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Cartilage injuries are common problems that increase with the population
aging. Cartilage is an avascular tissue with a relatively low level of cellular
mitotic activity, which makes it impossible to heal spontaneously. To
compensate for this problem, three-dimensional bio-printing has attracted

a great deal of attention in cartilage tissue engineering. This emerging
technology aims to create three-dimensional functional scaffolds by accurately
depositing layer-by-layer bio-inks composed of biomaterial and cells. As a

novel bio-ink, a decellularized extracellular matrix can serve as an appropriate
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and Concluding Remarks

substrate that contains all the necessary biological cues for cellular interactions.
Here, this review is intended to provide an overview of decellularized

extracellular matrix-based bio-inks and their properties, sources, and
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preparation process. Following this, decellularized extracellular matrix-

based bio-inks for cartilage tissue engineering are discussed, emphasizing
cell behavior and in-vivo applications. Afterward, the current challenges and
Sfuture outlook will be discussed to determine the conclusing remarks.

Introduction

The aging population in developed societies
has exacerbated the problems associated with
cartilage defects, especially osteoarthritis,
affecting millions of people across the globe
each year.' Patients suffering from these injuries
often experience severe pain or disability that
can adversely affect their quality of life.? It has
been observed that men and women in their
fifth to seventh decades of life often suffer from
osteoarthritis and lose the function of their joints,
such as the knees, hips, and shoulders as a result
of degeneration of hyaline cartilage.?

On the other hand, cartilage is an avascular
connective tissue that is supplied by repairing
cells and exhibits a very limited self-healing
capacity. As a traditional form of cartilage
repair, allografts, autografts, and bone marrow
stimulation are employed. All of these techniques
are subject to limitations, such as secondary
surgery, scarcity of donors, and rejection.* * As
a result, researchers are attempting to develop a
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method for cartilage regeneration; accordingly,
the concept of tissue engineering is presented as a
potentially promising method to repair cartilage
defects.®

The natural cartilage structure has a complex
architecture  with
surface zone, middle zone, deep zone, and
calcified zone. Each zone consists of a unique
combination of cell phenotypes with diverse
biochemical compositions, microstructures,
and the physiological environment.” Therefore,
a suitable method needs to be developed
for building that
can support cells and ultimately lead to the
regeneration of complex cartilage tissue.
Scaffolding methods conventionally used for the
fabrication of synthetic matrices cannot meet
the requirements for cartilage healing.® The
emergence of the three-dimensional (3D) bio-
printing technology was a revolution in cartilage
tissue engineering and offers a number of
advantages over conventional techniques, such

four distinct  zones:

cartilaginous  structures
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as the ability to generate complex tissues containing multiple
cell types and biomaterials, patient specificity, creation of
predefined structures, and reproducibility.” Bandyopadhyay
et al.' proposed a photo-cross-linkable bio-ink containing
different concentrations of silk methacrylate, polyethylene
glycol diacrylate and chondrocytes. This study demonstrated
that the bio-printing technique has capability of maintaining
cell viability while showing high mechanical properties,
considering cartilage tissue requirements.

Today, the high capability of 3D printing to produce accurate
structures based on a predetermined design is well-known.
Still, creating an ideal bio-ink that can mimic the body’s natural
microenvironment is still a major challenge. The cartilage is
composed of water, proteoglycans, and type I, II, and X collagen.
Glycosaminoglycans (GAGs) are an important component of
cartilage, and in order for cartilage differentiation, the right
amount of GAGsmustbe present.'! Therefore, the designed bio-
inks should provide both mechanical and chemical properties
for the target tissue as well as demonstrate biocompatibility
for cell-laden printing.”? In this regard, extracellular matrix
(ECM), a natural substance, can provide biochemical factors
and a microenvironment for cells. The ECM components and
their native structure serve as a guide for cell activities and, as
a consequence, cell differentiation. Numerous studies attemp
to mimic natural ECM to improve the regeneration capacity
of the constructs.”* In this respect, decellularized ECM
(dECM)-based bio-inks have gained considerable attention
in the field of tissue regeneration, specifically in cartilage
tissue engineering.’® The decellularization process is widely
recognized as a prerequisite for the preparation of any ECM-
derived material, referring to treatment process of removing
cellular and nuclear components efficiently while protecting
the composition and integrity of native ECM."”

Taken together, this review will discuss decellularization
procedures and dECM properties with the aim of facilitating
cartilage healing. This review will provide an overview of the
dECM bio-inks used in cartilage tissue engineering and identify
in-vitro and in-vivo challenges as well as present suggestions for
future studies and clinical applications.

Decellularization Procedure

Decellularization is aimed at eliminating all cells from the tissue
while maintaining its native composition and structure.'s*
The cartilage-derived dECM promotes chondrocytes
adhesion, proliferation, and growth, which ultimately leads
to cartilage regeneration in-vivo; furthermore, it enhances
chondrogenic differentiation of stem cells in-vitro.?! A proper
decellularization procedure, including chemical, enzymatic,
and physical methods, should demonstrate the following
features: < 50 ng double stranded DNA per mg of ECM dry
weight, < 200 bp of DNA fragment length, and have no visible
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nuclear elements in the 4',6-diamidino-2-phenylindole or
hematoxylin and eosin-stained tissue.?

Chemical decellularization

Decellularization materials are classified as either alkaline
or acidic. Among the alkaline and acidic agents, acidic is
a highly effective way for decellularization. However, it
can influence the mechanical properties.”® Peracetic acid is
among the minimal invasive acids used for decellularization.
The main benefit of alkaline and acid decellularization is the
simultaneous disinfection process. Kheir et al.* used 0.1% (v/v)
peracetic acid for disinfection of porcine cartilage bone matrix
after incubating the tissues in hypotonic tris buffer and 0.1%
(w/v) sodium dodecyl sulfate (SDS) in hypotonic buffer with
protease inhibitors. A histological examination confirmed the
removal of cells. Decellularization may also be accomplished
with hydrogen chloric acid,” sulfuric acid,® and ammonium
hydroxide.” The bases may remove all the growth factors and
reduce the matrix’s mechanical properties.?

Chemical decellularization can also be achieved by using
ionic detergents. SDS,” sodium deoxycholate,*® zwitterionic
detergents such as 3-[(3-cholamidopropyl) dimethylammo-
nio]-1-propanesulfonate® are some of the famous example of
ionic detergents. Most of these agents cause ECM disruption
and protein removal from ECM, but, zwitterionic detergents
have net-zero electrical charges, which can preserve the
proteins during the decellularization procedure.”? One of the
most common detergents is SDS. In a study, Bordbar et al.*
used three cycles of freeze-thawing for two minutes in liquid
nitrogen, as well as two different chemical treatments that
used 10% (v/v) ethylenediaminetetraacetic acid disodium salt
and 5% and 10% (w/v) SDS. The findings demonstrated that
SDS 5% (v/v) resulted in better decellularization capability
after freezing cycles as compared to SDS 10% (v/v) and
ethylenediaminetetraacetic acid. Therefore, it appears that
the lower concentration of SDS had better infusion into dense
cartilage.

Among non-ionic chemical detergents, Triton X-100 is the
most widely used. Although Ghassemi et al.** demonstrated
complete decellularization with 3% Triton X-100, in some
cases may lead to complete loss of GAGs.*

Physical decellularization

Application of osmotic pressure,® freeze-thaw cycles,* bath
ultrasonication, and using a direct sonicator’’ are examples
of typical physical decellularization methods. The physical
treatment is usually employed in combination with the other
techniques to achieve high throughput decellularization;
because these agents lyse cells and the cellular residues will
remain when used alone.” for example, osmotic pressure only
loosens the ECM components, whereas the use of chemical
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of Biomedical Engineering, Science and Research Branch, Islamic Azad University, Tehran, Iran; 3 Institute of Biomaterials, Department of Materials Science
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agents improves the decellularization.*® Guimaraes et al.* used
a physical-chemical protocol for tracheal decellularization. The
pig tracheal was cut into small pieces followed by freezing-
thawing, and cycles of agitation (10 times). Then sodium
deoxycholate was added and washed. The results demonstrated
that DNA content was reduced to less than 2% (w/w) of
untreated samples. In addition, the skin and mixed glands were
removed properly. In another study, Al-Qurayshi et al.** used
a biological-physical-chemical decellularization technique
for human larynges. The decellularization process took long
12 days. The decellularization procedure contained several
agitations, freeze-thawing, enzymatic, chemical agent soaking,
and washing steps. The results demonstrated high reduction
in DNA content with high ECM structure preservation and
adequate mechanical properties.

Enzymatic decellularization

Enzymatic decellularization offers the advantage of removing
cellular components such as DNA. In order to hydrolyze
ribonucleotide or deoxyribonucleotide chains or to cleave
peptide chains; different enzymes must be employed;
however, these may have some structural or functional
effects.” Nucleases (DNase and RNase),” trypsin,” and
dipase** are some of the most common enzymes for enzymatic
decellularization. Each of these approaches has shown some
drawbacks in decellularization that should be considered.
In using Nuclease method, induction of severe distortion
of ECM structure, incompleted cell removal, prevention
of recellularization and transplantation were illustrated.
Difficulty in sufficient decellularization and increasing
incubation time were found in use of trypsin method, and
in dipase method, damage to basement membranes and
ECM should be considered.® On the other hand, all these
enzymatic approaches are used for decellularization, due to
their specificities to removal of DNA content while proteins
retain, and their ability in decellularization without inducing
cytotoxic effects.*® ¥ Decellularization of tracheal cartilage
requires strong decellularization agents, such as using ionic
methods, which can lead to disruption of the tissue’s native
structure. Therefore, Zang et al.*® used a detergent-enzymatic
treatment in order to decellularize the tracheal matrix.
Following washing, the harvested rat trachea pieces were
modified with 4% sodium deoxycholate and 1 mM sodium
chloride containing 50 kU/mL of deoxyribonuclease I. Using
five repeating cycles of detergent-enzymatic treatment, the
matrix is decellularized with acceptable percentage and with
sufficient compressive strength. Moreover, chelating agents
such as ethylenediaminetetraacetic acid” and ethylene glycol
tetraacetic acid® can also be used to decellularize cartilage. The
binding between the chelating agents and metal ions, such as
Ca’ and Mg?, results in cell separation.®

Combination techniques

Several chemical, physical,and enzymatic proceduresare carried
out simultaneously in order to complete decellularization.
Schneider et al.** examined 24 different decellularization
protocols for preparing human articular cartilage material for
use in tissue engineering procedures. Among the protocols
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included were several stages of freezing and thawing, the
addition of a decellularization agent, an enzymatic step, and
decontamination with various steps of decellularization. In
different protocols, each of these steps may be modified,
combined, or omitted entirely. The decellularization agents
used included SDS, Triton X-100, hydrogen peroxide, sodium
deoxycholate,  3-[(3-cholamidopropyl)  dimethylammo-
nio]-1-propanesulfonate, sodium hydroxide, and hydrogen
chloride (HCI). According to the results, although SDS shows
good efficiency for reducing DNA content, it reduces cell
cytocompatibility. As a result of this study, the combination
of two steps, HCI treatment, and pepsin digestion, in addition
to freeze and thaw cycles, as well as osmotic shock steps, has
been proposed as the optimal method, which preserves the
collagen structure and has superior mechanical properties
to commercial cartilage scaffolds that can maintain one-
third of native compressive modulus. In a study by Visscher
et al.** decellularization was performed by the subsequent
steps of freeze-thawing, adding Tritron X-100 and protease
inhibitor, washing, and soaking in Hanks buffered salt solution
supplemented with DNase, washing, and freezing Yorkshire
pigs’ ear cartilage. The double stranded DNA content measurement
indicated a concentration of 9.4 + 0.8 ng/mg. Additionally,
according to second-harmonic generation and two-photon
excited autofluorescence imaging and Masson’s trichrome
staining, the collagen bundles and GAGs were preserved
after the decellularization process, while hematoxylin and
eosin staining confirmed that cellular component had been
removed entirely. Also, Pati et al.>* performed hyaline cartilage
decellularization with Tris-HCI buffer solution and repeated
cycles of freezing and thawing followed by trypsin addition,
washing, and 1% Tritron X-100 treatment. Hematoxylin
and eosin staining demonstrated the removal of all cells and
cell debris. Shen et al.** prepared the dECM by incubating it
in sodium hydroxide, washing, homogenizing, and freeze-
drying it. In another study, Tian et al.*® used porcine cartilage
ECM for cartilage tissue engineering. Therefore, washing of
the cartilage pieces was performed with phosphate-buffered
saline containing 3.5% (w/v) phenylmethylsulfonyl fluoride
and 0.1% (w/v) ethylenediaminetetraacetic acid. Afterward,
another chemical treatment was carried out, followed by the
addition of acetic acid, deionized water, and nucleases were
added followed by centrifugation and repeated washing.

Decellularized Extracellular Matrix
Properties and Sources

dECM can be classified into three different types, including
autogenous, allogeneic, and xenogeneic dECM, based on how it
was derived. Since autogenous dECM scaffolds have limitations
regarding tissue and surgical complications, allogeneic and
xenogeneic dECM scaffolds are more promising. However,
it should be considered that the allogeneic and xenogeneic
dECM may show immunogenicity problems.'” >

In another classification, dECM are classified based on the
source of ECM with two main classes, including organ/tissue-
and cell-derived dECM structures.'”* dECM scaffolds driven
from tissues or organs exhibit the natural 3D microstructure
of the specific organ/tissue, without the immunogenic cellular
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components. In cell-derived dECM scaffolds, cells cultured in-
vitro are decellularized to form a substrate for producing large
numbers of cells.*

There are some tissues and organs that are used as dECM
sources, these include liver, heart, adipose tissue, cartilage, and
skin from different sources, including humans, pigs, rats, goats,
and cows. Among these dECM bio-ink-derived organ/tissue
sources, pigs are the major source,””*’ due to the availability of
porcine organs in large quantities.®

In comparison between animal and human origin, the potential
for infectious disease transmission poses a challenge to the
use of animals as a source of dECM. A controlled breeding
animal could minimize this disease, and the disease could be
almost eliminated by using xenogeneic ECM sources. Another
disadvantage of using animal sources is the possibility of
immunological reactions due to the presence of some specific
animal antigens. In order to overcome this problem, gene
editing and cloning techniques have been utilized.®' In addition,
a number of factors, including animal age, may impact the
composition, degradation rate, and mechanical properties of
final the dECM.®* Whereas, animal tissue has shown greater
stability and induction of stem cell differentiation compared
to human tissue. Although organ/tissue ECM is derived
from decellularized tissues, it retains its position as the most
successful biomaterial due to its architectural and mechanical
similarity to native ECM, as well as its ease of preparation at
a large scale. However, several challenges must be overcome
before the material can be used clinically. When animal tissue
is used, incomplete decellularization carries the risk of disease
transmission. Moreover, some specific issues, such as stem
cell niches, are difficult to isolate. The large batch-to-batch
differences makeitimpossible to use for specificapplications.'*¢
To prevent disease transmission, human tissue could be
substituted as a source of dECM bio-inks resources.** Among
the human tissue sources, adipose tissue is one of the human
sources used to produce dECM bio-ink. In fact, this compound
can induce proper cell viability as well as several adipogenic
proteins expression without needing to supplement with
adipogenic factors.”® However, a limited supply of human
cadaveric tissue is one of the challenges of the human source.

Alternatively, cell-derived ECM may be able to offset some of
the disadvantages of organ/tissue sources. This kind of dECM
can be produced by the complete decellularization of human
cell cultures, which removes all immunogenic components,
maintaining the bioactivity. The preparation of dECM in
vitro allows for the creation of ECM with specific properties.
This could be accomplished by selecting a modification of
appropriate cell types.® " For example, a biomimetic hydrogel
has been developed from mesenchymal stem cell (MSC)
dECM (mdECM), which promotes cartilage regeneration with
a complex mixture of macromolecules and signaling factors,
enabling the engineering of cartilage tissue. Both 3% and 6%
(w/v) mdECM hydrogels poses homogenous micropores.
However, the size of the porous inside of the 3% (w/v) mdECM
(2.72 £ 1.54 pm) was larger than that of the 6% (w/v) (1.35 +
0.77 pm). Viability of MSCs was greater than 90% on day 1.
The 6% (w/v) mdECM hydrogel maintained high cell viability
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over time, however, this was not the case for 3% (w/v),
although this value (83.3%) was indicative of viability on day *.
As a result, the highest concentration of cells exhibited a more
similar shape to chondrocytes embedded.®

In addition to all of the above, plant tissues have been
decellularized recently to create scaffolds that can be used to
engineer tissues. Following decellularization, it can be seeded by
specific cells for different biomedical applications. In addition
to drug delivery systems, it can also be used to for cartilage
and vascular regeneration. These tissues can be obtained
from different parts of a plant, such as leaves, stems or fruits,
and even vegetables. This source is known for its low cost,
accessibility, sustainability, large surface area, interconnected
pores, different hydrophilicity, and various mechanical
properties.'® 2 €71 For example, nano fibrils cellulose with
alginate was used as a bio-ink for cartilage tissue engineering.
As a result of alginate’s low viscosity, the printing resolution
is decreased. However, nano fibrils cellulose possesses a high
viscosity, which could be printed without gelation. Therefore,
the combination of these two materials served as a successful
bio-ink. Printed bio-inks were examined with and without
cross-linking in order to evaluate their printability and stability.
Compressive stiffness measurements for all combinations of
nano fibrils cellulose/alginate (Ink9010, Ink8020, Ink7030,
Ink6040) at 30% strain showed that Ink9010 displayed lower
compressive stiffness than Ink7030, which was about 60 kPa
and 250 kPa, respectively. Moreover, Ink6040 showed reduced
compressive stiffness in comparison with Ink7030. This
indicated that a high alginate concentration compromised the
mechanical properties of bio-ink. In the end, it should be noted
that each application may need different mechanical properties
for bio-ink.”? All discussed categories are illustrated in Figure 1
and Table 1 presents all the positive and negative properties
of each category.

Cartilage Bio-Printing Using the
Decellularized Extracellular Matrix-Based
Bio-Inks

A novel application of 3D bio-printing is the creation of
cartilage scaffolds that contain living cells for the purpose of
providing an appropriate microenvironment for cartilage
regeneration.”® Different cell types can be used for cartilage
tissue engineering, including chondrocytes,”* MSCs,”
(induced) pluripotent stem cells’® and even fibroblasts.”” It
is imperative to support the adhesion, proliferation, and
growth of cartilage cells in order to fabricate successful tissue
engineering structures. There should be interconnected porous
structures with pore sizes of at least > 200 um for providing
oxygen and nutrition supplements.’”® A healthy human articular
cartilage requires 5-25 MPa, 15-35 MPa, 0.24-0.85 MPa, and
0.2-2.0 MPa Tensile Young modulus, ultimate tensile stress,
compression Young’s modulus, and complex shear modulus,
respectively.” Therefore, the mechanical properties of
scaffolds should be taken into account in their design. Various
studies have previously examined dECM bio-inks for cartilage
regeneration. In this review, in order to facilitate the reading,
the studies have been divided into two categories of in-vitro
and in-vivo studies.

www.biomat-trans.com
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Figure 1. The schematic of different decellularized extracellular matrix sources and decellularization methods.

Table 1. Differences between organ/tissue dECM and cell-derived dECM

Advantages

Disadvantages

Organ/tissue-derived dECM
Easy preparation at large scale

Cell-derived dECM

Present stem cells, cells

Similarity to native ECM (architectural/mechanical)

Possibility of preparation in limited regions

Availability or lack thereof
Present stem cell niche

Large batch-to-batch differences
Low similarity to native ECM

Difficult to preparation at large scale

Small batch-to-batch differences -

Note: Data were from Dzobo et al.®! and Hoshiba.®” dECM: decellularized extracellular matrix; ECM: extracellular matrix.

In-vivo investigations

The dECM based bio-ink is a novel topic in tissue engineering
especially in cartilage regeneration. The number of studies
conducted on this topic is limited. However, in this study,
an attempt has been made to discuss the studies performed
separately. The in-vitro studies section begins with cell laden
dECM bio-ink studies and is followed by studies of the cell-free
dECM bio-inks.

In-vitro investigations of cell-laden decellularized extracellular
matrix bio-inks

A combination of biological signals in the printed structures
can induce cell fate and provide an optimal microenvironment
for cartilage healing.®* Zhang et al.® proposed a novel silk

Biomater Transl. 2022, 3(2), 105-115

fibroin/dECM/bone marrow MSCs constructs for cartilage
tissue regeneration. Silk fibroin was incorporated into dECM
to improve its mechanical stability. Printable bio-ink was
prepared by mixing a solution of 0-15% (w/v) silk fibroin and
0-6% (w/v) dECM were mixed with phosphate-buffered saline
and an equal volume of 80% polyethylene glycol to enhance the
gelation of silk fibroin and finally mixing it with bone marrow
MSCs. The printing was performed with a speed of 4-7 mm/s,
a pressure of 0.20-0.30 MPa, a stage temperature of 37°C, and
a room temperature of 15°C. The results demonstrated that
the higher concentration of dECM (3% (w/v)) created a highly
viscous solution requiring high printing pressure that inhibits
the viability of the cells; while the concentration below 2% (w/v)
was unable to provide adequate structural stability. Another
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study synthesized a chondrocytes-laden photo-cross-linkable
bio-ink by methacrylating cartilage-derived ECM. Results of
the viability assay demonstrated that a higher concentration
of cartilage-derived ECM resulted in higher levels of viability
and 40 mg/mL cartilage-derived ECM produced the highest
level of cell proliferation after 4 weeks the chondrocytes had a
triangular and ovoid shape, which is typical of chondrocytes.*

In a study by Pati et al.*® cell-laden bio-printing with ECM
bio-ink was evaluated with the aim of regenerating adipose,
cartilage, and heart tissue. The cartilage tissue constructs
were printed using a polycaprolactone (PCL) having a 200 um
framework. The disadvantage of this technique is that the cells
near the border of the PCL framework may be influenced by the
PCL environment instead of the cartilage dECM. However, the
majority of the cells were encapsulated in the dECM bio-ink.
The gene expression studies demonstrated the high capability
of the construct for cartilage differentiation. The expression of
SRY-box transcription factor 9, as a marker of chondrogenic
transcription, increased and the adhesion-related genes and
integrin 31 were highly expressed after 3 days, suggesting the
potential for chondrogenesis. In addition, the type II collagen,
and F-actin staining demonstrated that the printed structures
were capable of forming tissue.

The photo-cross-linking created by methacrylated type II
collagen can improve the stability of printed structures.®
In a recent study, Behan et al%? proposed methacrylate
cartilage dECM bio-ink to overcome the slow gelation of
type II collagen as the base material for a collagen ECM. The
designed bio-ink was loaded with bone marrow MSCs and the
cartilage structure was formed by micro-extrusion and then
photo-cross-linked with ultraviolet light. According to the
rheological results, increasing the dECM concentration from
1% to 6% (w/v) led to better printability, and storage modulus
(G’) increased 40-fold to 6% (w/v) dECM. Since elastic gels can
be formed at high concentrations, methacrylation was carried
out. The methacrylated dECM bio-ink demonstrated both
higher storage and loss moduli. The cell encapsulation had a
negligible effect on the rheological properties. The histological
and biochemical assays confirmed the high presence of type
IT collagen and low level of type I collagen, indicating the
formation of hyaline-like cartilage (Figure 2A). Sun et al. ¥ tried
another dECM bioink for cartilage regeneration. The porcine
skin was decellularized and after dellularization assurance the
printing was performed with the combining chondrocytes and
dECM in different concentrations and using printing speeds.
The best concentration and printing speed were obtained 9 g/L
and 8 mm/s, respectively. In addition, Terpstra et al.* believed
cartilage dECM could be used to alleviate vascularization.
Here, bio-inks containing endothelial cells are pro-and anti-
angiogenic supplemented with bioactive matrix-derived
microfibres created by cartilage dECM and type I collagen.
There was evidence of neovascularization after 2 days. The
meniscus-like bio-printed structure was fabricated with two
different zone formulations. The outer zone consists of human
umbilical endothelial cells, mural cells, and type I collagen
matrix-derived microfibre-laden pro-angiogenic bio-ink,
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while the inner zone consists of progenitor cells and cartilage
dECM matrix-derived microfibre-laden anti-angiogenic
bio-ink (Figure 2B, and C). The observation revealed the
emergence of vascular network in the outer layer after 14
days. In Setayeshmehr et al.’s study,® the solubilized dECM
was mixed with poly(vinyl alcohol) to maintain printability
and shape. The formulations were based on two different
approaches; first, the poly(vinyl alcohol) was functionalized
with amine groups, while the second formulation used cis-5-
norbornene-endo-2,3-dicarboxylic anhydride to modify the
poly(vinyl alcohol). The amine-modified bio-inks were cross-
linked with genipin, they demonstrated good printability but
low shape maintenance due to the slow cross-linking. The
second modification resulted in a better cross-linking speed by
using light curing. The dECM containing bio-inks exhibited
high cell viability, bio-printability, and a regulated swelling
ratio for cartilage tissue regeneration. In a more recent study,
Govindharaj et al.* used a Phallusia nigra tunicate dECM
for cartilage regeneration. The dECM was applied in two
different methods, once seeded with human mesenchymal
stem cells and secondly was processed for bioprinting. The
results showed the structure preserved its special honeycomb-
shaped microstructure and its important functional groups.
The results proved the efficiency of both methods with high
biocompatibility and mechanical stability for cartilage tissue
engineering.

In-vitro cellular investigations of decellularized extracellular
matrix bioinks

In another effort, Wiggenhauser et al.¥ added dECM of
porcine nasal cartilage to PCL printed structures to enhance
cartilage healing. The cartilage differentiation was higher in
dECM-contained scaffolds in comparison with pure PCL
scaffolds. It was suggested that the sufficient micro-milieu
provided by dECM can enhance cartilage regeneration. Zare
et al.® printed PCL scaffolds and alginate-sulfate added to
improve the biomimetic environment. dECM was used to
enhance the chondrogenesis. The in-vitro cellular investigation
demonstrated that the 1% dECM had high, printability, cell
viability, and proliferation. The mechanical tests showed
the designed scaffolds had similar mechanical properties to
natural nasal cartilage. In another study, Jung et al.* combined
dECM with silk fibroin for cartilage tissue engineering. The
silk fibroin was used as the support material of dECM due to
its high controllable cross-linking and viscosity properties.
According to the bioprintability test, 18% and 20% (w/v) bio-
inks demonstrated the fine resolution. The cell survival results
showed over 80% cell viability and Safranin-O staining proved
the high cartilaginous synthesized GAGs in the dECM-silk
fibroin scaffolds.

In-vivo investigations

Although few in-vivo dECM bio-ink investigation have been
performed so far, this section tries to collect and discuss the
studies that have worked on this subject. Here, the means of
in-vivo structures is the implanted 3D bio-printed structures
using dECM bio-inks in in-vivo models. In an in-vivo trial, Jia
et al.”° proposed a photo-cross-linkable bio-ink containing
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cECM-MA

2% cECM-MA

Figure 2. (A) The histological staining for type I and II collagens and sGAGs of cECM-MA bio-inks contained/free
BM-MSCs. Cell contained bio-inks as expected showed higher type I and II collagens and sGAGs. Reprinted from Behan
et al.® (B, C) The cell viability of cis-5-norbornene-endo-2,3-dicarboxylic anhydride-modified PVA samples (B) and
cis-5-norbornene-endo-2,3-dicarboxylic anhydride-modified PVA contained solubilized dECM (C) after 1 and 7 days.
Reprinted from Setayeshmehr et al.** Scale bars: 100 um. BM-MSCs: Bone marrow-derived mesenchymal stem cells;
cECM-MA: methacrylated cartilage ECM-based hydrogel/bio-ink; dECM: decellularized extracellular matrix; PVA:

poly (vinyl alcohol); sGAGs: sulphated glycosaminoglycans.

methacrylate-modified acellular cartilage matrix, gelatin
methacrylate, poly(ethylene oxide), and PCL. The dECM
provides native cues for cartilage regeneration, while the
polymers are responsible for maintaining printability and
mechanical properties for precise printing. After 24 weeks,
the human auricle shape was successfully maintained (Figure
3A), and histological investigations demonstrated a high level
of GAG and type II collagen. In another in-vivo investigation,
4% (w/v) collagen, and 2.5% (w/v) decellularized ECM
granules bio-ink was formulated and bio-printed with the aim
of promoting cartilage growth. The bio-inks were applied in

three groups, including dECM, MSC, and both dECM and
MSC. dECM granules with a diameter up to 280 um increase
the surface area for cell interactions and act as chondrogenic
microenvironments. The cartilaginous tissue was formed on
both the scaffold site and within the muscle fibres, indicating
vascularization. Bone formation was observed in the treated
groups, which is undesirable and can be attributed to the cell
sources (Figure 3B). MSC derived from adipose tissue are
equally capable of differentiating into cells such as osteoblasts,
chondroblasts, and adipocytes.”® In addition, Chen et al.”
introduced a method combining electrospinning and 3D

12 weeks

24 weeks

Figure 3. (A) The in-vivo auricular tissue regeneration on the back of nude mice after 12 and 24 weeks. Reprinted from
Jia et al.”® (B) Microscopic observation of in-vivo investigation using decellularized extracellular matrix and mesenchymal
stem cell bio-ink after 1 week. There was indirect osteogenesis in the muscle tissue near the scaffold. Scale bar: 800 pm.

Reprinted from Isaeva et al.”
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printing for cartilage tissue engineering. A major objective of
this combination was to improve the mechanical properties of
the dECM and create a customized shape structure with the
proper pore size. To accomplish this, the electrospun gelatin/
poly(lactic-co-glycolic acid) fibres were cut and mixed with
different concentrations of dECM and hyaluronic acid ink.
The printed structures were analyzed by in-vitro tests, and
articular cartilage regeneration capability was assessed in-vivo
in healthy male New Zealand white rabbits. Following 12
weeks of surgery, the histological examination demonstrated
complete defects filled with dECM/hyaluronic acid containing
50% (w/w) electrospun gelatin/poly(lactic-co-glycolic acid)
fibres. Staining the tissue revealed the emergence of new
chondrocytes and the uniform formation of cartilage tissue.

Current Challenges and Future Outlook

for Clinical Applications and Concluding
Remarks

Although dECM-based bio-ink demonstrated unique
properties for cartilage tissue engineering, there are some
challenges that should be considered for future clinical
applications. Due to the loss of native cartilage structure
during the preparation process, pure cartilage dECM bio-inks
cannot provide sufficient mechanical properties.® Therefore
it is usually combined with other materials or cross-linked
to increase the mechanical performance, or a framework
can be designed to enhance dECM properties, while using a
polymeric framework for dECM printing may lead to decrease
cell viability along with the polymer borders.*

It is proposed to study other creative techniques to enhance the
mechanical properties of dECM bio-ink in the future. Powder-
based plotting was found to overcome the low viscosity of
the concentrated dECM bio-ink derived from cartilage.'® In
addition, another study proposed to enhance thermal gelation
of type II collagen through the use photocross-linking of
methacrylate dECM.® Protein heterogeneity, caused by
different donors, tissues, and cells makes the comparison
process difficult, especially in large measurements.>* Therefore,
it is preferable to define a standard for comparing future
studies.

Despite the fact that decellularization techniques can eliminate
most cells, the DNA and chondrocytes may persist even after
25 cycles of decellularization. In addition, the reduction of the
GAG content can lead to a decrease in mechanical properties.
Therefore, decellularization techniques should be optimized
to maintain structural integrity and remove cell debris for
future clinical applications.” It has been recently proposed
that using the bioreactors enhances the decellularization
procedure. Bioreactors are capable of reducing the number of
decellularization cycles with an increased output and a reduced
loss of matrix integrity.”*

The above-mentioned current challenges should be minimized
in order to create functional cell-laden dECM-based bio-ink
for cartilage tissue regeneration. The development of the
dECM bio-inks with high throughput will therefore require
the application of new compositions with other natural and

Sahranavard, M,; et al.

synthetic materials as well as new techniques. In addition, the
new investigation techniques should be applied to the new
composition in order to fully understand the designed bio-
ink properties and replicate the natural microenvironment
of cartilage tissue. In-vivo assays need to be carried out with
greater focus in order to optimize the bio-inks properties in
order to be used in clinical stages. As a result, according to
the previous studies and mentioned properties, it appears
that dECM-based bio-inks are suitable for cartilage tissue
repair and are recommended for future studies aimed at
addressing current challenges and improving properties. Since
dECM bio-printing is a new field, the number of reviewed
works is limited, and many aspects of this field need further
consideration in the future.
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