SD. *: p < 0.05.
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These surface differences may result in dissimilar roughness. It has been
demonstrated that scaffolds with a rougher surface are related to higher suc-
cess in terms of better cell adhesion compared to smooth scaffolds [97].
In addition, implantation success was also affected by the roughness accor-
ding to other studies, being the smooth scaffolds the ones that demonstra-
ted higher implantation failure rates [98]. Consequently, an in-depth study of
scaffold roughness was carried out with the optical profilometry technique.
Results showed in Fig. 14BI that the NC-Alg scaffolds had a considerable rou-
ghness surface between 0 and 10 pm. Notably, the addition of HA resulted in
a higher roughness surface achieving a roughness surface between 5 and 10
KUm. More differences were observed between cartilage scaffolds, the NC-Alg-
CS scaffolds showed the smoothest surface among all the scaffold types, while
the DS-containing scaffold showed the highest roughness surface.

Regarding the bone scaffolds, roughness has a greater importance due
to its implications on osteogenic differentiation. It has been reported that
rougher scaffolds are more osteogenic than smooth ones [98]. Similar surface
roughness was observed in optical profilometry images on NC-Alg-HAP and
NC-Alg-GO scaffolds, which in turn, was similar to the NC-Alg surface. Howe-
ver, the surface roughness may be increased by adding concentrations of HAP
above 5% (w/v) or by chemically modifying the GO [99,100].

When the Sdr parameter which measured the uniformity of the surface
texture was calculated, it confirmed the previous results, showing no sta-
tistical differences among bone, hyaluronic and base scaffolds (Fig. 14BII).
However, the Sdr parameter of the NC-Alg-DS scaffolds was statistically higher
than the value of the NC-Alg-CS scaffolds (p < 0.05), suggesting higher cell
adhesion and implantation success with DS-containing scaffolds.

Next, scaffold water uptake capacity was assayed since it indicates the
diffusion of nutrients and signalling molecules [101].

As Fig. 15A shows, the water uptake of all the scaffolds increased over
time until the equilibrium was reached. Moreover, the equilibrium was achie-
ved within the first 4-8 h suggesting excellent swelling properties. This water
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uptake easiness may be related to the hydrophilicity properties of both poly-
meric compounds, NC and Alg, which has been described before in the litera-
ture [102]. When a comparison was made, NC-Alg scaffolds showed a higher
swelling behaviour that decreased as HA, DS, CS and HAP were added, be-
ing statistically lower in NC-Alg-DS, NC-Alg-DS and NC-Alg-HAP scaffolds. The
swelling degree is related to the crosslinking density as well as to the bioink
inner density [103]. The addition of GAGs increased the bioink density as has
been shown in the rheological study. In addition, the differences in GAGs %
could explain the lower water uptake capacity of the NC-Alg-CS and NC-Alg-
DS scaffolds, since HA was added at 1% concentration and CS or DS at 5%.

Likewise, a less swelling degree in NC-Alg-HAP scaffolds was related to the
HAP particle size. In fact, it has been reported that HAP particles can displace
water molecules as shown in other studies [104]. Interestingly, this pattern
was not reflected in the NC-Alg-GO scaffolds in which the swelling behaviour
was similar to the base scaffolds. It has been reported the capacity of graphe-
ne molecules to develop strong hydrogen bonds with water molecules [105],
which may explain the reason why the swelling properties of the NC-Alg-GO
scaffolds were high.

Despite these differences, all scaffolds showed high swelling properties (>

90%), which indicated excellent nutrient transport into the scaffolds to nouri-
sh the embedded cells.
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Figure 15. Scaffold characterisation. A) Swelling assay ###: p < 0.001, #: p < 0.05 NC-Alg-
CS compared to NC-Alg. $$$: p < 0.01, $$: p < 0.01 NC-Alg-DS compared to NC-Alg. *** p <
0.001, **: p < 0.01, *: p < 0.05 NC-Alg-HAP compared to NC-Alg. B) Degradation study ***: p
< 0.001 NC-Alg-HA compared to NC-Alg, $$: p < 0.01 NC-Alg-HAP compared to NC-Alg and #: p
< 0.05 NC-Alg-GO compared to NC-Alg. Young ‘s modulus measurements on cartilage and bone
scaffolds. ***: p < 0.001. Values represent means + SD.

The degradation study was conducted due to its importance in medical
applicability. NC-Alg-based scaffolds showed similar degradation kinetics, be-
ing an area loss of around 20% at the end of the study (Fig. 15B). The main
area loss occurred within the first 24 h for all the scaffold types. Nevertheless,
this degradation was statistically lower in scaffolds containing HA (p < 0.001),
HAP (p < 0.01) and GO (p < 0.05) in comparison with NC-Alg scaffolds. A
good degradation kinetic is important to regenerate the damaged tissue while
the scaffold is being degraded [106]. For instance, cartilage regeneration de-
pends on injury type and location together with the cartilage function, thus, it
is complex to estimate de optimal scaffold degradation rate [107].

On the other hand, scaffolds targeted for bone must be stable with contro-
lled degradation kinetics [107]. In this study, all the scaffolds demonstrated a
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controlled degradation rate. Furthermore, the degradation may be adjusted by
modifying chemically the bioink compounds such as Alg [108]. Interestingly,
the combination of different elements may be another approach. In fact, ad-
ding HA to either cartilage or bone scaffolds could reduce the degradation.

Finally, mechanical properties were analysed in the scaffolds targeted to
cartilage and bone. Cartilage requires high biomechanics since it is exposed
to great forces of compression and tension [109]. Likewise, mechanical pro-
perties in bone tissue are essential for organ protection and motion support
[110]. Mechanical properties were represented by Young s modulus parame-
ter since indicates the resistance of the material to deformation under load.
As shown in Fig. 15C, in cartilage scaffolds, the biomechanics were statisti-
cally significantly improved with the presence of CS compared to NC-Alg and
NC-Alg-DS scaffolds (p < 0.001). As reported in other studies, CS is related
to the mechanical resistance of tissues such as cartilage due to its chemical
composition [111,112]. In contrast and according to this study, it has been
insinuated that mechanical properties are not affected by the DS [113]. On
the other hand, higher Young "s modulus values were obtained in NC-Alg-HAP
and NC-Alg-GO scaffolds which were statistically higher than NC-Alg values
(p < 0.001). Between them, GO seemed to enhance scaffold mechanical pro-
perties more than HAP (p < 0.001). This biomechanical improvement after
inorganic compound addition has been extensively described in the literature,
particularly in the case of GO which has been described to possess superior
mechanical properties [114].

Despite the fact that CS or HAP and GO increased the mechanical proper-
ties of the base scaffold, the values of the native tissues were not achieved.
For instance, cartilage has a compression Young's modulus of 0.2-2 MPa
[115] and bone tissue values reached the 10-20 GPa [116]. For this reason,
this kind of scaffold made of hydrogels should be applied to repair local in-
juries in conjunction with native tissue instead of substitutes for the entire
tissue. In order to enhance scaffold biomechanics, other approaches should
be conducted such as including HA which has been shown to promote mecha-
nical properties [117], incorporating CS into bone scaffolds or adding other
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reinforcing polymers as the PCL [118].

4.3.2 Post-bioprinting biological evaluation

Base and hyaluronic scaffolds

Biological properties were evaluated on D1-MSCs which have the ability
to differentiate into diverse cell types such as chondrocytes and osteocytes
[64,119].

First, the optimal cell density to include in NC-Alg and NC-Alg-HA bioinks
was studied. Hence, three different concentrations of 1 x 106, 2.5 x 10° and 5
x 106 cells/mL were proposed. After bioprinting, cell viability, as well as meta-
bolism, were assayed for 21 days. The cell density of 1 x 10° cell/mL, resulted
in very low viability which hindered a good quantification; therefore, it was
discarded for future studies (data not shown).

High cell viability together with uniform distribution was detected after
bioprinting on NC-Alg scaffolds by using both 2.5 x 10® and 5 x 106 D1-MSCs/
mL densities, since Live/Dead™ pictures showed almost all the cells alive in
green. However, cell aggregates were observed inside the construct with 5 x
106 cells/mL (Fig. 16A). It has been published that cell aggregates are related
to the induction of MSCs to differentiate [120,121]. Importantly, the addition
of HA improved the biological properties of the bioink considering that there
were more cells alive in green inside NC-Alg-HA scaffolds than inside the NC-
Alg ones (Fig. 16A). This optical appreciation was corroborated by quantifying
the Live/Dead™ images.
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Figure 16. Biological evaluation of embedded D1-MSCs on base and hyaluronic scaffolds. A) Re-
presentative fluorescence micrographs of Live/Dead ™ stained scaffolds at day 21 after bioprin-
ting with 5x10° cells/mL density. Scale bar 200 pm. B) D1-MSCs metabolic activity measurements
on NC-Alg and NC-Alg-HA scaffolds. Values represent means + SD. *** p < 0.001, **: p < 0.01,
*:p < 0.05.

On the other side, as expected, cell metabolism was higher on both sca-
ffolds with 5 x 10° cell/mL densities (Fig. 16B). However, hyaluronic scaffolds
displayed an increase in cell metabolism, which with 2.5 10° cell/mL was sta-
tistically significant at day 1 (p < 0.001) and 7 (p < 0.01) after bioprinting
as well as with 5 x 106 cell/mL at day 1 (p < 0.05) after bioprinting. These
results suggested that the addition of HA to the base bioink improved its
biological properties. The improvement may be related to the enhancement
of the rheological properties of hyaluronic bioink, since higher viscoelastic
properties protect the cells against the damage caused by shear stress during
the bioprinting process [90]. Additionally, other works have shown that the
viability and the functionality of MSCs were promoted after adding HA to Alg
or NC hydrogels [37,122]. Therefore, the developed NC-Alg-HA bioink may be-
come a feasible tissue engineering approach to regenerate diverse tissues.

Taking into account this preliminary study to develop both cartilage and
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bone bioinks a cell density of 5 x 10° was selected. Moreover, D1-MSCs were
genetically modified to secrete EPO, which could give us a better understan-
ding of the cell’s functionality inside the scaffold as well as assess the release
of bioactive molecules through it. In addition, bioprinted scaffold layers were
reduced from 4 to 2 to facilitate the scaffold degradation and thus be able to
extract easily the cells to carry out the differentiation study.

Cartilage scaffolds

The biological study on cartilage scaffolds showed that both CS and DS
improved the biological properties of NC-Alg scaffolds. First, Live/Dead™ ima-
ges demonstrated higher cell viability inside NC-Alg-CS and NC-Alg-DS sca-
ffolds after 21 days of bioprinting compared to NC-Alg scaffolds (Fig. 17A). In
fact, the percentage of live cells was higher inside DS scaffolds in comparison
with NC-Alg-CS scaffolds (NC-Alg-DS scaffolds showed 88.14 £ 2.62% cell
viability and NC-Alg-CS scaffolds demonstrated 80.11 + 1.85% cell viability ).
Furthermore, cell aggregations were observed in both cartilage scaffolds that
was related to the promotion of the chondrogenic differentiation of MSCs
[120].
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Figure 17. Biological evaluation of embedded D1-MSCs on cartilage scaffolds. A) Representative
fluorescence micrographs of Live/Dead™ stained scaffolds at day 21 after bioprinting. Scale bar
200 pm. B) D1-MSCs metabolic activity measurements on NC-Alg-CS and NC-Alg-DS scaffolds. C)
EPO release quantification on NC-Alg-CS and NC-Alg-DS scaffolds. Values represent means + SD.
*** p < 0.001, *: p < 0.05.
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Then, as shown in Fig. 17B, the cell metabolism increased within the days
after bioprinting in both scaffold types, indicating good proliferation. Further-
more, cells embedded into scaffolds containing both CS and DS presented an
elevated metabolic activity compared to the base scaffolds at day 1, 7 and 14
after bioprinting, which was statistically relevant (at day 1 and 7 p < 0.001
for both CS and DS-containing scaffolds compared to NC-Alg ones; at day
14, NC-Alg-DS p < 0.001 and NC-Alg-CS p < 0.05 in comparison with NC-
Alg scaffolds). As occurred with the hyaluronic bioink, both cartilage bioinks
showed excellent rheological properties that may reduce cell damage during
bioprinting. Moreover, both CS and DS have been reported to be involved in
diverse biological processes resulting in higher cell viability, proliferation and
metabolism when they were used in other works [57,111].

Finally, as Fig. 17C shows, EPO release was detected in all the scaffolds
after 7 days of bioprinting, but was significantly higher in the NC-Alg-CS sca-
ffolds (p < 0.001) than in the NC-Alg ones. At the end of the study, the highest
EPO release was determined in NC-Alg-DS scaffolds. Results indicated that
cells were functional inside the scaffolds after bioprinting. Furthermore, the
controlled release of EPO thought scaffolds suggested that they may be used
as carriers to release diverse therapeutic agents. For instance, other works
have used Alg or HA hydrogels for the release of EPO to develop drug carrier
systems [123].

In conclusion, the previous study corroborated that the addition of CS and
DS into NC-Alg bioink promoted its biological properties since D1-MSCs cells
embedded in NC-Alg-CS and NC-Alg-DS bioinks were more alive, metabolically
more active and functional to secrete EPO hormone. However, the next im-
portant step would be to evaluate if these scaffolds could regenerate cartilage
tissue. To do so, in vitro differentiation study was conducted.

First, scaffolds were stained with Safranin-O (red) to detect cartilage and
Alcian blue (blue) to detect GAGs. Darker zones were observed in the NC-Alg-
CS and NC-Alg-DS scaffolds than in the NC-Alg ones, suggesting a chondroge-
nic differentiation (Fig. 18A).
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Figure 18. Evaluation of chondrogenic differentiation on embedded D1-MSCs. A) Representative
images of Alcian blue and Safranin-O stained NC-Alg, NC-Alg-CS and NC-Alg-DS scaffolds. Scale
bars 1 mm and 100 pm. B) Hydroxyproline quantification. C) Chondrogenic gene expression at
day 1 and 21 after bioprinting. Values represent means + SD. *** p < 0.001, *: p < 0.01.

Then, hydroxyproline quantification was performed which was related to
collagen production. In Fig. 18B, results showed that hydroxyproline amount
was higher on the NC-Alg-DS and NC-Alg-CS scaffolds than on the NC-Alg
ones, suggesting cartilage-like ECM production. Among them, DS seemed to
promote higher collagen production of embedded D1-MSCs, indicating better
chondrogenic differentiation inside these scaffolds.

For an in deep evaluation, the genetic expression of chondrogenic markers
was measured by RT-PCR (Fig. 18C).

Results showed that at day 21 after bioprinting SOX9, which is a chon-
drogenic transcription factor that regulates chondrogenic differentiation and
cartilage ECM production [124], was overexpressed by the D1-MSCs embed-
ded into the NC-Alg-DS and NC-Alg-CS scaffolds compared to the NC-Alg ones
(Fig. 18CI). Likewise, as shown in Fig. 18CII, ACAN expression was statistica-
lly higher on the NC-Alg-DS and NC-Alg-CS scaffolds than on the NC-Alg ones
(p < 0.001). Notably, the expression of this marker by cells inside CS scaffolds
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was more significant than the expression inside DS scaffolds (p < 0.001).
ACAN is a chondrogenic differentiation marker since transcribes the major
structural protein of the cartilage tissue [115].

Additionally, collagen type 2 is another important cartilage protein which
indicates cartilage regeneration as well as cartilage-specific ECM production
[32]. This protein is encoded by the COL2 gene which was significantly ex-
pressed by the cells inside the NC-Alg-DS scaffolds in comparison with the CS
and the base scaffolds (p < 0.05) (Fig. 18CIII).

Finally, COL1 gene expression was assayed considering that is expres-
sed by undifferentiated chondrocytes or other intermediate cells [125]. As
shown in Fig. 18CIV, COL1 expression decreased on the NC-Alg-DS at day 21
after bioprinting suggesting that D1-MSCs were differentiated into chondro-
cytes inside the DS scaffolds. On the other hand, COL1 was increased on CS
constructs indicating the presence of undifferentiated cells. Nevertheless, the
expression of SOX9 together with the remarkably high ACAN expression sug-
gested that there was a chondrogenic differentiation pathway inside the NC-
Alg-CS scaffolds. It has been demonstrated that chondrogenic differentiation
of hMSCs was accelerated on CS scaffolds [32]. Likewise, DS has been related
to the promotion of MSCs to chondrocytes [58], which would corroborate the
obtained results.

In conclusion, both CS and DS scaffolds showed chondrogenic differen-
tiation in vitro which could be a promising treatment approach for chondral
defects.

Bone scaffolds

Finally, the biological properties of scaffolds targeted to bone were evalua-
ted. Live/Dead™ assay demonstrated that D1-MSCs were mostly alive in green
and uniformly distributed inside NC-Alg-HAP and NC-Alg-GO scaffolds after 21
of bioprinting (Fig. 19A). Notably, it could be appreciated higher green inten-
sity on these scaffolds compared to the NC-Alg ones, suggesting greater cell
viability with the presence of HAP and GO. In addition, cell aggregates were
observed inside HAP scaffolds while no cell aggregation signals were found
inside GO scaffolds. According to the literature, cell aggregation may favour
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osteogenic differentiation [121].
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Figure 19. Biological evaluation of embedded D1-MSCs on bone scaffolds. A) Representative
fluorescence micrographs of Live/Dead ™ stained scaffolds at day 21 after bioprinting. Scale bar
200 pm. B) D1-MSCs metabolic activity measurements on NC-Alg-HAP and NC-Alg-GO scaffolds.
C) EPO release quantification on NC-Alg-HAP and NC-Alg-GO scaffolds. Values represent means
+ SD. *** p < 0.001, *: p < 0.05.

Moreover, as (Fig. 19B) shows, the metabolic activity of embedded cells
was increased along the days after bioprinting indicating good cell prolifera-
tion. Interestingly, scaffolds containing HAP and GO demonstrated higher cell
metabolism than in NC-Alg scaffolds, being this increase statistically relevant
on days 1 and 7 after bioprinting (p < 0.001). At day 14 after bioprinting, only
the NC-Alg-HAP scaffold showed a statistically significant increase compared
to the base scaffolds (p < 0.05). These results were in concordance with the
literature in which it has been reported that HAP scaffolds promoted cell viabi-
lity and migration, as well as that GO enhanced the metabolism of stem cells
[126]. In addition, the improvement in mechanical properties after both HAP
and GO addition may prevent the cells from damage caused by the bioprinting
process.

Finally, EPO secretion was analysed. The hormone release increased over
time in all the scaffolds suggesting excellent cell functionality (Fig. 19C). Ipor-
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tantly, EPO release was higher from NC-Alg-HAP scaffolds in all the measured
time points, being significant on days 14 and 21 in comparison with GO-con-
taining scaffolds (p < 0.001). Likewise, cells inside NC-Alg scaffolds released
a higher amount of EPO than the cells inside NC-Alg-GO which was significant
on day 14 (p < 0.001). It was expected higher EPO production inside GO
scaffolds than inside the NC-Alg ones as in the first one’s higher cell viability
and metabolic activity was detected. However, GO has been described to pos-
sess remarkable adhesion properties with diverse molecules [127]. Thus, EPO
could bind to GO instead of releasing to the medium. In fact, this phenome-
non was also shown in a study where EPO-producing cells were encapsulated
in Alg-GO microcapsules [128]. According to another study by the same au-
thors, EPO attachment to GO could be avoided by covering the microcapsules
with fetal bovine serum or bovine serum albumin [129].

Taking into account these results, it may be concluded that both HAP and
GO enhanced the biological properties of the NC-Alg scaffolds, being HAP the
most adequate compound to add to the bioink. Nevertheless, their ability to
regenerate bone should be addressed.

Alizarin red staining pictures showed in (Fig. 20A) that in all the three types
of scaffolds were calcium deposits suggesting osteogenic differentiation. For
further evaluation, ALP enzyme activity which is produced by osteoblast, was
quantified. As shown in Fig. 20B, ALP production increased along the days in
all types of scaffolds after bioprinting indicating an osteogenic pathway. Howe-
ver, this increase was more relevant in the NC-Alg-HAP (p < 0.001) and NC-
Alg-GO scaffolds (p < 0.05). Remarkably, ALP enzyme activity was significant-
ly higher in HAP-containing scaffolds than in GO-containing scaffolds as well
as in base scaffolds (p < 0.05). This suggested a greater osteogenic induction
of embedded cells by the presence of HAP in comparison to GO. Although the
osteoinductive properties of HAP have been widely described [130], GO has
also been reported to promote osteogenic differentiation [131], which has not
been demonstrated according to the ALP activity measurement.
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Figure 20. Evaluation of osteogenic differentiation on embedded D1-MSCs. A) Representative
images of Alizarin Red stained NC-Alg, NC-Alg-HAP and NC-Alg-GO scaffolds. Scale bar 100 um. B)
ALP enzyme activity quantification at day 1 and 21 after bioprinting. C) Osteogenic gene expres-
sion at day 1 and 21 after bioprinting. Values represent means + SD. *** p < 0.001, *: p < 0.01.

Finally, the RT-PCR technique was applied to quantify osteogenic gene
expression (Fig. 20C).

RUNX2 is a key transcription factor in the creation of osteoblast [132] which
was significantly overexpressed by the D1-MSCs embedded in the NC-Alg-GO
scaffolds compared to NC-Alg-HAP and NC-Alg at day 1 and to NC-Alg-HAP
at day 21 (p < 0.001) (Fig. 20CI). Likewise, as Fig. 20CII shows, ALP gene
expression was higher in GO-containing constructs after 21 days of bioprinting
than in the other types of scaffolds (p < 0.001). Thus, the previously analysis
of ALP enzyme activity measurement did not match with ALP gene expression.
Consequently, we suggested that the ALP enzyme was under quantification
in GO scaffolds due to its adherent properties. In fact, GO has been used to
immobilize enzymes as they adhered to it [133].

The bone-specific ECM protein osteopontin is regulated by the SPP1 gene
[134], and its expression was significantly higher by the cells inside the NC-
Alg-GO scaffolds than by the ones inside the NC-Alg-HAP scaffolds (p < 0.01)
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(Fig. 20CII). Furthermore, cells expressed more SSP1 gene in NC-Alg than in
HAP-containing scaffolds.

Finally, as shown in Fig. 20CIV, the OSTC gene which is related to mature
bone [134] was also significantly overexpressed in GO scaffolds than in the
HAP and base scaffolds (p < 0.001).

Taking into account the gene expression results, it can be concluded that
the addition of GO induced a clear osteogenic differentiation of embedded D1-
MSCs. On the other hand, NC-Alg-HAP scaffolds also showed a slight osteoge-
nic pathway induction since the ALP gene expression and the enzyme activity
as well as the OSTC gene expression was higher than in the NC-Alg scaffolds.
Considering that both mechanical and biological properties were enhanced by
the addition of HAP and GO, it can be concluded that the use of NC-Alg-HAP
scaffolds tand, in particular, even more, the NC-Alg-GO scaffolds may be a
feasible tissue engineering approach for the treatment of bone injuries.
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Chapter 2. Conclusions

Taking into account the results obtained in the experimental works, the
conclusions of this thesis are the following:

1. The NC-Alg bioink shows proper rheological properties to be extruded
through extrusion-based bioprinting demonstrating good printability as well
as scaffold formation. Moreover, the NC-Alg scaffolds possess good biological
properties since cells are alive and metabolically active after bioprinting.

2. The HA inclusion into the NC-Alg bioink enhances the bioink mechani-
cal properties regarding viscosity. Thus, HA improves printability and scaffold
formation. Likewise, the HA promotes the viability, proliferation and metabolic
activity of embedded D1-MSCs after bioprinting.

3. The autoclave sterilisation is the best option to sterilise NC-Alg-based
bioinks compared to ionic radiation sterilisation such as B-radiation and y-ra-
diation. Additionally, between autoclave cycles, short-cycle autoclave shows
to be the one that least alters the bioinks rheological properties. However, it
was discarded for sterilising GO-containing bioinks due to GO chemical reduc-
tion.

4. The addition of CS and DS increases the NC-Alg bioink rheological pro-
perties, but CS further enhances the viscoelastic properties resulting in better
printability and scaffold shape fidelity. Moreover, CS increases the scaffolds’
biomechanics. Both, CS and DS, promote embedded cells’ viability, prolifera-
tion and functionality. A chondrogenic differentiation pathway is observed by
D1-MSCs inside CS and DS-containing scaffolds. Nevertheless, the DS addition
further promotes cartilage formation.

5. The addition of HAP and GO reduces the rheological properties loss
due to short-cycle autoclave sterilisation on NC-Alg bioink. Both, HAP and GO,
increase scaffold mechanical properties, being GO the best compound to ele-
vate the mechanics. The HAP and GO addition improve the bioink biological
properties since embedded cells’ viability, proliferation and metabolic activity
are increased after bioprinting. The GO addition promotes a clear osteogenic
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differentiation of embedded D1-MSCs.

6. The use of NC-Alg-based bioinks may be an excellent therapeutic
approach for tissue regeneration since these bioinks are manageable through
3D bioprinting allowing the simulation of patient-specific demands. More spe-
cifically, these scaffolds may repair osteochondral defects as cells are viable,
functional and able to differentiate into osteochondral cells.
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Abstract

Osteochondral injuries can lead to osteoarthritis (OA). OA is characterized
by the progressive degradation of the cartilage tissue together with bone
tissue turnover. Consequently, joint pain, inflammation, and stiffness are com-
mon, with joint immobility and dysfunction being the most severe symptoms.
The increase in the age of the population, along with the increase in risk
factors such as obesity, has led OA to the forefront of disabling diseases. In
addition, it not only has an increasing prevalence, but is also an economic
burden for health systems. Current treatments are focused on relieving pain
and inflammation, but they become ineffective as the disease progresses.
Therefore, new therapeutic approaches, such as tissue engineering and 3D
bioprinting, have emerged. In this review, the advantages of using 3D bioprin-
ting techniques for osteochondral regeneration are described. Furthermore,
the biomaterials, cell types, and active molecules that are commonly used for
these purposes are indicated. Finally, the most recent promising results for
the regeneration of cartilage, bone, and/or the osteochondral unit through 3D
bioprinting technologies are considered, as this could be a feasible therapeutic
approach to the treatment of OA.

Keywords: 3D bioprinting; osteoarthritis; tissue engineering; regenerative
medicine; cartilage; bone.
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1. Introduction

The aging of the population, together with the increase in the prevalence
of risk factors such as obesity, physical inactivity, and extreme exercise, has
placed osteoarticular diseases in the focus of medicine. Osteochondral de-
fects are characterized by cartilage disruption together with bone damage.
Joint traumas and injuries are the most common causes of osteochondral
defects [1]. Nevertheless, joint tumors and infections can also be the triggers
of osteochondral damage [2,3]. Furthermore, the rare disease osteochondritis
dissecans should be also taken into consideration [4]. However, among them,
osteoarthritis (OA) has gained notoriety by becoming the third most common
condition associated with disability, after dementia and diabetes [5]. In fact,
it is estimated that 250 million people are affected worldwide, and that the
proportion of the population with an OA diagnosis will increase by 3% by the
year 2032 [6]. This increase in prevalence will not only worsen the quality of
life of the affected population, but will also entail an economic cost to health-
care systems.

1.1. Prevalence and Economic Burden

OA is a disease of the joints such as the knee, hip, and hand that affects
7% of the world population [7]. For example, in the US alone, 37% of people
over the age of 65 suffer from this disease [8]. Age is the most important risk
factor for the onset of the disease. Likewise, obesity is considered to be ano-
ther important factor that contributes to the appearance of OA. In fact, due to
the aging of the population and the rise in obesity rates, the prevalence of OA
has risen by 48% in the last 30 years [9]. Furthermore, it is estimated that the
prevalence of OA in the population aged over 45 will increase in the coming
years. In addition, it has been shown that hard work activities, high-impact
sports, and genetics can also influence the appearance of OA in younger in-
dividuals [6].

Given the increase in the disease’s incidence, the economic costs associa-
ted with OA must be considered as another problem. In the US, it is estimated
that the economic burden ranges between USD 3.4 and 13.2 billion per year
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[8]. Globally, it is estimated that the medical costs associated with OA in rich
countries are between 1 and 2.5% of the gross domestic product [6,10].
However, indirect costs due to work loss, medical leave, and premature reti-
rements could increase the economic burden [11]. In fact, according to the
World Health Organization (WHO), OA is in the top 10 diseases that cause
work loss due to disability [12]. When it comes to indicating each cost sepa-
rately, there is considerable disagreement in the literature due to the lack of
uniform criteria across the studies, the country where the study was carried
out, and the anatomical location and stage of OA [13]. For instance, in Spain,
the annual cost is estimated at around EUR 1500 per patient. In addition,
Loza et al. [13] conducted a breakdown of the economic expenses associated
with knee and hip OA in Spain (Figure 1). According to them, direct costs
were around 86%, which could be separated into medical costs (47%) and
nonmedical costs (39%). Medical costs included expenses in terms of sanitary
professional time (22%), hospital admissions (13%), medical tests and probes
(7%), and drug costs (5%). Nonmedical costs were mainly related to house,
work, and self-care assistance (29%), aid services (9%), and patient trans-
port costs (1%). On the other hand, indirect costs were estimated to account
for 14%; 8% went on assistance for housework, and 6% was due to loss of
work, workplace absences, and a decrease in productivity [14]. Nevertheless,
the total cost of OA drastically increased when the disease was in the severe
stages and when the patients required hospitalization [13].

B Direct cost
M Indirect cost

/Q
/

Medical cost

H Sanitary professional time
l Hospital admissions

H Medical probes

Drugs
Nonmedical cost
B Hause/work/self-care help
B Lost work/workplace absences B Aid devices
Help for hausework B Transport

Figure 1. The economic cost of knee and hip OA in Spain. Data from [14].
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Due to the increase in cases that not only worsen the quality of life of those
affected patients, but also have a great economic cost, improvement of the
treatment of this disease is a necessity.

Current treatments are mainly based on palliative drugs, with surgery be-
ing the last resort, and only in the most severe cases. However, as these
treatments have been shown to be ineffective in the majority of cases, there
is a necessity in the scientific community to develop new therapeutic approa-
ches. In this regard, tissue engineering has drawn attention, since it combines
different biomedical fields such as cell therapy, nanotechnology, and bioma-
terial science [15]. Furthermore, additive manufacturing technologies such
as 3D bioprinting have emerged to facilitate tissue engineering purposes in a
rapid and automatic manner [16]. Thus, the biofabrication of functional sca-
ffolds that could regenerate damaged tissues is currently at its peak. However,
prior to the fabrication of artificial tissues, it is necessary to achieve in-depth
knowledge of the osteochondral tissue and OA.

1.2. Joint Anatomy and Physiology
Injuries to the osteochondral tissue may lead to OA. Thus, OA is a disorder

that affects the whole joint [6]. Joints are areas of articulation between ad-
jacent bones and cartilage for the purpose of providing stability and mobility
[17]. Figure 2 shows the schematic organization of the joint tissue separated
into two areas: cartilage and bone. At the same time, both cartilage and bone
have different layers with their own composition and characteristics.

Superficial layer

D Ly @ . — Cartilage
N TR Middle layer

= Deep layer
» | Tidemark ® Chondrocyte

Calcified cartllage o Hypertrophic chondrocyte

-
Collagen fiber
Subchondral bone
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Figure 2. Schematic organization of osteochondral tissue.
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Cartilage is an avascular, aneural, and alymphatic tissue that is found at
the end of long bones [6]. It is composed of highly specialized cells known
as chondrocytes and an extracellular matrix (ECM). This ECM is constituted
of glycosaminoglycans (GAGs) and collagens that allow the retention of large
amounts of water. Considering the avascular nature of the cartilage, this fluid
not only allows the chondrocytes to be supplied with nutrients, but is also
responsible for providing resistance to mechanical compression [18]. Conse-
quently, cartilage is a tissue with significant biomechanics. For instance, the
Young’s modulus of cartilage is between 0.2 and 2 MPa [19]. At the same time,
the articular cartilage is morphologically classified into three zones depending
on chondrocyte organization, collagen fibril orientation, and GAG content.

The superficial layer is the thinner layer, and protects deeper layers from
shear stresses. It is characterized by flattered chondrocytes, collagen fibrils
oriented parallel to the articular surface, and low GAG content. The middle
layer is the thickest layer, and functions as an anatomical and functional zone
between the superficial layer and the deep layer. Chondrocytes are at low den-
sity and spherical, collagen fibrils are obliquely oriented, and the GAG content
is increased. This layer is the first line of resistance to compressive forces.
Finally, there is the deep layer. In this zone, chondrocyte density is increased,
and they are arranged in columnar orientation. Collagen fibrils are orientated
perpendicular to the surface, and the GAG content is the highest. The deep
layer provides the greatest resistance to compressive forces [20-22].

Between the bone and the cartilage, there is a zone called calcified cartila-
ge. This layer is separated from the deep cartilage layer by a boundary called
the tidemark that represents the mineralization front [20,23]. Calcified car-
tilage is composed of hypertrophic chondrocytes, and its main function is to
maintain the adhesion of the cartilage to the bone by anchoring the collagen
fibrils of the deep zone to the subchondral bone [20,22-24].

Bone tissue, known as subchondral bone, is a fundamental tissue for the
joint's proper functionality, since it absorbs the impacts and provides support.
In addition, it distributes the mechanical loads throughout the joint with a
gradual transition in stress and strain. In fact, bone is considered to be a hard
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tissue, and its average Young'’s modulus ranges from 10 to 20 GPa [25]. This
tissue is separated into two zones: subchondral bone plate and subchondral
bone trabeculae. The first layer is a thin cortical lamella lying immediately
under the calcified cartilage. It is composed of channels to circulate blood
and lymphatic fluid from the bone trabeculae to the cartilage. In contrast, the
subchondral bone trabeculae are more porous and metabolically active. They
contain blood vessels, nerves, and bone marrow that supply the cartilage with
nutrients and help in its metabolism [20,23,24].

Apart from osteochondral tissue, the joint unit is also composed of the
synovial membrane and synovial fluid, which are involved in the pathogenesis
of OA. The synovial membrane is a thin, non-articular layer composed of two
cell types: (i) macrophages as a part of the immune system in the joint, and
(i) fibroblasts that secrete synovial fluid. Synovial fluid acts as a lubricant for
the articular surface, and transports nutrients to the cartilage [17,20,24].

1.3. OA: Pathogenesis and Symptomatology
In OA, structural alterations in the articular cartilage and subchondral bone

are found. As Figure 3 shows, cartilage loses its integrity and, thus, is more
exposed to disruption from physical forces. To counteract cartilage erosion,
chondrocytes increase the secretion of molecules that cause matrix degrada-
tion and pro-inflammatory mediators. On the other hand, bone turnover is
increased, developing bone marrow lesions. In addition, there is a vascular
invasion throughout the area, and the synovial membrane hypertrophies and
macrophages are activated, releasing pro-inflammatory cytokines. Moreover,
surrounding tissues, such as ligaments and periarticular muscles, are often
affected as well [6]. OA is classified into four different stages, depending on
the severity grade and the appearance of the symptoms.
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Figure 3. Schematic image of OA's pathology and symptoms.

In stage 0, also known as the pre-osteoarthritis stage, the joint seems
normal and healthy. Nevertheless, cellular damage starts to occur without any
symptoms. Stage 1, or the early stage, is characterized by the appearance of
bone spurs, and cartilage begins to lose its integrity. In this stage the patient
usually has no symptoms or only mild pain. Then, in the next stage-stage 2,
or the mild stage-the cartilage starts to degrade due to enzyme release. Con-
sequently, bone spurs grow and become painful. Joint pain and stiffness com-
monly appear during activities at this stage. As the disease progresses, stage
3 or the moderate stage appears. Here, cartilage shows obvious damage, and
the space between the joints becomes narrower. Therefore, pain while moving
is frequent, and joint stiffness worsens. Finally, stage 4, or severe OA, occurs.
This stage is characterized by the presence of little cartilage or the absence
of cartilage in severe cases. Synovial fluid is reduced, and bone may erode,
provoking bone narrow damage. At this stage, significant pain and discomfort
appear, stiffness and inflammation are severe, and joint dysfunction may oc-
cur [26-28].

In summary, affected people experience pain and inflammation, which are
the most common and disabling symptoms. Moreover, muscle weakness and
joint instability are frequent symptoms. Apart from physical symptomatology,
psychological disorders due to pain together with insomnia and fatigue should
be taken into account [6,9].
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2. Current Treatments

OA is a progressive and degenerative joint disease with no cure. Treat-
ments in the early stages of OA are focused on giving educational informa-
tion to patients, weight loss, and moderate physical exercise, whereas when
the disorder progresses, current treatment is based on alleviating the main
disabling symptom, the chronic pain [29]. Therapeutic guidelines recommend
starting with topical treatment and moving on to oral treatment when topical
drugs do not relieve the pain. In more advanced stages of OA, intra-articular
injections are the recommended treatment. Finally, when OA is in the severe
stages and the aforementioned treatment becomes ineffective, surgery may

be recommended. All of these treatments are summarized in Table 1.

Table 1. Summary of the benefits and side effects of the current treatments for OA.
Acronyms. OA: osteoarthritis; NSAIDs: nonsteroidal anti-inflammatory drugs; SYSADOA: Symp-
tomatic slow-acting drugs in osteoarthritis; HA: hyaluronic acid; PRP: platelet rich plasma.

Treatment

Positive effects

Side effects

Acetaminophen
or paracetamol

- First choice treatment
- Good relieving pain

- Controversy about the effecti-
veness at long-term

- Not anti-inflammatory effects
- Hepatotoxic in abuse

Oral NSAIDs

- First choice treatment
- Good relieving pain and
improving joint function

- Gastrointestinal and cardiac
issues at long-term and in abu-
se

SYSADOA

- Safe and well-tolerated
- Pain relief and impro-
vement in joint physical
function

- Unclear therapeutic mecha-
nisms

- Discrepancies among thera-
peutic guides

Intra-articular
injectable HA

- Safe and well-tolerated
-Anti-inflammatory
effects and pain reduc-
tion

- Benefits only at a short-term
period

- Repetitive intra-articular in-
jections

- Only in mild and moderate
stages of OA

Intra-articular
injectable corti-
costeroids

- Good reducing joint in-
flammation and dysfunc-
tion

- Benefits only at a short-term
period

- Repetitive intra-articular in-
jections

- Controversial benefits in no
knee joints and at long-term
period
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Treatment Positive effects Side effects
- Excellent pain killers | - Tolerance and dependence
Opiates when other treatments | - Negative benefit/risk ratio
failed - Highly discouraged
- Lasts therapeutic op- |- More likely to have complica-
tion tions associated with surgery
Surgery - Relevant improvement | in the elderly population
specially in young pa- |- Rejection probability
tients - Pain is still recurrent
- Limited to knee
- Variability among patients
) . - Unclear dosage and plasma
PRP OA symptoms relief extraction protocols
- Efficacy decreases with
NSAIDs
- Not available in all the hos-
pita]Is
_ Osteochondral regene- | - Highly costs and long regula-
Spherox™ ration tory proqedgres .
_ General improvement -OAContralndlcated in advanced
- Only applicable for knee de-
fects

2.1. Pharmacological Treatments

Topical treatment is based on topical nonsteroidal anti-inflammatory drugs
(NSAIDs). These demonstrate good effectiveness for pain reduction, and the
side effects that they may produce are rare. As they are usually well-tolerated
and have an easy mode of administration, they are highly recommended in
the first stages of the disease. Nevertheless, they become ineffective as the
disease progresses and the pain increases [6,30,31].

When pain increases, oral drug intake is recommended. Among the
used drugs, acetaminophen or paracetamol is a well-known drug to reduce
mild-to-moderate pain [6,30]. It is usually prescribed because several gui-
delines recommend it for OA. However, there is an increasing controversy
about its efficacy in this illness. Meta-analyses have revealed little in the way
of satisfactory effects in comparison with placebo [6,30]. Furthermore, the
hepatotoxic side effects after long-term usage with high doses are a drawback
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to take into account [30]. Therefore, the use of this drug may be restricted to
short-term periods [31].

NSAIDs are the treatment of choice, since it has been shown that they
decrease pain and improve joint function [30]. However, long-term treatments
at high doses have considerable side effects, such as gastrointestinal issues
and nephrotoxicity [30,31]. COX2-selective inhibitors are a form of NSAIDs
that may avoid these problems, but are contraindicated in patients with car-
diovascular problems [31]. As a consequence, their use should be restricted
to short treatment periods, making a good therapeutic approach for chronic
diseases such as OA impossible.

Symptomatic slow-acting drugs in OA (SYSADOA), such as glucosamine and
chondroitin sulfate (CS), are widely prescribed. CS is a GAG naturally found
in the ECM, whereas glucosamine is a metabolic precursor of GAGs. There
is much controversy in the literature regarding the use of these substances.
They have the advantage of being safe and showing almost no side effects,
but their therapeutic mechanism is unclear, and while some meta-analyses
indicate their potential benefits in pain relief and improvement in physical joint
function, others strongly discourage their use [30,31].

For patients who do not respond well to oral treatments, intra-articular in-
jections of hyaluronic acid (HA) are recommended. HA is a molecule from the
group of GAGs that are naturally found in the joints’ synovial fluid. Its main
function is the lubrication of the joints. It has also been reported to be chon-
droprotective against mechanical damage. It has been found that intra-articu-
lar injections of HA reduce pain, have anti-inflammatory effects, and promote
GAG synthesis. It is generally safe and effective in mild-to-moderate stages
of knee OA. As a drawback, its long-term effects are limited, and repetitive
injections of HA are usually uncomfortable for patients [30,31].

In addition, intra-articular corticosteroids are very common drugs used
to treat inflammatory-related diseases; therefore, they are expected to be

beneficial to treat OA as well, by reducing joint inflammation, pain, and dys-

107



Nanocellulose-alginate based bioinks for 3D bioprinting and osteochondral regeneration

function. All of the clinical evidence has demonstrated pain reduction after
corticosteroid injections. Nevertheless, this benefit has only been observed
in short-term periods, and repetitive injections have not been associated with
long-term pain reduction. In addition, as the studies have focused on knee
joint treatment, whether these drugs are beneficial for other joints is unclear.
Furthermore, a recent meta-analysis showed little improvement in joint func-
tion, and reported greater cartilage damage than in the placebo group after
2 years of corticosteroid administration. Thus, the use of this kind of drug for
OA treatment has become controversial [6,30].

As an alternative, some guidelines recommend the use of opiates. Althou-
gh they are quite effective in relieving pain, the side effects that they produce
are extensive and serious, such as tolerance and dependence. In fact, opioid
abuse has been recognized as an epidemic in the US, where great efforts are
being made in order to reduce their use [32]. Apart from this serious problem,
opioids have shown only a small improvement in the OA symptomatology, with
an increase in side effects after opiate administration. Thus, the use of opia-
tes is highly discouraged, and they should only be prescribed for short-term
treatments and when other therapeutic options are not possible [6,30,31].

2.2. Surgery
Different surgical interventions have been carried out in the clinics. A bone

marrow stimulation technique known as microfracture is recommended to
treat small chondral defects (less than 2 cm?). When the disease reaches the
subchondral bone, osteochondral autograft transplantation is the suggested
option. This surgical procedure is divided into mosaicplasty, which is based on
transplanting multiple small, circular osteochondral grafts, and the single-plug
technique, which consists of implanting a single, larger graft. Excellent results
have been reported after the implementation of both techniques, but there
are still disadvantages in terms of donor site morbidity and patient age limi-
tation, as the procedure is restricted to patients over 50 years old [33]. In
order to treat greater osteochondral defects, allograft implantation has been
suggested, but there may be limitations in acquiring the graft due to donor
unavailability [34].
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Total joint replacement surgery or arthroplasty is the last therapeutic op-
tion. During this surgery, the damaged joint is replaced with an artificial im-
plant that is made of metal, ceramic, or plastic [33]. This is recommended for
patients with severe OA whose quality of life is considerably reduced. Clinica-
lly relevant improvements have been observed, but complications associated
with surgery in the elderly population are common. Infections, neurovascular
injury, and peri-implant fractures are the main complications. Additionally,
implant rejections are around 12%, and pain is still a recurrent symptom
[6,30].

2.3. Biological Therapies
Recently, apart from traditional drugs and surgery, treatments based on

intra-articular injection of platelet-rich plasma (PRP) have attracted significant
clinical interest. This therapy consists of inoculating autologous plasma on the
joint, because it has been shown that the PRP releases bioactive molecules
(e.g., growth factors, cytokines, or anti-inflammatory mediators). This has
been reported to relieve OA symptoms and to demonstrate no side effects.
Nevertheless, PRP is limited to the knee joint, and variability has been obser-
ved among patients. This can be explained by the absence of a clear dosage
guide and the lack of a standardized plasma extraction protocol. Moreover,
simultaneous treatment with PRP and NSAIDs reduces the PRP’s efficacy
[35,36].

Autologous chondrocyte implantation (ACI) has also been used for the
treatment of osteochondral defects for years. This treatment, authorized by
the European Medicines Agency (EMA) as an advanced therapy medicinal pro-
duct, is based on the implantation of autologous chondrocytes in the joint
to promote its regeneration and, therefore, alleviate the symptoms. In fact,
Spherox™ is the only ACI product that has been commercialized. This therapy
is based on the implantation of spherical aggregates that are composed of
autologous human chondrocytes expanded ex vivo and an auto-synthetized
extracellular matrix. However, this treatment has also shown some drawbac-
ks, such as the necessity of expert surgeons for its application, as well as the
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authorization of the hospital in which the therapy is applied. Moreover, ex
vivo cell expansion requires strong regulatory procedures. Consequently, this
treatment is not available in all hospitals, and it has high costs. In addition, it
is contraindicated in advanced OA stages (i.e., stages 3 and 4), and it is only
prescribed for knee joint defects [37].

In conclusion, current treatments can alleviate the symptoms produced
by OA in the short-term. In the long-term, as the disease progresses and the
pain becomes intense, current treatments fail to improve the patient’s quality
of life. In addition, given that the target population that suffers from OA is the
elderly, the appearance of other diseases that could hinder the general use
of these drugs should be highlighted. Therefore, new therapeutic approaches
should be proposed.

3. New Therapeutic Approaches: Tissue Engineering and
3D Bioprinting

As mentioned above, one of the most interesting therapeutic approaches
for OA is the use of ACI. This kind of cell therapy has been widely researched
and improved, since it can protect cartilage from degradation and, conse-
quently, cause remission of the disease’s symptomatology. In fact, there are
several studies, including clinical trials, in which this therapy has shown pro-
mising results [37]. Another approach that is gaining attention in cell therapy
treatments is the use of mesenchymal stromal cells (MSCs), as it has been
reported that the articular administration of MSCs in the knee relieves pain
and improves its function [38]. Likewise, adipose-derived stromal cells (ASCs)
have also been applied for chondral regeneration, since they can be harvested
with reduced mobility at the donor site in comparison with other MSC sources
[39]. Furthermore, both ASCs and MSCs have the potential to secrete anti-in-
flammatory and immunomodulatory molecules, which complement their ad-
ministration as an OA treatment [40,41]. However, the long-term benefits are
controversial. In addition, it has been proven that injection of MSCs through
a needle compromises their viability due to shear forces and that, after admi-
nistration, cells tend to migrate, making it difficult to secrete therapeutically
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active molecules [40]. The implementation of a cellular support would not
only avoid these drawbacks, but also take into account the mechanical pro-
perties that are of great importance in the regeneration of the joint. In fact,
hydrogel-based cellular supports have been already studied with successful
results in terms of mimicking native mechanical properties and improving cell
viability [42,43].

In this context, tissue engineering, which brings together cell therapy, bio-
material engineering, and the delivery of drugs or therapeutic molecules, has
become the most promising therapeutic approach (Figure 4) [16,44,45]. It is
based on the manufacture of three-dimensional (3D) structures or scaffolds
that support cells, allowing them to adhere, proliferate, and differentiate. The-
se structures can also contain different elements, such as drugs, growth fac-
tors, and therapeutic molecules [16].

Among scaffold manufacturing techniques, 3D bioprinting has gained sig-
nificance in recent years. This additive manufacturing technique is characteri-
zed by the fabrication of layer-by-layer structures via computer-aided design
(CAD). CAD generates a G-code that can be read by the bioprinter [48]. The
creation of the design in CAD as well as the modification of the G-code allows
the total control of the shape and structure of the scaffold, granting bioprin-
ting an advantage over traditional manufacturing techniques. Furthermore,
bioprinting techniques permit the addition of high cell densities, while other
techniques are unable to do so, or the cells have to be added after making
the scaffold [49]. In fact, anatomically specific implants could be designed
for each patient using this technology. Another challenge in the tissue en-
gineering field for joint regeneration is the fact that the joint is made up of
two tissues—cartilage and bone—which, in turn, have separate zones with
different cell densities, compositions, and biomechanics. Three-dimensional
bioprinting, as an additive technique, allows the manufacturing of scaffolds
with different layers; therefore, the native tissue can be imitated. In addition,
it is fast and automatic, and accepts a wide variety of materials, wmaking it a
promising technique in this field [48,50]. The deposited material is known as
bio-ink. These bio-inks are composed of cells and biomaterials to which other
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molecules such as drugs, proteins, genetic material, or growth factors may be
added [51]. However, the biomaterial, whether of natural or synthetic origin,
has to meet certain requirements to be considered a bio-ink [50]. In the first
place, it has to be biocompatible with the cells, since it has to support cell
attachment, migration, proliferation, and differentiation. Second, it has to be
biodegradable and, finally, it has to be printable, which necessitates taking
into account its rheological properties and gelation kinetics. Moreover, the
biomaterial must have proper mechanical properties and be bioactive [52].
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Figure 4. (A) Diagram of the elements used in tissue engineering. Adapted from [46]. (B) Sche-
me of different bioprinting methods. Adapted from [47].

There are different 3D bioprinting techniques, including extrusion-based,
inkjet-based, and laser-assisted bioprinting (Figure 4B). Each of these techni-
ques is based on different principles. Extrusion-based bioprinting is the most
common technique, since it is easy to use, economical, and flexible in the
use of a wide range of materials [53]. It is based on the continuous deposi-
tion of the bio-ink in a filament form through a needle via the application of
mechanical pressure or air pressure (pneumatic). Inkjet-based bioprinting is
characterized by the deposition of the bio-ink in a droplet form after the appli-
cation of a piezoelectric or electrostatic drop-on-demand source. Laser-as-

112



Chapter 3. Appendix 1 - Progress in 3D Bioprinting Technology for Osteochondral Regeneration

sisted bioprinting uses a laser energy beam for the deposition of the bio-ink
[53,54]. Several studies have implemented bioprinting techniques for joint
regeneration. The majority of those studies focus on one of the two tissues
involved—cartilage or bone—whereas fewer studies are based on the develo-
pment of the whole osteochondral unit by 3D bioprinting.

3.1. 3D Bioprinting in Cartilage
Cartilage tissue lacks blood vessels, nerves, and a lymphatic system, ma-

king this tissue an ideal target for 3D bioprinting in comparison with other,
more complex tissues [24,44]. Nevertheless, cartilage is subjected to high
shear forces. Thus, the challenge, when it comes to bioprinting cartilage, is to
meet the requirements in terms of mechanical properties, as well as to mimic
the layered structure of the native tissue as closely as possible.

To obtain 3D structures resistant to mechanical pressures, some studies
have focused on seeding cells on previously 3D-printed scaffolds, using ther-
moplastic polymers such as polycaprolactone (PCL) or polylactic acid (PLA)
[55]. Electrospinning, which enables the fabrication of polymeric fibers, is
another innovative technology that has been used for this purpose, since
nanofibers reinforce the scaffold [56]. However, 3D bioprinting technology
requires the inclusion of the biological part (living cells) in the bio-ink, so the
use of these materials is unsuitable for cells, as these polymers need high
temperatures to be extruded. For this reason, hydrogels are the most used
option, as they have the ability to absorb water, are biocompatible with the
cells, and are biodegradable.

Different biomaterials have been studied to develop bio-inks. Among them,
biomaterials that are naturally found in osteochondral tissue such, as colla-
gens or GAGs, have been proposed, as along with others that have greater
printability characteristics or mechanical resistance, such as alginate, gelatin,
or silk fibroin. All of these studies are represented in Table 2.
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Table 2. Summary of the 3D bioprinting studies for cartilage.

Acronyms. COL: collagen; GAGs: glycosaminoglycans; ALG: alginate; NFC: nanofibrillated cellu-

lose; HDiPSCs: Human-derived induced pluripotent stem cell; HA: hyaluronic acid; dECM: dece-

llularized extracellular matrix; BMSCs: bone marrow stem cells; SF: silk fibroin; PEG: polyethylene
glycol; PRP: platelet-rich plasma; Gel: gelatin; CH: chitosan; CS: chondroitin sulphate; AD-MSCs:
adipose derived mesenchymal stem cells; GelMA: gelatin methacrylate; HAMA: Hyaluronic metha-

crylate; PCL: poly-caprolactone; PEGDA: polyethylene glycol diacrylate; GG: gellam gum; PLGA:

poly-lactic-co-glycolic acid; ACPCs: articular cartilage progenitor cells.
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Collagen has been used for the production of bio-inks because it is an
element that is widely distributed among mammalian tissues. Several types of
collagen are known, from type I to XXI. However, most studies have focused
on type II collagen, which is the main component of the cartilage ECM, and
type I collagen, which is abundant in bone tissue.

Thus, in one of the studies in which collagen is used, Beketov et al. [57]
argued that one of the drawbacks of using collagen is that scaffolds are often
quite fragile. Hence, they proposed the use of high concentrations (4%) of
type I collagen to develop a bio-ink with embedded rat chondrocytes. Using
extrusion-based bioprinting (Figure 5A), they managed to obtain scaffolds
with better printability and mechanics than other studies based on scaffolds
with lower concentrations of collagen. Interestingly, after an in vivo study in
rats, they showed the ability of these scaffolds to form cartilage ECM, rich in
type II collagen and GAGs, as shown in Figure 5B [57].

Another proposal to increase the scaffolds’ mechanics is the combination
of collagen with another polymer, such as alginate or agarose. Thus, Yang et
al. [58] developed alginate-based scaffolds with added collagen and agarose
using extrusion-based bioprinting (Figure 5C(I)). They showed that by adding
collagen to the scaffold, its mechanical properties, along with the viability
of rat primary chondrocytes, increased compared to scaffolds with agarose
(Figure 5C(II)). Furthermore, cells inside collagen-containing scaffolds had
increased chondrogenic-phenotype gene expression as well as GAG produc-
tion [58].

118



Chapter 3. Appendix 1 - Progress in 3D Bioprinting Technology for Osteochondral Regeneration
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Figure 5. Collagen-based scaffolds: (A). Extrusion-based bioprinting of a 4% collagen scaffold.
(B). Cartilage ECM evaluation after in vivo implantation. At day 40, GAG accumulation and type II
collagen production were increased. Scale bar = 100 um. Adapted from [57]. (C(I)). Macroscopic
images of alginate, alginate—agarose, and alginate—collagen scaffolds. (C(II)). Rhodamine—pha-
lloidin/Hoechst 33,258 staining after 14 days of bioprinting. Scale bar = 100 um. Adapted from
[58].

Alginate (Alg) is a natural polymer that has been widely used for cartilage
bioprinting due to its biocompatibility and easy post-bioprinting crosslinking
procedure. Nguyen et al. [59] used it as a component of their bio-ink in com-
bination with nanofibrillated cellulose (NFC). On the other hand, they develo-
ped bio-inks based on NFC/HA. They embedded bio-inkhuman-derived indu-
ced pluripotent stem cells (iPSCs) co-cultured with irradiated human
chondrocytes in these two bio-inks, and they bioprinted scaffolds using extru-
sion-based bioprinting. The scaffolds containing alginate showed better re-
sults, as cells maintained their pluripotency and chondrogenic phenotype in
comparison with HA scaffolds, in which cells showed low proliferation capacity
[59]. Mechanical properties that are of key importance for cartilage were not
measured in this research. In another study, Rathan et al. [60] mixed alginate
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with different concentrations of decellularized pig cartilage ECM (dECM) to
obtain ECM-functionalized alginate bio-inks, in which human bone marrow
MSCs and the chondrogenic growth factor TFG-3 were included. They achie-
ved bioprinted scaffolds through extrusion, and a sustained release of the
growth factor. Moreover, they demonstrated that by increasing the concentra-
tion in the bio-ink from 0.2% to 0.4%bio-ink, cell proliferation and the chon-
drogenic differentiation were enhanced (Figure 6A). However, the authors
suggested that, in a long-term, the osteogenic differentiation could also occur.
Finally, they combined 3D bioprinting with 3D printing techniques to include
PCL fibers that reinforced the scaffold, thus achieving mechanical properties
similar to those of the native cartilage (Figure 6B) [60].
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Figure 6. Alginate/dECM-based scaffolds: (A). Cell viability, histology, and immunostaining on
days 0 and 21 showed good cell viability and high GAG and collagen production within 21 days.
(B) Alginate/dECM 3D bioprinting and PCL 3D printing combination. (I) Representative image of
the hybrid scaffold. (II) Mechanical properties are enhanced with PCL reinforcement. Adapted
from [60].

As mentioned above, dECMs have been used as components in the tissue
engineering field, as they are biologically and functionally closer to native
tissues than polymers [62]. However, the drawback of these components is
that they fail to meet the necessary rheological properties to be considered
as bio-inks by themselves. Thus, Visscher et al. [61] used gelatin, HA, glyce-
rol, and Dulbecco’s modified Eagle’s medium (DMEM) to fabricate a bio- ink
containing pig-cartilage-derived dECM that had been methacrylated. They
embedded rabbit chondrocytes into the bio-ink and manufactured scaffolds
through extrusion-based bioprinting. Cell viability and proliferation were in-
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creased proportionally to the dECM concentration. dECM also promoted cells
to produce GAGs and collagen. In addition, the scaffold mechanical properties
were also positively improved by the inclusion of dECM [61]. These promising
results after including dECM have also been reported by other researchers.

Zhang et al. [62] proposed mixing decellularized goat cartilage ECM with
silk fibroins. They included rabbit bone marrow MSCs, TGF-B3 as a chondro-
genic growth factor, and polyethylene glycol (PEG) 400 as a crosslinker. After
a rheological study to determine the optimal concentrations for the bio-ink,
they managed to manufacture porous scaffolds via extrusion. The cell viability,
proliferation, and chondrogenic differentiation were good, and were propor-
tional to the amount of dECM. Furthermore, they obtained a sustained release
of TGF-B3 from the scaffold, promoting the production of collagen and GAGs.
Finally, bioprinted scaffolds were implanted subcutaneously in mice. In vivo
results showed an increase in the production of GAGs and collagen, as well
as in the scaffolds’ mechanical properties, making these scaffolds a promising
therapeutic approach for cartilage regeneration [62].

In a previous work by the same research group, Li et al. [63] developed a
bio-ink by combining silk fibroin, rabbit platelet-rich plasma (PRP), rabbit
chondrocytes, and PEG 400. After extrusion bioprinting, they showed that the
addition of plasma increased the scaffolds’ mechanical properties as well as
cell viability and proliferation. Interestingly, the plasma contained various
growth factors that were delivered from the scaffold to promote cell functio-
nality and chondrogenic differentiation [63]. In fact, silk fibroin has gained
popularity as a bio-ink component because it is biocompatible, biodegradable,
and has remarkable mechanical strength [62]. Another work using silk fibroin
as a bio-ink component was the one proposed by Singh et al [64]., who deve-
loped a bio-ink based on two types of silk fibroin, gelatin, and porcine primary
chondrocytes. They obtained porous and printable scaffolds via extrusion-ba-
sed bioprinting (Figure 7). Cells showed high viability and proliferation ability
inside the scaffolds, as well as chondrogenic gene expression and cartilage
ECM production. Moreover, the authors injected the bio-ink subcutaneously in
mice to study their immune response. As a result, a long immune response
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was not found, so they suggested the use of these scaffolds for cartilage re-
generation. Nevertheless, the scaffold mechanical properties were lower (143
kPa) than those of native cartilage; therefore, the scaffolds would only be
beneficial for soft tissue regeneration [64].

Figure 7. Silk fibroin (SF)-based scaffolds. Extrusion bioprinting process of SF + gelatin bio-ink,
obtaining porous scaffolds. Scale bar = 200 pm. Adapted from [64].

Achieving mechanical properties in the scaffolds that are similar to those
of human cartilage is challenging when using hydrogels such as alginate, silk
fibroin, or collagen by themselves. Consequently, other bio-ink components
have been proposed. For example, Li et al. [65] developed a bio-ink contai-
ning chemically modified chitosan to make it soluble, along with chondroitin
sulfate, since it has been reported to be involved in the mechanical response
of native cartilage as well as in cartilage regeneration [73]. They included
human adipose-derived MSCs and used pluronic as sacrificial ink to give su-
pport to the scaffold. Once they manufactured the scaffolds by extrusion, they
studied their biocompatibility in mice by subcutaneous implantation. Immune
response decreased within the following days after implantation. Interestin-
gly, cartilage-degradative cytokines were reduced as a consequence of the
chondroitin’s anti-inflammatory effects, suggesting the use of chondroitin for
cartilage regeneration purposes [65]. However, the scaffolds’ mechanical pro-
perties and how the chondroitin was involved in them were not shown.

Similar to chondroitin sulfate, HA has been reported to have promising pro-
perties for regenerating cartilage. However, it has poor rheological properties
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for use as a bio-ink without any other supportive component(s). Galarraga
et al. [66] modified hyaluronic acid to create norbornene-modified HA, which
was crosslinkable with visible light. In addition, they developed an in situ
crosslinking technique that consisted of exposing the bio-ink to visible light
just after being extruded (Figure 8A). Thus, they developed HA scaffolds wi-
thout the addition of any rheological component to the bio-ink. Bovine bone
marrow MSCs were viable after bioprinting, indicating that the technique was
biocompatible. Moreover, cells’ chondrogenic differentiation and scaffold me-
chanical properties increased after bioprinting [66].

Other research groups have also developed in situ bioprinting techniques.
In the case of Di Bella et al [67]., they used an extrusion-based handled
bioprinting technique based on a coaxial system called “Biopen” (Figure 8A).
The bio-ink was made of ovine adipose-derived MSCs, hyaluronic methacryla-
te, and gelatin methacrylate. The authors demonstrated high cell viability af-
ter using this technique in a previous work [74], and this study was focused
on in vivo research using a chondral defect sheep model. They compared the
use of the Biopen with scaffolds bioprinted using a conventional bioprinter. As
a result, no differences were observed in terms of cartilage regeneration and
mechanical properties between the scaffolds created by the Biopen and the
conventional bioprinter; in fact, they were good in both cases. Nevertheless,
Biopen-fabricated scaffolds showed better overall macroscopic and microsco-
pic characteristics, together with excellent applicability and handling of the
technique by the surgeons. As a point for improvement, both implants failed
to adhere to the host tissue. Therefore, chemical modifications of the bio-ink
could be needed [67].
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Figure 8. In situ bioprinting techniques: (A) In situ crosslinking technique consisting of exposing
the bio-ink to visible light just after being extruded. Adapted from [66]. (B) “Biopen“extrusion-ba-
sed handled bioprinting technique based on a coaxial system. Adapted from [67].

Gelatin methacrylate (GelMA) has also been widely applied in cartilage
regeneration via 3D bioprinting due to its desirable fast crosslinking using UV
light, together with its biodegradability, biocompatibility, and limited antigeni-
city. Ruiz-Cantu et al. [68] used extrusion-based bioprinting to manufacture
porous scaffolds using a GelMA bio-ink with ovine chondrocytes. GelMA, as
a cell carrier, proved to be good in terms of high cell viability and prolifera-
tion after bioprinting. In addition, cells also managed to produce GAGs and
collagen. Despite the fact that mechanical properties increased after bioprin-
ting, they did not achieve native cartilage values. Consequently, the authors
proposed the addition of PCL through 3D printing as a mechanical support.
The hybrid GeIMA-PCL scaffold showed the same ability to maintain good cell
viability (Figure 9A) and chondrogenic functionality after bioprinting. Interes-
tingly, the mechanical properties strongly increased, suggesting the use of
hybrid scaffolds as a cartilage regeneration strategy [68].

A similar approach was performed by de Ruijter et al. [69] In this case, the
scaffold bioprinted by extrusion, and composed of GelMA and equine MSCs,
was reinforced with PCL fibers using a melt electrowriting technique. This
electrospinning technology uses a high-voltage electrical field to form sub-mi-
crometer fibers from polymer melts. The authors showed that the inclusion of
this technique had no negative effects on cell viability and proliferation. In
fact, cells maintained the ability to produce GAGs and collagen after bioprin-
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ting. Therefore, as Figure 9B shows, the inclusion of PCL with this technique
may be a good option to increase the mechanical properties of scaffolds for
cartilage regeneration [69].
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Figure 9. GelMA-based scaffold: (A) Representative bright-field and fluorescence images of hy-
brid scaffolds composed of PCL and GelMA. Scale bar = 2 mm. Adapted from [68]. (B) Schematic
image of extrusion-based bioprinting and electrowriting techniques that improved scaffold me-
chanical properties * = p < 0.05. Adapted from [69].
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Zhu et al. [70] proposed another bioprinting approach using GelMA/human
bone marrow MSCs bio-ink. First, they included polyethylene glycol diacrylate
(PEGDA) in order to increase the mechanical properties. Then, they added the
growth factor TFG-B1 encapsulated in poly-lactic-co-glycolic acid (PLGA) to
promote chondrogenic differentiation. Finally, they used stereolithography-ba-
sed 3D bioprinting, which is a laser-assisted bioprinting method to manufac-
ture scaffolds. As a result, they showed that PEGDA improved mechanical
properties and printability. Importantly, cell viability and proliferation were
high despite the crosslinking procedure with UV light. Moreover, a sustained
release of TFG-B1 from the scaffold was found, which enhanced cells’ chon-
drogenic phenotype expression after bioprinting [70]. Consequently, similar
to extrusion-based bioprinting, with this technique, it is possible to obtain
adequate scaffolds for cartilage regeneration purposes.

Apart from mechanics, the other challenge when it comes to bioprinting
structures in order to substitute damaged cartilage is the creation of scaffolds
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that simulate the internal layered structure of the native cartilage. To do so,
Wu et al. [71] combined extrusion bioprinting with aspiration-assisted bioprin-
ting (AAB), which allows precise positioning of spheroids by employing aspira-
tion to lift individual spheroids and bioprint them onto a hydrogel. By using
sodium alginate and human adipose-derived stem cells (ADSCs) they manu-
factured a two-layered scaffold simulating the deep and superficial layers of
the cartilage. As Figure 10A shows, first, they developed the deeper layer
through AAB by depositing spheroids vertically with the support of a pin ray.
Then, the superficial layer was extruded horizontally on the other layer. The
resulting scaffold showed high cell viability after both bioprinting techniques,
as well as mechanical properties similar to those of the native cartilage (2.1
MPa). Interestingly, cells deposited collagen fibers aligned similarly to native
cartilage [71].
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Figure 10. Layered scaffolds: (A) Schematic image of the manufacture of zonally stratified articu-
lar cartilage. Adapted from [71]. (B). Histological images of GAGs (safranin-O, top), collagen type
II (middle), and collagen type I (bottom) matrix of APCs and MSCs in GelMA/gellan gum/HAMA
(GGH) bioprinted scaffolds at day 42. Scale bar = 100 pym. Adapted from [72].
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In another recent work, Mouser et al. [72] aimed to develop heterocellular
cartilage constructs by using three different cell types: equine chondrocytes,
MSCs, and articular cartilage progenitor cells (ACPC) which were reported to
be in the superficial layer of the cartilage. To achieve this, cells were embe-
dded into two inks composed of GelMA/gellan gum and GelMA/gellan gun/
hyaluronic methacrylate (HAMA). Then, the authors created scaffolds using
extrusion-based bioprinting. First, after evaluating which bio-ink had better
results, they concluded that the addition of HAMA considerably improved the
printability. Among the cells, the non-differentiated ones showed higher carti-
lage ECM production, but there were no significant differences in terms of in-
cluding them in one ink or the other. Taking into account these data, they used
GelMA/gellan gum/HAMA (GGH) bio-ink to fabricate scaffolds with a middle/
deep layer containing MSCs and a superficial layer with ACPCs. As a result,
the layered scaffold demonstrated positive staining of GAGs and collagen as
well as chondrogenic gene expression (Figure 10B). However, the mechanical
properties were not specified, and there were no differences between the two
different layers; therefore, further studies need to be conducted [72].

3.2. 3D Bioprinting in Bone
OA is characterized by osteochondral damage that affects cartilage and

bone tissues. For this reason, studies focused on the development of scaffolds
using 3D bioprinting technology for bone regeneration have also been carried
out. The ideal scaffold should take into account the structure and composition
of human bone, and should not only have excellent mechanical properties,
but also contain a porous structure, and be both osteoinductive and osteo-
conductive. In addition, bone tissue contains a vascular system; therefore,
scaffolds should provide vascularization to nourish bone cells as well as car-
tilage tissue.

As a hard tissue, the mechanics and stiffness of the substitute scaffold
are of key importance. Consequently, many of the studies use 3D printing
technology with synthetic materials in which cells are seeded later on top of
the fabricated scaffold [75]. Among them, PCL has gained notoriety due to its
good mechanical properties, and because it favors cell adhesion and prolife-
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ration [76]. In the field of 3D bioprinting, the use of hydrogels based on poly-
mers such as alginate and GelMA is widespread, since they are good carriers
for the cells. However, they have shown low bioactivity, and the bioprinted
structures are usually soft and very different from native bone’s mechanics.
In order to overcome these inconveniences, researchers have been forced to
include other elements, such as ceramics, glasses, or inorganic components
(Table 3).
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Chapter 3. Appendix 1 - Progress in 3D Bioprinting Technology for Osteochondral Regeneration
Acronyms. ALG: alginate; PVA: polyvinyl alcohol; COL: collagen; HAP: hydroxyapatite; BMSCs:

bone marrow stem cells; PCL: polycaprolactone; ECM: extracellular matrix; MC: methylcellulose;
LAP: laponite; TCP: B-tricalcium phosphate; ADMSCs: adi-pose derived mesenchymal stem cells;

GelMA: gelatin methacrylate; GO: graphene oxide; Gel: gelatin.

Table 3. Summary of the 3D bioprinting studies for bone regeneration.
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Hydroxyapatite (HAP), as a major inorganic component of bone, has been
found to be bioactive and osteoinductive [85]. For this reason, it was inclu-
ded in the work published by Bendtsen et al. [77], who developed alginate/
polyvinyl alcohol (PVA)/HAP inks to obtain scaffolds through extrusion-based
bioprinting. The addition of PVA/HAP enhanced the rheological properties as
well as the viability of murine calvaria 3T3-E1 cells. Importantly, although
mechanical properties increased with PVA/HAP, they did not resemble those
of bone [77]. Similarly, Keriquel et al. [78] evaluated bioprinted scaffolds for
bone regeneration in rat calvaria defects. To do so, a nanohydroxyapatite/co-
llagen type 1 bio-ink with murine D1-MSCs was developed, and scaffolds with
two geometries (ring and disk) were manufactured using laser-based bioprin-
ting. Results showed high cell viability and proliferation as well as bone rege-
neration and formation in vivo, especially when using disk geometry scaffolds
[78]. Despite these interesting results, biomechanics were not mentioned.

For osteochondral regeneration, HAP has been also used. For example,
Cunniffe et al. [79] fabricated an RGD-y-irradiated alginate and porcine bone
marrow MSC bio-ink. Interestingly, they included nanohydroxyapatite com-
plexed with plasmid DNA encoding TGF-B3 and BMP-2 growth factors. Extru-
sion-based bioprinting was used accompanied by PCL co-printing as a suppor-
ting mesh to provide mechanical stability to the construct (Figure 11). They
achieved good cell viability with this co-printing technique, as well as high
transfection rates. Moreover, higher ECM production and mineralization were
observed with the plasmid-encoding growth factors. Finally, they performed
an in vivo study by implanting the scaffold subcutaneously in nude mice. As a
result, bone formation, immature osteoid, and vascularization were detected,
suggesting a feasible approach for bone regeneration [79].

In a recent work by the same research group, Freeman et al. [80] applied
this co-printing procedure with bio-ink extrusion and PCL to manufacture sca-
ffolds. In this case, two different bio-inks were proposed: vascular and os-
teoinductive bio-inks. The vascular bio-ink was composed of RGD-y-irradiated
alginate/methylcellulose and hydroxyapatite nanoparticles loaded with the
growth factor VEGF. On the other hand, the osteoinductive bio-ink was based
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on RGD-y-irradiated alginate/methylcellulose/Laponite/BMP-2 and porcine
bone marrow MSCs. The obtained scaffolds were implanted subcutaneously in
nude mice. VEFG gradient scaffolds were bioprinted with the vascular bio-ink,
showing vascularization in vivo. In contrast, after the implantation of the os-
teoinductive scaffolds, bone formation and sustained release of BMP-2 due to
Laponite clay were observed. Interestingly, the scaffolds containing both bio-
inks were fabricated and evaluated in rat femoral defects. Results showed an
increase in vessel volume as well as in new bone formation, indicating a pro-
mising therapeutic approach for bone regeneration [80]. As a point for impro-

vement, further studies on mechanical properties should be performed.
A tPCL 2. Alginate

MSCs an&'
pDNA

3. Composite construct 4. Macroscopic appearance

Figure 11. Schematic representation of the bioprinting process with co-printing of PCL and the
bioprinting of the bio-ink composed of alginate, MSCs, and nHAP-pDNA complexes. Adapted
from [79].

Another bioceramic that has been used for 3D bioprinting purposes is
B-tricalcium phosphate (TCP). Like HAP, TCP has been reported to promote
osteogenic differentiation of MSCs; therefore, Kim et al. [81] included this
bioceramic in their collagen-type-I-based bio-ink. Highly porous scaffolds
were obtained through extrusion-based bioprinting. However, the mechanical
properties should have been improved, since the native bone values were
not achieved. Biological evaluation was first carried out with preosteoblast
cells (MC3T3-E1), showing good cell viability and proliferation as well as en-
hancement of mineralization after bioprinting. Then, human adipose-derived
MSCs were used to evaluate their osteogenic differentiation capacity. As a
result, TCP-containing scaffolds demonstrated matrix mineralization based on
the increase in calcium and phosphorus. Furthermore, osteogenic markers
and osteogenic gene expression increased with TCP. Interestingly, osteogenic
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differentiation was also shown in alginate/TCP/hMSCs scaffolds without the
need for adding an osteogenic culture medium [81]. Consequently, the use of
TCP could be a promising approach for the manufacture of scaffolds for bone
regeneration. Nevertheless, low mechanical properties (5.94 MPa) make these
scaffolds best considered as temporary substitutes for damaged bone.

Glass can also be incorporated in the fabrication of scaffolds for bone re-
generation. In the work proposed by Kolan et al. [82], the authors included
the highly angiogenic borate bioactive glass (13-93B3), which was approved
by the FDA for the treatment of skin burns and chronic wounds. They develo-
ped a bio-ink composed of alginate/GelMA and human adipose-derived MSCs
using extrusion-based bioprinting to biofabricate the scaffolds. Like in the
previous works, they carried out a PCL co-printing procedure to improve the
stability and mechanical properties (from 0.3 MPa to 50.6 MPa). Then, two
approaches were proposed: one consisting of the addition of the glass to the
PCL, and another consisting of the inclusion of the glass directly in the bio-ink.
Results showed a decrease in cell viability within the days after bioprinting
when the glass was included within the PCL. The authors argued that the so-
lubility of the glass may have produced solutes that increased the pH, which
was harmful to the cells. Furthermore, alginate/GelMA layers lost their stability
over time, which accentuated the decrease in cell viability. On the other hand,
when the glass was added directly to the bio-ink, an initial cell viability decrea-
se was observed due to pH shock toxicity, but cell recovery was shown during
the days after bioprinting, since the glass promoted crosslinking between the
alginate and GelMA, making the scaffolds more stable. The authors concluded
that the glass could be interesting to manufacture more stable scaffolds, but
that dynamic culture systems should be implemented or glass concentration
should be optimized in order to avoid toxicity [82].

Another interesting approach for bone regeneration is the incorporation
of inorganic components into the bio-ink. Among them, graphene oxide (GO)
has gained notoriety because its functional groups enable the creation of
strong interactions with various molecules [83,86]. Consequently, hydrogels
with high mechanical properties have been obtained.
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Choe et al. [83] added GO into a sodium alginate and human MSC bio-ink.
They showed that by increasing the GO concentration from 0.05 mg/mL to
1 mg/mL, the bio-ink’s rheological properties, printability (Figure 12A), sca-
ffold stability, and me- chanics increased. Interestingly, GO protects cells from
oxidative stress, and promotes osteogenic differentiation in terms of alkaline
phosphatase enzyme (ALP) production and mineralization, along with osteo-
genic gene expression [83]. Likewise, Zhang et al. [84] included different
concentrations of GO in their bio-ink composed of sodium alginate, gelatin,
and human bone marrow MSCs. The GO improved extrusion-based printabi-
lity and scaffold fidelity. Furthermore, as Figure 12B shows, cell viability and
proliferation were good despite increasing GO concentrations from 0.5 mg/mL
to 2 mg/mL. Furthermore, osteogenic differentiation was shown in scaffolds
containing GO. Importantly, higher GO concentrations improved DNA content
as well as mineral volume after bioreactor culture [84]. These two studies
showed that the use of GO could be an interesting option for bone bioprinting,
because it would not only improve the physical properties of the scaffold, but
also promote osteogenesis.
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Figure 12. Graphene oxide scaffolds: (A) Optical images of the top view of the printed scaffolds,
indicating better printability when GO increases from 0.05 mg/mL to 1 mg/mL. Scale bars = 300
um. Adapted from [83]. (B) Cell viability in the 3D-bioprinted GO scaffolds at days 1, 7, and 42. Li-
ving cells are depicted in green, and dead cells are in red. Scale bar = 50 um. Adapted from [84].
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3.3. 3D Bioprinting in Osteochondral Units
The latest and most innovative approach to regenerate osteochondral inju-

ries is the manufacture of 3D structures that contain both cartilage and bone
tissues. Despite the fact that this is a complicated challenge due to all of the
intrinsic characteristics that each tissue must meet, interesting and promising
advances have been achieved (Table 4).
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Acronyms. Gel: gelatin; FGN: fibrinogen; HA: hyaluronic acid; PLGA: poly-lactic-co-glycolic acid;
PCL: polycaprolactone; BMSCs: bone marrow stem cells; ECM: extracellular matrix; GAGs: gly-
cosaminoglycans; COL: collagen; GelMA: gelatin methac-rylate SFMA: silk fibroin methacrylate;
PTH: parathyroid hormone ALG: alginate; MC: methylcellulose; CPC: calcium phosphate cement.

Nanocellulose-alginate based bioinks for 3D bioprinting and osteochondral regeneration

Table 4. Summary of the 3D bioprinting studies for cartilage and bone together.
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For example, in a recent study, Sun et al. [87] combined extrusion-based
bioprinting with PCL printing. By depositing thicker layers on the bottom and
thinner layers on the superficial part, a PCL gradient scaffold was fabricated
in which a bio-ink composed of gelatin, fibrinogen, HA, glycerol, and rab-
bit bone marrow MSCs was deposited between the PCL layers. Importantly,
PLGA microspheres loaded with growth factors (i.e., TGF-3 for the superficial
part, and BMP-4 for the deeper part) were added. Thus, the authors aimed
to generate cartilage in the superficial part and bone in the deep part. The
obtained scaffold showed excellent mechanical properties that were similar to
those of native tissue. Good cell viability and proliferation were also achieved,
together with a sustained growth factor release. Importantly, chondrogenic
ECM production was observed in the superficial layers after the implantation
in nude mice. Finally, the scaffold was implanted in the rabbits’ knees, and
chondrogenic gene expression was quantified in the superficial layers, whe-
reas osteogenic markers were found in the deeper layers [87]. These results
seem to be promising for the regeneration of joint injuries; however, a further
evaluation of joint functionality should be carried out.

In another study, Daly et al. [88] developed a multi-tool bioprinting pro-
cedure to manufacture tibial-like curvature structures (Figure 13). First, by
using the printing technique, PCL structures containing microchambers were
fabricated. Then, a bio-ink containing GelMA and porcine bone marrow MSCs
was deposited inside the microchambers by extrusion-based bioprinting to
manufacture the bone part (Figure 13A). Likewise, bio-ink- free microchannels
were created with the sacrificial ink pluronic as a nutrient diffusion system.
Finally, inkjet bioprinting was performed using only the culture media with
MSCs co-cultured with chondrocytes as a bio-ink (Figure 13C). Afterwards,
the obtained scaffold was cultured in a bioreactor. The results showed high
cell viability (Figure 13B) together with an osteochondral pathway in the bone
part and cartilaginous ECM production in the cartilage part. Importantly, the
GAG content and the mechanical properties were in the range of native tis-
sue [88]. Recently, the same research group focused on how to bring these
structures to an in vivo study. To do so, first, they had to devise a system for
fixation to the articular bone. Thus, Burdis et al. [89] developed a biodegrada-
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ble microwell array pin of PCL via printing technology in order to insert it in a
hole that was created in the subchondral bone. Then, a porcine bone marrow
MSC suspension was deposited on this device through inkjet bioprinting. The
results showed excellent cell viability and quantification of cartilage ECM com-
ponents. Importantly, after the culture of the scaffold in a bioreactor, cartila-
ge-like assembly in terms of collagen alignment was observed [89]. Although
this study managed to devise an interesting method for scaffold implantation
in the joint, mechanical testing remains pending.

Another approach was the one proposed by Deng et al. [90] They deve-
loped two bio-inks: cartilage and bone bio-inks. Their cartilage bio-ink was
composed of gelatin methacrylate, silk fibroin methacrylate, and rabbit chon-
drocytes. Moreover, parathyroid hormone (PTH), which was reported to inhibit
chondrocyte hypertrophy, was added. On the other hand, the bone bio-ink
was based on gelatin methacrylate, silk fibroin methacrylate, and rabbit bone
marrow MSCs. Extrusion-based bioprinting was used to create the silk fibroin
gradient scaffolds. As a result, good printability and cell viability after bioprin-
ting were obtained. In addition, the hyaline cartilage phenotype was maintai-
ned due to PTH. Interestingly, the scaffolds were implanted in rabbit articular
osteochondral defects, showing good regeneration in vivo. In contrast, althou-
gh the mechanical properties increased in the bone zone (211.10 kPa), they
did not resemble those of native bone [90].

In another work, Kilian et al. [91] used alginate methylcellulose (Alg-MC)
with human chondrocytes (hC) to fabricate the cartilage part, followed by an
Alg-MC-hC mixed with calcium phosphate cement (CPC) to create calcified
cartilage, and CMC alone to fabricate the bone part. They performed the
bioprinting via extrusion. The results showed a decrease in viability with the
CPC layer, even though chondrogenic markers such as GAGs and collagen type
IT were present [91].
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Figure 13. Multi-tool bioprinting procedure: (A) Schematic images of PCL printing and GelMA
and pluronic bioprinting to create the bone region. (B) Macroscopic images of bioprinted scaffold.
Live/dead analysis of MSC-laden GelMA bio-ink including microchannels after washing out pluro-
nic. Scale bars = 0.5 mm and 3 mm. (C) Inkjet bioprinting procedure to obtain the cartilage part.
Adapted from [88].

4. Current Limitations of 3D Bioprinting

Despite these advances, one of the greatest difficulties is the fabrication
of scaffolds that possess similar mechanical properties to those of native tis-
sues. Therefore, the inclusion of other novel polymers such as silk fibroin has
been studied, resulting in an interesting component for these purposes. As an
alternative, chemical modification, such as polymer methacrylation, has also
been applied. However, this is a goal that has not been fully achieved yet,
especially in the case of bone bioprinting, which requires superior mechanical
properties to cartilage tissue. Additionally, printing technology has been com-
bined with bioprinting in order to produce synthetic polymers with good me-
chanical properties, such as PCL, with more acceptable biomechanical values.
On the other hand, in the case of bone, bioceramics such as HAP or inorganic
components such as GO have been included in scaffolds to achieve desirable
biomechanics. Furthermore, osteoconductivity and osteoinduction have also
been enhanced by adding these components.
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Another challenge is the fabrication of the entire osteochondral unit. La-
tely, thanks to the advantages provided by 3D bioprinting techniques, some
interesting results have been obtained. Among these, the manufacture of
biomaterial gradient scaffolds together with the addition of specific growth
factors to the bio-inks has been shown to be successful.

From a more general point of view, while 3D printing has been acquiring
clinical importance, 3D bioprinting technology is in its beginnings, and there
has been no translation to clinical practice yet. This lack of translation could
be due to safety, ethical, and regulatory issues. Safety problems are related to
the materials used to fabricate the bio-inks. For instance, the use of mesen-
chymal and pluripotent stem cells has been widely expanded when it comes
to manufacturing bio-inks, but they are not exempt from problems such as
tumor formation [92]. Moreover, cell behavior may change after exposing the
cells to high bioprinting pressures or to crosslinkers such as UV light [93].
Likewise, biomaterials of non- human origin, such as alginate or gelatin, are
widely utilized in the bioprinting field, but few studies have focused on the
immunological response in vivo or on possible pathogen transmission. In ad-
dition, treatments of animal origin could be ethically controversial to apply to
certain populations with religious and cultural beliefs. On the other hand, the
high cost of the bioprinting process could lead such therapy to be accessible
only to people with high purchasing power, which would be ethically ques-
tionable [92]. Finally, there is a discussion among regulatory agencies about
the category in which the bioprinted scaffolds should be classified. In fact, a
bioprinting scaffold can be a medical device, an advanced therapy medicinal
product, and a medicinal product at the same time, with different regulatory
requirements and protocols [93].

5. Conclusions

The rise of 3D bioprinting technology has brought a wide range of oppor-
tunities to the tissue engineering field. Currently, 3D bioprinting technology
allows the fabrication of structures that can regenerate tissues such as carti-

lage and bone. Thus, it opens the door to achieving the treatment of certain
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osteoarticular diseases, such as OA, which not only has a high prevalence, but
also entails an economic burden on healthcare systems. Until the appearance
of this technology, current scaffolding techniques have failed in producing
osteochondral tissue substitutes with adequate mechanical properties and a
multilayered internal structure. However, 3D bioprinting allows the layer-by-la-
yer manufacturing of structures that can resemble native tissues. Moreover,
this technique can use a wide range of biomaterials, among which natural
polymers stand out. Gelatin and alginate, together with the ECM components,
such as collagen, HA, and chondroitin sulfate, have shown to be promising
for osteochondral regeneration, since they demonstrate good biocompatibility,
biodegradability, and non-cytotoxic properties. On the other hand, synthetic
components such as methacrylate polymers and PCL, along with ceramics and
graphene oxide, have also been applied for scaffold fabrication, especially in
bone regeneration, since it requires high mechanical properties, osteoconduc-
tion, and osteoinduction. In addition, 3D bioprinting allows the use of high cell
densities. Among them, chondrocytes have mostly been used to evaluate the
biocompatibility of the ink and the bioprinting process. Meanwhile, the use of
MSCs that have the ability to differentiate into specific cell types has attracted
attention for scaffolds that regenerate cartilage and bone.

Other advantages of 3D bioprinting are that it is fast, automatic, and repro-
ducible. Furthermore, this technique may bring personalized medicine closer
to clinical practice since, on the one hand, biomaterials may be improved for
specific organs and patients, and on the other hand, the doses of molecules,
drugs, or biological components may be adjusted for each patient. For all of
these reasons, 3D bioprinting may be a feasible technology to manufacture
3D structures that regenerate cartilage, bone, and both tissues at the same
time. However, the improvement of biomechanical properties and the biofabri-
cation of multilayered scaffolds to simulate native tissues are still drawbacks
that need to be addressed. Additionally, safety, ethical, and regulatory concer-
ns should also be taken into consideration in the future.
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Abstract

3D-bioprinting is an emerging technology of high potential in tissue engi-
neering (TE), since it shows effective control over scaffold fabrication and cell
distribution. Biopolymers such as alginate (Alg), nanofibrillated cellulose (NC)
and hyaluronic acid (HA) offer excellent characteristics for use as bioinks due
to their excellent biocompatibility and rheological properties. Cell incorpora-
tion into the bioink requires sterilisation assurance, and autoclave, B-radia-
tion and y-radiation are widely used sterilisation techniques in biomedicine;
however, their use in 3D-bioprinting for bioinks sterilisation is still in their early
stages. In this study, different sterilisation procedures were applied on NC-Alg
and NC-Alg-HA bioinks and their effect on several parameters was evaluated.
Results demonstrated that NC-Alg and NC-Alg-HA bioinks suffered relevant
rheological and physicochemical modifications after sterilisation; yet, it can
be concluded that the short cycle autoclave is the best option to sterilise both
NC-Alg based cell-free bioinks, and that the incorporation of HA to the NC-Alg
bioink improves its characteristics. Additionally, 3D scaffolds were bioprinted
and specifically characterized as well as the D1 mesenchymal stromal cells
(D1-MSCs) embedded for cell viability analysis. Notably, the addition of HA
demonstrates better scaffold properties, together with higher biocompatibility
and cell viability in comparison with the NC-Alg scaffolds. Thus, the use of
MSCs containing NC-Alg based scaffolds may become a feasible tissue engi-
neering approach for regenerative medicine.

Keywords: 3D bioprinting; Sterilisation; Bioinks; Tissue engineering.
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1. Introduction

Three-dimensional (3D) bioprinting is an emerging additive manufacturing
technology with great potential for use in the field of tissue engineering (TE)
and regenerative medicine. [1] 3D-bioprinting is also applied in the develop-
ment of drug screening models, as well as tumor models and cell-based sen-
sors. [2] Among tissue fabrication techniques, 3D-bioprinting has the advan-
tage of being precise in simulating native tissues and mechanical properties.
As a result, a great deal of progress has been achieved in the fabrication of
tissues such as bone in which mechanical characteristics are highly important.
[3,4] Additionally, scaffolds to cartilage regeneration have been widely studied
too. In fact, scaffolds to regenerate articular cartilage have been achieved in
vitro. [2,5] One of the tissues in which this technology has focused most is the
skin. It has been reported many available literature with in vivo results, which
printed skin substitutes for wounds and burns has been successfully obtained.
[3,6,7] On the other hand, it has been applied in more complex structures
such as cornea, [8] heart [9] and tendon. [10] However, despite the emerging
increase in their usage, there is little information about its step forward to
clinical practice. Thus, more research is still needed.

This technology is based on the deposition of a biomaterial embedded with
cells in a previously arranged form, in order to create complex structures that
mimic native biological tissues. [1,2] This mixture of one or more biomaterials,
together with the cells of interest depending on the application, is known as
bioink, and requires specific rheological and mechanical properties, so it can
be used as bioprinting material. In addition, bioinks must be non-toxic and
biocompatible, [2,11] given that bioprinted scaffolds final purpose is their use
in clinical practise.

These biological and medical applications require a compulsory sterilisa-
tion step so that the scaffolds do not cause infections in the clinics. [12]
Furthermore, unlike other medical devices that are sterilised in a final step
before their biological applications, [13] bioinks must be sterilised prior to
the incorporation of the cellular component, which is usually carried out just
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before the bioprinting procedure itself. However, despite the importance of
this sterilisation step, the alternatives for sterilising different biomaterials have
been poorly studied.

Common sterilisation techniques have focused on achieving the highest
degree of elimination of pathogens. Nevertheless, for 3D-bioprinting, not only
must sterility be ensured, but also the procedure should not be too aggressive
for the biomaterials that constitute the bioinks. Among the sterilisation techni-
ques filtration, high temperatures, gases and radiation have been applied for
the sterilisation of hydrogels used for regenerative medicine. [12] However,
the high viscosity values that bioinks need to meet in order to be proces-
sed by the 3D printer, render filtration technique difficult to implement. On
the other side, bioinks containing biomaterials sensitive to temperature can
be damaged after being exposed to high temperatures by using autoclave.
[11,14] As an alternative, the use of gases, such as ethylene oxide, have sa-
fety issues in terms of flammability, highly toxic residues and cancerous nature
that must be taken into account. [12,15,16] In this context, Ultra-Violet light
(UV), gamma (y) radiation and beta (B) radiation have been applied for this
purpose. [16—20] Ionising radiations have shown good assurance of sterility,
[11,16] no chemical residues [15] and immediate results. [16] Yet, y-radiation
and B-radiation require complex application procedures and have an elevated
cost,[16] whereas UV sterility assurance is dubious in value due to the low
penetration capacity in highly viscous bioinks. [17]

After this review of the commonest methods of sterilisation, and given the
little information available in the literature regarding the application of diffe-
rent sterilisation procedures to obtain safe bioinks, we planned to carry out an
in-depth study of the effects of the application of the most promising sterili-
sation techniques, such as heat and radiation, onto bioinks composed of na-
nofibrillated cellulose (NC), sodium alginate (Alg) and hyaluronic acid (HA).

These biomaterials have been widely applied in biomedicine with promi-
sing results in different areas. NC is characterized by its high water content ca-
pacity, good biocompatibility and excellent physical and chemical properties.
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[18,19] Furthermore, it has stood out in different applications as drug and
protein delivery, [20] gene therapy [21] and wound healing. [22] On the other
hand, Alg has become one of the most studied biopolymers in 3D-bioprinting.
[23,24] It offers fast gelling capacity when it is mixed with divalent cations,
such as calcium, which enables the manufacturing of manageable scaffolds
after bioprinting.[23] Furthermore, its high biocompatibility makes it the ideal
material for 3D-bioprinting. [2,11,23,25] The NC and Alg mixture as a bioink
has been applied for the fabrication of 3D bioprinted scaffolds for cartilage
regeneration as NC mimics the bulk collagen matrix of the cartilage tissue and
Alg hydrogels have been reported to regenerate cartilage in vivo. [2,26,27]

Additionally, HA has been often used both to modify the bioinks rheological
properties in order to favour the bioprinting process and in the fabrication of
hydrogels for regenerative medicine. It has shown excellent biodegradability
as well as biocompatibility properties, [18,28-30] and is involved in many bio-
logical processes such as cell adhesion, [18,29] migration and growth, [31,32]
as well as in inflammatory processes and wound healing. [29,33,34] In ad-
dition, HA is a major component of native cartilage and it has been reported
that controls chondrocyte metabolism and cartilage regeneration. [29] In fact,
HA together with NC and Alg, has been applied for the fabrication of hydrogels
and 3D printed structures for cartilage regeneration. [2,35] Furthermore, NC-
Alg based hydrogels have resulted in gradual extracellular matrix formation
and cartilage regeneration in vivo in nude mice models. [36]

Acknowledging the importance of selecting the best biomaterials to deve-
lop specific bioinks for 3D-bioprinting, as well as the relevance of choosing the
correct sterilisation technique, this study is focused on evaluating the effect of
three different sterilisation methods on these highly often employed materials.
Two modalities of autoclaving (short and long cycle), as well as the sterilisa-
tion by B- and y-radiation were used. Then, the effect of these procedures on
the main properties of the biomaterials were analysed, as they are crucial for
a correct printing. Next, an evaluation of whether the sterilised NC-Alg based
bioinks (NC-Alg and NC-Alg-HA bioinks) in the manufacturing of 3D printed
scaffolds that may be useful for regenerative medicine purposes was conduc-
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ted. Finally, NC-Alg and NC-Alg-HA bioinks were loaded with murine D1 me-
senchymal stem cells (D1-MSCs) before printing and the biological response
of these cells included in 3D printed scaffolds was evaluated.

2. Materials and methods

2.1. Materials

Ultra-pure low-viscosity high guluronic acid sodium alginate (UPLVG) (Mw
> 200 kDa) was purchased from FMC Biopolymer (Sandvika, Norway). Hyalu-
ronic acid (Mw 600-800 kDa) was obtained from Bioiberica (Barcelona, Spain).
Nanofibrillated cellulose was purchased from Sappi Europe (Brussels, Bel-
gium). D-mannitol, calcium chloride and 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazoliumbromid (MTT) in vitro toxicology assay were purchased from
Sigma-Aldrich (Madrid, Spain). Fetal bovine serum (FBS), fetal calf serum
(FCS) and penicillin/streptomycin (P/S) were purchased from Fisher Scientific
(Madrid, Spain). DPBS code BE17-513F was purchased from Lonza (Porrifo,
Spain). Alamar blue® was purchased from Bio-Rad cientifica (Madrid,
Spain). LIVE/DEAD™ Viability/Cytotoxicity kit was purchased from Life Tech-
nologies (Madrid, Spain).

2.2. Bioinks preparation

Two different bioinks were prepared. Nanocellulose-alginate (NC- Alg) and
nanocellulose-alginate-hyaluronic acid (NC-Alg-HA) bioinks.

For the NC-Alg bioink, first, a 10% (w/v) Alg solution was prepared in
D-mannitol (1%). Then, NC was added and mixed until complete homoge-
nization. The final bioink proportion of NC:Alg was 80:20 (v/v), and the final
concentration of Alg in the NC-Alg bioink was 2% (w/v).

In order to prepare the NC-Alg-HA bioink, Alg and HA were dissolved in
a D-mannitol solution to make an initial 10% (w/v) and 5% (w/v) solution,
respectively. Then, NC was added and mixed until complete homogenization.
The final bioink proportion of NC:Alg-HA was 80:20 (v/v), and in the NC-Alg-
HA bioink the final concentration of Alg was 2% (w/v) and the concentration
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of HA was 1% (w/v). Afterwards, bioinks were stored at 4 -C.

2.3. Sterilisation

Three sterilisation techniques were studied for each cell-free bioink: auto-
clave which includes short cycle and long cycle procedures, B-radiation and
y-radiation. For each technique 5-10 mL were sterilised by depositing the
bioinks into closed sterile syringes

2.3.1. Sterilisation by short cycle autoclaving
This process was performed by AJL Ophthalmic (Mifiano, Spain) in an in-

dustrial autoclave FOA2/B model. This autoclaving process was carried out for
54 min. The cycle started at 0.96 bar pressure and 15-18 -C temperature.
Next, for 22 min the pressure and temperature increased until being set at
3.70-3.60 bar and 123-124 -C, respectively. The sterilisation occurred with
these parameters set for 3.04 min. Afterwards, refrigeration process occurred
and pressure and temperature decreased to 1.60 bar and 50-55 -C for 26 min.
Finally, the cycle finished after 54 min with 1.05 bar pressure and around 50
-C temperature.

2.3.2. Sterilisation by long cycle autoclaving
The long cycle autoclaving process was performed in a clean autoclave

ST DRY PV-II 75 L from Biotech (Barcelona, Spain). The sterilisation step
occurred at 2 bar pressure and 121 -C for 30 min followed by an atmospheric
purge in which pressure decreased around 0 bar and temperature was main-
tained at 121 -C. The whole process was carried out in 80 min. Fig. 1 shows
the differences between short and long cycle autoclaving processes.

2.3.3. Sterilisation by B-radiation

B-radiation was performed according to ISO 11137 by Ionisos Iberica
(Cuenca, Spain). [37] The samples were irradiated by a Rhodotron TT200,
capable of generating a beam with energy of 10 MeV and a maximum power
of 80 kW. The speed of the samples going under the beam was adjusted to
guarantee the minimum dose of 25 kGy and homogeneity of dose was ensu-
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red by passing the samples twice.

2.3.4. Sterilisation by y-radiation
The sterilisation of the samples by y-radiation was performed in a Mark

1-30137Cs irradiator from J.L. Shepherd and Associates (San Fernando, Uni-
ted States). The system was calibrated by relative film dosimetry using Gaf-
chromic EBT3 film as a dosimetry system. The average dose rate was 3.2 Gy.
min— for radiation position. A dose rate is used for calculating radiation
exposure times until achieving the required total dose, 25 kGy.
STERILISATION ==Short cycle T
Short O Long cycle T
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Long cycleP | 35
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Fig. 1. Comparison between short cycle and long cycle autoclaving procedures.

2.4. Sterility testing

Sterility testing was conducted for NC-Alg and NC-Alg-HA cell-free bioinks
after being sterilised by short and long cycle autoclaving procedures, p-radia-
tion and y-radiation.

The test was carried out by direct inoculation of 1 mL of sample (bioink)
in the microbiology medium to test for the growth of yeast, fungi, aerobic,
and anaerobic bacteria according to the European Pharmacopeia. [38] Two
microbiological media were used: Thioglycollate Penase Broth (9 mL) (TPB) to
detect anaerobic and aerobic bacteria, and Tryptic Soy Penase Broth (9 mL)
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(TSPB) which is a soybean casein digest medium, to detect fungi and aero-
bic bacteria, both were purchased from VWR International (Radnor, United
States). For each media (TPB and TSPB), sterility test and growth promotion
test of aerobes, anaerobes and fungi were previously verified. The inoculated
media with each bioink were incubated for 14 days at 35 -C and 22 -C for
TPB and TSPB respectively. All samples were visually inspected every day to
observe if media showed turbidity. After 14 days, if there had been microbial
growth, the medium would have shown turbidity. This assay was performed
under aseptic conditions inside a safety cabinet in a clean room.

2.5. Bioinks characterization

2.5.1. Rheological study
Rheological properties were measured at room temperature using the

rheometer AR1000 from TA Instruments (New Castle, United States) with a
flat stainless steel plate of 40 mm geometry. Two different rheological measu-
rements were performed: viscosity and viscoelasticity.

In the steady flow measurement, viscosity was evaluated through a shear
rate sweep from 0.1 to 100 s followed by a second sweep from 100 to 0.1 s™.
In addition, to study the bioinks viscoelasticity (storage modulus (G") and loss
modulus (G")), 2% strain was set and the oscillation frequency sweeps were
established from 0.1 to 100 Hz.

2.5.2. Macroscopic characteristics, osmolality and pH determination

The physical appearance of the bioinks was inspected visually before and
after sterilisation. Macroscopic aspect and colour were evaluated.

Osmolality was determined by the cryoscopic osmometer Osmomat 030-D
Gonotec (Berlin, Germany). In this assay, 50 pL of each bioink was analysed
by determining the freezing depression point.

The pH was determined by pH-meter GLP 21 from Crison (Barcelona,
Spain). Each sample was studied in triplicate.

157



Nanocellulose-alginate based bioinks for 3D bioprinting and osteochondral regeneration

2.6. 3D printing

The bioinks were printed using an extrusion-based 3D bioprinter Bio X from
Cellink (Gothenburg, Sweden). Circular grid-like scaffolds of 15 mm diameter
and 4 layers were printed through a 27 G conical nozzle. Printing parameters
were set depending on the bioink. For NC-Alg bioink 4 mm/s printing speed
and 20-22 kPa extrusion pressure was required. On the other hand, 4 mm/s
printing speed and 24-26 kPa extrusion pressure were set for the NC-Alg-HA
bioink. Finally, printed scaffolds were submerged in a 100 mM calcium solution
in order to perform the crosslinking procedure.

2.7. Scaffolds characterization

2.7.1. Scanning electron microscopy (SEM)

Samples were coated with a thin layer of gold (~ 15 nm) using an Emitech
K550X ion-sputter after critical point drying. Then, samples were observed in
a S-3400 Scanning Electron Microscope from Hitachi (Elk Grove Village, United
States). The voltage used was 15 kV and the working distance was around
20 mm.

2.7.2. Surface and architectural structure study
The surface topography and architecture of the scaffolds were characte-

rized using an optical profilometer from Sensofar S-NEOX (Barcelona, Spain)
through focus variation method. The measurements were post-processed
using the metrological software SensoMAP Premium 7.4 from Digital Surf (Be-
sancon, France). The scaffolds were characterized in hydrated state after wi-
ping with a dry lint free wipe.

For architectural study, a measurement of 6484 x 4880 um? area at 3 lo-
cations on 3 independently printed samples for each condition were acquired
using a 10x objective (lateral sampling: 1.29 um, vertical resolution: 25 nm).
The deposited strut height and thickness were characterized and the depo-
sited material volume was computed through the 3D parameter Vm. [39]
Finally, measurements were binarized, and the aspect ratio (Dmax/Dmin) was
computed in order to characterize the grid morphology. Surface topography
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was characterized based on measurements of 873 x 656 pum? acquired at 3
different locations with a 20x objective (lateral sampling: 0.65 pm, vertical
resolution: 8 nm). 3D topographical parameters belonging to height (Sq), spa-
tial (Sal) and hybrid (Sdr) from ISO 25178-2 [40] were computed on cropped
areas of 150 x 150 pm?2.

2.7.3. Swelling
To evaluate the swelling behaviour, 0.6 x 15 mm? NC-Alg and NC-Alg-HA

scaffolds were printed. Then, the scaffolds were lyophilized in Telstar cryo-
dos Freeze Dryer (Terrassa, Spain) and weighted in order to obtain the dried
weight. Dried scaffolds were immersed in Dulbecco’s phosphate-buffered sa-
line (DPBS) with calcium and magnesium at 37 -C to estimate their swelling
capacity. At selected time points, scaffolds were removed from DPBS, water
excess was removed using filter paper and then scaffolds were reweighed.
The swelling in % was calculated in every time point by using the following
equation:

Swelling (%) = Wwet = Waried x 100
dried

Where W, and W, . correspond to wet and dried weight, respectively.

dried

2.7.4. Degradation study
To evaluate the degradation process, the 3D printed NC-Alg and NC-Alg-

HA scaffolds area were measured. Scaffolds were placed in DMEM at 37 -C
and, at selected time points, they were measured again. After performing the
measurements, scaffolds were returned to the culture medium. The area loss
in % was calculated by using the following equation:

Abefore - Aafter

Area loss (%) = A x 100

before

Where A .and A_._ correspond to the scaffold area before introducing it
in DMEM and after passing selected time inside the media.
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2.8. Biological studies of bioprinted scaffolds

2.8.1. Cytotoxicity assay
In vitro cytotoxicity test was determined according to ISO 10993-5-2009.

[41] Adhesion, indirect and direct methods were performed to evaluate po-
tential cytotoxicity of bioinks in mouse L929 fibroblasts. Disks were bioprinted
following the aforementioned procedure (see section 2.6). Cells were cultured
in complete media and seeded at a cell density of 3.123 x 10* cells/cm?.

In the adhesion assay, NC-Alg and NC-Alg-HA bioprinted disks were set
on 24 well plates and cells were seeded on top of them. Then, after 4 h of
incubation, cell viability was measured using the MTT in vitro toxicity assay fo-
llowing manufacture’s recommendations. Cells directly seeded onto the plate
were used as controls.

In the indirect method assay, bioprinted disks were incubated with DMEM
for 24 h to obtain a conditioned media and cells were seeded at the same
density as before onto independent wells. Then, disks were removed and the
conditioned media was added to the cells. In direct method assay, cells were
also seeded and cultivated for 24 h onto culture plates and exposed directly to
the printed disk by placing them onto seeded cells. After 24 h of incubation,
cell viability was measured in both assays using the same MTT procedure.
Cells not exposed to conditioned media or cells with no bioprinted disk expo-
sure were used as controls. In all assays, the absorbance was recorded using
an Infinitive M200 microplate reader from TECAN Trading AG (Mannedorf,
Switzerland) at 570 nm with reference wavelength set at 650 nm.

Cell viability was calculated using the following equation:

Cell viability (%) = 1esting sample OD570 , 4
Untreated blank OD570

SiX independent experiments were conducted with three replicates per
experiment. Cell viability above 70% was considered as non-toxic according
to ISO 10993-5-2009.
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2.8.2. D1-MSCs culture conditions and 3D-bioprinting
Murine D1-MSCs from ATCC (Virginia, United States) were cultured in

T-flasks with DMEM supplemented with 10% (v/v) FBS and 1% (v/v) P/S.
They were maintained at 37 -C in a humidified atmosphere containing 5%
CO,. Medium was regularly changed. At 80% of confluence, cells were sub-
cultured.

For the 3D-bioprinting process, cells were incorporated and resuspended in
the bioinks at 2.5 x 10¢ and 5 x 10° cell/mL density. Then they were bioprinted
following the previously explained procedure (see section 2.6). Immediately
after this, bioprinted scaffolds were crosslinked by adding a 100 mM CaCl,
solution. These constructs were kept in the calcium solution for 5 min after
which they were cultured in a complete medium. This whole process was per-
formed at room temperature, under aseptic conditions.

2.8.3. Metabolic activity determination
The metabolic activity of the embedded D1-MSCs was determined weekly

using the AlamarBlue® assay (AB). 15 mm circular grid-like bioprinted sca-
ffolds were placed in 24 well plates with the solution containing 10% of AB
in complete medium and then, they were incubated for 24 h at 37 -C. The
fluorescence was read on an Infinite M200 microplate reader from TECAN Tra-
ding AG (Mannedorf, Switzerland) at excitation 560 nm and 590 nm emission
wavelength. Wells containing culture media were used as negative controls.
At least five wells were placed for each condition.

2.8.4. Cell viability gualitative determination by fluorescence microscopy
Cell viability determination was carried out weekly using the LIVE/DEAD™

Viability/Cytotoxicity Kit. Constructs were washed four times with DPBS
before performing the staining with 100 mM calcein AM in DPBS on 24 well
plates for 40 min at room temperature in the dark. Then, the calcein solution
was removed and a 0.8 uM ethidium homodimer-1 solution was added. The
constructs were incubated for another 10 min at 37 -C and then, they were
washed again with DPBS. Next, samples were observed under a Nikon TMS
microscope (Hampton, United States) with the excitation/emission settings
for calcein AM (495/515 nm) and ethidium homodimer (495/635 nm). At least
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three independent experiments were analysed for each condition.

2.9. Statistics

Statistical analysis was performed with IBM SPSS software. Data were ex-
pressed as mean standard deviation and differences were considered signifi-
cant when p < 0.05. Student’s t-test to detect significant differences between
two groups and ANOVA to multiple comparisons was used. Depending on the
results of the Levene test of homogeneity of variances, Bonferroni or Tamhane
post-hoc test was applied. For non-normally distributed data, Mann-Whitney
nonparametric analysis was applied.

3. Results and discussion

3D-bioprinting is generally considered to be a powerful manufacture te-
chnique in TE since it allows the fabrication of scaffolds and artificial tissues
in a controlled way. [2,11] Nonetheless, when introducing cells on supportive
inks, the sterilisation assurance must be taken into account. Thus, three diffe-
rent sterilisation techniques, short and long cycle autoclaving, B-radiation and
y-radiation, on the NC-Alg and NC-Alg-HA cell-free bioinks were evaluated.

First, the sterility of all cell-free bioinks was studied according to the Eu-
ropean Pharmacopeia to ensure no contamination. After carrying out the ste-
rilisation methods, bioinks were incubated in the corresponding media for 14
days. Bioinks observation resulted in no turbidity detection (data not shown),
which proved that NC-Alg and NC-Alg-HA bioinks were completely free of con-
taminating microorganisms after sterilisation by autoclaving with short and
long procedures, B-radiation and y-radiation. All negative control tubes were
negative after the required incubation period.

The lack of contamination indicated that any of these methods are use-
ful for NC-Alg based bioinks sterilisation. However, these processes may im-
ply important physicochemical changes on bioinks characteristics resulting
in bioprinting failure. [11] For this reason, the first objective was to study
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whatever these sterilisation methods provoke relevant modifications on the
characteristics that are of key importance for the printing process, such as the
rheological and the physicochemical features.

3.1. Effect of different sterilisation methods on NC-Alg-based bioinks

3.1.1. Rheological properties
Bioprinting through the extrusion procedure requires the study of some

fundamental properties of the bioinks such as their rheological characteristics.
The rheological characterization of the NC-Alg based bioinks was studied by
steady flow and oscillatory shear measurements before and after sterilisa-
tion.

Before sterilisation, NC-Alg and NC-Alg-HA bioinks showed shear thin-
ning behaviour with a decrease in viscosity under shear strain. In addition,
when shear rate values decreased, viscosity values return to the initial levels
showing a thixotropic behaviour (Fig. 2). These properties are extremely use-
ful for extrusion-based bioprinting because the deposition of the bioink is
facilitated when it is extruded through a nozzle since the applied pressure
decreases the bioink viscosity. Just after exiting the nozzle, the shear stress
is removed and bioink viscosity increases sharply due to thixotropy. [42] Inte-
restingly, the addition of HA to the NC-Alg bioink showed an enhancement on
the viscosityvalues, achieving around 500 Pa.s at 0.1 s* shear rate (Fig.
2B), whereas without HA only a value of 400 Pa.s was achieved (Fig. 2A).
This suggests that the addition of HA improves the NC-Alg bioink rheological
properties and, therefore, its printability by extrusion.
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Fig. 2. Effect of sterilisation methods on NC-Alg (A) and NC-Alg-HA (B) bioinks rheological pro-
perties. Viscosity values were measured before and after sterilisation by short and long cycle
autoclaving, B-radiation and y-radiation.

The viscosity increase due to the incorporation of HA has been previously
reported in the literature. One study indicated an improvement of the shear
thinning property by increasing the HA content up to 50% on a gelatin-based
bioink. [43] Moreover, higher viscosity values improve the printing fidelity, as
the formation of filaments is better in comparison with low viscosity bioinks,
which spread out on the bioprinting plate when extruded. [42] Therefore, our
bioinks were expected to be easily bioprinted by the extrusion 3D bioprinter.

In Fig. 2 it can also be observed the effect of the proposed sterilisation me-
thods. Although all samples maintained the thixotropic property, there were
remarkable differences among the effects of the sterilisation procedures.

Short and long cycle autoclaved bioinks showed similar viscosity values
compared to the non-sterilised bioinks, which suggests that these sterilised
bioinks would show good printable properties. Nonetheless, an important mo-
dification in this parameter was observed on both bioinks after the ionising
radiation treatments. Sterilisation by y-radiation consists of the disruption of
the DNA double helix of microorganisms due to the high doses of free radicals
that are formed after electron excitation. Similar to y-radiation, B-radiation
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damages the DNA of microorganisms but, it does have lower penetration ca-
pacity than y-radiation and requires higher dose rates. [15,44]. In this study,
the same dose of 25 kGy was applied for both radiation procedures. The rheo-
logical study showed a sharp decrease in viscosity for both bioinks. In fact,
although ionising radiations have been widely used as sterilisation methods in
several biomedical fields, their destructive effects are known. [11,45] When
comparing both radiation types, studies in the literature are inconclusive; one
study showed that after applying B and y-radiations on PLGA spheres, radi-
cals were formed due to polymer destruction, independently of the radiation
type. [46,47] However, another study on scaffolds fabricated with L-lactide
(LLA), e-caprolactone (CL) and 1.5-dioxepane-2-one (DXO) polymers, indica-
ted that y-radiation caused more important damages on the polymers. [16]
Therefore, the effects of radiation-based sterilisation techniques on different
materials depends not only on the type of radiation but also on the bioinks
composition. Regarding this fact, it has been published that when these two
radiation types were applied on hydroxypropyl-methyl cellulose (HPMC) and
gelatin hydrogels, the viscosity reduction was more evident on HPMC-based
gels, probably because its polymer chains are longer compared to gelatin.
[43] In our case, y-radiation provoked a considerable viscosity decrease in our
two bioinks, which is in accordance with other studies reporting that y-radia-
tion causes chain scission on cellulose derived polymers [48] and Alg-based
bioinks. [11]

Comparing NC-Alg and NC-Alg-HA bioinks, it was observed that the ad-
dition of HA on the NC-Alg mixture appeared to protect this bioink from the
harmful effects of y-radiation (Fig. 2B). However, the NC-Alg-HA bioink still
showed a lower viscosity in comparison with its non-sterilised control bioink.
In fact, modifications in the physical and chemical nature of the polymeric HA
have also been reported after radiation. [49] Moreover, degradation of poly-
saccharides by the cleavage of the glycosidic bonds can occur after ionising
radiations. [11,48] The chain scission results in molecular weight reduction,
which is reflected on viscosity. [42]

Afterwards, in order to study bioinks viscoelastic properties, frequency
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sweep measurements were performed. Fig. 3A shows that in both non-ste-
rilised bioinks the storage modulus G’ and loss modulus G” increased under
frequency. As G’ was higher than G”, both bioinks showed an elastic solid-like
behaviour. The loss modulus G” was higher when HA was added (at 100 Hz,
NC-Alg G” was 808 Pa and with HA 1506 Pa), whereas the storage modulus
G’ was similar for both bioinks (NC-Alg was 2200 Pa and NC-Alg-HA was 2295
Pa). Therefore, the incorporation of HA in the NC-Alg bioink was able to en-
hance the viscous modulus.

Next the sterilisation effect on viscoelasticity was evaluated. Independently
of the applied sterilisation technique, both bioinks maintained the elastic so-
lid-like behaviour. However, changes on G’ and G" values were observed. As
Fig. 3B shows, after short cycle autoclaving procedure, both bioinks showed
similar G" and G” values, but a slight increase in viscoelasticity was observed
when compared to non- sterilised bioinks (at 100 Hz, sterile NC-Alg G” was
1497 Pa and NC- Alg- HA was 1655 Pa). In contrast, after long cycle autocla-
ving, the NC-Alg bioink showed higher G’ and G” values compared to the HA
bioink (at 100 Hz, sterile NC-Alg G’ and G” were 2592 Pa and 1416 Pa respecti-
vely, and with HA were 853 Pa and 826 Pa respectively) (Fig. 3C). In addition,
viscoelasticity values of the NC-Alg bioink were slightly higher in comparison
with the non-sterilised sample. In contrast, the HA containing bioink showed
a reduction on G’ and G” values after sterilisation. This suggests that after the
application of a long cycle autoclaving process, HA was probably damaged
resulting in a lower viscous modulus value (G”). Importantly, it has been des-
cribed that the viscosity of 0.5-2% HA aqueous solutions decreases when the
temperature increases due to hydrogen bond breakage, resulting in weake-
ning of the entanglement couplings. [50,51]
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Fig. 3. Effect of sterilisation methods on NC-Alg and NC-Alg-HA bioinks frequency sweep mea-
surements and viscoelasticity modules (G’ and G”). A) Non-sterilised B) Short cycle autoclave; C)
Long cycle autoclave; D) B-radiation; E) y-radiation.

After the application of B-radiation (Fig. 3D), viscoelasticity properties of
both bioinks decreased comparing to the non-sterilised samples (at 100 Hz,
NC-Alg sterile bioink G" and G” were 504 Pa and 224 Pa, respectively and NC-
Alg-HA were 598 Pa and 210 Pa, respectively). This sharp reduction on viscoe-
lasticity properties of both bioinks might be related with the molecular weight
loss of cellulose, which has been already reported after B-radiation. [52] After
y-radiation (Fig. 3E) differences between the two bioinks were detected; Whi-
le the NC-Alg bioink showed a reduction on viscoelasticity in comparison to the
non-sterilised sample, the NC-Alg-HA bioink demonstrated higher G" and G”
values. This suggests that the NC-Alg bioink G" and G” values were modified
after the application of both radiation types, but the NC-Alg-HA bioink only
was damaged by B-rays. This may be explained by the overheating that B-rays
may cause. [44]

3.1.2. Physicochemical properties
Next, macroscopic characteristics, osmolality and pH of NC-Alg and NC-
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Alg-HA bioinks were studied before and after sterilisation. Between the NC-Alg
and the NC-Alg-HA bioinks there were not significant differences regarding
their physical appearance. Both were white and homogenous. After applying
any of the sterilisation techniques evaluated, bioinks maintained their physio-
chemical characteristics (supplementary material).

The osmolality study indicated no significant differences between both
non-sterilised bioinks (0.0653 = 0.0005 Osmol/kg for NC-Alg and 0.0883 =+
0.0006 Osmol/kg for NC-Alg-HA) (Fig. 4A). NC-Alg-HA bioink demonstrated
higher osmolality values which suggests more physiological behaviour. Hyalu-
ronic is a component of extracellular matrix in many tissues and, as much as
the other glycosaminoglycans, may increase the osmolality of solutions [53].
Nonetheless, since physiological osmolality values are around 0.28 Osmol/
kg, both bioinks showed to be hypoosmotic. However, no negative effects
have been detected on cell behaviour due to cell embedded scaffolds culture
is carried out inside abundant culture media. Subsequently osmolality was
measured again in order to know if the sterilisation methods had any effect
on this parameter. After both autoclaving procedures, NC-Alg bioink showed
an increase in osmolality (p < 0.001). Similarly, these procedures enhanced
the osmolality values of the HA-containing bioink (short cycle (p < 0.001) and
long cycle (p < 0.01)). In contrast, after B-radiation only the NC-Alg bioink
osmolality increased significantly (p < 0.001). Importantly, the effect was
more accentuated after y-radiation. In this case, osmolality values increa-
sed significantly on both bioinks (p < 0.001). It is known that degradation
of biopolymers and polysaccharides could occur after heating or radiation
treatments inducing molecular weight reductions. The occurred chain scission
might increase the presence of radicals and osmotically active solutes in the
media. [44,46] Therefore, it can be hypothesized that biopolymer structu-
ral changes occurring because of the sterilisation processes would increase
bioinks osmolality. On the other hand, both non-sterilised bioinks showed pH
values close to the physiological ones (7.29 + 0.04 for NC-Alg and 6.28 + 0.03
for NC-Alg-HA), and after sterilisation, the pH values were maintained without
significant variations, as it is shown in Fig. 4B
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Fig. 4. Effect of sterilisation methods on NC-Alg and NC-Alg-HA bioinks A) Osmolality and B)
pH. Values represent mean + SD. ***: p < 0.001; **: p < 0.01.

3.2. Printability determination of bioinks

Once the NC-Alg and NC-Alg-HA bioinks had been characterized and the
effects of the different methods of sterilisation had been evaluated, printability
evaluation was required. Scaffolds were fabricated by the extrusion bioprin-
ter following the parameters described before (section 2.6). The rheological
studies in which the NC-Alg-HA bioink showed higher viscosity than the NC-
Alg bioink resulted in the need of applying a higher pressure on bioprinting
in order to be able to extrude the bioink through the nozzle (from 20 kPa of
NC-Alg to 26 kPa of NC-Alg-HA). In addition, printability was evaluated after
sterilisation.

After autoclaving (short and long cycle), similar bioprinting parameters
were maintained. As an example, it can be observed in Figure 5A1 that the
macroscopic appearance complied accurately with the computer design of
the scaffold. Figure 5A2 shows the scaffold obtained after sterilising the NC-
Alg-HA bioink by short cycle autoclaving. The printing results, together with
rheological properties, indicated that bioinks sterilised through autoclave were
adequate for extrusion printing. In contrast, when radiated bioinks were used,
extrusion led to wide viscous strands which required lower extrusion pressu-
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res and printing speed. The obtained scaffolds revealed lack of shape fidelity
(supplementary material). These findings are supported by the accentuated
decrease in viscosity showed in the rheological study. As discussed before,
main-chain scission and crosslinking damages caused by ionising radiations
avoided the bioprinting of properly defined scaffolds and, therefore, the sca-
ffolds were unable to maintain their shape.

Smm

Fig. 5. Morphological characterization. A) Computer assisted design of the scaffold (1) vs bioprin-
ted scaffold after autoclaving the NC-Alg-HA bioink by short cycle. Scale bar in 1: 14 mm and in
2: 5 mm (2). B) Representative scanning electron microscopy images of NC-Alg (1-2) and NC-Alg-
HA (3-4) scaffolds. Scale bar in 1 and 3: 1 mm; in 2 and 4: 200 pm.

According to the rheological studies and the analysis of the physicochemi-
cal properties of the two cell-free bioinks as well as the printability study, it
could be concluded that the sterilisation by using the short cycle autoclaving
technique had the lowest effect on the original characteristics of the bioinks.
Therefore, it was elected as the best option for sterilising both the NC-Alg and
the NC-Alg-HA bioinks. However, prior to the introduction of cells in order to
analyse the application of these scaffolds for TE, other aspects such as the 3D
printed scaffolds characterization were evaluated.

3.3. Morphological characterization of printed scaffolds

3.3.1. Scanning electron microscopy (SEM)
NC-Alg and NC-Alg-HA scaffolds were analysed by SEM in order to observe
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their external and internal structure that has been recognised as important
factors for defining cellular behaviour. [39] The superficial structure showed
that scaffolds with HA presented more fibrous structures (Fig. 5B, 3). In ad-
dition, the inner part of the scaffolds were observed by making crosscuts. A
porous internal structure with channel-like arrangement was found in both
scaffolds, which suggests that proper oxygen and nutrients transport can be
ensured for achieving high cell viability and proliferation.

3.3.2. Surface and architectural structure study
In order to attain a more in-depth study of the architectural structures

of both scaffolds, an optical profilometer technique was used. No reference
has been found to this technique being used for studying printed scaffolds.
Fig. 6A shows representative axonometric 3D images of the measurements
carried out in the bioprinted scaffolds. Architectural differences can be ob-
served between NC-Alg and NC-Alg-HA scaffolds. In fact, the NC-Alg-HA grid
morphology is less rounded compared to the NC-Alg bioink, which generated
more oblong shaped grids. In addition, the NC-Alg-HA scaffolds presented
a significantly higher amount of deposited material compared to the NC-Alg
scaffolds (3.51 £ 0.55 mm?3 NC-Alg scaffolds versus 7.53 £ 2.10 mm?3 NC-Alg-
HA scaffolds) (Fig. 6B). However, both printed scaffolds presented a similar
grid area and aspect ratio as Fig. 6C shows. The higher amount of deposited
material in NC-Alg-HA scaffolds could be explained by the rheological and
printability studies in which the NC-Alg-HA bioink showed higher viscosity than
the NC-Alg bioink. This enhancement in viscosity resulted in the need for the
application of a higher pressure on the bioprinting technique in order to be
able to extrude the bioink through the nozzle. This increment in pressure may
involve a higher amount of HA-containing bioink being extruded and, therefo-
re, the amount of material deposited in the scaffolds.
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Fig. 6. Surface and architectural structure study of NC-Alg and NC-Alg-HA 3D printed scaffolds.
A) Representative images of the topology measurements and binarized areas of the printed
scaffolds. B) Deposited material volume analysis. C) Grid area and aspect ratio computed from
binarized data analysis. Values represent mean + SD.

This phenomenon was also shown in Fig. 7A-B in which NC-Alg-HA prin-
ted structures resulted in significantly thicker scaffolds on Y axis (p < 0.01)
compared to the NC-Alg scaffolds (NC-Alg scaffolds, in Y direction 432 +
30 pm; NC-Alg-HA scaffolds, 552 + 24 um). NC-Alg-HA scaffolds also resulted
in a significantly greater height on two axis (p < 0.01) (NC-Alg scaffold, in X
direction 345 £ 30 pm and in Y direction 215 £+ 28 pm; NC-Alg-HA scaffolds,
in X direction 549 + 63 pm and in Y direction 476 £ 29 ym) (Fig. 7A-B). The
strut shape also varied according to the direction for both bioinks, presen-
ting a smaller height and thickness of the struts in the Y direction. However,
despite the fact that NC-Alg-HA bioink was extruded in a higher quantity, the
obtained scaffolds did not show loss of structure fidelity. In fact, both scaffolds
grid areas were similar.
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Fig. 7. Surface and architectural structure study on NC-Alg and NC-Alg-HA scaffolds. Analysis of
the strut architecture of the bioprinted scaffolds in terms of thickness (A) and height (B). Values
represent mean + SD. **: p < 0.01.

Regarding the surface topography, it has been reported that it affects cells
differentiation and tissue formation, such as bone. [54] NC-Alg printed sca-
ffolds presented greater height characteristics (Sq, Fig. 8A). However, the
NC-Alg-HA bioprinted scaffolds reported a superior developed surface area
(Sdr Fig. 8B). The biggest topographical difference was observed in terms of
lateral characteristics (Sal Fig. 8C). The bigger Sal parameter value on NC-Alg
scaffolds indicates in Fig. 8D that the NC-Alg surface was dominated by larger
wavelength components (texture presents bigger spacing) while NC-Alg-HA
printed scaffolds presented a less spaced texture. However, there were no
significant differences between both scaffolds, and the implication of these
parameters on cells differentiation should be analysed in future studies.
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Fig. 8. Surface and architectural structure study on NC-Alg and NC-Alg-HA scaffolds. A-C) 3D
topographical parameters describing height (Sq), lateral (Ssal) and hybrid (Sdr) characteristics
of the scaffolds. Values represent mean + SD. D) Representative axonometric projections of the
topographical measurements of the NC-Alg (I) and NC-Alg-HA (II) scaffolds.

3.4. Swelling determination and scaffolds degradation analysis

Before introducing cells into the NC-Alg and NC-Alg-HA bioinks for printing
the 3D scaffolds, swelling and degradation analysis of cell-free structures was
performed.

The evaluation of swelling is important since it relates to substance ex-
change when used for biomedical applications as well as many other proper-
ties such as flexibility and mechanical properties. [55,56] In our study, water
uptake by both printed scaffolds increased over the time until they reached
the equilibrium with NC-Alg scaffolds reached it within 6 to 8 h, whereas the
NC-Alg-HA scaffolds reached this steadiness earlier, within 3 to 4 h (Fig. 9A).
Our results indicated fast swelling properties, which may be caused by the hy-
drophilicity of NC, Alg and HA. Some studies have reported that high elasticity
values resulted in faster water uptake. [57] This may explain why the NC-Alg-
HA scaffolds reached the equilibrium faster than the NC-Alg scaffolds.

On the other hand, although no statistically significant differences were
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detected, the NC-Alg scaffolds water uptake was slightly higher (NC-Alg sca-
ffolds swelling 95.61 = 0.84% versus 94.34 = 0.01% in NC-Alg-HA scaffolds).
As it has been reported, dense bioinks swelling values decrease due to their
dense inner structure. [55] Thus, this may explain why the HA-containing
scaffolds absorbed less water, as this bioink had higher viscosity than the NC-
Alg.
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Fig. 9. NC-Alg and NC-Alg-HA printed scaffolds swelling determination (A) and degradation rate
(B). Values represent mean + SD. ***: p < 0.001, comparison between both scaffolds. #: p <
0.05, comparison between days in the same scaffold.

Degradation studies are essential in the evaluation of scaffolds behaviour
and its implications on cells studies, such as differentiation and in vivo tissue
formation. [58,59] Furthermore, a desirable feature in regenerative medicine
would be the synchronization of scaffold degradation with the replacement by
natural tissue produced from cells. [60] As Fig. 9B shows, NC-Alg and NC-Alg-
HA scaffolds decreased their area during the first 24 h this reduction being
more accentuated for the scaffolds without HA (p < 0.001) (NC-Alg 17.21 %
0.15% area reduction versus 11.50 + 0.36% in NC-Alg-HA scaffolds). The
degradation rate was more progressive during the remainder of the assay.
At the final point (day 16th), the total area reduction in the NC-Alg scaffolds
was 22.94 + 3.12% versus 20.10 £ 6.25% in the NC-Alg-HA scaffolds. It is
noteworthy that the water content uptake ability of hydrophilic scaffolds cau-
ses major degradation rates because of the decreasing the density of cross-
linking and crystallization, as has been reported in Alg based scaffolds. [61]
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As the swelling assay demonstrated, both scaffolds had high water uptake
capacity; nevertheless, the addition of HA prevented from a faster degrada-
tion of scaffolds during the first hours after printing. Importantly, degradation
rate is related with the material characteristics and crosslinking procedure.
Thus, highly crosslinked scaffolds showed slow degradation rates in vitro
which made cell proliferation and protein release difficult to achieve. [62]
On the other hand, fast degradative scaffolds have been demonstrated to be
inefficient in tissue regeneration. [60] Our both scaffolds showed a controlled
degradation values over the time, however, modelling of degradation proces-
ses in vivo may be needed in order to understand how it repercuss in tissue
regeneration.

3.5. Biological analysis

3.5.1. Cytotoxicity analysis of the bioinks

Once bioinks and scaffolds were characterized, cytotoxicity evaluation was
needed prior to the introduction of cells into inks. To analyse any potential
harmful effects of NC-Alg based inks on cell viability, the adhesion, direct con-
tact and indirect contact cytotoxicity tests were performed according to ISO
10993-5-2009 [41] (Fig. 10).
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Fig. 10. Cytotoxicity analysis of NC-Alg and NC-Alg-HA bioinks in adhesion, direct contact and
indirect contact assays. Values represent mean + SD. ***; p < 0.001.
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In the adhesion assay, both bioinks showed similar cell viability (NC-Alg
bioink 98.55 + 20.30% and NC-Alg-HA bioink 99.34 + 12.20%). Similarly, the
direct contact assay showed that cell viability was above 70%, which indicates
that both bioinks have no potential harmful effects on L929 cells (NC-Alg
88.53 + 32.91% and NC-Alg-HA 74.12 + 31.62%). Importantly, the addition
of HA on the NC-Alg base bioink resulted in a significantly higher cell viability
(p < 0.001). HA constitutes the basic component of extracellular matriX in
some tissues and it has been described for being involved in a wide variety
of biological procedures, such as cell signalling mediation, regulation of cell
adhesion and proliferation. [63] This assay was performed by adding condi-
tioned DMEM that previously had been in contact with the bioink, onto seeded
L929 cells. It may be that the presence of HA on the media enhanced cell
viability and proliferation. Another study reports that cell viability increases by
adding HA supplemented media as it decreases mitochondrial DNA damage
while enhancing DNA repair capacity, cell viability, preservation of ATP levels,
and amelioration of apoptosis. [63]

3.5.2. Viability and metabolic activity of D1-MSCs in the bioprinted

scaffolds

Once the non-toxicity had been ensured different densities of previously
sterilised (by short cycle autoclave) murine D1-MSCs were mixed. MSCs are
widely applied in tissue regenerative fields since they characterize by their po-
tential to differentiate into a variety of cell types, including osteoblasts, chon-
drocytes, adipocytes and myocytes. [64] D1 cell line was previously reported
to have the capacity to differentiate spontaneously into osteoblasts, and in
adipocytes when using pro-adipogenic agents. [32,64] After an analysis of
the available literature no unique adequate cell density to seed was found;
in fact, in other studies a wide range of densities have been used. Thus, in
this study, cell densities between 1 x 10 and 5 x 10° cell/mL were selected.
However, the lowest density of 1 x 106 cell/mL showed very low viability values
and proliferation rates (supplementary material) and therefore, the assays
were continued with 2.5 x 10% and 5 x 10° cell/mL. Then, circular grid-like
constructs of 15 mm diameter and 4 layers in height were bioprinted through
a 27 G nozzle by the extruder bioprinter. In order to evaluate the feasibility
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of NC-Alg and NC-Alg-HA constructs as adequate 3D structures to maintain
cell survival, the metabolic activity as well as viability of embedded cells were
determined at several time points.

As Fig. 11 shows, cells were alive in the NC-Alg scaffolds as well as in tho-
se containing HA at both cell densities after the bioprinting process. Several
studies have previously indicated that cell viability may decrease after extru-
sion-based bioprinting procedures due to the huge stress that cells might su-
ffer during the process. [56] In this study, however, biological assays demons-
trated high cell survival in both 3D constructs after the bioprinting process,
which suggests that the shear thinning behaviour of bioinks may be acting as
a protection factor for the cells. [30]
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Fig. 11. Cell viability studies. A) Metabolic activity assay at two different cell densities: I) 2.5 x
106 cell/mL and II) 5 x 106 cell/mL. Values represent mean + SD. ***: p < 0.001; **: p < 0.01;
*: p < 0.05. B) Representative fluorescence micrographs of live/dead stained scaffolds I) 2.5 x
10° cell/mL and II) 5 x 10° cell/mL, showing live (green) and dead (red) cells at day 1 and 21
after bioprinting. Scale bar 200 pm.

The metabolic activity of these cells was assayed over 3 weeks (Fig. 11A).
As expected, the metabolic activity was higher when a higher cell density was
added to the bioink before 3D-bioprinting. Over time, apart from a reduction
on the arbitrary fluorescence units (RFU) on day 7 for the 2.5 x 10° cell/mL
density in the NC-Alg scaffolds, the measured metabolic activity was stable in

178



Chapter 3. Appendix 2 - Nanocellulose-alginate and hyaluronic bioinks:
characterisation, sterilisation and 3D bioprinting

both scaffolds at both cell densities. Now, when a comparison is made, the HA
seems to protect the cells during the first days or the first week. This effect
was more prominent for the lower cell density condition (day 1, p < 0.001 and
day 7, p < 0.01). The significantly higher cell metabolism in the HA containing
scaffolds may be related to the improvement of the rheological properties of
the bioink when HA was added. Besides, the positive effects of HA on cells
have been widely described. It has been reported that the addition of HA on
Alg hydrogels promotes MSCs viability and functionality. [31] Other studies
have shown that HA containing bioinks improve cell differentiation of hMSCs.
[65] In fact, stem cells receive signals from the environment; therefore, HA,
as an extracellular matrix component, significantly influences all these biolo-
gical responses.

The live/dead staining was carried out for 21 days. Fig. 11B corroborated
cell survival and shows that embedded cells were homogeneously distributed
in bioprinted scaffolds. Then, L/D pictures were analysed using Image J sof-
tware in order to show the percentage between cells alive (in green) and dead
(in read). At D1 after bioprinting, results showed that cell viability was higher
on scaffolds containing HA at 2.5 x 10° cell/mL density (NC-Alg scaffolds 80 +
23% and the HA containing scaffolds 90 + 12%). This tendency was repeated
at 5 x 10¢° cell/mL density, being on NC-Alg scaffolds 72 + 6% and on NC-Alg-
HA scaffolds 95 + 7%. Furthermore, at D21 after bioprinting NC-Alg-HA sca-
ffolds showed higher cells alive than NC-Alg scaffolds too. This corroborates
the protective function of HA that has been previously dis- cussed. In addi-
tion, when comparing the two cell densities, cells aggregates were
found at 5 x 10° cell/mL density on both constructs at the end of the assay.
As one study reported, cell aggregates may be necessary to induce the diffe-
rentiation of MSCs into chondrocytes in 3D cultures, [66] which suggests that
NC-Alg based scaffolds may become a feasible tissue engineering approach
for cartilage regeneration at high cell densities.

4. Conclusions

First, this study was focused on sterilisation of bioinks for 3D-bioprinting.
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Since UV has been found to be ineffective [17] and ethylene oxide resulted in
cancerous chemical residue, [15] a study was carried out the most commonly
used sterilisation techniques in the biomedical field: autoclave by short and
long procedures, B-radiation and y-radiation. All techniques were effective
ensuring the sterility of NC-Alg and NC-Alg-HA cell-free bioinks. Nevertheless,
based on fundamental properties for bioinks such as rheology, physicoche-
mical and printability, short cycle autoclaving was found to be the best steri-
lisation technique for NC-Alg based bioinks. Moreover, the addition of HA to
the bioink resulted in the improvement of rheological properties which had
repercussions on the printing procedure, as well as in bioink physiological
behaviour.

Further, an evaluation of the bioprinted scaffolds to be used for tissue
engineering was also conducted. The structure, swelling and degradation of
both scaffolds were also evaluated. In addition, the biological studies with
D1-MSCs-loaded constructs showed better results in HA-containing matrices,
which indicates that NC-Alg-HA mixtures are an excellent bioink for the de-
velopment of 3D bioprinted scaffolds for TE and regenerative medicine of
cartilage tissue.
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Fig. S1. Macroscopic characteristics of NC-Alg based bioinks after sterilisation by different me-

thods. A) NC-Alg bioink and B) NC-Alg-HA bioink. Both bioinks showed white and homogeneous
characteristic after sterilisation.

Fig. S2. Printability study of sterilised NC-Alg bioink. A) Short cycle autoclave; B) Long cycle

autoclave; C) B-radiation and D) y-radiation. Scaffolds shape fidelity loss was observed after
sterilisation by ionising radiations.
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Fig. S3. Cell metabolic activity assay at 1x10° cell/mL density. Values represent mean + SD. ***:
p<0.001; **: p<0.01.

186



Appendix 3

Chondroitin and Dermatan Sulfate Bioinks
for
3D Bioprinting and Cartilage Regeneration

Markel Lafuente-Merchan'?3, Sandra Ruiz-Alonso*?3, Alaitz Zabala*,
Patricia Galvez-Martin®, Juan Antonio Marchal®’#°, Blanca Vazquez-Lasa*!?,
Idoia Gallego'3, Laura Saenz-del-Burgo'%** and José Luis Pedraz 123"

! NanoBioCel Group, Laboratory of Pharmaceutics, School of Pharmacy, University of the Basque
Country (UPV/EHU), Paseo de la Universidad 7, 01006 Vitoria-Gasteiz, Spain.

2 Biomedical Research Networking Center in Bioengineering, Biomaterials and Nanomedicine (CI-
BER-BBN), Health Institute Carlos III, Paseo de la Universidad 7, 01006 Vitoria-Gasteiz, Spain.

3 Bioaraba, NanoBioCel Research Group, 01009 Vitoria-Gasteiz, Spain.

4Mechanical and Industrial Manufacturing Department, Mondragon Unibertsitatea, Loramendi 4,
Mondragdn 20500, Spain.

5 R&D Animal and Human Health, Bioibérica S.A.U., 08029 Barcelona, Spain.

6 Biopathology and Regenerative Medicine Institute (IBIMER), Centre for Biomedical Research,
University of Granada, 18100 Granada, Spain.

7 Instituto de Investigacion Biosanitaria de Granada (ibs.GRANADA), Andalusian Health Service
(SAS), University of Granada, Granada, Spain.

8 Department of Human Anatomy and Embryology, Faculty of Medicine, University of Granada,
18016 Granada, Spain.

9 BioFab i3D Lab - Biofabrication and 3D (bio)printing singular Laboratory, University of Granada,
18100 Granada, Spain

10 Institute of Polymer Science and Technology, ICTP-CSIC, Juan de la Cierva 3, 28006 Madrid,
Spain.

* Correspondence: laura.saenzdelburgo@ehu.eus; joseluis.pedraz@ehu.eus

Macromolecular Bioscience, 2022, 22:2100435
IF: 4.979 (2022) (Q1)
Cat: Biomaterials & Bioengineering
https://doi.org/10.1002/mabi.202100435




Nanocellulose-alginate based bioinks for 3D bioprinting and osteochondral regeneration

Abstract

Cartilage is a connective tissue which a limited capacity for healing and
repairing. In this context, osteoarthritis (OA) disease may be developed with
high prevalence in which the use of scaffolds may be a promising treatment.
In addition, three-dimensional (3D) bioprinting has become an emerging ad-
ditive manufacturing technology because of its rapid prototyping capacity and
the possibility of creating complex structures. This study is focused on the
development of nanocellulose-alginate (NC-Alg) based bioinks for 3D bioprin-
ting for cartilage regeneration to which it is added chondroitin sulfate (CS)
and dermatan sulfate (DS). First, rheological properties are evaluated. Then,
sterilization effect, biocompatibility, and printability on developed

NC-Alg-CS and NC-Alg-DS inks are evaluated. Subsequently, printed
scaffolds are characterized. Finally, NC-Alg-CS and NC-Alg-DS inks are loaded
with murine D1-MSCs-EPO and cell viability and functionality, as well as the
chondrogenic differentiation ability are assessed. Results show that the addi-
tion of both CS and DS to the NC-Alg ink improves its characteristics in terms
of rheology and cell viability and functionality. Moreover, differentiation to
cartilage is promoted on NC-Alg-CS and NC-Alg-DS scaffolds. Therefore, the
utilization of MSCs containing NC-Alg-CS and NC-Alg-DS scaffolds may beco-
me a feasible tissue engineering approach for cartilage regeneration.

Keywords: 3D bioprinting; Bioinks; Cartilage; Chondroitin sulfate;
Dermatan sulfate; Tissue engineering.
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1. Introduction

Osteoarthritis (OA) is the common form of arthritis and it has become
the third incapacitating disease after diabetes and dementia. [1] OA is cha-
racterized by structural changes at joint level due to cartilage degradation.
Moreover, the increase of extracellular matrix (ECM)-degrading enzymes and
inflammatory cytokines [2] acelerate tissue degradation which result in joints
pain, deformity, instability, and reduction of motion and function. [1,2]

Cartilage is a connective tissue of diarthrodial joints. [3] It is composed of
low metabolic activity cells, chondrocytes, which are surrounded of a highly
structured ECM. [2] ECM is predominately based on water, collagens and gly-
cosaminoglycans (GAGs), and together with chondrocytes, its principal func-
tion is to give support to articulations. Cartilage provides a smooth, lubricated
surface to articulations and facilitates the transmission of loads with a low
frictional coefficient. [3] However, as it is devoid of blood vessels, lymphatic
system and nerves, itpacity for healing and repairing is limited. [2-4] In ad-
dition, injuries in this tissue degenerate progressively to very grave diseases
such as OA. [4] Despite the fact that OA has a rising prevalence, [1] the cu-
rrent pharmacological and surgical treatments are ineffective. [1,2,5] For this
reason, recent therapeutic advances such as gene therapy, [6] cell therapy,
[7] and tissue engineering [8] have become promising treatments. [2]

Tissue engineering is attracting increasing interest, since it allows combi-
ning different technologies. It is based on the use of scaffolds, which act not
only as supportive cell structures but also as structures that are designed to
imitate as closely as possible native tissues. [2,9,10] Three-dimensional (3D)
bioprinting has become an emerging additive manufacturing technology in tis-
sue engineering because of its rapid prototyping capacities and creating com-
plex formulations. [4,11] It is based on the deposition of biomaterials, either
embedded with cells or depositing them later on, in micrometer scale to form
structures comparable to biological tissues. [10,12] However, the deposited
biomaterial, termed as bioink when it contains a biological component or as
ink when it is cell-free composite, requires specific characteristics in order to
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imitate the physiological structure of tissues and support living cells. [12,13]

Chondroitin sulfate (CS) has high potential in bioinks for cartilage regene-
ration since it is a GAG found in cartilage ECM. It is composed of repeating
D-glucuronic acid-N-acetylgalactosamine sulfated (disaccharide unit) [14] and
it has numerous biological properties. CS promotes cell differentiation, [15]
the attainment of pluripotency, provides mechanical protection and cell-ECM
interactive capability equipping the cell with mechanoresponsive properties.
[16] In addition, it has also anti-inflammatory activity [14,17] and regulates
the metabolism of cartilage tissue. [14] Apart from its biological activity, phy-
sical properties such as water [16] and nutrient absorption, [17] cytocompa-
tibility and mechanical strength have been reported. [16] Thus, CS may help
to restore cartilage function and has become a treatment for OA disease.
[15,17]

Similarly to CS, dermatan sulfate (DS) is one of the GAGs in articular car-
tilage and it is @ major component of connective tissue matrix, cell surface
and basement membranes. [18] The chemical composition of DS is the same
as that of CS, but it differs in some of the glucuronate residues that undergo
epimerization to form iduronate. [18,19] It has been shown that DS, as other
GAGs, could manipulate mesenchymal stromal cells (MSC) behavior regar-
ding adhesion and proliferation. [20] Moreover, DS plays an important role in
modulating chondrogenesis and may promote MSC differentiation [20] and
maturation. [18,21]

Despite the fact that GAGs offer advantages as scaffold components, since
they intrinsically have greater stability and lower immunogenicity compared to
most ECM proteins, [20] the addition of other components is often required in
order to improve the bioink structural stability. [22] Alginate (Alg) is a widely
used polysaccharide in tissue regenerative fields because of its high water
content, biocompatibility and non-toxic properties. [23—25] Moreover, it offers
fast gelling capacity when is mixed with divalent cations, such as calcium,
which enables the manufacture of manipulable scaffolds after bioprinting. [24]
In addition, to maintain the structure of the bioprinted scaffolds and improve
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bioprinting properties, more viscous polymers such as nanofibrillated cellulose
(NC) may be added. [23,26] NC is characterized by high water content, ade-
quate biocompatibility and exceptional physical and chemical properties. [27]
Interestingly, the NC imitates the bulk collagen matrix of the cartilage [23] so
the use of NC-Alg based bioinks in cartilage regeneration has been recently
reported in literature. [23,26]

This study is focused on the development of NC-Alg based bioinks for 3D
bioprinting for cartilage regeneration. For this purpose, CS and DS were sepa-
rately added to NC-Alg inks in order to develop NC-Alg-CS and NC-Alg-DS inks.
First, both inks were characterized in terms of rheology, cytotoxicity and prin-
tability. Then, scaffolds were printed and their external and inner structure,
as well as swelling and degradation kinetics was evaluated. Finally, previously
sterilized NC-Alg-CS and NC-Alg-DS inks were loaded with murine D1 MSCs
engineered to secrete erythropoietin (D1-MSCs-EPQ) [28] and cell viability,
functionality and differentiation to cartilage were assessed.

2. Results and Discussion

One of the main objectives in the field of 3D bioprinting is to develop inks
with proper rheological behavior, printability and biocompatibility. Hydrogels
based on natural polymers have taken advantage of their high water content
and excellent compatibility with cells as well as with native tissues to be se-
lected as ink components among other materials. Thus, we have developed
in a previous study, [29] NC-Alg based bioinks with good results in terms of
printability and viability of embedded cells. In the present study, we want to
go one step further and demonstrate the ability of these bioinks to form car-
tilage tissue. Therefore, CS and DS were added, which are naturally found in
ECM cartilage and provide different properties such as water [16] and nutrient
absorption, [17] the enhancement of mechanical properties, [16] and the
promotion of cell proliferation, differentiation and maturation. [15,20] Then,
its effects on inks and scaffolds were evaluated, as well as its benefits on cell
viability and cartilage differentiation.

191



Nanocellulose-alginate based bioinks for 3D bioprinting and osteochondral regeneration

2.1. Ink Fabrication and Rheological Characterization

Different concentrations of CS and DS (1%, 3%, 5%, and 10%) were
respectively added to the NC-Alg ink and their rheological behavior was eva-
luated. In steady flow measurement (Figure 1), both, the addition of CS and
DS, resulted in a slightly increase on viscosity values of NC-Alg ink. Moreover,
the viscosity increase was proportional to the CS and DS concentrations, being
the more viscous inks, the ones composed of NC-Alg-CS 10% and NC-Alg-DS
10%. The relationship between polymer concentration and viscosity explains
the increase of viscosity when higher proportion of CS or DS was added. [13]

A NC-Alg-CS B NC-Alg-DS
104 104
7 @
S 108 g
2 102 o NC-Alg-CS 10% 2 102 o NC-Alg-DS 10%
8 NC-Alg-CS 5% o NC-Alg-DS 5%
2 10 + NC-Alg-CS 3% 2 10 <+ NC-Alg-DS 3%
S -+ NC-Alg-CS 1% S -+ NC-Alg-DS 1%
- NC-Alg - NC-Alg
1004 . : 1004 . : .
01 50 100 50 0.1 01 50 100 50 0.1
Shear rate (s™) Shear rate (s™)

Figure 1. Rheological steady flow measurement of A) NC-Alg-CS inks and B) NC-Alg-DS inks at
different concentrations.

Interestingly, all formulations showed shear thinning behavior as viscosity
values decrease under shear rate, with a recovery on viscosity when the shear
rate was returned to initial values. Shear thinning behavior is essential to print
through extrusion as viscosity of the ink must decrease to pass through the
printer needle. Besides, when the ink is deposited on the printer bed, the vis-
cosity must return to initial so as to maintain scaffold shape.

Despite the fact that all formulations met these properties, inks contai-
ning CS showed higher viscosity values in comparison with NC-Alg-DS inks.
However, the NC-Alg-CS 10% ink in Figure 1A, showed a lower viscosity reco-
very, which would indicate less capacity to maintain the shape fidelity of the
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scaffolds after printing compared to its equivalent NC-Alg-DS 10% in which
this effect was not seen (Figure 1B).

On the other hand, frequency sweep rheological measurement was per-
formed in order to evaluate viscoelastic properties of the inks with different
concentrations of CS and DS. The results in Figure 2 show the elastic modu-
lus (G") and viscous modulus (G") of the inks at different frequencies. The
addition of both, CS (Figure 2A) and DS (Figure 2B), resulted in an increase
in viscoelastic values in comparison with the NC-Alg ink, being this increase
proportional to the CS and DS concentrations. Although both, CS and DS, in-
creased the values of G’ and G”, differences were observed between them. In
fact, the inks containing CS showed higher viscoelasticity values (Figure 2A).
It has been reported that GAGs have naturally good viscoelastic properties
due to their chemical composition, since a high viscosity allows a good lubri-
cation of the joint and a good rigidity provides protection against mechanical
damage. [30,31]

In addition, the relation between G”/G’ was evaluated by the value of tan
d in Figure 2C. According to the literature, values of tan 0 close to 1 indicate
that the inks extrude uniformly and require low extrusion pressures, never-
theless, exhibit poor shape fidelity. On the other hand, inks with tan & closer
to 0 are robust, but require higher printing pressures and a uniform extrusion
is difficult. [32] Among fabricated inks, no significant differences were obser-
ved. Results showed tan & values between 0 and 1, which indicated that all
NC-Alg-CS and NC-Alg-DS inks were feasible to be printed by extrusion. In
fact, all the values were between 0.35-0.47 which has been demonstrated to
be optimal for balancing smooth extrusion, shape fidelity, and cell viability in
alginate-gelatin bioinks. [33]
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Figure 2. Rheological frequency sweep measurements. Viscoelasticity modules G’ and G” of A)
NC-Alg-CS inks and B) NC-Alg-DS inks at different concentrations. C)Tan & values of all developed
inks. Values represent mean + SD.

According to the rheological studies, the addition of different concentra-
tions of CS and DS improves proportionally viscosity and viscoelastic proper-
ties of the base NC-Alg ink. Despite the fact that all the formulations were
feasible to be printed by extrusion, the concentration of 10% of CS and DS
seemed to be the However, bioinks with values of G" below 5000 Pa require
less extrusion pressures when are printed, and, therefore, are better for cell
viability. [32] The ink containing 10% CS reached values of G’ of 6000 Pa.
Thus, it was discarded. In contrast the formulation containing 10% of DS
did not exceed this value, but it was also discarded in order to observe the
differences after adding CS and DS with an equivalent concentration. As a
consequence, the following formulations of NC-Alg-CS 5% and NC-Alg-DS 5%
were elected to perform the following experimental studies.
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2.2. Rheological and physicochemical evaluation after sterilisation

Before incorporating cells into the NC-Alg-DS and NC-Alg-CS inks, com-
plete sterility must be ensured. Therefore, inks were sterilised by short cycle
autoclave, which was already demonstrated to be the less harmful method for
NC-Alg inks. [29] Sterility tests indicated that NC-Alg based inks were free of
containing microorganisms since no turbidity was detected after sterilisation
(data not shown). Then, it was verified if the process had changed funda-
mental properties for 3D bioprinting such as rheology and physicochemical
properties.

As it can be seen in Fig. 3A. a slight decrease in viscosity was observed.
However, the two inks maintained the shear thinning behaviour and the ability
to recover the viscosity after finishing the pressure, which suggests that no
problems when being printed can be expected. In addition, the viscoelastic
properties were not modified (Fig. 3B). In fact, the G’ and G” values were very
similar between non-sterile and sterile inks for both, NC-Alg-CS and NC-Alg-
DS inks.
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Figure 3. Evaluation of the sterilisation procedure on NC-Alg-CS and NC-Alg-DS inks properties.
A) Rheological steady flow measurement. B) Frequency sweep rheological measurement. C) Phy-
sicochemical study I) Osmolality and II) pH values represent mean + SD. ***: p < 0.001.

195



Nanocellulose-alginate based bioinks for 3D bioprinting and osteochondral regeneration

On the other hand, the pH and osmolality of the inks were evaluated after
sterilisation (Fig. 3C). No significant variations were observed after sterilisa-
tion for all formulations in pH measurements in comparison with non-sterile
inks (Fig. CII). Conversely, osmolality was affected by sterilisation. All the
inks showed (Fig. 3CI) an increase in osmolality values after autoclaving (p <
0.001). A degradation has been reported, in terms of molecular weight loss, in
biopolymers after heating, which would cause the release of osmotically acti-
ve solutes to the media, [34] and, therefore, the increase of osmolality values
in the inks. Nevertheless, these changes in osmolality were not detrimental
to cells that were subsequently embedded, since high viability values were
observed in biological studies.

According to rheological and physicochemical properties, inks maintained
the properties to be feasible to be printed through extrusion bioprinter.

2.3. Cytotoxicity evaluation

For 3D bioprinting, a successful ink must meet not only with good rheo-
logical properties, but also with good biocompatibility. To evaluate biocom-
patibility of NC-Alg-CS and NC-Alg-DS inks, the adhesion, direct contact and
indirect contact cytotoxicity tests were performed in concordance with the ISO
10993-5-2009. [35]

1601 *xx
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100 BN NC-Alg-DS
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o
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Figure 4. Cytotoxicity evaluation of NC-Alg-CS and NC-Alg-DS inks in adhesion, direct contact
and indirect contact assays. Values represent mean + SD. ***: p < 0.001.
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As it is shown in Fig. 4, in the adhesion assay, the addition of CS and DS
to the NC-Alg ink demonstrated high cell viability which was similar to NC-Alg
ink. Similarly, indirect contact assay showed high cell viability of L929 fibro-
blasts and no significant differences among the inks (NC-Alg-CS ink 101.85 %
16.10%, NC-Alg-DS ink 92.31 + 16.50% and NC-Alg ink 97.35 + 7.65%). On
the other hand, the percentage of live cells after direct contact test was high
in all the cases, although statistically significant differences were observed be-
tween NC-Alg-CS and NC-Alg-DS inks, being cell viability higher on NC-Alg-CS
inks (p < 0.001). The contribution of GAGs such as chondroitin and dermatan
in cellular behaviour has been previously reported in many studies. [20,36] In
fact, in the consulted literature it has not been seen that dermatan was more
toxic than chondroitin. Therefore, this difference was due to the ability of the
cells to adhere to NC-Alg-DS ink, which implied that fewer cells remained in
the well plate and cell viability was lower than in the other inks. Anyway, in
accordance with ISO standards, a reduction on cell viability by more than 30%
is considered as a potentially cytotoxic effect. Consequently, the evaluated
inks did not present cytotoxicity.

2.4. 3D printing and printability evaluation

Once the inks were characterized, printing studies were carried out. At the
time of printing 15 mm grid-like scaffolds, differences were observed between
the parameters to be applied in the bioprinter. The NC-Alg ink required prin-
ting pressures of 25 kPa, while the inks containing CS and DS needed pres-
sures close to 30 kPa. These differences were due to the increase in viscosity
and viscoelasticity that CS and DS produced in the inks. In addition, these
rheological improvements resulted in differences in the obtained scaffolds,
being CS (Fig. 5C) and DS (Fig. 5D) printed scaffolds the ones that resembled
the best the computer assisted design (Fig. 5A). In fact, diameter measure-
ments of the printed scaffolds resulted in higher shape fidelity on NC-Alg-CS
scaffolds (NC-Alg-CS scaffolds 15.34 £ 0.05 mm, NC-Alg-DS scaffolds 15.86
+ 0.32 mm and NC-Alg scaffolds 16.26 + 0.24 mm versus the 15 mm of the
computerised design). Moreover, closer images of the scaffolds demonstrated
that in the scaffolds containing CS the grid structure was squarer, which im-
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plies more similarity to the design. In contrast, in the scaffold with DS a more
oval grid structures were observed, being the NC-Alg scaffolds the one that di-
ffered the most from the original design. Alginate based inks have been found
to have difficulties in obtaining printed scaffolds with high resolution. [37] For
this reason, the addition of viscous materials such as gelatin or nanocellulose
has proven to be effective in obtaining scaffolds with good printability that
maintain shape fidelity when compared to computerised design. [38,39] In
a recent study it has been seen that inks composed of nanocellulose and
2.5-5% alginate have good results in terms of printability. [38] In this study,
2% alginate was used, so a lower resolution in NC-Alg scaffolds could be ex-
pected. The addition of both CS and DS improved the rheological properties
and, therefore, the resolution and shape fidelity of the printed scaffolds were
enhanced.

Figure 5. Printability study. Computer assisted design of the scaffolds (A). Macroscopic images of
printed scaffolds being NC-Alg (B), NC-Alg-CS (C) and NC-Alg-DS (D). Scale bar 5 mm and 1 mm.

2.5. Scaffold characterization

2.5.1. Surface and architectural study
NC-Alg, NC-Alg-CS and NC-Alg-DS scaffolds were characterized using opti-

cal profilometry in order to obtain an in-depth evaluation of scaffolds surface
and architecture. As Fig.6A shows, differences were observed among sca-
ffolds. The CS scaffolds showed less height compared to the DS and NC-Alg
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scaffolds, suggesting a greater resemblance to the computerized scaffold that
was designed with a height of 200 um for each layer and, therefore, 400 um
at the intersections. In fact, when the area of the grid was analysed (Fig.
6B), the scaffolds containing CS were the ones that most closely resembled
the theoretical grid area value of the design of 0.6 mm? (NC-Alg-CS scaffolds
grid area 0.55 = 0.09 mm?, NC-Alg-DS grid area 0.52 £ 0.04 mm? and NC-Alg
scaffolds grid are 0.42 £ 0.03 mm?).
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Figure 6. Surface and architectural characterization on NC-Alg, NC-Alg-CS and NC-Alg-DS sca-
ffolds. A) Images of topology measurements and binarized areas of the printed scaffolds. B) Grid
area measurements from binarized data analysis. Values represent mean £ SD.

In addition, the layer thickness and height of scaffolds were analysed in
Fig. 7. The printing process was carried out with a 0.2 mm needle diameter
according to the thickness of each layer pre-established by the design. As
Fig.7A shows, the layer thickness was slightly higher in all scaffolds than in
the original design. Furthermore, differences between the thickness in the X
direction and in the Y direction were observed, being thicker in the Y direction.
Although no statistically significant differences were shown among scaffolds,
the ones containing DS and NC-Alg demonstrated higher thickness in the X
direction compared to scaffolds with CS. On the other hand, the height of the
scaffolds layers was slightly higher in the Y direction than in the X direction.
(Fig. 7B). When a comparison is made, scaffolds containing DS were statis-
tically higher in the X direction (p < 0.001) and in the Y direction (p < 0.01)
in comparison with NC-Alg-CS scaffolds. Moreover, NC-Alg scaffolds heigh in
X direction was also higher than scaffolds containing CS (p < 0.01). The
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good rheological properties that exhibited CS inks support these results, which
show a height and thickness in both X and Y directions, more similar to those
established by the computer design and the printing needle. On the contrary,
a lower viscoelasticity in NC-Alg-DS and NC-Alg inks caused them to flow more
in the printing process, obtaining thicker structures.

These results reinforce the conclusion drawn from the printability study,
in which the addition of CS to the ink improved the resemblance of printed
scaffolds to the original design in comparison with inks containing DS. As a
consequence, and taking into account the rheological studies, it can be con-
cluded that in terms of printability and the formation of scaffolds, the addition
of CS to the NC-Alg ink is better than the addition of DS.
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Figure 7. Surface and architectural characterization on NC-Alg, NC-Alg-CS and NC-Alg-DS sca-
ffolds. Evaluation of the strut architecture of the printed scaffolds in terms of thickness (A) and
height (B). Values represent mean = SD. ***: p < 0.001, **: p < 0.01.

Finally, the roughness of the scaffolds was evaluated (see Fig. 8). Scaffolds
containing DS showed an increase in roughness that was visualized in the Sdr
parameter, this rise being significant in comparison with scaffolds containing
CS (p < 0.05). In addition, the Sdr % was lower in CS scaffolds than in NC-Alg
scaffolds. These differences were also observed in topographical images in
Fig. 8B, in which a higher rough surface was observed in NC-Alg-DS scaffolds
whereas a smoother surface was observed in scaffolds containing CS. It has
been reported that roughness is related to the success of the implant, thus,
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in clinical trials, it has been seen that the roughest implants have higher sur-
vival rates than the smoothest ones, when implanted in tissues such as bone.
[40] Furthermore, a rough topography has shown to improve MSCs adhesion.
[41,42] Taking into account the importance of the roughness on cell beha-
viour, a greater cellular adhesion may be expected in the NC-Alg-DS scaffolds.
However, it would be necessary to deepen with in vivo studies to evaluate
these differences among scaffolds after implantation.
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Figure 8. Surface and architectural structure characterization on scaffolds. A) 3D topographical
parameters describing hybrid (Sdr) characteristics of the NC-Alg, NC-Alg-CS and NC-Alg-DS sca-
ffolds. Values represent mean = SD. *: p < 0.05. B) Representative axonometric projections of
the topographical measurements of scaffolds.

2.5.2. Scanning electron microscopy (SEM)
NC-Alg-CS and NC-Alg-DS printed scaffolds were evaluated by SEM in order

to evaluate the external and internal structures. As Fig. 9 shows, scaffolds
containing CS showed similar external structure to the DS scaffolds. In addi-
tion, a higher quantity of fibres was observed in both, CS and DS scaffolds, in
comparison with NC-Alg scaffolds. Then, crosscut were made to observe the
internal structure of all the scaffolds so as to ascertain their porosity. A porous
scaffold implies an exchange of fluids and nutrients that would be necessary
for embedded cells viability. [43] All scaffolds showed a porous internal struc-
ture and, therefore, the assurance of the cells to be maintained alive inside
them.
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\:

Figure 9. Representative scanning electron images of NC-Alg (A-D), NC-Alg-CS scaffolds (B-E)
and NC-Alg-DS scaffolds (C-F). Scale bar in A and B: 1 mm and in C and D: 100 pym.

2.5.3. Swelling and degradation

The swelling behaviour is an important property of printed scaffolds and
tissue engineering as it is related to the diffusion of nutrients and signalling
molecules. [44] Fig. 10A shows the swelling behaviour of NC-Alg-CS and NC-
Alg-DS scaffolds. NC-Alg scaffolds were used as controls. Results demons-
trated good swelling properties for both scaffolds, which was to be expected
due to the high water absorption capacity of the biopolymers that were used
for printing the scaffolds. [45] Interestingly, scaffolds containing CS and DS
showed a statistically significant lower water uptake ability in comparison with
NC-Alg scaffolds in the majority of studied times. Swelling degree is usually
related to the crosslinking density, consequently, inks with high dense inner
structures show a decrease in swelling degree. [46] The addition of CS and
DS to the base ink formed by NC-Alg showed an increase in viscosity and
viscoelastic properties indicating a denser structure, which would explain the
lower swelling

On the other hand, Fig. 10B shows the degradation study of NC-Alg-CS
and NC-Alg-DS scaffolds. Degradation studies are of great importance for re-
generative medicine because it may affect the medical application. An ideal
degradation performs with the regeneration or replacement of native tissue
while the scaffold is being degraded. [47] Both scaffolds, showed the same
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degradation behaviour, being the first 24 h when the reduction of the scaffold
area was more important (p < 0.05). Furthermore, there were no differences
in comparison with the scaffold without CS and DS. In fact, after 10 days of
study the area reduction of NC-Alg-CS scaffolds were 73 = 3.40%, NC-Alg-
DS scaffolds 79.85 + 0.05% and NC-Alg scaffolds 78.62 £ 7.21%. Thus, the
NC-Alg based scaffolds showed a controlled degradation behaviour over the
time, which would imply good medical applicability. Cartilage is a complex and
specific tissue in which is difficult to estimate the optimal biodegradation time
of tissue engineered scaffolds. Therefore, the time required for tissue regene-
ration depends on the cartilage defect identification, function and the location.
[48] In addition, the degradation rate could be modified by making chemical
modifications to the alginate. Thus, phosphorylated alginate has been applied
to fabricate hydrogels that were more resistant to degradation. [49] Alternati-
vely, degradation kinetics have been also controlled by varying the molecular
weight of the alginate. [50] However, in vivo studies need to be carried out to
study in depth the degradation processes.
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Figure 10. NC-Alg-CS and NC-Alg-DS printed scaffolds swelling determination (A) and degra-
dation rate (B). NC-Alg scaffolds were used as controls. Values represent mean £ SD. ***: p <
0.001; *: p < 0.05 comparison between NC-Alg-CS and NC-Alg scaffolds. +++: p < 0.001; ++: p
< 0.01 comparison between NC-Alg-DS and NC-Alg scaffolds. #: p < 0.05, comparison between
days in the same scaffolds.
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2.5.4. Mechanical properties
Mechanical properties of scaffolds were analysed because cartilage is a

tissue that is subjected to great forces of tension and compression. Thus,
compression Young’s modulus was obtained as is an intrinsic material proper-
ty that describes the material’s stiffness or resistance to elastic deformation
under load.

Results showed in Fig. 11 a significant increase in the Young's modulus
in the scaffolds containing CS (p <0.001). On the other hand, NC-Alg-DS
scaffolds showed similar values to the control scaffold composed of NC-Alg. It
has been previously described in the literature that CS is responsible for the
mechanical resistance of tissues such as cartilage through the electrostatic re-
pulsions of its sulphate groups. [16,51,52] Furthermore, contrary to CS, it has
been suggested that DS has no effect on mechanical properties, which would
explain the results obtained in this study. [53] Despite the increase in terms
of mechanical properties after the addition of CS, all the printed scaffolds did
not approach the values of native cartilage (0.2-2 MPa). [54] The mechanical
properties of cartilage derive from its complex composition and well-organised
internal structure. [53] The scaffolds used in this study were immature as
they did not contain chondrocytes to secrete matrix components that enhance
mechanical properties such as collagen. In addition, compression modulus is
strongly subjected to the solid content. In this study, printed scaffolds showed
around 90-95% of water content, whereas cartilage is composed of 70-80%
fluid. [55] For this reason, hydrogel-based materials are usually employed to
perform in local injuries in conjunction with cartilage tissue instead of substi-
tutes of the total tissue.
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Figure 11. Young's modulus analysis of printed NC-Alg-CS, NC-Alg-DS and NC-Alg scaffolds.
Values represent mean £ SD. ***: p < 0.001.

2.6. Biological analysis

2.6.1. Cell viability, metabolism and functionality evaluation

For tissue engineering applications, the survival of the cells within the ink
is essential. In this study, D1-MSCs-EPO were introduced into the bioink and
their viability and functionality were analysed after 21 days of bioprinting.
MSCs have the potential to differentiate into chondrocytes among other cell
types, thus, their use in the field of tissue engineering to regenerate cartilage
is quite wide. [56,57] Furthermore, cells genetically modified to release EPO
were use due to the fact that its functionality inside the ink can be easily me-
asured. A cell density of 5 x 106 cells/mL was elected since high cell densities
as well as the pneumatic pressure applied during bioprinting may be stressful
for embedded cells and in vitro quantification at low cell densities may result
problematic. This was verified in a previous study in which cell densities of 1
x 10° cells/mL showed low cell viability and metabolic activity inside NC-Alg
scaffolds. [29] In this study, we tested if the addition of CS and DS to the NC-
Alg scaffolds can enhance cell viability and metabolism, as well as, functiona-
lity. As it is shown in Fig. 12A, metabolic activity of D1-MSCs-EPO increased
over the time after bioprinting, which suggests cell proliferation inside the
scaffolds. Interestingly, the addition of CS and DS improved cells metabolism
at 1, 7 and 14 days after bioprinting in comparison with the control scaffold
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composed only of NC-Alg. Furthermore, the improvement in cell metabolism
was significantly greater (p < 0.001) in the NC-Alg-DS scaffolds during the
first three studied times after bioprinting. Similarly, cells inside NC-Alg-CS sca-
ffolds showed higher metabolic activity at days 1 and 7 after bioprinting (p <
0.001) and at day 14 (p < 0.05) in comparison with control scaffolds. At day
21, all the scaffolds showed similar cell metabolic activity. The increase in cell
metabolism during the first days after bioprinting may be due to the fact that
bioinks with higher viscoelastic properties protect encapsulated cells from the
stress caused by the bioprinting process itself. [58] As shown in the rheolo-
gical results, the addition of CS and DS increased these properties of the ink
and, consequently, the cell viability after bioprinting is expected to be higher
than in the NC-Alg scaffolds.

D1-MSCs-EPO viability was analysed by the Live/Dead™ staining at day
1 and 21 after bioprinting. The results in Fig. 12B show that the cells inside
all the scaffolds were homogeneously distributed. When a comparison was
made, no visual differences were observed at day 1 after bioprinting among all
the scaffolds in which live cells were predominant (in green). On the contrary,
at day 21 after bioprinting, higher fluorescent intensity was observed in the
live cells of the scaffolds containing CS and DS, which may suggest higher cell
viability in these scaffolds than in the NC-Alg scaffolds. In fact, after analysing
the images using Image J software to show the percentage between cells ali-
ve (in green) and dead (in red), it was seen that NC-Alg-DS scaffolds showed
88.14 *+ 2.62% cell viability, NC-Alg-CS scaffolds showed 80.11 + 1.85% cell
viability and NC-Alg scaffolds showed 77.77 £ 6.80% cell viability. Furthermo-
re, cell aggregates were observed in the CS and DS scaffolds, which has been
demonstrated to favour the differentiation of MSCs into chondrocytes. [59]
Surprisingly, this visual appreciation does not agree with the studies of cell
metabolism, since it would be expected that the higher the cell viability, the
higher the metabolism. Possibly, more quantitative techniques might give us
more accurate cell viability data. However, what is certain is the involvement
of CS and DS in cellular biological processes, which has been reported in ano-
ther studies. [15,60] In fact, cell viability as well as cell metabolic activity have
been reported to increase in scaffolds containing both CS and DS. [16,21]
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Figure 12. Cell viability and functionality studies inside NC-Alg-CS, NC-Alg-DS and NC-Alg sca-
ffolds. A) Metabolic activity assay. B) Representative fluorescence micrographs of live/dead stai-
ned scaffolds, showing live (green) and dead (red) cells at day 1 and 21 after bioprinting. Scale
bar 200 um. C) EPO release quantification. Values represent mean + SD. ***: p < 0.001; *: p
< 0.05.

Finally, in order to evaluate the functionality of the cells embedded in the
NC-Alg-CS and NC-Alg-DS scaffolds,the release of EPO hormone was evalua-
ted after bioprinting. As Fig. 12C shows, there was no EPO release on day
1 after bioprinting in any of the scaffolds, which could be explained by the
stress suffered by the cells during the bioprinting process. However, at day 7,
a slight increase in the EPO release was observed in all the scaffolds. Moreo-
ver, this increase was more significant (p < 0.001) in the scaffolds containing
CS compared to the controls, NC-Alg scaffolds. At the end of the assay, the
release of the hormone increased significantly compared to day 1 and 7, with
the scaffolds containing DS being the ones with the highest EPO release (NC-
Alg-DS 1209.34 £ 240.88 mLUI/mL, NC-Alg-CS 643.98 + 78.74 mLUI/mL and
NC-Alg 925.21 + 327.99 mLUI/mL). Results suggest that cells maintained
their functionality inside all scaffolds after bioprinting. The increase in the
production of EPO by the cells may be related to the boost of metabolic acti-
vity and viability at day 21. The release of EPO hormone by MSCs has already
been described in cells embedded in alginate hydrogels. [61] Furthermore, it
has been possible to obtain a controlled release of EPO in vivo in hyaluronic
hydrogels as drug carrier systems. [62] In this study, the obtained scaffolds
show a good release of the hormone and, therefore, may be used for the re-
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lease of therapeutic agents.

2.6.2. Differentiation evaluation to cartilage
Once it has been studied that the NC-Alg-CS and NC-Alg-DS scaffolds en-

hance the viability of embedded D1-MSC-EPO, their capacity to differentiate to
cartilage was evaluated. In this case, unmodified D1-MSC were used as they
have already shown to be able to differentiate into chondrocytes, osteocytes
and adipocytes when they are encapsulated in alginate and hyaluronic hydro-
gels. [61]

After 21 days in culture with differentiating medium, the bioprinted NC-Alg-
CS and NC-Alg-DS scaffolds were stained with Alcian blue, which stains GAGs,
and Safranin-O (red), which detects cartilage. NC-Alg scaffolds were used
as controls. As it can be seen in Fig. 13, differences were observed among
the stained scaffolds. In the scaffolds containing DS (Fig. 13C), darker areas
were observed with the alcian blue staining, which indicates the production
of GAGs by the embedded cells. Moreover, darker areas were also observed
in the CS scaffolds (Fig. 13B) with this staining. Additionally, NC-Alg-CS and
NC-Alg-DS scaffolds stained with safranin-O showed darker areas as well as
the cells that had been released from the scaffolds were stainned (Fig. 13E-F).
Conversely, in the scaffolds without CS or DS (Fig. 13A-D) these dark areas
were not appreciated, which indicates a greater degree of differentiation in
the scaffolds containing CS and DS.

Then, the hydroxyproline assay was carried out to quantify the production
of collagen, which, being one of the components of the cartilage ECM, would
indicate the capacity of bioprinted scaffolds to produce a niche similar to the
biological one. Results in Fig. 13G show that hydroxyproline was detected
in all the scaffolds. Nevertheless, no statistically significant differences were
observed among them. However, the scaffolds containing DS and CS seem
to have higher amounts of hydroxyproline compared to the NC-Alg scaffolds.
This may indicate that there is an ECM production similar to native cartilage,
which would indicate differentiation of D1-MSCs within the scaffolds to chon-
drocytes. It was observed in a study using chitosan scaffolds that the joint
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addition of dermatan and chondroitin increased collagen deposition, however,
it was also suggested that the deposition of other components of the ECM
such as GAGs is more accentuated. [63] In another study based on hyaluronic
scaffolds, a higher deposition of GAGs was also observed than of collagen
accumulation. [64] In this study, a GAG quantification was not performed,
which could have given us a closer approximation of cartilage ECM production
than that of collagen accumulation in which no significant differences between
scaffolds were observed.
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Figure 13. Chondrogenic differentiation evaluation of bioprinted scaffolds. Alcian blue staining of
NC-Alg scaffolds (A), NC-Alg-CS scaffolds (B) and NC-Alg-DS scaffolds (C). Safranin-O staining of
NC-Alg scaffolds (D), NC-Alg-CS scaffolds (E) and NC-Alg-DS scaffolds (F). Hydroxyproline quan-
tification of bioprinted scaffolds (G). Values represent mean + SD. Scale bar 1 mm and 100 pym.

The stainings, together with the quantification of collagen by the hy-
droxyproline assay, indicate that in the presence of CS and DS, the D1-MSCs
have higher ability to differentiate to cartilage. In fact, it has already been re-
ported previously that both, CS and DS, regulate chondrogenesis and promote
maturation and differentiation of mesenchymal stem cells. [20]

Next, in order to obtain a more in-depth evaluation of the differentiation
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degree to cartilage, RT-PCR studies were carried out. In this study, the expres-
sion of chondrogenic marker genes such as aggrecan (ACAN), collagen type 1
and 2 (COL1, COL2) and SOX9 was analysed.

As it is shown in Fig.14, the relative expression of all the genes was me-
asured after 1 and 21 days of bioprinting. As Fig. 14A shows, the NC-Alg-CS
and NC-Alg-DS scaffolds obtained an increase in expression of the SOX9 gene
at day 21 after bioprinting compared to the NC-Alg scaffolds, which decreased
compared to day 1. SOX9 is a chondrogenic transcription factor that regulates
chondrocyte differentiation and cartilage ECM production. [65] Furthermore,
greater differences were observed when it comes to the ACAN gene expres-
sion (Fig. 14B). Scaffolds containing DS increased significantly (p < 0.001)
the ACAN expression on day 21 compared to day 1 and NC-Alg scaffolds. In
addition, interestingly enough, the NC-Alg-CS scaffolds showed a significantly
higher amplified ACAN expression (p < 0.001) at day 21 in comparison with
other kind of scaffolds. The ACAN gene is a chondrogenic differentiation mar-
ker as well as the major structural component of the cartilage tissue. [4] It
has been proven that in the presence of CS, the hMSCs seeded onto the sca-
ffolds accelerate chondrogenesis and maintain their chondrogenic phenotype.
[14] Moreover, it has been shown that after the oral administration of CS in
OA patients, the production of proteoglycans is increased, [66,67] which may
explain the high expression of this gen in the scaffolds containing CS. In addi-
tion, COL2 is also a chondrogenic marker as indicates suitable ECM production
necessary for cartilage regeneration. [14] The highest increase of this gene
at day 21 was only observed in the DS scaffolds (p < 0.05), while in both the
CS and control scaffolds only a slight increase was seen (Fig. 14C). In a chon-
drogenesis differentiation, COL2 increases while COL1 decreases, since COL1
is expressed in undifferentiated chondrocytes or other intermediate cells such
as fibroblasts and osteoblasts. [68]

As Fig. 14D shows, in the NC-Alg-DS scaffolds, COL1 decreases slightly on
day 21, indicating, together with the increase in COL2 and ACAN, differentia-
tion to cartilage. On the other hand, the expression of COL1 was increased in
the CS scaffolds, which may indicate no chondrogenic differentiation. Howe-
ver, the high expression of ACAN indicates a cartilaginous tissue. Overall, cells
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embedded in CS and DS scaffolds satisfactorily expressed cartilage phenotype
compared to cells inside the NC-Alg scaffolds.
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Figure 14. Chondrogenic gene expression of D1-MSCs embedded on NC-Alg, NC-Alg-CS and NC-
Alg-DS bioprinted scaffolds. RT-PCR was carried out after 1 and 21 days of bioprinting. Values
represent mean + SD. ***: p < 0.001; *: p < 0.05.

3. Conclusions

The study focuses on whether the addition of CS and DS improves the cha-
racteristics of the ink based on NC-Alg as well as the observation of the biolo-
gical effects on bioprinted scaffolds with these components. The CS showed
better results than the DS in terms of rheological properties, which was re-
flected in the printability study. In addition, scaffolds surface and architectural
studies reinforced these results, as the scaffolds with CS had a greater simi-
larity to the computerized design than the DS scaffolds. The characterization
in terms of SEM, swelling and degradation resulted in similarities between the
contribution of CS and DS on the NC-Alg scaffolds. However, the addition of
CS resulted in higher scaffold mechanical properties than DS scaffolds. On
the other hand, in the in vitro results, a greater improvement was seen when
adding DS than CS in the metabolic activity and functionality of embedded
D1-MSCs-EPO. Furthermore, both DS and CS induced cells to express genes
that indicated differentiation to cartilage, being the DS scaffolds the ones that
followed a more typical cartilaginous gene expression profile.
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Overall, both, the addition of CS and DS, improved the characteristics of
the NC-Alg based bioink. While the CS provided an improvement in printability,
the DS showed better biological properties of the embedded cells. Although
the combination of the two elements in a single bioink may be the best option,
this study showed that the NC-Alg-DS ink would be the preference choice to
achieve scaffolds feasible for their application in cartilage tissue engineering.

4. Material and Methods

4.1. Materials

Ultra-pure low-viscosity high guluronic acid sodium alginate (UPLVG) was
obtained from FMC Biopolymer (Sandvika, Norway). Chondroitin sulfate and
dermatan sulfate were acquired from Bioiberica (Barcelona, Spain). Nanofibri-
llated cellulose was obtained from Sappi Europe (Brussels, Belgium). D-man-
nitol, calcium chloride and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
liumbromid (MTT) in vitro toxicology assay were acquired from Sigma-Aldrich,
(Madrid, Spain). Fetal bovine serum (FBS), fetal calf serum (FCS) and peni-
cillin/streptomycin (P/S) were obtained from Gibco (San Diego, USA). DPBS
code BE17-513F was purchased from Lonza (Porrifio, Spain). Alamar blue®
was purchased from Bio-Rad cientifica (Madrid, Spain). LIVE/DEAD® Viability/
Cytotoxicity kit was purchased from Life Technologies (Madrid, Spain).

4.2. Inks formulation

Different concentrations of CS and DS were proposed in order to fabricate
the inks: 1%, 3%, 5% and 10% (w/v).

To prepare nanocellulose-alginate-chondroitin sulfate (NC-Alg-CS) ink, Alg
and CS powders were dissolved in a D-mannitol solution to a final 2% (w/v)
and 1%, 3%, 5% and 10% (w/v) concentrations, respectively. Afterward, NC
was incorporated at 80% (v/v) proportion of the final solution and everything
was mixed until complete homogenization.
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The nanocellulose-alginate-dermatan sulfate (NC-Alg-DS) ink was fabrica-
ted similarly by dissolving Alg and DS powders in a D-mannitol solution to a
final 2% (w/v) and 1%, 3%, 5% and 10% (w/v) concentrations, respectively.
Subsequently, NC was added at 80% (v/v) proportion of the final solution and
everything was mixed until complete homogenization.

4.3. Inks characterization

4.3.1. Rheological study
Rheological properties of all bioinks were measured on the AR100 rheo-

meter from TA Instruments (New Castle, USA). In order to analyse viscosity,
steady flow measurements were conducted through a shear rate sweep from
0.1 to 100 s*. Then, a second sweep from 100 to 0.1 s* was set. On the
other hand, oscillatory shear measurements were carried out to evaluate the
inks viscoelasticity properties (elastic modulus (G") and viscous modulus (G")),
oscillation frequency sweeps were set from 0.1 to 100 Hz and strain was es-
tablished in 2%. Tan d values were obtained from the G”/G’ relation. Studies
were carried out at room temperature using a flat geometry. Three replicates
per experiment were conducted.

4.3.2. Sterilisation process and evaluation of its effect on the inks
Fabricated inks were sterilised using short cycle autoclave that was pre-

viously reported to be the less harmful technique. [29] This procedure was
conducted by AJL Ophthalmic (Mifiano, Spain) in an industrial autoclave
FOA2/B model. The short autoclave started at 15-18 oC temperature and at
0.96 bar pressure. Then, for 22 min the temperature and pressure increased
until being established at 123-124 oC and 3.60-3.70 bar, respectively. With
these parameters set, the sterilisation occurred for 3.04 min. Subsequently,
cooling process occurred for 26 min with a decrease in the temperature and
pressure to 50-55 oC and 1.60 bar. Finally, after 54 min, the autoclave cycle
ended with around 50 oC temperature and 1.05 bar pressure.

Afterward, the sterilisation effect on inks properties was evaluated. First,
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sterility test was conducted for NC-Alg based inks by carrying out a direct
inoculation of 1 mL of sample in the microbiological medium to determine for
the growth of anaerobic, and aerobic bacteria, fungi and yeast, in accordan-
ce with the European Pharmacopeia. [69] Then, previously aforementioned
rheological studies were carried out. In addition, a cryoscopic osmometer
Osmomat 030-D from Gonotec (Berlin, Germany) was used to determine the
osmolality. For this study, 50 pL of each ink was evaluated by quantifying the
freezing point depression. On the other hand, a pH-meter GLP 21 from Crison
(Barcelona, Spain) was used to determine the pH. Each sample was assayed
in triplicate.

4.3.3. Cytotoxicity study

Three different assays were carried out to determine in vitro cytotoxicity
of the inks in concordance with the ISO 10993-5-2009 [35]: Direct and indi-
rect cytotoxicity and adhesion assays. Mouse L929 fibroblasts were used to
perform all the experiments and a cell density of 3.123 x 10* cells/cm? was
established to seed the cells.

In the direct and indirect cytotoxicity assays cells were seeded and main-
tained in culture for 24 h. Afterward, they were exposed directly to the NC-
Alg, NC-Alg-CS and NC-Alg-DS circular scaffolds placing them onto the seeded
cells in the direct assay, or by adding conditioned media (media that has been
in contact with the scaffolds for 24 h) in the indirect cytotoxicity test. After
24 h, cell viability was estimated in both assays using MTT in vitro toxicity
assay kit following manufacture's recommendations. Cells with no scaffold
exposure or cells not exposed to conditioned media were used as controls.
On the other hand, in the adhesion assay, cells were seeded directly onto the
scaffolds. After 4 h cell viability was quantified using the same MTT procedure.
Cells directly seeded onto the plate were used as controls.

In all assays, an Infinitive M200 microplate reader from TECAN Trading AG
(Mannedorf, Switzerland) was used to determine the absorbance at 570 nm
with reference wavelength set at 650 nm. Cell viability was calculated using
the following equation (1):

214



Chapter 3. Appendix 3 - Chondroitin and dermatan bioinks for cartilage regeneration

Cell viability (%) = 1esting sample OD570 , 4 1)
Untreated blank OD570

Six independent assays were carried out with three replicates per assay.
In concordance with the ISO 10993-5-2009, a cell viability above 70% was
contemplated as non-toxic.

4.4. 3D printing

An extrusion-based 3D bioprinter Bio X from Cellink (Gothenburg, Sweden)
was used to print the inks. Circular grid-like scaffolds of 15 mm diameter and
2 layers were printed using a 27 G conical needle. Printing parameters were
established at 4-5 mm/s printing speed and 25-30 kPa extrusion pressure for
all inks. After printing, crosslinking process was carried out by submerging the
scaffolds in @ 100 mM calcium solution for 5 min.

Afterward, scaffolds were observed under a Nikon AZ100 microscope from
Izasa Scientific (Barcelona, Spain) in order to take macroscopic images.

4.5, Scaffolds characterization

4.5.1. Surface and architectural structure study
An optical profilometer from Sensofar S-NEOX (Barcelona, Spain) through

focus variation method was used to characterize the surface topography and
architecture of the scaffolds. A metrological software SensoMAP Premium 7.4
from Digital Surf (Besancon, France) was applied to post-process all the me-
asurements. The scaffolds were analysed in hydrated state after wiping with
a dry lint free wipe.

To perform the architectural analysis, a 6484 x 4880 um? area measure-
ment was acquired at 3 locations on 3 independently printed samples for each
condition using a 10x objective (side sampling: 1.29 pm, vertical resolution:
25 nm). The thickness and height of the deposited strut were measured and
a quantification of the deposited material volume was carried out through the
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3D parameter Vm. [70] Then, measurements were binarized, and in order to
analyse the pore morphology, the aspect ratio (Dmax/Dmin) was determined.
To evaluate the surface topography, a measurement of 873 x 656 ym? at 3
independent areas were acquired using a 20x objective (lateral sampling: 0.65
pm, vertical resolution: 8 nm). 3D topographical parameter belonging hybrid
(Sdr) from ISO 25178-2 [71] was determined on cropped areas of 150 x 150
pm?2,

4.5.2. Scanning electron microscopy (SEM)

After critical point drying, an Emitech K550X ion-sputter was used to coat
the scaffolds with a thin layer of gold (15 nm). Afterward, a Hitachi S-3400
Scanning Electron Microscope from Hitachi (Illinois, USA) was used to observe
the samples using a 15 kV voltage and around 20 mm of working distance.

4.5.3. Swelling study
NC-Alg-CS and NC-Alg-DS printed scaffolds of 0.4 x 15 mm? were used in

order to analyse the swelling behaviour. First, a Telstar cryodos Freeze Dryer
(Terrassa, Spain) was used to lyophilize all the scaffolds. Then, they were
weighted to determine the dried weight. Finally, to evaluate their swelling
capacity, dried scaffolds were submerged in Dulbecco’s phosphate-buffered
saline (DPBS) with calcium and magnesium at 37 oC. At chosen time points,
scaffolds were removed from DPBS, water excess was removed using filter
paper and scaffolds were reweighed. NC-Alg scaffolds were used as controls.
The % of swelling was computed in every time point by using the following
equation (2):

Swelling (%) = Weuet = Wares x 100 )

dried

Where W and W, are wet weight and dried weight, respectively.

dried

4.5.4. Degradation study
NC-Alg-CS and NC-Alg-DS scaffolds area was calculated to analyse the

degradation process. Afterward, scaffolds were placed in DMEM at 37 oC and,
at selected time points, the area was measured again. Then, samples were
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returned to the culture medium after conducting the measurements, NC-Alg
scaffolds were used as controls. The area loss in % was computed by using
the following equation (3):
Abefore - Aafter
Area loss (%) = A x 100 (3)
before

Where A . and A . correspond to the scaffold area before introducing in

DMEM and after passing selected time in DMEM.

4.5.5. Mechanical properties
NC-Alg-CS and NC-Alg-DS scaffolds of 15 mm diameter and 0.4 mm heigh

were analysed in a TA.XT.plusC Texture Analyser from Aname Instrumentacion
Cientifica (Madrid, Spain) to determine mechanical properties. A compression
test was performed with a load cell of 5 kg and 20 mm cylinder probe. Test
speed was set at 0.5 mm/s and at maximum of 80% strain. Compression
Young’s modulus was determined as the slope of stress-strain curve in the
linear elastic range. Six replicates per sample were conducted and NC-Alg
scaffolds were used as control.

4.6. D1-MSCs-EPO culture conditions, bioinks preparation and 3D Bioprin-
ting

Murine D1-MSCs purchased from ATCC (Virginia, USA) were engineered
to secrete erythropoietin (D1-MSCs-EPO) [28]. T-flasks with DMEM supple-
mented with 10% (v/v) FBS and 1% (v/v) P/S were used to perform the cell
culture. Cells were sustained at 37 oC in a humidified atmosphere containing
5% CO,. They were subcultured at 80% confluence and culture medium was
regularly replaced.

To carry out 3D bioprinting process, the inks were developed as previously
mentioned (see section 2.2). Then, a 5 x 106 cells/mL density was incorpo-
rated into the inks using a cell mixer device in order to obtain the bioinks.
Afterward, they were bioprinted following the aforementioned process (see
section 2.4). Crosslinking procedure was carried out after bioprinting by sub-
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merging the scaffolds for 5 min in a 100 mM CaCl,. Finally, they were deposi-
ted in complete medium for their culture. The whole process was conducted
under aseptic conditions and at room temperature.

4.7. Biological studies of bioprinted scaffolds

4.7.1. Metabolic activity determination

The AlamarBlue® assay (AB) was used to determine the metabolic activity
of embedded D1-MSCs-EPO. The process was performed by placing bioprin-
ted circular grid-like scaffolds of 15 mm diameter in 24 well plates with a so-
lution containing 10% of AB in complete medium. Next, a 4 h of incubation at
37 oC was carried out. Finally, an Infinite M200 microplate reader from TECAN
Trading AG (Mannedorf, Switzerland) was used to read the fluorescence at
excitation 560 nm and 590 nm emission wavelength. Wells containing culture
media were used as negative controls. At least twelve samples were conduc-
ted for each condition.

4.7.2. Qualitative cell viability determination by fluorescence microscopy
The LIVE/DEAD® Viability/Cytotoxicity Kit was used to evaluate weekly cell

viability. Scaffolds were rinsed in DPBS and placed in the staining solution with
100 mM calcein AM. After an incubation of 40 min at room temperature and
protected from de light, the calcein solution was removed to add a solution
containing 0.8 uM ethidium homodimer-1. Then, scaffolds were incubated for
10 min at 37 oC. Finally, samples were washed again with DPBS and a Nikon
TMS microscope (Virginia, USA) was used to observe them. It was set a wa-
velength of excitation 495 nm/emission 515 nm (for calcein AM staining) and
excitation 495 nm/emission 635 nm (for ethidium homodimer staining). At
least three independent tests were conducted for each condition. Afterwards,
the obtained images were analysed with the image J software to quantify the
percentage of live and dead cells.

4.7.3. EPO secretion
EPO secretion was determined using Quantikine IVD Human EPO ELISA Kit
from R&D Systems (Madrid, Spain). The secretion for 24 h from supernatants
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at days 1, 7 and 21 after bioprinting was quantified. Cell embedded scaffolds
were incubated with 500 pL of DMEM for 24 h at 37 oC. Then supernatants
were collected. Supernatants without scaffolds were used as controls. Three
independent samples for each condition were assayed.

4.8. Differentiation

4.8.1. Chondrogenic differentiation
NC-Alg, NC-Alg-CS and NC-Alg-DS scaffolds containing 5 x 10 D1-MSCs

/mL were differentiated into chondrocytes. Chondrogenic differentiation me-
dium was composed of DMEN-High glucose from ATCC (Virginia, USA) supple-
mented with 10% fetal bovine serum, 1% P/S, 10 ng/mL TGF-1, 50 nM L-as-
corbic acid and 6.25 pg/mL bovine insulin, all purchased from Merck (Madrid,
Spain). Scaffolds were cultured in differentiation medium which was changed
every 3 days for 21 days. Complete medium without supplements was used
for the culture of controls.

4.8.2. Histological staining and collagen production
After 21 days of culture with differentiation medium, scaffolds were was-

hed with DPBS and fixed with 4% formaldehyde. To evaluate chondrogenic
differentiation of embedded D1-MSCs scaffolds were stained with Alcian Blue
and Safranin-O, both purchased from Merck (Madrid, Spain). Afterward, sca-
ffolds were observed under a Nikon AZ100 microscope from Izasa Scientific
(Barcelona, Spain).

The total collagen secreted by chondrocytes in the scaffolds was estima-
ted by hydroxyproline assay kit from Merck (Madrid, Spain). Scaffolds were
digested in acid solution after 1 and 21 days of culture and hydroxyproline
was quantified following the manufacturer instructions. L-hydroxyproline was
used as a standard and scaffolds without differentiation medium were used
as negative controls. The absorbance was read at 550 nm on an Infinite
M200 microplate reader from TECAN Trading AG (Mannedorf, Switzerland).
Results were expressed as D21/D1, where D21 (final value) is the amount of
hydroxyproline at day 21 and D1 (initial value) at day 1.
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4.8.3. Gene expression by RT-PCR
The chondrogenic effect of NC-Alg-CS and NC-Alg-DS scaffolds was

evaluated using a quantitative real-time PCR assay. NC-Alg scaffolds were used
as controls. Scaffolds were disaggregated incubating them for 15 min at 37 oC
in 1 mg/mL alginate lyase and 1.5% (w/v) sodium citrate, both purchased from
Merck (Madrid, Spain). Total mMRNA was extracted using TRIzol Reagent and
was quantified with a SimpliNano nanodrop from GE Healthcare Life Sciences
(Madrid, Spain). The conversion of RNA to cDNA was performed using Fast
Gene Scriptase II, cDNA Synthesis Kit from Genetics Nippon Europe (Diiren,
Germany). Real-time PCRs were performed using StepOnePlus Real-Time PCR
Systems from Fisher Scientific (Madrid, Spain). Fluorogenic qRT-PCR-based
(TagMan) assay and specific primers for ACAN, COL1, COL2 and SOX9 were
used to quantify the target genes. The expression of all genes was normalized
to the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) and to gene expression of untreated samples. Relative expression
was calculated with the 2-22¢T method.

4.9, Statistical analysis

IBM SPSS software was applied to conduct the statistical analysis. Data
were expressed as mean + standard deviation and differences were consi-
dered significant when p < 0.05. Student’s t-test to identify significant diffe-
rences between two groups and ANOVA to multiple comparisons were used.
Depending on the results of the Levene test of homogeneity of variances,
Bonferroni or Tamhane post-hoc test was applied. For non-normally distribu-
ted data, Mann-Whitney nonparametric analysis was applied.
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Abstract

Bone tissue is usually damaged after big traumas, tumors, and increasing
aging-related diseases such as osteoporosis and osteoarthritis. Currenttreat-
ments are based on implanting grafts, which are shown to have several in-
conveniences. In this regard, tissue engineering through the 3D bioprinting
technique has arisen to manufacture structures that would be a feasible the-
rapeutic option for bone regenerative medicine. In this study, nanocellulose—
alginate (NC-Alg)-based bioink is improved by adding two different inorganic
components such as hydroxyapatite (HAP) and graphene oxide (GO). First,
ink rheological properties and biocompatibility are evaluated as well as the
influence of the sterilization process on them. Then, scaffolds are characte-
rized. Finally, biological studies of embedded murine D1 mesenchymal stem
cells engineered to secrete erythropoietin are performed. Results show that
the addition of both HAP and GO prevents NC-Alg ink from viscosity lost in
the sterilization process. However, GO is reduced due to short cycle autoclave
sterilization, making it incompatible with this ink. In addition, HAP and GO
have different influences on scaffold architecture and surface as well as in
swelling capacity. Scaffolds mechanics, as well as cell viability and functionali-
ty, are promoted by both elements addition. Additionally, GO demonstrates an
enhanced bone differentiation capacity.

Keywords: 3D bioprinting; Bioinks; Bone; Graphene oxide; Hydroxiapatite;
Tissue engineering.
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1. Introduction

Bone is a connective tissue which is part of the skeletal system. Its main
function is to provide mobility and protection to organs. In addition, it is in-
volved in blood cell generation and homeostasis maintenance as well as in
mineral storage and blood pH regulation [1]. It is characterized by having high
porosity, vascularity and strong mechanical properties [2-4].

Due to its characteristics, bone tissue has the potential to regenerate by
itself in case of minor injuries. However, this capacity is limited and becomes
ineffective in case of excessive damage such as in big traumas, bone infec-
tions and tumours [1,5]. Furthermore, bone degenerative diseases that are
closely related to the increase in population age are becoming more prevalent.
Among them, osteoporosis and rheumatic diseases such as osteoarthritis have
gained notoriety [1,5].

Current therapeutic treatment is based on prosthesis implantation. Among
the implant materials, metals such as titanium, ceramics and polymers such
as polyethylene have been commonly used. However, they still present some
drawbacks in terms of high rigidity, lack of integration in native tissue and
the absence of biodegradability and bioactivity properties [6,7]. On the other
hand, bone transplantations have arisen as an alternative treatment to over-
come the aforementioned problems. Nevertheless, autografts and allografts
are related to the risk of donor site morbidity, chronic pain and graft supply
limitations. Moreover, in xenografts transplantations, the risk of pathogen
transmission should be added [8]. In addition, it is common for patients who
have undergone bone surgery to present long recovery times, high rates of
implant rejection and the necessity to have recurrent surgeries.

In this context, in order to avoid the aforementioned drawbacks, 3D
bioprinting has gained notoriety when it comes to fabricating implantable
structures for bone substitutes or regeneration. As an additive technique, 3D
bioprinting has the advantage of creating scaffolds in a fast, automatic and
reproducible manner [9]. The technique is based on the layer-by-layer depo-
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sition of a bioink, which may be composed of a wide range of biomaterials
and cell types [9,10]. In addition, bioactive molecules such as drugs, growth
factors and genetic material can be included [10]. In this regard, to manufac-
ture scaffolds for bone regeneration, the bioink and, therefore, the bioprinted
scaffold must meet certain requirements such as being biodegradable, bioac-
tive and biocompatible [11].

Hydroxyapatite (HAP) is an inorganic ceramic formed of calcium and phos-
phate Ca, (PO,),(OH), [12]. As native bone is composed of 70% of HAP, it has
been widely used as a biomaterial to create structures for bone regeneration
[12,13]. In fact, it has been shown to be bioactive and osteoconductive as
well as to provide excellent mechanical properties. [14] Moreover, due to its
high porosity, HAP scaffolds have been reported to promote cell migration and
osteogenic differentiation [14,15]. It has also been proven that HAP improves
cell attachment and integration to native tissue in metallic implants that have
been previously covered with this ceramic [12].

Lately, graphene has gained a presence in different fields such as optics,
engineering and electronics due to its excellent electroconductivity, and ther-
mochemical and mechanical properties. Graphene oxide (GO) is formed by
a sheet of sp? hybridized carbon atom with oxygen containing functionalities
[16]. This chemical derivative has been widely applied in biomedicine as a
drug, protein, genes and peptide carrier for its controlled delivery. In the
tissue engineering field, GO based hydrogels have been shown to be biode-
gradable, biocompatible and enhance the mechanical rigidity of manufactured
structures [16,17]. Consequently, GO has been used for the regeneration of
tissues that require high mechanical strength such as bone or vascular tissue
[17]. In addition, it has been reported that GO promotes osteogenesis in me-
tal implants as well as mineralization. Furthermore, proliferation and osteoge-
nic differentiation of mesenchymal stem cells (MSC) have been observed after
GO addition in vitro and in vivo [8,18].

In summary, both HAP and GO have been shown to have interesting pro-
perties to be used in the formulation of bioinks for bone regeneration. Howe-

228



Chapter 3. Appendix 4 - Hydroxyapatite and graphene oxide bioinks for bone regeneration

ver, for bioprinting, not only must these bioactive properties be taken into ac-
count, but also other important bioink characteristics such as printability and
crosslinking procedure [11]. For good printability, bioinks should have adequa-
te rheological properties. Thus, it is necessary to add a rheological modifier
such as nanofibrillated cellulose (NC). In addition, NC has shown to have good
mechanical properties and cytocompatibility [19]. On the other hand, sodium
alginate (Alg) has been proposed due to its instant gel formation with divalent
cations such as calcium [20]. Alg is a well-known polysaccharide in the tissue
engineering field as it is biocompatible, biodegradable and non-toxic [20,21].
In fact, Alg and NC have been already applied to manufacture scaffolds throu-
gh 3D bioprinting for bone regeneration [19,22].

In this study, NC-Alg-HAP and NC-Alg-GO bioinks were developed for the
manufacturing of scaffolds through 3D bioprinting for bone regeneration. First,
ink rheological properties and biocompatibility were evaluated. Afterwards,
the sterilisation process was analysed. Then, scaffolds were printed to analyse
the printability, swelling and degradation kinetics. Finally, D1 MSCs modified
to produce erythropoietin hormone (D1-MSCs-EPO) were included in the NC-
Alg-HAP and NC-Alg-GO inks in order to observe cell proliferation, viability
and functionality. Additionally, cell osteogenic differentiation was assayed to
evaluate the application of NC-Alg-HAP and NC-Alg-GO scaffolds for bone re-
generation purposes.

2. Material and Methods

2.1. Materials

Hydroxyapatite was purchased from Merck (Madrid, Spain). Graphene oxi-
de was obtained from Graphenea (San Sebastian, Spain). Ultra-pure low-vis-
cosity high guluronic acid sodium alginate (UPLVG) was acquired from FMC
Biopolymer (Sandvika, Norway). Nanofibrillated cellulose was purchased from
Sappi Europe (Brussels, Belgium). Fetal calf serum (FCS), fetal bovine serum
(FBS) and penicillin/streptomycin (P/S) were acquired from Gibco (San Diego,
USA). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromid (MTT) in vi-
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tro toxicology assay, calcium chloride, D-mannitol, dexamethasone, B-glycero-
phosphate, L- ascorbic acid, alginate lyase, and sodium citrate were obtained
from Merck, (Madrid, Spain). LIVE/DEAD® Viability/Cytotoxicity kit was obtai-
ned from Life Technologies (Madrid, Spain). Alamar blue® was acquired from
Bio-Rad cientifica (Madrid, Spain). DPBS code BE17-513F was obtained from
Lonza (Porrifio, Spain). Murine D1-MSCs were obtained from ATCC (Virginia,
USA).

2.2. Inks development

Two inks were proposed. In order to formulate nanocellulose-alginate-hy-
droxyapatite (NC-Alg-HAP) ink, HAP was dispersed at 1% (w/v) in a 2% (w/v)
Alg solution. Then, NC was added at 80% (v/v) of the final solution and
everything was mixed to obtain a homogeneous ink. Likewise, nanocellulo-
se-alginate-graphene oxide (NC-Alg-GO) ink was prepared by dispersing a GO
solution of 50 pg/mL in a 2% (w/v) Alg solution. Afterwards, NC was included
at 80% (v/v) of the final solution and everything was homogenized to obtain
the ink.

2.3. Inks characterization

2.3.1. Rheological study
Inks” rheological properties were analysed by performing two different

assays; steady flow measurement and oscillatory shear measurement. In the
first study, viscosity was evaluated by conducting a shear rate sweep from 0.1
to 100 s followed by a subsequent shear rate from 100 to 0.1 s'. Meanwhile,
the viscoelasticity properties in terms of elastic modulus (G") and viscous mo-
dulus (G") were obtained in the oscillatory shear measurement establishing
2% of strain and an oscillation frequency sweep from 0.1 to 100 Hz. In addi-
tion, Tan d values were acquired from the G”/G’ relation. All the measurements
were conducted on an AR100 rheometer from TA Instruments (New Castle,
USA) with a flat 40 mm stainless steel plate and at room temperature.
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2.3.2. Cytotoxicity analysis
In vitro cytotoxicity of NC-Alg-HAP and NC-Alg-GO inks was evaluated

through three different assays; adhesion, direct and indirect assays. In order
to perform all the studies, circular structures were printed and mouse L929
fibroblasts from ATCC (Virginia, USA) at 3.123 x 10* cells/cm? cell density were
used. Cells were culture in EMEM supplemented with 10% (v/v) FCS and 1%
(v/v) P/S at 37 °C in humidified 5% CO, atmosphere. In the adhesion test,
cells were seeded onto the printed disks and cell viability was measured after
4 h of incubation. As controls, cells directly seeded onto a culture plate were
used. Conversely, in the direct and indirect tests, cells were seeded onto cul-
ture plates and were maintained in DMEM for 24 h. Then, printed disks were
placed onto seeded cells in the direct assay and, DMEM which had been in
touch with the NC-Alg-HAP or NC-Alg-GO printed disks, were added in the
indirect contact assay. After 24 of incubation, cell viability was measured in
both tests. Cells with no disk exposure were used as controls. To determine
cell viability in all the assays, MTT in vitro toxicity assay kit was used following
the manufacturer’s recommendations, and the absorbances were obtained
at 570 nm with a reference wavelength of 650 nm using an Infinitive M200
microplate reader from TECAN Trading AG (Mannedorf, Switzerland). Six inde-
pendent samples were conducted.

Each experiment was carried out following the ISO 10993-5-2009 rule
[23]. Cell viability was calculated applying the following equation (1) and a
cell viability above 70% was considered as non-toxic.

Cell viability (%) = lesting sample OD570 ', 159 (1)
Untreated blank OD570

2.3.3. Inks sterilisation test

The sterilisation process of NC-Alg-HAP and NC-Alg-GO inks was carried
out in a short cycle autoclave by AJL Ophthalmic (Mifiano, Spain) in accordan-
ce with a previous study [24]. An industrial autoclave FOA2/B model was used
with @ maximum of 123-124 °C temperature and 3.60-3.70 bar pressure. The
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sterilisation was performed in 3.04 min.

Then, the repercussions of the sterilisation process on inks properties were
analysed. First, inks physical appearance was observed. Then, rheological
measurements were conducted as previously described (2.3.1 part)

2.3.4. FT-IR analysis of graphene ink
Fourier Transform Infrared (FT-IR) spectra were performed with a Nicolet

is10 spectrometer from Thermo Scientific (Madrid, Spain) using an attenua-
ted total reflectance (ATR) technique. The spectra were obtained in the ran-
ge 4000-500 cm~! at room temperature, with a resolution of 4 cm™ and 32
scans.

2.4. 3D Printing

Scaffolds were printed by using an extrusion-based 3D bioprinter Bio X
from Cellink (Gothenburg, Sweden). The scaffolds’ shape consisted of a circu-
lar grid-like form of 15 mm diameter and 2 layers. Different printing parame-
ters were set depending on the ink. To print NC-Alg-HAP ink, a 22 G conical
needle was used and printing parameters were established at 15-18 kPa prin-
ting pressure and 4-5 mm/s printing speed. On the other hand, NC-Alg-GO ink
was printed using a 27 G conical needle, 22-25 kPa printing pressure and 4-5
mm/s printing speed. NC-Alg ink was printed as control ink using the same
parameters to NC-Alg-GO ink. Subsequently, all printed scaffolds were cross-
linked by submerging them in a 100 mM calcium solution for 5 min.

Afterwards, macroscopic pictures were taken in a Nikon AZ100 microscope
from Izasa Scientific (Barcelona, Spain) to evaluate the printability.

2.5 Scaffold characterization
2.5.1. Surface and architectural characterization
Cryo-SEM images were acquired in a TM-4000 Scanning Electron Micros-

cope from Hitachi (Illinois, USA). Scaffolds were in a hydrated state and were
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frozen a - 20°C using a cryogenic module. Afterwards, samples were observed
using a 5 kV voltage.

Hydrated NC-Alg-HAP and NC-Alg-GO scaffolds were characterized with
an optical profilometer from Sensofar S-NEOX (Barcelona, Spain) in order to
evaluate their surface and architecture. A focus variation method was utilized.
Then, to process all the data a metrological software SensoMAP Premium 7.4
from Digital Surf (Besangon, France).

Architectural characterization was acquired by measuring an area of 6484
x 4880 um? at 3 locations on 3 independently printed scaffolds. A 10x objec-
tive (side sampling: 1.29 um, vertical resolution: 25 nm) was used for each
condition.

Scaffold surface evaluation was carried out by measuring 3 independent
areas of 873 x 656 um? on the scaffolds with a 20x objective (lateral sampling:
0.65 pm, vertical resolution: 8 nm).

2.5.2. Swelling
NC-Alg-HAP and NC-Alg-GO scaffolds were lyophilized in a Telstar cryodos

Freeze Dryer (Terrassa, Spain) in order to evaluate their swelling behaviour.
Freeze-drying process was performed in 40 h. First, samples were progres-
sively frozen at -50 °C for 3 h. Then, primary drying process was carried out
in which chamber pressure and temperature were set at 0.2 mBar and -50
OC, respectively. After 5 h, the pressure was maintained but the temperature
increased at 20 ©C for 7 h. Finally, chamber pressure was removed and secon-
dary drying process was conducted at a 20 °C during 24 h. After that, their
dried weight was obtained. Then, samples were submerged in Dulbecco’s
phosphate-buffered saline (DPBS) with calcium and magnesium at 37 °C to
determine their swelling capacity. Finally, at selected time points, scaffolds
were removed from DPBS, water excess was eliminated using filter paper and
they were reweighted. NC-Alg constructs were utilized as control. The assay
was carried out in triplicate and, at every time point, the swelling % was cal-
culated applying the following equation (2):

233



Nanocellulose-alginate based bioinks for 3D bioprinting and osteochondral regeneration

Swelling (%) = Wuet= Wasea x 100 (2)

dried

Where W, , corresponds to wet weight and W, is dried weight

dried

2.5.3. Degradation study
Degradation study of NC-Alg-HAP and NC-Alg-GO scaffolds was performed

by measuring their area. Then, printed constructs were submerged in DMEM
at 37 OC. Afterwards, at chosen time points, scaffolds were removed from
DMEM to measure their area again. Subsequently, constructs were returned to
the DMEM. The study was conducted in triplicate and NC-Alg constructs were
used as control. The area loss in % was calculated by applying the following
equation (3):

Area loss (%) = Apetore = Astter % 100 3)

before

Where A, .. and A . correspond to scaffold area before placing them in
DMEM and after passing chosen time in the culture media, respectively.

2.5.4. Mechanical properties evaluation
Mechanical properties of printed scaffolds were carried out in a TA.XT.plusC

Texture Analyser from Aname Instrumentacion Cientifica (Madrid, Spain). A
cylinder probe of 5 kg and 20 mm was used to perform all the experiments.
Measurements were conducted in a compression test form by setting a 0.5
mmy/s test speed and a maximum of 80% strain. Compression Young’s mo-
dulus was calculated from the slope of the stress/strain curve. Six replicates
per scaffold were performed and NC-Alg scaffolds were applied as controls.

2.6. Cell culture and 3D bioprinting

To perform the 3D bioprinting procedure, first, NC-Alg-HAP and NC-Alg-
GO inks were prepared as aforementioned (see section 2.2). Then, bioinks
were prepared by mixing the inks with murine D1-MSCs engineered to secrete

erythropoietin hormone (D1-MSCs-EPO) at 5x10° cell/mL [25].
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Cell culture was carried out in T-flasks with DMEM supplemented with 10%
(v/v) FBS and 1% (v/v) P/S. Cells were cultured in a humidified atmosphere
containing 5% CO, and at 37 °C. Culture medium was frequently substituted
and at 80% of confluence, they were subcultured.

Finally, scaffolds were manufactured through the 3D bioprinting technique
as previously mentioned (see section 2.4). Afterwards, they were placed in a
complete medium for their culture. NC-Alg bioink was prepared and bioprinted
as control. The whole procedure was carried out under aseptic conditions and
at room temperature.

2.7. In vitro biological evaluation

2.7.1. Cell viability assay by fluorescence microscopy
Cell viability was qualitatively evaluated with the LIVE/DEAD™ Viability/

Cytotoxicity Kit. First, scaffolds were washed with DPBS and incubated in a
staining solution containing 100 mM calcein AM for 40 min protected from the
light and at room temperature. Then, the calcein solution was removed and a
0.8 uM ethidium homodimer-1 was added. After an incubation of 10 min at 37
OC, constructs were rinsed in DPBS and observed in a Nikon TMS microscope
(Virginia, USA) with an excitation/emission wavelength of 495/515 nm for the
calcein AM staining and 495/635 nm for the ethidium homodimer staining.
Three independent assays were evaluated for each condition and the Image
J software was used to analyse the acquired pictures in order to quantify the
percentage of live and dead cells.

2.7.2. Metabolic activity study
D1-MSCs-EPO metabolic activity was determined by using the Alamar

Blue® assay (AB). The assay was carried out by depositing bioprinted scaffolds
in a solution containing 10% AB in a complete medium. Then, samples were
incubated at 37 ©C for 4 h. Finally, fluorescence was determined in an Infiniti-
ve M200 microplate reader from TECAN Trading AG (Mannedorf, Switzerland).
It was set at an excitation wavelength of 560 nm and an emission wavelength
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of 590 nm. Scaffolds with no embedded cells were used as negative controls.
At least, six samples were conducted for each condition.

2.7.3. EPO secretion guantification
EPO secretion was assayed using Quantikine IVD Human EPO ELISA Kit

from R&D Systems (Madrid, Spain). At days 1, 7, 14 and 21 after bioprinting,
scaffolds were placed with 500 pL of DMEM at 37 °C for 24 h. Then, superna-
tants were examined to quantify EPO secretion. Supernatants from scaffolds
without cells were used as negative controls. Three independent samples for
each condition were conducted.

2.8. Osteogenic differentiation

D1-MSCs into NC-Alg, NC-Alg-HAP and NC-Alg-GO scaffolds were differen-
tiated to osteoblasts. Bioprinted constructs were cultured in an osteogenic
differentiation medium composed of complete culture media supplemented
with 100 nM dexamethasone, 20 mM B-glycerophosphate and 50 uM L-ascor-
bic acid. They were cultured for 21 days and the differentiation medium was
replaced every 3 days. A complete medium without supplements was utilized
to culture the controls.

2.8.1. Mineralization assay
Mineralization evaluation of cells inside bioprinted scaffolds was carried

out with Alizarin Red S staining, purchased from Merck (Madrid, Spain). At 21
days after bioprinting, scaffolds were removed from the differentiation culture
medium and were washed with PBS. Next, they were fixed with 4% formal-
dehyde for 30 min. Afterwards, Alizarin Red S solution was added to stain
calcium deposits. Finally, scaffolds were washed and were observed under a
Nikon AZ100 microscope.

2.8.2. Alkaline phosphatase (ALP) activity quantification

ALP activity was determined after maintaining the bioprinted scaffolds in
the osteoinductive medium for 1 and 21 days. First, scaffolds were disaggre-
gated by incubating them in 1 mg/mL alginate lyase solution at 37 °C for 15
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min. Next, ALP activity was quantified by using Alkaline Phosphatase Assay
Kit (fluorometric). The assay was performed following the manufacturer’s re-
commendations and fluorescence was read at 360 nm and 440 nm excitation/
emission wavelength, respectively. Three replicates were conducted per con-
dition.

2.8.3. RT-PCR

The osteogenic effect of NC-Alg-HAP, NC-ALG-GO and NC-Alg scaffolds was
determined using a quantitative real-time PCR study. First, a solution of 1.5%
(w/v) sodium citrate and 1 mg/mL alginate lyase were applied to disaggregate
the scaffolds. Then, TRIzol reagent, from Merck (Madrid, Spain), was added
to extract the total mRNA. Afterwards, the total mMRNA was measured with a
SimpliNano nanodrop from GE Healthcare Life Sciences (Madrid, Spain) and
was converted to cDNA applying the Fast Gene Scriptase 1I, cDNA Synthesis
Kit from Genetics Nippon Europe (Diiren, Germany). Finally, real-time PCRs
were conducted with StepOnePlus Real-Time PCR Systems from Fisher Scien-
tific (Madrid, Spain). The specific primers for RUNX2, ALP, osteocalcin (OSTC)
and osteopontin (SPP1) were used to determine the target genes by using
a fluorogenic gRT-PCR based (TagMAN) assay. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used as the housekeeping gene. Gene expres-
sion was normalized to GAPDH and to gene expression of undifferentiated
samples. The 222" method was applied to calculate the relative expression
of all the genes.

2.9. Statistics

Statistical analysis was conducted with IBM SPSS® software. Data were
indicated as mean + standard deviation. Significant differences were conside-
red when p < 0.05. To determine significant differences between two groups
student 's t-test was used, whereas ANOVA was applied to analyse multiple
groups. Depending on the results of the Lavene test of homogeneity of va-
riances, Tamhane post-hoc test or Bonferroni test was utilized. Mann-Whitney
nonparametric test was used to analyse non-normally distributed data.
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3. Results and discussion

Natural polymers have been shown to be excellent components to develop
ink for 3D bioprinting since they are biocompatible and biodegradable. Thus,
we previously fabricated a bioink composed of NC and Alg, which showed
good printability and suitability with cells [24]. In this research work, we have
focused on the improvement of NC-Alg bioink in order to regenerate bone
tissue. For this purpose, two different inorganic components were added. HAP
which apart from being the main element in the bone extracellular matrix,
has been reported to be biocompatible, osteoinductive and reinforce the bone
mechanics [12,26]. We have previously demonstrated that by reinforcing ge-
latin scaffolds with this type of HAP, good osteoinductive properties together
with excellent biocompatibility in vitro and in vivo were obtained [27]. HAP
concentrations above 3% resulted in printing needle obstruction in a previous
screening process. Therefore, ceramic concentration in the NC-Alg ink was
reduced to 1%, which has been probed to promote cell viability and bone
differentiation ability on Alg scaffolds [28].

On the other hand, GO was added since it has been gained notoriety in
biomedicine. As a consequence of its ability to bond with diverse biomolecules
such as DNA, proteins and antibodies, it has been used as drug delivery sys-
tem, protein carrier or biosensor component [29,30]. In tissue engineering
fields, it has been reported to favour osteogenic differentiation of cells and to
supply the hydrogels with excellent mechanical properties [17]. In a previous
study, it was concluded that the 50 pg/mL of GO was the best concentration
for cell viability and functionality in Alg microcapsules [31]. In fact, it was re-
ported that GO concentrations above 50 pg/mL may induce cellular damage
and toxicity [30]. In this regard, the effect of adding these two elements on
inks properties as well as on scaffolds characteristics was evaluated. Additio-
nally, their influence on cell viability, functionality and osteogenic differentia-
tion was assayed.
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3.1. Rheological study

NC-Alg ink was modified by adding separately HAP and GO. Then, rheologi-
cal behaviour was evaluated in Fig 1. In steady flow measurement (Fig 1A), all
the studied inks showed similar results, which consisted of shear-thinning flow
behaviour followed by a thixotropic behaviour. Shear-thinning behaviour is a
characteristic of pseudoplastic materials and suggested the suitability of the
inks with extrusion-based bioprinting since ink viscosity must be decreased to
go through the printing needle. In addition, thixotropy indicated a viscosity
recovery after being the ink extruded, which ensured the shape of the printed
structure. Although all inks types showed this behaviour and were suitable for
extrusion bioprinting, no differences were observed when HAP or GO were in-
cluded to the NC-Alg ink. It was reported in another research work that either
HAP or GO may increase the viscosity values of the inks [18,32]. However,
these inorganic materials are not considered rheological modifiers. Therefore,
the viscosity of the inks increased with the concentration of HAP and GO in-
side the inks, which was higher than the concentrations used in our study.

On the other hand, in Fig. 1B viscoelasticity behaviour was analysed in
terms of elastic modulus G’ and viscous modulus G”. All the inks demonstrated
a more elastic behaviour than a viscous performance. Moreover, the addition
of HAP or GO resulted in no changes in viscoelasticity values in comparison
with the NC-Alg ink.

Then, the G"/G’ relation was calculated with the Tan 0 value in Fig 1C.
Results showed no statistical differences among the inks, being all of them be-
tween 0.3-0.5. According to the literature, inks with Tan & closer to 1 showed
more fluidity and, therefore, scaffold shape fidelity is difficult to obtain. In
contrast, with values closer to 0, inks showed more robust behaviour which
compromised extrusion. In addition, viscoelasticity and Tan & are related to
cell viability within the inks. Thus, very fluid inks do not have the necessary
viscosity to protect the cells from the forces exerted in the bioprinting pro-
cess, while very robust inks require high printing pressures that damage the
cell viability. In this study, all the inks showed a Tan & value that is optimal
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for maintaining high cell viability, good shape fidelity and uniform extrusion
[33].
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Figure 1. Rheological characterization of NC-Alg, NC-Alg-HAP and NC-Alg-GO inks. A) Steady
flow measurement. B) Viscoelasticity measurement in terms of G" and G” modulis. C) Relationship
between G”/G’ expressed in tan &. Values represent mean + SD.

3.2. Sterilisation effects evaluation

3D printing differs from 3D bioprinting in the inclusion into the ink of the
biological component, which is usually composed of cells. However, this step
requires an absence of pathogens or microorganisms that may damage the
cells. Consequently, developed inks were sterilised in a short cycle autoclave
and, after that, they were characterized again by rheology to verify whether
the sterilisation process has any effect on their composition. In a previous
study, the short cycle autoclave showed to be the best option to sterilise NC-
Alg inks, despite the fact that it was demonstrated to cause a slight decrease
in terms of viscosity and viscoelasticity values (Fig 2C) in comparison with
non-sterilised NC-Alg inks [24]. In this study, however, as Fig 2AI and 2BI
show, the addition of HAP or GO, resulted in no differences in viscosity va-
lues between non-sterilised and sterilised inks. Indeed, both inks maintained
shear-thinning and thixotropic behaviour, which suggested excellent printabi-
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lity and scaffold fabrication. Similarly, NC-Alg-HAP and NC-Alg-GO inks were
not affected by short autoclave when viscoelasticity values of sterilised and
non-sterilised inks were compared (Fig 2BI and 2BII).

The rheological properties of HAP composites depend on suspension con-
centration and pore size. It has been reported that HAP is stable at tempera-
tures below 500 °C [34], therefore, it was expected to maintain its chemical
composition and, as a consequence, had no influence on ink rheological pro-
perties. Importantly, HAP addition prevented NC-Alg ink from a rheological
properties’ reduction. It was previously shown that HAP prevented Alg based
hydrogel from temperature decomposition. According to this study, HAP may
have displaced sodium ions of alginate avoiding its degradation. Consequent-
ly, Alg-HAP hydrogels showed higher mass after high temperature exposition
which could be related to rheological properties maintenance after sterilisa-
tion [35].

On the other hand, the GO containing ink showed similar behaviour to NC-
Alg-HAP in terms of no rheological alteration. GO has been reported to rein-
force polymeric inks in terms of stiffness and strength [36]. Thus, NC-Alg-GO
ink could have higher mechanical properties than NC-Alg ink and, therefore,
demonstrates greater resistance to the sterilisation process.
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Figure 2. Rheological evaluation of inks after autoclave sterilisation. A) NC-Alg-HAP ink, B) NC-
Alg-GO ink and C) NC-Alg ink. I) Steady flow measurement. II) Viscoelasticity measurement.
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According to rheological measurements, both sterilised inks demonstrated
good properties to be printable through extrusion bioprinting. However, steri-
lised NC-Alg-GO ink showed a colour change, becoming darker than non-ste-
rilised ink (data not shown). Consequently, an additional study was carried out
with this ink in order to verify any chemical modification as a consequence of
the sterilisation process.

To do so, FT-IR analysis was conducted (Fig. 3). Results showed differen-
ces between short cycle autoclaved NC-Alg-GO ink and the non-sterilised one.
These spectra differences were predominantly found between carbon and oxy-
gen bonds. A peak was detected at 1763 cm wave number in non-sterilised
ink corresponding to C=0 stretching vibration. Additionally, in non-sterilised
ink peaks were detected at 1204 cm and 1077 cm wave numbers related
to C-0 and C-O-C stretching vibrations, respectively. Finally, a C-OH stitching
vibration was measured on 1299 and 1131 cm™ wave numbers in non-sterili-
sed ink. In contrast, in the sterilised NC-Alg-GO ink all these peaks were not
detected, indicating bonds loss between carbon and oxygen molecules.

Therefore, it can be concluded that GO was reduced due to the autoclave
process. The lack of oxygen containing functional groups in reduced GO has
been correlated with an increase in cell toxicity in comparison with GO [37].
Likewise, thermally reduced GO has been related to cell death and genotoxi-
city [38]. Consequently, the short cycle autoclave technique was discarded to
sterilise NC-Alg-GO inks. As an alternative, the NC-Alg ink was sterilised by
autoclave and GO was subsequently included after being sterilised with UV.
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B
Cc=0 c-0 C-OH C-0-C
Sample cm? cm? cm? cm?
Non-sterilised NC-Alg-GO 1763 1204 1299 1077

1131
Sterilised NC-Alg-GO

Figure 3. FT-IR assay of NC-Alg-GO ink before and after short cycle autoclave sterilisation. A) FT-
IR spectra showing the % transmittance differences. In red: sterilised ink; in blue: non-sterilised
ink. B) Table of the signalled results from FT-IR spectra.

3.3 Cytotoxicity study

Cytotoxicity study of sterilised NC-Alg-HAP and NC-Alg-GO inks was con-
ducted to analyse their biocompatibility (Fig 4). In the direct contact assay,
results showed high L929 fibroblasts viability when both, HAP and GO were
added to NC-Alg ink. In addition, in the indirect contact assay, cell viability was
also high for all the ink types. Taking into account that in both assays the cell
viability was above 70%, it can be concluded that the inks have good biocom-
patibility. In contrast, in the adhesion assay, statistically (p < 0.01) lower cell
viability was observed in GO containing inks in comparison with NC-Alg inks.
It has been reported that GO has adhesive properties [39]. In fact, previous
work showed good adherence of L929 fibroblasts to a GO monolayer [40].
However, they used a longer cell incubation time before cell viability measu-
rement than in our study, which could explain the observed low cell viability.
In any case, cell viability was higher than 70%, which would indicate good
biocompatibility

The properties that GO has to cells be adhered, have been previously
reported [39]. In fact, a research work demonstrated the good adherence
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of L929 fibroblasts to a GO monolayer [40]. Therefore, the low cell viability
showed on NC-Alg-GO inks could be because the incubation time was shorter
than in the rest of the consulted research works. In any case, cell viability was
higher than 70%, which would indicate good biocompatibility.

=1 NC-Alg-GO
B NC-Alg-HAP
3 NC-Alg

Figure 4. Cytotoxicity study of NC-Alg-HAP and NC-Alg-GO inks by adhesion, direct contact and
indirect contact assays. NC-Alg ink was used as control. Values represent mean + SD. ** p <
0.01.

3.4 Printability evaluation

15 mm diameter grid-like scaffolds were printed through extrusion 3D
bioprinting technique. A 27 G conical needle was used and printing parame-
ters of 22-25 kPa pressure and 4-5 mm/s speed were set since printable sca-
ffolds with good shape fidelity were manufactured with NC-Alg inks in previous
studies [24,41]. In addition, no differences among the inks were observed in
rheological measurements, therefore, it was expected to have the same prin-
tability properties. However, printing difficulties in terms of needle obstruction
were observed with NC-Alg-HAP inks. Consequently, HAP containing scaffolds
were printed using a higher diameter needle of 22 G, and, to maintain a cons-
tant extrusion flow, printing pressure was reduced to 15-18 kPa. In contrast,
NC-Alg-GO scaffolds were properly printed by setting the same printing para-
meters and needle diameter as NC-Alg scaffolds. These printing differences
were due to the HAP particles that blocked the narrowest needle. In fact, HAP
particle size was around 200-300 um, while GO average flake size was from
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nm up to 10 um. After printing, scaffold general and in-depth images were
acquired (Fig. 5). Results showed an acceptable printability with NC-Alg-HAP
and NC-Alg-GO inks compared to the computerized design (Fig. 5A). Further-
more, a slight improvement could be observed in the scaffolds that contained
inorganic components compared to the control, probably due to the enhance-
ment in mechanical properties of these materials [17,42], thus, making them
more stable than NC-Alg inks. Upon closer examination, no differences were
observed among the scaffolds. All of them presented an oblong grid structure
with a similar grid area measurement (NC-Alg-HAP 0.41 + 0.05 mm?, NC-Alg-
GO 0.38 = 0.10 mm? and NC-Alg 0.42 £ 0.03 mm?).

Figure 5. Printability assay. Macroscopic pictures of printed scaffolds A) Computerised design of
the scaffolds. B) NC-Alg C) NC-Alg-HAP, and D) NC-Alg-GO. Scale bar 5 mm and 500 pm.

3.5 Scaffold structure characterization

The architecture and surface of printed NC-Alg-HAP and NC-Alg-GO sca-
ffolds were characterized using SEM and optical profilometer techniques. As
shown in Fig. 6 scaffolds structure was different depending on the addition
of HAP and GO. In fact, the scaffolds containing HAP presented a flatter ar-
chitecture in the SEM images compared to those containing GO, which sowed
more concavity (Fig. 6A). These results were confirmed by optical profilometry
pictures where the HAP scaffolds showed a height of around 200-300 pm at
intersections, while those containing GO showed a greater height (400-500
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pm). When a comparison was made with the NC-Alg scaffolds, it was shown
that the differences in the scaffold architecture were due to the HAP, since the
GO scaffolds showed a similar architecture to the controls. The characteriza-
tion was carried out after the crosslinking procedure with CaCl, aqueous so-
lution. Therefore, it could be theorized that the hydrophilicity of the polymers
together with the properties of GO to capture water molecules [43], made
both, NC-Alg-GO and NC-Alg scaffolds, more swollen than the NC-Alg-HAP
scaffolds. On the contrary, HAP particles inside the scaffold matrix could cause
hydrophilicity lost. Thus, achieving to flatten the scaffolds. These results were
verified later in the swelling study.

NC-Alg-HAP

100

Figure 6. Printed scaffold characterization. Representative SEM images of NC-Alg, NC-Alg-HAP
and NC-Alg-GO scaffolds. Optical profilometer images of the scaffolds 3D topographical measu-
rements. A) Architecture characterization. B) Surface evaluation. Scale bat 1 mm and 100 pm.

On the other hand, the surface of the scaffolds was characterized in order

to evaluate their roughness. Scaffolds roughness is an important parame-
ter since it has been described that scaffolds with rougher surfaces tend to
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enhance MSCs adhesion and osteogenic differentiation in comparison with
smooth scaffolds [44]. Furthermore, rough implants have been demonstra-
ted to be more successful than smoothest ones [45]. Consequently, several
studies covered different implant types such as titanium ones to enhance
successful implantation in vivo as well as in the clinics. According to optical
profilometer images in Fig. 6B, all the scaffolds showed a similar surface rou-
ghness between 0 and 10 pm. However, when SEM pictures were observed,
different surface roughness was shown. In fact, the HAP containing scaffolds
demonstrated a granulose surface due to HAP particles.

In contrast, GO scaffolds had a fibrous surface appearance that was similar
to NC-Alg scaffolds. This fibrous roughness could be due to NC fibers in the
scaffold. These results were in concordance with other research works in which
the addition of HAP to the scaffolds proved to increase their roughness and,
therefore, cell viability and osteogenic differentiation [46]. Regarding the GO,
another work reported similar results in terms of no roughness increase after
GO addition in titanium scaffolds [47]. Nevertheless, all the scaffolds showed
a rough surface, which would indicate good cell adhesion, the promotion of
cell osteogenic differentiation and excellent implantability in bone tissue.

3.6 Swelling and degradation study

A swelling (S) study was carried out in order to analyse the water uptake
capacity of all the printed constructs. Swelling capacity is related to scaffold
permeability and, therefore, to the transport of nutrients and gases into the
scaffold [48]. In this study, as Fig. 7A shows, in all the scaffolds the percen-
tage of swelling increased until the equilibrium was reached within 24 h. In
addition, all the scaffolds showed high water uptake capacity, which suggests
good permeability and cell nourishment. It has been previously described that
inks composed of Alg or NC have high water uptake capacity due to the hy-
drophilic characteristics of the polymers [49]. Importantly, differences among
scaffolds were observed when inorganic components such as HAP and GO
were added. S% was statistically lower in NC-Alg-HAP scaffolds in comparison
with NC-Alg-GO and control scaffolds in the majority of time points. It was ex-
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pected that by adding HAP the water uptake capacity would be reduced since
HAP particles did not leave space for water particles. It has also been reported
that the swelling capacity decreased while HAP concentrations increased in
scaffolds [42].

In contrast, NC-Alg-GO scaffolds demonstrated the same swelling proper-
ties as NC-Alg scaffolds, which indicated that the inclusion of GO particles
did not displace water molecules. In fact, it has been widely described the
capacity of graphene molecules to create strong hydrogen bonds with water
molecules [43] and, therefore, the GO-containing scaffolds swelling properties
are high. These swelling properties have been also showed in another study in
which increasing GO concentrations resulted in higher water absorption [50].
Despite the fact of swelling reduction due to HAP, all scaffolds showed high
swelling properties (> 90%) which suggested excellent nutrient transport into
the scaffold.
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Figure 7. Characterization of NC-Alg-HAP, NC-Alg-GO and NC-Alg scaffolds A) Swelling assay
B) Degradation study. Values represent mean + SD. *** p < 0.001; **p < 0.01 comparison be-
tween NC-Alg-HAP and NC-Alg. +++ p < 0.001; ++ p < 0.01; + p < 0.05 comparison between
NC-Alg-HAP and NC-Alg-GO. # p < 0.05 comparison between NC-Alg-GO and NC-Alg scaffolds.

For regenerative medicine applications, scaffold degradation kinetics should
be taken into account to determine its applicability. When it comes to bone,
the implanted scaffolds must be stable with a controlled degradation rate to
enable bone regeneration. In this regard, a degradation assay of NC-Alg-HAP
and NC-Alg-GO scaffolds was performed for 16 days (Fig. 7B). Both scaffolds
showed similar degradation kinetics being the main area loss in the first days
of the assay. Importantly, scaffolds containing HAP or GO demonstrated less
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area loss in comparison with NC-Alg scaffolds at the beginning of the study.
In fact, this resistance to the degradation process was statistically significant
in HAP scaffolds (p < 0.01) and in GO scaffolds (p < 0.05) within 24 h of the
assay. At the end of the assay, all the scaffolds showed a similar area loss that
was around 20%. The degradation study indicated a controlled degradation
behaviour of NC-Alg-HAP and NC-Alg-GO scaffolds, suggesting good stability
of the scaffolds, which is essential for the early stages of bone regeneration
[51]. Furthermore, the degradation kinetics may be modified depending on
medical applications. It has been reported that varying molecular weight of
the alginate as well as by chemical modifications such as phosphorylation
could accelerate or reduce scaffold degradation kinetics [52]. Likewise, the
degradation rate could be influenced by reducing the particles size and in-
creasing the porosity of the HAP or by the chemical modification of the GO
[17,53].

3.7 Mechanical properties evaluation

Mechanics in bone are fundamental for proper tissue functionality such
as movement support and organ protection [3]. Consequently, scaffolds and
grafts to be implanted require adequate mechanical properties. For this re-
ason, compression Young s modulus was acquired since it is a material pa-
rameter that represents the material s resistance or stiffness to deformation
under load. As it is shown in Fig 8, Young s modulus parameter increased
significantly (p < 0.001) when HAP and GO were added to the Nc-Alg ink.
Interestingly, GO containing scaffolds demonstrated higher mechanical pro-
perties than HAP scaffolds (p < 0.001). It has been widely described that both
inorganic elements enhanced scaffold mechanical properties [14,17]. HAP has
been used to fabricate orthopedic implants since it has been demonstrated to
be a mechanically competent material with similar physical properties to na-
tive bone tissue. In addition, by increasing HAP concentrations, scaffold me-
chanical properties may be improved as it has been proven in gelatin-based
hydrogels [42]. Similarly, GO has been reported to have superior mechanical
properties. As a result, it has been applied to reinforce materials for diverse
purposes such as electronics and mechanics [16]. In the tissue engineering
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field, GO has been utilized to improve scaffolds’ mechanical properties becau-
se of the reinforcing effect of GO in the polymer matrix [54]. Despite the fact
that both materials increased scaffold mechanical properties, were far from
bone mechanical properties (10-20 GPa) [55]. Bone is a stiff tissue and it is
difficult to obtain similar mechanics with scaffolds based on soft hydrogels.

According to the literature, similar mechanics to those of bone could be
obtained by using metals such as titanium, bioglasses or synthetic polymers
such as polycaprolactone (PCL) [56]. In this regard, either ceramic scaffold
based only on HAP or high GO concentration composites have shown to be
mechanically similar to bone, therefore, increasing HAP and GO concentra-
tions on the ink would improve mechanical properties. However, biocompati-
bility and printability would be compromised.

Taking into account these results, NC-Alg-HAP and NC-Alg-GO scaffolds
could be used in local injuries to support the regeneration of damaged bone
or to partial bone ruptures.
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Figure 8. Young’s modulus measurements of printed NC-Alg-HAP, NC-Alg-GO, and NC-Alg sca-
ffolds. Values represent mean + SD. ***p < 0.001.

3.8 Cell viability and functionality study

Good cell survival and functionality inside the scaffold will ensure clinical
applicability for bone regeneration purposes. For this reason, D1-MSCs-EPO
were added to the NC-Alg-HAP and NC-Alg-GO inks, and their biological res-
ponse in terms of cell metabolism, viability and EPO release was evaluated
within 21 days of bioprinting. Cell density was established at 5 x 10° cells/mL
in order to avoid problems when evaluating cells in vitro, since cells death
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due to extrusion pressures of the bioprinter together with low cell densities
within the bioink proved to be unsatisfactory for obtaining clear results in a
previous study [24]. Cell metabolic activity was measured weekly for 21 days
(Fig. 9A). Results showed that the metabolism of cells embedded in all the
scaffolds increased over time. Importantly, scaffolds containing HAP and GO
demonstrated higher cell metabolic activity along the study compared to NC-
Alg scaffolds. Furthermore, the improvement in cell metabolic activity was
significant in NC-Alg-HAP scaffolds on days 1, 7 (p < 0.001) and 14 (p < 0.05)
after bioprinting in comparison with control scaffolds. Likewise, cells embe-
dded in GO containing scaffolds showed a significantly higher (p < 0.001)
metabolic activity at the first time points of the assay when it was compared to
NC-Alg scaffolds. These results suggested cell proliferation within the scaffolds
after bioprinting. Furthermore, the addition of HAP and GO into the NC-Alg
based bioink improved the metabolic activity of embedded cells, suggesting
that cells were more viable and functional than those inside control bioinks.

These results were in concordance with other studies in which the HAP
inside polymeric scaffolds enhanced cell migration and viability [12]. Similarly,
it has been reported that the metabolic activity of stem cells was higher in
the presence of GO [57]. On the other hand, HAP and GO containing sterile
bioinks showed an improvement in the rheological properties that, together
with the increase in the mechanical properties, suggested greater protection
of the cells against the damage caused by the bioprinting process.

D1-MSCs-EPO viability was evaluated by Live/Dead™ assay in Fig. 9B. Ob-
tained images showed no visual differences among the scaffolds at day 1
after bioprinting. Cells inside the scaffolds were mostly alive (in green) and
were well distributed throughout the scaffolds. In contrast, at day 21 after
bioprinting, differences were observed between cells inside NC-Alg-HAP and
NC-Alg-GO scaffolds. In fact, cells in HAP containing scaffolds tended to form
aggregates while in GO scaffolds cell aggregates were not found. Cell ag-
gregates were also visualized in the NC-Alg scaffolds. It has been reported
in the literature that cell aggregates promoted osteogenic differentiation of
MSCs [58]. The absence of cell aggregation inside NC-Alg-GO scaffolds could
be explained with the increase in scaffold mechanics, which make the GO
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containing bioink stiffer than the others. Additionally, oxide derivatives of gra-
phene have found to reduce aggregation due to its high hydrophilic nature
[59]. Importantly, higher green fluorescent intensity was obtained in scaffolds
containing HAP and GO in comparison with NC-Alg scaffolds, indicating higher
cell viability inside scaffolds containing inorganic components. In addition, it
was expected to be higher cell viability in HAP and GO scaffolds in accordance
with cell metabolic activity results.

Finally, D1-MSCs-EPO were used to determine cell functionality inside
bioprinted scaffolds. The quantification of this hormone was selected as it has
been previously probed that it can be easily measured from cells encapsulated
in Alg hydrogels [60]. As shown in Fig. 9C, EPO release increased over time
in all the scaffolds indicating good cell functionality after bioprinting. When a
comparison was made, NC-Alg-HAP scaffolds showed higher amounts of EPO
release in comparison with NC-Alg-GO and control scaffolds. Furthermore, the
hormone was quantified from the first day of the assay in HAP scaffolds while
in GO scaffolds EPO release was not observed until day 14 after bioprinting.
Importantly, this increase in EPO release on HAP containing scaffolds was sta-
tistically significant at day 14 (p < 0.001). Moreover, NC-Alg scaffolds showed
also a significantly higher EPO release at day 14 than NC-Alg-GO scaffolds. At
the end of the study, NC-Alg-HAP scaffolds demonstrated higher amounts of
EPO release than GO and control scaffolds (p < 0.001) (NC-Alg-HAP 1483.90
+ 128. 46 mLUI/mL, NC-Alg-GO 337.93 + 63.10 mLUI/mL and NC-Alg 925.21
+ 327. 99 mLUI/mL).

It can be suggested that the enhancement in EPO release in HAP scaffolds
was due to the increase in its production as cell viability and cell metabolism
were higher than in NC-Alg scaffolds. Furthermore, HAP has already been
used as a carrier of EPO for drug delivery purposes [61]. Similar EPO pro-
duction and release could be expected in cells inside GO containing scaffolds
since better cell viability and metabolism were also seen than in the control
scaffolds. However, GO has been described to interact with diverse molecules
including proteins, therefore, it could be suspected that EPO hormone was
adhered to GO, which prevented its release to the medium. This EPO adhesion
has also been described in Alg-GO microcapsules [31]. In order to avoid hor-
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mone attachment to GO, the same authors proposed to cover GO with FBS or
bovine serum albumin (BSA) [62]. Thus, it can be assumed that EPO release
may have been under quantified.
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Figure 9. D1-MSCs-EPO viability and functionality assays inside NC-Alg-HAP, NC-Alg-GO, and
NC-Alg scaffolds. A) Cell metabolic activity evaluation. B) Representative fluorescence pictures
scaffolds at days 1 and 21 of bioprinting after live/dead staining, showing live (green) and dead
(red) cells. Scale bar 200 pm. C) EPO release assay. Values represent mean * SD. *** p < 0.001;
** p < 0.01; * p <0.05.

In conclusion, biological results showed that D1-MSCs-EPO cells inside HAP
and GO containing scaffolds were viable, active and functional, indicating ex-
cellent biocompatibility of inorganic elements with cells. However, to deter-
mine the feasibility of these scaffolds to regenerate bone tissue, osteogenic
differentiation studies were also carried out.

3.9 Osteogenic differentiation

D1-MSCs were used to evaluate their osteogenic differentiation inside NC-
Alg-HAP and NC-Alg-GO scaffolds. It has been previously described the ability
of MSCs to differentiate in different cell lines such as chondrocytes, myocytes,

adipocytes and osteoblasts [63]. Therefore, they have been widely applied for
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tissue engineering and regenerative medicine purposes. Likewise, D1-MSCs
have been used to differentiate to osteoblasts inside Alg based hydrogels in a
previous research work [64].

First, bioprinted scaffolds were stained with Alizarin Red after being 21
days in the differentiation medium. Alizarin Red stains in red the calcium de-
posits which is a characteristic of the mineralized osteogenic matrix. As shown
in Fig 10A, all the scaffolds were stained after 21 days of culture suggesting
osteogenic differentiation. On the contrary, cells inside scaffolds that were in
non-differentiated media did not produce mineralization, as the Alizarin Red
staining was removed. Despite the fact that GO containing scaffolds that were
treated with non-differentiated media showed higher rests of the staining, it
was concluded that this was due to the ability of GO to adhere to diverse mo-
lecules. The staining results were inconclusive in terms of evaluating whether
the addition of HAP and GO had a positive effect on promoting osteogenic
differentiation since NC-Alg scaffolds were also stained.

Consequently, the activity of the alkaline phosphatase (ALP) enzyme was
quantified. ALP enzyme is an osteogenic marker that is produced by osteo-
blasts. Therefore, the presence of ALP would indicate osteogenic differentia-
tion. Results, showed in Fig. 10B, an increase in ALP activity along the days
in all the scaffolds. In addition, the enzyme activity increase was significant in
HAP scaffolds (p < 0.001) and in GO scaffolds (p < 0.05). Importantly, at day
21 of the assay, cells inside NC-Alg-HAP cells demonstrated a significantly (p
< 0.05) higher ALP production than NC-Alg-GO and NC-Alg scaffolds (0.66 %
0.08 nMol in NC-Alg-HAP, 0.32 £+ 0.10 nMol in NC-Alg-GO and 0.31 + 0.05 nMol
in NC-Alg). These results suggested the promotion of the differentiation ca-
pacity of D1-MSCs to osteoblasts due to HAP, which was previously described
in the literature. It has been proved that HAP as a porous and rough material
can stimulate osteogenic differentiation and osteoblast maturation [65]. As a
result, the same ALP increment was observed in Alg-HAP scaffolds [28] and in
NC-HAP scaffolds [66]. Regarding GO, results indicated an ALP enzyme pro-
duction over time suggesting osteogenic differentiation. However, the results
were similar to NC-Alg scaffolds indicating no influence on the differentiation
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capacity of D1-MSCs. This went against what the literature describes since
osteoinductive properties have been attributed to the GO molecule. In fact,
in other research works, ALP activity increased when GO was added into the
bioink [18,67]. ALP upregulates early bone formation by promoting its minera-
lization. Low ALP levels on NC-Alg-GO ink may suggest the completion of the
early calcification period and the beginning of the late maturation process of
cells [67]. Furthermore, it is also known the ability of GO to adhere to diverse
molecules including enzymes. Consequently, an exhaustive study on differen-
tiation such as gene expression quantification was to perform.
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Figure 10. Osteogenic differentiation study of embedded D1-MSC. A) Alizarin red staining of
NC-Alg, NC-Alg-HAP, and NC-Alg-GO scaffolds. Scale bar 100 pm B) Alkaline phosphatase (ALP)
enzyme quantification assay at days 1 and 21 of bioprinting. C) Osteogenic gene expression of
cells. RT-PCR was performed after 1 and 21 days. Values represent mean + SD. *** p < 0.001;
** p < 0.01; * p <0.05.

Finally, RT-PCR was conducted to evaluate the relative gene expression of
cells inside NC-Alg-HAP and NC-Alg-GO scaffolds. Osteogenic gene markers
such as RUNX2, ALP, OSTC and SPP1 were analysed in Fig. 10C.

RUNX2 is an essential transcription factor that plays a key role in the for-
mation of osteoblasts [68]. As shown in Fig. 10CI the expression of RUNX2
was greater (p < 0.001) in scaffolds containing GO at day 1 in comparison
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with HAP scaffolds and control. Likewise, gene expression in GO scaffolds was
significantly elevated (p < 0.001) at day 21 when compared to HAP sample.
However, it was significantly lower than in control scaffolds (p < 0.001).

ALP gene is associated with osteogenic differentiation and encodes the
ALP enzyme (previously analysed in this study) [69]. Results in Fig. 10CII
showed an increase in ALP expression over time in all the scaffolds. Impor-
tantly, gene expression was increased (p < 0.001) in GO scaffolds compared
to the NC-Alg-HAP and NC-Alg scaffolds. Surprisingly, ALP gene expression
did not agree with the results obtained from the quantification of the enzyme
in which HAP scaffolds showed the greatest enzyme activity. Reviewing the
literature, HAP containing hydrogels or scaffolds showed to obtain similar ALP
gene expression and enzyme activity values to this study[18,51,65]. Likewi-
se, other studies have demonstrated that GO promoted ALP gene expression
which is in accordance with the results of this study [18,67]. Therefore, it can
be suggested that the quantification of ALP enzymatic activity in GO scaffolds
may have been lower than it had to be. The enzyme underquantification may
be due to the capacity of GO to adhere to various molecules [70]. In fact, GO
has been previously used to immobilise enzymes [71].

SPP1 gene regulates the production of osteopontin, which is a protein of
the bone extracellular matrix [72]. Fig. 10CIII shows that GO enhanced cells
expression of the SPP1 gene at days 1 and 21, being the gene expression at
day 21 significantly higher (p < 0.01) than the gene expression in NC-Alg-HAP
and control scaffolds. Furthermore, HAP scaffolds demonstrated less gene ex-
pression than control at the end of the assay, even though this difference was
not statistically relevant. SPP1 gene is regulated by RUNX2 gene [73], which
could explain the low expression in HAP scaffolds.

Finally, OSTC gene expression was assayed since it is related to mature
bone [72]. Results (Fig. 10CIV) showed an increase in gene expression in
both, HAP and GO scaffolds over time, meanwhile gene expression was ba-
rely observed in NC-Alg scaffolds at day 21. Thus, it can be concluded bone
differentiation within HAP and GO scaffolds. Interestingly, the addition of GO
to the scaffold increased (p < 0.001) OSTC gene expression in comparison
with HAP scaffolds.
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Taking into account the differentiation study, it can be concluded that the
D1-MSCs differentiated into bone cells within the NC-Alg and NC-Alg-HAP sca-
ffolds. Furthermore, this differentiation was futher promoted by adding GO to
the bioink, which has been already widely described in the literature. When
a comparison was made, it should be noted that osteogenic expression was
considerably increased by GO, indicating greater bone differentiation of D1-
MSCs than those in HAP scaffolds. This difference between HAP and GO may
be occurred because of the adhesion of GO to the osteoinductive molecules
such as those used in the differentiation medium [73]. Thus, making GO sca-
ffolds more osteoinductive than HAP ones.

4. Conclusions

Inorganic components have shown to be a good option to create scaffolds
for bone tissue engineering. Thus, HAP and GO have been added to NC-Alg
based inks in order to evaluate whether they affect ink properties, scaffold
characteristics and embedded D1-MSCs biologic behaviour. No rheological di-
fferences were observed after the inclusion of HAP and GO in the ink. Howe-
ver, the sterilisation study revealed a rheological properties maintenance after
short cycle autoclave sterilisation. Importantly, NC-Alg-GO ink demonstrated
an incompatibility with autoclave sterilisation due to a GO reduction, there-
fore, another sterilisation method such as UV had to be carried out. Scaffold
characterization study showed differences between HAP and GO scaffolds in
terms of architecture and swelling properties. In fact, GO scaffolds presented
higher swelling capacity and therefore, a greater height and concave structu-
re. On the other hand, both, the addition of HAP and GO increased the sca-
ffold stability and mechanical properties, being the GO the one that showed
the greatest improvement in scaffold mechanics.

Finally, biological studies showed good biocompatibility of D1-MSC with
HAP and GO since high cell metabolic activity values as well as high cell via-
bility were observed in those scaffolds. NC-Alg-HAP scaffolds demonstrated
cell differentiation to bone, but the addition of GO to the scaffolds promoted a
higher expression of osteogenic markers in D1-MSC, suggesting that GO has
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greater osteoinductive properties than HAP. According to this study, NC-Alg-
HAP and NC-Alg-GO scaffolds would be a feasible therapeutic option for bone
tissue engineering, being those that contain GO the best option.
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Chapter 4. Resumen

Las técnicas de fabricacion 3D surgieron entre los afios 80 y 90 con la
invencion de la estereolitografia y la impresién 3D. Ambas técnicas tienen
como objetivo la fabricacion de estructuras 3D siguiendo meticulosamente
un modelo previamente disefiado por ordenador (CAD). Concretamente, la
impresién 3D se basa en el modelado por deposicion fundida (FDM), que
consiste en extruir capa por capa un material viscoso o semiliquido que ira
creando objetos 3D. A este material se le denomina tinta.

Durante la década de 2000, esta tecnologia se hizo popular y visible. Por
un lado, debido a que el grupo dirigido por Athala et al. realiz6 el primer
trasplante en un humano utilizando una vejiga fabricada por impresiéon 3D.
Ademas, estas vejigas compuestas por colageno y acido poliglicdlico segui-
rian siendo funcionales pasados 5 afnos desde la implantacion. Por otro lado,
debido al avance revolucionario que supuso esta tecnologia en campo de la
ortopedia, ya se patentd la primera prétesis de pierna funcional fabricada a
tamafio real mediante impresion 3D.

Las siguientes décadas trajeron consigo la extincion de las patentes FDM,
lo que dio lugar a la aparicion de prototipos mas accesibles y econémicos. En
consecuencia, esta tecnologia de fabricaciéon 3D se extendié a campos tan di-
versos como la arquitectura, la mecanica, la ingenieria, la industria alimentaria
y la biomedicina. Fue en este Ultimo campo donde emergi6 la bioimpresion
3D. A diferencia de la impresidn 3D, la bioimpresion 3D permite la adicién de
células vivas o componentes bioldgicos a la tinta, que paso a llamarse biotinta.
A partir de los 2010, tanto la impresion 3D como la bioimpresion 3D han ido
evolucionando, creciendo y expandiéndose. Se han fundado nuevas empresas
focalizadas en la bioimpresion, se han lanzado nuevos prototipos que son mas
asequibles y se ha incrementado la investigacion basada en estas técnicas.
La historia de las técnicas de manufacturacion 3D se resumen en la Fig. 1.
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Figura 1. Historia de las técnicas de manufacturacion 3D.

Estas técnicas han facilitado la fabricacion de estructuras complejas con
una alta resolucion, por ello, han conseguido alcanzar la practica clinica. Con-
cretamente, la impresion 3D ha demostrado ser una tecnologia eficaz para
manufacturar diversos 6rganos anatémicamente funcionales como la piel, el
higado, el corazdn o el rindn. Asimismo, ambas técnicas han demostrado una
versatilidad plausible debido a su uso en la fabricacion de estructuras para
abordajes quirlrgicos, testeo y fabricacion tanto de nuevos farmacos como
de formas farmacéuticas, dispositivos médicos y productos ortopédicos y den-
tales (Fig.2).

MONITORIZACION DE FARMACOS

INGENIERIA DE TEJIDOS LIBERACION DE

FARMACOS

~\ APLICACIONES DE LA

ABORDAJE QUIRURGICO

Figura 2. Aplicaciones de la bioimpresion 3D.

Con el surgimiento de la bioimpresion 3D, se ha intentado alcanzar el
objetivo de fabricar 6rganos que no fueran solamente anatomicamente si-
milares a los nativos, sino que también fuesen fisioldgicamente funcionales.
Sin embargo, la alta complejidad cito-histoldgica vy fisioldgica de los érganos
hace dificil, por el momento, la fabricacién de un érgano por bioimpresién. En
consequencia, la bioimpresion 3D se ha centrado principalmente en la rege-
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neracion tisular.

En el campo de la ingenieria de tejidos, la bioimpresion 3D ha desplazado
a las técnicas convencionales de fabricacion debido a su rapidez, reproducibi-
lidad y automatizacién. Ademas, se aventaja del resto debido a que acepta un
amplio rango de materiales y células. Dependiendo del método de extrusion
y deposito de la biotinta, se pueden diferenciar tres tipos diferentes de bioim-
presion 3D; la bioimpresion por extrusion, la basada en inyeccion de tinta y la
asistida por laser (Fig.3).

La bioimpresion por extrusion consiste en la deposicion continua de la
biotinta a través de una aguja. La extrusion se produce mediante la aplicacion
de una presion que puede ser mecanica o neumatica y tiene como resultado
la obtencion de estructuras 3D con una alta resolucion. Es la técnica de bioim-
presion mas comun ya que acepta el uso de altas densidades celulares, asi
como de materiales muy viscosos. La técnica de bioimpresion por inyeccion de
tinta reside en la deposicién de la biotinta en forma de gotas, que se producen
tras la aplicacion de una fuente electrostatica o piezoeléctrica. Se diferencia
del resto en ser simple y de bajo costo, pero las biotintas compuestas por
materiales altamente viscosos y las densidades celulares altas pueden ser un
factor limitante. Finalmente, en la bioimpresion asistida por laser, la estructura
se fabrica al aplicar un haz de energia laser. A diferencia de las técnicas ante-
riores, en este método de bioimpresion las células dentro de la biotinta no se
ven expuestas a fuerzas de extrusion que pueden comprometer su viabilidad.
Sin embargo, es la técnica mas costosa y tiene ciertas limitaciones al utilizar
altas densidades celulares, asi como con materiales que no se reticular con
el laser.
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Figura 3. Técnicas de bioimpresion 3D: bioimpresion por extrusion, bioimpresion por inyeccion
de tinta y bioimpresion asistida por laser.

Independientemente de la técnica de bioimpresion, el punto clave para
lograr una bioimpresion adecuada es la biotinta, que, principalmente, debe
contener dos propiedades; las mecanicas y las bioldgicas. Las primeras dicta-
minan como de imprimible es la biotinta, en otras palabras, la capacidad de la
biotinta para fabricar estructuras 3D estables y con una buena resolucién. Por
el contrario, las propiedades bioldgicas reflejan como de compatible es la bio-
tinta con las células, ya que, una buena biotinta debe favorecer la adhesion,
proliferacion y la maduracion celular. Ambas propiedades vendran determina-
das por los materiales que componen la biotinta.

Los biomateriales sintéticos, entre los que se encuentran los termoplas-
ticos como la policaprolactona (PCL), el alcohol polivinilico (PVA) o el acido
polilactico (PLA), se han venido utilizando en la impresién 3D debido a sus
propiedades mecanicas, ya que al modificar su temperatura transitan de so-
lido a un gel viscoso facilmente imprimible. Sin embargo, la inclusion celular
en la bioimpresion 3D obliga a una optimizacion de la biotinta para garan-
tizar la maxima viabilidad celular. Esto se determinarad por las propiedades
bioldgicas de la biotinta. En este sentido, los biomateriales naturales han ido
desplazando a los sintéticos ya que tienen la capacidad de formar hidrogeles
muy acuosos que favorecen la viabilidad celular. Ademas, poseen ciertas pro-
piedades mecanicas y pueden formar geles solidos al exponerse a diferentes
reticulantes. Por ejemplo, son biomateriales reticulables los sensibles a iones
como el alginato, los termosensibles como la gelatina, los fotosensibles como
el hialuronico metacrilado, los sensibles al pH como el quitosano o los sensi-

268



Chapter 4. Resumen

bles a enzimas como el fibrinégeno.

Otro factor determinante en la bioimpresion 3D es la esterilizacion de la
biotinta, ya que puede influir tanto en sus propiedades mecanicas como biol6-
gicas. La biotinta debe estar esterilizada para evitar que cualquier microorga-
nismo patdgeno dafie a las células. Sin embargo, los biomateriales naturales
tienden a ser mas sensibles a los procesos fisicos, mecanicos y quimicos que
conllevan las técnicas de esterilizacion.

Por lo tanto, para obtener una biotinta con un balance adecuado entre las
propiedades mecanicas y bioldgicas, la eleccion del biomaterial es fundamen-
tal. Entre ellos, el alginato (Alg) destaca debido a que posee una excelente
biocompatibilidad junto a un sencillo proceso de gelificacion con cationes di-
valentes como el calcio. Ademas, ha demostrado su eficacia en diferentes
aplicaciones como en la fabricacion de sistemas de liberacion de farmacos, en
la encapsulacion celular y en la bioimpresion 3D.

No obstante, la biotinta de Alg carece de las suficientes propiedades me-
canicas, concretamente las reoldgicas, para conseguir fabricar estructuras 3D
gue tengan una alta resolucion. En consecuencia, se le puede anadir modi-
ficadores reoldgicos como la nanocelulosa (NC). Aparte, se ha demostrado
que la NC posee también propiedades bioldgicas, como el ser biocompatible
y biodegradable.

Uno de los problemas que conlleva el uso de estos biomateriales derivados
de plantas es que no se encuentran de forma natural en los tejidos humanos.
En consecuencia, los materiales que derivan de la matriz extracelular (ECM)
han ido ganando protagonismo como componentes de la biotinta. Entre ellos,
se encuentra el acido hialuronico (HA), que aparte de ser uno de los principa-
les componentes del tejido conectivo, ha demostrado tener unas excelentes
propiedades bioldgicas en cuanto a favorecer la adhesion, la proliferacion y
el crecimiento celular. Al igual que el HA, otros glucosaminoglicanos (GAGS)
como el sulfato de condroitina (CS) y el sulfato de dermatan (DS) han demos-
trado ser una excelente opcion para componer la biotinta. Especialmente, si el
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objetivo es regenerar tejidos especificos como el cartilago, ya que tanto el CS
y el DS, se encuentran de forma natural en la ECM de este tejido e intervienen
en diversos procesos bioldgicos como en la diferenciacion condrogénica, el
metabolismo del cartilago y la maduracion de los condrocitos.

Por lo tanto, otro factor importante a la hora de desarrollar una biotinta es
el objetivo terapéutico. Asi como las biotintas compuestas por los biomateria-
les ya mencionados pueden servir para regenerar tejidos como el cartilago,
fallan en mimetizar la composicion de tejidos mas duros como el dseo. La adi-
cién a la biotinta de compuestos inorganicos como la hidroxiapatita (HAP) o el
oxido de grafeno (GO) podria ser la solucion. La HAP es el mayor componente
del hueso y ha demostrado tener propiedades biologicas como la bioactividad
y la osteoinducién. Por otro lado, el GO ha ganado presencia en diversos
campos cientificos debido a sus magnificas propiedades fisicoquimicas y me-
canicas. Ademas, se ha visto que aumenta la proliferacion y capacidad de
diferenciacion osteogénica de las células mesenquimales (MSCs).

Teniendo en cuenta esta informacion, la biotinta se puede optimizar para
crear estructuras 3D por bioimpresion para la regeneracion tisular. Ademas,
esta tecnologia tiene la ventaja de que las estructuras bioimpresas pueden
ajustarse a distintos tamanos, geometrias y porosidades que pueden ser muy
Utiles para tratar defectos dseos especificos del paciente. De la misma mane-
ra, la facilidad que da esta técnica a la hora de depositar la biotinta con un
preciso control espacial podria lograr imitar tejidos que presentan una alta
heterogeneidad composicional y estructural como el cartilago.

De hecho, las lesiones osteocondrales son muy prevalentes en la poblacion
general y se acentlian con la edad y el ejercicio fisico intenso. Estas lesiones
pueden derivar en enfermedades mas graves como la osteoartritis (OA). Esta
enfermedad se caracteriza por provocar dolor, inflamacién y rigidez en las arti-
culaciones junto a una disfuncion de la misma (Fig.7). A pesar de la gravedad
que presenta, el tratamiento farmacoldgico se vuelve ineficaz con el tiempo y
el tratamiento quirdrgico tiene sus limitaciones.

Por ello, la bioimpresion 3D podria ser una solucion eficaz para las lesiones
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osteocondrales debido a que se podrian obtener estructuras 3D fabricadas por
bioimpresion que regeneren ambos tejidos.

Teniendo en cuenta la informacion aportada, el objetivo de esta tesis doc-
toral es el desarrollar biotintas con las que se puedan fabricar estructuras 3D
por bioimpresion para regenerar tejidos como el cartilago y el hueso. Para
ello, la investigacion se dividio en tres fases; pre-bioimpresion, bioimpresion y
post-bioimpresion. En la primera fase se desarrollaron las biotintas, se carac-
terizaron y se estudio el proceso de esterilizacion. En la fase de bioimpresion
se disefd el modelo 3D y se fabricaron los constructos 3D optimizando los
parametros de bioimpresion. En la Ultima fase, se realizé una caracterizacion
de las estructuras bioimpresas y se evalud, por un lado, la viabilidad como la
funcionalidad celular dentro de los constructos, y, por otro lado, la capacidad
de las células embebidas para diferenciarse a tejido cartilaginoso y dseo.

En la fase de pre-bioimpresion, primero se desarrollaron dos tipos de bio-
tintas; la biotinta base compuesta por NC-Alg y la biotinta de hialurénico
compuesta por NC-Alg-HA. Luego, se evaluaron las propiedades reoldgicas
antes y después de la esterilizacién por autoclave, de ciclo corto y largo, la
radiaciéon-B y la radiacion-y. Los resultados mostraron que ambas biotintas te-
nian las propiedades reoldgicas adecuadas (adelgazamiento por cizallamiento,
tixotropia y viscoelasticidad) para ser procesadas en una bioimpresora por
extrusion. Sin embargo, la biotinta de hialurénico mostré un aumento en estas
propiedades lo que podria resultar en una mejoria de su imprimibilidad y de
la fabricacion de las estructuras 3D. Asimismo, las propiedades reoldgicas de
ambas biotintas se vieron afectadas por todos los procesos de esterilizacion,
siendo el autoclave de ciclo corto la técnica de esterilizacién menos dafiina.

Posteriormente, se desarrollaron las biotintas que estarian enfocadas a la
regeneracion de cartilago y hueso. Para ello, se afiadio, por un lado, CS y DS
a la biotinta base para formar las biotintas de cartilago NC-Alg-CS y NC-Alg-
DS vy, por otro lado, se anadié HAP y GO para formar las biotintas de hueso
NC-Alg-HAP y NC-Alg-GO. Tras realizar la misma caracterizacion reoldgica se
observd que las propiedades reoldgicas mejoraron tras la adicion de CS y DS,
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siendo la biotinta de condroitina la que mostré mejores propiedades. Ademas,
al igual que con las anteriores biotintas, se observo una leve disminucion de
las propiedades reoldgicas tras la esterilizacion de autoclave por ciclo corto.
Por el contrario, las propiedades reoldgicas de las biotintas de HAP y GO no
se vieron disminuidas por el autoclave de ciclo corto, indicando una buena
imprimibilidad. Sin embargo, el grafeno mostrd signos de reduccion quimica
tras en el proceso de esterilizacion, aumentado asi su toxicidad. Por ello, esta
técnica se descarto para esterilizar la biotinta de grafeno y se opto por anadir
el GO a la biotinta NC-Alg ya estéril.

Tras comprobar que todas las biotintas esterilizadas por autoclave de ciclo
corto no fuesen citotdxicas, se procedid a incluir la parte bioldgica que consis-
tia en células D1-MSCs, ya que tienen la habilidad de diferenciarse a tejidos
como el cartilago y hueso. Ademas, para un mejor estudio de las biotintas de
cartilago y hueso se usaron células D1-MSCs modificadas genéticamente para
secretar EPO. Una vez formada la biotinta final con células se paso a la fase de
bioimpresion. En esta fase, se fabricaron estructuras 3D circulares en forma
de malla con un diametro de 15 mm. Los parametros de bioimpresion como
la presion, velocidad y didametro de aguja se optimizaron para cada biotinta.

Primero, se realizd una bioimpresion acelular con cada biotinta y las es-
tructuras 3D obtenidas se analizaron en términos de arquitectura, capacidad
de hinchamiento, degradacion. Los resultaros mostraron que los constructos
que contenian HA, CS y DS mostraron una mejoria en la imprimibilidad ya que
las estructuras se asemejaban al disefio CAD en mayor medida que con la
biotinta base. La capacidad de hinchamiento se vio potenciada principalmente
por el GO y HA, mientras que las estructuras compuestas por HAP, CS y DS
obtuvieron valores mas bajos. La degradacién fue similar para todos los tipos
de constructos, siendo los que contenian HA, HAP y GO los que menor degra-
dacion sufrieron en los primeros dias de estudio. Las estructuras enfocadas
para regenerar cartilago y hueso fueron analizadas mas en profundidad para
evaluar sus propiedades biomecanicas. Los resultados mostraron, por un lado,
un aumento de estas propiedades en los constructos que contenian CS en el
caso de cartilago, y, por otro lado, un aumento de las propiedades mecanicas
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con ambos componentes (HAP y GO) en los constructos de hueso. En este
caso, el GO mostrd una mejoria mas significativa.

Por Ultimo, se evaluaron las propiedades bioldgicas de los constructos ce-
lulares. Las células mostraron una viabilidad alta y una actividad metabdlica
adecuada tras la bioimpresion en las estructuras fabricadas con la biotinta
base y hialurdnica. Sin embargo, en las estructuras que contenian HA se mi-
dieron unos valores mayores, indicando mejores propiedades bioldgicas. Asi-
mismo, las células dentro de las estructuras manufacturadas por las biotintas
de cartilago mostraron un aumento de los valores de viabilidad, metabolismo
y funcionalidad en comparacion con las estructuras NC-Alg. Ademas, la dife-
renciacion condrogénica se vio potenciada en las estructuras que contenian
CS y DS. Por otro lado, los constructos para la regeneracion dsea ofrecieron
una mejoria en la viabilidad, metabolismo y funcionalidad celular en compa-
racion con las estructuras NC-Alg. En este caso, todas las células dentro de
los contractos mostraron una diferenciacion osteogénica, sin embargo, las
estructuras de GO vieron esta capacidad de diferenciacion dsea potenciada.

En conclusidn, las biotintas a base de NC-Alg muestran una propiedades
mecanicas y bioldgicas adecuadas para la fabricacion de estructuras 3D por
bioimpresion para la regeneracion tisular. Ademas, la adicion de HA poten-
cid ambas propiedades. El enfoque para regenerar cartilago tras afadir CS
y DS dio unos resultados prometedores pudiendo convertirse en una opcién
terapéutica para tratar las lesiones condrales. Por Ultimo, las biotintas que
contenian HAP y GO han demostrado ser una opcion excelente para simular
las propiedades intrinsecas del hueso, pudiendo ser un enfoque terapéutico
prometedor para tratar las lesiones dseas.
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