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Abstract

The spine is a key part of the structure of our organism. Due to its length, location and composition, it is
exposed to numerous factors that may reduce the quality of life of patients. Tissue engineering is an emer-
ging area of biomedical research that combines the principles of engineering, biology and medicine in
order to create morphofunctional substitutes for tissues and organs. This discipline has experienced expo-
nential technological advances over the last two decades thanks to the development of three-dimensional
(3D) printing and bioprinting. Given this unprecedented growth, the authors have decided to elaborate a
bibliographic revision of the advances in the production of biomodels and guides for surgical planning,
as well as in the production of intervertebral cartilage substitutes by tissue engineering. This revision will
focus on 3D bioprinting techniques, which are a very promising tool in the treatment of a large number of

spine diseases.
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1. Introduction

The spine is a key part of the structure of our orga-
nism. Due to its length, location, and composition,
it is exposed to numerous stress factors, such as me-
chanical traction, trauma, and other diseases which
may reduce the quality of life of the patient (1).

The degenerative disease of the spine is a major
cause of global disability, with around 266 million
people suffering from it each year (2). It includes di-
verse pathologies like spondylolisthesis, interverte-
bral disc degeneration or lumbar spinal stenosis (3),
which cause a wide range of diseases such as lower
limb pain, weakness, and serious low back pain.
Spine pathologies significantly reduce the quality
of life of patients (2, 4).

The structural and functional complexity of the
spine, together with the avascularity and poor re-
generative capacity of the cartilaginous tissue of
the intervertebral disc have caused the necessity of
seeking new therapies in tissue engineering which
are different from traditional methods. Among the-
se traditional methods are pharmacological tech-
niques (analgesics, steroids, non-steroidal anti-in-
flammatories...) or procedures (placing steel rods
to try to correct curvatures of the spine, decompres-
sion and fusion techniques...) (5, 6), which are cu-
rrently ineffective (7).

Tissue engineering is an emerging area of biome-
dical research that combines the basic principles of
engineering, biology, and medicine in order to crea-
te functional substitutes for therapeutic use (8). This
discipline has experienced exponential technologi-
cal advances in recent years as evidenced by the de-
velopment of three-dimensional (3D) printing and
bioprinting of tissues and organs (9-11). Nowadays,
many of these materials and advanced therapy pro-
ducts have already been successfully put into clini-
cal practice (12). It is possible to produce artificial
tissues that resemble the structure and function of
native tissues, including cartilaginous tissue (13),
by using and combining cells, biomaterials, and
bioactive factors, and by using an optimal biofabri-
cation technique.

The aim of this paper is to elaborate a bibliographi-
cal revision of the current state of 3D printing tech-
niques, discuss their possible applications in tissue
engineering and particularly in the repair of spine
structures severely damaged by stress or by any
secondary defect due to a disease. The biological
basis of the tissues under study and current treat-
ments (in use) will be presented below. Advances
in models and guides for surgical planning and the
production of intervertebral cartilage substitutes by
tissue engineering and bioprinting will also be des-
cribed. Lastly, future research strategies and their
possible clinical translation will be discussed.



2. Biological basis of bone and
cartilaginous tissues of the spine

The embryonic origin of the entire vertebral struc-
ture is mesodermal and endodermal: a major part
of the spine is derived from the mesoderm, together
with the vertebrae, the end plates of chondral tissue
and the annulus. In contrast, the nucleus pulposus
is originated in the endoderm.

The development of the spine starts during the gas-
trulation process, when the mesoderm surrounding
the notochord is divided into three areas: paraxial,
lateral, and intermediate. The paraxial mesoderm
is differentiated into 42 pairs of somites, each di-
vided into a dermomyotome and a sclerotome. The
sclerotome becomes the skeleton of the spine (14).

Histology of the vertebra and the intervertebral disc
reveals highly specialized and organized tissues
that are well integrated with each other. Howev-
er, it can suffer from mechanical deterioration and
morphophysiological changes that contribute to
diseases when aging and injuring (3, 15).

The intervertebral disc presents a chondral structure
which resembles other cartilaginous tissues in terms
of biochemistry, although it significantly differs from
these tissues in morphological terms (3). It is the first
connective tissue that manifests signs of deterioration
and aging (16). Therefore, the safest and most effective
way to treat an injury requires a deep understanding of
the structure, composition, and cellular organization.

3. Advanced therapies for the treatment
of spine injuries

Loss of structure, deterioration of the cartilage ma-
trix and/or lack of integrity of the vertebra itself
may occur during a spine injury (3, 13). Locomo-
tion problems derived from the loss of spinal cord
alignment, flexibility or neural anatomy may lead
to diseases that reduce the quality of life of the pa-
tient (16), such as herniation (disc protrusion or disc
extrusion), stenosis, osteophytes, spondylolisthesis,
and spondylosis. These diseases have become highly
relevant in biomedical research, contributing to the
development of many palliative and reparative tech-
niques in the treatment of spine injuries, especially
cellular therapy and tissue engineering (3, 17).

3.1. Cellular therapy

Cellular therapy refers to the treatments that use
cells as the main active component to treat diseases
or pathologies (18). These techniques have a great
potential in the treatment of spine injuries and have
become an alternative to traditional techniques or
prosthetic replacements, which translates into an im-
provement in the quality of life of patients (13).
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3.2. Tissue engineering

Due to the limitations attached to traditional tech-
niques, a variety of combinatorial strategies be-
tween cells, biomaterials and signalling molecules
(8) has been suggested. Some of these strategies
include the use of cell-loaded hydrogels (12), scaf-
fold-based implants that promote cell recruitment
with signalling molecules (without external cellular
input), and techniques based on the production of
biomaterial-free substitutes (17). These strategies
may also include additional gene therapy methods
to express specific growth factors (13).

3D printing applied in tissue engineering is one of
the technologies proposed to improve and optimize
the treatments for this type of injury. It could be an
alternative to traditional methods, which are cur-
rently inefficient (19).

4. Basic concepts of 3D printing

3D printing is a prototyping and additive production
technique used in the construction of complex archi-
tectural models, that is, a high-precision mechanism
that is accomplished through a process of successive
addition of layers of the material concerned. This te-
chnique facilitates the production and replication of
complex structures with high precision and in a con-
trolled way, considering factors such as external sha-
pe, internal geometry, porosity, and interconnectivity.
Simultaneously, this process enables high reproduci-
bility and repeatability of the results obtained (20).

This idea was first introduced in the 1970s by Pierre
A. L. Ciraud, who described a production method in
which the solidification of layers (21) was achieved
by sputtering material and a high-energy beam.

A decade later, StereoLithography Apparatus (SLA)
became the first additive production technique ap-
plied in medicine for the surgical model of alloplastic
implants (22, 23). One of the first works in tissue en-
gineering using this technology for peripheral nerves
regeneration (24) was conducted by Widmer and his
group in the 1990s. In the same decade, Emanuel Sachs
and his group also patented “three-dimensional print-
ing techniques” for medical application (25).

In the last ten years, multiple printing techniques
have been optimized. Multi-head printers have
been developed in order to print different materi-
als simultaneously. Furthermore, the use of medi-
cal imaging techniques and computer-aided design
software has been introduced (21, 26, 27).

5. 3D printing techniques

Additive manufacturing technologies can be classi-
fied into four different techniques.
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5.1. Vat polymerization (VAT) based printing technique

A molten polymer previously located in a vat is
polymerized by a light source (Figure 1.1). This
process may be performed with techniques such as
SLA techniques, Digital Light Processing (DLP) and
Continuous Digital Light Processing (CDLP)

5.2. Powder-based 3D printing technique

A laser goes through the area where the material
has been deposited, fusing the dust particles into
successive layers (Figure 1.2). This process may
be performed with the techniques of Selective La-
ser Sintering (SLS), Direct Metal Laser Sintering
(DMLS), Selective Laser Melting (SLM) and Elec-
tron Beam Melting (EBM).

5.3. Droplet-based printing technique (inkjet)

A precise stream of liquid material is directed
towards a substrate in order to build a model by
layering (Figure 1.3). This process may be perfor-
med with the techniques of Multi Jet Modeling
(MJM), the Wax Deposition Modeling (WDM), the
Laser-Induced Forward Transfer (LIFT) and the
Binder Jetting (B]J).

5.4. Extrusion-based 3D printing technique

A molten polymer is deposited through the extru-
der of the 3D printer, which layers the material over
the substrate (Figure 1.4). This method uses the te-
chniques of Fused Deposition Modeling (FDM) and
Direct Ink Write (DIW) (21, 22, 28, 29).

6. Technical fundamentals of 3D printing
regarding the repair of spine diseases

6.1. Creation of anatomical models based on
DICOM images for chirurgical planification

The first step in order to obtain information regar-
ding the current state of the disease and create an
action protocol is an imaging diagnostic. This may
be performed with the techniques of Computed
Tomography (CT) or Magnetic Resonance Imaging
(MRI). The information of the images will be co-
llected afterwards in DICOM (Digital Imaging and
Communication on Medicine) format. This techni-
que will be used to obtain a computerized design
with a Computer-Aided Design (CAD) software
and a particular segmentation programme. Lastly, a
layering file will be generated in STL (STereoLitho-
graphy) format in order to be sent to the 3D printer
(7) (Figure 2). The resulting printed biomodels pro-
vide very accurate information about the specific
status of the patient’s disease, which can represent
an extraordinary support in surgery planning, as it
can help lessen the time and possible risks related
to the procedure (30).

6.2. Printing of biomaterials in tissue engineering

Biomaterials are essential in tissue engineering.
They provide structural support for cells to adhe-
re, migrate, proliferate, produce their own extrace-
llular matrix (ECM) and distinguish themselves in
a specific phenotype (22). This phenotype must be
biocompatible, bioactive, and porous, and have a
proper mechanical strength. Moreover, the biode-
gradability of the biomaterial is key to the progres-
sive replacement of artificial tissue for neoformed
tissue (31, 32).

Conventional techniques such as electrospinning
(33), lixiviation, lyophilization or moulding (27)
have been commonly used. Nevertheless, these
techniques lack the precision required in order to
control the porosity, internal geometry and spatial
arrangement of the components (22).

Additive manufacturing has become more relevant
as an alternative way of fabricating this structural su-
pport. This allows the control of the size, shape and
architecture of the scaffold, as well as a high level of
precision, which is necessary in order to tune the po-
rosity, degradability, and the tridimensional distri-
bution of the elements (27, 33). Other advantages are
its customized individual design, its high reprodu-
cibility and its efficiency. The most employed tech-
niques are FDM (21), SLS/DMLS, BJ and VAT (22).

6.3. Usage of 3D printing technologies regarding
spine diseases

3D printing has been used in various spine diseases.
The most remarkable uses are the fabrication of indivi-
dualized implants with high rates of osseointegration
and anatomical precision, the lateral lumbar interbody
fusion in a patient with intractable radiculopathy due
to disc compression (34), the removal of a T9 destruc-
tive bone tumor in a patient with progressive kyphos-
coliosis (35), and the treatment of symptomatic cysts in
the sacral canal by using artificial printed dura mater
along with radiculopathy (36).

6.4. 3D bioprinting

The ideal approach towards additive fabrication for
scaffolds includes cell incorporation, which may be
performed either by sowing them in the biomaterial
once it has been printed or by incorporating them
directly as printing material. Any technique inclu-
ding cells in ink formulation different to the pre-
viously mentioned 3D printing techniques is called
bioprinting (22).

Bioprinting enables the creation of tridimensional
compound structures with biomaterials, which act
as a support, and cellular components (29, 37). It is
also possible to add other elements such as phar-
macs, components of the ECM, and growth and



other biological factors (38) in order to create tissues
that resemble native tissue or biomimetics (29). The
three most used technologies are bioink injection,
extrusion and light-assisted bioprinting (38).

The process of 3D bioprinting is divided into 3 di-
tferent phases:

6.4.1. Pre-processing

The 3D object is designed with a CAD software and
data is characterized in order to optimize geometry.
Pre-processing implies the digital design obtained
with medical images (CT or RMI) and the selection
of components (Figure 3.1).

6.4.2. Processing

The generation of layers and printing process of the
model is performed with the selected technique.
Designed images are sent to the system. Biomate-
rials and bioinks are prepared (Figure 3.2).

6.4.3. Post-processing

Adaptation of the printed tissue for its subsequent
use. This process can take days or even weeks, since
printed constructions are transferred to a bioreactor
for tissue maturation (Figure 3.3) (21, 27, 29, 39).

7. Creation of cartilaginous substitutes
by 3D bioprinting techniques

The challenges associated with the architecture and
complexity of chondral tissue require making fault-
less decisions on the components and techniques
related to biofabrication (28). The interactions be-
tween the cells and the scaffold are determining for
the quality of the final result of the printed model.
Therefore, choosing the best option for every single
element is crucial (29).

7.1. Biomaterials

The biomaterials used in cartilage bioprinting can
be of natural or synthetic origin, or a mixture of
both, resulting in improved biomechanical and bio-
logical properties (28, 29, 40).

The most common natural polymers used are: co-
llagen, the most abundant component in the extra-
cellular matrix of mammals; agarose, a thermosen-
sitive polymeric hydrogel; alginate, derived from
the wall of brown algae; chitosan, polysaccharide
that can form a gel matrix; hyaluronic acid (HA),
anionic polysaccharide that promotes chondral
tissue regeneration; and gelatin (28, 29, 41). Their
main benefit is their biocompatibility and low
cytotoxicity. However, they possess a low mani-
pulation capacity and printing resolution due to
their viscosity (41).
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To overcome these limitations, synthetic polymers are
used in the development of hydrogels since, unlike
natural polymers, their properties can be controlled.
This gives them some advantages in terms of mecha-
nical strength, stability, manipulation and even bio-
degradability (40). Some of the synthetic polymers
most commonly used are: poly(vinyl alcohol) (PVA),
poly(ethylene) glycol (PEG), poly(lactic-co-glycolic
acid) (PLGA), and poly-caprolactone (PCL) (29).

Taking into account the properties of each type, a
mixed hydrogel created with a natural and a synthe-
tic component solves these limitations. As a result,
improved biomechanical and biological properties
are obtained, which exceeds the results achieved
separately (40). For this reason, composite scaffolds
are usually used.

The most common combinations are:

* The combination of alginate with nanocellulose
(19, 29), as it has shown really favorable pro-
perties related to the construct stabilization and
viscosity decrease (41).

* The combination of chitosan and poloxamers
compounds favors the growth of chondrocytes,
and the combination of those compounds with
acrylate produces a nanostructured hydrogel.

* The combination of chitosan (80%), PCL (15%)
and hydroxyapatite (5%) produces bioscaffolds
that allow the emulation of characteristics re-
sembling human cartilage and are capable of
being subjected to a histological processing (42).

* The combination of side groups with either
gelatin hydrogels or HA in order to facilitate
crosslinking between polymers, which results
in a very stable matrix (43).

* The combination of PEG hydrogels with either
peptides or adhesive proteins in order to confer
them physiological cell-material interaction abi-
lities, etc. (28, 29).

7.2. Cellular sources

Although the use of differentiated chondrocytes in
bioprinting has been widely described (19, 29, 44,
45), it is difficult to obtain them directly due to their
low renewal rate, the limitation of extraction sources
and the inherent complexity of their collection. As a
result, new alternative cellular sources have been tes-
ted, such as stem cells (41). These cells form a group
of undifferentiated cells with an unlimited capacity
of division and a high regeneration potential.

Depending on their differentiation potential, stem
cells are classified as totipotent, pluripotent, multi-
potent, or unipotent. According to their origin, they
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are classified as embryonic stem cells, fetal stem
cells, or “adult” stem cells (somatic) (8, 17), the lat-
ter being the most commonly used. The use of Me-
senchymal Stem Cells (MSCs) implies efficacy and
safety for the patient (19, 46), posing a lower risk in
the formation of teratomas or unwanted differen-
tiation compared to the action of embryonic stem
cells (41). They can be obtained from a large num-
ber of tissues. Those derived from bone marrow
and adipose tissue (8) are the most widely used in
chondral tissue treatments (28, 46), as they show an
excellent chondrogenic potential (47). Adipose tis-
sue cells are really promising for the treatment of
musculoskeletal disorders. The adipose tissue is a
huge source of stem cells for several reasons: they
are very abundant in the human organism, they
can be obtained easily from the patient through mi-
nimally invasive procedures, and they have great
efficiency at cellular level (48). In addition, several
studies have demonstrated that the treatment with
co-cultures produces better results than those per-
formed with monocultures, being the mixture of
MSCs and chondrocytes in a 4:1 ratio the most effi-
cient one (41).

8.Limitationsof 3D printingtechnologies

These limitations refer to the lack of resolution of
the 3D image and the presence of devices during
the generation of the 3D model. In some cases, these
devices affected the architecture of manufactured
prostheses, making them totally unusable. It is also
important to mention the high cost of all the equi-
pment, the printing speed and the lack of qualified
professionals who know how to operate the prin-
ters during emergencies (49).

9. Future prospects of 3D printing
technologies for the treatment of spinal
pathologies

3D printing technology was described decades ago,
but bioprinting is much more recent. Although it
evolves quite fast, showing ability and flexibility
to generate living tissues with minimal or no side
effects, in vivo studies are still at an early stage. The-
re is a gap between the biological and mechanical
properties that must be bridged (29), as it is essen-
tial to stabilize the implant and integrate it with the
surrounding native tissue (45). However, the advan-
ces and results obtained allow optimism about 3D
bioprinting of complex systems and the solution of
shortage of tissue and organ donors (29, 50).

10. Clinical translation

3D printing technology is already part of a num-
ber of clinical routines, such as the generation of
models based on reference images taken via CT or

MRI, and the fabrication of prototypes for educatio-
nal purposes to assist surgeons in the planning of
complex surgeries (50).

For the clinical translation of bioprinting, safety
standards and requirements must be met: steri-
lity, endotoxin content and reproducibility. Fur-
thermore, due to the presence of cells, this trans-
lation must be subject to the corresponding law,
incorporating good manufacturing practices, en-
suring minimal manipulation and closed-system
processing.

However, there are no current updated regulations
that evaluate quality, safety and efficiency of 3D
bioprinting in patients. Up to now, only recommen-
dations for the preclinical and clinical studies have
been provided by the International Cartilage Rege-
neration & Joint Preservation Society (29, 50).

11. Conclusions

3D printing technologies could offer great advan-
tages for the patient, such as the development of a
totally personalized treatment capable of accurately
solving highly complex injuries. This would make
possible facing future surgical operations with
greater safety and prior knowledge.

As for 3D bioprinting, there are obstacles that need
to be overcome before it can be used in clinically
relevant environments. It is necessary to evaluate
all the possible combinations between biomaterials,
cell sources and molecules in order to establish a
perfect construction that makes possible an optimal
cartilage substitute, both in structure and function.
For this purpose, it is essential to carefully select
materials with adequate cell compatibility and me-
chanical properties.

Regulation is also needed at all levels, from the le-
gislative level, considering cell-based biomanufac-
turing techniques, to the use of materials for guides
and implants generated by 3D printing in order to
ensure a correct and safe manufacture and applica-
tion for the patient.

Despite these limitations, it is enlightening that the
future of spine injuries management lies in the de-
velopment of interdisciplinary techniques, which
bring together the capabilities of regenerative me-
dicine and bioengineering. The next generation of
biologically compatible implants, capable of trea-
ting spinal damage, will become a reality thanks to
the implementation of 3D printing in hospitals as
an alternative to current techniques.
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Figure 1. Graphical representation of the different techniques used in 3D printing. 1. Vat polymerization-based
printing. 2. Powder-based 3DP (3D printing). 3. Droplet-based printing. 4. Extrusion-based printing.
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Figure 2. Flowchart of the required steps in order to create an anatomical model based on medical images with 3D printing techniques.
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Figure 3. Graphical representation of the general bioprinting process. 1. Pre-processing. 2. Processing. 3. Post-processing.




