
mechanisms and specified for different applications
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growth factors that are specific for the printing of
different tissue types.

Rheological properties of these bioinks are mostly
not indicated by the manufacturer. Therefore, they
might only be suitable in combination with the com-
panies own bioprinter and would have to be
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Generally, these bioinks are constituted from nat-
ural and/or synthetic polymers including collagen/
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(ECM) of many tissues [82]. This protein forms a
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formation. Collagen is a suitable material for cell
encapsulation purposes because of the presence of
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sequences in their backbone, which stimulate cell
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production of gelatin [71]. Gelatin is a thermo-
responsive protein with a sol-gel temperature of
around 30 °C depending on the gelatin concentration
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hydrogel formation is induced (cfr. upper critical solu-
tion temperature behavior) [84]. This protein is often
employed for tissue engineering and regenerative
medicine because various functional groups corresp-
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modified with (meth)acrylate groups to prevent
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Abstract
Bioprinting is a process based on additivemanufacturing frommaterials containing living cells. These
materials, often referred to as bioink, are based on cytocompatible hydrogel precursor formulations,
which gel in amanner compatible with different bioprinting approaches. The bioink properties
before, during and after gelation are essential for its printability, comprising such features as
achievable structural resolution, shape fidelity and cell survival. However, it is thefinal properties of
thematured bioprinted tissue construct that are crucial for the end application. During tissue
formation these properties are influenced by the amount of cells present in the construct, their
proliferation,migration and interactionwith thematerial. A calibrated computational framework is
able to predict the tissue development andmaturation and to optimize the bioprinting input
parameters such as the startingmaterial, the initial cell loading and the construct geometry. In this
contribution relevant bioink properties are reviewed and discussed on the example ofmost popular
bioprinting approaches. The effect of cells on hydrogel processing and vice versa is highlighted.
Furthermore, numerical approaches were reviewed and implemented for depicting the cellular
mechanics within the hydrogel as well as for prediction ofmechanical properties to achieve the desired
hydrogel construct considering cell density, distribution andmaterial–cell interaction.

1. Introduction

Fabrication of scaffolds by employing additive manu-
facturing technologies (AMT) also referred to as three-
dimensional (3D) printing, has been widely used in
tissue engineering to restore, replace or regenerate
defective tissues [1, 2]. Bioprinting can be considered
an additive manufacturing technique during which
cells and biomaterials, often referred to as ‘bioink’, are
deposited simultaneously [3, 4]. Bioprinting allows to
skip the cell seeding procedure, which often proved
to be challenging for classical scaffold-based tissue
engineering. Moreover, it provides a possibility to
distribute different cell types at desired locations
within the bioprinted construct and achieve high
initial cell densities. A number of comprehensive
reviews, book chapters and books, discussing the

relevant technologies and materials have been pub-
lished over the years [3, 5–21]. In order, to achieve the
desired tissue construct, it is essential to understand
the properties of bioprinted hydrogel matrix and
identify its key parameters (cell density, geometry,
stiffness, etc) influencing tissue development and
maturation.

In this review, recent progress in bioprinting and
relevant bioink properties with focus on the interac-
tion between hydrogel materials and cells is summar-
ized. The properties of the hydrogel, which are
required for the printing process as well as to ensure
cell survival are discussed along with the influence of
cells on the hydrogel properties itself.

We also describe a numerical approach allowing
the estimation of the mechanical properties of a cell-
containing hydrogel. The effect of cell densities and
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growth factors that are specific for the printing of
different tissue types.

Rheological properties of these bioinks are mostly
not indicated by the manufacturer. Therefore, they
might only be suitable in combination with the com-
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adapted for other printing techniques.

Generally, these bioinks are constituted from nat-
ural and/or synthetic polymers including collagen/
gelatin, hyaluronic acid, PEG, etc. Collagen is themost
abundant protein present in the extracellular matrix
(ECM) of many tissues [82]. This protein forms a
hydrogel at physiological conditions by triple helix
formation. Collagen is a suitable material for cell
encapsulation purposes because of the presence of

cell-interactive RGD (Arginine-Glycine-Aspartic acid)
sequences in their backbone, which stimulate cell
adhesion. For example, Xu et al have mixed rat
embryonic hippocampal neurons with neutralized
collagen and placed the cell-laden solution subse-
quently in the incubator at 37 °C to induce hydrogel
formation [83]. The degradation of the triple helix of
collagen by acidic or basic hydrolysis results in the
production of gelatin [71]. Gelatin is a thermo-
responsive protein with a sol-gel temperature of
around 30 °C depending on the gelatin concentration
applied. By cooling a gelatin solution below 30 °C,
hydrogel formation is induced (cfr. upper critical solu-
tion temperature behavior) [84]. This protein is often
employed for tissue engineering and regenerative
medicine because various functional groups corresp-
onding with constituting amino acids can be easily
modified with (meth)acrylate groups to prevent

Table 3.Overview of commercially available bioinks.
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Figure 3. (A) Structure of gelatinmodifiedwithmethacrylamide groups (Gel-MOD). (B)Hepatocarcinoma cell were encapsulated in
Gel-MOD constructs and cured using Irgacure 2959. Cell survival was evaluatedwith live/dead assay [63].
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distributions within the hydrogel was discussed, which
might help to design the bioprinted constructs in a
way to achieve the desired properties.

2.Overview of bioprintingmethodologies
and suitable bioinkmaterials

The physico-chemical parameters of a hydrogel pre-
cursor including the rheological behavior, the swelling
properties, the surface tension and the gelation
kinetics are important factors for its printability.
This especially applies for biofabrication techniques
that rely on bioink dispensing. Therefore, different
hydrogel properties are essential depending on the
particular bioprinting technique to be applied. With
regard to that, such processing methodologies can be
subdivided into three groups including extrusion
bioprinting (pneumatic and mechanical), orifice-free
bioprinting (laser-induced forward transfer(LIFT)
and printing by surface acoustic waves) and inkjet
bioprinting (piezoelectric and thermal) (see figure 1).

2.1. Inkjet bioprinting
An inkjet bioprinter delivers small droplets of bioink
(1–100 picoliters; 10–50 μm diameter) [16, 22] on
predefined locations of a substrate. The two most
commonly used methods for inkjet printing of cells
are piezoelectric and thermal inkjet bioprinting
[6, 23, 24]. The piezoelectric inkjet printer uses
piezoelectric crystals to produce acoustic waves to
force the liquid in small amounts through the nozzle
[16, 25–28]. The thermal inkjet system produces
pulses of pressure by vaporizing the bioink around the
heating element expelling the droplets out from the
printing head. Several studies have already indicated
that cells are not affected by the local high temperature
of the heating element up to 300 °C due to the short
period of exposure (2 μs) during the printing process
[29–32].

In inkjet bioprinting the surface tension is an
important parameter that determines to what extent
the processing technology will result in the formation
of droplets or a jet. Surface tension is the result of the
cohesive forces existing between the compounds pre-
sent in the liquid. When the charges on the surface of
the bioink are weaker than the surface tension, dro-
plets are formed. Conversely, a jet is produced. The
surface tension decreases with increasing cell con-
centration in the bioink, because more cells are adsor-
bed to the liquid-gas interface. Therefore, the total free
energy is reduced, resulting in a smaller surface ten-
sion [33].

Gelationmethods including physical [27, 34], che-
mical and photo-crosslinking [35] are used to ensure
the stability of bioprinted constructs. Gelation of the
bioink should occur in situ after the material exits the
nozzle and simultaneously with the printing process
(e.g. by photopolymerization) [32], because when it
already takes place inside the printing head, blockages
are created in the nozzle [23]. When hydrogel forma-
tion does not occur rapidly in situ the bioprinted
construct might be compromised due to possible
spreading of non crosslinked bioink solution. Further-
more, the shear stress characteristic to this process can
negatively influence the cell viability [36]. As a result,
the bioink must exhibit low viscosities (<10 mPa s)
and cell densities (<106 cells ml−1) (see figure 1 and
table 1) [29, 37, 38]. These conditions result in limita-
tions for the printing process. Despite the dis-
advantages, inkjet bioprinters are successfully applied
with a micrometer resolution (10–50 μm) [23, 28, 39]
for the deposition of cells and are compatible with
various bioinks [23, 29, 40].

2.2.Orifice-free bioprinting
LIFT is also known as laser-assisted bioprinting and
biological laser printing. In LIFT a pulsed laser beam is
focused and scanned over a donor substrate that is

Figure 1.Overview of themost widespread bioprinting approaches and according parameters crucial for printability of thematerial.
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Abstract: Three-dimensional printing has significant potential as a fabrication method in creating
scaffolds for tissue engineering. The applications of 3D printing in the field of regenerative medicine
and tissue engineering are limited by the variety of biomaterials that can be used in this technology.
Many researchers have developed novel biomaterials and compositions to enable their use in 3D
printing methods. The advantages of fabricating scaffolds using 3D printing are numerous, including
the ability to create complex geometries, porosities, co-culture of multiple cells, and incorporate
growth factors. In this review, recently-developed biomaterials for different tissues are discussed.
Biomaterials used in 3D printing are categorized into ceramics, polymers, and composites. Due to
the nature of 3D printing methods, most of the ceramics are combined with polymers to enhance
their printability. Polymer-based biomaterials are 3D printed mostly using extrusion-based printing
and have a broader range of applications in regenerative medicine. The goal of tissue engineering is
to fabricate functional and viable organs and, to achieve this, multiple biomaterials and fabrication
methods need to be researched.

Keywords: three-dimensional printing; additive manufacturing; bioprinting; biomaterials; bioinks;
ceramics; polymers; composites; tissue engineering

1. Introduction

The human body has incredible capacity to regenerate, but this regeneration is limited by factors
such as the type of tissue, and the need for growth hormones for differentiation and physical size
(critical defect). Any injury to a tissue beyond this critical size needs external support. This approach of
supporting tissue regeneration is often referred to as tissue engineering (TE) or regenerative medicine
(RM). The external supports are called scaffolds. These scaffolds create a platform for the cells to
migrate to the site of action and forms new tissue. Hence, scaffolds play an important role in TE and
regenerative medicine. These scaffolds are often loaded with growth factors to hasten differentiation
of cells to preferred types of lineage to promote new tissue formation. The physical and chemical
composition of scaffolds is critical for cell viability and cell proliferation.

There are two critical factors that shape the use of scaffolds: the choice of biomaterial to create a
scaffold and the method of fabrication. Much research has been done on modifying and creating new
biomaterials. Biomaterials are defined as any materials that interface with biological systems. Biomaterials
are classified based on many criteria such as chemical and physical composition, biodegradability,
type of origin, and generations of modifications [1,2]. Depending on the target tissue, the choice of
biomaterial is made. In recent years, much focus was towards engineering biodegradable biomaterials.
Based on the chemical composition, biomaterials are classified into ceramics, polymers, and composites.
The ceramics class of biomaterials have major components of inorganic metal compounds and/or
calcium salts. These biomaterials have been primarily used in orthodontal applications. Polymers are

J. Funct. Biomater. 2018, 9, 22; doi:10.3390/jfb9010022 www.mdpi.com/journal/jfb

J. Funct. Biomater. 2018, 9, 22 6 of 14

Rheological properties, such as viscosity, non-Newtonian behavior, Barus effect, and the method of
crosslinking are to be considered while designing novel polymeric or hydrogel systems for bioprinting.
Shear thinning non-newtonian fluids are ideal as they exhibit low viscosity when subjected to shear
forces and are not time-dependent. Polymers are subjected to shear and pressure during the 3D
printing process, and shear thickening fluids exhibit higher viscosity under pressure and tend to clog
the printer nozzle. Similarly, thixotropic fluids have viscosity as a function of time, and these fluids
may result in uneven distribution of particles or cells leading to inhomogeneous structures. During the
printing process, the polymers are ejected from the print head through a nozzle, this causes polymers
to expand after ejection. This effect is called the Barus effect. Ideal bioinks should have little or no
Barus effect to preserve 3D printed object resolution [30].

The bioinks which are mostly hydrogels can be crosslinked using physical, chemical, and enzymatic
methods. During the crosslinking step, the sol-gel transition occurs, and this defines the speed of printing,
fidelity of the bioprinting process, and resolution. Hydrogels crosslinked using physical agents rely on
non-covalent bonds for crosslinking and are generally weak. Physically-crosslinked hydrogels rely on
temperature, ionic and hydrogen bonding interactions [31]. On the other hand, chemically-crosslinked
hydrogels yield mechanically stable objects using 3D printing. There are many injectable hydrogels
available, but for them to be used in 3D printing, they need to be fine-tuned to adjust the kinetics of
crosslinking. In most of the chemically-crosslinked hydrogels, a photosensitive initiator is added to the
hydrogel that forms reactive species upon exposure to ionizing radiation is used. To promote mechanical
stability of printed objects, researchers have used pre- and post-fabrication crosslinking [30]. There are
commercially available bioinks that offer reproducible results, such as Gel4Cell®, CellInk®, BioInk®,
OsteoInk®, Bio127®, and BioGel® [32].

5. Biomaterials Used in 3D Printing for Tissue Engineering

Scaffolds for TE were fabricated using 3D printing with wide range of biomaterials. These biomaterials
have diversity in their chemical, mechanical, and biological properties. Scaffolds for bone TE have completely
different sets of requirements compared to connective tissues. Scaffolds for bone TE needs to have
mechanical properties similar to the human bone, which, again, depends on the type and location of
bone. For instance, cortical bones have high compressive strengths of 100 MPa, while the spongy bones
have mean compressive strengths of 3.9 MPa [33]. Apart from mechanical properties, histological properties
also need to be similar. Polymers and other biomaterials are added to these scaffolds to mimic the ECM
found in osseous tissue to improve cell proliferation.

In this section, we will explore composites and polymer composition used for 3D printing.

5.1. Ceramic and Composite Scaffolds Fabricated Using 3D Printing

Ceramics are the class of biomaterials that include metals and inorganic salts of calcium and phosphate.
These biomaterials find immense potential in bone and dental TE because of their osteoconductive
and osteoinductive nature. Salts of calcium and phosphate mimic the inorganic content of bone tissue.
These bioresorbable biomaterials promote new bone ingrowth and are, hence, called osteoconductive.
Few compounds can promote cell differentiation towards osteoblastic linage without the use of growth
factors, hence, called osteoinductive. Following Table 1 summarizes novel compositions that were used
in different 3D printing methods to create scaffolds for tissue engineering. Commonly-used ceramic
biomaterials include β-tricalcium phosphate (β-TCP), α-tricalcium phosphate (α-TCP), hydroxy apatite
(HA), bi-phasic calcium phosphate (BCP—a mixture of β-TCP and HA), calcium sulfate (CS), calcium
phosphate cement (CPC), and titanium. These ceramics are often brittle in nature and are, hence,
added with polymers. Biomaterials that have ceramics and polymers are categorized as composites.
Commonly-added polymers include chitosan, polycaprolactone (PCL), poly lactic acid (PLA), poly
L-lactide-glycolic acid (PLGA), and poly ethylene glycol diacrylate (PEGDA).
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cosmetics company, L’Oréal (screening of cosmetics in 
printed dermal tissue)[62]. 

2.2 Commercial 3D Bioprinting Companies 
Since the launch of Organovo, many other bioprinting 
companies have entered the market. Many of them offer 
bioprinting systems for research use with several them 
also selling proprietary bioinks while others such as 
Tevido have focussed on recreating human tissue. In this 
section, we highlight the technology and differentiating 
factor of each of these companies.

3D Bioprinting Solutions (3dbio) successfully 3D 
printed world’s first animal thyroid gland in March 
2015[63] and transplanted into a living mouse[64]. With 

[64], 3dbio 
has also been collaborating with Russia’s national 
space agency, United Rocket and Space Corporation 
(URSC) to create a magnetic 3D bioprinter that can 
fabricate artificial tissues in the International Space 
Station[65]. 3dbio is a subsidiary of Vivax Bio, a global 
biotech company. Vivax Bio offers FABION (Figure 

5C) bioprinter which 5 nozzles, 3 of which are specially 
designed to dispense bioink and spheroids of any type or 
size as well as cell suspensions or other biomaterials[66]. 

3Dynamic Systems (3DS)
company offers two 3D bioprinters called 3Dynamic 
Alpha (Figure 4F) and Omega, with the focus of 
constructing 3D transplantable bone and complex tissue 

[67]. 3DS have partnered 
with Bioink Solutions to offer a new gelatin-based 
bioink (Gel4Cell®)[68].  

Aether Figure 
) in March 2016. The system boasts a multitude of 

printing capabilities where 10+ different materials, 
including viscous pastes, gels, ceramics, filament and 
oils can be brought in use simultaneously[69]. The other 
optional features include high-resolution motors, a laser 
system for ultra-high-precision cutting and engraving, 
CNC milling machine, photocrosslinking UV LED, 
microscope, 3D electronics printer, and universal 
modular fabrication device[70]. 

Advanced Solutions Life Sciences (ASLS) offers two 

Figure 4.  Portable Bioprinters: (A) Allevi 2 (courtesy of Allevi, Philadelphia, US) (B) Scientist™ (courtesy of Seraph Robotics, US)       
(C) CPD1 (courtesy of SunP Biotech International, NJ, US) (D E) REGEMAT 
3D V1 (courtesy of Regemat 3D, Spain) (F G) Vitarix (courtesy of Pensees, 

H) r3bel (courtesy of Se3D,  Santa Clara, US) (I) SYN^ (courtesy of Bio3D, Singapore) (J) BIOBOT™ (courtesy of 
K) Aether 1 (courtesy of Aether, San Francisco, US).
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Abstract

Purpose

Two-dimensional (2D) cell culture is a valuable method for cell-based research but can pro-

vide unpredictable, misleading data about in vivo responses. In this study, we created a

three-dimensional (3D) cell culture environment to mimic tumor characteristics and cell-cell

interactions to better characterize the tumor formation response to chemotherapy.

Materials andmethods

We fabricated the 3D cell culture samples using a 3D cell bio printer and the bladder cancer

cell line 5637. T24 cells were used for 2D cell culture. Then, rapamycin and Bacillus Calm-

ette-Guérin (BCG) were used to examine their cancer inhibition effects using the two blad-

der cancer cell lines. Cell-cell interaction was measured by measuring e-cadherin and n-

cadherin secreted via the epithelial-mesenchymal transition (EMT).

Results

We constructed a 3D cell scaffold using gelatin methacryloyl (GelMA) and compared cell

survival in 3D and 2D cell cultures. 3D cell cultures showed higher cancer cell proliferation

rates than 2D cell cultures, and the 3D cell culture environment showed higher cell-to-cell

interactions through the secretion of E-cadherin and N-cadherin. Assessment of the effects

of drugs for bladder cancer such as rapamycin and BCG showed that the effect in the 2D

cell culture environment was more exaggerated than that in the 3D cell culture environment.

Conclusions

We fabricated 3D scaffolds with bladder cancer cells using a 3D bio printer, and the 3D scaf-

folds were similar to bladder cancer tissue. This technique can be used to create a cancer

cell-like environment for a drug screening platform.
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1. Introduction to 3D Bioprinting

1.1 
The advent of 3D bioprinting has opened exciting new 
possibilities for tissue engineering, reconstruction 
and in vitro drug testing studies[1,2]. This additive 
manufacturing-based (AM) biotechnology utilises 
bioinks[3] along with living cells (cell aggregates or 
tissue spheroids), to spatially construct 3D functional 
structures without pre-fabricated scaffolds. Before the 

based 3D tissue-engineering of living human organs[4]. 
Since then, a host of other printing technologies have 
been developed as well as new bioink formulations[5,6]. 

processes for patterning and assembly of living and non-
living materials with a prescribed 2D or 3D organization 

to produce bio-engineered structures serving in 
regenerative medicine, pharmacokinetics, and basic cell 
biology studies[7]. The sole purpose of bioprinting is 
to engineer a fully integrated and functionally restored 
biological environment[8] which could be achieved either 
through scaffold printing and subsequent cell seeding 
or direct cell printing. The scaffold-based fabrication 
approach involves mimicking of the extracellular matrix 
(ECM) by printing a temporary and biodegradable 
supporting structure[9]. Incorporation of live cells into the 
bioink increases/magnifies the complexity involved in 
printing but promises a more homogeneous distribution 
of cells as compared to dropwise seeding over a 3D 
printed scaffold such that the resulting three-dimensional 
cellular constructs better mimic complex biological 
functionalities found in native tissues and organs.
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cosmetics company, L’Oréal (screening of cosmetics in 
printed dermal tissue)[62]. 

2.2 Commercial 3D Bioprinting Companies 
Since the launch of Organovo, many other bioprinting 
companies have entered the market. Many of them offer 
bioprinting systems for research use with several them 
also selling proprietary bioinks while others such as 
Tevido have focussed on recreating human tissue. In this 
section, we highlight the technology and differentiating 
factor of each of these companies.

3D Bioprinting Solutions (3dbio) successfully 3D 
printed world’s first animal thyroid gland in March 
2015[63] and transplanted into a living mouse[64]. With 

[64], 3dbio 
has also been collaborating with Russia’s national 
space agency, United Rocket and Space Corporation 
(URSC) to create a magnetic 3D bioprinter that can 
fabricate artificial tissues in the International Space 
Station[65]. 3dbio is a subsidiary of Vivax Bio, a global 
biotech company. Vivax Bio offers FABION (Figure 

5C) bioprinter which 5 nozzles, 3 of which are specially 
designed to dispense bioink and spheroids of any type or 
size as well as cell suspensions or other biomaterials[66]. 

3Dynamic Systems (3DS)
company offers two 3D bioprinters called 3Dynamic 
Alpha (Figure 4F) and Omega, with the focus of 
constructing 3D transplantable bone and complex tissue 

[67]. 3DS have partnered 
with Bioink Solutions to offer a new gelatin-based 
bioink (Gel4Cell®)[68].  

Aether Figure 
) in March 2016. The system boasts a multitude of 

printing capabilities where 10+ different materials, 
including viscous pastes, gels, ceramics, filament and 
oils can be brought in use simultaneously[69]. The other 
optional features include high-resolution motors, a laser 
system for ultra-high-precision cutting and engraving, 
CNC milling machine, photocrosslinking UV LED, 
microscope, 3D electronics printer, and universal 
modular fabrication device[70]. 

Advanced Solutions Life Sciences (ASLS) offers two 

Figure 4.  Portable Bioprinters: (A) Allevi 2 (courtesy of Allevi, Philadelphia, US) (B) Scientist™ (courtesy of Seraph Robotics, US)       
(C) CPD1 (courtesy of SunP Biotech International, NJ, US) (D E) REGEMAT 
3D V1 (courtesy of Regemat 3D, Spain) (F G) Vitarix (courtesy of Pensees, 

H) r3bel (courtesy of Se3D,  Santa Clara, US) (I) SYN^ (courtesy of Bio3D, Singapore) (J) BIOBOT™ (courtesy of 
K) Aether 1 (courtesy of Aether, San Francisco, US).



mechanisms and specified for different applications
can be found (table 3). For example Bioink Solu-
tions, Inc. offers gelatin-based bioinks containing
growth factors that are specific for the printing of
different tissue types.

Rheological properties of these bioinks are mostly
not indicated by the manufacturer. Therefore, they
might only be suitable in combination with the com-
panies own bioprinter and would have to be
adapted for other printing techniques.

Generally, these bioinks are constituted from nat-
ural and/or synthetic polymers including collagen/
gelatin, hyaluronic acid, PEG, etc. Collagen is themost
abundant protein present in the extracellular matrix
(ECM) of many tissues [82]. This protein forms a
hydrogel at physiological conditions by triple helix
formation. Collagen is a suitable material for cell
encapsulation purposes because of the presence of

cell-interactive RGD (Arginine-Glycine-Aspartic acid)
sequences in their backbone, which stimulate cell
adhesion. For example, Xu et al have mixed rat
embryonic hippocampal neurons with neutralized
collagen and placed the cell-laden solution subse-
quently in the incubator at 37 °C to induce hydrogel
formation [83]. The degradation of the triple helix of
collagen by acidic or basic hydrolysis results in the
production of gelatin [71]. Gelatin is a thermo-
responsive protein with a sol-gel temperature of
around 30 °C depending on the gelatin concentration
applied. By cooling a gelatin solution below 30 °C,
hydrogel formation is induced (cfr. upper critical solu-
tion temperature behavior) [84]. This protein is often
employed for tissue engineering and regenerative
medicine because various functional groups corresp-
onding with constituting amino acids can be easily
modified with (meth)acrylate groups to prevent

Table 3.Overview of commercially available bioinks.

Company Bioink Material Features

Bioink Solutions, Inc. Gel4Cell® Gelatin-based UV-crosslinkable

Cell viability>90%

Gel4Cell®-BMP Conjugatedwith different growth factors Osteoinductive

Gel4Cell®-VEGF Angiogenic

Gel4Cell®-TGF Chondrogenic

CELLINK CELLINK Nano-cellulose/alginatemixture Shear thinning

Fast crosslinking

For soft tissue engineering

RegenHU BioInk® PEG/gelatin/hyaluronic acid-based Good cell adhesion properties

Biodegradable

Mimics the natural ECM

Possible combinationwithOsteoink™

Osteoink™ Calciumphosphate paste Osteoconductive

Chemical composition similar to humanbone

For hard tissue engineering

Biobot Bio127 Pluronic F127-based Gels at room temperature

Dissolves when cooled

BioGel GelatinMethacrylate based When combinedwithGelKey it

Covalently crosslinks when exposed to light

Figure 3. (A) Structure of gelatinmodifiedwithmethacrylamide groups (Gel-MOD). (B)Hepatocarcinoma cell were encapsulated in
Gel-MOD constructs and cured using Irgacure 2959. Cell survival was evaluatedwith live/dead assay [63].
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Abstract
Bioprinting is a process based on additivemanufacturing frommaterials containing living cells. These
materials, often referred to as bioink, are based on cytocompatible hydrogel precursor formulations,
which gel in amanner compatible with different bioprinting approaches. The bioink properties
before, during and after gelation are essential for its printability, comprising such features as
achievable structural resolution, shape fidelity and cell survival. However, it is thefinal properties of
thematured bioprinted tissue construct that are crucial for the end application. During tissue
formation these properties are influenced by the amount of cells present in the construct, their
proliferation,migration and interactionwith thematerial. A calibrated computational framework is
able to predict the tissue development andmaturation and to optimize the bioprinting input
parameters such as the startingmaterial, the initial cell loading and the construct geometry. In this
contribution relevant bioink properties are reviewed and discussed on the example ofmost popular
bioprinting approaches. The effect of cells on hydrogel processing and vice versa is highlighted.
Furthermore, numerical approaches were reviewed and implemented for depicting the cellular
mechanics within the hydrogel as well as for prediction ofmechanical properties to achieve the desired
hydrogel construct considering cell density, distribution andmaterial–cell interaction.

1. Introduction

Fabrication of scaffolds by employing additive manu-
facturing technologies (AMT) also referred to as three-
dimensional (3D) printing, has been widely used in
tissue engineering to restore, replace or regenerate
defective tissues [1, 2]. Bioprinting can be considered
an additive manufacturing technique during which
cells and biomaterials, often referred to as ‘bioink’, are
deposited simultaneously [3, 4]. Bioprinting allows to
skip the cell seeding procedure, which often proved
to be challenging for classical scaffold-based tissue
engineering. Moreover, it provides a possibility to
distribute different cell types at desired locations
within the bioprinted construct and achieve high
initial cell densities. A number of comprehensive
reviews, book chapters and books, discussing the

relevant technologies and materials have been pub-
lished over the years [3, 5–21]. In order, to achieve the
desired tissue construct, it is essential to understand
the properties of bioprinted hydrogel matrix and
identify its key parameters (cell density, geometry,
stiffness, etc) influencing tissue development and
maturation.

In this review, recent progress in bioprinting and
relevant bioink properties with focus on the interac-
tion between hydrogel materials and cells is summar-
ized. The properties of the hydrogel, which are
required for the printing process as well as to ensure
cell survival are discussed along with the influence of
cells on the hydrogel properties itself.

We also describe a numerical approach allowing
the estimation of the mechanical properties of a cell-
containing hydrogel. The effect of cell densities and
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different tissue types.

Rheological properties of these bioinks are mostly
not indicated by the manufacturer. Therefore, they
might only be suitable in combination with the com-
panies own bioprinter and would have to be
adapted for other printing techniques.

Generally, these bioinks are constituted from nat-
ural and/or synthetic polymers including collagen/
gelatin, hyaluronic acid, PEG, etc. Collagen is themost
abundant protein present in the extracellular matrix
(ECM) of many tissues [82]. This protein forms a
hydrogel at physiological conditions by triple helix
formation. Collagen is a suitable material for cell
encapsulation purposes because of the presence of

cell-interactive RGD (Arginine-Glycine-Aspartic acid)
sequences in their backbone, which stimulate cell
adhesion. For example, Xu et al have mixed rat
embryonic hippocampal neurons with neutralized
collagen and placed the cell-laden solution subse-
quently in the incubator at 37 °C to induce hydrogel
formation [83]. The degradation of the triple helix of
collagen by acidic or basic hydrolysis results in the
production of gelatin [71]. Gelatin is a thermo-
responsive protein with a sol-gel temperature of
around 30 °C depending on the gelatin concentration
applied. By cooling a gelatin solution below 30 °C,
hydrogel formation is induced (cfr. upper critical solu-
tion temperature behavior) [84]. This protein is often
employed for tissue engineering and regenerative
medicine because various functional groups corresp-
onding with constituting amino acids can be easily
modified with (meth)acrylate groups to prevent
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Gel-MOD constructs and cured using Irgacure 2959. Cell survival was evaluatedwith live/dead assay [63].
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distributions within the hydrogel was discussed, which
might help to design the bioprinted constructs in a
way to achieve the desired properties.

2.Overview of bioprintingmethodologies
and suitable bioinkmaterials

The physico-chemical parameters of a hydrogel pre-
cursor including the rheological behavior, the swelling
properties, the surface tension and the gelation
kinetics are important factors for its printability.
This especially applies for biofabrication techniques
that rely on bioink dispensing. Therefore, different
hydrogel properties are essential depending on the
particular bioprinting technique to be applied. With
regard to that, such processing methodologies can be
subdivided into three groups including extrusion
bioprinting (pneumatic and mechanical), orifice-free
bioprinting (laser-induced forward transfer(LIFT)
and printing by surface acoustic waves) and inkjet
bioprinting (piezoelectric and thermal) (see figure 1).

2.1. Inkjet bioprinting
An inkjet bioprinter delivers small droplets of bioink
(1–100 picoliters; 10–50 μm diameter) [16, 22] on
predefined locations of a substrate. The two most
commonly used methods for inkjet printing of cells
are piezoelectric and thermal inkjet bioprinting
[6, 23, 24]. The piezoelectric inkjet printer uses
piezoelectric crystals to produce acoustic waves to
force the liquid in small amounts through the nozzle
[16, 25–28]. The thermal inkjet system produces
pulses of pressure by vaporizing the bioink around the
heating element expelling the droplets out from the
printing head. Several studies have already indicated
that cells are not affected by the local high temperature
of the heating element up to 300 °C due to the short
period of exposure (2 μs) during the printing process
[29–32].

In inkjet bioprinting the surface tension is an
important parameter that determines to what extent
the processing technology will result in the formation
of droplets or a jet. Surface tension is the result of the
cohesive forces existing between the compounds pre-
sent in the liquid. When the charges on the surface of
the bioink are weaker than the surface tension, dro-
plets are formed. Conversely, a jet is produced. The
surface tension decreases with increasing cell con-
centration in the bioink, because more cells are adsor-
bed to the liquid-gas interface. Therefore, the total free
energy is reduced, resulting in a smaller surface ten-
sion [33].

Gelationmethods including physical [27, 34], che-
mical and photo-crosslinking [35] are used to ensure
the stability of bioprinted constructs. Gelation of the
bioink should occur in situ after the material exits the
nozzle and simultaneously with the printing process
(e.g. by photopolymerization) [32], because when it
already takes place inside the printing head, blockages
are created in the nozzle [23]. When hydrogel forma-
tion does not occur rapidly in situ the bioprinted
construct might be compromised due to possible
spreading of non crosslinked bioink solution. Further-
more, the shear stress characteristic to this process can
negatively influence the cell viability [36]. As a result,
the bioink must exhibit low viscosities (<10 mPa s)
and cell densities (<106 cells ml−1) (see figure 1 and
table 1) [29, 37, 38]. These conditions result in limita-
tions for the printing process. Despite the dis-
advantages, inkjet bioprinters are successfully applied
with a micrometer resolution (10–50 μm) [23, 28, 39]
for the deposition of cells and are compatible with
various bioinks [23, 29, 40].

2.2.Orifice-free bioprinting
LIFT is also known as laser-assisted bioprinting and
biological laser printing. In LIFT a pulsed laser beam is
focused and scanned over a donor substrate that is

Figure 1.Overview of themost widespread bioprinting approaches and according parameters crucial for printability of thematerial.
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Bioink materials should also be easily manufactured and processed, affordable, and 

commercially available, and bioprinted constructs composed of bioinks are expected 

to keep their designed shape, structural strength and integrity, easily engra� with the 

host, and degrade over �me in vivo (Ozbolat et al., 2017). Currently, there are 

commercially available bioinks that offer reproducible results, such as Gel4Cell®, 

CellInk®, BioInk®, OsteoInk®, Bio127®, BioGel® (Tappa & Jammalamadaka, 2018), and 

GrowDex©. The main requirements for the bioinks and the bioink requirements in 

different bioprin�ng technologies are listed in the Figure 6 below.    

that were seeded by chondrocytes in third-generation ACI8.

The first patients at our institution were treated with

periosteum-ACI in 1996, and our short- and long-term out-

come concurred with the outcomes of the original authors9.

During the intervening years, many upgrades in cell cultiva-

tion, surgical techniques, and biomaterial have become

available. Over a period of 18 years, seven different ACI

implant types have been used: periosteum-ACI; fibrin-

collagen patch seeded by ACI and fixed by either perios-

teum, collagen membrane, or fibrin glue; ACI seeded

alginate-agarose hydrogel; and biomimetic collagen-

hydroxyapatite scaffold injected with ACI suspension. All

ACI patients were followed prospectively in a registry.

The aim of the current study is to evaluate our entire ACI

patient cohort graft in light of serious adverse events and

graft failures, and to define the risk factors for their

occurrence.

Materials and Methods

The study protocol was approved by the Slovenian National

Medical Ethics Committee (#01/06/96). This prospective

case series comprises 151 patients, who were treated with

different types of ACI grafts due to chondral or osteochon-

dral lesions in the knee between the years 1996 and 2013. All

operations were performed by the two senior co-authors

(DM and MD). There were 115 male and 36 female patients

with a mean age at operation of 31.5 + 8.7 years and an

average BMI of 25.4 + 3.5 kg/m2. A total of 99 patients

suffered from chondral lesions, and another 52 from osteo-

chondral lesions; the average total lesion size was 4.5+ 2.3

cm2. The majority of lesions were located on medial femoral

condyles (110), followed by lateral femoral condyle (25),

patellofemoral area (8), and multiple lesions (8); 62 (41%)

patients experienced at least one previous cartilage surgery:

47 had lesion debridement or loose body removal, while

15 had an active cartilage repair via microfractures, osteo-

chondral autografting, or osteochondral fragment refixation.

The majority (78%) of patients had intact menisci at the time

of surgery, 19% had a partial resection of medial or lateral

menisci, and 3% had both menisci partially resected. A total

of 50 patients had ACL reconstruction done either before or

simultaneously with the ACI surgery. A concomitant high

tibial osteotomy was conducted in 13 patients.

The ACI procedure followed a standardized protocol

(ChondroArt, Educell, Slovenia), described in detail else-

where9, arthroscopic cartilage biopsy, chondrocyte isolation

and ex vivo cultivation in autologous serum, and graft

implantation 3–4 weeks later. Alternatively, the isolated

chondrocytes were stored by deep freezing for delayed sur-

gical procedure, when necessary. The ACI graft implantation

was performed by mini-open or classical arthrotomy,

depending on lesion characteristics and concomitant proce-

dures. The ACI grafts have evolved over the years, different

ACI types were used at different time points, and, therefore,

every patient had received the ACI type that was available at

the time of treatment. A total of 45 patients were operated on

by classical periosteum-ACI; 80 patients received a fibrin-

collagen patch (Tachocomb, Nycomed Pharma, Linz, Aus-

tria) seeded by autologous chondrocytes during cultivation

and fixed either by periosteum (n ¼ 59), collagen membrane

by (Chondrogide, Geistlich Pharma AG, Wolhusen, Switzer-

land) (n¼ 15), or fibrin glue (n¼ 6); 14 patients were treated

with alginate-agarose hydrogel (Gel4Cell, TBF, Lyon,

France) seeded with autologous chondrocytes during culti-

vation; 12 patients were treated with a three-layered

collagen-hydroxyapatite biomimetic scaffold (Maioregen,

Finceramica, Italy) injected with autologous chondrocyte

suspension directly upon implantation.

The current study included the entire patient series with a

focus on serious adverse effects (SAE – defined as a revision

surgery or hospitalization related to the index knee surgery),

and graft failures (defined as revision cartilage repair or

arthroplasty, or low clinical outcome together with radiolo-

gical or arthroscopic evidence for graft failure). The SAEs

were further delineated as graft-related (such as chronic

synovitis, graft hypertrophy, arthrofibrosis, infection, loose

body, minor graft failure, and others) or graft-unrelated

(such as novel meniscal tear or ligament lesion, fractures

around the knee, and others). Parameters analyzed as pos-

sible risk factors for SAE or graft failure were: age, gen-

der, BMI, lesion depth (full thickness chondral vs.

osteochondral), lesion size, lesion location, graft type,

previous repair surgeries, and concomitant procedures

(ACL reconstruction, osteotomy, or meniscectomy). Ten

patients (7%) were lost from follow-up evaluation. The

Kaplan–Meier method for estimating the survival curves,

and Cox’s proportional hazards model to test for covari-

ates were used. Statistical analysis was performed using

IBM SPSS statistics Version 23.

Results

Graft-Related SAE

Among 141 patients available for complete follow-up, 16

graft-related SAEs were encountered (11%): 5 graft infec-

tions, 4 chronic synovitis, 4 minor (partial) graft delamina-

tions, 2 arthrofibrosis, and 1 graft hypertrophy. All these

SAE occurred within the first 2 years post-operatively. A

higher incidence of graft-related SAE was encountered after

previous cartilage surgeries, in patients over 40 years of age

(Fig 1), and BMI over 25 kg/m2 (last two were borderline

significant). There were fewer graft-related SAEs in the

medial femoral condyles than in the other knee locations.

A partial meniscus loss at the time of the ACI increased the

likelihood for later graft-related SAE.

A higher incidence of SAE was encountered when ACI

was combined with the alginate-agarose hydrogel or with

a three-layered collagen-hydroxyapatite biometric scaf-

fold. Gender, lesion depth, lesion size, ACL surgery, and
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MD, USA) in a humidified incubator with 5% CO2 at 37˚C. Rapamycin (inhibitor of mTOR)

was purchased from Sigma-Aldrich (St, Louis, MO, USA).Mycobacterium bovis BCG was

obtained as a commercial lyophilized preparation (Onco-Tice, NJ, USA). BCG was resus-

pended in phosphate buffered saline (PBS; Hyclone, Logan, UT, USA) and aliquots with a mul-

tiplicity of infection (MOI) of 100 (1 × 107 cells/ml) were prepared and stored at -80˚C until

use. A GelMA prepolymer solution was used (Gel4Cell; Bioink Solutions, Daegu, Korea).

Cell culture and construct fabrication

The 2D cell culture samples were seeded (1 × 106 5637 or T24 cells) on 60 mm plates. A 3D cell

printer (In vivo; Rokit, Seoul, Korea) was used to fabricate 3D cell cultures. 5637 and T24 cells

at a density of 1×106 cells/ml were collected by centrifuging at 1300 rpm for 3 min and sus-

pended in GelMA polymer solution for Gel4Cell. The mixtures were gently stirred to ensure

that the cells were evenly distributed, and 1 ml was drawn from the mixture into a sterilized

syringe with a 25 gauge needle. The user-created branched constructs design was loaded into

the computer, and the mixtures were extruded from the syringe needles into the low tempera-

ture chamber. The temperature of the nozzle fixer was maintained at 4˚C and the plate bed at

10˚C. They were controlled by a computer program design model (Creator K) by moving the

nozzles in the X and Y directions and the platform in the Z direction.

Crosslinking conditions setting

The mixture was physically crosslinked by exposure to UV light (356 nm) using a UV lamp

(KA.TN-4LC). The UV exposure time for crosslinking was determined after setting the condi-

tions to 0, 30, 60, 90, 120, and 180 s. Each construct was cultured in a 60 mm plate dish with 3

ml complete culture medium.

Live/dead staining assay

Cell survival rate in the 3D cell constructs was assessed on days 1, 3, and 5 after biofabrication. A

fluorescent live/dead staining solution (Thermofisher, MA, USA) was utilized according to the

manufacturer’s instructions. Each 3D cell construct and 2D culture cell sample was washed in

PBS three times before staining. The mixture of Calcein-AM (2 μM) and EthD-1 (4 μM) was fil-

tered through a 0.22-mm syringe filter (Sigma, MO, USA). The cell morphologies were observed

under fluorescence microscopy (Leica DMI8). Three independent samples were observed.

Cell proliferation assay

The Cell Counting Kit-8 (CCK-8; Dojindo, MD, USA) was used to analyze cell proliferation in

3D cell constructs and 2D-cultured cells on days 1, 2, and 3 according to the manufacturer’s

instructions. 3D cell constructs and 2D-cultured cells were washed with PBS three times.

Then, 1 ml PBS and 0.1 ml CCK-8 solution were added to each 60-mm cell culture dish and

incubated in the dark for 3 h with 5% CO2 at 37˚C. After incubation, 0.2 ml of medium was

transferred to a 96-well plate and immediately the fluorescence was determined at an excita-

tion of 450 nm using a microplate reader (SpetraMax i3x, Molecular Devices). The 3D con-

structs and 2D petri dishes without cells were used as controls. Three independent samples

were tested in each group.

Cell viability assay

The 5637 and T24 cells were plated in 96-well plates at 5 × 103 cells per well in complete

medium and treated with rapamycin (1 μM) and BCG (30 MOI) for 1 day. After 24, 48, and 72

Necessity of three-dimensional (3D) cell culture

PLOSONE | https://doi.org/10.1371/journal.pone.0223689 October 22, 2019 3 / 15

mechanisms and specified for different applications
can be found (table 3). For example Bioink Solu-
tions, Inc. offers gelatin-based bioinks containing
growth factors that are specific for the printing of
different tissue types.

Rheological properties of these bioinks are mostly
not indicated by the manufacturer. Therefore, they
might only be suitable in combination with the com-
panies own bioprinter and would have to be
adapted for other printing techniques.

Generally, these bioinks are constituted from nat-
ural and/or synthetic polymers including collagen/
gelatin, hyaluronic acid, PEG, etc. Collagen is themost
abundant protein present in the extracellular matrix
(ECM) of many tissues [82]. This protein forms a
hydrogel at physiological conditions by triple helix
formation. Collagen is a suitable material for cell
encapsulation purposes because of the presence of

cell-interactive RGD (Arginine-Glycine-Aspartic acid)
sequences in their backbone, which stimulate cell
adhesion. For example, Xu et al have mixed rat
embryonic hippocampal neurons with neutralized
collagen and placed the cell-laden solution subse-
quently in the incubator at 37 °C to induce hydrogel
formation [83]. The degradation of the triple helix of
collagen by acidic or basic hydrolysis results in the
production of gelatin [71]. Gelatin is a thermo-
responsive protein with a sol-gel temperature of
around 30 °C depending on the gelatin concentration
applied. By cooling a gelatin solution below 30 °C,
hydrogel formation is induced (cfr. upper critical solu-
tion temperature behavior) [84]. This protein is often
employed for tissue engineering and regenerative
medicine because various functional groups corresp-
onding with constituting amino acids can be easily
modified with (meth)acrylate groups to prevent

Table 3.Overview of commercially available bioinks.

Company Bioink Material Features

Bioink Solutions, Inc. Gel4Cell® Gelatin-based UV-crosslinkable

Cell viability>90%

Gel4Cell®-BMP Conjugatedwith different growth factors Osteoinductive

Gel4Cell®-VEGF Angiogenic

Gel4Cell®-TGF Chondrogenic

CELLINK CELLINK Nano-cellulose/alginatemixture Shear thinning

Fast crosslinking

For soft tissue engineering

RegenHU BioInk® PEG/gelatin/hyaluronic acid-based Good cell adhesion properties

Biodegradable

Mimics the natural ECM

Possible combinationwithOsteoink™

Osteoink™ Calciumphosphate paste Osteoconductive

Chemical composition similar to humanbone

For hard tissue engineering

Biobot Bio127 Pluronic F127-based Gels at room temperature

Dissolves when cooled

BioGel GelatinMethacrylate based When combinedwithGelKey it

Covalently crosslinks when exposed to light

Figure 3. (A) Structure of gelatinmodifiedwithmethacrylamide groups (Gel-MOD). (B)Hepatocarcinoma cell were encapsulated in
Gel-MOD constructs and cured using Irgacure 2959. Cell survival was evaluatedwith live/dead assay [63].
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Rheological properties, such as viscosity, non-Newtonian behavior, Barus effect, and the method of
crosslinking are to be considered while designing novel polymeric or hydrogel systems for bioprinting.
Shear thinning non-newtonian fluids are ideal as they exhibit low viscosity when subjected to shear
forces and are not time-dependent. Polymers are subjected to shear and pressure during the 3D
printing process, and shear thickening fluids exhibit higher viscosity under pressure and tend to clog
the printer nozzle. Similarly, thixotropic fluids have viscosity as a function of time, and these fluids
may result in uneven distribution of particles or cells leading to inhomogeneous structures. During the
printing process, the polymers are ejected from the print head through a nozzle, this causes polymers
to expand after ejection. This effect is called the Barus effect. Ideal bioinks should have little or no
Barus effect to preserve 3D printed object resolution [30].

The bioinks which are mostly hydrogels can be crosslinked using physical, chemical, and enzymatic
methods. During the crosslinking step, the sol-gel transition occurs, and this defines the speed of printing,
fidelity of the bioprinting process, and resolution. Hydrogels crosslinked using physical agents rely on
non-covalent bonds for crosslinking and are generally weak. Physically-crosslinked hydrogels rely on
temperature, ionic and hydrogen bonding interactions [31]. On the other hand, chemically-crosslinked
hydrogels yield mechanically stable objects using 3D printing. There are many injectable hydrogels
available, but for them to be used in 3D printing, they need to be fine-tuned to adjust the kinetics of
crosslinking. In most of the chemically-crosslinked hydrogels, a photosensitive initiator is added to the
hydrogel that forms reactive species upon exposure to ionizing radiation is used. To promote mechanical
stability of printed objects, researchers have used pre- and post-fabrication crosslinking [30]. There are
commercially available bioinks that offer reproducible results, such as Gel4Cell®, CellInk®, BioInk®,
OsteoInk®, Bio127®, and BioGel® [32].

5. Biomaterials Used in 3D Printing for Tissue Engineering

Scaffolds for TE were fabricated using 3D printing with wide range of biomaterials. These biomaterials
have diversity in their chemical, mechanical, and biological properties. Scaffolds for bone TE have completely
different sets of requirements compared to connective tissues. Scaffolds for bone TE needs to have
mechanical properties similar to the human bone, which, again, depends on the type and location of
bone. For instance, cortical bones have high compressive strengths of 100 MPa, while the spongy bones
have mean compressive strengths of 3.9 MPa [33]. Apart from mechanical properties, histological properties
also need to be similar. Polymers and other biomaterials are added to these scaffolds to mimic the ECM
found in osseous tissue to improve cell proliferation.

In this section, we will explore composites and polymer composition used for 3D printing.

5.1. Ceramic and Composite Scaffolds Fabricated Using 3D Printing

Ceramics are the class of biomaterials that include metals and inorganic salts of calcium and phosphate.
These biomaterials find immense potential in bone and dental TE because of their osteoconductive
and osteoinductive nature. Salts of calcium and phosphate mimic the inorganic content of bone tissue.
These bioresorbable biomaterials promote new bone ingrowth and are, hence, called osteoconductive.
Few compounds can promote cell differentiation towards osteoblastic linage without the use of growth
factors, hence, called osteoinductive. Following Table 1 summarizes novel compositions that were used
in different 3D printing methods to create scaffolds for tissue engineering. Commonly-used ceramic
biomaterials include β-tricalcium phosphate (β-TCP), α-tricalcium phosphate (α-TCP), hydroxy apatite
(HA), bi-phasic calcium phosphate (BCP—a mixture of β-TCP and HA), calcium sulfate (CS), calcium
phosphate cement (CPC), and titanium. These ceramics are often brittle in nature and are, hence,
added with polymers. Biomaterials that have ceramics and polymers are categorized as composites.
Commonly-added polymers include chitosan, polycaprolactone (PCL), poly lactic acid (PLA), poly
L-lactide-glycolic acid (PLGA), and poly ethylene glycol diacrylate (PEGDA).
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cosmetics company, L’Oréal (screening of cosmetics in 
printed dermal tissue)[62]. 

2.2 Commercial 3D Bioprinting Companies 
Since the launch of Organovo, many other bioprinting 
companies have entered the market. Many of them offer 
bioprinting systems for research use with several them 
also selling proprietary bioinks while others such as 
Tevido have focussed on recreating human tissue. In this 
section, we highlight the technology and differentiating 
factor of each of these companies.

3D Bioprinting Solutions (3dbio) successfully 3D 
printed world’s first animal thyroid gland in March 
2015[63] and transplanted into a living mouse[64]. With 

[64], 3dbio 
has also been collaborating with Russia’s national 
space agency, United Rocket and Space Corporation 
(URSC) to create a magnetic 3D bioprinter that can 
fabricate artificial tissues in the International Space 
Station[65]. 3dbio is a subsidiary of Vivax Bio, a global 
biotech company. Vivax Bio offers FABION (Figure 

5C) bioprinter which 5 nozzles, 3 of which are specially 
designed to dispense bioink and spheroids of any type or 
size as well as cell suspensions or other biomaterials[66]. 

3Dynamic Systems (3DS)
company offers two 3D bioprinters called 3Dynamic 
Alpha (Figure 4F) and Omega, with the focus of 
constructing 3D transplantable bone and complex tissue 

[67]. 3DS have partnered 
with Bioink Solutions to offer a new gelatin-based 
bioink (Gel4Cell®)[68].  

Aether Figure 
) in March 2016. The system boasts a multitude of 

printing capabilities where 10+ different materials, 
including viscous pastes, gels, ceramics, filament and 
oils can be brought in use simultaneously[69]. The other 
optional features include high-resolution motors, a laser 
system for ultra-high-precision cutting and engraving, 
CNC milling machine, photocrosslinking UV LED, 
microscope, 3D electronics printer, and universal 
modular fabrication device[70]. 

Advanced Solutions Life Sciences (ASLS) offers two 

Figure 4.  Portable Bioprinters: (A) Allevi 2 (courtesy of Allevi, Philadelphia, US) (B) Scientist™ (courtesy of Seraph Robotics, US)       
(C) CPD1 (courtesy of SunP Biotech International, NJ, US) (D E) REGEMAT 
3D V1 (courtesy of Regemat 3D, Spain) (F G) Vitarix (courtesy of Pensees, 

H) r3bel (courtesy of Se3D,  Santa Clara, US) (I) SYN^ (courtesy of Bio3D, Singapore) (J) BIOBOT™ (courtesy of 
K) Aether 1 (courtesy of Aether, San Francisco, US).

Original Article

Survival Rates of Various Autologous
Chondrocyte Grafts and Concomitant
Procedures. A Prospective Single-Center
Study over 18 Years

David Martinčič1 , Jakob Mekač2, and Matej Drobnič1

Abstract
Seven different autologous chondrocyte implantation (ACI) grafts were used consecutively over a period of 18 years for the
treatment of cartilage lesions in the knees. The aim was to evaluate this entire ACI patient series for graft-related or unrelated
serious adverse events (SAE), graft failures, and to reveal potential risk factors for these incidents. The study group comprised
151 operated patients: classical periosteum-ACI (n ¼ 45); ACI-seeded fibrin-collagen patch, fixed by either periosteum (n ¼
59), collagen membrane (n ¼ 15), or fibrin glue (n ¼ 6); ACI seeded alginate-agarose hydrogel (n ¼ 14); and biomimetic
collagen-hydroxyapatite scaffold injected with the ACI suspension (n ¼ 12). The covariates analyzed as possible predicting
factors were: age, gender, BMI, lesion depth, lesion size, lesion location, previous surgeries, and concomitant procedures. The
Kaplan–Meier method for estimating survival curves, and Cox’s proportional hazards model to test for covariates, were used
in the statistical analysis. The patients in this series, follow-up 10.1 (2.1–18.3) years, encountered 11% of graft-related SAE (risk
factors: previous cartilage surgery, age over 40 years, BMI over 25 kg/m2, and meniscus surgery) and 10% of graft unrelated
SAE (risk factors: meniscus surgery and osteotomy). None of these factors was a risk for definitive graft failure. The 10-year
graft survival rate was 86%. Females had 2.8 times higher incidence of graft failures than males. There was a tendency toward
higher graft failures after a previous cartilage surgery. Different ACI graft types offered safe and durable cartilage repair.
Female gender, age over 40 years, increased weight, previous cartilage surgery, and meniscus loss showed increased risk for
revision surgery or graft failures.

Keywords
knee, cartilage, lesion, repair, autologous chondrocyte implantation, long-term results

Introduction

Cartilage lesions are encountered in 6 out of 10 knee arthros-

copies1–3. In addition to causing joint symptoms4, they also

represent a risk factor for early degenerative joint disease

with associated major source of functional disability and

economic cost4. Several cartilage repair techniques have

evolved over the past 30 years, but the optimal treatment

protocol has still not been defined5. Autologous chondrocyte

implantation (ACI) is a two-stage cartilage repair procedure

based on ex-vivo chondrocyte cultivation from a small car-

tilage biopsy; the first clinical case series was presented in

1994, showing a very positive outcome6. According to the

original surgical technique, nowadays known as the ‘perios-

teal-ACI’, the suspension of autologous chondrocytes was

retained in the debrided cartilage lesion via a sutured and

sealed autologous periosteum cover6. The original authors

also confirmed long-term durability of the clinical outcome7.

A demanding surgical technique, occasional periosteum

hypertrophy, and difficulties in the treatment of deep, large,

or uncontained lesions, led to the evolution of collagen mem-

branes to replace periosteal cover in second-generation ACI,

and three-dimensional chondral and osteochondral scaffolds
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that were seeded by chondrocytes in third-generation ACI8.

The first patients at our institution were treated with

periosteum-ACI in 1996, and our short- and long-term out-

come concurred with the outcomes of the original authors9.

During the intervening years, many upgrades in cell cultiva-

tion, surgical techniques, and biomaterial have become

available. Over a period of 18 years, seven different ACI

implant types have been used: periosteum-ACI; fibrin-

collagen patch seeded by ACI and fixed by either perios-

teum, collagen membrane, or fibrin glue; ACI seeded

alginate-agarose hydrogel; and biomimetic collagen-

hydroxyapatite scaffold injected with ACI suspension. All

ACI patients were followed prospectively in a registry.

The aim of the current study is to evaluate our entire ACI

patient cohort graft in light of serious adverse events and

graft failures, and to define the risk factors for their

occurrence.

Materials and Methods

The study protocol was approved by the Slovenian National

Medical Ethics Committee (#01/06/96). This prospective

case series comprises 151 patients, who were treated with

different types of ACI grafts due to chondral or osteochon-

dral lesions in the knee between the years 1996 and 2013. All

operations were performed by the two senior co-authors

(DM and MD). There were 115 male and 36 female patients

with a mean age at operation of 31.5 + 8.7 years and an

average BMI of 25.4 + 3.5 kg/m2. A total of 99 patients

suffered from chondral lesions, and another 52 from osteo-

chondral lesions; the average total lesion size was 4.5+ 2.3

cm2. The majority of lesions were located on medial femoral

condyles (110), followed by lateral femoral condyle (25),

patellofemoral area (8), and multiple lesions (8); 62 (41%)

patients experienced at least one previous cartilage surgery:

47 had lesion debridement or loose body removal, while

15 had an active cartilage repair via microfractures, osteo-

chondral autografting, or osteochondral fragment refixation.

The majority (78%) of patients had intact menisci at the time

of surgery, 19% had a partial resection of medial or lateral

menisci, and 3% had both menisci partially resected. A total

of 50 patients had ACL reconstruction done either before or

simultaneously with the ACI surgery. A concomitant high

tibial osteotomy was conducted in 13 patients.

The ACI procedure followed a standardized protocol

(ChondroArt, Educell, Slovenia), described in detail else-

where9, arthroscopic cartilage biopsy, chondrocyte isolation

and ex vivo cultivation in autologous serum, and graft

implantation 3–4 weeks later. Alternatively, the isolated

chondrocytes were stored by deep freezing for delayed sur-

gical procedure, when necessary. The ACI graft implantation

was performed by mini-open or classical arthrotomy,

depending on lesion characteristics and concomitant proce-

dures. The ACI grafts have evolved over the years, different

ACI types were used at different time points, and, therefore,

every patient had received the ACI type that was available at

the time of treatment. A total of 45 patients were operated on

by classical periosteum-ACI; 80 patients received a fibrin-

collagen patch (Tachocomb, Nycomed Pharma, Linz, Aus-

tria) seeded by autologous chondrocytes during cultivation

and fixed either by periosteum (n ¼ 59), collagen membrane

by (Chondrogide, Geistlich Pharma AG, Wolhusen, Switzer-

land) (n¼ 15), or fibrin glue (n¼ 6); 14 patients were treated

with alginate-agarose hydrogel (Gel4Cell, TBF, Lyon,

France) seeded with autologous chondrocytes during culti-

vation; 12 patients were treated with a three-layered

collagen-hydroxyapatite biomimetic scaffold (Maioregen,

Finceramica, Italy) injected with autologous chondrocyte

suspension directly upon implantation.

The current study included the entire patient series with a

focus on serious adverse effects (SAE – defined as a revision

surgery or hospitalization related to the index knee surgery),

and graft failures (defined as revision cartilage repair or

arthroplasty, or low clinical outcome together with radiolo-

gical or arthroscopic evidence for graft failure). The SAEs

were further delineated as graft-related (such as chronic

synovitis, graft hypertrophy, arthrofibrosis, infection, loose

body, minor graft failure, and others) or graft-unrelated

(such as novel meniscal tear or ligament lesion, fractures

around the knee, and others). Parameters analyzed as pos-

sible risk factors for SAE or graft failure were: age, gen-

der, BMI, lesion depth (full thickness chondral vs.

osteochondral), lesion size, lesion location, graft type,

previous repair surgeries, and concomitant procedures

(ACL reconstruction, osteotomy, or meniscectomy). Ten

patients (7%) were lost from follow-up evaluation. The

Kaplan–Meier method for estimating the survival curves,

and Cox’s proportional hazards model to test for covari-

ates were used. Statistical analysis was performed using

IBM SPSS statistics Version 23.

Results

Graft-Related SAE

Among 141 patients available for complete follow-up, 16

graft-related SAEs were encountered (11%): 5 graft infec-

tions, 4 chronic synovitis, 4 minor (partial) graft delamina-

tions, 2 arthrofibrosis, and 1 graft hypertrophy. All these

SAE occurred within the first 2 years post-operatively. A

higher incidence of graft-related SAE was encountered after

previous cartilage surgeries, in patients over 40 years of age

(Fig 1), and BMI over 25 kg/m2 (last two were borderline

significant). There were fewer graft-related SAEs in the

medial femoral condyles than in the other knee locations.

A partial meniscus loss at the time of the ACI increased the

likelihood for later graft-related SAE.

A higher incidence of SAE was encountered when ACI

was combined with the alginate-agarose hydrogel or with

a three-layered collagen-hydroxyapatite biometric scaf-

fold. Gender, lesion depth, lesion size, ACL surgery, and
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Abstract

Purpose

Two-dimensional (2D) cell culture is a valuable method for cell-based research but can pro-

vide unpredictable, misleading data about in vivo responses. In this study, we created a

three-dimensional (3D) cell culture environment to mimic tumor characteristics and cell-cell

interactions to better characterize the tumor formation response to chemotherapy.

Materials andmethods

We fabricated the 3D cell culture samples using a 3D cell bio printer and the bladder cancer

cell line 5637. T24 cells were used for 2D cell culture. Then, rapamycin and Bacillus Calm-

ette-Guérin (BCG) were used to examine their cancer inhibition effects using the two blad-

der cancer cell lines. Cell-cell interaction was measured by measuring e-cadherin and n-

cadherin secreted via the epithelial-mesenchymal transition (EMT).

Results

We constructed a 3D cell scaffold using gelatin methacryloyl (GelMA) and compared cell

survival in 3D and 2D cell cultures. 3D cell cultures showed higher cancer cell proliferation

rates than 2D cell cultures, and the 3D cell culture environment showed higher cell-to-cell

interactions through the secretion of E-cadherin and N-cadherin. Assessment of the effects

of drugs for bladder cancer such as rapamycin and BCG showed that the effect in the 2D

cell culture environment was more exaggerated than that in the 3D cell culture environment.

Conclusions

We fabricated 3D scaffolds with bladder cancer cells using a 3D bio printer, and the 3D scaf-

folds were similar to bladder cancer tissue. This technique can be used to create a cancer

cell-like environment for a drug screening platform.
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MD, USA) in a humidified incubator with 5% CO2 at 37˚C. Rapamycin (inhibitor of mTOR)

was purchased from Sigma-Aldrich (St, Louis, MO, USA).Mycobacterium bovis BCG was

obtained as a commercial lyophilized preparation (Onco-Tice, NJ, USA). BCG was resus-

pended in phosphate buffered saline (PBS; Hyclone, Logan, UT, USA) and aliquots with a mul-

tiplicity of infection (MOI) of 100 (1 × 107 cells/ml) were prepared and stored at -80˚C until

use. A GelMA prepolymer solution was used (Gel4Cell; Bioink Solutions, Daegu, Korea).

Cell culture and construct fabrication

The 2D cell culture samples were seeded (1 × 106 5637 or T24 cells) on 60 mm plates. A 3D cell

printer (In vivo; Rokit, Seoul, Korea) was used to fabricate 3D cell cultures. 5637 and T24 cells

at a density of 1×106 cells/ml were collected by centrifuging at 1300 rpm for 3 min and sus-

pended in GelMA polymer solution for Gel4Cell. The mixtures were gently stirred to ensure

that the cells were evenly distributed, and 1 ml was drawn from the mixture into a sterilized

syringe with a 25 gauge needle. The user-created branched constructs design was loaded into

the computer, and the mixtures were extruded from the syringe needles into the low tempera-

ture chamber. The temperature of the nozzle fixer was maintained at 4˚C and the plate bed at

10˚C. They were controlled by a computer program design model (Creator K) by moving the

nozzles in the X and Y directions and the platform in the Z direction.

Crosslinking conditions setting

The mixture was physically crosslinked by exposure to UV light (356 nm) using a UV lamp

(KA.TN-4LC). The UV exposure time for crosslinking was determined after setting the condi-

tions to 0, 30, 60, 90, 120, and 180 s. Each construct was cultured in a 60 mm plate dish with 3

ml complete culture medium.

Live/dead staining assay

Cell survival rate in the 3D cell constructs was assessed on days 1, 3, and 5 after biofabrication. A

fluorescent live/dead staining solution (Thermofisher, MA, USA) was utilized according to the

manufacturer’s instructions. Each 3D cell construct and 2D culture cell sample was washed in

PBS three times before staining. The mixture of Calcein-AM (2 μM) and EthD-1 (4 μM) was fil-

tered through a 0.22-mm syringe filter (Sigma, MO, USA). The cell morphologies were observed

under fluorescence microscopy (Leica DMI8). Three independent samples were observed.

Cell proliferation assay

The Cell Counting Kit-8 (CCK-8; Dojindo, MD, USA) was used to analyze cell proliferation in

3D cell constructs and 2D-cultured cells on days 1, 2, and 3 according to the manufacturer’s

instructions. 3D cell constructs and 2D-cultured cells were washed with PBS three times.

Then, 1 ml PBS and 0.1 ml CCK-8 solution were added to each 60-mm cell culture dish and

incubated in the dark for 3 h with 5% CO2 at 37˚C. After incubation, 0.2 ml of medium was

transferred to a 96-well plate and immediately the fluorescence was determined at an excita-

tion of 450 nm using a microplate reader (SpetraMax i3x, Molecular Devices). The 3D con-

structs and 2D petri dishes without cells were used as controls. Three independent samples

were tested in each group.

Cell viability assay

The 5637 and T24 cells were plated in 96-well plates at 5 × 103 cells per well in complete

medium and treated with rapamycin (1 μM) and BCG (30 MOI) for 1 day. After 24, 48, and 72
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cell-like environment for a drug screening platform.
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cosmetics company, L’Oréal (screening of cosmetics in 
printed dermal tissue)[62]. 

2.2 Commercial 3D Bioprinting Companies 
Since the launch of Organovo, many other bioprinting 
companies have entered the market. Many of them offer 
bioprinting systems for research use with several them 
also selling proprietary bioinks while others such as 
Tevido have focussed on recreating human tissue. In this 
section, we highlight the technology and differentiating 
factor of each of these companies.

3D Bioprinting Solutions (3dbio) successfully 3D 
printed world’s first animal thyroid gland in March 
2015[63] and transplanted into a living mouse[64]. With 

[64], 3dbio 
has also been collaborating with Russia’s national 
space agency, United Rocket and Space Corporation 
(URSC) to create a magnetic 3D bioprinter that can 
fabricate artificial tissues in the International Space 
Station[65]. 3dbio is a subsidiary of Vivax Bio, a global 
biotech company. Vivax Bio offers FABION (Figure 

5C) bioprinter which 5 nozzles, 3 of which are specially 
designed to dispense bioink and spheroids of any type or 
size as well as cell suspensions or other biomaterials[66]. 

3Dynamic Systems (3DS)
company offers two 3D bioprinters called 3Dynamic 
Alpha (Figure 4F) and Omega, with the focus of 
constructing 3D transplantable bone and complex tissue 

[67]. 3DS have partnered 
with Bioink Solutions to offer a new gelatin-based 
bioink (Gel4Cell®)[68].  

Aether Figure 
) in March 2016. The system boasts a multitude of 

printing capabilities where 10+ different materials, 
including viscous pastes, gels, ceramics, filament and 
oils can be brought in use simultaneously[69]. The other 
optional features include high-resolution motors, a laser 
system for ultra-high-precision cutting and engraving, 
CNC milling machine, photocrosslinking UV LED, 
microscope, 3D electronics printer, and universal 
modular fabrication device[70]. 

Advanced Solutions Life Sciences (ASLS) offers two 

Figure 4.  Portable Bioprinters: (A) Allevi 2 (courtesy of Allevi, Philadelphia, US) (B) Scientist™ (courtesy of Seraph Robotics, US)       
(C) CPD1 (courtesy of SunP Biotech International, NJ, US) (D E) REGEMAT 
3D V1 (courtesy of Regemat 3D, Spain) (F G) Vitarix (courtesy of Pensees, 

H) r3bel (courtesy of Se3D,  Santa Clara, US) (I) SYN^ (courtesy of Bio3D, Singapore) (J) BIOBOT™ (courtesy of 
K) Aether 1 (courtesy of Aether, San Francisco, US).

that were seeded by chondrocytes in third-generation ACI8.

The first patients at our institution were treated with

periosteum-ACI in 1996, and our short- and long-term out-

come concurred with the outcomes of the original authors9.

During the intervening years, many upgrades in cell cultiva-

tion, surgical techniques, and biomaterial have become

available. Over a period of 18 years, seven different ACI

implant types have been used: periosteum-ACI; fibrin-

collagen patch seeded by ACI and fixed by either perios-

teum, collagen membrane, or fibrin glue; ACI seeded

alginate-agarose hydrogel; and biomimetic collagen-

hydroxyapatite scaffold injected with ACI suspension. All

ACI patients were followed prospectively in a registry.

The aim of the current study is to evaluate our entire ACI

patient cohort graft in light of serious adverse events and

graft failures, and to define the risk factors for their

occurrence.

Materials and Methods

The study protocol was approved by the Slovenian National

Medical Ethics Committee (#01/06/96). This prospective

case series comprises 151 patients, who were treated with

different types of ACI grafts due to chondral or osteochon-

dral lesions in the knee between the years 1996 and 2013. All

operations were performed by the two senior co-authors

(DM and MD). There were 115 male and 36 female patients

with a mean age at operation of 31.5 + 8.7 years and an

average BMI of 25.4 + 3.5 kg/m2. A total of 99 patients

suffered from chondral lesions, and another 52 from osteo-

chondral lesions; the average total lesion size was 4.5+ 2.3

cm2. The majority of lesions were located on medial femoral

condyles (110), followed by lateral femoral condyle (25),

patellofemoral area (8), and multiple lesions (8); 62 (41%)

patients experienced at least one previous cartilage surgery:

47 had lesion debridement or loose body removal, while

15 had an active cartilage repair via microfractures, osteo-

chondral autografting, or osteochondral fragment refixation.

The majority (78%) of patients had intact menisci at the time

of surgery, 19% had a partial resection of medial or lateral

menisci, and 3% had both menisci partially resected. A total

of 50 patients had ACL reconstruction done either before or

simultaneously with the ACI surgery. A concomitant high

tibial osteotomy was conducted in 13 patients.

The ACI procedure followed a standardized protocol

(ChondroArt, Educell, Slovenia), described in detail else-

where9, arthroscopic cartilage biopsy, chondrocyte isolation

and ex vivo cultivation in autologous serum, and graft

implantation 3–4 weeks later. Alternatively, the isolated

chondrocytes were stored by deep freezing for delayed sur-

gical procedure, when necessary. The ACI graft implantation

was performed by mini-open or classical arthrotomy,

depending on lesion characteristics and concomitant proce-

dures. The ACI grafts have evolved over the years, different

ACI types were used at different time points, and, therefore,

every patient had received the ACI type that was available at

the time of treatment. A total of 45 patients were operated on

by classical periosteum-ACI; 80 patients received a fibrin-

collagen patch (Tachocomb, Nycomed Pharma, Linz, Aus-

tria) seeded by autologous chondrocytes during cultivation

and fixed either by periosteum (n ¼ 59), collagen membrane

by (Chondrogide, Geistlich Pharma AG, Wolhusen, Switzer-

land) (n¼ 15), or fibrin glue (n¼ 6); 14 patients were treated

with alginate-agarose hydrogel (Gel4Cell, TBF, Lyon,

France) seeded with autologous chondrocytes during culti-

vation; 12 patients were treated with a three-layered

collagen-hydroxyapatite biomimetic scaffold (Maioregen,

Finceramica, Italy) injected with autologous chondrocyte

suspension directly upon implantation.

The current study included the entire patient series with a

focus on serious adverse effects (SAE – defined as a revision

surgery or hospitalization related to the index knee surgery),

and graft failures (defined as revision cartilage repair or

arthroplasty, or low clinical outcome together with radiolo-

gical or arthroscopic evidence for graft failure). The SAEs

were further delineated as graft-related (such as chronic

synovitis, graft hypertrophy, arthrofibrosis, infection, loose

body, minor graft failure, and others) or graft-unrelated

(such as novel meniscal tear or ligament lesion, fractures

around the knee, and others). Parameters analyzed as pos-

sible risk factors for SAE or graft failure were: age, gen-

der, BMI, lesion depth (full thickness chondral vs.

osteochondral), lesion size, lesion location, graft type,

previous repair surgeries, and concomitant procedures

(ACL reconstruction, osteotomy, or meniscectomy). Ten

patients (7%) were lost from follow-up evaluation. The

Kaplan–Meier method for estimating the survival curves,

and Cox’s proportional hazards model to test for covari-

ates were used. Statistical analysis was performed using

IBM SPSS statistics Version 23.

Results

Graft-Related SAE

Among 141 patients available for complete follow-up, 16

graft-related SAEs were encountered (11%): 5 graft infec-

tions, 4 chronic synovitis, 4 minor (partial) graft delamina-

tions, 2 arthrofibrosis, and 1 graft hypertrophy. All these

SAE occurred within the first 2 years post-operatively. A

higher incidence of graft-related SAE was encountered after

previous cartilage surgeries, in patients over 40 years of age

(Fig 1), and BMI over 25 kg/m2 (last two were borderline

significant). There were fewer graft-related SAEs in the

medial femoral condyles than in the other knee locations.

A partial meniscus loss at the time of the ACI increased the

likelihood for later graft-related SAE.

A higher incidence of SAE was encountered when ACI

was combined with the alginate-agarose hydrogel or with

a three-layered collagen-hydroxyapatite biometric scaf-

fold. Gender, lesion depth, lesion size, ACL surgery, and
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