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Abstract: The promise of regenerative medicine and tissue engineering is founded on the ability to
regenerate diseased or damaged tissues and organs into functional tissues and organs or the
creation of new tissues and organs altogether. In theory, damaged and diseased tissues and organs
can be regenerated or created using different configurations and combinations of extracellular
matrix (ECM), cells and inductive biomolecules. Regenerative medicine and tissue engineering can
allow the improvement of patients’ quality of life through availing novel treatment options. The
coupling of regenerative medicine and tissue engineering with 3D printing, big data and
computational algorithms is revolutionizing the treatment of patients in a huge way. 3D
bioprinting allows the proper placement of cells and ECMs, allowing the recapitulation of native
microenvironments of tissues and organs. 3D bioprinting utilizes different bioinks made up of
different formulations of ECM/biomaterials, biomolecules and even cells. The choice of the bioink
used during 3D bioprinting is very important as properties such as printability, compatibility and
physical strength influence the final construct printed. The extracellular matrix (ECM) provides
both physical and mechanical microenvironment needed by cells to survive and proliferate.
Decellularized ECM bioink contains biochemical cues from the original native ECM and also the
right proportions of ECM proteins. Different techniques and characterization methods are used to
derive bioinks from several tissues and organs and to evaluate their quality. This review discusses
the uses of decellularized ECM bioinks and argues that they represent the most biomimetic bioinks
available. In addition, we briefly discuss some polymer-based bioinks utilized in 3D bioprinting.
Keywords: regenerative medicine; tissue engineering; decellularized extracellular matrix; 3D
bioprinting; bioink; scaffolds; biofabrication; transplantation

1. Introduction
Regenerative medicine and tissue engineering have shown the ability to influence and impact
patients’ treatment [1, 2]. Initially started as strategies to try to restore or improve tissues and organ
functions, regenerative medicine and tissue engineering are now applied in other areas of research
such as drug screening and basic science [3]. Indeed, the last decade has seen an increase in the
applications of regenerative medicine knowledge, with several high impact discoveries being
published [4, 5]. Whilst current treatment options have improved patients lives for example, the
inability to regain function of lost, damaged and diseased tissues and organs has led scientists and
clinicians to look elsewhere for solutions. Regenerative medicine and tissue engineering have
offered opportunities to solve this problem. There is need for balance between structural recovery of

© 2019 by the author(s). Distributed under a Creative Commons CC BY license.

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 August 2019

doi:10.20944/preprints201908.0222.v1

the tissue or organ versus functional recovery. It might be argued that functional recovery of the lost,
diseased or damaged tissue or organ is more important than structural recovery. The development
of new biomaterials and bioinks seek to achieve both goals. Currently, duplication of structure has
been a major challenge with vascularization or its lack thereof being a major contributor. The focus
has been on scaffolds that help restore function over time. One limiting factor for regenerative
medicine and tissue engineering applications has been the slow approval of regenerative medicine
and tissue engineering therapies and constructs [6, 7]. Thus, though the investment in regenerative
medicine and tissue engineering has been incredible, the returns in terms of safe and reliable
therapies and constructs have been slow. It can be argued that the slow pace of approval of therapies
and constructs is good for the sake of patients’ safety.
Regenerative medicine and tissue engineering are two words used with appreciable overlap
and are used as synonyms in this review (see Appendix A for definitions). Regenerative medicine is
a field involved in the restoration of diseased or damaged tissues and organs or the creation of new
tissue and organs altogether. Natural biomaterials including collagen, laminin and fibrin have been
used in regenerative medicine applications. In a bid to provide an environment that recapitulates the
in vivo microenvironments, biomaterials have been mixed with biochemicals such as growth factors
and cytokines. Growth factors and cytokines provide biochemical cues to induce differentiation of
cells or to induce ECM production. However, one of the most promising strategy in terms of
recapitulating the target tissue or organ is the use of decellularized ECM (dECM) of the targeted
tissue or organ. dECM has the right structure and inductive cues to drive cellular growth and
differentiation if stem cells are used (Figure 1) [8]. Currently allogeneic and xenogeneic dECMs have
been used for various purposes [8, 9]. Several groups use cadavers and donated human parts as a
source of dECMs for graft development [9-12]. Challenges might include the prevention of
transmission of infections and diseases, though there have been no reports of retrovirus
transmission. There is also a need to avoid an immune reaction to the presence of the new graft or
device.

Figure 1. Requirements for engineering of tissues and organs. Decellularized ECM, cells and
signaling molecules are mixed in bioreactors in order to initiate tissue or organ formation.

Bioinks are required for 3D bioprinting technologies and can also be used during
biofabrication. The bringing together of cells, bioactive factors such as growth factors, cellular
aggregates and biomaterials, either via bioprinting or bioassembly, is referred to as
biofabrication. Bioinks refers to the mixture of materials and cells used during biofabrication
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and bioprinting (see Appendix A for Definitions). Different cells and biomaterials can be
bioprinted into products for regenerative medicine and tissue engineering. Bioprinting
decellularised tissue has one major advantage of being able to control the position and
placement of cells and biomaterials to produce scaffolds/constructs or structures that
recapitulate the native tissue or organ in terms of biological function and structural integrity. In
addition, individualized constructs can be bioprinted based on information from magnetic
resonance imaging and computed tomography. Currently, bioprinting techniques include
inkjet, laser-assisted, extrusion and UV-based bioprinting. These techniques have been
described and reviewed in detail elsewhere [1] and is beyond the scope of this review.
This review discusses recent progress in the development of tissue- and organ-derived
bioinks for 3D bioprinting. Many researchers believe 3D bioprinting decellularized ECM is a
promising strategy for a regenerative scaffold or as a bioink. From a design perspective a 3D
bioprinted dECM scaffold has the potential to meet all design requirements, including some
that other bioinks cannot. Several issues that affect the final dECM such as the method of
decellularization, choice of tissue or organ used for decellularization and also the animal from which the
tissue or organ is obtained are discussed. Other notable discussions include synthetic materials that can be
combined with dECM to make the bioink mechanically stronger. Lastly, the challenges and limitations
associated with 3D bioprinting dECM bioinks are discussed.

2. Literature Search Methodology
A literature search from the PubMed and MEDLINE was performed until July 2019 for relevant
articles using the keywords including regenerative medicine, tissue engineering, decellularized
extracellular matrix, 3D bioprinting, bioink, cellular reprogramming, scaffolds, biofabrication,
personalized medicine and transplantation. English is the main language in these databases and
only full articles were included (Figure 2). A total of 1655 articles were consulted and based on our
exclusion criteria, 172 articles were used to gather the relevant information for this review. This
literature search methodology allowed us to review information on decellularized extracellular
matrix as biomimetic bioinks for 3D printing. Many authors have done great research on
regenerative medicine and tissue engineering and we apologize for those not cited in this review.
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Figure 2. Selection of studies included in the qualitative synthesis of the review manuscript.

3. Functions of the Extracellular Matrix
Tissues and organs contain cells and ECM components such as collagen, fibronectin, laminin,
glycosaminoglycans [13-15]. The composition of each tissue and organ is specific with cells and ECM
mutually interacting with each other. While cells produce the ECM, the ECM in reverse interacts and
influences the behavior of cells [16-18]. Cells interact with ECM through cell receptors such as
integrins. Cell-ECM interactions activate several signaling pathways important for cellular functions
[13-15]. Proteoglycans, with attached glycosaminoglycans, are large molecules, occupying more
space than ECM fibers. The presence of charged groups especially on GAGs allows the movement of
molecules and metabolites in tissues and organs [16, 19]. The ECM traps several growth factors,
enzymes and other molecules, thereby influencing and impacting on cellular function and fate [13,
14, 20, 21]. ECM components such as collagen and fibronectin provide the necessary physical
strength needed by cells to maintain form and also for migration (Figure 3). Together with other
fibrous ECM proteins such as elastin and laminin, they provide the elasticity to the ECM. The
specific ECM of each tissue and organ allow cells to perfom specific functions. Thus it is important
for scientists to try to recapitulate the native tissue and organ ECM during 3D bioprinting of tissues
and organs.
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Figure 3. The extracellular matrix.
The low regenerative capacity of the human body has seen many attempts being made to
improve the body’s regenerative capacity through the use of biomaterials and cellular factors [1, 22].
Before complex systems such as cell- or tissue-derived ECMs, extracellular matrix proteins were
used as surface coatings. Some of the early products include Biobrane and Integra, used in wound
healing and as artificial skin product respectively. Another skin product, AlloDerm, was obtained
from cadavers. Type I collagen mixed with fibroblasts was used to promote healing as Graftskin.
Currently, several biomaterials are now known to induce both stem cell differentiation and release
of biochemical factors needed for regeneration and healing processes [23-26]. Mixed with growth
factors, extracellular matrices have been shown to induce the body to create or form tissues and thus
can correct defects [27-29]. The choice of ECM alone or with cells depends on the regenerative
capacity of the tissues being studied. Tissues with low regenerative capacity such as cartilage will
require the presence of stem cells whilst other tissues may only require the extracellular matrix
[30-32].
4. Three Dimensional (3D) Bioprinting
The use of computers to dispense biomaterials, biochemical factors and cells in a layer by layer
fashion in a bid to create engineered tissues and organs is called 3D bioprinting [1, 33]. Printed
tissues/organs / constructs/ patches have several uses in biology and medicine ranging from drug
delivery and screening, modeling of diseases and regenerative medicine and tissue engineering
(Figure 4) [34-37]. Currently, three methods are used during bioprinting and these are light-based
(laser- and UV-based), inkjet and extrusion bioprinting [1, 33]. Different estimates have been put
forward regarding the global 3D bioprinting market with most estimates of its worthy hovering
above US$1 billion [38-40]. Novel printing technologies and new products are likely to spur more
growth in the field.
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Figure 4. Decellularized ECM can be obtained from tissues or organs. Bioprinting produce
engineered tissues or organs that can be used in several applications such as tissue engineering,
disease modeling and drug discovery.

3D bioprinting require bioinks, most of the times made up of soft materials that can be moulded
and printed with cells [1, 16]. Components of the most used bioinks include ECM proteins, cells and
factors such as growth factors. Components of the bioinks are mixed in different proportions
depending on the end product and coming up with the right mixtures has proved to be a major
challenge to bioengineers [41]. This is partly due to the need for the bioink to provide both physical
support for cells and also biochemical signals needed by cells for proliferation and differentiation
whilst being mechanically stable to be printed [1, 33]. Other major challenges regarding bioinks
pertain to the need to have a good level of biocompatibility and be able to be printed at a high
resolution (Figure 5) [1]. The final bioink mixture must not be poisonous to cells and avoid eliciting
an immune response. Much of the bioink will be replaced through tissue ingrowth as the scaffold
degrades whilst part of the scaffold can integrate with host tissue. The properties of the bioink must
also allow cells to adhere to it whilst allowing migration to take place [1, 16, 33]. Once printed, the
bioink must maintain the printed structure. Currently, several materials are used as bioinks to print
different tissues [35, 42]. Naturally-derived hydrogels including ECM proteins such as collagen,
hyaluronic acid, silk and gelatin have been used extensively to print different tissues [16, 42].
Hydrogels can support cell growth, are tunable and can have biodegradable properties. However,
due to their low viscosity, gels do not recapitulate some tissues that require specific mechanical
properties such as load-bearing properties [14, 43]. Tissue requiring high mechanical strength can
now be fabricated using synthetic scaffolds including polyethylene glycol (PEG) and polyurethane
(PU) [14, 43-45].

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 August 2019

doi:10.20944/preprints201908.0222.v1

Figure 5. Properties of Bioinks to consider for 3D Bioprinting

The ECM present in tissues and organs is much complex than the use of individual ECM
proteins as done during most bioprinting [1, 42, 46]. Besides providing the physical
microenvironment within which cells can reside, the native ECM participate in cell-ECM
interactions that may be important for proper tissue and organ function [42, 47]. Each tissue or
organ has a specific ECM with varying composition that supports cellular growth and function.
Thus the use of individual or even mixtures of ECM proteins can hardly recapitulate the native
ECM’s properties. The search for the most promising bioink that can induce tissue that approximates
the natural ECM to restore function by being a degradable/regenerative scaffold is still ongoing with
new and improved bioinks becoming available. A very good promising solution is the use of dECM.
dECM is an appealing solution due to the preservation of most if not all functional and structural
component of the native ECM [3, 23]. dECM can easily form soft gels, a requirement for the
bioprinting process. dECMs have also been used as biological sheets and coating [3, 23]. The
presence of both physical and biochemical cues allows the dECM to induce restoration of normal
tissue or organ homeostasis and cellular processes. What the dECM lacks as a bioink is the
mechanical strength needed for the fabrication of load-bearing tissues. Thus, the development of
new and improved bioinks is an ongoing research endeavor. Many natural ECM biomaterials and
their mixtures are being investigated as bioinks.
As discussed by Dzobo and colleagues, the choice of bioprinting technique employed largely
depends on the properties of the biomaterial [1]. For example, inkjet bioprinting require that the
biomaterial to be printed maintain a certain viscosity as the nozzles can be clogged. To achieve this,
the number of cells included is usually lowered. This has the effect of producing a construct or
product with fewer cells than maybe required. Inkjet bioprinting droplets can be approximately 50
um in diameter [48]. Although microextrusion can bioprint bioinks with high number of cells
compared to inkjet printing, final cellular viability tends to be lower for microextrusion bioprinting,
limiting its use when high cell density is required. Laser-assisted bioprinting can print bioinks with
cell densities close to physiological tissues or organs. However, laser-assisted bioprinting generates
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metallic residues within the final construct or product. UV-light-based bioprinting affect the
viability of cells, with final cellular numbers lower than physiological tissues and organs. In order
for dECMs to be printed properly, there might be need to modify the dECMs before or during
printing to avoid the above mentioned problems.
5. Preparation of dECM
dECMs maintain the ECM composition of the native tissue or organ, thereby providing tissueor organ-specific microenvironments for cellular growth and function. Several scaffolds made of
dECM have been developed and have been shown to contain many biological molecules including
growth factors, cytokines and microRNAs [16, 17, 49-51]. Certain requirements must be fulfilled by
the dECM for successful transplantation. The amount of residual DNA left behind after
decellularization procedure must be below 50 ng dsDNA /mg weight. The decellularization
procedure must be gentle to avoid damaging the ECM and therefore affect its composition.
5.1. Decellularization Methods
The ultimate goal of a decellularization step is the removal of cellular components whilst
maintaining the native structure and composition of tissue or an organ. Thus the choice of
decellularization method plays a key role in determining the final properties of the dECM bioink
obtained. The decellularization procedure involves cellular lysis followed by separation of cells from
the ECM. Several physical, chemical and biological methods are used during decellularization and
the choice of which one to use depends on several factors such as tissue and organ thickness, density
and also lipid content (Table 1) [14, 52]. Several acids, bases, detergents and alcohols are some of the
chemicals that have been used before whilst enzymes such as trypsin and nucleases constitute the
biological methods available to date [15, 52]. Decellularization can also be achieved through the use
of other methods such as sonication, heating, applying pressure and electroporation [53].
Table 1 Various decellularizing strategies used to produce dECMs
Method

Strategy

Material Utilized

Mechanism

References

Enzymatic

Nucleases

Breaking up ribonucleotide

[54-57]

Biological
and

deoxyribonucleotide

chains
Trypsin

Cleavage of peptide bonds
between

Arginine

[55, 57, 58]

and

Lysine
Chemical
agents
Acid

Acetic acid

Denaturation
and

of

proteins

solubilisation

[54, 55, 57]

of

cytoplasmic components
Bases

Sodium

Nucleic acids disruption and

[1, 54, 55, 57,

Hydroxide,

protein denaturation

59-61]

Disruption of cell adhesions

[55, 57]

Calcium Chloride,
Magnesium
Sulphate
Chelating

EDTA

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 August 2019

doi:10.20944/preprints201908.0222.v1

Agents
Hypotonic

Tris-HCL

Detergents
Ionic

shock

and

[54, 59, 62]

Protein-DNA disruptions
SDS

Detergents
Non-ionic

Osmotic

Solubilisation

of

the

[62, 63]

cytoplasm and nucleus
Triton-X-100

detergents

Disrupt protein-lipid and

[1, 54]

lipid-lipid interactions

Physical
Freeze-Thaw

Liquid Nitrogen

Ice crystals breaks up cell

[64, 65]

membrane
Agitation

Cellular Disruption

[62]

Chemicals are frequently used in decellularization procedures. Ammonium hydroxide, SDS
and Triton X-100 are some of the chemicals commonly used during decellularization of both tissues
and organs, yet are known to remove or damage ECM components [52]. Acid and base treatments
including the ammonium hydroxide and sodium hydroxide can result in removal of growth factors
and can affect the strength of the final dECM. One advantage of using acid and base treatments is the
sterilization of the final dECM. Triton X-100 is known to decrease the amount of fibronectin and
laminin in the final dECM. Triton-X-100 is known to damage the ultrastructure of the ECM in
addition to removal of some glycosaminoglycans (GAGs) [62, 66]. Triton X-100 was shown to leave
large quantities of cellular material when used for decellularizing the tendon [65, 67, 68].
Ammonium hydroxide is one common method used for cellular removal, though it is known to
induce some damage to ECM collagens [69-72]. Growth factors are known to be sensitive to the
presence of detergents such as SDS [52]. SDS has also been shown to damage ECM proteins such as
collagen [62]. An advantage of using SDS is that it can be used for dense tissues and organs.
Enzymatic decellularization can be achieved through the use of nucleases (DNase, RNase) and
proteases (Trypsin, Dispase). Exposure of tissue and organ to trypsin for too long can result in
damage to the structure and dECM bioink lacking ECM proteins such as collagen, fibronectin and
elastin [15, 52, 73]. Nucleases are known to decrease the amount of collagen in the final dECM in
addition to the difficulty associated with their removal from tissue or organ. Physical
decellularization can be achieved through the use of freezing, osmosis, agitation and direct pressure.
Though there is less disruption of the ECM, physical decellularization can result in incomplete
removal of cellular debris, which can cause immune reactions if dECM is used for transplantation.
Large organs are usually decellularized through a perfusion pathway. The decellularization
agent is added through the vasculature [74]. dECM bioinks only require the maintenance of ECM
composition and therefore tissue and organs can be cut, sliced or ground into small pieces [75, 76].
The pieces are then exposed to decellularization agent with shaking for different periods of time
ranging from hours to days and sometimes weeks [14, 42, 52, 73, 77]. In addition, cutting or slicing
tissue or organ into small pieces allows the process of decellularization to be done in a short time
due to increased surface area [73]. Dissolution however is one major disadvantage of using small
pieces of tissue or organ.
Several chemicals, alcohols and acids, have been used during the sterilization of the dECM
bioinks. Ethanol (4% v/v) and peracetic acid (0.1% (w/v)) are some of the commonly used
sterilization agents. Gamma irradiation is also used for sterilization of dECM. Due to the viscous
nature of dECM bioinks, filters do not work very well, though they have been used [78]. Alternative
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ways to sterilize the bioinks include the use of ethylene oxide gas and carbon dioxide [79-81]. One
major problem associated with the sterilization step is the potential disruption of the final dECM.
High dosages of gamma irradiation can cause changes to the strength of the dECM.

6. Decellularized ECM as Bioink
In vitro recreation of both tissues and organs require the use of specific biomaterials [15, 52].
Thanks to recent advances in decellularization techniques, decellularized ECM can now be used in
the in vitro reconstruction of tissues and organs. The resulting decellularized ECM can be used as is,
as a patch, as a gel or be reduced to powder form before utilization [1, 82]. Surgical mesh
biomaterials are mostly made from decellularized tissues of different animals tissues [52]. Sources of
tissues include the skin, small intestines and urinary bladder [52]. Different dECMs will have
specific effects on different cells, with recent advances including the addition of synthetic polymers
to dECMs, fine-tuning them to certain specifications as required [83]. Currently, several tissue
models have been bioprinted using tissue- or organ-derived dECM bioinks. dECM bioinks derived
tissues and organs including liver, heart, adipose tissue, cartilage and skin [47, 50, 84, 85]. The
presence of biomolecules such as growth factors and other factors allow the proliferation and also
differentiation of cells if stem cells are used [14, 50, 85, 86]. Growth factors are especially important
in cell to cell communication, influencing proliferation, migration, adhesion and cellular
differentiation. The fabrication of these tissue constructs has made significant contributions to
science in several areas such as disease modeling, drug screening and regenerative medicine. One
major issue still to be resolved is that of a good blood supply. In order for the new tissue or organ to
survive or incorporate into surrounding tissue, there is need for adequate vascularization.
One major source of dECM bioinks is the pig [76, 78, 86]. The use of porcine tissues and organs
is superior to other animals’ tissues and organs in several ways. Porcine organs are easily obtained
and available in large quantities than those from other animals [14, 87]. Due to their higher breeding
ability and the high number of offspring, pigs have been the number one choice when it comes to
providing tissue and organs for dECM bioinks [88, 89]. One human tissue normally used for the
production of dECM bioink is adipose tissue. Patients who normally undergo liposuction produce a
lot of medical waste in the form of adipose tissue. Decellularized human adipose tissue was used to
design and print dome-shaped structures with engineered porosity [86]. The human dECM bioink
induced high cell viability over a period of time and also induced the expression of several
adipogenic proteins with no supplementation of adipogenic factors [86]. Overall, human adipose
tissue can be a source of dECM bioinks and also stem cells [1, 86, 90, 91]. Rat and goat tissue and
organs such as adipose tissue, heart and liver are additional sources of dECM bioinks [92-94]. It is
important to point out that most of the dECM bioinks from animals such as rats and cows are mostly
used for research purposes.
Major challenges exist on the use of porcine tissues and organs. The potential of infectious
disease transmission exist and can be minimized through having pigs bred in a controlled manner
and environment. It is known that several viral genomes are integrated in animal genomes, making
the use of animal tissue and organs a risk [95, 96]. The risk of infectious disease transmission has
rarely if ever been established following the use of xenogeneic ECM sources. Another challenge
involves the possible immunological reaction to the presence of the animal dECM. Several animal
antigens are recognized and can result in the remodeling of the dECM [97]. Latest gene editing and
cloning techniques can prevent the immune reaction altogether via knocking out the antigen gene in
the animals. Such antigen gene-knockout animals have already been produced, resulting in the
formulation of dECM bioinks that causes no immune reaction [97, 98]. Several studies have
produced both animal and human dECM bioinks and these are described below.
Jang and colleagues used porcine left ventricle tissue to produce dECM bioink which was able
to recapitulate cardiac tissue and induced high cell viability and proliferation of human cardiac
progenitor cells [78]. In addition, the dECM bioink was able to induce human cardiac progenitor
cells to express several transcription factors important in cardio-myogenic differentiation [78]. The
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authors employed sodium dodecyl sulphate (SDS) and Triton X-100 during the decellularization
process. To increase the mechanical properties of the dECM bioink, the authors utilized vitamin B2
and UVA light to enhance crosslinking of dECM bioink. Sterilization of the porcine tissue was done
using 0.1 % (w/v) peracetic acid for several hours [78]. In another study, Pati and colleagues also
used porcine left ventricle tissue to print a cell-laden construct that provided a microenvironment
allowing the growth of three-dimensional structured tissue [99]. The authors successfully
decellularized not only porcine heart tissue but also adipose and cartilage tissues using SDS and
Triton X-100 [99]. The heart dECM bioink obtained contained no synthetic supporting polymers.
Overall the authors were able to show that dECM bioinks obtained from different tissues including
adipose and heart tissues are capable of directing cellular engraftment, proliferation and survival for
long periods of time [99]. Recellularization of the decellularized heart tissue can be achieved through
the use of mesenchymal stem cells from cord blood, bone marrow and cardiac progenitor cells [100,
101]. Cartilage, a connective tissue necessary for body parts movement, can easily be damaged.
Cartilage exists as a rubbery tissue which cushions the bones during movement. Cartilage defect is a
common disorder experienced by many people, resulting in intense joint pain and stiffness. One
possible way to correct or repair cartilage is through the use of biomaterials and/or stem cells. Pati
and co-workers derived cartilage dECM bioink from porcine cartilage and showed that the cartilage
dECM bioink induced enhanced chondrogenic differentiation of human stromal cells than collagen
bioink [99]. At present several techniques are being used to treat cartilage defects and these include
autologous chondrocyte implantation and matrix-induced autologous chondrocyte implantation
[102, 103].
Liver disease affects millions of people worldwide with many going without cure due to
shortages of donors. Depending on the source of information, about 80-100 millions of Americans
suffer from the non-alcoholic fatty liver disease [104]. In the UK alone liver disease is known to affect
more than 2 million people [105]. Alternative treatment options are being sought including
regenerative medicine and tissue engineering strategies. Skardal and colleagues derived dECM
bioink from porcine liver and showed that both biochemical and the physical factors are important
in cellular behavior and differentiation in vivo and should be considered together during in vitro
fabrication of tissue constructs [76]. The authors incorporated tissue-specific biochemical factors in
the bioinks and this was important in directing tissue-specific cellular growth and differentiation
[76]. For decellularization, the authors used both Triton X-100 and ammonium hydroxide (NH4OH).
To obtain their desired dECM bioink stiffness, the authors utilized polyethylene glycol-based
crosslinking, allowing printing of bioink at specific speeds. Another study by Lee and co-workers
also derived dECM bioink from porcine liver [75]. Decellularization was achieved via the use of
Triton X-100 and SDS. The above study showed that stem cell differentiation and liver cell functions
were much enhanced using the liver dECM bioink than other commercially available bioinks such as
collagen bioink [75].
Many people, especially sports people, will suffer muscle injuries at one point in their lifetime.
Several treatment strategies exists with engineered muscle tissue being one of novel strategies
considered for muscle injury treatment. Choi and co-workers were able to print dECM bioink
derived from porcine skeletal muscle which provided a myogenic environment to myoblasts,
allowing high cellular viability and contractility [106]. In addition, the dECM bioink was able to
enhance the formation and maturation of myotubes than a collagen bioink and responded well to
electrical stimulation [106]. Ahn and co-workers derived dECM bioink from porcine skin tissues,
with their method showing the retention of collagen from the native tissue [77]. The authors showed
that their method of bioprinting, involving a heating system, did not adversely affect cell viability
whilst ensuring gelation of dECM bioink [77]. About a tenth of the human body mass comes from
the skin, its largest organ. The skin has incredible regeneration capacity. Whilst minor injuries are
easily repaired, chronic wounds are very costly and cause a lot of pain to the patient. The loss of
fibroblasts proliferation abilities, low levels of growth factors and the loss of the ECM are some of
the major causes of chronic wounds [107]. Currently no skin substitute meets all performance
requirements and research into developing one is ongoing with focus on the use of human derived
ECM. Several issues such as vascularization and scaling must be addressed first. Available human
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skin regeneration products are based on the decellularization of animal tissues. Despite proving
effective at increasing fibroblast and keratinocyte proliferation and migration, these animal-derived
ECMs are not ideal for human use and do not allow scar-free healing [108, 109].
Lastly, of the few recorded studies involving human tissue, Pati and colleagues derived bioink
from human adipose tissue and showed that it is capable of providing biochemical and physical cues
for cells to proliferate, differentiate and survive for long periods of time [99]. The human adipose
tissue was decellularized through the use of SDS and produced bioink which was able to induce
adipogenic differentiation of human mesenchymal stromal cells more than collagen bioinks [99]. In
another study, Pati and colleagues injected bioink from human adipose tissue into nude mice [86].
The authors showed that bioink allowed increased cell viability and expression of adipogenic genes
with no addition of adipogenic factors [86].
To avoid disease transfer from animals, human tissue would be the best to use for deriving
dECM bioinks for clinical applications. Several studies have however shown that animal tissue can
perfom better than human tissue in terms of stability and induction of stem cell differentiation [110,
111].
7. dECM bioinks Modifications
The native ECM has both structure and order, with several proteins, proteoglycans and
glycosaminoglycans intricately placed in a certain fashion [82]. The ECM is tissue-specific and play
key roles in cellular proliferation, anchorage, migration and signaling [112]. The mixing of different
ECM proteins to produce arrays, in a bid to recapitulate the in vivo ECM, has been and can be used to
study tissue-specific cellular processes. Using ECM arrays from porcine tissues, Beachley and
co-workers evaluated how different cells including stem cells and immune cells would respond to
tissue-specific ECM arrays [112]. Their results show that many ECM proteins can be associated with
specific cellular functions. The same study revealed that growth factors differ between different
tissues and certain ECM proteins are more abundant in certain tissues. Similar studies have been
performed using cell-derived ECMs and shown that ECM proteins are essential for cancer cell
migration and survival [116]. Thus, it is important to choose the right organ during dECM bioink
manufacturing.
Beside differences in ECM composition of tissues and organs, individual animals will have
distinct compositions in the same tissue or organ. Several modifications can be done on dECM
bioinks before and after bioprinting. Since dECM bioinks are soft it is likely that 3D orientation of
active sites of native ECM is preserved, thus the addition of several chemical and biological
crosslinking agents may help to improve the mechanical strength and bioactivity of the final
scaffold. For example, vitamin B2 can crosslink collagen in the presence of ultraviolet A light [50,
117]. Polyethylene glycol diacrylate (PEGDA) has acrylate groups able to crosslink with each other,
thereby trapping the dECM bioink, making the dECM bioink mechanically stronger in the process
[76]. Cells must be protected if they are printed together with the dECM bioink. Parameters such as
viscosity will affect printing speed and the final resolution of the dECM bioink. Mixing of dECM
bioinks with nanofibrillated cellulose has been suggested as a way to increase printing resolution
[75]. Parameters such as gelation mechanism and printer nozzle size and diameter will affect the
printing speed [75, 78]. The printed dECM bioink must be able to maintain its structure after
printing. It is important that the viscoelastic properties of the printed dECM bioink recapitulate that
of the native tissue or organ [14, 23, 118, 119]. For some application the composite of the

bioprinted ECM and the ingrown tissue should approximate the mechanical properties
of the native ECM. dECMs can also be modified via methacrylation. The chemical-modified
dECM can then be mixed with other proteins such as hyaluronic acid and gelatin

8. Cell-derived ECMs versus Tissue/Organ-derived ECMs
dECMs obtained from tissues and organs are more complex and contain far more factors such
as growth factors than cell derived ECMs [14]. Tissue or organ dECMs also recapitulate the native
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tissue or organ better as they have both architecture and mechanical properties. One major
drawback of tissue and organ-derived dECMs is availability or lack thereof. Tissue or organ dECMs
are also likely to be different as the tissue or animal of origin age and if the gender is different. Stem
cells occupy specific regions of tissues and tissue and organ ECMs may not represent stem cell
niches [121, 122]. Tissue- and organ-derived dECMs also present problems when it comes to large
scale in vitro analysis, something that is possible with cell-derived dECMs. Thus, in some instances,
cell derived ECMs may be better than tissue or organ derived ECMs [1, 91, 123]. When cells are
cultured, they synthesize, secrete and assemble ECM components around them. Once enough ECM
is deposited the cells can be removed through decellularization. Thus, cell derived ECMs are easily
obtained through culture of cells and can be scaled up through the culture of cells in bioreactors for
example. Most importantly, cells in culture can be manipulated through gene knockdown and
overexpression to control the amount of ECM proteins synthesized [14, 116, 123]. Mesenchymal stem
cells, cells that can be obtained easily, are commonly used to make cell derived ECMs. Such
mesenchymal stem cell-derived ECMs are able to maintain stem cells in their undifferentiated state
in vitro [17]. Several studies have shown that fibroblasts can produce ECMs rich in collagens type I,
II, III and fibronectin [91, 116, 122, 124]. With so many advantages over tissue or organ derived
ECMs, cell derived ECMs are an appealing source of dECM bioinks. One major disadvantage of
cell-derived dECMs is that their composition and mechanical strengths might be slightly different
from the native ECM [125]. Both cell-derived and tissue/organ-derived ECMs have been used is
several studies and have shown the capability to direct cellular behavior (Table 2).
Table 2. Sources of cell-derived and tissue/organ-derived extracellular matrices and their effects on
cells
Cell-Derived Extracellular Matrix
Source
Bone

Marrow

Mesenchymal

Stem

Effect on cells

References

Promotion of cellular proliferation and

[126, 127]

Cell-Extracellular matrix

stemness

Fibroblast-derived-Extracellular matrix

Chondrogenic differentiation of cells

[91,

128,

129]
Placenta

Mesenchymal

Stem

Osteogenic Differentiation of cells

[130, 131]

cell-Extracellular matrix
Tissue/Organ-derived Extracellular Matrix
Source

Effect on Cells

References

Bovine myocardial Extracellular Matrix

Myogenic Differentiation

[132]

Cartilage Extracellular matrix

Chondrogenic differentiation

[133, 134]

Bladder Extracellular matrix

Promotion of cellular proliferation and

[135, 136]

stemness
A fibroblast-derived extracellular matrix (fd-ECM) was able to induce chondrogenic
differentiation of adipose-derived mesenchymal stromal cells (ad-MSCs) in vitro [91]. Although the
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fd-ECM reduced ad-MSC proliferation, it induced chondrogenic differentiation of the ad-MSCs
through the β-catenin signaling. In addition, the fd-ECM showed anti-senescence effects on
ad-MSCs, making it a promising approach for the induction of chondrogenic differentiation of stem
cells [91]. However, another study showed that fd-ECM was able to induce proliferation of
MC3T3-E1 cells whilst an osteoblast-derived ECM was able to promote osteogenic differentiation of
the same cells [137]. An ECM derived from mechanically stretched cardiac fibroblasts was shown to
improve the metabolic activity of ventricular cells [138]. The same study showed that a
proteoglycan-attached glycosaminoglycan was responsible for the observed effect [138]. It has been
shown that application of skin products containing human fibroblast-derived growth factors can
result in significant upregulation of genes encoding ECM components including collagens and
elastin [139]. Human lung fd-ECM was incorporated into a collagen hydrogel and was shown to
provide an angiogenic microenvironment for HUVECs [140]. In addition the authors observed a
synergistic effect of fd-ECM and angiogenic growth factors in the 3D construct [140].
9. Other Bioinks utilized in 3D Bioprinting
To present a balanced review of different bioinks used in 3D bioprinting, we discuss the use
of several polymers for bioprinting. We acknowledge the development of new and improved
ECM-like bioinks with properties usually absent in dECM-free bioinks. For example, the combining
of different bioinks during bioprinting, including combining dECM and polymers, can result in
bioinks that can form fibrillar networks as well as bioinks that can sequester/release growth factors
[141, 142]. The net effect of combining bioinks will be to improve the biochemical and biological
properties of the final bioink, with the goal of better tissue biomimicry compared to individual
bioinks. These new and improved ECM-like bioinks are under intense investigations and are beyond
the scope of this current review.
Agarose is able to form gels easily and has been used in various applications in laboratories
worldwide. Agarose has very good gelation properties and is biocompatible. One major limitation to
the use of agarose as a bioink pertains to its reduced cell growth promoting property [143]. As a
result bioinks made up of mixtures of agarose and other proteins including collagen and fibrinogen
have been developed [144]. The agarose-based bioinks were able to form mechanically stable
structures in addition to supporting cellular growth. A mixture of agarose, collagen and sodium
alginate was used as bioink for cartilage tissue engineering, with results showing increased
mechanical properties compared to either biomaterial [145]. Agarose together with alginate and
carboxymethyl-chitosan was successfully used to produce constructs able to form functional
neurons from induced pluripotent stem cells [146-148].
Another attractive polymer for use as a bioink is alginate. Sourced from brown algae,
alginates are known not to induce an immune response when used during transplantation. Being
able to encapsulate several molecules, alginate can therefore be used to deliver biomolecules and
other factors [149]. In addition, alginate-based bioinks can form hollow structures, making them
useful in making microfluidic chips [150-152]. Alginate when used together with cartilage
progenitor cells formed tubular structures able to support cartilage progenitor cell growth [153].
One of the major challenges faced by scientists is the lack of vascular vessels in constructs. A sodium
alginate bioink containing fibroblast cells was able to form vascular structures via the use of a
calcium chloride crosslinker [154]. Several reports show that alginate can successfully be used as
bioink in different applications. Faulkner-Jones and colleagues used alginate as a bioink to study
differentiation of embryonic stem cells into hepatocytes-like cells [155]. Incorporation of other
compounds such as nanosilicate clays is known to enhance printability and biocompatible
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properties of alginate. A combination of alginate and polymers such as gelatin methcryloyl (GelMA)
can be used for vascular tissue engineering [156].
As the main component of the ECM, collagen has attracted the attention of scientists and has
been used as a bioink alone or in combination with other ECM proteins [157-159]. Several studies
have shown that collagen can be modified through the use of vitamin riboflavin as well as
temperature, resulting in enhanced tensile and viscoelastic properties [160-163]. Collagen gelation
takes more time limiting its use in 3D printing. The use of a bioink consisting of collagen together
with sodium alginate produced a much stronger construct that was effective at preventing the
transformation of chondrocytes and increased cell proliferation [145]. This resulting construct can
therefore be used in cartilage tissue engineering applications. A bioink made up of a mixture of
collagen and gelatin produced 3D constructs with enhanced biological activity, with cells able to cell
spread nicely and proliferate more than the use of individual polymers [164]. A combination of
collagen and alginate together with adipose stem cells showed enhanced cell viability and growth
compared to individual polymers [165]. Gelatin crosslinked with transglutaminase produced a
construct able to develop vascular networks and can be used in many applications from cancer
studies to tissue engineering.
Found predominantly in cartilage and connective tissues, hyaluronic acid has been used as a
bioinks in 3D printing to construct structures for the same tissues [166]. Like collagen, hyaluronic
acid gelation takes time and therefore combinations of these polymer and others have been sought.
Hyaluronic-based hydrogels have been developed through modification with methacrylate and
these hydrogels demonstrate increased osteogenesis inductive behavior [167]. A hydrogel made up
of hyaluronic acid, polyglycidols together with polycaprolactone enhanced chondrogenesis [168].
Furthermore, combinations of hyaluronic acid and gelatin have been used as bioinks to produce
constructs that can promote cell viability and when needed, differentiation of stem cells [169].
Several other bioinks used in 3D printing include cellulose, fibrin, silk and cellular aggregates. The
enzymatic treatment of thrombin results in fibrin hydrogel that has shown relatively good
biocompatibility [170]. Fibrin-based bioinks have been used to make constructs for urethra and
nerve regeneration. Cellulose is converted to carboxymethyl cellulose before being used as a
hydrogel [171, 172]. A nanocellulose and alginate bioink was used to make constructs for cartilage
tissue engineering [173]. Nanocellulose hydrogels can also be used to make patient-specific cartilage
tissue, with the constructs displaying good mechanical strength and cell viability when printed
[174]. In addition, bioinks can be made from silk, cellular aggregates and synthetic biomaterials.
10. Limitations and Perspectives
10.1. dECM Bioink 3D Bioprinting
Due to their viscous nature, dECM bioinks have been printed mainly using the extrusion-based
bioprinting method. The extrusion-based bioprinting method is easily adapted for different types of
dECM bioinks, very cheap to maintain and can print bioinks with high number of cells and can print
porous scaffolds [33, 175]. Several adaptations of the extrusion-based bioprinting method have been
utilized to date. A multi-head tissue/organ building system (MtoBS), with six nozzles, was used to
print several constructs including heart and cartilage [86, 99]. Two of the nozzles were specifically
for extruding thermoplastic filaments whilst the other four were for extruding bioinks or hydrogels
[86, 99]. A major disadvantage of the multi-head printing system is the need to print one material at
a time but there is no limit to the number of biomaterial that can be printed. This slows down the
printing process as well as affects the integration of the different materials printed. Cardiac tissue
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constructs and a stem cell patch were also bioprinted by Jang and co-workers using the MtoBS [106].
Other adaptations of extrusion-based bioprinting method include integrated composite tissue/organ
building system (ICBS), used to bioprint skeletal muscle dECM [106]. The inclusion of two heating
modes is yet another adaptation of extrusion-based bioprinting that allows for precise stacking of
dECM bioinks [14]. Other printing methods such as ink-jet and laser-assisted bioprinting can also be
used to bioprint dECM bioinks [33, 176]. Microfluidics can be used to print different bioinks. A
microfluidics system can mix different bioinks and cells into droplets. Microfluidic bioprinting is
one of the fastest printing methods available to date and has been shown to print seven different
types of materials [177]. Currently most multi-bioprinting strategies suffer from reduced printing
resolution, lack of or reduced integration of biomaterials as well as reduced mechanical strength or
the final construct or product. In addition, vascularization is still an unresolved issue with all 3D
bioprinting technologies as without adequate blood supply there won’t be integration into the
surrounding tissue or healing at the interfaces.
10.2. Manufacturing and Regulatory Process Considerations
Many factors need to be taken into consideration if bioprinting of dECM bioinks is to be scaled
up to industry level. Besides choice of tissue/organ, decellularization method, sterilization, factors
such as the cost, yield of dECM bioink, quality and batch size must also be taken into account. For
example, besides waiting to get the right tissue/organ from an animal, decellularization can take
weeks. Optimization must be done to come up with the best method for most steps involved in the
manufacture of the dECM bioinks. The state of the tissue or organ is very important as any delay in
decellularization can result in changes in the ECM composition of the tissue or organ. It is
recommended that fresh material be used all times. Before gelation of dECM bioinks, mass
spectrometric and rheological analyses can be performed to identify the specific protein composition
of the bioink and to measure the amount of time and bioink speed needed for gelation, respectively.
Commonly used methods to ionize proteins include matrix-assisted laser desorption/ionization
(MALDI) and electrospray ionization [116, 178, 179]. Proteomic analyses performed on several
ECMs (from tissues/organs or cell-derived ECMs) show that most animal ECMs contain collagens,
proteoglycans, glycoproteins, ECM regulators and ECM-affiliated proteins in various amounts [14,
87, 116]. Mass spectrometric analysis of ECMs can also be combined with 2D gel electrophoresis in
order to screen the mixture of proteins and other factors present in tissues and organs. dECM
bioinks or gels needing mechanical strength can be mixed with a crosslinking agent during the
bioprinting process [78].
Parameters such as viscoelaticity and elastic modulus of dECM bioink determines stem cell
differentiation, thus it is important that dECM bioinks’ elastic modulus is determined or controlled
through the use of crosslinking agents [78]. The efficiency of the decellularization step must be
determined through testing for residual cellular material. One such test is checking for cellular DNA.
Small amounts of DNA such as 50 ng DNA are usually considered as decellularized properly [52, 99,
180-183]. The amount of collagen and other ECM components can also be determined through
assays such as the hydroxyproline assay [180-183]. The bioprinting process can adversely affect cells
and therefore cell viability assays must be performed. Several assays are available to achieve this
including the use of ethidium homodimer staining [106]. To verify stem cell differentiation, RT PCR
can be performed to evaluate gene expression [86].
Several companies are currently involved in producing 3D bioprinters and commercializing the
printing of large tissues. These include CellInk and Organovo [184-190]. Though faced with many
challenges including scaling up of the processes, regenerative medicine technologies are expanding
and are likely to impact on patients’ treatment in future. Several natural ECMs have been approved
by the Food and Drug Administration (FDA) for use as therapies for diverse conditions as wound
healing and liver regeneration [191-195]. Cells such as fibroblasts and keratinocytes have been
utilized together with collagen for the treatment of venous and foot ulcers [196, 197]. Cell-derived
ECM has also been shown to induce wound healing and in vitro cartilage formation [1, 91, 198-200].
The inclusion of a cellular component would allow the release of growth factors and cytokines to

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 August 2019

doi:10.20944/preprints201908.0222.v1

help with the regeneration or healing process [91, 196]. Millions of people are affected by cartilage
problems or disorders at some point in their lifetime, resulting in careers being cut short or lives
dramatically changed as movement is affected [201-203]. Cartilage defects are caused by trauma,
diseases and degenerations over time [204, 205]. Currently, cartilage damage or defect is treated
through many strategies including drilling into the bone to release stem cells that can help heal the
damage. Some of these processes are too invasive. Regenerative medicine using 3-D printing of
extracellular matrix with stem cells is an increasing viable option to repair and replace diseased and
damaged tissues such as cartilage. Collagen matrix combined with chondrocytes, marketed as
matrix-associated autologous chondrocyte implantation (MACI), was approved by the FDA for knee
cartilage defects [2, 6, 206]. The use of decellularized ECM for cartilage treatment is hindered by the
need for compact cartilage tissue. However scientists have succeeded in using decellularized
cartilage tissue, albeit with some modifications of steps such as decellularization [207]. By reducing
the exposure to decellularization agents, the structure and composition of the ECM is maintained
[208, 209]. Recellularization of the dECM is achieved through the use of mesenchymal stem cells and
in some cases primary cells such as chondrocytes [210, 211].
One of the major challenges faced by the field of regenerative medicine and tissue engineering
is that of tissue or graft integration, or the lack thereof. To improve integrations and also be able to
create organs, scientists have sort to create vascularized tissues or grafts. dECMs bioinks have
tremendous potential in several tissue engineering applications due to their preservation of specific
binding domains and potential maintenance of functional vasculature. 3D bioprinting utilizing more
than one cell type provides an opportunity to print vascularized tissues due to proper and precise
placement of cells and matrix [212]. Advanced bioreactors are allowing the differentiation of large
quantities of cells for use as sources of controlled differentiated cells, growth factors and cytokines
[213, 214]. Enabling technologies such as gene editing, via the use of CRISPR-Cas9 and siRNA
technologies, together with bioreactors can produce large quantities of specific and modified cell
types for specific purposes such as production of growth factors. Vascularized tissues are being
produced, providing an opportunity to create complex tissues and organs [215, 216]. New and
improved ECMs or scaffolds such as biodegradable ECMs and polymers are available for many
applications including cartilage and spinal cord repair [217-219]. Cells can deposit ECMs on
scaffolds and later be removed through a decellularized process, leaving a graft that can be used for
several applications [220-222].
The use of growth factors in the field of regenerative medicine and tissue engineering is one
that requires further investigations. Used mostly to induce and promote cell growth and
differentiation, growth factors can have severe side effects and case toxicity [223, 224]. Several
alternatives have been suggested including the use of medicinal remedies and the optimization of
the amounts of growth factors to be used [2, 225]. Efforts to get regenerative medicine technologies
to patients fast are hampered by regulatory requirements as stipulated by the FDA. The flourishing
of illegal stem cell clinics has not helped as well, in a way tainting the whole field and raising
suspicions on what is effective and what is not. In addition, stem cell tourism in countries where
regulatory oversight is relaxed or absent continues unabated. Several discussions have taken place
on the topic of stem cell and ECM use in regenerative medicine applications, with hope that in future
therapies and products shown to be safe can be approved without delay [6, 226]. One area that might
require expedited approval is the use of autologous stem cells and ECMs [2].
The use of extracellular matrices has expanded to include fields such as cancer and disease
modeling [227-230]. Differentiated stem cells, encapsulated in ECM, have been used in the
production of insulin, opening up a way for the treatment of diabetes [231, 232]. Recently a mobile
printing system was developed to treat chronic wounds caused by diabetes and burns, right at the
clinic bedside [233]. Chronic wounds require multiple treatments over time and can be fatal and
very costly. Early treatment is vital for the patient’s survival. The mobile bioprinting technology can
be used for the treatment of extensive wounds through deposition of fibroblasts and keratinocytes
directly onto the wound [233]. Combining bioprinting with an advanced imaging system allowed
the printer to deposit cells and hydrogels at precise location on the wound, replicating the structure
of the skin. The authors used porcine and mouse preclinical animal models and showed that the
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rapid management of a wound using this mobile system accelerate the formation of skin [233]. Such
novel strategies will continue to be developed and the future looks bright for the regenerative
medicine field. Many studies utilizing animal studies and hydrogels get exciting results. However,
extension to humans in clinical trials can result in failure. This is why the use of human
decellularized ECM would give better clinical results. In addition there is need for proper sequential
analysis of the wound healing process to avoid undesirable growth of tumors or to avoid scarring.
Methods such as microdissection can be used to selectively and routinely investigate and follow
wound healing process at single cell level. This is important in order to obtain relevant and specific
data about the wound healing process. The critical thing is to get more regenerative healing

and less scar healing. Combinations of ECM and cells have been used to model cancers as
cancer-on-chip systems in order to try to recapitulate cancer cell response to drugs for example [234,
235]. The cancer-on-chip system is very appealing as it will limit the use of animals as models to
study cancer. The use of latest technologies such as artificial intelligence in regenerative medicine
and tissue engineering is likely to improve the qualities and properties of the bioinks and
biomaterials being produced, with the ultimate goal of improving patients’ lives [236].
11. Conclusion
dECM bioinks are a promising material for 3D bioprinting and are likely to display better
functional characteristics than most available bioinks. At the moment most dECMs have been of
porcine origin. As with all manufacturing processes, batch to batch variations in dECM material
exist. Enabling technologies such as 3D bioprinting, design technologies and even artificial
intelligence are likely to aid in the development of grafts that can be used on humans. The ECM is
very resistant to degradation allowing even cadavers to be used as sources of tissue for tissue
engineering purposes. The availability of different types of stem cells such as induced pluripotent
stem cells and mesenchymal stem cells is likely to spur more research into recellularization of
dECMs.
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Abbreviations
ADSC
ECM
ESC
FDA
FGF
HA
MSC
MMP
PEG
PGA

adipose derived stem cell
extracellular matrix
embryonic stem cell
Food and Drug Administration
fibroblast growth factor
hyaluronic acid
mesenchymal stem cell
matrix metalloproteinase
poly (ethylene glycol)
poly (glycolic acid)
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Appendix A
Bioink: any fluid material containing cells that is utilized to fabricate tissue-like products through
3D printing.
Bioprinting: Deposition of mixtures of biomaterials and cells, layer by layer, in a bid to recapitulate
3D tissue and organ. Bioprinting is sometimes referred to as an additive manufacturing process.
Cell-derived extracellular matrix: the matrix produced after the removal of cells from cell culture
system
Collagen: an extracellular matrix component that provides tensile strength to tissues and organs and
aid in cellular proliferation and survival.
Decellularized tissue: tissue that has been treated with reagents known to remove cells such as
ethanol, sodium hydroxide and isopropanol.
Decellularization: the removal of cells from tissue or organ whilst preserving the ECM components
of the tissue or organ.
Decellularized extracellular matrix: the remaining microenvironment after removal of cells from
tissue and organ. This microenvironment is made up of preserved ECM components in a state
similar to that of living tissue or organs.
Fibronectin: A glycoprotein that is a major component of the ECM and plays crucial roles in cellular
adhesion and migration
Gelatin: Hydrolyzed collagen with numerous free amine groups for crosslinking and gelation
Glycosaminoglycans (GAG): unbranched polysaccharides present in ECM and are responsible for
many functions including sequestering growth factors
Growth factors: biomolecules involved in the maintaining and enhancing cellular proliferation,
viability and function.
Pepsin: Protease enzyme utilized for acid hydrolysis of gelation
Scaffold: A physical structure that supports cellular functions and interactions
Trypsin: An enzyme used to detach cells from tissue or a surface. Usually used together with EDTA.
Naturally found in the digestive system of animals

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 August 2019

doi:10.20944/preprints201908.0222.v1

References
1.

2.
3.
4.

5.

6.

7.
8.
9.

10.

11.

12.

13.
14.
15.
16.
17.

18.

19.

20.
21.

Dzobo, K.; Thomford, N. E.; Senthebane, D. A.; Shipanga, H.; Rowe, A.; Dandara, C.; Pillay, M.; Motaung,
K., Advances in Regenerative Medicine and Tissue Engineering: Innovation and Transformation of
Medicine. Stem cells international 2018, 2018, 2495848.
Hoffman, T.; Khademhosseini, A.; Langer, R. S., Chasing the Paradigm: Clinical Translation of 25 Years of
Tissue Engineering. Tissue engineering. Part A 2019.
Langer, R.; Vacanti, J., Tissue engineering. Science 1993, 260, (5110), 920-926.
Zorlutuna, P.; Vrana, N. E.; Khademhosseini, A., The expanding world of tissue engineering: the building
blocks and new applications of tissue engineered constructs. IEEE reviews in biomedical engineering 2013, 6,
47-62.
Vrana, N. E.; Lavalle, P.; Dokmeci, M. R.; Dehghani, F.; Ghaemmaghami, A. M.; Khademhosseini, A.,
Engineering functional epithelium for regenerative medicine and in vitro organ models: a review. Tissue
engineering. Part B, Reviews 2013, 19, (6), 529-43.
Yano, K.; Speidel, A. T.; Yamato, M., Four Food and Drug Administration draft guidance documents and
the REGROW Act: A litmus test for future changes in human cell- and tissue-based products regulatory
policy in the United States? Journal of tissue engineering and regenerative medicine 2018, 12, (7), 1579-1593.
Mao, A. S.; Mooney, D. J., Regenerative medicine: Current therapies and future directions. Proc. Natl.
Acad. Sci. U. S. A. 2015, 112, (47), 14452-9.
Schenke-Layland, K.; Nerem, R. M., In vitro human tissue models--moving towards personalized
regenerative medicine. Advanced drug delivery reviews 2011, 63, (4-5), 195-6.
Kang, D. W.; Shin, S. C.; Jang, J. Y.; Park, H. Y.; Lee, J. C.; Wang, S. G.; Lee, B. J., Decellularization of
Human Nasal Septal Cartilage for the Novel Filler Material of Vocal Fold Augmentation. Journal of voice :
official journal of the Voice Foundation 2017, 31, (1), 127.e1-127.e6.
Porzionato, A.; Sfriso, M. M.; Macchi, V.; Rambaldo, A.; Lago, G.; Lancerotto, L.; Vindigni, V.; De Caro,
R., Decellularized omentum as novel biologic scaffold for reconstructive surgery and regenerative
medicine. European journal of histochemistry : EJH 2013, 57, (1), e4.
Zhang, J.; Hu, Z. Q.; Turner, N. J.; Teng, S. F.; Cheng, W. Y.; Zhou, H. Y.; Zhang, L.; Hu, H. W.; Wang, Q.;
Badylak, S. F., Perfusion-decellularized skeletal muscle as a three-dimensional scaffold with a vascular
network template. Biomaterials 2016, 89, 114-26.
Yang, Z.; Song, Z.; Nie, X.; Yang, J.; Zhu, C.; Guo, K.; Gu, Y., Characteristic properties of
muscular-derived extracellular matrix and its application in rat abdominal wall defects. Regenerative
medicine 2018, 13, (5), 503-517.
Aamodt, J. M.; Grainger, D. W., Extracellular matrix-based biomaterial scaffolds and the host response.
Biomaterials 2016, 86, 68-82.
Choudhury, D.; Tun, H. W.; Wang, T.; Naing, M. W., Organ-Derived Decellularized Extracellular Matrix:
A Game Changer for Bioink Manufacturing? Trends in biotechnology 2018, 36, (8), 787-805.
Keane, T. J.; Swinehart, I. T.; Badylak, S. F., Methods of tissue decellularization used for preparation of
biologic scaffolds and in vivo relevance. Methods (San Diego, Calif.) 2015, 84, 25-34.
Hospodiuk, M.; Dey, M.; Sosnoski, D.; Ozbolat, I. T., The bioink: A comprehensive review on bioprintable
materials. Biotechnology Advances 2017, 35, (2), 217-239.
Lin, H.; Yang, G.; Tan, J.; Tuan, R. S., Influence of decellularized matrix derived from human
mesenchymal stem cells on their proliferation, migration and multi-lineage differentiation potential.
Biomaterials 2012, 33, (18), 4480-4489.
Ma, X.; Yu, C.; Wang, P.; Xu, W.; Wan, X.; Lai, C. S. E.; Liu, J.; Koroleva-Maharajh, A.; Chen, S., Rapid 3D
bioprinting of decellularized extracellular matrix with regionally varied mechanical properties and
biomimetic microarchitecture. Biomaterials 2018, 185, 310-321.
Kim, B. S.; Choi, J. S.; Kim, J. D.; Choi, Y. C.; Cho, Y. W., Recellularization of decellularized human
adipose-tissue-derived extracellular matrix sheets with other human cell types. Cell and tissue research
2012, 348, (3), 559-67.
Harisi, R.; Jeney, A., Extracellular matrix as target for antitumor therapy. Onco Targets Ther 2015, 8,
1387-98.
Keely, P.; Nain, A., Capturing relevant extracellular matrices for investigating cell migration.
F1000Research 2015, 4.

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 August 2019

22.
23.
24.

25.
26.
27.

28.

29.
30.
31.
32.
33.
34.
35.

36.
37.
38.
39.
40.
41.
42.
43.
44.

45.

doi:10.20944/preprints201908.0222.v1

Vijayavenkataraman, S.; Yan, W. C.; Lu, W. F.; Wang, C. H.; Fuh, J. Y. H., 3D bioprinting of tissues and
organs for regenerative medicine. Advanced drug delivery reviews 2018, 132, 296-332.
Ji, S.; Guvendiren, M., Recent Advances in Bioink Design for 3D Bioprinting of Tissues and Organs.
Frontiers in bioengineering and biotechnology 2017, 5, 23.
Heimbach, D. M.; Warden, G. D.; Luterman, A.; Jordan, M. H.; Ozobia, N.; Ryan, C. M.; Voigt, D. W.;
Hickerson, W. L.; Saffle, J. R.; DeClement, F. A.; Sheridan, R. L.; Dimick, A. R., Multicenter postapproval
clinical trial of Integra dermal regeneration template for burn treatment. The Journal of burn care &
rehabilitation 2003, 24, (1), 42-8.
Winfrey, M. E.; Cochran, M.; Hegarty, M. T., A new technology in burn therapy: INTEGRA artificial skin.
Dimensions of critical care nursing : DCCN 1999, 18, (1), 14-20.
Saffle, J. R., Closure of the excised burn wound: temporary skin substitutes. Clinics in plastic surgery 2009,
36, (4), 627-41.
James, A. W.; LaChaud, G.; Shen, J.; Asatrian, G.; Nguyen, V.; Zhang, X.; Ting, K.; Soo, C., A Review of
the Clinical Side Effects of Bone Morphogenetic Protein-2. Tissue engineering. Part B, Reviews 2016, 22, (4),
284-97.
Guzman, J. Z.; Merrill, R. K.; Kim, J. S.; Overley, S. C.; Dowdell, J. E.; Somani, S.; Hecht, A. C.; Cho, S. K.;
Qureshi, S. A., Bone morphogenetic protein use in spine surgery in the United States: how have we
responded to the warnings? The spine journal : official journal of the North American Spine Society 2017, 17, (9),
1247-1254.
Vo, T. N.; Kasper, F. K.; Mikos, A. G., Strategies for controlled delivery of growth factors and cells for
bone regeneration. Advanced drug delivery reviews 2012, 64, (12), 1292-309.
Karuppal, R., Current concepts in the articular cartilage repair and regeneration. Journal of orthopaedics
2017, 14, (2), A1-a3.
Sakata, R.; Iwakura, T.; Reddi, A. H., Regeneration of Articular Cartilage Surface: Morphogens, Cells, and
Extracellular Matrix Scaffolds. Tissue engineering. Part B, Reviews 2015, 21, (5), 461-73.
Huang, K.; Li, Q.; Li, Y.; Yao, Z.; Luo, D.; Rao, P.; Xiao, J., Cartilage Tissue Regeneration: The Roles of
Cells, Stimulating Factors and Scaffolds. Current stem cell research & therapy 2018, 13, (7), 547-567.
Murphy, S. V.; Atala, A., 3D bioprinting of tissues and organs. Nature biotechnology 2014, 32, 773.
Peng, W.; Unutmaz, D.; Ozbolat, I. T., Bioprinting towards Physiologically Relevant Tissue Models for
Pharmaceutics. Trends in biotechnology 2016, 34, (9), 722-732.
Hardwick, R.; Viergever, C.; Chen, A.; Nguyen, D., 3D bioengineered tissues: From advancements in in
vitro safety to new horizons in disease modeling. Clinical Pharmacology & Therapeutics 2017, 101, (4),
453-457.
Ozbolat, I. T., Bioprinting scale-up tissue and organ constructs for transplantation. Trends in biotechnology
2015, 33, (7), 395-400.
Nguyen, D. G.; Pentoney, S. L., Bioprinted three dimensional human tissues for toxicology and disease
modeling. Drug Discovery Today: Technologies 2017, 23, 37-44.
Jung, J. P.; Bhuiyan, D. B.; Ogle, B. M., Solid organ fabrication: comparison of decellularization to 3D
bioprinting. Biomaterials research 2016, 20, (1), 27.
Bergin, J., Bioprinting: Technologies and global markets. BCC Research, USA 2016.
Ozbolat, I.; Moncal, K.; Gudapati, H., Evaluation of bioprinter technologies. Addit Manuf 13: 179–200. In
2017.
Whitford, W. G.; Hoying, J. B., A bioink by any other name: terms, concepts and constructions related to
3D bioprinting. Future science OA 2016, 2, (3), FSO133.
Gungor-Ozkerim, P. S.; Inci, I.; Zhang, Y. S.; Khademhosseini, A.; Dokmeci, M. R., Bioinks for 3D
bioprinting: an overview. Biomaterials science 2018, 6, (5), 915-946.
Yagi, H.; Soto-Gutierrez, A.; Kitagawa, Y., Whole-organ re-engineering: a regenerative medicine
approach to digestive organ replacement. Surgery today 2013, 43, (6), 587-94.
Gao, G.; Hubbell, K.; Schilling, A. F.; Dai, G.; Cui, X., Bioprinting Cartilage Tissue from Mesenchymal
Stem Cells and PEG Hydrogel. In 3D Cell Culture: Methods and Protocols, Koledova, Z., Ed. Springer New
York: New York, NY, 2017; pp 391-398.
Narayanan, L. K.; Huebner, P.; Fisher, M. B.; Spang, J. T.; Starly, B.; Shirwaiker, R. A., 3D-Bioprinting of
Polylactic Acid (PLA) Nanofiber–Alginate Hydrogel Bioink Containing Human Adipose-Derived Stem
Cells. ACS biomaterials science & engineering 2016, 2, (10), 1732-1742.

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 August 2019

46.
47.

48.
49.

50.

51.
52.
53.

54.

55.
56.

57.
58.

59.
60.

61.

62.
63.
64.
65.

66.
67.

doi:10.20944/preprints201908.0222.v1

Chen, F.-M.; Liu, X., Advancing biomaterials of human origin for tissue engineering. Progress in polymer
science 2016, 53, 86-168.
Garreta, E.; Oria, R.; Tarantino, C.; Pla-Roca, M.; Prado, P.; Fernández-Avilés, F.; Campistol, J. M.;
Samitier, J.; Montserrat, N., Tissue engineering by decellularization and 3D bioprinting. Materials Today
2017, 20, (4), 166-178.
Gudapati, H.; Dey, M.; Ozbolat, I., A comprehensive review on droplet-based bioprinting: Past, present
and future. Biomaterials 2016, 102, 20-42.
Carvalho, J. L.; de Carvalho, P. H.; Gomes, D. A.; Goes, A. M., Characterization of Decellularized Heart
Matrices as Biomaterials for Regular and Whole Organ Tissue Engineering and Initial In-vitro
Recellularization with Ips Cells. Journal of tissue science & engineering 2012, Suppl 11, 002.
Jang, J.; Park, H.-J.; Kim, S.-W.; Kim, H.; Park, J. Y.; Na, S. J.; Kim, H. J.; Park, M. N.; Choi, S. H.; Park, S.
H.; Kim, S. W.; Kwon, S.-M.; Kim, P.-J.; Cho, D.-W., 3D printed complex tissue construct using stem
cell-laden decellularized extracellular matrix bioinks for cardiac repair. Biomaterials 2017, 112, 264-274.
Seo, Y.; Jung, Y.; Kim, S. H., Decellularized heart ECM hydrogel using supercritical carbon dioxide for
improved angiogenesis. Acta biomaterialia 2018, 67, 270-281.
Crapo, P. M.; Gilbert, T. W.; Badylak, S. F., An overview of tissue and whole organ decellularization
processes. Biomaterials 2011, 32, (12), 3233-3243.
Badylak, S. F.; Taylor, D.; Uygun, K., Whole-Organ Tissue Engineering: Decellularization and
Recellularization of Three-Dimensional Matrix Scaffolds. Annual review of biomedical engineering 2011, 13,
(1), 27-53.
Badylak, S. F.; Taylor, D.; Uygun, K., Whole-organ tissue engineering: decellularization and
recellularization of three-dimensional matrix scaffolds. Annual review of biomedical engineering 2011, 13,
27-53.
He, M.; Callanan, A., Comparison of methods for whole-organ decellularization in tissue engineering of
bioartificial organs. Tissue engineering. Part B, Reviews 2013, 19, (3), 194-208.
Sabetkish, S.; Kajbafzadeh, A. M.; Sabetkish, N.; Khorramirouz, R.; Akbarzadeh, A.; Seyedian, S. L.;
Pasalar, P.; Orangian, S.; Beigi, R. S.; Aryan, Z.; Akbari, H.; Tavangar, S. M., Whole-organ tissue
engineering: decellularization and recellularization of three-dimensional matrix liver scaffolds. Journal of
biomedical materials research. Part A 2015, 103, (4), 1498-508.
Schmitt, A.; Csiki, R.; Tron, A.; Saldamli, B.; Tubel, J.; Florian, K.; Siebenlist, S.; Balmayor, E.; Burgkart, R.,
Optimized protocol for whole organ decellularization. European journal of medical research 2017, 22, (1), 31.
Wilson, S. L.; Sidney, L. E.; Dunphy, S. E.; Rose, J. B.; Hopkinson, A., Keeping an eye on decellularized
corneas: a review of methods, characterization and applications. Journal of functional biomaterials 2013, 4,
(3), 114-61.
Arenas-Herrera, J. E.; Ko, I. K.; Atala, A.; Yoo, J. J., Decellularization for whole organ bioengineering.
Biomedical materials (Bristol, England) 2013, 8, (1), 014106.
Baptista, P. M.; Siddiqui, M. M.; Lozier, G.; Rodriguez, S. R.; Atala, A.; Soker, S., The use of whole organ
decellularization for the generation of a vascularized liver organoid. Hepatology (Baltimore, Md.) 2011, 53,
(2), 604-17.
Zambon, J. P.; Ko, I. K.; Abolbashari, M.; Huling, J.; Clouse, C.; Kim, T. H.; Smith, C.; Atala, A.; Yoo, J. J.,
Comparative analysis of two porcine kidney decellularization methods for maintenance of functional
vascular architectures. Acta biomaterialia 2018, 75, 226-234.
Gilbert, T. W.; Sellaro, T. L.; Badylak, S. F., Decellularization of tissues and organs. Biomaterials 2006, 27,
(19), 3675-83.
Kim, B. S.; Kim, H.; Gao, G.; Jang, J.; Cho, D. W., Decellularized extracellular matrix: a step towards the
next generation source for bioink manufacturing. Biofabrication 2017, 9, (3), 034104.
Roth, S. P.; Glauche, S. M.; Plenge, A.; Erbe, I.; Heller, S.; Burk, J., Automated freeze-thaw cycles for
decellularization of tendon tissue - a pilot study. BMC biotechnology 2017, 17, (1), 13.
Roth, S. P.; Erbe, I.; Burk, J., Decellularization of Large Tendon Specimens: Combination of Manually
Performed Freeze-Thaw Cycles and Detergent Treatment. Methods in molecular biology (Clifton, N.J.) 2018,
1577, 227-237.
Kabirian, F.; Mozafari, M., Decellularized ECM-derived bioinks: Prospects for the future. Methods (San
Diego, Calif.) 2019.
Lovati, A. B.; Bottagisio, M.; Moretti, M., Decellularized and Engineered Tendons as Biological
Substitutes: A Critical Review. Stem cells international 2016, 2016, 7276150.

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 August 2019

68.
69.

70.

71.

72.

73.
74.
75.

76.

77.

78.

79.

80.

81.

82.
83.

84.
85.

86.
87.

doi:10.20944/preprints201908.0222.v1

Wang, S.; Wang, Y.; Song, L.; Chen, J.; Ma, Y.; Chen, Y.; Fan, S.; Su, M.; Lin, X., Decellularized tendon as a
prospective scaffold for tendon repair. Mater Sci Eng C Mater Biol Appl 2017, 77, 1290-1301.
Ghiringhelli, M.; Zenobi, A.; Brizzola, S.; Gandolfi, F.; Bontempo, V.; Rossi, S.; Brevini, T. A. L.; Acocella,
F., Simple and Quick Method to Obtain a Decellularized, Functional Liver Bioscaffold. Methods in
molecular biology (Clifton, N.J.) 2018, 1577, 283-292.
Kajbafzadeh, A. M.; Javan-Farazmand, N.; Monajemzadeh, M.; Baghayee, A., Determining the optimal
decellularization and sterilization protocol for preparing a tissue scaffold of a human-sized liver tissue.
Tissue Eng Part C Methods 2013, 19, (8), 642-51.
Lu, H.; Hoshiba, T.; Kawazoe, N.; Chen, G., Comparison of decellularization techniques for preparation
of extracellular matrix scaffolds derived from three-dimensional cell culture. Journal of biomedical materials
research. Part A 2012, 100, (9), 2507-16.
Zhou, P.; Huang, Y.; Guo, Y.; Wang, L.; Ling, C.; Guo, Q.; Wang, Y.; Zhu, S.; Fan, X.; Zhu, M.; Huang, H.;
Lu, Y.; Wang, Z., Decellularization and Recellularization of Rat Livers With Hepatocytes and Endothelial
Progenitor Cells. Artif Organs 2016, 40, (3), E25-38.
Gilbert, T. W.; Sellaro, T. L.; Badylak, S. F., Decellularization of tissues and organs. Biomaterials 2006, 27,
(19), 3675-3683.
Guyette, J. P.; Gilpin, S. E.; Charest, J. M.; Tapias, L. F.; Ren, X.; Ott, H. C., Perfusion decellularization of
whole organs. Nature protocols 2014, 9, 1451.
Lee, H.; Han, W.; Kim, H.; Ha, D.-H.; Jang, J.; Kim, B. S.; Cho, D.-W., Development of Liver Decellularized
Extracellular Matrix Bioink for Three-Dimensional Cell Printing-Based Liver Tissue Engineering.
Biomacromolecules 2017, 18, (4), 1229-1237.
Skardal, A.; Devarasetty, M.; Kang, H.-W.; Mead, I.; Bishop, C.; Shupe, T.; Lee, S. J.; Jackson, J.; Yoo, J.;
Soker, S.; Atala, A., A hydrogel bioink toolkit for mimicking native tissue biochemical and mechanical
properties in bioprinted tissue constructs. Acta biomaterialia 2015, 25, 24-34.
Ahn, G.; Min, K.-H.; Kim, C.; Lee, J.-S.; Kang, D.; Won, J.-Y.; Cho, D.-W.; Kim, J.-Y.; Jin, S.; Yun, W.-S.;
Shim, J.-H., Precise stacking of decellularized extracellular matrix based 3D cell-laden constructs by a 3D
cell printing system equipped with heating modules. Scientific reports 2017, 7, (1), 8624.
Jang, J.; Kim, T. G.; Kim, B. S.; Kim, S.-W.; Kwon, S.-M.; Cho, D.-W., Tailoring mechanical properties of
decellularized extracellular matrix bioink by vitamin B2-induced photo-crosslinking. Acta biomaterialia
2016, 33, 88-95.
Bernhardt, A.; Wehrl, M.; Paul, B.; Hochmuth, T.; Schumacher, M.; Schütz, K.; Gelinsky, M., Improved
Sterilization of Sensitive Biomaterials with Supercritical Carbon Dioxide at Low Temperature. PLoS One
2015, 10, (6), e0129205.
Dearth, C. L.; Keane, T. J.; Carruthers, C. A.; Reing, J. E.; Huleihel, L.; Ranallo, C. A.; Kollar, E. W.;
Badylak, S. F., The effect of terminal sterilization on the material properties and in vivo remodeling of a
porcine dermal biologic scaffold. Acta biomaterialia 2016, 33, 78-87.
Hennessy, R. S.; Jana, S.; Tefft, B. J.; Helder, M. R.; Young, M. D.; Hennessy, R. R.; Stoyles, N. J.; Lerman,
A., Supercritical Carbon Dioxide–Based Sterilization of Decellularized Heart Valves. JACC: Basic to
Translational Science 2017, 2, (1), 71-84.
Hoshiba, T.; Lu, H.; Kawazoe, N.; Chen, G., Decellularized matrices for tissue engineering. Expert opinion
on biological therapy 2010, 10, (12), 1717-1728.
Gao, G.; Lee, J. H.; Jang, J.; Lee, D. H.; Kong, J.-S.; Kim, B. S.; Choi, Y.-J.; Jang, W. B.; Hong, Y. J.; Kwon,
S.-M.; Cho, D.-W., Tissue Engineered Bio-Blood-Vessels Constructed Using a Tissue-Specific Bioink and
3D Coaxial Cell Printing Technique: A Novel Therapy for Ischemic Disease. Advanced functional materials
2017, 27, (33), 1700798.
An, J.; Teoh, J. E. M.; Suntornnond, R.; Chua, C. K., Design and 3D Printing of Scaffolds and Tissues.
Engineering 2015, 1, (2), 261-268.
Kim, B. S.; Kwon, Y. W.; Kong, J.-S.; Park, G. T.; Gao, G.; Han, W.; Kim, M.-B.; Lee, H.; Kim, J. H.; Cho,
D.-W., 3D cell printing of in vitro stabilized skin model and in vivo pre-vascularized skin patch using
tissue-specific extracellular matrix bioink: A step towards advanced skin tissue engineering. Biomaterials
2018, 168, 38-53.
Pati, F.; Ha, D.-H.; Jang, J.; Han, H. H.; Rhie, J.-W.; Cho, D.-W., Biomimetic 3D tissue printing for soft
tissue regeneration. Biomaterials 2015, 62, 164-175.
Denner, J.; Tönjes, R. R., Infection Barriers to Successful Xenotransplantation Focusing on Porcine
Endogenous Retroviruses. Clinical Microbiology Reviews 2012, 25, (2), 318-343.

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 August 2019

88.
89.

90.
91.

92.
93.

94.

95.

96.

97.
98.

99.

100.

101.

102.
103.

104.

105.

doi:10.20944/preprints201908.0222.v1

Goodale, H. D., The Progeny Test as a Means of Evaluating the Breeding Potentialities of Farm Animals.
The American Naturalist 1933, 67, (713), 481-499.
Nirea, K. G.; Meuwissen, T. H., Improving production efficiency in the presence of genotype by
environment interactions in pig genomic selection breeding programmes. Journal of animal breeding and
genetics = Zeitschrift fur Tierzuchtung und Zuchtungsbiologie 2017, 134, (2), 119-128.
Dzobo, K.; Senthebane, D. A.; Pillay, M.; Ssemakalu, C.; Mkhumbeni, N.; Motaung, K. S. C. M., The
Future of Tissue Engineering and Regenerative Medicine in Africa. Tissue Engineering Part A 2017.
Dzobo, K.; Turnley, T.; Wishart, A.; Rowe, A.; Kallmeyer, K.; van Vollenstee, F. A.; Thomford, N. E.;
Dandara, C.; Chopera, D.; Pepper, M. S.; Parker, M. I., Fibroblast-Derived Extracellular Matrix Induces
Chondrogenic Differentiation in Human Adipose-Derived Mesenchymal Stromal/Stem Cells in Vitro. Int
J Mol Sci 2016, 17, (8).
Uriel, S.; Huang, J.-J.; Moya, M. L.; Francis, M. E.; Wang, R.; Chang, S.-y.; Cheng, M.-H.; Brey, E. M., The
role of adipose protein derived hydrogels in adipogenesis. Biomaterials 2008, 29, (27), 3712-3719.
Wassenaar, J. W.; Gaetani, R.; Garcia, J. J.; Braden, R. L.; Luo, C. G.; Huang, D.; DeMaria, A. N.; Omens, J.
H.; Christman, K. L., Evidence for Mechanisms Underlying the Functional Benefits of a Myocardial
Matrix Hydrogel for Post-MI Treatment. Journal of the American College of Cardiology 2016, 67, (9),
1074-1086.
Lee, J. S.; Shin, J.; Park, H.-M.; Kim, Y.-G.; Kim, B.-G.; Oh, J.-W.; Cho, S.-W., Liver Extracellular Matrix
Providing Dual Functions of Two-Dimensional Substrate Coating and Three-Dimensional Injectable
Hydrogel Platform for Liver Tissue Engineering. Biomacromolecules 2014, 15, (1), 206-218.
Patience, C.; Switzer, W. M.; Takeuchi, Y.; Griffiths, D. J.; Goward, M. E.; Heneine, W.; Stoye, J. P.; Weiss,
R. A., Multiple Groups of Novel Retroviral Genomes in Pigs and Related Species. Journal of Virology 2001,
75, (6), 2771-2775.
Takeuchi, Y.; Patience, C.; Magre, S.; Weiss, R. A.; Banerjee, P. T.; Le Tissier, P.; Stoye, J. P., Host Range
and Interference Studies of Three Classes of Pig Endogenous Retrovirus. Journal of Virology 1998, 72, (12),
9986-9991.
Cooper, D. K. C.; Koren, E.; Oriol, R., Oligosaccharides and Discordant Xenotransplantation.
Immunological Reviews 1994, 141, (1), 31-58.
Lai, L.; Kolber-Simonds, D.; Park, K.-W.; Cheong, H.-T.; Greenstein, J. L.; Im, G.-S.; Samuel, M.; Bonk, A.;
Rieke, A.; Day, B. N.; Murphy, C. N.; Carter, D. B.; Hawley, R. J.; Prather, R. S., Production of
α-1,3-Galactosyltransferase Knockout Pigs by Nuclear Transfer Cloning. Science 2002, 295, (5557),
1089-1092.
Pati, F.; Jang, J.; Ha, D.-H.; Won Kim, S.; Rhie, J.-W.; Shim, J.-H.; Kim, D.-H.; Cho, D.-W., Printing
three-dimensional tissue analogues with decellularized extracellular matrix bioink. Nature communications
2014, 5, 3935.
Oberwallner, B.; Brodarac, A.; Choi, Y. H.; Saric, T.; Anic, P.; Morawietz, L.; Stamm, C., Preparation of
cardiac extracellular matrix scaffolds by decellularization of human myocardium. Journal of biomedical
materials research. Part A 2014, 102, (9), 3263-72.
Sanchez, P. L.; Fernandez-Santos, M. E.; Costanza, S.; Climent, A. M.; Moscoso, I.; Gonzalez-Nicolas, M.
A.; Sanz-Ruiz, R.; Rodriguez, H.; Kren, S. M.; Garrido, G.; Escalante, J. L.; Bermejo, J.; Elizaga, J.;
Menarguez, J.; Yotti, R.; Perez del Villar, C.; Espinosa, M. A.; Guillem, M. S.; Willerson, J. T.; Bernad, A.;
Matesanz, R.; Taylor, D. A.; Fernandez-Aviles, F., Acellular human heart matrix: A critical step toward
whole heart grafts. Biomaterials 2015, 61, 279-89.
Hinckel, B. B.; Gomoll, A. H., Autologous Chondrocytes and Next-Generation Matrix-Based Autologous
Chondrocyte Implantation. Clin Sports Med 2017, 36, (3), 525-548.
Runer, A.; Jungmann, P.; Welsch, G.; Kummel, D.; Impellizzieri, F.; Preiss, S.; Salzmann, G., Correlation
between the AMADEUS score and preoperative clinical patient-reported outcome measurements
(PROMs) in patients undergoing matrix-induced autologous chondrocyte implantation (MACI). J Orthop
Surg Res 2019, 14, (1), 87.
Nguyen, A. L.; Park, H.; Nguyen, P.; Sheen, E.; Kim, Y. A.; Nguyen, M. H., Rising Inpatient Encounters
and Economic Burden for Patients with Nonalcoholic Fatty Liver Disease in the USA. Dig Dis Sci 2019, 64,
(3), 698-707.
Williams, R.; Alexander, G.; Armstrong, I.; Baker, A.; Bhala, N.; Camps-Walsh, G.; Cramp, M. E.; de
Lusignan, S.; Day, N.; Dhawan, A.; Dillon, J.; Drummond, C.; Dyson, J.; Foster, G.; Gilmore, I.; Hudson,
M.; Kelly, D.; Langford, A.; McDougall, N.; Meier, P.; Moriarty, K.; Newsome, P.; O'Grady, J.; Pryke, R.;

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 August 2019

106.

107.
108.

109.
110.

111.

112.

113.

114.

115.

116.

117.

118.
119.

120.
121.
122.
123.

doi:10.20944/preprints201908.0222.v1

Rolfe, L.; Rice, P.; Rutter, H.; Sheron, N.; Taylor, A.; Thompson, J.; Thorburn, D.; Verne, J.; Wass, J.;
Yeoman, A., Disease burden and costs from excess alcohol consumption, obesity, and viral hepatitis:
fourth report of the Lancet Standing Commission on Liver Disease in the UK. Lancet 2018, 391, (10125),
1097-1107.
Choi, Y.-J.; Kim, T. G.; Jeong, J.; Yi, H.-G.; Park, J. W.; Hwang, W.; Cho, D.-W., 3D Cell Printing of
Functional Skeletal Muscle Constructs Using Skeletal Muscle-Derived Bioink. Advanced Healthcare
Materials 2016, 5, (20), 2636-2645.
Vig, K.; Chaudhari, A.; Tripathi, S.; Dixit, S.; Sahu, R.; Pillai, S.; Dennis, V. A.; Singh, S. R., Advances in
Skin Regeneration Using Tissue Engineering. International journal of molecular sciences 2017, 18, (4).
Parmaksiz, M.; Dogan, A.; Odabas, S.; Elcin, A. E.; Elcin, Y. M., Clinical applications of decellularized
extracellular matrices for tissue engineering and regenerative medicine. Biomedical materials (Bristol,
England) 2016, 11, (2), 022003.
Fitzpatrick, L. E.; McDevitt, T. C., Cell-derived matrices for tissue engineering and regenerative medicine
applications. Biomater Sci 2015, 3, (1), 12-24.
Johnson, T. D.; DeQuach, J. A.; Gaetani, R.; Ungerleider, J.; Elhag, D.; Nigam, V.; Behfar, A.; Christman, K.
L., Human versus porcine tissue sourcing for an injectable myocardial matrix hydrogel. Biomaterials
science 2014, 2, (5), 735-744.
Stramandinoli-Zanicotti, R. T.; Carvalho, A. L.; Rebelatto, C. L.; Sassi, L. M.; Torres, M. F.; Senegaglia, A.
C.; Boldrinileite, L. M.; Correa-Dominguez, A.; Kuligovsky, C.; Brofman, P. R., Brazilian minipig as a
large-animal model for basic research and stem cell-based tissue engineering. Characterization and in
vitro differentiation of bone marrow-derived mesenchymal stem cells. J Appl Oral Sci 2014, 22, (3), 218-27.
Beachley, V. Z.; Wolf, M. T.; Sadtler, K.; Manda, S. S.; Jacobs, H.; Blatchley, M. R.; Bader, J. S.; Pandey, A.;
Pardoll, D.; Elisseeff, J. H., Tissue matrix arrays for high-throughput screening and systems analysis of
cell function. Nature methods 2015, 12, 1197.
McClelland, R.; Wauthier, E.; Uronis, J.; Reid, L., Gradients in the liver's extracellular matrix chemistry
from periportal to pericentral zones: influence on human hepatic progenitors. Tissue engineering. Part A
2008, 14, (1), 59-70.
Zhang, Y.; He, Y.; Bharadwaj, S.; Hammam, N.; Carnagey, K.; Myers, R.; Atala, A.; Van Dyke, M.,
Tissue-specific extracellular matrix coatings for the promotion of cell proliferation and maintenance of
cell phenotype. Biomaterials 2009, 30, (23), 4021-4028.
Enat, R.; Jefferson, D. M.; Ruiz-Opazo, N.; Gatmaitan, Z.; Leinwand, L. A.; Reid, L. M., Hepatocyte
proliferation in vitro: its dependence on the use of serum-free hormonally defined medium and substrata
of extracellular matrix. Proceedings of the National Academy of Sciences 1984, 81, (5), 1411-1415.
Senthebane, D. A.; Jonker, T.; Rowe, A.; Thomford, N. E.; Munro, D.; Dandara, C.; Wonkam, A.;
Govender, D.; Calder, B.; Soares, N. C.; Blackburn, J. M.; Parker, M. I.; Dzobo, K., The Role of Tumor
Microenvironment in Chemoresistance: 3D Extracellular Matrices as Accomplices. Int J Mol Sci 2018, 19,
(10).
Hafezi, F.; Kanellopoulos, J.; Wiltfang, R.; Seiler, T., Corneal collagen crosslinking with riboflavin and
ultraviolet A to treat induced keratectasia after laser in situ keratomileusis. Journal of Cataract & Refractive
Surgery 2007, 33, (12), 2035-2040.
Engler, A. J.; Sen, S.; Sweeney, H. L.; Discher, D. E., Matrix Elasticity Directs Stem Cell Lineage
Specification. Cell 2006, 126, (4), 677-689.
Freeman, F. E.; Kelly, D. J., Tuning Alginate Bioink Stiffness and Composition for Controlled Growth
Factor Delivery and to Spatially Direct MSC Fate within Bioprinted Tissues. Scientific reports 2017, 7, (1),
17042.
Ali, M.; Pr, A. K.; Yoo, J. J.; Zahran, F.; Atala, A.; Lee, S. J., A Photo-Crosslinkable Kidney ECM-Derived
Bioink Accelerates Renal Tissue Formation. Adv Healthc Mater 2019, 8, (7), e1800992.
Choi, Y. C.; Choi, J. S.; Woo, C. H.; Cho, Y. W., Stem cell delivery systems inspired by tissue-specific
niches. Journal of Controlled Release 2014, 193, 42-50.
Gattazzo, F.; Urciuolo, A.; Bonaldo, P., Extracellular matrix: A dynamic microenvironment for stem cell
niche. Biochimica et Biophysica Acta (BBA) - General Subjects 2014, 1840, (8), 2506-2519.
Fitzpatrick, L. E.; McDevitt, T. C., Cell-derived matrices for tissue engineering and regenerative medicine
applications. Biomaterials science 2015, 3, (1), 12-24.

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 August 2019

doi:10.20944/preprints201908.0222.v1

124. Qi, X.; Keegan, Y.; Mitchell, T.; Emily, S.; Zichen, Q.; Feng, Z., Decellularization of Fibroblast Cell Sheets
for Natural Extracellular Matrix Scaffold Preparation. Tissue Engineering Part C: Methods 2015, 21, (1),
77-87.
125. Hoshiba, T.; Tanaka, M., Decellularized matrices as in vitro models of extracellular matrix in tumor
tissues at different malignant levels: Mechanism of 5-fluorouracil resistance in colorectal tumor cells.
Biochimica et biophysica acta 2016, 1863, (11), 2749-2757.
126. Rakian, R.; Block, T. J.; Johnson, S. M.; Marinkovic, M.; Wu, J.; Dai, Q.; Dean, D. D.; Chen, X. D., Native
extracellular matrix preserves mesenchymal stem cell "stemness" and differentiation potential under
serum-free culture conditions. Stem cell research & therapy 2015, 6, 235.
127. Lin, H.; Yang, G.; Tan, J.; Tuan, R. S., Influence of decellularized matrix derived from human
mesenchymal stem cells on their proliferation, migration and multi-lineage differentiation potential.
Biomaterials 2012, 33, (18), 4480-9.
128. Pérez-Castrillo, S.; González-Fernández, M. L.; López-González, M. E.; Villar-Suárez, V., Effect of ascorbic
and chondrogenic derived decellularized extracellular matrix from mesenchymal stem cells on their
proliferation, viability and differentiation. Annals of Anatomy - Anatomischer Anzeiger 2018, 220, 60-69.
129. Zhou, Y.; Zimber, M.; Yuan, H.; Naughton, G. K.; Fernan, R.; Li, W. J., Effects of Human
Fibroblast-Derived Extracellular Matrix on Mesenchymal Stem Cells. Stem cell reviews 2016, 12, (5),
560-572.
130. Kusuma, G. D.; Brennecke, S. P.; O'Connor, A. J.; Kalionis, B.; Heath, D. E., Decellularized extracellular
matrices produced from immortal cell lines derived from different parts of the placenta support primary
mesenchymal stem cell expansion. PLoS One 2017, 12, (2), e0171488.
131. Kusuma, G. D.; Menicanin, D.; Gronthos, S.; Manuelpillai, U.; Abumaree, M. H.; Pertile, M. D.; Brennecke,
S. P.; Kalionis, B., Ectopic Bone Formation by Mesenchymal Stem Cells Derived from Human Term
Placenta and the Decidua. PLoS One 2015, 10, (10), e0141246.
132. Arslan, Y. E.; Galata, Y. F.; Sezgin Arslan, T.; Derkus, B., Trans-differentiation of human adipose-derived
mesenchymal stem cells into cardiomyocyte-like cells on decellularized bovine myocardial extracellular
matrix-based films. Journal of materials science. Materials in medicine 2018, 29, (8), 127.
133. Rothrauff, B. B.; Coluccino, L.; Gottardi, R.; Ceseracciu, L.; Scaglione, S.; Goldoni, L.; Tuan, R. S., Efficacy
of thermoresponsive, photocrosslinkable hydrogels derived from decellularized tendon and cartilage
extracellular matrix for cartilage tissue engineering. Journal of tissue engineering and regenerative medicine
2018, 12, (1), e159-e170.
134. Rothrauff, B. B.; Yang, G.; Tuan, R. S., Tissue-specific bioactivity of soluble tendon-derived and
cartilage-derived extracellular matrices on adult mesenchymal stem cells. Stem cell research & therapy 2017,
8, (1), 133.
135. Antoon, R.; Yeger, H.; Loai, Y.; Islam, S.; Farhat, W. A., Impact of bladder-derived acellular matrix,
growth factors, and extracellular matrix constituents on the survival and multipotency of
marrow-derived mesenchymal stem cells. Journal of biomedical materials research. Part A 2012, 100, (1), 72-83.
136. Pokrywczynska, M.; Jundzill, A.; Rasmus, M.; Adamowicz, J.; Balcerczyk, D.; Buhl, M.; Warda, K.;
Buchholz, L.; Gagat, M.; Grzanka, D.; Drewa, T., Understanding the role of mesenchymal stem cells in
urinary bladder regeneration-a preclinical study on a porcine model. Stem cell research & therapy 2018, 9,
(1), 328.
137. Guo, Y.; Liu, L.; Hao, Q.; Li, R.; Zhang, X.; Wang, L.; Ning, B., [Effects of extracellular matrix produced in
vitro on growth and differentiation of MC3T3-E1 cells]. Sheng wu gong cheng xue bao = Chinese journal of
biotechnology 2011, 27, (11), 1606-12.
138. Guo, Y.; Zeng, Q. C.; Zhang, C. Q.; Zhang, X. Z.; Li, R. X.; Wu, J. M.; Guan, J.; Liu, L.; Zhang, X. C.; Li, J.
Y.; Wan, Z. M., Extracellular matrix of mechanically stretched cardiac fibroblasts improves viability and
metabolic activity of ventricular cells. International journal of medical sciences 2013, 10, (13), 1837-45.
139. Kadoya, K.; Makino, E. T.; Jiang, L. I.; Bachelor, M.; Chung, R.; Tan, P.; Cheng, T.; Naughton, G. K.;
Mehta, R. C., Upregulation of Extracellular Matrix Genes Corroborates Clinical Efcacy of Human
Fibroblast-Derived Growth Factors in Skin Rejuvenation. Journal of drugs in dermatology : JDD 2017, 16,
(12), 1190-1196.
140. Du, P.; Suhaeri, M.; Ha, S. S.; Oh, S. J.; Kim, S. H.; Park, K., Human lung fibroblast-derived matrix
facilitates vascular morphogenesis in 3D environment and enhances skin wound healing. Acta
biomaterialia 2017, 54, 333-344.

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 August 2019

doi:10.20944/preprints201908.0222.v1

141. Ali, M.; P, R. A.; Lee, S. J.; Jackson, J. D., Three-dimensional bioprinting for organ bioengineering:
promise and pitfalls. Current opinion in organ transplantation 2018, 23, (6), 649-656.
142. Mazzocchi, A.; Devarasetty, M.; Huntwork, R.; Soker, S.; Skardal, A., Optimization of collagen type
I-hyaluronan hybrid bioink for 3D bioprinted liver microenvironments. Biofabrication 2018, 11, (1), 015003.
143. Fedorovich, N. E.; De Wijn, J. R.; Verbout, A. J.; Alblas, J.; Dhert, W. J., Three-dimensional fiber deposition
of cell-laden, viable, patterned constructs for bone tissue printing. Tissue engineering. Part A 2008, 14, (1),
127-33.
144. Kreimendahl, F.; Kopf, M.; Thiebes, A. L.; Duarte Campos, D. F.; Blaeser, A.; Schmitz-Rode, T.; Apel, C.;
Jockenhoevel, S.; Fischer, H., Three-Dimensional Printing and Angiogenesis: Tailored Agarose-Type I
Collagen Blends Comprise Three-Dimensional Printability and Angiogenesis Potential for
Tissue-Engineered Substitutes. Tissue engineering. Part C, Methods 2017, 23, (10), 604-615.
145. Yang, X.; Lu, Z.; Wu, H.; Li, W.; Zheng, L.; Zhao, J., Collagen-alginate as bioink for three-dimensional
(3D) cell printing based cartilage tissue engineering. Materials science & engineering. C, Materials for
biological applications 2018, 83, 195-201.
146. Gu, Q.; Tomaskovic-Crook, E.; Lozano, R.; Chen, Y.; Kapsa, R. M.; Zhou, Q.; Wallace, G. G.; Crook, J. M.,
Functional 3D Neural Mini-Tissues from Printed Gel-Based Bioink and Human Neural Stem Cells. Adv
Healthc Mater 2016, 5, (12), 1429-38.
147. Gu, Q.; Tomaskovic-Crook, E.; Wallace, G. G.; Crook, J. M., 3D Bioprinting Human Induced Pluripotent
Stem Cell Constructs for In Situ Cell Proliferation and Successive Multilineage Differentiation. Adv
Healthc Mater 2017, 6, (17).
148. Gu, Q.; Tomaskovic-Crook, E.; Wallace, G. G.; Crook, J. M., Engineering Human Neural Tissue by 3D
Bioprinting. Methods in molecular biology (Clifton, N.J.) 2018, 1758, 129-138.
149. Axpe, E.; Oyen, M. L., Applications of Alginate-Based Bioinks in 3D Bioprinting. Int J Mol Sci 2016, 17,
(12).
150. Colosi, C.; Costantini, M.; Barbetta, A.; Dentini, M., Microfluidic Bioprinting of Heterogeneous 3D Tissue
Constructs. Methods in molecular biology (Clifton, N.J.) 2017, 1612, 369-380.
151. Colosi, C.; Shin, S. R.; Manoharan, V.; Massa, S.; Costantini, M.; Barbetta, A.; Dokmeci, M. R.; Dentini, M.;
Khademhosseini, A., Microfluidic Bioprinting of Heterogeneous 3D Tissue Constructs Using
Low-Viscosity Bioink. Advanced materials (Deerfield Beach, Fla.) 2016, 28, (4), 677-84.
152. Liu, X.; Zuo, Y.; Sun, J.; Guo, Z.; Fan, H.; Zhang, X., Degradation regulated bioactive hydrogel as the
bioink with desirable moldability for microfluidic biofabrication. Carbohydrate polymers 2017, 178, 8-17.
153. Yu, Y.; Zhang, Y.; Martin, J. A.; Ozbolat, I. T., Evaluation of cell viability and functionality in vessel-like
bioprintable cell-laden tubular channels. Journal of biomechanical engineering 2013, 135, (9), 91011.
154. Christensen, K.; Xu, C.; Chai, W.; Zhang, Z.; Fu, J.; Huang, Y., Freeform inkjet printing of cellular
structures with bifurcations. Biotechnology and bioengineering 2015, 112, (5), 1047-55.
155. Faulkner-Jones, A.; Fyfe, C.; Cornelissen, D. J.; Gardner, J.; King, J.; Courtney, A.; Shu, W., Bioprinting of
human pluripotent stem cells and their directed differentiation into hepatocyte-like cells for the
generation of mini-livers in 3D. Biofabrication 2015, 7, (4), 044102.
156. Jia, W.; Gungor-Ozkerim, P. S.; Zhang, Y. S.; Yue, K.; Zhu, K.; Liu, W.; Pi, Q.; Byambaa, B.; Dokmeci, M.
R.; Shin, S. R.; Khademhosseini, A., Direct 3D bioprinting of perfusable vascular constructs using a blend
bioink. Biomaterials 2016, 106, 58-68.
157. Ferreira, A. M.; Gentile, P.; Chiono, V.; Ciardelli, G., Collagen for bone tissue regeneration. Acta
biomaterialia 2012, 8, (9), 3191-200.
158. Gentile, P.; Chiono, V.; Tonda-Turo, C.; Ferreira, A. M.; Ciardelli, G., Polymeric membranes for guided
bone regeneration. Biotechnology journal 2011, 6, (10), 1187-97.
159. Gentile, P.; McColgan-Bannon, K.; Gianone, N. C.; Sefat, F.; Dalgarno, K.; Ferreira, A. M., Biosynthetic
PCL-graft-Collagen Bulk Material for Tissue Engineering Applications. Materials (Basel, Switzerland) 2017,
10, (7).
160. Kryczka, T.; Sel, S.; Wollensak, G.; Midelfart, A., Metabolic profile of porcine corneas after photodynamic
cross-linking treatment. Acta ophthalmologica 2012, 90, (8), e658-9.
161. Wollensak, G., Crosslinking treatment of progressive keratoconus: new hope. Current opinion in
ophthalmology 2006, 17, (4), 356-60.
162. Wollensak, G.; Iomdina, E., Crosslinking of scleral collagen in the rabbit using glyceraldehyde. Journal of
cataract and refractive surgery 2008, 34, (4), 651-6.

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 August 2019

doi:10.20944/preprints201908.0222.v1

163. Wollensak, G.; Sporl, E.; Herbst, H., Biomechanical efficacy of contact lens-assisted collagen cross-linking
in porcine eyes. Acta ophthalmologica 2019, 97, (1), e84-e90.
164. Stratesteffen, H.; Kopf, M.; Kreimendahl, F.; Blaeser, A.; Jockenhoevel, S.; Fischer, H., GelMA-collagen
blends enable drop-on-demand 3D printablility and promote angiogenesis. Biofabrication 2017, 9, (4),
045002.
165. Yeo, M. G.; Kim, G. H., A cell-printing approach for obtaining hASC-laden scaffolds by using a
collagen/polyphenol bioink. Biofabrication 2017, 9, (2), 025004.
166. Yoo, H. S.; Lee, E. A.; Yoon, J. J.; Park, T. G., Hyaluronic acid modified biodegradable scaffolds for
cartilage tissue engineering. Biomaterials 2005, 26, (14), 1925-33.
167. Poldervaart, M. T.; Goversen, B.; de Ruijter, M.; Abbadessa, A.; Melchels, F. P. W.; Oner, F. C.; Dhert, W. J.
A.; Vermonden, T.; Alblas, J., 3D bioprinting of methacrylated hyaluronic acid (MeHA) hydrogel with
intrinsic osteogenicity. PLoS One 2017, 12, (6), e0177628.
168. Stichler, S.; Bock, T.; Paxton, N.; Bertlein, S.; Levato, R.; Schill, V.; Smolan, W.; Malda, J.; Tessmar, J.;
Blunk, T.; Groll, J., Double printing of hyaluronic acid/poly(glycidol) hybrid hydrogels with
poly(epsilon-caprolactone) for MSC chondrogenesis. Biofabrication 2017, 9, (4), 044108.
169. Sakai, S.; Ohi, H.; Hotta, T.; Kamei, H.; Taya, M., Differentiation potential of human adipose stem cells
bioprinted with hyaluronic acid/gelatin-based bioink through microextrusion and visible light-initiated
crosslinking. Biopolymers 2018, 109, (2).
170. Cui, X.; Boland, T., Human microvasculature fabrication using thermal inkjet printing technology.
Biomaterials 2009, 30, (31), 6221-7.
171. Lodge, T. P.; Maxwell, A. L.; Lott, J. R.; Schmidt, P. W.; McAllister, J. W.; Morozova, S.; Bates, F. S.; Li, Y.;
Sammler,
R.
L.,
Gelation,
Phase
Separation,
and
Fibril
Formation
in
Aqueous
Hydroxypropylmethylcellulose Solutions. Biomacromolecules 2018, 19, (3), 816-824.
172. Lott, J. R.; McAllister, J. W.; Arvidson, S. A.; Bates, F. S.; Lodge, T. P., Fibrillar structure of methylcellulose
hydrogels. Biomacromolecules 2013, 14, (8), 2484-8.
173. Markstedt, K.; Mantas, A.; Tournier, I.; Martinez Avila, H.; Hagg, D.; Gatenholm, P., 3D Bioprinting
Human Chondrocytes with Nanocellulose-Alginate Bioink for Cartilage Tissue Engineering Applications.
Biomacromolecules 2015, 16, (5), 1489-96.
174. Martinez Avila, H.; Schwarz, S.; Feldmann, E. M.; Mantas, A.; von Bomhard, A.; Gatenholm, P.; Rotter,
N., Biocompatibility evaluation of densified bacterial nanocellulose hydrogel as an implant material for
auricular cartilage regeneration. Applied microbiology and biotechnology 2014, 98, (17), 7423-35.
175. Ozbolat, I. T.; Hospodiuk, M., Current advances and future perspectives in extrusion-based bioprinting.
Biomaterials 2016, 76, 321-343.
176. Sakai, S.; Ueda, K.; Gantumur, E.; Taya, M.; Nakamura, M., Drop ‐On‐Drop Multimaterial 3D
Bioprinting Realized by Peroxidase‐Mediated Cross‐Linking. Macromolecular rapid communications 2018,
39, (3), 1700534.
177. Liu, W.; Zhang, Y. S.; Heinrich, M. A.; De Ferrari, F.; Jang, H. L.; Bakht, S. M.; Alvarez, M. M.; Yang, J.; Li,
Y. C.; Trujillo-de Santiago, G.; Miri, A. K.; Zhu, K.; Khoshakhlagh, P.; Prakash, G.; Cheng, H.; Guan, X.;
Zhong, Z.; Ju, J.; Zhu, G. H.; Jin, X.; Shin, S. R.; Dokmeci, M. R.; Khademhosseini, A., Rapid Continuous
Multimaterial Extrusion Bioprinting. Advanced materials (Deerfield Beach, Fla.) 2017, 29, (3).
178. Dzobo, K. Characterization of polyphenols in leaves of four desiccation tolerant plant families. University
of Cape Town, 2005.
179. Bodnar, W. M.; Blackburn, R. K.; Krise, J. M.; Moseley, M. A., Exploiting the complementary nature of
LC/MALDI/MS/MS and LC/ESI/MS/MS for increased proteome coverage. Journal of the American Society for
Mass Spectrometry 2003, 14, (9), 971-979.
180. Dimou, Z.; Michalopoulos, E.; Katsimpoulas, M.; Dimitroulis, D.; Kouraklis, G.; Stavropoulos-Giokas, C.;
Tomos, P., Evaluation of a Decellularization Protocol for the Development of a Decellularized Tracheal
Scaffold. Anticancer research 2019, 39, (1), 145-150.
181. Koenig, F.; Kilzer, M.; Hagl, C.; Thierfelder, N., Successful decellularization of thick-walled tissue:
Highlighting pitfalls and the need for a multifactorial approach. The International journal of artificial organs
2019, 42, (1), 17-24.
182. Mallis, P.; Chachlaki, P.; Katsimpoulas, M.; Stavropoulos-Giokas, C.; Michalopoulos, E., Optimization of
Decellularization Procedure in Rat Esophagus for Possible Development of a Tissue Engineered
Construct. Bioengineering (Basel, Switzerland) 2018, 6, (1).

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 August 2019

doi:10.20944/preprints201908.0222.v1

183. Simsa, R.; Padma, A. M.; Heher, P.; Hellstrom, M.; Teuschl, A.; Jenndahl, L.; Bergh, N.; Fogelstrand, P.,
Systematic in vitro comparison of decellularization protocols for blood vessels. PLoS One 2018, 13, (12),
e0209269.
184. Madden, L. R.; Nguyen, T. V.; Garcia-Mojica, S.; Shah, V.; Le, A. V.; Peier, A.; Visconti, R.; Parker, E. M.;
Presnell, S. C.; Nguyen, D. G.; Retting, K. N., Bioprinted 3D Primary Human Intestinal Tissues Model
Aspects of Native Physiology and ADME/Tox Functions. iScience 2018, 2, 156-167.
185. Neff, E. P., Printing cures: Organovo advances with 3D-printed liver tissue. Lab animal 2017, 46, (3), 57.
186. Norona, L. M.; Nguyen, D. G.; Gerber, D. A.; Presnell, S. C.; Mosedale, M.; Watkins, P. B., Bioprinted liver
provides early insight into the role of Kupffer cells in TGF-beta1 and methotrexate-induced fibrogenesis.
PLoS One 2019, 14, (1), e0208958.
187. Rodriguez-Salvador, M.; Rio-Belver, R. M.; Garechana-Anacabe, G., Scientometric and patentometric
analyses to determine the knowledge landscape in innovative technologies: The case of 3D bioprinting.
PLoS One 2017, 12, (6), e0180375.
188. Kuzmenko, V.; Karabulut, E.; Pernevik, E.; Enoksson, P.; Gatenholm, P., Tailor-made conductive inks
from cellulose nanofibrils for 3D printing of neural guidelines. Carbohydrate polymers 2018, 189, 22-30.
189. Moore, C. A.; Shah, N. N.; Smith, C. P.; Rameshwar, P., 3D Bioprinting and Stem Cells. Methods in
molecular biology (Clifton, N.J.) 2018, 1842, 93-103.
190. Thayer, P. S.; Orrhult, L. S.; Martinez, H., Bioprinting of Cartilage and Skin Tissue Analogs Utilizing a
Novel Passive Mixing Unit Technique for Bioink Precellularization. Journal of visualized experiments : JoVE
2018, (131).
191. Means, K. R., Jr.; Rinker, B. D.; Higgins, J. P.; Payne, S. H., Jr.; Merrell, G. A.; Wilgis, E. F., A Multicenter,
Prospective, Randomized, Pilot Study of Outcomes for Digital Nerve Repair in the Hand Using Hollow
Conduit Compared With Processed Allograft Nerve. Hand (New York, N.Y.) 2016, 11, (2), 144-51.
192. Kimmel, H.; Gittleman, H., Retrospective observational analysis of the use of an architecturally unique
dermal regeneration template (Derma Pure(R)) for the treatment of hard-to-heal wounds. International
wound journal 2017, 14, (4), 666-672.
193. Bhatia, A., Epidermal skin grafting in patients with complex wounds: a case series. Journal of wound care
2016, 25, (3), 148, 150-3.
194. Song, Z.; Gupta, K.; Ng, I. C.; Xing, J.; Yang, Y. A.; Yu, H., Mechanosensing in liver regeneration. Seminars
in cell & developmental biology 2017, 71, 153-167.
195. Michalopoulos, G. K., Liver regeneration. J Cell Physiol 2007, 213, (2), 286-300.
196. Zaulyanov, L.; Kirsner, R. S., A review of a bi-layered living cell treatment (Apligraf) in the treatment of
venous leg ulcers and diabetic foot ulcers. Clinical interventions in aging 2007, 2, (1), 93-8.
197. Marston, W. A., Dermagraft, a bioengineered human dermal equivalent for the treatment of chronic
nonhealing diabetic foot ulcer. Expert review of medical devices 2004, 1, (1), 21-31.
198. Noordenbos, J.; Dore, C.; Hansbrough, J. F., Safety and efficacy of TransCyte for the treatment of
partial-thickness burns. The Journal of burn care & rehabilitation 1999, 20, (4), 275-81.
199. Vloemans, A. F.; Hermans, M. H.; van der Wal, M. B.; Liebregts, J.; Middelkoop, E., Optimal treatment of
partial thickness burns in children: a systematic review. Burns : journal of the International Society for Burn
Injuries 2014, 40, (2), 177-90.
200. Dzobo, K.; Vogelsang, M.; Parker, M. I., Wnt/beta-Catenin and MEK-ERK Signaling are Required for
Fibroblast-Derived Extracellular Matrix-Mediated Endoderm Differentiation of Embryonic Stem Cells.
Stem cell reviews 2015, 11, (5), 761-73.
201. Welton, K. L.; Logterman, S.; Bartley, J. H.; Vidal, A. F.; McCarty, E. C., Knee Cartilage Repair and
Restoration: Common Problems and Solutions. Clinics in sports medicine 2018, 37, (2), 307-330.
202. Montgomery, S. R.; Foster, B. D.; Ngo, S. S.; Terrell, R. D.; Wang, J. C.; Petrigliano, F. A.; McAllister, D. R.,
Trends in the surgical treatment of articular cartilage defects of the knee in the United States. Knee surgery,
sports traumatology, arthroscopy : official journal of the ESSKA 2014, 22, (9), 2070-5.
203. Hancock, K. J.; Westermann, R. R.; Shamrock, A. G.; Duchman, K. R.; Wolf, B. R.; Amendola, A., Trends
in Knee Articular Cartilage Treatments: An American Board of Orthopaedic Surgery Database Study. The
journal of knee surgery 2019, 32, (1), 85-90.
204. Groen, W. M.; Diloksumpan, P.; van Weeren, P. R.; Levato, R.; Malda, J., From intricate to integrated:
Biofabrication of articulating joints. Journal of orthopaedic research : official publication of the Orthopaedic
Research Society 2017, 35, (10), 2089-2097.

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 August 2019

doi:10.20944/preprints201908.0222.v1

205. Nasiri, B.; Mashayekhan, S., Fabrication of porous scaffolds with decellularized cartilage matrix for tissue
engineering application. Biologicals : journal of the International Association of Biological Standardization 2017,
48, 39-46.
206. Behrens, P.; Bitter, T.; Kurz, B.; Russlies, M., Matrix-associated autologous chondrocyte
transplantation/implantation (MACT/MACI)--5-year follow-up. The Knee 2006, 13, (3), 194-202.
207. Korpershoek, J. V.; de Windt, T. S.; Hagmeijer, M. H.; Vonk, L. A.; Saris, D. B., Cell-Based Meniscus
Repair and Regeneration: At the Brink of Clinical Translation?: A Systematic Review of Preclinical
Studies. Orthopaedic journal of sports medicine 2017, 5, (2), 2325967117690131.
208. Sutherland, A. J.; Converse, G. L.; Hopkins, R. A.; Detamore, M. S., The bioactivity of cartilage
extracellular matrix in articular cartilage regeneration. Adv Healthc Mater 2015, 4, (1), 29-39.
209. Cheng, C. W.; Solorio, L. D.; Alsberg, E., Decellularized tissue and cell-derived extracellular matrices as
scaffolds for orthopaedic tissue engineering. Biotechnol Adv 2014, 32, (2), 462-84.
210. Huang, Z.; Kohl, B.; Kokozidou, M.; Arens, S.; Schulze-Tanzil, G., Establishment of a Cytocompatible
Cell-Free Intervertebral Disc Matrix for Chondrogenesis with Human Bone Marrow-Derived
Mesenchymal Stromal Cells. Cells, tissues, organs 2016, 201, (5), 354-65.
211. Huang, Z.; Godkin, O.; Schulze-Tanzil, G., The Challenge in Using Mesenchymal Stromal Cells for
Recellularization of Decellularized Cartilage. Stem cell reviews 2017, 13, (1), 50-67.
212. Derakhshanfar, S.; Mbeleck, R.; Xu, K.; Zhang, X.; Zhong, W.; Xing, M., 3D bioprinting for biomedical
devices and tissue engineering: A review of recent trends and advances. Bioactive materials 2018, 3, (2),
144-156.
213. Kolesky, D. B.; Homan, K. A.; Skylar-Scott, M. A.; Lewis, J. A., Three-dimensional bioprinting of thick
vascularized tissues. Proc. Natl. Acad. Sci. U. S. A. 2016, 113, (12), 3179-84.
214. Kolesky, D. B.; Truby, R. L.; Gladman, A. S.; Busbee, T. A.; Homan, K. A.; Lewis, J. A., 3D bioprinting of
vascularized, heterogeneous cell-laden tissue constructs. Advanced materials (Deerfield Beach, Fla.) 2014, 26,
(19), 3124-30.
215. Li, X.; Liu, L.; Zhang, X.; Xu, T., Research and development of 3D printed vasculature constructs.
Biofabrication 2018, 10, (3), 032002.
216. Bertassoni, L. E.; Cecconi, M.; Manoharan, V.; Nikkhah, M.; Hjortnaes, J.; Cristino, A. L.; Barabaschi, G.;
Demarchi, D.; Dokmeci, M. R.; Yang, Y.; Khademhosseini, A., Hydrogel bioprinted microchannel
networks for vascularization of tissue engineering constructs. Lab on a chip 2014, 14, (13), 2202-11.
217. Schuette, H. B.; Kraeutler, M. J.; McCarty, E. C., Matrix-Assisted Autologous Chondrocyte
Transplantation in the Knee: A Systematic Review of Mid- to Long-Term Clinical Outcomes. Orthopaedic
journal of sports medicine 2017, 5, (6), 2325967117709250.
218. Slotkin, J. R.; Pritchard, C. D.; Luque, B.; Ye, J.; Layer, R. T.; Lawrence, M. S.; O'Shea, T. M.; Roy, R. R.;
Zhong, H.; Vollenweider, I.; Edgerton, V. R.; Courtine, G.; Woodard, E. J.; Langer, R., Biodegradable
scaffolds promote tissue remodeling and functional improvement in non-human primates with acute
spinal cord injury. Biomaterials 2017, 123, 63-76.
219. Dahlin, R. L.; Kinard, L. A.; Lam, J.; Needham, C. J.; Lu, S.; Kasper, F. K.; Mikos, A. G., Articular
chondrocytes and mesenchymal stem cells seeded on biodegradable scaffolds for the repair of cartilage in
a rat osteochondral defect model. Biomaterials 2014, 35, (26), 7460-9.
220. Haj, J.; Haj Khalil, T.; Falah, M.; Zussman, E.; Srouji, S., An ECM-Mimicking, Mesenchymal Stem
Cell-Embedded Hybrid Scaffold for Bone Regeneration. BioMed research international 2017, 2017, 8591073.
221. Huang, Q.; Zou, Y.; Arno, M. C.; Chen, S.; Wang, T.; Gao, J.; Dove, A. P.; Du, J., Hydrogel scaffolds for
differentiation of adipose-derived stem cells. Chem Soc Rev 2017, 46, (20), 6255-6275.
222. Rana, D.; Zreiqat, H.; Benkirane-Jessel, N.; Ramakrishna, S.; Ramalingam, M., Development of
decellularized scaffolds for stem cell-driven tissue engineering. Journal of tissue engineering and regenerative
medicine 2017, 11, (4), 942-965.
223. Epstein, N. E., Complications due to the use of BMP/INFUSE in spine surgery: The evidence continues to
mount. Surgical neurology international 2013, 4, (Suppl 5), S343-52.
224. Poston, J. N.; Becker, P. S., Controversies Regarding Use of Myeloid Growth Factors in Leukemia. Journal
of the National Comprehensive Cancer Network : JNCCN 2017, 15, (12), 1551-1557.
225. Kowalczewski, C. J.; Saul, J. M., Biomaterials for the Delivery of Growth Factors and Other Therapeutic
Agents in Tissue Engineering Approaches to Bone Regeneration. Frontiers in pharmacology 2018, 9, 513.
226. Webber, M. J.; Khan, O. F.; Sydlik, S. A.; Tang, B. C.; Langer, R., A perspective on the clinical translation
of scaffolds for tissue engineering. Annals of biomedical engineering 2015, 43, (3), 641-56.

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 August 2019

doi:10.20944/preprints201908.0222.v1

227. Aguado, B. A.; Caffe, J. R.; Nanavati, D.; Rao, S. S.; Bushnell, G. G.; Azarin, S. M.; Shea, L. D., Extracellular
matrix mediators of metastatic cell colonization characterized using scaffold mimics of the pre-metastatic
niche. Acta biomaterialia 2016, 33, 13-24.
228. Nelson, C. M.; Bissell, M. J., Of extracellular matrix, scaffolds, and signaling: tissue architecture regulates
development, homeostasis, and cancer. Annual review of cell and developmental biology 2006, 22, 287-309.
229. Pinto, M. L.; Rios, E.; Silva, A. C.; Neves, S. C.; Caires, H. R.; Pinto, A. T.; Duraes, C.; Carvalho, F. A.;
Cardoso, A. P.; Santos, N. C.; Barrias, C. C.; Nascimento, D. S.; Pinto-do, O. P.; Barbosa, M. A.; Carneiro,
F.; Oliveira, M. J., Decellularized human colorectal cancer matrices polarize macrophages towards an
anti-inflammatory phenotype promoting cancer cell invasion via CCL18. Biomaterials 2017, 124, 211-224.
230. Rijal, G.; Li, W., 3D scaffolds in breast cancer research. Biomaterials 2016, 81, 135-156.
231. Tomei, A. A.; Villa, C.; Ricordi, C., Development of an encapsulated stem cell-based therapy for diabetes.
Expert opinion on biological therapy 2015, 15, (9), 1321-36.
232. Narang, A. S.; Mahato, R. I., Biological and biomaterial approaches for improved islet transplantation.
Pharmacol Rev 2006, 58, (2), 194-243.
233. Albanna, M.; Binder, K. W.; Murphy, S. V.; Kim, J.; Qasem, S. A.; Zhao, W.; Tan, J.; El-Amin, I. B.; Dice, D.
D.; Marco, J.; Green, J.; Xu, T.; Skardal, A.; Holmes, J. H.; Jackson, J. D.; Atala, A.; Yoo, J. J., In Situ
Bioprinting of Autologous Skin Cells Accelerates Wound Healing of Extensive Excisional Full-Thickness
Wounds. Scientific reports 2019, 9, (1), 1856.
234. Lancaster, M. A.; Renner, M.; Martin, C. A.; Wenzel, D.; Bicknell, L. S.; Hurles, M. E.; Homfray, T.;
Penninger, J. M.; Jackson, A. P.; Knoblich, J. A., Cerebral organoids model human brain development and
microcephaly. Nature 2013, 501, (7467), 373-9.
235. Esch, E. W.; Bahinski, A.; Huh, D., Organs-on-chips at the frontiers of drug discovery. Nature reviews.
Drug discovery 2015, 14, (4), 248-60.
236. Dzobo, K.; Adotey, S.; Thomford, N. E.; Dzobo, W., Integrating Artificial and Human Intelligence: A
Partnership for Responsible Innovation in Biomedical Engineering and Medicine. Omics 2019.

