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Abstract 

3D bioprinting is a revolutionary technology capable of replicating native tissue and organ 
microenvironments by precisely placing cells into 3D structures using bioinks. However, acquiring the 
ideal bioink to manufacture biomimetic constructs is challenging. A natural extracellular matrix (ECM) is 
an organ-specific material that provides physical, chemical, biological, and mechanical cues that are hard 
to mimic using a small number of components. Organ-derived decellularized ECM (dECM) bioink is 
revolutionary and has optimal biomimetic properties. However, dECM is always "non-printable" owing to 
its poor mechanical properties. Recent studies have focused on strategies to improve the 3D printability 
of dECM bioink. In this review, we highlight the decellularization methods and procedures used to 
produce these bioinks, effective methods to improve their printability, and recent advances in tissue 
regeneration using dECM-based bioinks. Finally, we discuss the challenges associated with manufacturing 
dECM bioinks and their potential large-scale applications. 
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Introduction 
The growing demand for organ and tissue 

regeneration in patients is complicated by the dearth 
of suitable donors and concerns about immune 
rejection or biocompatibility after transplantation. 
Tissue engineering (TE) provides excellent prospects 
for overcoming the limitations of current therapeutic 
and organ transplantation methods [1]. TE research 
attempts to generate biological alternatives for native 
human tissues to replace or repair damaged tissue, 
accomplish functional and structural tissue formation 
upon implantation, and mitigate current organ short-
ages and requirements for in vivo transplantation [2]. 
In TE, biomaterials exhibit substantial superiority and 
strength [3].  

3D bioprinting (3DBP) is an additive manufac-
turing process for generating hierarchical scaffolds 

with customized geometries and structures via the 
placement of bioink containing living cells and 
biomaterials, allowing the production of patient- 
specific implants and structures [4, 5]. The scaffold 
directs the growth of cells in three dimensions during 
tissue development [6]. Compared to conventional 
manufacturing approaches, 3DBP may be capable of 
delivering a construct with a pre-designed micro-
structure and cell arrangement for the scaffold and 
attaining structural, morphological, and mechanical 
diversity in the printed structure. The bioprinted 
scaffold provides a 3D culture environment for 
seeded cells by enhancing cell contact, cell-cell 
interactions, and cell-matrix interactions [7]. 
Moreover, the 3D-printed tissue would be highly 
repeatable, which is essential for commercial 
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production [8]. However, reproducing the character-
istics of the native extracellular matrix (ECM) is 
challenging. These characteristics include surface 
structure, mechanical properties, pore size, biocom-
patibility, biodegradability, and cellular adhesion [9]. 
Natural or synthetic biomaterials cannot perfectly 
mimic the intricacy of the natural ECM and are 
therefore insufficient for replicating the milieu of live 
tissues. 

The ECM mediates extracellular signaling to 
resident cells via its unique tissue-specific structure 
and protein composition [10]. The cell-ECM 
interactions regulate tissue homeostasis, such as cell 
proliferation, migration, differentiation, and the 
neo-ECM formation process [9]. Decellularized ECM 
(dECM) biomaterials have the potential to stimulate 
tissue regeneration by providing a native-like milieu 
[11]. During decellularization, cells and immunogenic 
molecules are largely eliminated, whereas various 
functional and structural components, including 
glycosaminoglycans (GAGs), glycoproteins, and 
cytokines, are mostly preserved [12]. 3DBP can 
integrate the biological qualities of the ECM with 
tunable morphological and mechanical characteristics 
[13, 14]. dECM bioink can be placed in a pattern 
according to the size and structure of a defect or organ 
[15]. For instance, bioprinted dECM scaffolds may 
comprise distinct layers and tissue-specific cells [16]. 
The multilayer dECM scaffolds could provide cues to 
encapsulated cells and the surrounding environment 
to mimic the tissue's layered structure. Therefore, 
dECM has a promising potential in functional 
3D-printed bioinks [17].  

However, it is difficult to employ dECM alone as 
a bioink for 3D printing due to its low viscosity and 
mechanical instability [18]. Hydrogels created with 
solubilized dECM are, at best, only slightly stiffer than 
those of pure collagen gels [19], with gelation periods 
ranging from 30 min to 1 hour [20]. dECM is usually 
considered “non-printable” based on extrusion-based 
printing technology [21]. However, 3D printing is 
expected to provide a physically robust structure with 
a high degree of shape integrity for computer-aided 
design. As a result, attempts have been made to 
enhance the printability of dECM bioinks and the 
stability of printed scaffolds by integrating them with 
polymer frameworks [22], mixing them with synthetic 
polymers, and employing crosslinkers [18]. Never-
theless, cells implanted in bioinks frequently require 
gentle processing conditions and a soft matrix 
environment. Hence, bioink should be able to print 
with high shape fidelity and support cell function (the 
concept of the biofabrication window) [21]. Only a 
few biomaterials fulfill such criteria and are suitable 
for bioprinting. In the past decade, many studies have 

provided strategies to improve dECM bioink 
printability. In this review, we introduce methods for 
producing dECM, summarize the strategies to 
improve dECM printability, and outline the 
applications, challenges, and prospects for dECM 
bioinks. 

Overview of dECM bioink 
ECM decellularization 

After removing any undesired tissue 
components, an appropriate decellularization process 
is required to remove cellular and immunogenic 
molecules from the tissues (Figure 1). During 
decellularization, it is essential to preserve the native 
ECM structure and components, such as GAGs, 
collagen, and growth factors [16]. However, 
throughout this process, certain agents or procedures 
may negatively impact the composition or ultra-
structure of the ECM. In general, gentler decellula-
rization techniques preserve ECM components more 
effectively but may be less effective at eliminating 
unwanted cells. The opposite is true for more 
aggressive decellularization techniques. Thus, the 
choice of the decellularization process is crucial for 
deciding the final properties of the dECM bioink. 
Decellularization treatment methods are categorized 
as physical, chemical, enzymatic, and/or combina-
torial [23]. The tissue type, which determines tissue 
and cell density, ECM structure and composition, and 
fat content, are also important factors in choosing the 
decellularization procedure [12, 24]. 

Physical methods for decellularization 
The freeze-thaw cycle method, high hydrostatic 

pressure, and supercritical CO2 extraction methods 
are common physical techniques for decellularization 
[25]. By repeatedly freezing tissues at freezing 
temperatures and thawing them at ambient 
temperature or biological temperature, freeze-thaw 
cycles lyse cells. Rapid freezing frequently causes the 
intracellular formation of cytoplasmic crystals, 
membrane rupture, and cell death [12]. Notably, this 
process typically requires numerous freeze-thaw 
cycles to attain optimal results [26, 27]. Further, high 
hydrostatic pressure is used to kill tissue cells at 
pressures above 600 MPa [28], which is an efficient 
decellularization approach that preserves ECM 
ultrastructure [29]. Lastly, supercritical CO2, a fluid 
created when the phase state of gases changes at a 
critical temperature and pressure, can remove 
biological components while preserving most of the 
GAGs and collagen content [30]. Physical approaches 
are typically effective at protecting ECM structures 
but can be ineffective at removing cellular debris [31]. 
Therefore, physical procedures must be followed by 
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enzymatic or chemical treatments to eliminate cellular 
debris by facilitating decellularizing agent diffusion 
[32]. 

Chemical methods for decellularization 
Detergents, acids, and alkaline chemicals are the 

most commonly used chemical agents in the decellu-
larization process. Acidic and alkaline compounds 
effectively lyse cytoplasmic biomolecules and 
degrade nucleic acids [12]. Various commonly used 
acid reagents are used for decellularization, including 
deoxycholic acid, hydrochloric acid, peracetic acid, 
sulfuric acid, and acetic acid [33]. Further, sodium 
hydroxide, sodium sulfide, ammonium hydroxide, 
and calcium hydroxide are examples of alkaline 
reagents that are frequently employed [34]. Various 
detergents can effectively dissolve cells by 
permeabilizing and solubilizing cell membranes [35]. 
They comprise three main types: ionic, non-ionic, and 
zwitterionic. One of the advantages of the 
chemical-based decellularization approach is that it 
simultaneously sterilizes the final dECM by entering 
microorganisms and oxidizing microbial enzymes 
[36]. However, chemical solutions can damage ECM 
components, particularly collagen triple helices at the 
fibrillar and molecular levels [37]. Therefore, the 
decellularization procedure should be designed to 
utilize a combination of chemical treatments that will 
cause minimal damage to the ECM. In addition, the 
residual substances after decellularization must be 
considered, which can provoke a severe 
immunological reaction in the host. Maintaining 
biocompatibility, therefore, requires the complete 
elimination of the detergent. 

Enzymatic methods for decellularization 
The enzymes for decellularization, including 

proteases, nucleases, and esterases, remove the 
nucleic acid residues after cell rupture and cleave 

intercellular and extracellular junctions. Proteases, 
such as trypsin, cut the peptide bond between 
arginine and lysine [38]. Nucleases, such as DNase 
and RNase, hydrolyze deoxyribonucleotide and 
ribonucleotide chains. Enzymes eliminate cellular and 
nuclear substances with remarkable selectivity. 
However, they are usually inefficient when applied 
alone and therefore need to be used in combination to 
carry out more thorough decellularization. Further-
more, these methods may dramatically reduce the 
GAG's content and degrade the ECM's ultrastructure 
[39]. For example, prolonged exposure to enzyme 
agents may cause drastic damage to ECM ultrastruc-
ture and components, such as elastin, fibronectin, 
collagen, laminin, and GAGs [12, 24]. In addition, the 
remaining enzymes in the dECM may cause 
significant adverse effects [40]. Hence, enzymatic 
decellularization must be followed by thorough 
elution of the various residual biological and chemical 
substances to prevent an immunological response. 

Sterilization of the ECM 
Sterilization, the final step of decellularization, 

eliminates harmful materials. Several sterilizing 
techniques exist, such as gamma-ray irradiation, 
electron beam irradiation, dry heat, pressured 
steaming, and the use of chemical agents (e.g., 
peracetic acid, ethanol solution, or ethylene oxide) 
[18]. However, disinfection can affect the structural 
and mechanical properties of the final dECM. In 
addition to sterility, the preservation of structural 
stability and biocompatibility is important. Hence, 
selecting an appropriate sterilization method is 
imperative [41]. 

dECM solubilization 
After removing residual reagents, decellularized 

tissues can be lyophilized and milled to form a 
powder that can be dissolved in acidic environments 

 
Figure 1. Fabrication of the dECM bioink. The tissue is first decellularized and lyophilized. After grinding, pepsin is then used to digest dECM. The pH and temperature can then 
be changed to induce gelation for 3D printing. 
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via pepsin digestion. With physical stirring, it is 
possible to generate gel-like substances at a desired 
concentration [42]. To deactivate pepsin, stop tissue 
digestion, and cause spontaneous reformation of 
intramolecular links in the solubilized dECM protein, 
the pH of the solution is neutralized to physiological 
conditions (pH = 7.4) [32, 43]. One important 
advantage of using dECM bioinks for 3D printing is 
the ability of the pepsin-digested ECM solution to 
self-assemble into a cross-linked gel at physiological 
pH levels and temperatures via entropy-driven 
collagen kinetics [44]. The dECM bioink is then 
prepared for 3DBP. 

Evaluation of the decellularization process 
Residual cellular debris can be harmful and may 

generate inflammatory or immunological responses in 
hosts. The primary objective of decellularization is to 
remove as much cellular and genetic material from 
tissues as possible to eliminate the risk of immuno-
genicity [45]. Moreover, damage to the ECM should 
be minimized throughout decellularization to pre-
serve the native ECM components for TE. Therefore, 
to evaluate the effectiveness of decellularization, the 
content of the prepared dECM should be evaluated 
using qualitative and quantitative techniques. 
Commonly, hematoxylin and eosin (H&E) and 
4′,6-diamidino-2-phenylindole (DAPI) staining are 
utilized to determine the efficacy of decellularization 
by staining cell nuclei and cytoplasm in decellularized 
tissues [16]. Because of the immunogenicity of 
residual double-stranded DNA and the incomplete 
removal of cellular and nuclear material, the residual 
nucleic acid content should be determined [46]. 
Therefore, the following three criteria were defined to 
indicate acceptable levels of leftover DNA after 
decellularization: 1) less than 50 ng of residual 
double-stranded DNA per mg of ECM dry weight; 2) 
DNA fragment lengths of < 200 bp; and 3) no visible 
nuclear material under H&E or DAPI staining [24, 47]. 
Additionally, the content of ECM components, 
including GAGs, elastin, and collagen, should be 
evaluated. 

Strategies for improving dECM bioink 
printability 

A variety of 3DBP techniques have been devised 
and applied to produce functional 3D structures, 
including extrusion-based printing techniques, digital 
light processing (DLP) techniques, inkjet-based 
printing techniques, fused deposition modeling 
technology, etc [4]. These systems frequently produce 
3D structures with a high level of fidelity through 
computer-aided design and manufacturing. In 
extrusion-based printing techniques, a bioink 

formulation is extruded through a nozzle to produce 
3D structures. In droplet-based inkjet printing, 
low-viscosity cell suspensions are processed at high 
shear rates in the form of droplets. It is difficult to 
realize bioprinting with physiological cell density by 
inkjet printing technology at present, while 
low-viscosity materials will reduce the structural 
strength of printing molds, resulting in them not 
meeting the requirements of subsequent in vitro 
culture and transplantation. In addition, the process 
of inkjet printing may cause mechanical or thermal 
damage to cells. In DLP, UV light is projected onto a 
cell-laden polymer solution or prepolymer to spatially 
cross-link the solution. Extrusion-based bioprinting is 
the most commonly utilized bioprinting technology, 
as extrusion-based bioprinters are widely accessible, 
reasonably priced, and simple to operate. Fused 
deposition modeling technology is quite similar to 
extrusion printing, but additional heating changes the 
physical state of the material on its way through the 
printer head. This technology is widely used for 
thermoresponsive polymers and plastics. However, 
its application in bioprinting remains highly limited 
because of the high temperature needed to fuse the 
material and the fact that it is typically incompatible 
with cells [48]. Due to the biological characteristics of 
dECM, printing methods such as FDM and 
inkjet-based printing are usually not used; extrusion- 
based printing or DLP bioprinting is mostly adopted. 

Hydrogels can be extruded through nozzles to 
generate shape-stable gels, which are ideal for 
fostering cell proliferation in 3D environments. For 
extrusion-based 3DBP technology, bioinks are often 
required to have adequate rheological properties to 
keep the shape of extruded filaments and provide the 
desired printability. Printability is a nebulous topic 
that has been defined and quantified in recent years. 
The "excellent printability of a hydrogel" refers to a 
bioink's capacity to sustain pre-designed structures 
[49]. Bioink printability can be semi-quantified based 
on the perimeter and area of square holes, which are 
calculated via ImageJ software using microscope 
images [50]. Satisfactory printability largely depends 
on intrinsic features of the applied bioink, such as 
surface tension, mechanical characteristics, viscosity, 
and cross-linking mechanisms [21, 51]. The 
mechanical characteristics of bioink can be measured 
by a specific value of Young's modulus or compres-
sion modulus. However, dECM gelation is relatively 
sluggish, potentially resulting in collapse due to 
gravity when printing hollow structures. This 
contributes to the poor 3D printability of dECM 
bioink and has substantially hindered the precision of 
multi-layer 3D structures [52, 53]. To overcome the 
weak mechanical and low viscosity characteristics of 
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dECM bioink, numerous strategies have been applied 
to enhance their printability (Table 1). Typically, these 
strategies can be categorized as physical or chemical. 
Physical strategies include support baths, sacrificial 
polymers, and leveraging an external supporting 
structure, such as polycaprolactone (PCL) [54, 55] or 
poly (ethylene/vinyl acetate) (PEVA) [56, 57], to 
preserve the dECM solution during gelation when 
printed. The chemical approach aims to refine 
dECM-based bioink designs to improve storage 
modulus and yield stress to prevent the buckling of 
suspended filaments and minimize construction 
deformations. This includes combining dECM-based 
bioinks with other quick cross-linking systems [e.g., 
dECM/alginate, dECM, and gelatin methacrylate 
(GelMA)] [58]. Cross-linking agents and methacryloyl 
functional groups can be added to chemically modify 
dECM bioinks to improve their printability [59-62]. 

The polymers adopted to improve dECM 
printability are both natural and synthetic; these are 
the most frequently used biomaterials for 3DBP [63]. 
Many natural polymers originate in the natural ECM 
or are extracted from marine organisms. Collagen, 
gelatin, alginate, fibrin, and chitosan, for example, 
have been widely utilized in bioprinting [64]. Its 
superior degradability, low immunogenicity, and 
biocompatibility make it appropriate for bioprinting 
[65]. Moreover, natural polymers can be chemically 
changed to improve their characteristics or to induce 
further cross-linking (e.g., thiolated hyaluronic acid 
and GelMA). Typically, these modifications increase 
the material's physical properties, such as higher and 
stronger reticulation, resulting in slower degradation 
and increased durability. Nonetheless, natural 
polymers have drawbacks. They lack the repeatability 
of synthetic polymers and are more challenging to 
functionalize than synthetic polymers. Synthetic 
polymers can be classified as non-biodegradable or 
biodegradable. For engineering bones and cartilage, 
nonbiodegradable synthetic polymers Polyethylene 
glycol (PEG) is the most widely utilized. Biodegrad-
able synthetic polymers, such as poly (lactic acid) and 
PCL, can degrade at a specific rate under natural 
conditions [66]. Synthetic polymers are distinguished 
by their controllable mechanical qualities and 
structural stability [67]. Synthetic polymer-based 
bioinks are largely bioinert and display poor cell 
viability compared to natural biopolymer-based 
bioinks. But they can function as supports and 
intercalated layers to improve the mechanical 
properties of the final 3D construction. The role of 
these polymers in increasing the printability of dECM 
is summarized in Table 1. 

Physical strategies for improving dECM bioink 
printability 

The effects of gravity and time-dependent flow 
prior to cross-linking on printed filaments can be 
mitigated by providing support to the bioink or 
printing in a buoyant environment. As with conven-
tional 3D printing, supportive polymeric materials 
such as PCL [54, 55] or PEVA [56, 57] can provide the 
initial geometrical restriction to extruded ECM 
hydrogel precursor solutions [17, 22]. Likewise, 
sacrificial materials and support baths based on 
thermosensitive hydrogels (e.g., gelatin [68, 69] or 
poloxamers [70, 71]) can also be used to print 
temporary supports [72]. For example, the freeform 
reversible embedding of suspended hydrogels 
(FRESH) [73] allows the 3D geometry of the printed 
soft materials to be retained in a support bath. The 
printed scaffold can be acquired by melting the 
support bath after solidification. 

PCL is biocompatible, biodegradable, and 
possesses physicochemical and mechanical qualities 
such as viscoelasticity and formability [74]. Although 
PCL, being water insoluble, cannot be used to 
encapsulate cells [75], constructs can be printed in 
combination with layers of PCL to ensure the 
scaffold’s long-term rigidity, even if the cell-encapsu-
lating material degrades rapidly [76]. Pati et al. [22] 
used cartilage, heart, and adipose-derived dECM 
bioinks to manufacture tissue constructions, in which 
PCL was the framework used to maintain the shape of 
the printed structures (Figure 2A). With the 
bioprinted designs, they achieved good cell survival 
rates, cell line-specific gene expression, and ECM 
production. Similarly, dECM bioink produced from 
swine tracheal mucosa was successfully printed with 
a PCL frame support to build a functioning in vitro 
airway-on-a-chip connected to a vascular network 
[77]. These bioprinted chips exhibited respiratory 
symptoms (i.e., asthmatic airway inflammation and 
allergen-induced asthma aggravation) in a 
physiological environment (Figure 2B). Yu et al. [78] 
printed adipose-derived dECM bioink encapsulated 
with parathyroid glands onto a PCL mesh (Figure 
2C). In vitro and in vivo observations indicated that 
parathyroid-printed patches could reverse surgery- 
induced lifelong hypoparathyroidism. For breast 
reconstruction, a recent study designed a 
dome-shaped 3D cell-printed construct made of 
decellularized adipose tissue matrix bioink and a PCL 
framework that prevented structural collapse (Figure 
2D). The results demonstrated that the constructs 
promoted host cell infiltration and adipose tissue 
formation [55]. This confirmed that PCL effectively 
served as a framework for printing dECM and 
enhanced its geometrical precision and mechanical 
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durability [79]. However, PCL is a hydrophobic and 
physiologically inactive polymer, which can hamper 
cell adhesion and increase the structural hetero-
geneity of the scaffolds. The interaction between 

biomaterial surfaces and cells is critical. Surface 
wettability is a crucial biomaterial characteristic that 
helps modulate protein adsorption and cell behavior 
[80]. 

 

Table 1. Examples of materials for improving dECM-based bioink printability 

Category Materials Usage Strategy Applications Bioprinting 
Strategy 

References 

Synthetic polymers PCL Long-term supportive 
materials 

Physical 
strategy 

Tissue-derived dECM-based bioinks to 
manufacture 3D tissue constructions 

Extrusion 
Printing 

[22] 

 PCL Long-term supportive 
materials 

Physical 
strategy 

A 3D cell-printed dome-shaped construct to 
reconstruct the breast. 

Extrusion 
Printing 

[55] 

 PCL Long-term supportive 
materials 

Physical 
strategy 

A functioning in vitro airway-on-a-chip connected 
to a vascular network 

Extrusion 
Printing 

[77] 

 PEVA Long-term supportive 
materials 

Physical 
strategy 

An engineering heart tissue model. Extrusion 
Printing 

[56] 

Natural polymers Hyaluronic acid methacrylate Cross-linkable 
hydrogel 

Chemical 
strategy 

A 3D-printed islet organoid. Digital light 
processing 
printing 

[124] 

 Thiol-functionalized 
hyaluronic acid 

Cross-linkable 
hydrogel 

Chemical 
strategy 

A customed scaffold implanting custom scaffolds 
into an articular cartilage defect 

Extrusion 
Printing 

[127] 

 Alginate Cross-linkable 
hydrogel 

Chemical 
strategy 

Perfusable renal proximal tubule and blood vessel 
structures 

Extrusion 
Printing 

[58] 

 Alginate Cross-linkable 
hydrogel 

Chemical 
strategy 

facilitating the coaxial printing of vessel-like 
structures 

Extrusion 
Printing 

[142] 

 Alginate Cross-linkable 
hydrogel 

Chemical 
strategy 

A vessel structure to deliver endothelial progenitor 
cells and the proangiogenic drug Atorvastatin for 
the treatment of ischemic diseases 

Extrusion 
Printing 

[145] 

 GelMA Cross-linkable 
hydrogel 

Chemical 
strategy 

Pattern liver dECM with tailorable mechanical 
properties 

Digital light 
processing 
printing 

[97] 

 GelMA Cross-linkable 
hydrogel 

Chemical 
strategy 

A 3D-printed heart structure Digital light 
processing 
printing 

[115] 

 GelMA Cross-linkable 
hydrogel 

Chemical 
strategy 

Fabricate an inner gear-like structure of liver 
microtissue. 

Digital light 
processing 
printing 

[98] 

 GelMA Cross-linkable 
hydrogel 

Chemical 
strategy 

A biomimetic scaffold similar to the native 
meniscus 

Extrusion 
Printing 

[117] 

Photo-initiator Ruthenium/Sodium 
persulfate 

Initiate 
photo-crosslinking 

Chemical 
strategy 

Fabrication of complicated constructs with high 
aspect ratios 

Digital light 
processing 
printing 

[102] 

 Ruthenium/Sodium 
persulfate 

Initiate 
photo-crosslinking 

Chemical 
strategy 

A perfusable tubular model Digital light 
processing 
printing 

[133] 

 Vitamin B2 Initiate 
photo-crosslinking 

Chemical 
strategy 

Improved mechanical properties of heart 
constructs 

Digital light 
processing 
printing 

[18] 

 PEGDA Photo crosslinking 
agent 

Chemical 
strategy 

A bioprinted liver construct Digital light 
processing 
printing 

[17] 

 PEGDA Photo crosslinking 
agent 

Chemical 
strategy 

Mimic both normal and fibrotic cardiac tissues 
simply by controlling the mechanical properties. 

Digital light 
processing 
printing 

[136] 

Sacrificial materials Pluronic F-127 Temporary 
supportive materials 

Physical 
strategy 

The orientation and stable geometric structure of 
in vitro-grown biliary trees 

Extrusion 
Printing 

[85] 

 Gelatin granule Temporary 
supportive materials 

Physical 
strategy 

Freestanding multilayered dECM-based 
tendon/ligament structures 

Extrusion 
Printing 

[88] 

 Gelatin granule Temporary 
supportive materials 

Physical 
strategy 

Hierarchical architecture of vascularized muscle Extrusion 
Printing 

[95] 

 Gelatin microparticle Temporary 
supportive materials 

Physical 
strategy 

Three-dimensional printing of complex biological 
structures by freeform reversible embedding of 
suspended hydrogels 

Extrusion 
Printing 

[73] 

 Agarose microparticle Temporary 
supportive materials 

Physical 
strategy 

Bioinks that promote renal growth and 
differentiation of reparative human renal 
progenitor cells. 

Extrusion 
Printing 

[92] 

Functionalized with 
methacrylate groups 

Methacrylated kidney dECM Cross-linkable 
hydrogel 

Chemical 
strategy 

Functional kidney microtissues in vitro Extrusion 
Printing 

[61] 

 Methacrylated porcine 
skeletal muscle-derived 
dECM 

Cross-linkable 
hydrogel 

Chemical 
strategy 

Skeletal muscle-like tissue constructs with 
biochemical and topographical cues 

Extrusion 
Printing 

[62] 

 Methacrylated 
cartilage-derived ECM  

cross-linkable 
hydrogel 

Chemical 
strategy 

A printed anatomical ear shape Extrusion 
Printing 

[110] 
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Figure 2. Polymeric polymers that provide structural support for dECM-based bioink. (A) With the PCL framework, heart dECM (hdECM), cartilage dECM (cdECM), and 
adipose dECM (adECM) were printed (adapted with permission from [22], copyright 2014 Springer). (B) dECM bioink derived from pig tracheal mucosa was printed on a PCL 
frame support (adapted with permission from [77], copyright 2018 IOP Publishing). (C) Adipose-derived dECM (adECM) bioink encapsulated with parathyroid glands was printed 
on a PCL mesh (adapted with permission from [78], copyright 2021 IOP Publishing). (D) The PCL framework provides the framework for breast reconstruction (adapted with 
permission from [55], copyright 2015 Elsevier). (E) Heart-derived dECM-based bioink was extruded into a PEVA frame to create an engineered heart tissue model (adapted with 
permission from [56], copyright 2019 Elsevier). 

 
PEVA, a non-biodegradable thermoplastic 

derived from ethylene and vinyl acetate, has an elastic 
modulus between 10.22 and 13.86 MPa, making it 
suitable for providing mechanical support to bioinks 
[81, 82]. For example, Das et al. [56] extruded 
pepsin-digested, heart-derived dECM-based bioink 
into a PEVA frame to fabricate a heart tissue model 
(Figure 2E). In this model, needle-like PEVA posts 
helped generate mechanical strain in encapsulated 
cardiomyocytes, which may then influence cardio-
myocyte alignment. The dECM-based structures 
enhanced cardiomyocyte development and 
differentiation.  

Sacrificial materials have been extensively 
studied to improve geometrical characteristics via the 

molding of non-sacrificial materials around sacrificial 
components, which are subsequently removed from 
the sacrificial components. Sacrificial materials can 
provide the mechanical conditions for dECM 
bioprinting without using permanent polymer 
composites [83]. For instance, Pluronic F-127, a 
commonly used sacrificial 3D-printable material, 
exhibits reversible gelation and melting at room 
temperature (23 °C) and refrigeration temperature (4 
°C) [84]. Additionally, the geometry of the printed 
structures can be adjusted based on the Pluronic F-127 
printing parameters. To generate stable structures and 
regulate the orientation and geometry of in 
vitro-grown biliary trees, Lewis et al. [85] printed a 
Pluronic F-127 sacrificial support structure and 
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extruded the dECM bioink into it. Irreversible 
gelation of dECM hydrogels enabled the removal of 
the Pluronic F-127 sacrifice so that only the dECM 
hydrogel 3D structure remained (Figure 3A). In 
conclusion, the use of sacrificial methods to construct 
vascular networks has the potential to create 
complicated vascular systems in 3D TE constructs. 
However, the total removal of the sacrificial material 
is not always convenient, and any residual materials 
may be cytotoxic to the host [86]. 

Using reversible support baths to achieve a 
3DBP construct is effective for most low-viscosity 
materials; moreover, it enables the printing of 
complex structures without the need for additional 
support structures [87]. Chae et al. utilized a gelatin 
granule-based printing technique to construct 
freestanding multilayered dECM-based tendon/ 
ligament structures (Figure 3B) [88]. The escaped bath 
components were removed during the cross-linking 

of the printed constructs at 37 °C, owing to the 
thermally reversible characteristics of gelatin. The 
resultant constructs displayed a porous, structured 
architecture with longitudinally aligned patterns [89]. 
Enzymes, such as transglutaminase, sortase, lysyl 
oxidase, tyrosinase, phosphatase, and peroxidase, are 
also utilized in alternative cross-linking techniques for 
natural and manufactured hydrogels [90, 91]. For 
enzymatic cross-linking of dECM, Sobreiro-Almeida 
et al. utilized an agarose microparticle support bath 
impregnated with microbial transglutaminase (Figure 
3C) [92]. The bath was capable of self-healing, 
following nozzle movement and bioink deposition 
[93, 94]. Further, its usage improved the mechanical 
properties of the bioink and the integrity of the 
bioprinted structure. This approach is particularly 
effective for obtaining structures with good print 
resolution and structural integrity. In another study, 
muscle-derived bioink encapsulated with human 

 

 
Figure 3. Support baths are used for fabricating dECM-based structures. (A) Pluronic F-127 support sacrificed structure for supporting the dECM bioink (adapted with 
permission from [85], copyright 2019 Elsevier). (B) A multilayered tendon/ligament constructs printing by using a gelatin granule-supporting bath (adapted with permission from 
[88], copyright 2022 IOP Publishing). (C) Images of the constructs inside the agarose support bath and after removal of the agarose support bath (adapted with permission from 
[92], copyright 2021 IOP Publishing). (D) Muscle-derived bioink encapsulated with human skeletal muscle cells was printed in a gelatin granule-based printing reservoir to 
reconstruct skeletal muscle (adapted with permission from [95], copyright 2019 Elsevier). (E) dECM-based bioink was used to create the ECM hydrogel patch in a FRESH support 
bath (adapted with permission from [73], copyright 2022 Wiley). 
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skeletal muscle (SM) cells was printed in a gelatin 
granule-based printing reservoir to address the issue 
of mechanical stiffness and low viscosity of the bioink 
(Figure 3D) [95]. The addition of polyvinyl alcohol 
(PVA) coagent to the gelatin granules allowed the 
dECM bioink to rapidly polymerize without loss of 
structural fidelity after extrusion into the granule- 
based reservoir system. This structure was later used 
in a model of volumetric muscle loss (VML), 
mimicking its hierarchical architecture of vascularized 
muscle. Notably, when muscle-derived bioink was 
combined with vascular tissue-derived bioinks 
containing human umbilical vein endothelial cells 
(HUVECs) and printed through a coaxial nozzle, 
functional recovery was enhanced by up to 85% 
compared to that in uninjured tissues. These findings 
demonstrated the application of 3DBP using dECM 
bioinks to replicate the SM hierarchical architecture. 
In addition, Feinberg et al. [96] created the FRESH 
technique for extruding hydrogel bioinks into a 
second hydrogel that served as a support medium. 
During printing, they utilized a bath of gelatin 
microparticles that behaved like Bingham plastic- 
rigid bodies and viscous fluids at low and high shear 
stresses, respectively. Thus, a needle-shaped nozzle 
encountered minimal mechanical resistance as it 
passed through the bath, but hydrogels that extruded 
from the nozzle and were deposited within the bath 
were retained in situ. In this support bath, the 
intended 3D geometry of printed soft materials was 
maintained. The scaffold was easily removed after 
solidification by melting the support bath. One study 
[73] adopted the FRESH 3DBP method to print a 
high-concentration bioink consisting of dECM and 
type I collagen based on computerized tomography 
imaging data to produce patient-specific dECM 
patches for implantation into canine VML wound 
models (Figure 3E). The FRESH gelatin microparticle 
support bath introduced microporosity to the 
scaffolds and aligned the dECM hydrogel to the 
wound geometry. 

Chemical strategies for improving dECM 
bioink printability 

To eliminate the necessity of supporting 
materials when generating mechanically stable 
structures using dECM-based bioinks, the printability 
of dECM bioinks can be enhanced by combining 
cross-linkable hydrogels [97, 98]. The dECM supplies 
tissue-specific biochemical components, while the 
cross-linkable hydrogels improve the mechanical 
qualities of the printed constructs. Even though 
cross-linkable hydrogels and dECM-based bioinks 
can be combined to enhance their mechanical 
properties, the dECM bioinks can also be directly 

cross-linked via methacrylation [61, 62]. A common 
technique to stabilize extruded filaments is 
photo-induced cross-linking. For photo-cross-linking, 
photo-initiators activate free radical reactions under 
ultraviolet (UV) light irradiation. Upon exposure to 
light, photo-initiator molecules added to the bioink 
formulation generate reactive matter that initiates 
polymerization. The commonly used photo-initiators 
and photosensitizers include 1-[4-(2-hydroxyethoxy) 
phenyl]-2-hydroxy-2-methyl-1-propan-1-one [99, 
100], lithium phenyl-2,4,6-trimethylbenzoylphos-
phinate [100, 101], and ruthenium/sodium persulfate 
(dERS) [102]. Each photo-initiator requires a specific 
wavelength of light for cross-linking; the optimal 
wavelength for lithium phenyl (2,4,6-trimethyl-
benzoyl) phosphinate is 405 nm, and some 
wavelengths may damage cells. Recently, a white 
light technique called the Eosin Y system was devised 
to swiftly induce cross-linking without causing cell 
damage [103]. In extrusion printing, photo-cross- 
linking can be performed either after each layer has 
been deposited or after the entire print has been 
completed, with the latter requiring superior ink 
shape preservation. However, preventing filament 
collapse remains a challenge in both cases [104, 105]. 

Depending on their origin, native tissues exhibit 
a wide range of mechanical properties in nature [106]. 
The osteogenic potential of bone dECM has been 
researched [107]. However, bone dECM hydrogels 
have a lower G’ value (~150 Pa at 6 mg/mL) than 
natural bone (8-11 GPa) [108]. For applications such as 
bone tissue, which require much higher moduli, 
dECM bioink must enhance its elastic modulus and 
printability. For example, bone-derived dECM bioink 
can be functionalized with methacrylate groups 
(Figure 4A) [109]. Methacrylation of bone-derived 
biomaterial allows photo-cross-linking in the presence 
of a photo-initiator while maintaining the biological 
benefits of the native ECM composition. The 
mechanical properties of the biomaterial can be 
changed, with the elastic modulus increasing as a 
function of the photo-cross-linking duration. Ali et al. 
[61] successfully conferred photo-cross-linking 
characteristics via methacrylation to kidney dECM to 
print functional kidney microtissues in vitro without 
necessitating additional polymeric materials (Figure 
4B). Importantly, this kidney-specific dECM-based 
bioink formulation supported the maturation and 
tissue development of human kidney cells in a 
kidney-specific microenvironment. Visscher et al. 
[110] developed a photo-cross-linkable cartilage- 
derived ECM bioink for auricular cartilage regenera-
tion (Figure 4C). The cartilage-derived ECM was 
methacrylated into a photo-cross-linkable hydrogel 
and combined with chondrocytes to create a printable 
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bioink. After methacrylation, the bioinks exhibited 
adequate mechanical properties, with a stiffness of 
25050 ± 2573 Pa, and were printed into an anatomical 
ear shape. Lee et al. [111] developed an alginate/ 
methacrylated-decellularized bone ECM bioink to 
fabricate 3D cell-laden mesh structures for bone TE 
(Figure 4D). Compared to pure alginate bioinks, 
composite architectures can significantly increase 
cellular activity. Kim et al. [62] used dECM 
methacrylate derived from porcine SM, combined 
with sacrificial fibrillated PVA, to fabricate a 
uniaxially aligned/micro-topographical SM structure. 
Using this dECM-based material and extrusion 
bioprinting technology, fibrillated PVA was aligned 
using regulated wall shear stress within a 
micronozzle as a sacrificial material. UV light was 
used to cross-link the printed structures, and PVA 
components were removed during structure stabili-
zation. This innovative technology can produce 
uniaxially aligned fibrillated printed constructs 
capable of inducing myoblast orientation and, thus, 
accelerating myogenic development. Owing to the 
combined influence of SM-specific biochemical and 
topographical cues, the myoblasts present in the 
3D-printed structure aligned and differentiated to a 
high degree, resulting in a high level of myotube 
formation. To create biological auricle substitutes 
with exact geometries and low immunogenicity, Jia et 
al. [112] utilized auricular chondrocytes and a 
bioactive bioink consisting of a biomimetic 
microporous methacrylate-modified decellularized 
cartilage matrix, in addition to GelMA, poly (ethylene 
oxide), and PCL. Using 3DBP technology, it was 
possible to precisely control the distribution of 
chondrocyte-laden bioinks and PCL to create 
auricular substitutes with the desired form and 
dynamics. Finally, mature auricular cartilage tissue 
with good elasticity, many cartilage lacunae, and 
cartilage-specific ECM deposition were observed in 
nude mice. 

GelMA, a gelatin with a photopolymerizable 
methacrylamide group, is widely used [113]. 
Adjusting its concentration and printing parameters, 
such as UV light exposure time, printing temperature, 
and photo-initiator quantity, can modify the elastic 
modulus of methacrylate based on the degree of 
methacrylation [114]. Yu et al. [115] utilized a GelMA 
and dECM bioink formulation for DLP-based printing 
to improve the mechanical properties of heart-derived 
dECM bioinks to print heart structures (Figure 5A). 
When exposed to UV light at different times, the 
compression modulus of the hydrogel ranges from 
approximately 1.5 to 6.5 kPa. This dECM-based 
biomaterial for in vitro disease modeling featured 
biomimetic architecture and modifiable mechanical 

properties. For example, different bioink stiffness 
values were used for printing to mimic a cirrhotic 
liver environment and evaluate cellular behavior. 
When exposed to UV light at times of 10 s, 20 s, and 40 
s, the compression modulus values of the hydrogel 
are roughly 0.5 kPa, 5 kPa, and 15 kPa, which each 
correspond to the softer than healthy range (soft), 
healthy liver range (medium), and cirrhotic range 
(stiff), respectively. HepG2 cells encapsulated in a stiff 
cirrhotic-like substance exhibited decreased prolifera-
tion and elevated invasion markers (Figure 5C) [97]. 
Mao et al. [98] obtained dECM by decellularizing 
porcine liver tissues and generating GelMA/dECM 
cell-laden bioink to create a gear-like liver microtissue 
structure via DLP-based 3DBP (Figure 5B). In vitro 
experiments showed that dECM significantly 
enhanced HepG2 cell activity and proliferation, liver 
function, and metabolism. In addition, the print 
resolution of DLP 3DBP technology was greater than 
that of extrusion printing. Xie et al. [116] mixed 
auricular tissue-derived dECM with GelMA solution 
for DLP bioprinting (Figure 5D). The blended bioink 
possessed the requisite mechanical properties, 
swelling ratio, and printability and could produce 
auricular structures with high elasticity and high 
printing precision. Based on a multilayer biomimetic 
strategy, Jian et al. [117] integrated GelMA and 
meniscal ECM to simultaneously evaluate printability 
and cytocompatibility. They utilized 3DBP technology 
to combine the benefits of PCL and meniscal 
fibrocartilage chondrocyte-loaded GelMA/meniscal 
ECM bioinks. This produced a biomimetic scaffold 
whose mechanics, components, and microenviron-
ment resembled the native meniscus. Although these 
studies demonstrated the advantages of stereolitho-
graphy, such as its intrinsic high resolution and the 
ease of fabricating complex scaffolds [118, 119], 
stereolithography can only process solutions 
containing UV-activated photo-initiators. However, 
exposure to UV light can reduce cell viability, 
especially when cross-linking multilayer structures. In 
addition, photoinitiators are generally cytotoxic. To 
ensure high cell viability, it is necessary to carefully 
examine the photo-initiator concentration and UV 
exposure to design a cell-preserving polymerization 
process [120, 121]. 

Hyaluronic acid methacrylate (HAMA), derived 
from the methacryloylation of hyaluronic acid, can 
rapidly undergo gelation with lithium phenyl 
(2,4,6-trimethylbenzoyl) phosphinate under UV 
irradiation [122]. HAMA has good biocompatibility 
and degrades in the presence of hyaluronidase [123]. 
Wang et al. [124] created a unique tissue-specific 
bioink by mixing pancreatic ECM with HAMA. When 
the dECM concentration was 10 mg/mL and 20 
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mg/mL, the Young’s modulus of the hydrogel was 8.3 
± 0.3 kPa and 7.1 ± 0.3 kPa, respectively. The 
HAMA/ECM hydrogel maintained islet cell adhesion 
and morphology via the Rac1/ROCK/MLCK signal-
ing pathway in vitro, hence enhancing islet cell 
function and activity. Kim et al. [125] prepared a 
novel bioink using dECM microparticles instead of 
the conventional solubilized form. They manufac-
tured 3D liver structures by adding dECM powders to 
a gelatin slurry containing hyaluronic acid and 
fibrinogen. The compressive modulus of the cartilage 
dECM hydrogels was approximately 280 Pa, which 

was significantly less than the mechanical require-
ments of the meniscus [126]. To produce mechanically 
resilient, multilayer scaffolds, Barthold et al. [127] 
developed a biomaterial ink containing ECM 
particles. Using the sulfhydryl groups on the cysteines 
of decellularized articular cartilage for cross-linking 
with thiol-functionalized hyaluronic acid, disulfide 
connections were formed between the two 
biomaterial ink components to form a 3D network. 
After the hydrogel forms a network, the Young’s 
modulus increases quickly to 300 kPa, approaching 
the level of native cartilage (500 kPa–1 MPa). 

 

 
Figure 4. dECM bioink printability is improved by functionalizing with methacrylate groups. (A) The bone matrix is subjected to an addition reaction with methacrylic anhydride 
in which methacrylate groups are connected to the pendant amine groups (adapted with permission from [109], copyright 2021 IOP Publishing). (B) Illustration of kidney-specific 
photo-crosslinkable ECM hydrogel production (adapted with permission from [61], copyright 2019 Wiley). (C) 3D bioprinting technique employing photo-crosslinkable 
cartilage-derived ECM bioink for auricular cartilage regeneration for customized auricular reconstruction (adapted with permission from [110], copyright 2021 Elsevier). (D) The 
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ECM derived from cartilage was methacrylated into a photo-crosslinkable hydrogel and combined with chondrocytes to create a printable bioink (adapted with permission from 
[111], copyright 2020 Elsevier).  

 
Figure 5. dECM bioink printability is improved through the incorporation of GelMA. (A) Cross-linking mechanism of dECM-based hydrogel containing GelMA (adapted with 
permission from [115], copyright 2019 Elsevier). (B) dECM derived from pig liver tissues mixed with GelMA was used to build a liver microtissue structure resembling an inner 
gear (adapted with permission from [98], copyright 2020 Wiley). (C) dECM-based bioink with different stiffness values was used for printing to mimic a cirrhotic liver 
environment and to bioprint a liver stiffness model (adapted with permission from [97], copyright 2018 Elsevier). (D) Bioinks containing auricular tissue-derived dECM of different 
concentrations and GelMA are used to print auricular structures (adapted with permission from [116], copyright 2022 Wiley).  

 
Vitamin B2 is a biocompatible photo- 

crosslinking agent [128]. To manufacture cardiac 
constructions with enhanced mechanical properties, 
Jang et al. [18] added Vitamin B2 as a photo-initiator 
to a solution of pepsin-digested dECM. Each printed 
layer was subjected to UV light to initiate 
photo-crosslinking (Figure 6A). The printed heart 
construct had up to 10 layers, with mechanical 
stiffness comparable to that of native cardiac tissue. 
The dERS were cross-linked via an oxidation 
mechanism driven by visible light. This pathway is 
triggered by visible light (400-450 nm), inducing the 
formation of tyrosyl free radicals that form covalent 
dityrosine cross-links with adjacent tyrosine 
molecules. Tyrosine is a common amino acid that 
controls structural conformation changes in proteins 
[129]. Kim et al. [102] developed a novel light- 
activated dECM bioink using dERS. Other dECM 

hydrogels have compressive moduli that range from 
0.18 to 3.0 kPa, according to previous studies [18]. 
However, the dERS product revealed a significantly 
enhanced compressive modulus value of up to 86.4 
kPa. The materials were polymerized using a 
dityrosine-based crosslinking technique with fast 
reaction kinetics and enhanced mechanical character-
istics (Figure 6B). Ru2+ undergoes photolysis in the 
presence of visible light and an electron acceptor to 
produce Ru3+, which oxidizes aromatic residues like 
tyrosine. The oxidized tyrosine groups are converted 
into tyrosyl radicals, which are then neutralized by 
the formation of covalent dityrosine bonds [130]. 
Moreover, owing to the high visible light absorption 
of Ru and its chemical stability in an excited state, the 
dERS cross-linking method was evidenced to be rapid 
and highly effective [131]. Collagen, which contains 
tyrosine, is the most abundant protein in the ECM 
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[132]. Given that tyrosine is plentiful in dECM 
bioinks, the dERS system can facilitate the rapid 
cross-linking of dECM bioinks to generate compli-
cated constructs with high aspect ratios. Similarly, a 
colon-derived dECM supplemented with a dERS 
photo-initiator was developed [133] and used to 
establish a tubular intestinal model. During coaxial 
printing, the photo-initiator dERS improved the shape 
accuracy of tubular structures (Figure 6C). Validation 
analyses of bioprinted tubular structures as prospect-
ive intestinal models demonstrated the successful 
creation of intestinal tissues with high levels of 
enteroendocrine marker expression [133]. 

Polyethylene glycol diacrylate (PEGDA) is a 
common synthetic polymer used in the production of 
hydrogel biomaterials with flexible elasticity, solute 
permeability, and biocompatibility. PEGDA enabled 
rapid photopolymerization after printing [134]. 

Adding PEGDA to solubilized dECM improved 
bioink viscosity and enabled greater control over the 
mechanical properties of tissues [17]. The bioink could 
be cross-linked via two processes to adjust its 
structural rigidity. The two-step mechanism for 
cross-linking involved spontaneous crosslinking of 
thiol groups with PEG acrylate groups and UV 
photopolymerization of thiol and PEG alkyne groups. 
Through these processes, the Young’s modulus values 
of the bioink range from approximately 100 Pa to 20 
kPa. Zhu et al. compounded cartilage dECM with 
PEGDA and honokiol (Hon, a natural anti-inflamma-
tory chemical) to construct cartilage scaffolds using 
3D printing technology. After LPS treatment, the 
levels of pro-inflammatory factors TNF, IL-1, and IL-6 
released from macrophages co-cultured with the 
PEGDA/ECM scaffolds increased considerably. 
However, adding Hon inhibited the release of these 

 

 
Figure 6. The photo-crosslinking agent is added to improve dECM bioink printability. (A) A schematic illustration of the two-step crosslinking mechanism that involves vitamin 
B2, thermal crosslinking, and concurrent covalent crosslinking (adapted with permission from [18], copyright 2016 Elsevier). (B) A light-activated cross-linking reaction involving 
tyrosine in dECM-based bioink and the use of dERS with a light-activated cross-linking system for centimeter-scale 3D printing of high-aspect-ratio structures (adapted with 
permission from [102], copyright 2016 Wiley). (C) A tubular intestine model was established using dECM derived from the colon and supplemented with a dERS photoinitiator 
(adapted with permission from [133], copyright 2022 Wiley). 
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pro-inflammatory factors. In addition, in vitro animal 
tests demonstrated that the PEGDA/ECM/Hon 
scaffold stimulated cartilage and bone tissue 
regeneration in osteochondral lesions [135]. In another 
study, Shin et al. [136] coupled dECM-based bioink 
with Laponite nanoclay and PEGDA to build 
structures with tunable mechanical characteristics. 
The compressive modulus of the bioinks was tunable 
from 13.4 to 89 kPa by varying the amount of PEGDA 
in the bioink formulation. This naturally derived 
bioink could be used for unsupported printing as it 
cures quickly and promotes the high viability of 
encapsulated cells. Laponite ensured flawless 
extrusion during the production process and main-
tained precision during the stacking procedure, while 
PEGDA enabled rapid photopolymerization after 
printing [137]. In addition, altering the concentration 
of PEGDA allowed for more precise control over the 
ultimate rigidity of the printed structures. However, 
while the suitable addition of PEGDA enhanced the 
cross-linking network, the excessive addition of 
PEGDA (because it is a short-chain molecule) could 
diminish the gel’s toughness. Moreover, the 
degradation byproducts of composite polymers, such 
as PEGDA and cross-linkers, may be cytotoxic, 
resulting in increased inflammation [138]. In these 
cases, chemical methods may unavoidably reduce the 
native bioactivity of pristine dECM because its 
physiological components are affected, contradicting 
the original purpose of using dECM bioinks to imitate 
native tissue microenvironments. 

Alginate, a bioinert and biocompatible material, 
undergoes rapid cross-linking and gelation when 
exposed to calcium ions. Thus, this method is 
commonly employed to produce double-network 
hydrogels [139]. Alginate can improve dECM 
mechanics, as evidenced by De Santis et al.'s research, 
in which they reinforced dECM bioinks with alginate 
(Figure 7A) [140]. Alginate permits quick gelation 
following ionic cross-linking while maintaining the 
phase-separated ECM in cross-linked hydrogels, 
achieved via micro-scale phase separation as opposed 
to macro-scale phase separation [141]. By adjusting 
the ratio of alginate to dECM, it is possible to preserve 
biological functions at various stages of tissue 
development, including tissue-specific differentiation 
of primary human progenitor cells, immune 
modulation in vivo, and vascularization upon 
transplantation [140]. The rapidity of alginate 
hydrogel network growth is ideal for constructing 
complicated and precise 3D bioprinted structures. 
Singh et al. [58] mixed alginate with kidney-derived 
dECM to recapitulate the native renal microenviron-
ment. The hybrid bioink underwent rapid cross- 
linking (Figure 7B). Gao et al. [142] produced a bioink 

consisting of alginate and vascular tissue-derived 
dECM (VdECM). In addition to facilitating the coaxial 
printing of vessel-like structures, adding alginate to 
the synthesized vascular tissue-specific bioink 
preserved VdECM's ability to stimulate cellular 
activity. Through the shell and core of a coaxial 
nozzle, the same group [59] simultaneously extruded 
a HUVEC-encapsulated VdECM/alginate hybrid 
bioink and fugitive Pluronic F127 containing Ca2+ 
ions (CPF127) (Figure 7C). The CPF127 solution 
permitted the ionic gelation of alginate by releasing 
Ca2+ ions [143]. To stabilize the structures, heat 
cross-linking of the dECM was used to incubate the 
construct. Two-step ionic/thermal cross-linking 
enhanced the printability and shape integrity of the 
constructs. Furthermore, an atherosclerotic model was 
also developed in vitro using in-bath coaxial cell 
printing [144]. Before printing, CPF127 was injected 
into the core nozzle. HUVECs were encapsulated 
using a pH-neutralized hybrid bioink composed of 
VdECM bioink and sodium alginate, which was 
attached to the middle nozzle. In the generated 
models, functional vascular tissues that responded to 
endothelial dysfunction-inducing stimuli were 
developed. Under physiological conditions, the 
existence of vascular tissues in the presence of stenotic 
and tortuous turbulent flows recapitulates hallmark 
events in early atherosclerosis. These findings 
suggested that the constructed atherosclerotic model 
was a promising platform for atherosclerosis research. 
In another study, endothelial progenitor cells and 
atorvastatin-loaded poly (lactic-co-glycolic acid) 
microspheres were encapsulated in a VdECM-based 
hybrid bioink and extruded using 3D coaxial 
cell-printing technology [145] (Figure 7D). CPF-127 
components were extruded into the inner layer 
during the printing process, whereas VdECM/ 
alginate comprised the outer layer. Ionic cross-linking 
of alginate was initiated to ensure initial form fidelity. 
This cell/drug co-loaded vessel design resulted in 
exceptional neo-vessel development and limb salvage 
at 28 days after implantation in the ischemic limbs of 
mice, demonstrating VdECM’s potential to induce 
neovascularization. Moreover, the presence of 
alginate could inhibit the rapid breakdown of dECM 
by native matrix metalloproteinases by crosslinking 
[146, 147]. Unfortunately, the lack of enzymes that can 
degrade alginate in humans leads to the accumulation 
of residues in the body, limiting cell function [148]. 
Even though alginate may be easily crosslinked into 
hydrogels by divalent cations, due to the absence of 
adhesive sites in cells, alginate must be coupled with 
other biomaterials. Furthermore, for alginate to 
undergo ionic cross-linking, the ion concentration 
must be sufficient to polymerize the alginate 
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components completely. However, overly high ion 
concentrations may result in cell death due to altered 
osmotic pressure [144]. 

Applications of dECM bioink 
In the past decade, the field of dECM 

biomaterials has significantly expanded. Applications 
have branched out from wound healing patches to 
scaffolds that match physicochemical properties to 
recreate entire organs. This extends to the recent 
inclusion of dECM biomaterial applications to the 
tumor, skin, reproductive tissues, etc. [5, 149]. 
Researchers have realized the enormous potential of 
dECM biomaterials to mimic the characteristics of 
biological tissues [48]. In this section, we summarize 

the applications of dECM-based bioinks in 3DBP, 
including tissue and organ modeling, tissue repair, 
and the clinical application of dECM (Figure 8A).  

3D printed in vitro tissue or organ models 
In the realm of TE, 3D cell-printing technologies 

have been used to generate artificial tissues or organs 
[120]. These systems precisely deposit biomaterials 
and cells for the formation of mature tissues or 
organs. Imitating the forms and functions of natural 
tissues and organs is challenging for 3D cell printing 
technologies that fabricate artificial tissue and organ 
structures [22]. The development of real biomimetic in 
vitro systems for the study of complex diseases will 
boost the validity of laboratory results [22]. 

 

 
Figure 7. Alginate is added to improve dECM bioink printability. (A) Image of mouse ECM and alginate hydrogels (adapted with permission from [140], copyright 2021 Elsevier). 
(B) Alginate and kidney-derived dECM are combined to recreate the native renal microenvironment (adapted with permission from [58], copyright 2020 Elsevier). (C) Coaxially 
cell-printed vessels using VdECM/alginate hybrid bioink containing HUVECs (adapted with permission from [59], copyright 2018 Wiley). (D) Mixing VdECM and sodium alginate 
produced a hybrid bioink that was used to encapsulate atorvastatin/poly(lactic-co-glycolic acid) microspheres and endothelial progenitor cells (adapted with permission from 
[145], copyright 2017 Wiley). 
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Matrix stiffness in the tumor microenvironment 
is associated with tumor cell behavior regulation. 
Most tumors are characterized by abnormal ECM 
deposition and increased stiffness [150]. Certain 
epithelial tumor cells can undergo epithelial-to- 
mesenchymal transition when matrix stiffness rises 
[151]. dECM preserves not only the biomechanical 
properties of the initial tumor but also the 
composition and architecture of the ECM, generating 
a perfect tumor microenvironment [152]. Kim et al. 
[153] developed a 3D cell-printing-based gastric 
cancer model by combining gastric tissue-specific 
bioinks with cellulose nanoparticles (CNs). They 
examined the impact of this gastric dECM bioink on 
gastric cancer cell aggressiveness using histological 
and genetic techniques. They discovered that adding 
CNs promoted stomach cancer progression by 
enhancing the mechanical properties of the matrix 
(Figure 8B). In addition, the CNs-enhanced gastric 
dECM bioink was utilized to print a variety of 3D 
forms, including stomach rugae. Using dECM 
produced from tongue tissue, Kort-Mascort et al. [154] 
established an in vitro model of head and neck 
squamous cell carcinoma. The composite material 
promoted cell proliferation and the formation of 
tumor-like spheroids. This model could be adapted 
for applications involving healthy or damaged tissue 
in TE. This system was also used to investigate 
small-molecule standard-of-care therapies for this 
disease. As the properties of the source tissue 
microenvironment are mimicked, creating in vitro 
models with reinforced dECM offers a realistic system 
for evaluating malignant neoplastic events in vitro. 
Chen et al. [155] utilized 3DBP, adipose ECM- 
enhanced hybrid bioink, and MCF-7 cells to create a 
reliable tumor model. The tumor model replicated the 
essential biological characteristics of in vivo tumors, 
including complex ECM barriers, multicellular 
interactions, and proliferation gradients. When com-
paring 3D-printed tumor models with multicellular 
spheroid formation to 2D-cultivated cells based on 
protein and gene expression and tumorigenicity both 
in vitro and in vivo, 3D-printed tumor models more 
closely resemble real tumors (Figure 8C). These 
models permit in vitro monitoring of the long-term 
interactions between drug-loaded nanoparticles and 
tumor tissue. Future research must combine 3D tumor 
models and vascular arteries to investigate the 
enhanced permeability and retention effect during 
tumor-selective medication delivery and metastasis. 

The skin is a sophisticated organ that serves as a 
barrier, regulator, and messenger [156]. The majority 
of skin substitutes have drawbacks like immune 
rejection, lack of therapeutic efficacy, and simplicity of 
tissue-engineered structures [157]. Therefore, skin 

substitutes that integrate the skin's structure with 
numerous cellular phenotypes and replace the skin's 
full function are needed. Current skin TE research 
aims to reproduce the epidermal and dermal layers 
for full-thickness skin replacement [16]. Skin dECM 
has made much progress toward rebuilding 
functional skin tissue. The biomolecular cues included 
in the skin dECM have the potential to regenerate the 
functional characteristics when designed with diverse 
skin architecture [16]. Using 3D cell-printing 
technology, Kim et al. [158] created a mature, 
perusable, and vascularized 3D human skin equiva-
lent consisting of the epidermis, dermis, and 
hypodermis (Figure 8D). This skin model was 
examined using functional markers for each region to 
confirm tissue maturity (epidermis, dermis, and 
hypodermis). Full-thickness skin models more closely 
resemble natural human skin than do dermal and 
epidermal skin models. The manufactured skin model 
has a microenvironment that is more similar to that of 
native skin than standard skin equivalents, resulting 
in a more reliable and predictive platform for 
aesthetic testing, drug screening, and fundamental 
research. Bin et al. [159] developed a functional 
human hypertrophic scar model using premade 
cellular aggregates and dECM-based bioink printing 
(Figure 8E). Firstly, the bioink was created using scar 
ECM and alginate-gelatin hydrogels with the 
appropriate physical qualities to imitate the micro-
environmental variables; secondly, patient-derived 
fibroblasts were precultured in the bioink to generate 
topographic cellular aggregates for future printing. 
Notably, these scar models represent the earliest stage 
of scar formation based on gene and protein 
expression, with the activation of inflammation- and 
cell-proliferation-related signaling pathways, thus 
mimicking the in vivo tissue dynamics of scar 
formation. These models can be employed for precise 
drug screening as well as for engraftment. In vitro and 
in vivo models were used to investigate the clinically 
observed effects of concurrent anti-scarring drug 
treatment. In addition, the use of materials with 
differing stiffnesses facilitated the spatial tissue 
organization of scar collagen bundles in the model. In 
conclusion, the scar model replicated both 
biochemical and biophysical characteristics, and its 
gene expression profile closely resembled that of scar 
tissue.  

Furthermore, Kim et al. [160] created a human 
intestinal villus model with a novel bioprinting 
technique employing a collagen/intestinal submu-
cosa (SIS) cell-rich bioink (Figure 8F). The 
collagen/SIS villi contained epithelial cells and 
demonstrated various cellular activities, including 
considerable cell proliferation. Collagen/SIS bioink 
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and cell-printing technology may soon be used to 
develop intestinal models that resemble the human 
intestine. Compared to the pure cell-laden collagen 
villus structure with comparable villus geometry, the 
cell-laden collagen/dECM villus structure offers a 

more functional intestine-like epithelium. Based on 
these findings, dECM-based 3D villus models will 
improve the accuracy of small intestine physiological 
models. 

 

 
Figure 8. Applications of dECM bioink. (A) The 3D-printed dECM structure has applications in a variety of fields, including tissue engineering, in vitro drug screening, and 
modeling of tissues and cancer (adapted with permission from [22], copyright 2020 Springer). (B) Increasing the density of the ECM with cellulose nanoparticles modifies the 
aggressive behavior of gastric cancer cells (adapted with permission from [153], copyright 2021 Elsevier). (C) Schematic illustration of a 3D tumor model bioprinted with 
ECM-enhanced hybrid bioinks (adapted with permission from [155], copyright 2022 Wiley). (D) A 3D skin equivalent that is perfusable and vascularized, consisting of hypodermis, 
dermis, and epidermis (adapted with permission from [158], copyright 2019 Wiley). (E) A schematic depiction of the entire procedure for creating the scar model (adapted with 
permission from [159], copyright 2022 Elsevier). (F) Schematic illustrating the 3D printing method for creating 3D intestinal models with epithelium and capillaries using 
collagen/SIS bioinks (adapted with permission from [160], copyright 2020 Ivyspring International). 
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3D printed in vivo tissue repair  
Patients with vaginal loss suffer psychological 

and physical pain; thus, vaginal reconstruction 
techniques are urgently needed. Traditional TE 
technology, which uses cells and biomaterials to 
construct a tissue-engineered vagina, has some 
efficacy in vaginal reconstruction [161] but has several 
drawbacks, including low cell survival rates, rough 
construction, and a lack of personalization. 3DBP 
technology, a fast-evolving advanced biofabrication 
technique, could circumvent these issues [162]. For 
instance, Hou et al. [163] used decellularized vaginal 
matrix bioink to print biomimetic 3D vaginal tissue to 
restore vaginal morphology and function. In vivo, the 
bone marrow-derived mesenchymal stem cells- 
containing 3D scaffold showed an apparent epithelial 
cell layer, demonstrating that biomimetic 3D vaginal 
tissues could support epithelialization; therefore, they 
have great potential for vaginal reconstruction. 

Frequently, VML is far too substantial for normal 
healing, resulting in functional deficits and scar 
formation [164]. Recent research demonstrated that 
dECM scaffolds can be utilized to facilitate muscle 
tissue regeneration by modifying the immune res-
ponse [165]. In one study, Choi et al. [166] generated a 
bioink using porcine SM dECM and C2C12 myoblasts 
for use with a 3D cell printing method. The dECM 
bioinks produced from porcine SM offered a 
myogenic environment for myoblasts, which 
responded favorably to electrical stimulation. This 
allowed high cellular contractility and viability, which 
facilitated the development and maturation of 
myotubes. This bioink could be used to fabricate 
functional SM constructs consisting of multinucleated 
and aligned muscle fibers to replace the native SM. 
Behre et al. [73] developed a high-concentration 
bioink composed of dECM and type I collagen and 
utilized FRESH 3DBP and computed tomography 
imaging to create patient-specific, large dECM 
patches for implantation into canine VML wound 
models. The dimensions of these dECM patches were 
precise, and they conformed to the surface of complex 
wounds. Based on 3D imaging data from patients 
with clinical wounds, these patches can provide 
patient-specific treatment for soft tissue deficiencies 
caused by trauma, tumor resection, and other surgical 
procedures. The purpose of future research should be 
to determine how specific scaffold microstructure 
designs, dECM tissue sources, protein compositions, 
and mechanical properties affect healing processes 
and functional outcomes. 

dECM for tissue repair in clinical application 
ECM derived from tissues or whole organs 

possesses regenerative benefits. dECM products are 

gaining clinical significance and market share as a 
result of their consistent availability for grafting and 
superiority over competing options, producing 
greater clinical outcomes than autografts in some 
applications. The current shortcomings of conven-
tional treatments can be addressed by using dECM. 
dECM materials have been approved for the 
treatment of tissue and organ abnormalities and 
disorders, including orthopedic and dental, 
cardiovascular, plastic, and reconstructive surgery 
[46]. Several companies are dominating the market 
with adaptable, decellularized solutions designed for 
tissue and organ repair. Urinary bladder matrices and 
SIS are common dECM materials that have been 
approved by the Food and Drug Administration 
(FDA) for use in the manufacture of regenerative 
biomaterials fabrication and can help repair damaged 
skin, muscle, and gastrointestinal tissues [167]. Even 
though early-stage investigations of organ 
decellularization are promising, the functional 
complexity of organs poses a formidable obstacle. 
Despite early successes, this technology is not yet 
common practice. 

While the skin has a robust wound healing 
system, extreme injuries such as full-thickness third- 
or fourth-degree burns or diabetic wounds exceed the 
skin’s regenerative capacity [168]. Standard treatment 
consists of skin autografts, which are ineffective for 
diabetic wounds and significant burns due to the lack 
of available skin. Several approved treatments 
demonstrate the usefulness of skin dECM bioma-
terials in skin regeneration. The widespread use of 
decellularized grafts has enhanced diabetic wound 
healing and increased patient survival for third- 
degree burns [16]. dECM products can promote 
fibroblast and keratinocyte migration and adhesion, 
and their growth factors and cytokines can support 
neovascularization and remodeling, making them the 
best skin transplantation option. Many decellularized 
products, such as AlloDerm® regenerative tissue 
matrix, have been converted for clinical application 
[46]. Following implantation, scar quality and skin 
function at the implantation site were enhanced [169]. 
Oasis® is another decellularized product for skin 
repair, derived from decellularized porcine SIS, and 
primarily used for chronic wound treatment [170]. 
Although there are numerous choices for decellula-
rized skin grafts, none of the available treatments 
provide scarless healing and the complete creation of 
skin appendages. Some techniques must be 
optimized. For instance, clinical products have not 
demonstrated the reconstitution of adnexal structures 
such as hair follicles and sweat glands, a crucial 
criterion for skin development. Fortunately, decellu-
larized human placenta-derived ECM can affect the 
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healing of full-thickness wounds accompanied by hair 
follicle growth [171]. The use of these products has in 
turn stimulated the growth of decellularization 
technology. Unfortunately, currently available dermal 
replacements frequently necessitate a second 
operation to replace the epidermis. 

Tendons and ligaments transmit tension forces 
between SMs and bones or between bones. Their 
fundamental purpose is to improve mobility and joint 
stability [172]. The natural structure of the ECM is 
susceptible to degenerative damage and/or traumas, 
which may result in a substantial decline. Similar to 
other tissues, the use of autologous, allologous, or 
decellularized grafts is favored in situations where 
self-repair is insufficient [173]. These grafts are 
beneficial for rotator cuff injuries, particularly 
recurrent cases. Owing to the inadequacy of existing 
treatments, surgeons are investigating alternative 
methods for the repair of significant or chronic rotator 
cuff tears. dECM-based materials are attracting 
orthopedists’ interest. These materials can provide 
temporary mechanical support and hasten repair with 
their potential to drive the proliferation and migration 
of associated cell types. These grafts can be utilized 
for tendon augmentations, transplantation-based 
repair, and interpositional arthroplasty [174]. 
Products used for tendon and ligament damage 
include GraftJacket® and Allopatch HD™. In 
particular, GraftJacket®, created using human dermal 
dECM, has demonstrated efficacy in the treatment of 
rotator cuff lesions and rotator cuff rupture and was 
approved for clinical use in 2014 by the FDA [174]. 
Allopatch HD™ is another commonly used decellu-
larized human dermal product. The efficacy of this 
product has been studied on high-radius and huge 
rotator cuff tears with a previous repair history and 
provides functional tendon repair [175].  

Although the decellularization and in vitro 
recellularization of numerous human tissues and 
organs have produced good outcomes in studies, 
there is still a great deal of work to be done. Efforts to 
construct human grafts of complicated organs (liver, 
kidney, or lung) are exciting, as their complexity 
originates from tissue architectures that are difficult to 
achieve in vitro. The literature reports few attempts to 
produce bioinks originating from humans [22], but 
these may be considered landmark studies. Matri-
gelTM is a commercially available dECM bioink made 
from a mouse sarcoma cell line and sold as a cell 
culture supplement. The complex composition of 
MatrigelTM, which mimics the properties of natural 
ECM, is one of its chief advantages [176]. The 
disadvantage of dECMs, including MatrigelTM, is that 
they are neither quantitatively nor qualitatively 
defined, and their variability across batches is 

substantial. MatrigelTM remains a support for 
bioassays despite its effectiveness for cell culture, but 
it is improbable that such a substance will ever be put 
into humans because of safety concerns (i.e., infection 
and immunogenicity) [75]. In addition, as the 
performance of bioink improves, the promise of 
making customized 3D reconstructions of patient 
tissue will further propel bioprinting from the 
laboratory to the bedside. Bioprinted scaffolds will be 
difficult to manage from a regulatory standpoint, as 
they can simultaneously be biologics, pharmaceu-
ticals, and medical devices. Thankfully, regulatory 
bodies have typically been proactive in offering 
guidelines, as they acknowledge that it is necessary to 
move 3DBP closer to clinical use to save lives. 
Enhancing the in vitro engineering of ECM and 
encouraging the development of innovative devices 
will improve personalized therapies. Existing 
constraints regarding biodevices include the novelty 
of this sector and the lack of regulatory experience 
among the small and medium-sized businesses, 
universities, and academies that develop them. Such 
products must demonstrate their safety, and only the 
availability of licenses permits the preclinical exami-
nation of human-derived bioengineered products. 

In summary, grafting is a viable alternative in 
situations where other therapeutic options may fail to 
address tissue or organ damage. Autografts are the 
first choice, but size constraints and the complications 
associated with grafts encourage alternate options. 
Decellularized materials have the capacity to meet the 
standards afforded by autografts, explaining their 
wide range of applications. After decellularization, 
allogeneic or xenogeneic tissues retain their tissue- 
specific features and bioactive chemicals, depending 
on tissue type. Hence, dECM materials have the 
potential to assist tissue regeneration and remodeling. 
Xenogeneic tissue is a practically limitless source, but 
it is controversial due to the risk of disease 
transmission resulting from a failure to optimize 
decellularization or from low-quality donor animals. 
While the number of decellularized tissue types 
accessible for clinical application is limited, the 
increasing number of pre-clinical and clinical 
investigations is an encouraging sign. Tissue-specific 
decellularization is the research ground for the future 
development of whole-organ decellularization and 
the manufacture of functional organs for regenerative 
medicine. 

Perspective and challenges 
In the past decade, 3DBP has become 

increasingly complex and has been investigated for 
TE and regeneration [65]. Many 3D tissue or organ 
bioprinting strategies have been documented, and 
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certain bioprinted human anatomical parts are 
already in clinical use [48]. With the advancement of 
material science and the manufacturing industry, 
additional 3D tissue and organ bioprinting research 
will focus on optimizing function and building 
standard systems. dECM bioinks were developed to 
imitate the structural and functional heterogeneity of 
native tissues [177], and 3DBP will bridge the gap of 
dECM between the lab and clinical translation, 
despite obstacles such as impaired biocompatibility, 
limited mechanical strength, and insufficient 
vascularization.  

First, the biocompatibility and mechanical 
strength of bioinks are compromised by printability 
concerns. Optimal bioinks should be printable, 
bioactive, biodegradable, stable, reasonably priced, 
commercially available, and regulated for clinical 
usage [178]. In addition, the bioink's porosity and 
shape must be suitable for the transfer of cells, gases, 
metabolites, nutrients, and signal molecules both 
inside the biomaterial and between the biomaterial 
and the local environment [179]. For instance, dECM 
possesses ideal biocompatibility but poor extrusion 
properties and mechanical strength, which can be 
improved by combining it with printed biomaterials 
with lower biocompatibility, such as gelatin and 
sodium alginate [58]. However, it is still difficult to 
find the ideal biomaterial or mix of biomaterials with 
both promising printability and compatibility with 
3DBP, though hybrid hydrogels are by far the most 
promising route forward. In addition, in situ 
cross-linkable bioinks with geographically and 
temporally tunable crosslinking rates and degrees are 
an intriguing future direction. When creating organ 
models in vitro, the biomimetic and spatiotemporal 
requirements of cells, bioink, and the bioprinting 
process must be considered. Bioinks play a crucial 
role in 3DBP in simulating the physiological and 
pathological environment. According to the growth 
needs of cells in the printed structure, responsive 
bioink matrix materials are urgently needed to adapt 
to the dynamic process of tissue development [180]. 
However, synthesizing the optimal bioink with the 
proper rigidity and cell microenvironment remains 
difficult [181].  

The incorporation of living cells in the 
manufacturing process makes bioprinting unique. 
The significance of safeguarding cells has been 
recognized. In order to maintain structural fidelity 
and support the subsequent stable culture, the printed 
structure needs to have a certain mechanical strength 
(the Young's modulus of the printed hydrogel 
material is generally 10 kPa or above). However, for 
many types of soft tissue (the Young's modulus of 
brain tissue is 1 kPa)-sourced cells, the excellent rigid 

hydrogels will limit their growth and functional 
expression [181]. Even skeletal TE may require a soft 
milieu to commence tissue development. 3DBP has 
been exposed to compromises between physico-
chemical and biological consequences for a long time. 
Malda and colleagues coined the term "biofabrication 
window" to characterize the trade-off for general 
biofabrication, defining it as "the range of material 
qualities acceptable for printability with high shape 
fidelity and for the support of cell function" [21]. A 
bioink with higher viscosity is stiffer, but it may be 
harmful to cells. Reduced viscosity is more hospitable 
to cells but hinders the formation of solid structures. 
Viscosity balance is a crucial part of the bioink 
preparation process. Among the several methods 
used to modify the rheological properties and 
improve printability, adjusting the ratios of different 
biomaterials is the most prevalent. Combined, 
structural stability and cell activity requirements have 
traditionally resulted in a biofabrication window with 
moderate-strength bioprints. These contradictory 
requirements drive research towards more complex 
hydrogel architectures and present intriguing 
questions about bioink reinforcement efficiency. 
Novel methods are being explored to expand the 
biofabrication window by efficiently fortifying 
hydrogels while preserving their beneficial features. 
Polymer functionalization, interpenetrating networks, 
nanocomposites, supramolecular bioinks, and 
thermoplastic reinforcement are the most prevalent 
approaches [182, 183]. Considering the secretion and 
remodeling of matrices during tissue creation, the 
designed ECM does not need to match the mechanical 
properties of the developed native tissue in the setting 
of 3D cell culture. To launch the proper cellular 
processes, however, it is essential to create a sufficient 
initial mechanical microenvironment. 

The reason for using dECM is that it has various 
advantages, but only considering printability is not 
enough. For a specific cell, increasing the strength of 
the bioink rather causes a problem with viability, and 
problems such as hypoxia occur when manufacturing 
in large volumes. To precisely imitate biological 
tissues, bioink should be deposited at a cell-size 
resolution (510 μm). For clinical applications, thick, 
multi-layered tissue is necessary. 100-200 μm is the 
maximal nutrient/oxygen diffusion distance for cells 
to survive in the absence of vascularization [180]. 
Because of the low viscosity and poor printability of 
the dECM, it is difficult to extrude a thin print 
filament that provides an ideal oxygen supply; this 
will aggravate cell hypoxia. However, increasing the 
printability of the bioink will harm cell viability due 
to its increased viscosity. One way to solve this 
contradictory problem is to find appropriate 
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vascularization procedures. However, bioprinted 
dECM tissue substitutes lack effective vascularization 
procedures. It remains difficult to build regulated 
networks resembling vascular trees. The realization of 
vascularized TE may be an obstacle for the following 
decade. In recent decades, the structural complexity of 
TE bioprinting techniques has increased dramatically, 
but bioprinting of soft materials (e.g., hydrogels) is 
still immature and numerous obstacles remain [184]. 

Another trend in TE research is the integration of 
3DBP with other biofabrication methods, seeking to 
capitalize on their respective strengths. Other new 
technologies, such as four-dimensional (4D) 
bioprinting [185], bioprinted organs-on-a-chip [186], 
and microfluidics-assisted extrusion bioprinting [187], 
are also promising. Derived from 3DBP, 4D bio-
printing may potentially recreate the spatiotemporal 
changes in tissue geometry and the spatial 
distribution transformations of cells and ECM. For 
example, Wang et al. [186] introduced a novel 3D 
tumor progression model based on metastasis- 
on-a-chip with organ-specific ECM to predict 
treatment success. The kidney cancer cells were 
cultivated in a liver ECM to recreate the liver milieu, 
predict therapeutic effects, and evaluate dose 
response at various stages of tumor progression. The 
tumor progression model based on metastasis- 
on-a-chip and organ-specific ECM is a powerful tool 
for swiftly analyzing treatment regimens and 
designing chemotherapeutic drugs. Dickman et al. 
[187] created a novel microfluidic 3DBP technology to 
generate live and functioning smooth muscle tissue 
by incorporating dECM into 3D cell culture.  

Conventional decellularization techniques 
usually produce dECM with batch-to-batch variance, 
unstable gelation, and changed composition, 
including the loss of GAGs and growth factors [12]. In 
addition, because dECM is derived from different 
tissues, it offers a higher range of structural, chemical, 
and biological cues than other biomaterials [23, 188]. 
For future in vivo follow-up studies, the quality 
control of dECM should be standardized according to 
the ECM source or organ/tissue type. The elimination 
of cellular components and antigens from the native 
ECM minimizes the likelihood of unfavorable effects 
at the graft site, such as an inflammatory response and 
immune rejection. Because the cells are typically 
linked to or encased within the ECM, it is hard to 
eradicate all antigens from the construct without 
compromising ECM integrity. However, numerous 
clinical products contain cell fragments and cellular 
DNA. These cell and DNA remnants trigger 
pro-inflammatory responses, which expedite the 
remodeling and tissue repair processes. Although the 
actual process remains ambiguous [189], 

constructions with high bioactive ECM components 
and optimum quantities of antigens can help regulate 
cellular behavior in clinical settings [190]. Balancing 
the amount of cell fragments necessary to sustain 
bioactivity but not enough to elicit an immune 
response will require research. In addition, while 
selecting composite materials, it is essential to note 
that polymers and crosslinking may influence the 
immune cell response. Degradation byproducts of 
polymers such as PEG and crosslinkers may be 
cytotoxic, leading to a rise in inflammation once 
again. Integrating material-driven immunomodula-
tory methods is therefore crucial. 

Quantification of endotoxin contamination is 
also essential for assessing the appropriateness of 
dECM for cellular encapsulation, as endotoxin 
contamination can result in increased islet 
inflammatory cytokine production [191]. The FDA 
specifies the endotoxin contamination limit for 
medical devices or drugs at 0.5 EU/mL; nevertheless, 
extraction and elution screens do not fully remove 
contamination due to endotoxin's tendency to adhere 
to material surfaces [192]. Concerningly, 
contamination levels in lung dECM gels were over 
sevenfold higher than FDA recommendations for 
extracts and up to sixteenfold higher than those 
reported for other tissue sources. While additional 
cleaning by terminal sterilization (e.g., gamma 
irradiation and ethylene oxide) could lessen this 
contamination, the resulting gels are likely to have 
diminished mechanical and biochemical integrity as 
well as decreased cellular adhesion [193]. This tissue 
source diversity, despite the use of aseptic methods 
and antibiotics during decellularization, highlights 
the need for quantification of endotoxin 
contamination for all ECM studies. 

Conclusion 
dECM is a promising material for TE. Toxicity, 

mechanical properties, and immune-related issues are 
the greatest challenges for dECM-based approaches. 
Particularly, additional research is needed on 
achieving the balance between its biological and 
mechanical properties. Furthermore, studies have 
explored various physical and chemical approaches to 
enhance the printability of dECM, each with its 
boundedness. For the industrialization of dECM 
bioink bioprinting, factors beyond tissue or organ 
selection must be considered, such as the decellula-
rization process, sterilization, cost, yield, quality, and 
batch variance of dECM bioinks. Without a 
multidisciplinary design incorporating cell biology, 
material science, physics, and mechanical engi-
neering, the clinical utility of dECM cannot be 
achieved. In the future, we hope to optimize the 
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decellularization process and develop more 
standardized decellularization evaluation criteria to 
improve the quality, quantity, and reproducibility of 
dECM; develop dECM-based bioinks with controlled 
printability, degradation, and biological properties; 
construct tissues and organs using 3DBP technology; 
and create molecularly engineered dECM. 

Abbreviations 
ECM: extracellular matrix; dECM: decellularized 

ECM; TE: tissue engineering; 3DBP: 3D bioprinting; 
GAGs: glycosaminoglycans; H&E: hematoxylin and 
eosin; DAPI: 4',6-diamidino-2-phenylindole; DLP: 
digital light processing; PCL: polycaprolactone; 
PEVA: poly (ethylene/vinyl acetate); GelMA: gelatin 
methacrylate; PEG: polyethylene glycol; FRESH: 
freeform reversible embedding of suspended 
hydrogels; SM: skeletal muscle; PVA: polyvinyl 
alcohol; VML: volumetric muscle loss; HUVECs: 
human umbilical vein endothelial cells; UV: ultra-
violet; dERS: ruthenium/sodium persulfate; HAMA: 
hyaluronic acid methacrylate; PEGDA: polyethylene 
glycol diacrylate; Hon: honokiol; VdECM: vascular 
tissue-derived dECM; CPF127: pluronic F127 
containing Ca2+ ions; CNs: cellulose nanoparticles; 
SIS: intestinal submucosa; FDA: Food and Drug 
Administration; 4D: four-dimensional. 

Acknowledgements 
Funding 

This work was supported by the Science and 
Technology Innovation Project of Guangdong 
Province (No. 2018KJYZ005), the Natural Science 
Foundation of Guangdong Province (No. 
2020A151501107), the Natural Science Foundation of 
the Tibet Autonomous Region (No. XZ2017ZR- 
ZY021), and the Guangdong Province Key Field R&D 
Programme Project (No. 2020B1111150001). 

Author contributions 
HZ contributed to concept generation, literature 

searching, and manuscript writing. YW, ZZ, XW, and 
LC contributed to literature searching and eligible 
study screening. YW, WH, and LY contributed to 
manuscript preparation and reviewed the final 
version. 

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1. Hassanzadeh P, Atyabi F, Dinarvand R. Tissue engineering: Still facing a 

long way ahead. J Control Release. 2018; 279: 181-97. 

2. Temenoff JS, Mikos AG. Review: tissue engineering for regeneration of 
articular cartilage. Biomaterials. 2000; 21: 431-40. 

3. Zhang X, Guo X, Wu Y, Gao J. Locally Injectable Hydrogels for Tumor 
Immunotherapy. Gels. 2021; 7. 

4. Mandrycky C, Wang Z, Kim K, Kim DH. 3D bioprinting for engineering 
complex tissues. Biotechnol Adv. 2016; 34: 422-34. 

5. Murphy SV, Atala A. 3D bioprinting of tissues and organs. Nat 
Biotechnol. 2014; 32: 773-85. 

6. Zhu W, Ma X, Gou M, Mei D, Zhang K, Chen S. 3D printing of functional 
biomaterials for tissue engineering. Curr Opin Biotechnol. 2016; 40: 
103-12. 

7. Goldstein TA, Epstein CJ, Schwartz J, Krush A, Lagalante DJ, 
Mercadante KP, et al. Feasibility of Bioprinting with a Modified Desktop 
3D Printer. Tissue Eng Part C Methods. 2016; 22: 1071-6. 

8. Zhang X, Zhang Y. Tissue Engineering Applications of 
Three-Dimensional Bioprinting. Cell Biochem Biophys. 2015; 72: 777-82. 

9. Coburn PT, Li X, Li JY, Kishimoto Y, Li-Jessen NYK. Progress in Vocal 
Fold Regenerative Biomaterials: An Immunological Perspective. Adv 
Nanobiomed Res. 2022; 2. 

10. Kabirian F, Mozafari M. Decellularized ECM-derived bioinks: Prospects 
for the future. Methods. 2020; 171: 108-18. 

11. Gattazzo F, Urciuolo A, Bonaldo P. Extracellular matrix: a dynamic 
microenvironment for stem cell niche. Biochim Biophys Acta. 2014; 1840: 
2506-19. 

12. Keane TJ, Swinehart IT, Badylak SF. Methods of tissue decellularization 
used for preparation of biologic scaffolds and in vivo relevance. 
Methods. 2015; 84: 25-34. 

13. Pati F, Cho DW. Bioprinting of 3D Tissue Models Using Decellularized 
Extracellular Matrix Bioink. Methods Mol Biol. 2017; 1612: 381-90. 

14. Mora-Boza A, Lopez-Donaire ML. Preparation of Polymeric and 
Composite Scaffolds by 3D Bioprinting. Adv Exp Med Biol. 2018; 1058: 
221-45. 

15. Kang HW, Lee SJ, Ko IK, Kengla C, Yoo JJ, Atala A. A 3D bioprinting 
system to produce human-scale tissue constructs with structural 
integrity. Nat Biotechnol. 2016; 34: 312-9. 

16. Kim BS, Kwon YW, Kong JS, Park GT, Gao G, Han W, et al. 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. 

17. Skardal A, Devarasetty M, Kang HW, Mead I, Bishop C, Shupe T, et al. A 
hydrogel bioink toolkit for mimicking native tissue biochemical and 
mechanical properties in bioprinted tissue constructs. Acta Biomater. 
2015; 25: 24-34. 

18. Jang J, Kim TG, Kim BS, Kim SW, Kwon SM, Cho DW. Tailoring 
mechanical properties of decellularized extracellular matrix bioink by 
vitamin B2-induced photo-crosslinking. Acta Biomater. 2016; 33: 88-95. 

19. Yang G, Rothrauff BB, Lin H, Gottardi R, Alexander PG, Tuan RS. 
Enhancement of tenogenic differentiation of human adipose stem cells 
by tendon-derived extracellular matrix. Biomaterials. 2013; 34: 9295-306. 

20. Duan Y, Liu Z, O'Neill J, Wan LQ, Freytes DO, Vunjak-Novakovic G. 
Hybrid gel composed of native heart matrix and collagen induces 
cardiac differentiation of human embryonic stem cells without 
supplemental growth factors. J Cardiovasc Transl Res. 2011; 4: 605-15. 

21. Schwab A, Levato R, D'Este M, Piluso S, Eglin D, Malda J. Printability 
and Shape Fidelity of Bioinks in 3D Bioprinting. Chem Rev. 2020; 120: 
11028-55. 

22. Pati F, Jang J, Ha DH, Won Kim S, Rhie JW, Shim JH, et al. Printing 
three-dimensional tissue analogues with decellularized extracellular 
matrix bioink. Nat Commun. 2014; 5: 3935. 

23. Kim BS, Das S, Jang J, Cho DW. Decellularized Extracellular 
Matrix-based Bioinks for Engineering Tissue- and Organ-specific 
Microenvironments. Chem Rev. 2020; 120: 10608-61. 

24. Crapo PM, Gilbert TW, Badylak SF. An overview of tissue and whole 
organ decellularization processes. Biomaterials. 2011; 32: 3233-43. 

25. Buckenmeyer MJ, Meder TJ, Prest TA, Brown BN. Decellularization 
techniques and their applications for the repair and regeneration of the 
nervous system. Methods. 2020; 171: 41-61. 

26. Cebotari S, Tudorache I, Jaekel T, Hilfiker A, Dorfman S, Ternes W, et al. 
Detergent decellularization of heart valves for tissue engineering: 
toxicological effects of residual detergents on human endothelial cells. 
Artif Organs. 2010; 34: 206-10. 

27. Nonaka PN, Campillo N, Uriarte JJ, Garreta E, Melo E, de Oliveira LV, et 
al. Effects of freezing/thawing on the mechanical properties of 
decellularized lungs. J Biomed Mater Res A. 2014; 102: 413-9. 

28. Funamoto S, Nam K, Kimura T, Murakoshi A, Hashimoto Y, Niwaya K, 
et al. The use of high-hydrostatic pressure treatment to decellularize 
blood vessels. Biomaterials. 2010; 31: 3590-5. 

29. Hashimoto Y, Funamoto S, Sasaki S, Honda T, Hattori S, Nam K, et al. 
Preparation and characterization of decellularized cornea using 



Theranostics 2023, Vol. 13, Issue 8 
 

 
https://www.thno.org 

2584 

high-hydrostatic pressurization for corneal tissue engineering. 
Biomaterials. 2010; 31: 3941-8. 

30. Seo Y, Jung Y, Kim SH. Decellularized heart ECM hydrogel using 
supercritical carbon dioxide for improved angiogenesis. Acta Biomater. 
2018; 67: 270-81. 

31. Kim BS, Kim H, Gao G, Jang J, Cho DW. Decellularized extracellular 
matrix: a step towards the next generation source for bioink 
manufacturing. Biofabrication. 2017; 9: 034104. 

32. Gilbert TW, Sellaro TL, Badylak SF. Decellularization of tissues and 
organs. Biomaterials. 2006; 27: 3675-83. 

33. Dong X, Wei X, Yi W, Gu C, Kang X, Liu Y, et al. RGD-modified acellular 
bovine pericardium as a bioprosthetic scaffold for tissue engineering. J 
Mater Sci Mater Med. 2009; 20: 2327-36. 

34. Reing JE, Brown BN, Daly KA, Freund JM, Gilbert TW, Hsiong SX, et al. 
The effects of processing methods upon mechanical and biologic 
properties of porcine dermal extracellular matrix scaffolds. Biomaterials. 
2010; 31: 8626-33. 

35. Chakraborty J, Roy S, Ghosh S. Regulation of decellularized matrix 
mediated immune response. Biomater Sci. 2020; 8: 1194-215. 

36. Arenas-Herrera JE, Ko IK, Atala A, Yoo JJ. Decellularization for whole 
organ bioengineering. Biomed Mater. 2013; 8: 014106. 

37. Hwang J, San BH, Turner NJ, White LJ, Faulk DM, Badylak SF, et al. 
Molecular assessment of collagen denaturation in decellularized tissues 
using a collagen hybridizing peptide. Acta Biomater. 2017; 53: 268-78. 

38. Akbari Zahmati AH, Alipoor R, Rezaei Shahmirzadi A, Khori V, 
Abolhasani MM. Chemical Decellularization Methods and Its Effects on 
Extracellular Matrix. Internal Medicine and Medical Investigation 
Journal. 2017; 2. 

39. Xu H, Xu B, Yang Q, Li X, Ma X, Xia Q, et al. Comparison of 
decellularization protocols for preparing a decellularized porcine 
annulus fibrosus scaffold. PLoS One. 2014; 9: e86723. 

40. Prasertsung I, Kanokpanont S, Bunaprasert T, Thanakit V, 
Damrongsakkul S. Development of acellular dermis from porcine skin 
using periodic pressurized technique. J Biomed Mater Res B Appl 
Biomater. 2008; 85: 210-9. 

41. Tao M, Ao T, Mao X, Yan X, Javed R, Hou W, et al. Sterilization and 
disinfection methods for decellularized matrix materials: Review, 
consideration and proposal. Bioact Mater. 2021; 6: 2927-45. 

42. Saldin LT, Cramer MC, Velankar SS, White LJ, Badylak SF. Extracellular 
matrix hydrogels from decellularized tissues: Structure and function. 
Acta Biomater. 2017; 49: 1-15. 

43. Freytes DO, Martin J, Velankar SS, Lee AS, Badylak SF. Preparation and 
rheological characterization of a gel form of the porcine urinary bladder 
matrix. Biomaterials. 2008; 29: 1630-7. 

44. Jang J, Park JY, Gao G, Cho DW. Biomaterials-based 3D cell printing for 
next-generation therapeutics and diagnostics. Biomaterials. 2018; 156: 
88-106. 

45. Zheng MH, Chen J, Kirilak Y, Willers C, Xu J, Wood D. Porcine small 
intestine submucosa (SIS) is not an acellular collagenous matrix and 
contains porcine DNA: possible implications in human implantation. J 
Biomed Mater Res B Appl Biomater. 2005; 73: 61-7. 

46. Parmaksiz M, Dogan A, Odabas S, Elcin AE, Elcin YM. Clinical 
applications of decellularized extracellular matrices for tissue 
engineering and regenerative medicine. Biomed Mater. 2016; 11: 022003. 

47. Schultheiss D, Gabouev AI, Cebotari S, Tudorache I, Walles T, Schlote N, 
et al. Biological vascularized matrix for bladder tissue engineering: 
matrix preparation, reseeding technique and short-term implantation in 
a porcine model. J Urol. 2005; 173: 276-80. 

48. Yi HG, Kim H, Kwon J, Choi YJ, Jang J, Cho DW. Application of 3D 
bioprinting in the prevention and the therapy for human diseases. Signal 
Transduct Target Ther. 2021; 6: 177. 

49. Abaci A, Guvendiren M. Designing Decellularized Extracellular 
Matrix-Based Bioinks for 3D Bioprinting. Adv Healthc Mater. 2020; 9: 
e2000734. 

50. Ouyang L, Yao R, Zhao Y, Sun W. Effect of bioink properties on 
printability and cell viability for 3D bioplotting of embryonic stem cells. 
Biofabrication. 2016; 8: 035020. 

51. Sanicola HW, Stewart CE, Mueller M, Ahmadi F, Wang D, Powell SK, et 
al. Guidelines for establishing a 3-D printing biofabrication laboratory. 
Biotechnol Adv. 2020; 45: 107652. 

52. Panwar A, Tan LP. Current Status of Bioinks for Micro-Extrusion-Based 
3D Bioprinting. Molecules. 2016; 21. 

53. Mancha Sanchez E, Gomez-Blanco JC, Lopez Nieto E, Casado JG, 
Macias-Garcia A, Diaz Diez MA, et al. Hydrogels for Bioprinting: A 
Systematic Review of Hydrogels Synthesis, Bioprinting Parameters, and 
Bioprinted Structures Behavior. Front Bioeng Biotechnol. 2020; 8: 776. 

54. Lee H, Han W, Kim H, Ha DH, Jang J, Kim BS, et al. Development of 
Liver Decellularized Extracellular Matrix Bioink for Three-Dimensional 

Cell Printing-Based Liver Tissue Engineering. Biomacromolecules. 2017; 
18: 1229-37. 

55. Pati F, Ha DH, Jang J, Han HH, Rhie JW, Cho DW. Biomimetic 3D tissue 
printing for soft tissue regeneration. Biomaterials. 2015; 62: 164-75. 

56. Das S, Kim SW, Choi YJ, Lee S, Lee SH, Kong JS, et al. Decellularized 
extracellular matrix bioinks and the external stimuli to enhance cardiac 
tissue development in vitro. Acta Biomater. 2019; 95: 188-200. 

57. Lee H, Chae S, Kim JY, Han W, Kim J, Choi Y, et al. Cell-printed 3D 
liver-on-a-chip possessing a liver microenvironment and biliary system. 
Biofabrication. 2019; 11: 025001. 

58. Singh NK, Han W, Nam SA, Kim JW, Kim JY, Kim YK, et al. 
Three-dimensional cell-printing of advanced renal tubular tissue 
analogue. Biomaterials. 2020; 232: 119734. 

59. Gao G, Park JY, Kim BS, Jang J, Cho DW. Coaxial Cell Printing of 
Freestanding, Perfusable, and Functional In Vitro Vascular Models for 
Recapitulation of Native Vascular Endothelium Pathophysiology. Adv 
Healthc Mater. 2018; 7: e1801102. 

60. Kim W, Jang CH, Kim GH. A Myoblast-Laden Collagen Bioink with 
Fully Aligned Au Nanowires for Muscle-Tissue Regeneration. Nano 
Lett. 2019; 19: 8612-20. 

61. Ali M, Pr AK, Yoo JJ, Zahran F, Atala A, Lee SJ. A Photo-Crosslinkable 
Kidney ECM-Derived Bioink Accelerates Renal Tissue Formation. Adv 
Healthc Mater. 2019; 8: e1800992. 

62. Kim W, Lee H, Lee J, Atala A, Yoo JJ, Lee SJ, et al. Efficient myotube 
formation in 3D bioprinted tissue construct by biochemical and 
topographical cues. Biomaterials. 2020; 230: 119632. 

63. Zorlutuna P, Vrana NE, Khademhosseini A. The expanding world of 
tissue engineering: the building blocks and new applications of tissue 
engineered constructs. IEEE Rev Biomed Eng. 2013; 6: 47-62. 

64. Scognamiglio C, Soloperto A, Ruocco G, Cidonio G. Bioprinting stem 
cells: building physiological tissues one cell at a time. Am J Physiol Cell 
Physiol. 2020; 319: C465-C80. 

65. Vijayavenkataraman S, Lu WF, Fuh JY. 3D bioprinting of skin: a 
state-of-the-art review on modelling, materials, and processes. 
Biofabrication. 2016; 8: 032001. 

66. Wang Y, Kankala RK, Ou C, Chen A, Yang Z. Advances in 
hydrogel-based vascularized tissues for tissue repair and drug screening. 
Bioact Mater. 2022; 9: 198-220. 

67. Bedell ML, Navara AM, Du Y, Zhang S, Mikos AG. Polymeric Systems 
for Bioprinting. Chem Rev. 2020; 120: 10744-92. 

68. Shao L, Gao Q, Xie C, Fu J, Xiang M, He Y. Synchronous 3D Bioprinting 
of Large-Scale Cell-Laden Constructs with Nutrient Networks. Adv 
Healthc Mater. 2020; 9: e1901142. 

69. Xu B, Rodenhizer D, Lakhani S, Zhang X, Soleas JP, Ailles L, et al. 
Patterning cellular compartments within TRACER cultures using 
sacrificial gelatin printing. Biofabrication. 2016; 8: 035018. 

70. Suntornnond R, Tan EYS, An J, Chua CK. A highly printable and 
biocompatible hydrogel composite for direct printing of soft and 
perfusable vasculature-like structures. Sci Rep. 2017; 7: 16902. 

71. Kolesky DB, Truby RL, Gladman AS, Busbee TA, Homan KA, Lewis JA. 
3D bioprinting of vascularized, heterogeneous cell-laden tissue 
constructs. Adv Mater. 2014; 26: 3124-30. 

72. Levato R, Webb WR, Otto IA, Mensinga A, Zhang Y, van Rijen M, et al. 
The bio in the ink: cartilage regeneration with bioprintable hydrogels 
and articular cartilage-derived progenitor cells. Acta Biomater. 2017; 61: 
41-53. 

73. Behre A, Tashman JW, Dikyol C, Shiwarski DJ, Crum RJ, Johnson SA, et 
al. 3D Bioprinted Patient-Specific Extracellular Matrix Scaffolds for Soft 
Tissue Defects. Adv Healthc Mater. 2022; 11: e2200866. 

74. Christen MO, Vercesi F. Polycaprolactone: How a Well-Known and 
Futuristic Polymer Has Become an Innovative Collagen-Stimulator in 
Esthetics. Clin Cosmet Investig Dermatol. 2020; 13: 31-48. 

75. Jose RR, Rodriguez MJ, Dixon TA, Omenetto F, Kaplan DL. Evolution of 
Bioinks and Additive Manufacturing Technologies for 3D Bioprinting. 
ACS Biomater Sci Eng. 2016; 2: 1662-78. 

76. Farah S, Anderson DG, Langer R. Physical and mechanical properties of 
PLA, and their functions in widespread applications - A comprehensive 
review. Adv Drug Deliv Rev. 2016; 107: 367-92. 

77. Park JY, Ryu H, Lee B, Ha DH, Ahn M, Kim S, et al. Development of a 
functional airway-on-a-chip by 3D cell printing. Biofabrication. 2018; 11: 
015002. 

78. Yu HW, Kim BS, Lee JY, Lee K, Ahn M, Jang J, et al. Tissue printing for 
engineering transplantable human parathyroid patch to improve 
parathyroid engraftment, integration, and hormone secretionin vivo. 
Biofabrication. 2021; 13. 

79. Sun H, Mei L, Song C, Cui X, Wang P. The in vivo degradation, 
absorption and excretion of PCL-based implant. Biomaterials. 2006; 27: 
1735-40. 



Theranostics 2023, Vol. 13, Issue 8 
 

 
https://www.thno.org 

2585 

80. Venkatesan JK, Leroux A, Baumann JS, Rey-Rico A, Falentin-Daudré C, 
Frisch J, et al. Genetic modification of human bone marrow aspirates 
via delivery of rAAV vectors coated on pNaSS-grafted 
poly(ε-caprolactone) scaffolds. Osteoarthritis and Cartilage. 2018; 26: 
S134-S5. 

81. Koutsamanis I, Paudel A, Alva Zuniga CP, Wiltschko L, Spoerk M. 
Novel polyester-based thermoplastic elastomers for 3D-printed 
long-acting drug delivery applications. J Control Release. 2021; 335: 
290-305. 

82. Defrere S, Mestagdt M, Riva R, Krier F, Van Langendonckt A, Drion P, et 
al. In vivo biocompatibility of three potential intraperitoneal implants. 
Macromol Biosci. 2011; 11: 1336-45. 

83. Lewis PL, Su J, Yan M, Meng F, Glaser SS, Alpini GD, et al. Complex bile 
duct network formation within liver decellularized extracellular matrix 
hydrogels. Sci Rep. 2018; 8: 12220. 

84. Ren B, Song K, Sanikommu AR, Chai Y, Longmire MA, Chai W, et al. 
Study of sacrificial ink-assisted embedded printing for 3D perfusable 
channel creation for biomedical applications. Appl Phys Rev. 2022; 9: 
011408. 

85. Lewis PL, Yan M, Su J, Shah RN. Directing the growth and alignment of 
biliary epithelium within extracellular matrix hydrogels. Acta Biomater. 
2019; 85: 84-93. 

86. Kim JJ, Hou L, Huang NF. Vascularization of three-dimensional 
engineered tissues for regenerative medicine applications. Acta 
Biomater. 2016; 41: 17-26. 

87. Lee A, Hudson AR, Shiwarski DJ, Tashman JW, Hinton TJ, Yerneni S, et 
al. 3D bioprinting of collagen to rebuild components of the human heart. 
Science. 2019; 365: 482-7. 

88. Chae S, Choi YJ, Cho DW. Mechanically and biologically promoted 
cell-laden constructs generated using tissue-specific bioinks for 
tendon/ligament tissue engineering applications. Biofabrication. 2022; 
14. 

89. Zeng X, Meng Z, He J, Mao M, Li X, Chen P, et al. Embedded bioprinting 
for designer 3D tissue constructs with complex structural organization. 
Acta Biomater. 2022; 140: 1-22. 

90. Teixeira LS, Feijen J, van Blitterswijk CA, Dijkstra PJ, Karperien M. 
Enzyme-catalyzed crosslinkable hydrogels: emerging strategies for 
tissue engineering. Biomaterials. 2012; 33: 1281-90. 

91. Broguiere N, Formica FA, Barreto G, Zenobi-Wong M. Sortase A as a 
cross-linking enzyme in tissue engineering. Acta Biomater. 2018; 77: 
182-90. 

92. Sobreiro-Almeida R, Gomez-Florit M, Quinteira R, Reis RL, Gomes ME, 
Neves NM. Decellularized kidney extracellular matrix bioinks 
recapitulate renal 3D microenvironmentin vitro. Biofabrication. 2021; 13. 

93. Mendes BB, Gomez-Florit M, Hamilton AG, Detamore MS, Domingues 
RMA, Reis RL, et al. Human platelet lysate-based nanocomposite bioink 
for bioprinting hierarchical fibrillar structures. Biofabrication. 2019; 12: 
015012. 

94. Moxon SR, Cooke ME, Cox SC, Snow M, Jeys L, Jones SW, et al. 
Suspended Manufacture of Biological Structures. Adv Mater. 2017; 29. 

95. Choi YJ, Jun YJ, Kim DY, Yi HG, Chae SH, Kang J, et al. A 3D cell printed 
muscle construct with tissue-derived bioink for the treatment of 
volumetric muscle loss. Biomaterials. 2019; 206: 160-9. 

96. Hinton TJ, Jallerat Q, Palchesko RN, Park JH, Grodzicki MS, Shue HJ, et 
al. Three-dimensional printing of complex biological structures by 
freeform reversible embedding of suspended hydrogels. Sci Adv. 2015; 1: 
e1500758. 

97. Ma X, Yu C, Wang P, Xu W, Wan X, Lai CSE, et al. Rapid 3D bioprinting 
of decellularized extracellular matrix with regionally varied mechanical 
properties and biomimetic microarchitecture. Biomaterials. 2018; 185: 
310-21. 

98. Mao Q, Wang Y, Li Y, Juengpanich S, Li W, Chen M, et al. Fabrication of 
liver microtissue with liver decellularized extracellular matrix (dECM) 
bioink by digital light processing (DLP) bioprinting. Mater Sci Eng C 
Mater Biol Appl. 2020; 109: 110625. 

99. Stichler S, Bock T, Paxton N, Bertlein S, Levato R, Schill V, et al. Double 
printing of hyaluronic acid/poly(glycidol) hybrid hydrogels with 
poly(epsilon-caprolactone) for MSC chondrogenesis. Biofabrication. 
2017; 9: 044108. 

100. Duchi S, Onofrillo C, O'Connell CD, Blanchard R, Augustine C, Quigley 
AF, et al. Handheld Co-Axial Bioprinting: Application to in situ surgical 
cartilage repair. Sci Rep. 2017; 7: 5837. 

101. Lin H, Zhang D, Alexander PG, Yang G, Tan J, Cheng AW, et al. 
Application of visible light-based projection stereolithography for live 
cell-scaffold fabrication with designed architecture. Biomaterials. 2013; 
34: 331-9. 

102. Kim H, Kang B, Cui X, Lee SH, Lee K, Cho DW, et al. Light‐Activated 
Decellularized Extracellular Matrix‐Based Bioinks for Volumetric Tissue 

Analogs at the Centimeter Scale. Advanced Functional Materials. 2021; 
31. 

103. Bejleri D, Streeter BW, Nachlas ALY, Brown ME, Gaetani R, Christman 
KL, et al. A Bioprinted Cardiac Patch Composed of Cardiac-Specific 
Extracellular Matrix and Progenitor Cells for Heart Repair. Adv Healthc 
Mater. 2018; 7: e1800672. 

104. Lim KS, Schon BS, Mekhileri NV, Brown GCJ, Chia CM, Prabakar S, et al. 
New Visible-Light Photoinitiating System for Improved Print Fidelity in 
Gelatin-Based Bioinks. ACS Biomater Sci Eng. 2016; 2: 1752-62. 

105. Fedorovich NE, Swennen I, Girones J, Moroni L, van Blitterswijk CA, 
Schacht E, et al. Evaluation of photocrosslinked Lutrol hydrogel for 
tissue printing applications. Biomacromolecules. 2009; 10: 1689-96. 

106. Guimarães CF, Gasperini L, Marques AP, Reis RL. The stiffness of living 
tissues and its implications for tissue engineering. Nature Reviews 
Materials. 2020; 5: 351-70. 

107. Alom N, Peto H, Kirkham GR, Shakesheff KM, White LJ. Bone 
extracellular matrix hydrogel enhances osteogenic differentiation of 
C2C12 myoblasts and mouse primary calvarial cells. J Biomed Mater Res 
B Appl Biomater. 2018; 106: 900-8. 

108. Sawkins MJ, Bowen W, Dhadda P, Markides H, Sidney LE, Taylor AJ, et 
al. Hydrogels derived from demineralized and decellularized bone 
extracellular matrix. Acta Biomater. 2013; 9: 7865-73. 

109. Parthiban SP, Athirasala A, Tahayeri A, Abdelmoniem R, George A, 
Bertassoni LE. BoneMA-synthesis and characterization of a 
methacrylated bone-derived hydrogel for bioprinting 
ofin-vitrovascularized tissue constructs. Biofabrication. 2021; 13. 

110. Visscher DO, Lee H, van Zuijlen PPM, Helder MN, Atala A, Yoo JJ, et al. 
A photo-crosslinkable cartilage-derived extracellular matrix bioink for 
auricular cartilage tissue engineering. Acta Biomater. 2021; 121: 193-203. 

111. Lee J, Hong J, Kim W, Kim GH. Bone-derived dECM/alginate bioink for 
fabricating a 3D cell-laden mesh structure for bone tissue engineering. 
Carbohydr Polym. 2020; 250: 116914. 

112. Jia L, Hua Y, Zeng J, Liu W, Wang D, Zhou G, et al. Bioprinting and 
regeneration of auricular cartilage using a bioactive bioink based on 
microporous photocrosslinkable acellular cartilage matrix. Bioact Mater. 
2022; 16: 66-81. 

113. Puluca N, Lee S, Doppler S, Munsterer A, Dressen M, Krane M, et al. 
Bioprinting Approaches to Engineering Vascularized 3D Cardiac 
Tissues. Curr Cardiol Rep. 2019; 21: 90. 

114. Billiet T, Gevaert E, De Schryver T, Cornelissen M, Dubruel P. The 3D 
printing of gelatin methacrylamide cell-laden tissue-engineered 
constructs with high cell viability. Biomaterials. 2014; 35: 49-62. 

115. Yu C, Ma X, Zhu W, Wang P, Miller KL, Stupin J, et al. Scanningless and 
continuous 3D bioprinting of human tissues with decellularized 
extracellular matrix. Biomaterials. 2019; 194: 1-13. 

116. Xie X, Wu S, Mou S, Guo N, Wang Z, Sun J. Microtissue-Based Bioink as 
a Chondrocyte Microshelter for DLP Bioprinting. Adv Healthc Mater. 
2022; 11: e2201877. 

117. Jian Z, Zhuang T, Qinyu T, Liqing P, Kun L, Xujiang L, et al. 3D 
bioprinting of a biomimetic meniscal scaffold for application in tissue 
engineering. Bioact Mater. 2021; 6: 1711-26. 

118. Ciocci M, Mochi F, Carotenuto F, Di Giovanni E, Prosposito P, Francini 
R, et al. Scaffold-in-Scaffold Potential to Induce Growth and 
Differentiation of Cardiac Progenitor Cells. Stem Cells Dev. 2017; 26: 
1438-47. 

119. Carotenuto F, Teodori L, Maccari AM, Delbono L, Orlando G, Di Nardo 
P. Turning regenerative technologies into treatment to repair myocardial 
injuries. J Cell Mol Med. 2020; 24: 2704-16. 

120. Billiet T, Vandenhaute M, Schelfhout J, Van Vlierberghe S, Dubruel P. A 
review of trends and limitations in hydrogel-rapid prototyping for tissue 
engineering. Biomaterials. 2012; 33: 6020-41. 

121. Gonen-Wadmany M, Goldshmid R, Seliktar D. Biological and 
mechanical implications of PEGylating proteins into hydrogel 
biomaterials. Biomaterials. 2011; 32: 6025-33. 

122. Chen P, Ning L, Qiu P, Mo J, Mei S, Xia C, et al. Photo-crosslinked 
gelatin-hyaluronic acid methacrylate hydrogel-committed nucleus 
pulposus-like differentiation of adipose stromal cells for intervertebral 
disc repair. J Tissue Eng Regen Med. 2019; 13: 682-93. 

123. Burdick JA, Chung C, Jia X, Randolph MA, Langer R. Controlled 
degradation and mechanical behavior of photopolymerized hyaluronic 
acid networks. Biomacromolecules. 2005; 6: 386-91. 

124. Wang D, Guo Y, Zhu J, Liu F, Xue Y, Huang Y, et al. Hyaluronic acid 
methacrylate/pancreatic extracellular matrix as a potential 3D printing 
bioink for constructing islet organoids. Acta Biomater. 2022. 

125. Kim MK, Jeong W, Lee SM, Kim JB, Jin S, Kang HW. Decellularized 
extracellular matrix-based bio-ink with enhanced 3D printability and 
mechanical properties. Biofabrication. 2020; 12: 025003. 



Theranostics 2023, Vol. 13, Issue 8 
 

 
https://www.thno.org 

2586 

126. Wu J, Ding Q, Dutta A, Wang Y, Huang YH, Weng H, et al. An injectable 
extracellular matrix derived hydrogel for meniscus repair and 
regeneration. Acta Biomater. 2015; 16: 49-59. 

127. Barthold JE, McCreery KP, Martinez J, Bellerjeau C, Ding Y, Bryant SJ, et 
al. Particulate ECM biomaterial ink is 3D printed and naturally 
crosslinked to form structurally-layered and lubricated cartilage tissue 
mimics. Biofabrication. 2022; 14. 

128. Applegate MB, Partlow BP, Coburn J, Marelli B, Pirie C, Pineda R, et al. 
Photocrosslinking of Silk Fibroin Using Riboflavin for Ocular Prostheses. 
Adv Mater. 2016; 28: 2417-20. 

129. Lee J, Ju M, Cho OH, Kim Y, Nam KT. Tyrosine-Rich Peptides as a 
Platform for Assembly and Material Synthesis. Adv Sci (Weinh). 2019; 6: 
1801255. 

130. Bjork JW, Johnson SL, Tranquillo RT. Ruthenium-catalyzed photo 
cross-linking of fibrin-based engineered tissue. Biomaterials. 2011; 32: 
2479-88. 

131. Cui X, Soliman BG, Alcala-Orozco CR, Li J, Vis MAM, Santos M, et al. 
Rapid Photocrosslinking of Silk Hydrogels with High Cell Density and 
Enhanced Shape Fidelity. Adv Healthc Mater. 2020; 9: e1901667. 

132. Meek KM. Corneal collagen-its role in maintaining corneal shape and 
transparency. Biophys Rev. 2009; 1: 83-93. 

133. Han H, Park Y, Choi YM, Yong U, Kang B, Shin W, et al. A Bioprinted 
Tubular Intestine Model Using a Colon-Specific Extracellular Matrix 
Bioink. Adv Healthc Mater. 2022; 11: e2101768. 

134. Shrimali P, Peter M, Singh A, Dalal N, Dakave S, Chiplunkar SV, et al. 
Efficient in situ gene delivery via PEG diacrylate matrices. Biomater Sci. 
2018; 6: 3241-50. 

135. Zhu S, Chen P, Chen Y, Li M, Chen C, Lu H. 3D-Printed Extracellular 
Matrix/Polyethylene Glycol Diacrylate Hydrogel Incorporating the 
Anti-inflammatory Phytomolecule Honokiol for Regeneration of 
Osteochondral Defects. Am J Sports Med. 2020; 48: 2808-18. 

136. Shin YJ, Shafranek RT, Tsui JH, Walcott J, Nelson A, Kim DH. 3D 
bioprinting of mechanically tuned bioinks derived from cardiac 
decellularized extracellular matrix. Acta Biomater. 2021; 119: 75-88. 

137. Tomas H, Alves CS, Rodrigues J. Laponite(R): A key nanoplatform for 
biomedical applications? Nanomedicine. 2018; 14: 2407-20. 

138. Li C, Guo C, Fitzpatrick V, Ibrahim A, Zwierstra MJ, Hanna P, et al. 
Design of biodegradable, implantable devices towards clinical 
translation. Nature Reviews Materials. 2019; 5: 61-81. 

139. Costantini M, Testa S, Mozetic P, Barbetta A, Fuoco C, Fornetti E, et al. 
Microfluidic-enhanced 3D bioprinting of aligned myoblast-laden 
hydrogels leads to functionally organized myofibers in vitro and in vivo. 
Biomaterials. 2017; 131: 98-110. 

140. De Santis MM, Alsafadi HN, Tas S, Bolukbas DA, Prithiviraj S, Da Silva 
IAN, et al. Extracellular-Matrix-Reinforced Bioinks for 3D Bioprinting 
Human Tissue. Adv Mater. 2021; 33: e2005476. 

141. Cleetus CM, Alvarez Primo F, Fregoso G, Lalitha Raveendran N, 
Noveron JC, Spencer CT, et al. Alginate Hydrogels with Embedded ZnO 
Nanoparticles for Wound Healing Therapy. Int J Nanomedicine. 2020; 
15: 5097-111. 

142. Gao G, Kim H, Kim BS, Kong JS, Lee JY, Park BW, et al. 
Tissue-engineering of vascular grafts containing endothelium and 
smooth-muscle using triple-coaxial cell printing. Applied Physics 
Reviews. 2019; 6. 

143. Millik SC, Dostie AM, Karis DG, Smith PT, McKenna M, Chan N, et al. 
3D printed coaxial nozzles for the extrusion of hydrogel tubes toward 
modeling vascular endothelium. Biofabrication. 2019; 11: 045009. 

144. Gao G, Park W, Kim BS, Ahn M, Chae S, Cho WW, et al. Construction of 
a Novel In Vitro Atherosclerotic Model from Geometry‐Tunable Artery 
Equivalents Engineered via In‐Bath Coaxial Cell Printing. Advanced 
Functional Materials. 2020; 31. 

145. Gao G, Lee JH, Jang J, Lee DH, Kong J-S, Kim BS, et al. 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. 

146. Vyborny K, Vallova J, Koci Z, Kekulova K, Jirakova K, Jendelova P, et al. 
Genipin and EDC crosslinking of extracellular matrix hydrogel derived 
from human umbilical cord for neural tissue repair. Sci Rep. 2019; 9: 
10674. 

147. Wassenaar JW, Braden RL, Osborn KG, Christman KL. Modulating In 
Vivo Degradation Rate of Injectable Extracellular Matrix Hydrogels. J 
Mater Chem B. 2016; 4: 2794-802. 

148. Yao B, Hu T, Cui X, Song W, Fu X, Huang S. Enzymatically degradable 
alginate/gelatin bioink promotes cellular behavior and degradation in 
vitro and in vivo. Biofabrication. 2019; 11: 045020. 

149. Lopez-Martinez S, Campo H, de Miguel-Gomez L, Faus A, Navarro AT, 
Diaz A, et al. A Natural Xenogeneic Endometrial Extracellular Matrix 
Hydrogel Toward Improving Current Human in vitro Models and 
Future in vivo Applications. Front Bioeng Biotechnol. 2021; 9: 639688. 

150. Lopez JI, Kang I, You WK, McDonald DM, Weaver VM. In situ force 
mapping of mammary gland transformation. Integr Biol (Camb). 2011; 3: 
910-21. 

151. Ondeck MG, Kumar A, Placone JK, Plunkett CM, Matte BF, Wong KC, et 
al. Dynamically stiffened matrix promotes malignant transformation of 
mammary epithelial cells via collective mechanical signaling. Proc Natl 
Acad Sci U S A. 2019; 116: 3502-7. 

152. Rijal G, Li W. A versatile 3D tissue matrix scaffold system for tumor 
modeling and drug screening. Sci Adv. 2017; 3: e1700764. 

153. Kim J, Jang J, Cho DW. Controlling Cancer Cell Behavior by Improving 
the Stiffness of Gastric Tissue-Decellularized ECM Bioink With Cellulose 
Nanoparticles. Front Bioeng Biotechnol. 2021; 9: 605819. 

154. Kort-Mascort J, Bao G, Elkashty O, Flores-Torres S, Munguia-Lopez JG, 
Jiang T, et al. Decellularized Extracellular Matrix Composite Hydrogel 
Bioinks for the Development of 3D Bioprinted Head and Neck in Vitro 
Tumor Models. ACS Biomater Sci Eng. 2021; 7: 5288-300. 

155. Chen Y, Xu L, Li W, Chen W, He Q, Zhang X, et al. 3D bioprinted tumor 
model with extracellular matrix enhanced bioinks for nanoparticle 
evaluation. Biofabrication. 2022; 14. 

156. Perez-Valle A, Del Amo C, Andia I. Overview of Current Advances in 
Extrusion Bioprinting for Skin Applications. Int J Mol Sci. 2020; 21. 

157. Won HR, Seo C, Lee HY, Roh J, Kim CH, Jang JY, et al. An Important 
Role of Macrophages for Wound Margin Regeneration in a Murine Flap 
Model. Tissue Eng Regen Med. 2019; 16: 667-74. 

158. Kim BS, Gao G, Kim JY, Cho DW. 3D Cell Printing of Perfusable 
Vascularized Human Skin Equivalent Composed of Epidermis, Dermis, 
and Hypodermis for Better Structural Recapitulation of Native Skin. Adv 
Healthc Mater. 2019; 8: e1801019. 

159. Bin Y, Dongzhen Z, Xiaoli C, Jirigala E, Wei S, Zhao L, et al. Modeling 
human hypertrophic scars with 3D preformed cellular aggregates 
bioprinting. Bioact Mater. 2022; 10: 247-54. 

160. Kim W, Kim GH. An intestinal model with a finger-like villus structure 
fabricated using a bioprinting process and collagen/SIS-based cell-laden 
bioink. Theranostics. 2020; 10: 2495-508. 

161. De Filippo RE, Bishop CE, Filho LF, Yoo JJ, Atala A. Tissue engineering a 
complete vaginal replacement from a small biopsy of autologous tissue. 
Transplantation. 2008; 86: 208-14. 

162. Moroni L, Boland T, Burdick JA, De Maria C, Derby B, Forgacs G, et al. 
Biofabrication: A Guide to Technology and Terminology. Trends 
Biotechnol. 2018; 36: 384-402. 

163. Hou C, Zheng J, Li Z, Qi X, Tian Y, Zhang M, et al. Printing 3D vagina 
tissue analogues with vagina decellularized extracellular matrix bioink. 
Int J Biol Macromol. 2021; 180: 177-86. 

164. Jarvinen TA, Jarvinen TL, Kaariainen M, Aarimaa V, Vaittinen S, Kalimo 
H, et al. Muscle injuries: optimising recovery. Best Pract Res Clin 
Rheumatol. 2007; 21: 317-31. 

165. Sicari BM, Rubin JP, Dearth CL, Wolf MT, Ambrosio F, Boninger M, et al. 
An acellular biologic scaffold promotes skeletal muscle formation in 
mice and humans with volumetric muscle loss. Sci Transl Med. 2014; 6: 
234ra58. 

166. Choi YJ, Kim TG, Jeong J, Yi HG, Park JW, Hwang W, et al. 3D Cell 
Printing of Functional Skeletal Muscle Constructs Using Skeletal 
Muscle-Derived Bioink. Adv Healthc Mater. 2016; 5: 2636-45. 

167. Brown-Etris M, Milne CT, Hodde JP. An extracellular matrix graft 
(Oasis((R)) wound matrix) for treating full-thickness pressure ulcers: A 
randomized clinical trial. J Tissue Viability. 2019; 28: 21-6. 

168. Morris AH, Lee H, Xing H, Stamer DK, Tan M, Kyriakides TR. Tunable 
Hydrogels Derived from Genetically Engineered Extracellular Matrix 
Accelerate Diabetic Wound Healing. ACS Appl Mater Interfaces. 2018; 
10: 41892-901. 

169. Juhasz I, Kiss B, Lukacs L, Erdei I, Peter Z, Remenyik E. Long-term 
followup of dermal substitution with acellular dermal implant in burns 
and postburn scar corrections. Dermatol Res Pract. 2010; 2010: 210150. 

170. Mostow EN, Haraway GD, Dalsing M, Hodde JP, King D, Group OVUS. 
Effectiveness of an extracellular matrix graft (OASIS Wound Matrix) in 
the treatment of chronic leg ulcers: a randomized clinical trial. J Vasc 
Surg. 2005; 41: 837-43. 

171. Su Z, Ma H, Wu Z, Zeng H, Li Z, Wang Y, et al. Enhancement of skin 
wound healing with decellularized scaffolds loaded with hyaluronic 
acid and epidermal growth factor. Mater Sci Eng C Mater Biol Appl. 
2014; 44: 440-8. 

172. Heinemeier KM, Kjaer M. In vivo investigation of tendon responses to 
mechanical loading. J Musculoskelet Neuronal Interact. 2011; 11: 115-23. 

173. Cheng CW, Solorio LD, Alsberg E. Decellularized tissue and cell-derived 
extracellular matrices as scaffolds for orthopaedic tissue engineering. 
Biotechnol Adv. 2014; 32: 462-84. 

174. Barber FA, Burns JP, Deutsch A, Labbe MR, Litchfield RB. A prospective, 
randomized evaluation of acellular human dermal matrix augmentation 
for arthroscopic rotator cuff repair. Arthroscopy. 2012; 28: 8-15. 



Theranostics 2023, Vol. 13, Issue 8 
 

 
https://www.thno.org 

2587 

175. Agrawal V. Healing rates for challenging rotator cuff tears utilizing an 
acellular human dermal reinforcement graft. Int J Shoulder Surg. 2012; 6: 
36-44. 

176. Jang JM, Tran SH, Na SC, Jeon NL. Engineering controllable architecture 
in matrigel for 3D cell alignment. ACS Appl Mater Interfaces. 2015; 7: 
2183-8. 

177. Hull SM, Brunel LG, Heilshorn SC. 3D Bioprinting of Cell-Laden 
Hydrogels for Improved Biological Functionality. Adv Mater. 2022; 34: 
e2103691. 

178. Ozbolat IT, Hospodiuk M. Current advances and future perspectives in 
extrusion-based bioprinting. Biomaterials. 2016; 76: 321-43. 

179. Agrawal P, Soni S, Mittal G, Bhatnagar A. Role of polymeric biomaterials 
as wound healing agents. Int J Low Extrem Wounds. 2014; 13: 180-90. 

180. Lovett M, Lee K, Edwards A, Kaplan DL. Vascularization strategies for 
tissue engineering. Tissue Eng Part B Rev. 2009; 15: 353-70. 

181. Chaudhuri O, Cooper-White J, Janmey PA, Mooney DJ, Shenoy VB. 
Effects of extracellular matrix viscoelasticity on cellular behaviour. 
Nature. 2020; 584: 535-46. 

182. Chimene D, Lennox KK, Kaunas RR, Gaharwar AK. Advanced Bioinks 
for 3D Printing: A Materials Science Perspective. Ann Biomed Eng. 2016; 
44: 2090-102. 

183. Cui X, Li J, Hartanto Y, Durham M, Tang J, Zhang H, et al. Advances in 
Extrusion 3D Bioprinting: A Focus on Multicomponent Hydrogel-Based 
Bioinks. Adv Healthc Mater. 2020; 9: e1901648. 

184. Lee VK, Dai G. Printing of Three-Dimensional Tissue Analogs for 
Regenerative Medicine. Ann Biomed Eng. 2017; 45: 115-31. 

185. Douillet C, Nicodeme M, Hermant L, Bergeron V, Guillemot F, Fricain 
JC, et al. From local to global matrix organization by fibroblasts: a 4D 
laser-assisted bioprinting approach. Biofabrication. 2022; 14. 

186. Wang Y, Wu D, Wu G, Wu J, Lu S, Lo J, et al. Metastasis-on-a-chip 
mimicking the progression of kidney cancer in the liver for predicting 
treatment efficacy. Theranostics. 2020; 10: 300-11. 

187. Dickman CTD, Russo V, Thain K, Pan S, Beyer ST, Walus K, et al. 
Functional characterization of 3D contractile smooth muscle tissues 
generated using a unique microfluidic 3D bioprinting technology. 
FASEB J. 2020; 34: 1652-64. 

188. Choudhury D, Tun HW, Wang T, Naing MW. Organ-Derived 
Decellularized Extracellular Matrix: A Game Changer for Bioink 
Manufacturing? Trends Biotechnol. 2018; 36: 787-805. 

189. Tan J, Zhang QY, Huang LP, Huang K, Xie HQ. Decellularized scaffold 
and its elicited immune response towards the host: the underlying 
mechanism and means of immunomodulatory modification. Biomater 
Sci. 2021; 9: 4803-20. 

190. Badylak SF. Decellularized allogeneic and xenogeneic tissue as a 
bioscaffold for regenerative medicine: factors that influence the host 
response. Ann Biomed Eng. 2014; 42: 1517-27. 

191. Berney T, Molano RD, Cattan P, Pileggi A, Vizzardelli C, Oliver R, et al. 
Endotoxin-mediated delayed islet graft function is associated with 
increased intra-islet cytokine production and islet cell apoptosis. 
Transplantation. 2001; 71: 125-32. 

192. Gorbet MB, Sefton MV. Endotoxin: the uninvited guest. Biomaterials. 
2005; 26: 6811-7. 

193. Matuska AM, McFetridge PS. The effect of terminal sterilization on 
structural and biophysical properties of a decellularized collagen-based 
scaffold; implications for stem cell adhesion. J Biomed Mater Res B Appl 
Biomater. 2015; 103: 397-406. 

 


