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ARTICLE INFO ABSTRACT

Keywords: Thanks to its natural complexity and functionality, decellularized extracellular matrix (dECM) serves as an
Bioink excellent foundation for creating highly cell-compatible bioinks and bioresins. This enables the bioprinted cells
Bioresin ) to thrive in an environment that closely mimics their native ECM composition and offers customizable biome-
Decellularized extrace.llular matrix chanical properties. To formulate dECM bioinks and bioresins, one must first pulverize and/or solubilize the
Extracellular polymeric substances | A . ) . . L.
Extrusion bioprinting dECM into non-crosslinked fragments, which can then be chemically modified as needed. In bioprinting, the
Vat photopolymerization solubilized dECM-derived material is typically deposited and/or crosslinked in a layer-by-layer fashion to build
3D hydrogel structures. Since the introduction of the first liver-derived dECM-based bioinks, a wide variety of
decellularized tissue have been employed in bioprinting, including kidney, heart, cartilage, and adipose tissue
among others. This review aims to summarize the critical steps involved in tissue-derived dECM bioprinting,
starting from the decellularization of the ECM to the standardized formulation of bioinks and bioresins, ulti-
mately leading to the reproducible bioprinting of tissue constructs. Notably, this discussion also covers photo-
crosslinkable dECM bioresins, which are particularly attractive due to their ability to provide precise
spatiotemporal control over the gelation in bioprinting. Both in extrusion printing and vat photopolymerization,
there is a need for more standardized protocols to fully harness the unique properties of dECM-derived materials.
In addition to mammalian tissues, the most recent bioprinting approaches involve the use of microbial extra-
cellular polymeric substances in bioprinting of bacteria. This presents similar challenges as those encountered in
mammalian cell printing and represents a fascinating frontier in bioprinting technology.

1. Introduction removed through decellularization, the ECM fibrous network containing

structural and functional molecules, such as glycosaminoglycans

Decellularized extracellular matrix (dECM) is a highly attractive
biomaterial used in the field of bioprinting for creating engineered living
materials [1] and tissue constructs [2]. In the realm of regenerative
medicine, bioprinting human tissues using eukaryotic cells and matrices
from mammal origin is particularly important. dECM plays a crucial role
by mimicking the composition structure of natural human tissue envi-
ronments, offering valuable bioinstructive cues to the hosted cells [3]. In
particular, tissue-specific dECM can guide the differentiation and func-
tion of stem cells related to that particular tissue [4]. When cells are
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(GAGs), proteoglycans, glycoproteins, cytokines, and growth factors, is
ideally preserved. However, depending on the decellularization method,
some ECM components are typically lost, underscoring the need for
careful method selection. With key ECM components preserved, dECM is
gaining recognition as a highly cytocompatible, bioinstructive, and
adaptable material for bioprinting of cell-laden tissue constructs [5]. To
bioprint dECM hydrogels, one can either extrude dECM-based cell--
containing bioink and crosslink it physically or chemically
layer-by-layer, or employ photocrosslinkable dECM-based bioresin that
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is covalently crosslinked when exposed to light in a vat. Both printing
techniques yield multi-layered 3D constructs defined by their digital
computer-aided design (CAD) model [6,7]. Beyond cell-containing
bioinks or bioresins, the dECM can also be formulated into acellular
biomaterial inks or resins, which can be 3D printed into hydrogels, with
cell seeding taking place afterward [8]. This approach offers the
advantage of creating more complex structures without concerns about
cell viability during the printing process. However, achieving homoge-
neous tissue growth within these structures can be more challenging
when compared to constructs bioprinted using cell-containing bioinks
and bioresins.

In this review, we provide a deep insight into the formulation of
dECM-based bioinks, bioresins, and biomaterial inks and resins derived
from mammalian tissue. We also provide a comprehensive overview of
the current state of dECM bioprinting. Our scope extends beyond
extrusion-based 3D printing as we also explore the vat photo-
polymerization of chemically modified dECM bioresins, an area that has
been overlooked in previous reviews. Towards the end, we also briefly
discuss recent advancements in bioprinting of living prokaryotic mate-
rials, a topic that has not yet received much attention in literature. Our
overarching goal is to offer guidance on efficiently and precisely
formulating dECM bioink and bioresin, ensuring their reproducible use
in bioprinting. We also discuss the need for standardization in assessing
the bioactive and bioprinting properties of dECM in the future. Fig. 1
illustrates the entire workflow involved in tissue-derived dECM bio-
printing, spanning from the initial isolation and decellularization of
native tissue to the solubilization and standardized formulation of the
dECM materials, ultimately culminating in the (bio)printing of pre-
defined dECM tissue constructs.

2. Decellularization of tissue ECM
2.1. Physical and enzymatic methods

Whenever considering the transplantation of tissue-engineered
dECM-based constructs, it is crucial to completely remove species-
specific cellular antigens from the matrix to ensure the safe applica-
tion [9]. While there are no universal guidelines for decellularized
materials, according to Crapo et al. [10]. successfully decellularized
ECM should contain no more than 50 ng deoxyribonucleic acid (DNA)
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per milligram of dry dECM. Additionally, the DNA fragments should be
smaller than 200 base pairs to avoid triggering an immune response, and
there should be no visible nuclear components within the dECM [11].

Decellularization of tissue ideally involves gentle yet thorough cell
removal, resulting in an acellular dECM with its composition and
bioactivity preserved. There are primarily three approaches for cell
removal, including physical, biochemical, and chemical methods. The
physical methods commonly involve freeze/thaw cycles, direct pressure,
sonication, or mechanical agitation, all of which break down cell
membranes, causing cell lysis. The lysed cellular components can be
afterwards removed, for instance, by flushing with aqueous surfactant
solutions [12,13]. In the biochemical decellularization, on the other
hand, enzymatic agents, such as deoxyribonuclease (DNAse), ribonu-
clease (RNAse), and proteases, are frequently used. These enzymes
weaken the adhesions between cells and ECM by disrupting cell mem-
branes. Trypsin is a commonly used protease that is often combined with
ethylenediaminetetraacetic acid (EDTA) chelator in enzymatic decellu-
larization [14]. Since enzymes can be inefficient when used for a short
duration and potentially destructive when applied for a prolonged time,
they are often combined with chemical agents to improve their efficacy
[14].

2.2. Chemical methods

Chemical decellularization of tissue ECM can be accomplished in two
primary ways, including perfusion of decellularization medium through
the inherent vessels in tissue or incubation and stirring the tissue in this
medium. Triton™ X-100, a commonly used nonionic detergent, is
frequently employed for chemical decellularization. It disrupts cellular
lipid-lipid and lipid-protein interactions while preserving protein-
protein interactions, leading to cell separation and the release of cyto-
plasmic materials through cell lysis [15]. It is typically used in various
concentrations ranging from 0.1% to 5%, either on its own or in com-
bination with trypsin/EDTA or sodium dodecyl sulfate (SDS) [16,17].
SDS is the most frequently used ionic detergent that is typically applied
in concentrations between 0.1% and 2%. It effectively disrupts cellular
membranes and denaturates proteins, solubilizing both cytoplasmic and
nuclear cell membranes and effectively removing cellular material from
tissues [16,18,19]. However, prolonged treatment with SDS can result in
significant disruption of ECM macromolecules [17]. Another commonly
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Fig. 1. Schematic presentation of the workflow for bioprinting of dECM-based tissue constructs, including the isolation of human or animal-derived tissue, its
decellularization, solubilization, and further formulation into a printing material and finally, 3D printing.
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used ionic detergent is sodium deoxycholate (SDC), which comprises a
sodium sulfate head group on a steroid backbone. Like SDS, SDC can also
effectively solubilize cell membranes. Because of more efficient removal
through subsequent washing compared to SDS, dECM obtained using
SDC has been shown to support higher metabolic activity of cells [20].
However, SDC-based protocols typically require a subsequent treatment
with DNAse to reduce residual DNA levels below an immunogenic
threshold [21].

Exposure to decellularization agents inevitably causes some degree
of damage to ECM. In a comparative study by Fernandez-Pérez et al.
[22]. porcine cornea was decellularized using either 0.1% SDS, 1%
Triton™ X-100, or five freeze (—80 °C)/thaw cycles. While SDS effi-
ciently removed cells, it resulted in the lowest sulfated GAGs (sGAGs)
content and the slowest hydrogel formation. Moreover, the dECM
showed cytotoxicity to human corneal stromal cells. Triton and
freeze/thaw cycles preserved ECM components better, while the cell
removal was not as efficient as with SDS. Jeong et al. [16]. compared the
effects of various detergents on the composition and cell compatibility of
porcine liver-derived dECM bioinks, finding that SDS and SDC severely
damaged GAGs and elastin proteins. In contrast, Triton™ X-100 was less
damaging but showed the poorest decellularization. The bioinks ob-
tained using Triton™ X-100 in combination with ammonium hydroxide
preserved the ECM content best and exhibited the fastest gelation.

Comparing various decellularization methods is challenging because
the reported effects on tissue structure and composition often contradict
each other. The absence of systematic studies and standardized pro-
cessing protocols makes it difficult to provide definitive guidelines for
selecting the decellularization method or agent for a certain tissue type.
The ideal protocols often combine different decellularization methods
and agents, each optimized with specific exposure times. Since dECM-
based bioprinting materials are eventually fully solubilized, and there
is no need to preserve anatomic architecture of the tissues, incubating
the small, precut tissue pieces in decellularization medium, typically in
SDS and Triton™ X-100, often ensures the most efficient
decellularization.

Even though the source DNA is removed from dECM, the choice of
animal species remains significant, as it greatly impacts the amount of
tissue that can be obtained. For bioprinting, homogeneous material on a
gram scale is required, which is why small animals like rodents are not
an ideal choice. Instead, porcine tissue is often preferred, as it provides a
larger quantity of tissue and shares known similarities with human tis-
sue [23]. Although the age and health of the source animal can signif-
icantly affect the processing of the tissue, this aspect has not been
systematically studied. Based on our experience, tissue from older ani-
mals may require longer or more intensive decellularization and diges-
tion processes, potentially leading to damage to biomolecules.
Additionally, certain diseases, such as fibrosis and cancer, can make the
tissue stiffer [24] , which can also pose challenges during the processing
steps.

3. Preparing tissue-derived dECM for use in bioinks and
bioresins

3.1. Solubilization of tissue dECM via enzymatic digestion

To formulate a bioprinting material from tissue dECM, the first step
is to break it down into smaller components to make it soluble in an
aqueous cell medium. As the thermo-gelling properties of tissue dECM
hydrogels rely on the self-assembly of collagen, selecting an the right
solubilization protocol is crucial to avoid adversely affecting its gelling
potential later on. The solubilization of dECM is greatly facilitated by
first cutting or grinding the tissue into smaller pieces to achieve a ho-
mogeneous and deformable 3D printing material. Typically, the dECM is
pulverized by initially shock-freezing the wet dECM using liquid nitro-
gen and then cryo-grinding it, either with a grinding mill or with a pestle
and a mortar. Subsequently, the dECM powder can be either directly
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mixed with a liquid phase to create a slurry or a paste or, preferably,
solubilized through enzymatic digestion. After the enzymatic digestion,
the material can be further homogenized and centrifuged to remove any
undigested dECM from the solution. Following this, low-molecular
weight compounds can be removed from the solution by dialysis, and
the material can be stored in a lyophilized and sterilized state, ready for
later formulation as a bioink or bioresin. This process is illustrated in
Fig. 2.

To fully solubilize a dECM matrix, the cut or pulverized dECM can be
treated with various enzymes, with pepsin being the most commonly
used, as initially reported by Voytik-Harbin et al. [25]. Pepsin is an
endoproteolytic enzyme originally extracted from porcine stomach. It
exhibits its highest activity at a low pH, typically below 3. Pepsin
digestion involves removal of short non-helical telopeptide regions of
tropocollagen, effectively cleaving the crosslinks between tropocollagen
units without damaging the collagen triple helical structure. Peptide
bonds are preferentially cleaved next to aromatic amino acids such as
phenylalanine, tyrosine, and tryptophan [26]. The typical digestion
solution contains 0.1% of pepsin in an acidic medium, and the dECM is
stirred for 24-72 h at RT [27]. The completion of the digestion, indi-
cated by the absence of visible particles in the solution, can be deter-
mined through visual inspection. If pepsin digestion is incomplete, the
digestive solution needs to be filtered or centrifuged before use to ensure
a high degree of homogeneity. Following digestion, the pepsin is irre-
versibly deactivated by raising the pH above 5-6.

In a recent study, we explored alternative enzymes to pepsin for
solubilizing porcine liver for bioink formulation, including plant-
derived papain and bacterial-derived a-amylase and collagenase [28].
Among the investigated enzymes, only pepsin- and papain were suc-
cessful in digesting dECM to later yield stable hydrogels. Papain, a
proteolytic enzyme extracted from papaya fruit seeds, digests dECM by
cleaving the non-helical telopeptides of collagen, preferably after the
lysine or arginine residues at its N-terminus [29]. In our study, the liver
dECM was digested using 0.5 mg papain (30 K USP) per 10 mg of dry
dECM for 48 h at pH 5.5 and RT. The resulting dECM digest exhibited
good gelation properties, and its rheological and cell adhesion proper-
ties were comparable to pepsin-solubilized dECM digests. This made
papain an attractive and cost-effective alternative to pepsin for
large-scale dECM digestion. Being a plant-derived compound, papain
has the potential to replace pepsin especially when working with human
tissue-derived dECM for regenerative medicine, where avoiding
animal-derived compounds is favorable. Collagenase, on the other hand,
digests collagen differently. It breaks down the a-chains of the collagen
triple helix into small fragments. Consequently, dECM preparations
solubilized with collagenase in our study exhibited significantly reduced
viscosity and did not have the ability to form gels [28]. In another study,
Jia et al. [30]. chemically modified collagenase-solubilized (2 mg/mL,
24 h, RT) decellularized porcine auricular cartilage using methacrylic
anhydride and used this for photocrosslinking-assisted bioprinting
together with gelatin methacrylamide (GelMA). According to prote-
omics analysis, the collagenase treatment preserved many essential ECM
components.

Unlike the proteolytic enzymes, a-amylase works by cleaving
glycosidic bonds of sugars that are covalently linked between collagen
molecules, rather than breaking peptide bonds. This results in the
rearrangement and solubilization of well-preserved collagen fibrils [29].
a-amylase has been used to solubilize decellularized human adipose
tissue, porcine dermis tissue, and porcine left ventricle using 0.3%
a-amylase per dry dECM in slightly acidic environment in 0.22 M
NaH,PO4 at pH 5.4 [31]. The digestive suspension was agitated for 72 h
at RT and centrifuged, after which the pellet was extracted with 0.2 M
acetic acid. The dECM that has been digested with a-amylase allowed for
the creation of stable foams and microcarriers through lyophilization
and rehydration [31]. In our study, we found that the oa-amylase
digestion of porcine liver dECM preserved the SGAG content better than
pepsin and papain digestion. However, the overall digestion efficiency
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Fig. 2. A schematic presentation of typical steps in the dECM solubilization to make the material ready for the bioink or bioresin formulation.

was lower, and the resulting gelation properties were impaired [28].
3.2. Chemical modification to yield photocrosslinkable dECM

After solubilizing the dECM, it can be directly used for extrusion
bioprinting, where gelation occurs through the physical process of
fibrillogenesis at physical conditions (37 °C and pH 7.4). However, when
the material is intended for use as a photocrosslinkable bioresin, the
dECM polymers are typically chemically functionalized with double
bond-containing moieties [32-34]. This modification allows for the
covalent crosslinking of the dECM using light, enhancing the strength of
the resulting hydrogels and improving their handling. To date, dECM
has primarily been functionalized with double bond-containing meth-
acryl groups. For example, Visser et al. [35] and Rothrauff et al. [36]
functionalized dECM derived from tendon-, cartilage-, and
meniscus-derived with methacrylic anhydride (MAAH) and then pho-
tocrosslinked them into hydrogels mixed with GelMA, albeit without
applying the material in 3D printing. Furthermore, MAAH has been used
by Ali et al. [37] to methacrylate kidney-derived dECM (259 wt-% of
MAAH to dECM, pH 8-9 for 2 d, degree of functionalization (DOF) 80%)
and by Kim et al. [38] to methacrylate porcine and skeletal muscle
tissue-derived dECM (34.5-103.5 wt-% of MAAH to dECM, pH 8-9 at
4 °C for 2 d, DOF 20-80%). Both groups formulated extrudable inks by
mixing the dECM methacrylamide with gelatin, hyaluronic acid, and
glycerol or with poly(vinyl alcohol). Similarly, Visscher et al. [34]
methacrylated porcine auricular cartilage dECM (207 wt-% of MAAH to
dECM, pH 8-9 at 4 °C for 2 d, DOF 71%) for extrusion bioprinting. As
additions to these extrudable bioinks, we have synthesized dECM
methacrylamide for multi-layer vat photopolymerization. This was
achieved by sequential adding of MAAH to rat liver dECM (31 wt-% of
MAAH to dECM, pH 9.7 at RT for 1 d, DOF 98%) [39] and porcine small
intestine (103 wt-% of MAAH to dECM, pH 9 at RT for 3 h, DOF 88%),
[32] resulting in biomaterial resins suitable for the vat
photopolymerization.

Beside methacrylic anhydride, Kiyotake et al. [33] used glycidyl
methacrylate (GMA) for functionalization of devitalized, solubilized
porcine articular cartilage. They applied GMA in a 20-molar excess to
ECM and allowed it to react at RT for 6 d. While MAAH functionalized
both amine and hydroxyl groups, resulting in the formation of meth-
acrylamides and methacrylates, respectively, GMA resulted in the for-
mation of only methacrylates. This different in functionalization led to
clear variations in material properties. The DOF with MAAH had an
impact on extrusion bioprinting. The lowest DOF (0.4 mmol/g) resulted
in the best printable ECM material, while higher DOFs led to nozzle
clogging during bioprinting. The ECM with the highest DOF (1.1
mmol/g) was not printable because of its high viscosity. More recently,
they functionalized devitalized cartilage ECM using pentenoic anhy-
dride to achieve faster photocrosslinking through thiol-ene click chem-
istry compared to their methacrylated ECM [40].

3.3. Sterilization or disinfection of tissue dECM

Ensuring the reliable and effective sterilization or disinfection of
dECM is crucial when translating bioprinted dECM to clinical practice

and using it as in vitro cell culture material. Unlike biomaterial scaffolds
or medical devices that can be sterilized just before use or storage,
dECM-based inks and resins should be decontaminated before they are
mixed with cells [41]. The decontamination process should effectively
sanitize bioinks while causing minimal damage, as the regenerative
properties of dECM may be compromised by potential biochemical,
biomechanical, or structural changes [5]. The general mechanism of
most sterilization and disinfections methods involves denaturating
proteins and altering nucleobases in microbial contaminants, which may
also affect the dECM components. Table 1 provides an overview of the
sterilization and disinfection methods that have been applied to dECM
or dECM components, along with their respective advantages and dis-
advantages in bioink and bioresin development. In current literature,
the most commonly used method involves immersing of dECM in per-
acetic acid solution, which is convenient as it does not require special
equipment. However, it is crucial to thoroughly wash out the peracetic
acid from the dECM by consecutive dialysis in sterile water to eliminate
any toxic compounds from the material. In our experience, disinfection
of chopped lyophilized dECM using ultraviolet (UV) light is a straight-
forward method that successfully prevents bacterial growth in cell cul-
ture experiments.

4. Bioprinting techniques and gelation methods of solubilized
tissue dECM

3D printing has evolved from 2D inkjet and laser printing techniques
into layer-by-layer processes that enable the fabrication of predefined
3D constructs. The journey from the introduction of stereolithography
(SLA) as the first commercial 3D printing technique in 1986 [50] to the
early attempts to print cells with modified inkjet printers [51] took
nearly two decades. Since 2003, various bioprinting techniques,
including extrusion- and photocrosslinking-based bioprinting methods,
have been used to create a wide range of cell-laden bioinks, and
increasingly, solubilized dECM materials have been involved [5].
Extrusion 3D printing has emerged as a prominent technique in dECM
bioprinting, primarily because it allows for the use of solubilized dECM
without the need for any chemical modifications. In extrusion printing,
dECM bioink is extruded through a nozzle onto a platform or supporting
media using mechanical or pneumatical force. The bioink can then be
crosslinked thermally or, if additional materials are mixed with dECM,
through ionic interactions or exposure to light. Solubilized dECM from
various sources, such as cartilage, heart, adipose, and skin tissue, has
been extensively utilized for bioprinting [34,52,53]. Bioinks made solely
from dECM without additives or chemical modification rely on the
thermosensitive physical gel formation of neutral dECM solution at
elevated temperatures. This allows extrusion of the bioink at RT through
a nozzle onto a heated printing platform. At 37 °C, the hydrogel for-
mation is induced by collagen fibrillogenesis. During this entropy-driven
self-assembly process, collagen begins to lose water and aggregates,
burying the hydrophobic residues within the fibrils, leading to gel for-
mation [54].

While the extrusion printing remains the primary technique for
dECM bioprinting, there is a growing interest in alternative methods that
offer improved printing precision and more stable dECM constructs. One
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Table 1

Sterilization and disinfection techniques for solubilized dECM powders or hydrated dECM preparations thereof.

Refs.

Disadvantages

Advantages

Sterilization technique

[42]

High cost. Induces crosslinking and/or chain scission. Potential changes in rheological

properties. Not broadly accessible.

Non-thermal, quick effect, and nontoxic. Excellent penetration in biomaterials.

Gamma irradiation

Irradiation

[43]

Denatures proteins at high doses. Poor penetration.

Easy, cost-effective, simple safety requirements, and applicable in routine laboratory

work.

UV irradiation

[44]

Causes degradation or chemical changes leading to reduced viscosity and mechanical

properties.

Simple, fast, and low-cost. No toxic residues. Broadly accessible.

Autoclaving (saturated

steam)

Steam

[44]

Only for digested dECM and not efficient for high molecular weight polymers/

Simple, safe, fast, and non-thermal. No toxic residues and cost-effective. Broadly

accessible.

Sterile filtration (< 0.22

pm membrane)

Filtration

components. Causes reduction in rheological properties and a major loss of material.
Oxidative and acidic residuals left in dECM that require careful purification.

[28,

Easy, efficient, and cost-effective.

Peracetic acid (0.05-0.5

%)

Wet

45-47]

chemical

[48]

Ineffective in killing all microorganisms.

Easy, simple safety requirements, and broadly accessible.

Ethanol (60 % —80 %)

[43,44]

High safety requirements and high cost. Toxic, flammable, and carcinogenic gas. Long

aeration cycle is necessary.

Applicable to heat and moisture-sensitive biomaterials. Efficient microorganism

inactivation and good penetration in materials.

Ethylene oxide (EtO)

Gas

treatment

[43,49]

Under mild operating conditions (e.g., low temperature and pressure) does not promote
complete bacterial spore inactivation. Not applicable to routine laboratory work.

Applicable to heat and moisture-sensitive biomaterials. Green and sustainable

Supercritical carbon
dioxide (scCO3)

technique. High penetration properties. Nontoxic, non-flammable, and non-reactive.
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such method is vat photopolymerization, a 3D printing technique that
creates of dECM 3D constructs by photocrosslinking a liquid
photoinitiator-containing resin into well-defined geometries [7]. This
process can be achieved using a computer-controlled laser beam in SLA
or a projector in digital light processing (DLP) or a liquid crystal display
(LCD) for photocrosslinking subsequent resin layers [7]. Vat photo-
polymerization offers several advantages, including higher resolution
compared to extrusion printing. The resolution is primarily limited by
the laser width or the pixel size, being as good as tens of micrometers,
rather than the size of a printing head or the printing speed and pressure.
Additionally, the material waste is often minimized, as in a typical
bottom-up vat photopolymerization printer, all the resin can be used
until the last drop. However, unlike extrusion printing, which relies on
the thermosensitive gelation of a dECM hydrogel, vat photo-
polymerization requires either free-radical-initiated photocrosslinking
of double bond-containing, functionalized dECM [32,39,55-57] or
ruthenium-initiated photocrosslinking of unfunctionalized dECM [58].
Therefore, additional chemical modification of the dECM and/or use of
photoinitiating compounds is necessary for the covalent crosslinking of
the hydrogels. In the photopolymerization process, the photoinitiator,
when used, absorbs light in either the UV or visible light range,
becoming excited into a high-energy radical state. These radicals then
react with the functionalized dECM polymers, initiating the crosslinking
[32]. In the case of ruthenium chemistry, the tyrosine side groups of
dECM are oxidized and converted into radicals, which are quenched
through the formation of intermolecular covalent dityrosine bonds [58].
Careful consideration must be given to the amount of the photoinitiating
compound used, as high concentrations of the resulting radicals may
negatively impact cell viability.

Beside physical or covalent crosslinking of dECM inks and resins,
dECM can mixed with other polymers, such as alginate and GelMA, and
crosslinked via material-specific techniques. When mixed with GelMA
and photoinitiator, the dECM-containing material can be photo-
crosslinked, either after extrusion [59,60] or during vat photo-
polymerization [19]. Alginate, on the other hand, is ionically
crosslinkable biopolymer that is commonly used in bioprinting because
of its favorable rheological properties. The alginate/dECM composite
can be rapidly crosslinked by adding divalent cations, such as Ca®, to
the material [61]. This provides easy control over the crosslinking
properties of the bioink.

5. Formulation of tissue dECM-derived bioinks and bioresins
5.1. Bioink and bioresin formulation and cell embedding

To formulate a dECM bioink or bioresin for use in extrusion-based
printing techniques or vat photopolymerization, the digested dECM is
initially dissolved in a basic or acidic solution and then neutralized
before being mixed with cells. It is essential to use the bioink or bioresin
immediately after adding the cells to minimize the time the cells spend
outside the standard cell culture conditions. The density of cells in dECM
bioinks typically ranges from 1 to 50 million cells per milliliter. While
the physicochemical properties of cell-laden dECM bioinks have been
extensively characterized, there has not been a proper correlation be-
tween these properties and cell density. However, as cells occupy a
certain volume in the bioink and potentially create physical hindrance
between polymer chains, their density can influence factors such as
rheological and crosslinking properties [62]. Moreover, cells transform a
bioink into a composite material that may behave as a colloidal system
and exhibit enhanced shear-thinning behavior [63]. In some cases, high
cell densities, up to 100 million cells per milliliter, have been found to
slightly increase the viscosity of collagen-based bioinks and reduce both
the gelation rate and resulting storage modulus compared to their
acellular counterparts [64]. Additionally, the line width of extruded
hydrogels has been observed to decrease with the addition of cells,
underscoring the importance of cell density for bioink properties. To



L. Elomaa et al.

prevent potential cell sedimentation and ensure a homogeneous cell
distribution during lengthy bioprinting process for clinically relevant
applications, careful adjustments of material viscosities are necessary.
This can be achieved by altering the dECM concentration or blending
dECM with other polymers [61].

5.2. Adjusting the crosslinking density and viscosity

When it comes to bioprinting materials containing living cells, the
ideal bioink or bioresin should prioritize both high cell viability and
excellent shape fidelity. The range of ideal bioprinting conditions that
simultaneously optimize cell viability and printing resolution is referred
to as ,,bioprinting window* [65]. However, these two requirements can
be often contradictory, as soft hydrogels that are preferred for good cell
viability can be prone to deformation, resulting in decreased shape fi-
delity [63]. Increasing the stiffness of the hydrogel by using a higher
dECM concentration can lead to reduced cell viability, [66] as the
increased crosslinking density reduces the mesh size and consequently
the free space available for cell proliferation and migration. For
example, in a study by Ahn et al., [66] increasing the concentration of
porcine skin-derived dECM in the bioink from 1.5 - 2% to 2.5%
improved the resolution of the extrusion bioprinting but significantly
decreased the viability of mouse NIH3T3 fibroblasts. This highlights the
importance of selecting an appropriate dECM concentration, as it
strongly influences the key characteristics of a bioprinting material, i.e.,
the viscosity and crosslinking density.

In extrusion bioprinting, the initial viscosity of the bioink has to be
low enough to allow smooth flow through the extrusion head without
blockages and to protect the cells from excessive shear stress. After
deposition, the bioink should ideally increase its viscosity or solidify to
ensure good shape fidelity. Therefore, dECM bioinks with fast cross-
linking kinetics or shear-thinning behavior are favorable [65].
Shape-fidelity of low-viscosity dECM bioinks and bioresins can also be
improved by printing the material into a supporting bath [67] or by
extruding it in combination with ionically crosslinking alginate through
a co-axial needle along with an ionic solution [68]. Alternatively, the
hydrogel can photocrosslinked in situ while photocrosslinkable material
is being deposited [69]. Similar to extrusion printing, vat photo-
polymerization requires the free flow of the dECM bioresin before
photocrosslinking, allowing efficient removal of non-crosslinked mate-
rial from a freshly crosslinked layer to prevent over-crosslinking.

The viscosity of dECM-based bioinks and bioresins depends not only
on the dECM concentration but also on the enzymatic digestion time of
the dECM [70]. In the early stages of digestion, dECM forms a highly
viscous slurry, which gradually decreases in viscosity as more proteins
are cleaved [71]. This reduction in viscosity can improve the material
flow, but it may come with the cost of cell-compatibility of the resulting
hydrogels, as has been reported by Pouliot et al. [27]. In their study, 12 h
digestion time of porcine lung dECM resulted in the optimal balance
between physical properties and compatibility of the hydrogels with
seeded cells. Similarly, in another study by Zhao et al., [71] a longer
digestion time for tendon dECM led to lower viscosity, which in extru-
sion printing impaired the stacking precision of the bioink. Interestingly,
the viability of rat bone marrow mesenchymal stem cells bioprinted in
the hydrogels was higher in the hydrogels with lower viscosity
compared to those with higher viscosity. The optimal digestion time and
viscosity requirements vary based on the particular 3D printing tech-
nique in use and whether cells are seeded onto the hydrogels or bio-
printed within them. It is important to note that the progress of digestion
depends on various parameters, including the type and activity of the
enzyme, the ratio of enzyme to substrate, pH, agitation speed, and the
size of the initial dECM pieces. Because of these variations, the results
from different studies may not be directly comparable in terms of
digestion time.
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5.3. Photoinitiators in dECM resins

In vat photopolymerization, dECM hydrogels are created through
photocrosslinking, while in extrusion printing, photocrosslinking can be
applied as an optional step after extrusion. Typically 3D printers apply
UV-A light (320-400 nm) or visible light, which are both less harmful to
the cells compared to higher-energy light with lower wavelengths [72].
The potential harm to encapsulated cells is not primarily from direct
light radiation but rather from the high-energy radicals produced during
the photocrosslinking. These radicals can lead to oxidative damage to
cellular components, particularly DNA [73]. When photoinitiators are
used, they must be nontoxic to the encapsulated cells. The cytotoxicity of
photoinitiators depends on factors such as their hydrophobicity and the
concentration of free radicals they generate. Therefore, selecting the
right photoinitiator and controlling its concentration can generally
improve cell viability during the bioprinting.

In dECM-based bioresins, three main photoinitiators are commonly
used, including Irgacure 2959, [37] lithium phenyl-2,4,
6-trimethylbenzoylphosphinate (LAP) [19,39,48,52], and riboflavin
(vitamin Bp) [41]. Irgacure 2959 is widely used due to its
water-solubility and low cytotoxicity, making it compatible with various
cell lines and concentrations [74]. It absorbs light most efficiently be-
tween 280 and 320 nm but remains sensitive to light up to the end of the
UV spectrum [75]. LAP was developed as a water-soluble photoinitiator
with a second absorption peak closer to 400 nm, allowing for cross-
linking with visible light [74]. The cell viability using LAP at the con-
centration of 0.9% has been significantly higher compared to that using
Irgacure 2959 after extended bioprinting time [74]. Riboflavin, at a
concentration of 0.02 %, has been used for crosslinking dECM constructs
with high cell viability [41]. It initiates a photochemical reaction
involving active oxygen radicals that promote collagen crosslinking, a
concept previously used in dentistry and eye treatments [76]. In addi-
tion to these radical-forming photoinitiators, ruthenium complexes have
been used for covalent crosslinking of dECM. In the presence of visible
light and the electron acceptor sodium persulfate (SPS), the system fa-
cilitates the conversion of Ru*" to Ru®*, which then oxidizes tyrosine
groups in collagen and other proteins, generating tyrosyl free radicals
[58]. This approach at the concentration of 0.2/2 x 10~ M for Ru/SPS
has demonstrated the potential for dECM bioprinting, with up to 80%
cell viability observed for cardiomyocytes in bioprinted heart dECM
[58].

6. Characterization of dECM bioinks and bioresins and
bioprinted hydrogels

6.1. Structural and compositional characterization

In the quest for reproducible dECM-based bioinks and bioresins, it is
advisable to pool tissue from multiple source animals or patients for the
ECM decellularization. This approach helps mitigate biological vari-
ability and ensures an adequate supply of material for bioprinting
multiple tissue constructs of clinically relevant sizes. Characterizing
digested dECM bioprinting materials typically involves several analyt-
ical techniques that help monitoring and standardizing these materials.
Immunohistochemical staining allows for the visual detection of
collagen and elastin, providing insights into the presence of these ECM
proteins [16,19,77]. The amount of collagen can be quantitatively
assessed using methods like the chloramine-T hydroxyproline assay.
Sulfated GAGs in dECM can be quantified through assays such as the
dimethylmethylene blue assay [78]. To evaluate the potential bioac-
tivity of dECM, the remaining growth factors can be quantified using
enzyme-linked immunosorbent assay (ELISA)-based growth factor ar-
rays [32,37]. The proteomics of native and decellularized ECM can be
studied in more detail using liquid chromatography coupled with tan-
dem mass spectrometry (LC-MS/MS). This technique provides extensive
compositional data, revealing the presence of specific proteins, such as
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collagen, elastin, laminin, and fibronectin in digested dECM [4,32].

To understand how a specific digestion protocol affects the molec-
ular weight of the resulting macromolecules, SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) that separates denatured protein fragments
by size can be applied [32]. For example, it has been shown using
SDS-PAGE that prolonged dECM fragmentation could lead to a
decreased relative amount of trimeric collagen and an increased amount
of monomeric collagen [27]. Furthermore, the secondary structure of
collagen within dECM digests can be studied using Fourier-transform
infrared spectroscopy (FTIR) [16]. This method involves comparing
FTIR spectra at different stages of processing to uncover any potential
changes in collagen‘s conformation. Collagen has a distinct fingerprint
absorption represented by specific bands at wave numbers of 1654,
1548, and 1238 cm_l, while an absorption band at 1048 em™! can
suggest the presence of GAGs in the dECM [16]. Additionally,
FTIR-spectroscopy can be used to track the successful removal of toxic
SDS residues after decellularization [70]. To further explore the pro-
tein‘s structure, circular dichroism (CD) spectroscopy can be employed.
This technique helps characterize both the secondary and tertiary
structure of collagen and is capable of detecting potential conforma-
tional changes in dECM [67].

In addition to the methods mentioned above, proton nuclear mag-
netic resonance (‘H NMR) can be used to assess the DOF in photo-
crosslinkable dECM. The conversion of free primary amine groups to
methacrylamide groups can be analyzed following the peak at 2.9 ppm
in a 'H NMR spectrum assigned to terminal methylene groups in the
lysine side chains in dECM [32,33]. The functionalization can also be
measured quantitatively using a colorimetric 2,4,6-trinitrobenzene sul-
fonic acid (TNBS) assay. This assay relies on a reaction between the free
lysine amine groups and TNBS, resulting in a colored compound, which
can be measured using a UV-Vis spectrometer at the 346 nm absorbance
[32,33]. Furthermore, the conversion of primary amines and hydroxyl
groups into methacrylamides and methacrylates, respectively, can be
quantified using the 'H NMR by comparing the signals of protons from
methacrylamides (around 5.4 —5.7 ppm) and protons of methacrylates
(around 5.8-6.0 ppm) to an internal standard, as shown by Kiyotake
et al. [33].

6.2. Rheological properties

The key characteristics of dECM-based inks and resins for 3D printing
are their rheological properties and gelation kinetics. These properties
are crucial because they impact the printing speed and resolution and
the shape fidelity and cell viability. The viscosity and viscoelastic
properties of dECM both prior to and during the crosslinking can be
assessed using a rotating and oscillating rheometer. This approach helps
adjusting the material for homogeneous cell encapsulation and bio-
printing [16,32,70]. The shear-thinning behavior of dECM bioink,
which is an advantageous trait for extrusion-based 3D bioprinting, can
be detected as consistent reduction in shear viscosity as the shear rate
increases and is caused by progressive macromolecule alignment [65].
Additionally, various other rheological attributes, including flow initi-
ation, post-printing recovery time, and the presence of yield stress, are
known to influence the shape fidelity of various bioinks [79-81].
Investigating these properties for dECM-based bioinks and bioresins
could offer valuable insights for optimizing these materials for bio-
printing applications.

The gelation process of physical dECM hydrogels, which relies on
collagen fibrillogenesis, can be monitored turbidimetrically by
observing the increasing light scattering of the diluted dECM solution
[16]. Additionally, the gelation can be tracked in real-time using a
rheometer, where the loss modulus decreases and the storage modulus
increases as the temperature is raised to 37 °C [70]. While physically
crosslinked dECM constructs form relatively soft hydrogels, chemical
photocrosslinking strengthens the material by increasing the cross-
linking density. The photocrosslinking kinetics of a dECM resin
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significantly depends on factors like polymer concentration and can be
studied by using a rheometer combined with an in situ photocrosslinking
light source [32]. In this method, a small amount of resin is positioned
between the rheometer plates, and while exposing the material to UV or
visible light, the elastic and viscous modulus are measured. The pro-
gression of resin crosslinking into a hydrogel is then detected as a
decreasing loss modulus and an increasing storage modulus [32].

6.3. 3D printing properties of the dECM materials

In addition to understanding the biochemical composition and
rheological and mechanical properties of dECM materials, it is crucial to
thoroughly investigate how these materials behave within a 3D printer.
In particular, for extrusion printing, factors like the width and height of
the extruded lines, which determine the printing resolution, are crucial.
These line dimensions are influenced by various factors, such as the size,
speed, and pressure of the extrusion head, as well as viscosity of the
bioink [16,71]. Typically, as the size and pressure of the extrusion head
increase, the line with also increases, reducing the resolution. This can
be inspected visually [37]. Furthermore, it is important to assess phe-
nomena like the collapse of a dECM filament and the fusion of adjacent
filaments after extrusion, as previously done for other types of (bio)inks
[82]. Interestingly, the shape of the extrusion nozzle is known to impact
cell survival during bioprinting. For example, a tapered nozzle has been
found to allow for the extrusion of dECM bioink at significantly lower
pressure compared to a cylindrical needle of the same size, thereby
generating less shear stress on the cells [71]. To gain a deeper under-
standing of the materials’ behavior during bioprinting, its shear stress
profile can be mapped using computational fluid dynamics simulation
and experimental rheological data [61]. This helps in evaluating the
stress experienced by cells during the bioprinting. Furthermore, cell
viability under different shear stress conditions and potential cell sedi-
mentation can be assessed through fluorescent live/dead cell staining
and subsequent microscopy imaging throughout the entire thickness of a
bioprinted dECM hydrogel. The sedimentation coefficient can be further
quantified based on cell density in different regions of the material [61].

Table 2 provides a summary of commonly used characterization
methods for evaluating dECM bioprinting materials and hydrogels.
These methods are invaluable for standardizing dECM materials, as they
allow for a comprehensive examination of how various processing steps
influence material properties.

7. Extrusion printed tissue dECM constructs
7.1. Cardiovascular and muscle tissue constructs

Bioprinted dECM constructs have gained increasing attention in
regenerative medicine and as in vitro tissue models. The use of dECM in
bioprinting can be tracked back to the pioneering work of Professor
Dong-Woo Cho at Pohang University in South Korea. In 2014, Pati et al.
[86] introduced three bioinks formulated with 3% dECM from various
sources, each containing 1-5 x 10° cells/mL. These bioinks included one
with solubilized porcine heart dECM and rat myoblasts, another with
human adipose dECM and human adipose-derived stem cells, and a third
with porcine cartilage dECM and human inferior turbinate
tissue-derived mesenchymal stromal cells. An custom-built 3D printer
equipped with two syringe holders was employed to bioprint these
cell-laden dECM bioinks at 15 °C, potentially with the polycaprolactone
(PCL) support material. The simultaneous printing of a mechanically
robust support structure addressed the challenge posed by the low
intrinsic stiffness and physical stability of dECM hydrogels. This
approach enabled the bioprinting of multilayered non-supported soft
heart tissue constructs, PCL-supported hard cartilage tissue, and adipose
tissue constructs (Fig. 3A). Within 14 days of cell culture, myoblasts
enhanced their functionality in the heart dECM hydrogels and adipose
and cartilage cells increased adipogenic and chondrogenic
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Table 2
Summary of techniques used for characterization and standardization of dECM-
based inks and resins.

Target Characterization Information Refs.
method
Biochemical Collagen and elastin ~ Content of specific [16,19,
composition assay ECM components 32,66,71,
771
GAGs assay [4,16,19,
32,71,
771.
Growth factor assay [32,37]
Chemical SDS-PAGE Qualitative molecular [32]
composition mass distribution
Mass spectroscopy Proteomics [4,30,32,
70]
FTIR Primary and secondary [16,70,
structure of proteins 71,771
CD spectroscopy Secondary structure of [32]
proteins
DsC Denaturation of [16]
proteins
1H NMR/ TNBS Degree of [32-34,
assay methacrylation 37,38]
Nanostructure SEM Topography [16,19,
32,70,771
AFM Topography, fiber [28]
structure
Rheological, Turbidimetry Gelation kinetics [16]
mechanical, and Rheology Viscosity, stiffness [16,19,
swelling 61,70,71]
properties Mechanical Stiffness, strength, [16,19,
analyzer elasticity 77]
AFM (indentation Surface stiffness [32]
via contact mode)
Swelling ratio Water absorption/ [16,19,

permeability 32,771

Degradation study Enzymatic mass loss [19,30,
32]
3D printing Optical microscopy Line/filament [16,37,
properties dimensions 66,71]
Optical Shape fidelity [16,19,
visualization 30,371
Weight Mass flow rate vs. [71]
measurements pressure
Photo-rheology Photocrosslinking [32]
kinetics
Computational fluid Shear stress simulation [61]
dynamics
Fluorescence Cell sedimentation [61]
microscopy
Biological Cell culture studies Cell viability and [4,16,19,
properties proliferation, material 32,61,71,
toxicity 77]
In vivo experiments Biocompatibility [30,77,
83-85]

differentiation in the respective dECM constructs. In 2017, Jang et al.
[41] formulated a bioink based on solubilized porcine heart dECM for
bioprinting heart patches aimed at myocardial tissue repair (Fig. 3B).
This bioink, consisting of 2% heart dECM solution mixed with human
cardiac progenitor cells and/or human mesenchymal stem cells (5 x 10°
cells/mL in total), vascular endothelial growth factor (10 pL/mL), and
vitamin B2 (0.02%) as a photocrosslinker, was bioprinted on PCL sup-
port layers. Each layer was crosslinked with UV light. The bioprinted
heart patches promoted vascularization and reduced cardiac fibrosis
when implanted in vivo [41].

An alternative strategy for supporting the physically crosslinked
dECM hydrogel, instead of printing a separate support structure, in-
volves blending dECM with a supportive hydrogel material, such as
alginate, methacrylated hyaluronic acid (HA-MA), or GelMA to enhance
the printability and increase the stiffness [19,60,61]. Basara et al. [60]
bioprinted cardiac constructs using a bioink comprising human
myocardium-derived dECM (1 mg/mL) mixed either with GelMA (10%)
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and human induced pluripotent stem cell (iPSC)-derived car-
diomyocytes (20x10° cells/mL) or with GelMA (10%), HA-MA (1%),
and human cardiac fibroblasts (1 x 10° cellsymL). The addition of
HA-MA significantly increased hydrogel stiffness, enabling the in vitro
modeling of a myocardial infarct boundary. The softer HA-MA-free gel
mimicked healthy tissue, while the stiffer HA-MA-containing gel
emulated scar tissue. These constructs successfully exhibited heart
tissue-like beating [60].

Choi et al. [67] formulated bioinks from porcine muscle dECM (1%)
and porcine aorta dECM (3%) for the purpose of volumetric muscle
reconstruction with prevascularized tissue. Their study involved the
fabrication of three different muscle-derived dECM constructs, all of the
same size, each containing human skeletal muscle cells (hSKMs). These
constructs included undigested dECM scaffolds reseeded with cells,
cell-laden dECM hydrogels (2 x 107 cells/mL) loaded within a PCL
anchoring scaffold, and bioprinted cell-laden dECM hydrogels (2 x 107
cells/mL). In a rat model of volumetric muscle loss, the bioprinted
constructs exhibited superior myotube formation and de novo myofiber
regeneration compared to the other samples. Furthermore, in an effort to
create prevascularized muscle constructs, a coaxial printing nozzle was
used, as depicted in Fig. 3C. In this setup, the aortal dECM mixed with
human umbilical vascular endothelial cells (HUVECs) was deposited in
the outer shell of the syringe, while the muscle dECM mixed with hSKMs
occupied the inner core. Remarkably, the resulting bioprinted multi-
cellular core-shell constructs exhibited enhanced muscle formation and
vascularization in a muscle injury model when compared to bioprinted
constructs composed of a mixture (1:1) of muscle and aortal bioinks.

7.2. Gastrointestinal and urinary tissue constructs

In addition to cardiac and muscle dECM, liver dECM has been widely
used for bioprinting tissue constructs. In 2017, Lee et al. [87] used
porcine liver dECM to replicate liver-specific functions. They formulated
aqueous porcine dECM bioinks (1.5%) containing human hepatocellular
carcinoma (HepG2) cells or human bone marrow-derived mesenchymal
stem cells (5 x 10° cells/mL) and used them to create cell-laden con-
structs, as depicted in Fig. 4A. These constructs were bioprinted using a
custom-built hybrid bioprinter. During a 7-day cell culture period of the
liver dECM constructs, mesenchymal stem cells differentiated towards
hepatic cells, and HepG2 cells exhibited albumin and urea secretion. In
2018, Hiller et al. [88]. bioprinted liver tissue constructs by employing a
bioink containing human lung dECM (0-0.2%) derived from a rejected
lung transplant, along with alginate (2%), gelatin (3%), 0.03 M CaSOy,
and human bipotent hepatic progenitor cells (HepaRG®, 7 x 10°
cells/mL). Since human tissue is often in limited supply, except for fat
tissue obtained from liposuction, it is frequently blended as a bioactive
component with more readily available materials such as alginate and
gelatin. The human dECM-containing tissue constructs were bioprinted
using a commercial micro-extrusion printer (INKREDIBLE+™, CEL-
LINK) with a 22G needle at 10-20 kPa. Before bioprinting, the alginate
in the bioink was initially crosslinked with CaSO4 for 8 min. After bio-
printing, the constructs were further solidified in a 0.1 M CacCl; solution
for 5 min. Over a 7-day cell culture period, the cells within the constructs
continued to exhibit liver-specific albumin secretion, indicating their
potential as liver models. Moreover, these bioprinted constructs served
as proof-of-concept humanized adenoviral replication models, demon-
strating their suitability for virus replication by showing an increase in
the number of infectious particles and adenoviral hexon DNA.

Beside liver tissue constructs, bioprinting has also been applied to
create constructs from other internal organs. In 2019, Kim et al. [89]
cultured human primary islets (3000 islet equivalents/mL) in a 2%
bioink derived from human pancreas dECM collected from a deceased
donor. In a 5-day cell culture study, the islets in the dECM secreted more
insulin compared to islets in alginate and collagen inks. Furthermore,
when islets were co-cultured with HUVECs (1 x 10° cells/mL) in a 1%
pancreas dECM bioink for 5 d, they exhibited less central necrosis and
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Fig. 3. Extrusion printing of (A) non-supported hydrogels using porcine heart dECM bioink and PCL-supported hydrogels of porcine cartilage and human adipose
dECM bioink, [86]. (B) PCL-supported multi-material heart patches of human cardiac progenitor- and mesenchymal stem cell-containing porcine heart dECM bioinks,
[41] and (C) prevascularized muscle constructs of muscle cell-containing porcine muscle dECM and HUVEC-containing porcine aortal dECM bioinks using a coaxial
printing nozzle [67]. Reproduced with permission from (A) Springer Nature, and (B), (C) Elsevier.

increased insulin secretion compared to their homo-culture. Preliminary
extrusion bioprinting of rat islet-laden pancreas-derived dECM bioinks
(2,3%) into five-layer constructs shown in Fig. 4B resulted in similar cell
viability during a 5-day cell culture when compared to non-printed gels.
No mechanical damage to the cells was observed, which was attributed
to the optimized printing pressure (20 kPa) and inner nozzle diameter
(0.8 mm).

In contrast to chemically unmodified dECM, Ali et al. [37] used
methacrylated porcine kidney-derived dECM for extrusion bioprinting
of kidney tissue constructs. The solubilized dECM was first functional-
ized with methacrylic anhydride, resulting in dECM methacrylamide
(3%). This modified dECM was then mixed with gelatin (3%), hyal-
uronic acid (0.3%), glycerol (10%), human primary kidney cells (1 x
107 cells/mL), and 0.5% of Irgacure 2959 photoinitiator. Renal con-
structs (6 x 6 x 12 mm [3]) were bioprinted with an extrusion bio-
printer and subsequently photocrosslinked with UV light for 120 s
(Fig. 4C). The encapsulated kidney cells retained their kidney-specific
phenotype, forming tubular and glomerular structures. Moreover, cell
growth was increased compared to control GelMA gels, and hydrolase
activity that is essential for amino acid transfer in the kidney was
significantly higher in the bioprinted constructs compared to the GelMA
constructs.

7.3. Cartilage tissue constructs

Beside soft tissue applications, bioprinting tissue constructs using
cartilage-derived dECM has been explored. Jia et al. [30] decellularized
and solubilized porcine auricular cartilage and then functionalized it
with methacrylic anhydride to create dECM-MA. The dECM-MA was
mixed with GelMa (5% each in cell culture medium), LAP photoinitiator
(0.25 %), and sacrificial poly(ethylene oxide) porogen (1%, 300 kDa).
This emulsion was combined with rabbit chondrocytes (20 x 10°
cellsymL) and bioprinted into an ear replicate using a multi-syringe
3D-Bioplotter from EnvisionTEC. For alternating layer printing, the
cell-laden bioink was extruded at 20 °C, and another high-temperature
nozzle was used to fuse-deposit PCL at 65 °C. Each layer was cross-
linked with blue light for 10 s. When implanted in nude mice, histology
revealed the presence of a cartilage-specific ECM. The porosity of the
material, achieved by leaching out the porogen, facilitated the ECM
deposition and the formation of a lacunae structure. In contrast, the
tissue formed within non-porous hydrogels exhibited only a pericellular
matrix scattered in the hydrogel.

Furthermore, Behan et al. [90] used methacrylated solubilized
porcine articular cartilage for bioinks (1 or 2% w/v), mixed with gelatin
(3.5% w/v) and LAP (0.25% w/v) and loaded with bone marrow
mesenchymal stem cells (20 x 10° cells/mL). In the extruded 3D con-
structs, which were subsequently photocrosslinked using UV light, the
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Fig. 4. Extrusion-printed, non-supported hydrogels of (A) porcine liver dECM containing human hepatocellular carcinoma (HepGs,) cells or human bone marrow-
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cells exhibited chondrogenesis and generated tissue rich in sulphated
glycosaminoglycans and collagens. Additionally, Zhang et al. [91]
employed extrusion printing to create ear-shaped cartilage constructs
using a 3D Discovery™ printer from Regenhu. Their bioink consisted of
goat articular cartilage dECM (0-3%), silk fibroin (SF, 0-7.5 %), PEG
(40%, 400 Da), and bone marrow mesenchymal stem cells (1 x 107
cellsymL). The addition of silk fibroin self-assembled p-sheets,
enhancing the mechanical stability of the dECM bioink. Cells encapsu-
lated in dECM/SF constructs exhibited a higher mRNA expression level
of the cartilage-specific marker gene SOX-9 compared to the neat SF
constructs, indicating tissue-specific functionality of the cartilage dECM.

7.4. Other dECM constructs

In addition to the current main application fields, bioprinting has
been explored for various other tissue constructs. Kim et al. [45] re-
ported on bioprinting vascularized skin patches using porcine
skin-derived dECM inks (1.5%) mixed with human adipose-derived stem
cells and human endothelial progenitor cells (2.5 x 10° cells /mL for
each). Thin dECM patches were printed with an in-house-built extrusion
printer. The resulting in vitro vascularized cell-laden patches were
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implanted at a dorsal skin wound of 8-week-old male BALB/cA-nu/nu
immunodeficient mice. After four days, the study showed enhanced
wound closure and neovascularization compared to acellular skin
patches. Furthermore, Kim et al. [92] bioprinted cornea grafts using
bovine cornea-derived dECM (0.5-2.0%) mixed with human
turbinate-derived mesenchymal stem cells (hTMSCs, 1 x 10° cells/mL).
In vitro, they observed keratocytic differentiation of the encapsulated
cells only in the dECM samples, not in the collagen control samples.
When implanted in a rabbit corneal pocket, the dECM gels exhibited
significantly less immune cell infiltration compared to collagen control
samples at day 14 and 28, indicating better immunotolerance of the
bovine dECM-based grafts. Interestingly, the dECM gels were more
transparent than collagen gels, which was attributed to their thinner
fibers resulting from electrostatic forces caused by charged pro-
teoglycans in the dECM.

As an example of further tissue types, Bashiri et al. [77] printed
testicular hydrogel constructs using a 3DPL® bioprinter with a bioma-
terial ink containing 6% gelatin, 6% alginate, and 0-5% testicular
dECM. The addition of dECM induced uneven, valley-like surfaces on the
hydrogels, and consequently, the attachment of mice spermatogonial
stem cells increased with the dECM concentration. However, the
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number of cells attached to the dECM-containing scaffolds after 7 and 30
days of subcutaneous transplantation in mice did not differ from the
dECM-free control scaffolds. Recently, Chu et al. [59] formulated
Schwann cell-laden microgels (1 x 107 cells/mL) using porcine nervous
tissue dECM and embedded them in HUVEC-laden GelMA (8% w/v).
This composite bioink, filled halfway with the dECM microgels, was
pre-gelated at 20 °C and bioprinted using a 3D Bioplotter extrusion
printer from EnvisionTEC. The presence of LAP (0.6% w/v) allowed
additional photocrosslinking of the final 3D constructs. Compared to
directly mixing the cells in GelMA hydrogels, using dECM microgels
provided the neuronal cells with a native-like microenvironment and
protected them from shear stress during extrusion, thereby increasing
their viability.

Furthermore, several groups have explored the use of bioprinted
dECM in tumor models. Chen et al. [93]. bioprinted a tumor model using
porcine fat-derived dECM mixed with GelMA (1:1) and MFC-7 breast
cancer cells (1 x 10° cells/mL) with an extrusion-based Allevi2™ bio-
printer. This model was employed for drug-loaded nanoparticle uptake
studies. The inclusion of dECM in the bioink allowed fort the simulation
of the native ECM barrier in a tumor, a critical factor hindering nano-
particle penetration and reducing drug targeting efficacy. Kort-Mascort
et al. [94] bioprinted head and neck tumor models using a GeSiM Bio-
scaffolder™ 3.1 extrusion printer and bioink comprising porcine
tong-derived dECM mixed with alginate, gelatin, and immortalized
human squamous carcinoma cells. The resulting 3D hydrogels facilitated
the reorganization of cells into tumor spheroids with high viability. Due
to the improved representation of native tumor conditions, the efficacy
of cancer drugs reduced compared to conventional 2D cell monolayers,
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leading to more reliable results. In both of these studies above, the in-
clusion of dECM in the hydrogels enhanced the physiological relevancy
of the tumor models, making them more valuable for research purposes.

8. Vat photopolymerized tissue dECM constructs
8.1. Liver dECM constructs

Unlike extrusion bioprinting, which is currently the primary tech-
nique for dECM bioprinting, vat photopolymerization often allows for
higher resolution dECM bioprinting. Ma et al. [52] used a UV-based DLP
printer (365 nm) to photocrosslink thin (200 pm) one-layer patterns of
acellular and cellular resins made from unmodified porcine liver dECM
(5%) mixed with GelMA (5%) and LAP photoinitiator (0.6%) (Fig. 5A).
The inclusion of photocrosslinkable GelMA in the dECM bioink allowed
for easy adjustment of material stiffness by varying the light exposure
time (10, 20, or 40 s). These gels exhibited stiffness levels of 0.5 kPa
(softer than healthy liver tissue), 5 kPa (representative of healthy tis-
sue), and 15 kPa (mimicking cirrhotic tissue). On day 1, the viability of
encapsulated HepG2 cells (2.5 x 10° /mL) was consistent across all
crosslinked gels, regardless of their stiffness. However, on day 3 and 7,
the cell viability decreased significantly in the stiffest constructs
designed to mimic cirrhotic tissue. At the same time, migration of the
cells increased in these constructs. This observation highlights the
importance of considering the mechanical properties of bioprinted
dECM hydrogels, as they can significantly impact cellular behavior over
time.

In a similar approach, Mao et al. [19] used a UV-based DLP system to
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Fig. 5. UV-based DLP bioprinting of (A) immortalized human liver cancer cells-containing porcine liver dECM/GelMA bioink [52] and (B) human
hepatocytes-containing porcine liver dECM bioink [19]. (C) Visible light-based DLP printing of multilayered structures of acellular rat liver dECM meth-
acrylamide/PCL methacrylate resin [39]. Reproduced with permission from (A)-(C) Elsevier.
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bioprint thicker hydrogel constructs, as depicted in Fig. 5B. Their bio-
resin consisted of unmodified porcine liver dECM (3%), GelMA (10%),
LAP photoinitiator (0.5%), and human fibroblast-derived induced he-
patocytes (2.5-3 x 10° cells/mL). To initiate crosslinking, they exposed
the samples to UV light at 365 nm with a light intensity of 2.25 mW/cm
[2] for duration of 2.5 s. The inclusion of dECM in the bioink led to an
enhanced printing resolution compared to cell-laden neat GelMA
hydrogels. Furthermore, the dECM promoted the growth of the encap-
sulated hepatocytes and their ability to secrete albumin and urea ni-
trogen, demonstrating the beneficial effects of incorporating dECM into
the bioink.

While the constructs described above were fabricated using vat
photopolymerization, the dECM used in these experiments was chemi-
cally unmodified and therefore not part of the covalently crosslinked
hydrogel networks. More recently, our group developed an acellular
biomaterial ink consisting of methacrylated rat liver dECM (35%)
combined with PCL methacrylate (15%) in a diluent comprising form-
amide and ethyl lactate [39]. By using a visible light DLP printer (Titan
2, Kudo3D) and the LAP (2%) photoinitiator, both polymers in the ho-
mogenous formulation were crosslinked into a hybrid network, resulting
in the creation of soft yet highly crosslinked multilayered acellular
hydrogels (Fig. 5C).

8.2. Other dECM constructs

In addition to liver dECM, we have recently introduced a photo-
crosslinkable biomaterial resin based on small intestinal submucosa
(dSIS) for vat photopolymerization [32]. This resin was derived from
methacrylated solubilized dSIS (dSIS-MA, 1.5%) mixed with 1% LAP
photoinitiator, achieving the photocrosslinking kinetics suitable for use
with a visible light DLP printer (Titan 2, Kudo3D). The dECM resin was
used to 3D print hydrogels that mimicked villi structures found on the
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luminal side of a native small intestine. Following the printing process,
human intestinal organoid-derived primary cells were seeded onto the
3D-printed villi-mimics. Over an 11-day cell culture study, the cells
exhibited steady proliferation on the 3D printed villi surface. Eventually,
the cells fully covered the surface, forming a mono-layered epithelium
replicate, as depicted in Fig. 6A.

In all the previously mentioned studies, photocrosslinking relied on
methacrylamide functionalization of dECM or GelMA. Recently, Kim
et al. [58] introduced an alternative approach by using the endogenous
tyrosine groups present in dECM for covalent crosslinking in the pres-
ence of the visible light-sensitive Ru/SPS system. They formulated sol-
ubilized porcine heart dECM (1%) in 10 M NaOH supplemented with
1/10 mM Ru/SPS and human bone marrow-derived mesenchymal stem
cells (5 x 10° cells/mL). The bioresin was photopolymerized into 3D
hydrogels using a LumenX DLP printer (CELLINK) (Fig. 6B). The cell
viability in the resulting hydrogels was over 82% after a 24 h cell culture
period, indicating good cytocompatibility of this ruthenium-containing
dECM bioresin.

9. Biofilm-derived dECM and prokaryotic cell bioprinting

Bacterial communities in biofilms, similar to mammalian cells in
tissue and organs, possess their unique ECM known as extracellular
polymeric substances (EPS). However, EPS differs from mammalian
ECM in terms of its composition and functions. The primary constituents
of EPS include exopolysaccharides, such as cellulose, hyaluronic acid,
alginate, curdlan, and dextran. Additionally, EPS comprises proteins,
extracellular DNA, lipids, lipopolysaccharides, and minerals. These
components collectively contribute to the biofilm’s ability to main
structural integrity [1]. The precise control over spatial and temporal
organization achieved through microbial bioprinting offers the oppor-
tunity to optimize the assembly of individual bacterial strains,

oot Human intesunal primary cells

Fig. 6. (. A) Images of decellularized small intestine and the digested dSIS in a flask and DLP printed small intestinal dSIS-based hydrogels with biomimicking villi-
structures and nuclei-stained human primary intestinal epithelial cells seeded on the top surface [32]. (B) Schematic drawing of dityrosine crosslinking chemistry and
images of thermally and covalently crosslinked dECM hydrogels as well as DLP printed hydrogel constructs of heart dECM (1 %) photocrosslinked via tyrosine groups
in the dECM using 1/10 mM Ru/SPS photoinitiator. The hydrogels were bioprinted with human bone marrow mesenchymal stem cells (5 x 10° cells/mL) [58].

Reproduced with permission from (A) Elsevier, (B) John Wiley and Johns.
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harnessing their collaborative potential in synthetic biology. While
initial microbial bioprinting efforts primarily utilized bioinks composed
of alginate, mammalian ECM components, or blends thereof, [95] recent
developments have shifted the focus toward formulating bacteria within
their self-produced, sustainable matrix. This approach aims to enhance
bacterial proliferation, communication, and overall performance within
the bioprinted structures.

Creating individual microbial bioinks offers a way to customize the
bioink properties for specific applications. An innovative approach in-
volves genetically engineered E.coli to produce an ink inspired by fibrin,
which is based on self-assembling nanofibers. This study, conducted by
Duraj-Thatte et al. [96] aimed at development of genetically modified
microbes for 3D bioprinting of programmable and functional living
materials. The genetic engineering of microbes to generate their ink is a
step toward sustainable ink production. Decellularized microbial inks
can be obtained from biofilms by breaking down the bacterial cell wall
or membrane using strong denaturants, such as guanidinium chloride or
surfactants [96]. Subsequent treatment with nucleases removes bacte-
rial DNA. In the case of decellularized engineered E. coli biofilms, am-
yloid fiber precursors can be isolated on a filter through washing and
subsequently gelated into nanofibrous hydrogels, for instance, through
SDS treatment [96]. Alternatively, extraction of biofilms in the presence
of sodium chloride effectively isolates solubilized EPS components after
centrifugation, with minimal impact on the viability of both
gram-negative and gram-positive strains. Consequently, the resulting
preparations contain fewer contaminants from intracellular proteins and
can be further chemically modified for bioprinting. While sterilizing
microbial inks has not been systematically addressed yet, the long-term
culture of printed bacteria-containing constructs faces similar chal-
lenges to those with mammalian cells. The primary challenge is pre-
venting microbial contamination while maintaining the viability and
functionality of the desired bacterial cells and preserving the structural
integrity of the bioprinted constructs. Despite these challenges, the field
of microbial cell bioprinting holds great promise, especially with ad-
vancements in synthetic biology, and new innovate ways to harness
their potential are continuously explored.

10. Future directions in dECM-based bioprinting

The field of 3D bioprinting has evolved from being a niche area to
becoming a common tool in biomaterial science, thanks to its wide-
spread availability. However, despite the increasing development of
new dECM-based bioinks, the protocols for their preparation have not
seen significant improvements in recent years. This is particularly
evident in the solubilization step. The dECM is nearly exclusively solu-
bilized using pepsin-based enzymatic digestion, whereas other poten-
tially more cost-effective or non-animal-derived enzymes have been
overlooked. There is a clear need for a comprehensive comparison of
different enzymes, focusing on their digestion sites within dECM and
their impact on the bioprinting properties of the resulting materials. In
essence, a more systematic evaluation of enzyme choices is required to
optimize the solubilization process. Moreover, standardization of pro-
tocols for all stages of dECM hydrogel production is essential. The
absence of such standardized protocols makes it challenging to sys-
tematically compare and evaluate different studies in the topic.

In most non-human dECM-based formulations, the dECM content
typically ranges from 1% to 5% dECM. In cases where scarcely available
human dECM is used, a lower amount of dECM is often mixed with other
polymers [88]. To fully harness the potential of bioprinted humanized
dECM hydrogels, it is crucial to determine the critical amount of human
dECM needed for detectable bioactivity. Additionally, more compara-
tive studies are required to establish correlations between the dECM
composition and its biological response. Further research should focus
on conducting comprehensive biological evaluations of the printed
constructs under extended biomimicking culture conditions. Specif-
ically, it is important to investigate whether tissue-specific dECM is
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necessary or if certain dECM types can support a broader range of cell
types effectively. Additionally, it is essential to assess the true bioactivity
of dECM hydrogels by carefully analyzing cell functions in comparison
to gelatin and collagen controls, where tissue-specific compounds are
absent. Currently, bioprinted dECM constructs are valuable for
improving 3D in vitro tissue models, enabling better understanding of
cell behavior. However, for the development of transplantable func-
tional bioprinted tissues, it is imperative to thoroughly investigate the
immunogenicity and safety of bioprinted dECM-based materials.

To advance vat photopolymerization of dECM-based resins,
exploring new methods for chemically functionalizing dECM could offer
improvements in printing resolution while maintaining high cell
viability. Currently, the most extensively studied approach involves
methacrylate-functionalized dECM, with some preliminary research into
tyrosine crosslinking chemistry, while other functional groups remain to
be applied to dECM. One potential avenue could be thiol-ene photo-
polymerization, which is known to be less susceptible to oxygen inhi-
bition than methacrylate chemistry [97]. This means that fewer radicals
are required to initiate polymerization, reducing the risk of
radical-induced damage to cells and enhancing the bioprinting capa-
bilities of dECM. Furthermore, advancements in 3D printing techniques
can significantly improve the printability of soft dECM-based hydrogels.
Achieving a balance between the crosslinking density that is favorable
for cell viability and high printing resolution is crucial. One approach
gaining particular attention is the Freeform Reversible Embedding of
Suspended Hydrogels (FRESH) technique, where the bioink is extruded
into a support bath rather than an open-air environment [98]. When
applied to dECM-based bioinks, this technique can enable bioprinting of
precise anatomical structures, such as perfusable vasculature or bifur-
cating airways, as demonstrated in the preliminarily studies [61].

11. Conclusions

ECM is typically decellularized using the sequential SDS/Triton™ X-
100 treatment because it effectively removes cellular components while
sufficiently preserving essential biomolecules. For the solubilization of
dECM, papain can be recommended as a cost-effective plant-derived
enzyme that results in consistent dECM pre-gels suitable for extrusion
bioprinting. The dECM pre-gels can be further chemically modified for
the use as bioinks in light-assisted extrusion printing or as bioresins in
vat photopolymerization. However, applying ruthenium-initiated pho-
tocrosslinking on unmodified dECM eliminates the need for an addi-
tional processing step, potentially preserving essential bioactive
molecules. Despite the research on the effects of various processing
methods on the physicochemical and biological properties of dECM,
ideal protocols remain elusive because of the incomparability of these
studies. Therefore, more comparative studies are needed to better un-
derstand how processing parameters influence material properties and
to develop optimized protocols with organ- and species-specific adap-
tations reflecting individual tissue composition, anatomy, and history.
For standardization, especially rheological tests are crucial, as the vis-
cosity indirectly reveals the degree of dECM digestion and significantly
affects bioprinting results, as discussed in this review. Developing more
unified processing and characterization steps for dECM-based bioinks
and bioresins will ultimately lead to the rational utilization of their
unique properties in future bioprinting of both mammalian and bacterial
cell constructs.
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