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Abstract

Organoids are three-dimensional multicellular structures that mimic key aspects of native
tissues consisting ideal tools to study organ development and pathophysiology when
incorporated in customized bioscaffolds. In vivo, the extracellular matrix (ECM) maintains
tissue integrity and regulates cell adhesion, migration, differentiation, and survival through
biochemical and mechanical signals. Tissue-derived decellularized extracellular matrix
(dECM) can preserve organ-specific biochemical signals and cell-adhesive motifs, creating
a bioactive environment that supports physiologically relevant organoid growth. 3D
bioprinting technology marks a transformative phase in organoid research by enhancing the
structural and functional complexity of organoid models and expanding their application
in pharmacology and regenerative medicine. These systems enhance tissue modeling and
drug testing while adhering to the principles of animal replacement, reduction, and refining
(3Rs) in research. Remaining challenges include donor variability, limited mechanical
stability, and the lack of standardized decellularization protocols that can be addressed by
adopting quality and safety metrics. The combination of dECM-based biomaterials and 3D
bioprinting holds great potential for the development of human-relevant, customizable,
and ethically sound in vitro models for regenerative medicine and personalized therapies.
In this review, we discuss the latest (2021–2025) developments in applying extracellular
matrix bioprinting techniques to organoid technology, presenting examples for the most
commonly referenced organoid types.

Keywords: decellularized extracellular matrix; organoids; bioink; 3D bioprinting

1. Introduction
The Directive 2010/63/EU on animal experimentation within the European Union

established the EU Reference Laboratory for Alternatives to Animal Testing (EURL EC-
VAM) to work on the promotion of non-animal approaches in research, in light of the
3Rs principle—Reduce, Refine, Replace animal experimentation. Among the priorities of
ECVAM has been the coordination of the CEN-CENELEC focus group on Organ on Chip,
recognizing the transformative effect of this technology in research and regulatory testing
utilizing non-animal models [1]. On the other side of the planet, the US Food and Drug
Administration (FDA) announced, earlier this year, a comprehensive plan for phasing out
animal testing for the development of monoclonal antibodies and other drugs [2]. The
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FDA commissioner comments on the importance of organoids and organ-on-chip systems
as key tools to achieve the goals of the 3Rs, serving not only as a means to this end but
also as a more efficient pipeline for novel treatments. UK’s very recent announcement on
accelerating the phasing out of animal testing was also largely applauded by the scientific
community. UK’s roadmap includes three main directions—organ-on-chip systems, drug
efficacy predictions using AI, and 3D-bioprinted tissues to create realistic human tissue
samples [3].

Back in 2009, Prof. Hans Clever’s research group at the Hubrecht Institute in Utrecht,
the Netherlands, were intrigued by the intestinal tract’s ability for self-repair. They sus-
pected stem cell activity and managed to prove their theory by locating adult stem cells
in the intestinal crypts. Later on, they pioneered a technique to grow these cells in the lab
and, this way, the first ‘intestinoids’ were generated and applied to test drugs safely on
active human intestinal tissue [4]. Organoids are three-dimensional (3D) structures that
appear with multicellular complexity and some level of tissue structure and function [5].
In principle, they can expand robustly and for extended periods because of their stem cell
nature and can also be genetically manipulated, thus constituting ideal tools for studying
organ development and pathophysiology in vitro. Until today, all major organs have been
recreated in the form of organoids, including skin, heart, retina, brain, lung, pancreas,
kidney, intestine, and liver [6].

In nature, organs and tissues are surrounded by the extracellular matrix (ECM). The
ECM is responsible for tissue integrity and elasticity, while transmitting biochemical signals
that will regulate cell adhesion, migration, proliferation, differentiation, and survival. It
is a two-way function: the cells secrete and remodel their matrix, while the ECM shapes
cell identity. Organoids in the lab are developed under 3D culture systems to aggregate by
adhesion, self-organize, and differentiate into 3D cell structures with the corresponding
tissue morphology. The matrix that will support organoid growth in vitro should replicate,
as closely as possible, the native extracellular matrix that would surround the specific
tissue in the body. This task is multi-faceted: we not only need to think about biological
signaling but also take into consideration the mechanical integrity of the matrix, while
also looking out for tissue-specific factors that will affect organoid fate. Diverse scaffold
systems, including Matrigel, natural polymers, and synthetic polymers, have been tailored
to meet the requirements of organoid cultures. While Matrigel is readily available as a
commercialized product, its origin from a mouse tumor raises concerns about the potential
transmission of animal pathogens that could impact the immune system [7]. Previous
reports have highlighted the issues of data reproducibility due to batch variations of Ma-
trigel, along with pathogenic contamination risks, like the lactate dehydrogenase-elevating
virus, and growth factors bearing preparations that affect the cultured cells’ microenvi-
ronment [8,9]. Natural or synthetic polymers, as alternatives to Matrigel, are currently
studied for cell culture applications. Commonly used matrices of natural origin include
collagen, fibrin, gelatin, and hyaluronic acid-based materials, while synthetic matrices are
mostly based on polyethylene glycol (PEG) and Pluronic. With a semisynthetic origin,
gelatin methacrylate (GelMa) is the most widely used matrix, combining bioactivity and
tunability [10]. The problem with natural polymers is the variability in gelation kinetics,
which directly affects the uniformity and reproducibility of organoid cultures [7]. Synthetic
hydrogels on the other hand, although resolving the variability of natural matrices, exhibit
low bioactivity and insufficient tissue-specific ECM composition. Despite the developments
in artificial scaffold systems, no single biomaterial fully replaces the diverse functions and
complex composition of native ECM. Organ- or tissue-specific hydrogels created solely
from decellularized extracellular matrix (dECM) are increasingly used in tissue engineering
and, more recently, in clinical applications, due to their preserved bio-instructiveness and
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inherent cell-adhesive moieties [11]. The tissue-specific nature of the dECM delivers unique
biochemical, biophysical, and biomechanical cues to organoids resembling the in vivo
cell-matrix communication systems [7]. Due to the diverse composition of ECM across
different organs, the use of tissue-specific dECM hydrogels is expected to offer a customized
approach for organoid culture.

Three-dimensional (3D) bioprinting technology marks a transformative phase in
organoid research by enhancing the structural and functional complexity of organoid mod-
els and expanding their application in pharmacology and regenerative medicine. Despite
the extraordinary advances in the field of tissue engineering, there are still important limita-
tions such as uncontrollable cell placement, improper perfusability of the microchannels in
organ-on-chip research, and difficulty in the identification of biologically relevant materials
that will promote cell survival and growth. Three-dimensional bioprinting can resolve
such challenges, by controlled cell placement and structure of vascular networks as well
as microchannels with suitable permeability [12]. Every x, y, and z axes coordinate, along
with cell seeding and material deposition, is precisely regulated and easily modified. In
comparison with other scaffolding techniques, 3D bioprinting offers the benefits of automa-
tion and high cell density in intricate geometries [13]. Ongoing research in 3D printable
materials is expected to guide organoid growth, providing scientists with in vitro study
platforms of extraordinary value.

In this review, we aim to bring together the current knowledge on extracellular matrix-
based materials for organoid growth and 3D bioprinting applications. We will go through
the composition and the functionality of ECM as a biomaterial ex vivo, and we will report on
the latest examples of ECM utilization as a growth-supporting matrix for organoid culture.
Next, we will see how ECM can be transformed into a bioink for 3D printing applications
and the current research on 3D printable ECM materials for organoid culture. Our reviewing
method was based on SCOPUS database search with the terms ‘organoid’, ‘organoid
culture’, ‘bioink’, ‘bioprinting’, ‘extracellular matrix’, and all the possible combinations of
them. From the search results, the document types ‘review’ and ‘conference paper’ were
excluded to focus only on research articles containing thorough experimental evidence.
Although not limiting the publication year in our initial search, the chosen articles were
published in the years 2021–2025, with one exception published in 2019. While papers on
the use of extracellular matrix for organoid culture are already dated after the invention
and establishment of organoid culture in the lab, the use of extracellular matrix as a bioink
component for 3D bioprinting applications is a very young field of study; hence, the chosen
articles to be reviewed are dated only in the last 5 years. The reviewed articles were chosen
to represent every organoid type that has been reported until today and utilized native
extracellular matrix either for the culturing method or as a bioink component.

We want to refer the reader to the review of Guo et al. on dECM-based materials
for organoids and engineered organ culture, where the authors report extensively on the
different organ and organoid systems that were engineered up to this day [14]. Wang
et al. have also reported on the different ECM-based materials for 3D bioprinting and their
application for bone, skin, heart, liver, blood vessel, and neuronal tissues [15]. In our review,
we will give a bioengineering aspect on the topic and focus on the potential of engineered
organoids as in vitro study systems that can substitute animal experimentation. We hope
to convince the reader on the capabilities of 3D bioprinting and ECM-based materials for
the development of physiologically-relevant organoid systems for disease modeling and
drug testing.
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2. Extracellular Matrix In- and Ex Vivo: A Multipurpose Biomaterial
In vivo, the extracellular matrix is nature’s scaffolding material. It is composed of

two main classes of macromolecules, proteoglycans (PGs) and fibrous proteins, i.e., collagen,
elastin, fibronectin, and laminin. PGs fill most of the extracellular interstitial space within
a tissue in the form of a hydrated gel, while they serve a variety of functions that vary
significantly between different tissues [16]. Structurally, the main element of ECM is
collagen, constituting up to 30% of the total protein mass of an organism. The different
types of collagens are responsible for fundamental functions, such as tensile strength,
cell adhesion, chemotaxis, and migration. An important note here is that ECM directs
essential functions—morphological and physiological—by binding growth factors (GFs).
These ECM-bound GFs are part of a tightly controlled feedback circuit that is essential
to maintain tissue homeostasis. One step further, ECM’s components like GFs can be
substantially different from one tissue to another (e.g., bone vs. skin), within one tissue
(e.g., renal cortex vs. renal medulla), and even between one physiological state to another
(normal vs. cancerous). In a healthy tissue, the ECM is highly dynamic and undergoes
continuous remodeling. Type I and III collagens, elastin, and fibronectin form a flexible
network of fibers that allow the ECM to resist tensile stresses. A normal tissue can also
resist compressive stresses with the help of the glycosaminoglycan (GAG) network that
is bonded to the fibrous ECM molecules and influences the overall ECM stiffness. GAGs
also bind growth factors that are indispensable in cell signaling and differentiation. For
this reason, the GAG content is an indicative factor for the efficacy of ECM extraction and
decellularization processes towards the development of ECM-based materials. GAGs’ role
in ECM structure and function has been nicely reported by Sodhi and Panitch [17]. Further
ECM homeostasis is regulated by the secretion of metalloproteinases from fibroblasts and
other enzymes that crosslink and regulate tissue stiffness. These processes are regulated by
various GFs. Frantz et al. have comprehensively reviewed ECM structure and function in
normal, aged, and diseased states [18].

Ex vivo, ECM accounts for the perfect biological template with a multitude of engi-
neering possibilities. When extracted from a source organism, ECM undergoes a typical
procedure for decellularization (dECM) whilst maintaining 3D structure and part of bi-
ological activity, such as the preservation of growth factors. Most importantly, the ECM
processing ex vivo results in a non-immunogenic material. Thus, we end up with a bio-
compatible scaffold that can be harnessed in a variety of applications. We can divide the
use of extracellular matrix in three broad categories, all of which have been encountered in
organoid research: (a) used as a matrix for 3D cell culture, (b) used for biological studies,
and (c) used as a bioink component for 3D bioprinting applications. Each category is
described below.

(a) dECM as a 3D cell culture matrix—The development of organoids is achieved with
three main components: seeded stem cells, culture medium tailored to the tissue-
specific needs, and a matrix that will provide structural support and additional nutri-
tional components for the 3D culture [14]. Currently, the commonly used commercial
matrix is Matrigel, but it comes with limitations on composition and performance that
limit clinical applications of the developed organoids. Research efforts are dedicated
to developing dECM matrices derived from tissue-specific ECM, hence showing or-
gan specificity that can be further enhanced with factors that will improve organoid
development towards physiologically relevant models. During the extraction and de-
cellularization process, ECM loses its native patterning. Nevertheless, researchers are
taking advantage of the preserved collagen content, GAG content, and growth factors
that can be present in the final material and drive organoid growth in higher or lower
levels depending on the efficacy of the process. To ensure safety and efficacy, dECM
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should meet standardized quality metrics post-decellularization; the key criteria are
listed in Table 1. It is, however, worth mentioning that no universal standardization
for this type of product exists up to date [19]. In the following paragraphs, we will
present examples of the utilization of dECM for 3D cell culture applications and their
importance in regulating organoid microenvironment.

(b) dECM for biological studies—The ECM microenvironment serves as reservoir of
several growth factors and other biochemical signals that influence the developmental
trajectory of cells and direct pattern formation. During decellularization protocols
of tissue-derived ECM, researchers have to carefully select reagents and tissue pro-
cessing methods to preserve not only ECM’s structural integrity but also its bioactive
components. Engineered dECM scaffolds have demonstrated enhanced stimulatory
effects for immunomodulation, angiogenesis, and osteogenesis in bone and cartilage
reconstruction studies [20].

(c) dECM as a bioink component—Essentially, dECM comes in the form of a hydrogel.
This hydrogel can be further modified to induce its gel-forming capabilities, light-
activation properties, or any other relevant chemistry that would make it printable in
common 3D printers. First reported in 2014 by Pati et al., dECM bioinks were used for
printing tissue analogs for adipose, cartilage, and cardiac tissues [21]. The researchers
emphasized the adaptability and versatility of the bioprinting methodology utilizing
dECM materials, while they observed the effect of the bioink on cell implantation,
viability, and sustained functionality. In the following paragraphs, we will report on
examples on the development of dECM bioinks relative to organoid applications.

Table 1. dECM quality and safety metrics commonly used in the field.

Metric Accepted Threshold Rationale Reference

Residual DNA <50 ng/mg dry weight, <200 bp
fragments, no visible nuclei Reduced immunogenicity [22]

Glycosaminoglycan
(GAG)/

Collagen retention

>ca. 70% GAG (tissue-specific);
>ca. 90% collagen

Maintenance of bioactivity
and mechanics [22–24]

Detergent residues
SDS (sodium dodecyl sulfate)

<10 µg/mg dry weight;
Triton < 0.15 mM

Reduced cytotoxicity [25,26]

Immunogenic epitopes
No detectable alpha-Gal

(galactose-α-1,3-galactose)/MHC-I
(major histocompatibility complex)

Enhanced biocompatibility [27,28]

Endotoxin <0.1–0.5 EU/mL Prevention of inflammation [28–30]

Sterility No growth Pathogen-free material [19,31]

3. Applications of dECM-Based Materials for Organoids Culture
In this section we will visit some literature examples on organoids culture in extracel-

lular matrix to understand how the matrix-specific characteristics have influenced organoid
development. Table 2 summarizes characteristic examples of studies that demonstrated the
potential of ECM as an organoid culture matrix alternative to Matrigel or other synthetic
matrices. The most abundant organoid types that we encountered in the recent literature
are intestine, kidney, hepatic, brain, retinal, and bone organoids. Tumor organoids of any
tissue will be presented in a separate paragraph.

To start with, we will refer to the work of Kim et al. who claimed that Matrigel,
the gold standard in organoid culture and murine tumor-derived matrix, can be readily
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replaced by intestine-derived and stomach-derived extracellular matrix (GI ECM) for
the development of intestinal and gastric organoids, accordingly [32]. For the direct
comparison of GI ECM with Matrigel, the authors investigated organoid morphology,
formation efficiency, organ-specific gene expression level, and organoid functionality. The
results demonstrated that ECM hydrogels can address batch-to-batch variability, safety, and
cost-issues encountered with Matrigel. Organoids cultured in GI ECMs exhibited higher
expression of stem cell markers than Matrigel organoids, although the budding in Matrigel
was much better than in GI ECM cultures. Importantly, the developed matrices could
be adjusted to clinical settings unlike Matrigel and thus address translational limitations.
More specifically, the endotoxin levels and immunogenicity results of the GI-tissue derived
materials verified their biocompatibility and safety, making them considerable for clinical
applications according to FDA guidelines for implantable medical devices. On the contrary,
Matrigel or Matrigel-derived products have not been approved by the FDA up to date, when
commercialized products based on decellularized tissue ECM have already been approved
(e.g., AlloDerm®, Symvess®, InnovaMatrix®) [33–35]. Interested also in a clinically relevant
scaffold, Giobbe et al. utilized small intestinal mucosa/submucosa to obtain an ECM
scaffold. They showed that intestinal-derived ECM can support the formation and growth
of not only intestinal but other endoderm-derived tissue such as liver, stomach, and
pancreas [36]. We can also refer the reader to the review of Rezakhani et al. on the
extracellular matrix requirements for intestinal, hepatic, and pancreatic organoid culture,
presenting significant insights for the development of physiologically relevant organoid
systems with biomaterial-based approaches [37].

In kidney organoid research, researchers from Korea have demonstrated that kidney
organoids cultured in dECM kidney-derived matrix exhibited vascularization and matura-
tion patterns of glomerular development [38]. Transplantation of the kidney organoids into
mouse kidney showed vascular integrity and accelerated recruitment of endothelial cells. In
another approach, Garetta et al. engineered the vascularization of kidney organoids in vitro
through the assembly of endothelial cell spheroids with kidney organoids, a combination
of 2D and 3D approaches [39]. Wang et al. have recently reviewed on extracellular matrix
manipulation for kidney organoid research, referring to the ways that ECM refines the
microenvironment of organoids but also to the induction of pathological microenviron-
ments in vitro for disease modeling [40]. Brain extracellular matrix has also shown great
promise for brain or spinal cord organoid development. Wu et al. isolated brain ECM from
mouse and showed that organoids cultured in the tissue-specific matrix exhibited higher
expression levels of markers from different parts of the natural spinal cord, compared to the
control Matrigel culture [41]. Cho et al. attempted the use of human brain ECM to study its
effects on human brain organoids [42]. They found significant differences from the typical
organoid culture, among them being the increased neuronal population and enhanced
neurogenesis. Very recently, Gai et al. developed bone organoids that were vascularized
and mineralized utilizing bone decellularized ECM [43]. The bionic matrix, composed of
dECM, calcium phosphate, and salmon DNA facilitated the osteogenesis and angiogenesis
of bone marrow mesenchymal stromal cells. The bionic matrix was also successfully used
for the in vivo bone repair of cranial defect. A research group from UK demonstrated
that the retinal extracellular matrix enhances the expression of synaptic markers and light
responsiveness of retinal organoids [44]. The study attempts to address the challenge of
robust light responses from retinal organoids so that they can be utilized for drug screening
and regenerative medicine. In liver organoid research, van Tienderen et al. demonstrated a
novel technique for the scalable production of healthy and tumor liver organoids utilizing
microfluidics and liver extracellular matrix [45]. Their organoid microcapsule models were
amenable to drug screening, showing a dose-dependent response to clinically relevant anti-
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cancer drugs. In this case, the ECM served as a powerful platform to study ECM–organoid
interactions and was manipulated for personalized medicine applications.

Tumor organoids or tumoroids are disassociated tumor tissues that mimic the primary
tissues in architecture and function. Most importantly, they retain the histopathological fea-
tures, genetic profile, mutational landscape, and even response to therapy [46]. Compared
to the patient-derived xenograft models, organoid establishment requires less time and
tissue material, while tumoroids stably maintain the key characteristics of primary tumors
even after long-term passaging. Tumoroid research has come to resolve the challenges
faced with cancer cells and xenografts, namely the absence of an organism-specific tumor
microenvironment and extracellular matrix culturing systems. The extracellular matrix
has been a target for therapeutic interventions for cancer treatment, and thus, the study
of interactions between ECM and cancer cells would give great insights for treatment
protocols. A research group from Italy tried to study this interplay between ECM and
metastatic cells of peritoneal metastases from colorectal cancer [47]. Organoids were grown
on scaffolds obtained from neoplastic peritoneum, while an impact of ECM on the response
to standard chemotherapy treatments was also observed. Importantly, the researchers com-
pared the biochemical factors found in Matrigel with the patient-derived tumor dECM and
highlighted how commercially available matrices fail to fully reproduce the in vivo context.
This year, scientists developed, for the first time, patient-derived ECM for the growth of
glioblastoma multiforme organoids [48]. The study indicated that natively synthesized
ECMs eliminate artifacts and variability from xenogeneic scaffolds and provide insights for
ECM-targeted drug development.

Table 2. Applications of dECM-based materials for organoids culture.

Source Organism for
dECM/Organoids Biomaterial Application Reference

porcine/mouse stomach dECM
intestinal dECM

- Direct comparison with Matrigel cultures
- Investigation of organoid morphology,

formation efficiency, organ-specific gene
expression levels, and organoid functionality

[32]

porcine/
mouse and human intestinal dECM

- Culture of mouse and human intestinal,
hepatic, gastric, and pancreatic organoids
utilizing intestine-derived matrix

[36]

porcine/human kidney dECM

- Differentiation of human iPSCs into
kidney organoids

- In vivo induction of vascularization and
morphogenesis of kidney organoids by the
kidney dECM

[38]

porcine/human kidney dECM
- In vitro engineered kidney organoid

vascularization combining 2D and 3D
culture protocols

[39]

mouse/human brain dECM
- Spinal cord organoid formation with complex

laminar structure induced by the matrix [41]

human/human brain dECM

- Brain dECM effects on neurogenesis in
brain organoids

- Bioengineered microfluidic platform for the
prolonged culture of brain organoids

[42]

porcine/mouse
bone

dECM/DNA/calcium
phosphate

- Bionic matrix hydrogel for the construction of
bone organoids in vitro

- Matrix promotes in situ vascularization and
bone repair in vivo

[43]
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Table 2. Cont.

Source Organism for
dECM/Organoids Biomaterial Application Reference

bovine/human

dECM-derived
peptides from neural

retina and retinal
pigment epithelium

- Retinal extracellular matrix enhances the
expression of synaptic markers and light
responsiveness of retinal organoids

[44]

human/human liver dECM

- Microcapsules containing dECM and
liver organoids

- Uniform-sized encapsulated carcinoma
organoids for drug screening

[45]

human/human tumor dECM

- Tumor dECM scaffolds support proliferation
of tumor organoids

- Effects of tumor dECM on cancer treatment
protocols in patient-derived organoids

[47]

human/human tumor dECM
- Study of tumor microenvironment in breast

cancer organoids [49]

human/human tumor dECM
- Native ECM provides enhanced biochemical

cues to organoids development compared to
xenogeneic scaffolds

[48]

4. Beyond Static: dECM as a Bioink
After gaining some insights into organoid culture in dECM-based matrices, we can

now explore the concept of dECM as a bioink. As discussed previously, decellularization
processes yield ECM materials in the form of a hydrogel. This material can be used as a
feeding or base material for a 3D printer. The 3D printing process will yield a 3D model
with the shape and other physical characteristics pre-defined by the user using computer-
aided design (CAD). When we mix biological material—most often cells—into a dECM
hydrogel, we create a bioink that can be used for 3D bioprinting, making it possible to print
living tissue structures. Three-dimensional bioprinting technology offers the privilege to
control when and where the cells will grow in the printed structure and, this way, generate
realistic biological models of tissues and organs. The organoids’ research examples we saw
previously necessitate the use of a transplantation organism, since it is not possible to run
complex biological studies in vitro. Three-dimensional bioprinting gives us the opportunity
to refine, reduce, and replace animal experimentation by developing tissue and organ-like
systems with high levels of complexity, precise cell localization and vascularization, and
thus perform advanced studies in vitro.

To transform a tissue-derived ECM into a bioink, three main steps must be followed:
(1) tissue decellularization with removal of immunogenic factors, (2) tissue solubiliza-
tion with chemical or enzymatic treatments (pre-gel), and (3) hydrogel formulation with
printability (Figure 1). Throughout the bioink production process, several biochemical
and biophysical characterization techniques should be employed for the quality control
and standardization of the final material. The resulting material can be used directly for
extrusion 3D bioprinting, where the bioink is fed through a nozzle and extruded onto
a surface in the pre-defined shape layer-by-layer. A careful assessment of printability is
necessary when adopting extrusion-based 3D printing techniques, testing several system
parameters like the nozzle diameter, the system pressure, and the dispensing rate. The
cell viability in this technique can be compromised during the printing process due to
mechanical stress. The second-most famous 3D printing technique is light-based 3D bio-
printing or vat photopolymerization, where a vat is filled with the liquid material (hydrogel)
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and the 3D model is produced through light-mediated curing. This technique does not
require extensive parameter optimization, but it is necessary to modify the dECM mate-
rial with photocrosslinkable compounds and a photoinitiator. These additions can raise
toxicity issues of the material and, thus, a careful optimization in terms of concentration is
needed. Commonly, scientists incorporate additives into the dECM hydrogels to enhance
its printability and mechanical stability, or change its physical properties like stiffness, to
replicate more closely the different biological components. Such additives can be natural,
like glycerol, or synthetic, like methacrylate compounds for enhanced crosslinking. Elomaa
et al. have comprehensively reviewed the methods, techniques, and composition of tissue-
specific dECM bioinks for 3D bioprinting applications [11]. In the following section, we
will examine some literature examples of dECM-based materials that were used as bioinks
for enhancing organoid culture.

Figure 1. The main steps and processes for the transformation of extracellular matrix into a bioink
for 3D bioprinting applications. Three main phases (in blue) that contain several steps (in orange)
are followed to reach from dECM bioink formulation to a 3D-printed biological model. Steps 1–4
are essential, while the specific steps during the 3D bioprinting phase (6–8) may vary depending on
the characteristics of the final material and its intended application. Part of the figure was created
with BioRender.

5. Combining Technologies: dECM in 3D Bioprinting for
Organoids Studies

Three-dimensional bioprinting has been utilized for organoid studies either through
the direct printing of organoids embedded in a bioink or through printing bioscaffolds that
will be used as organoid growth platforms. Either way, 3D bioprinting has shown remark-
able potential in tissue engineering and regenerative medicine applications through the
customized fabrication of biological scaffolds to recapitulate organ and tissue microanatomy.
The examples presented in the following paragraphs are summarized in Table 3.
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Table 3. Applications of dECM-based bioinks for organoids culture and 3D bioprinting.

Source Organism
for dECM/
Organoids

Biomaterial Printing
Parameters Application Reference

porcine/human

small intestine
submucosal

dECM/methacrylic
anhydride
(dSIS-MA)

DLP printing, RT,
45 s crosslinking time,

100 µm layer thickness,
405 nm light source,
1.5 wt% dSIS-MA

- Investigation of biochemical
and biophysical properties of
the developed bioinks

- Light-based 3D printing of
villi-like scaffolds for intestinal
organoids culture

[50]

porcine/mouse

intestinal
dECM/gelatin
methacrylate

(dECM-GelMA)

Extrusion-based,
pneumatic pressure assisted
dispenser, blue light source

(25 mW/cm2),
1 mL syringe with a 200 µm

nozzle, printing speed
10 mm/min

- Light-based 3D bioprinting of
intestinal crypts that
developed into organoids
post-printing

- Establishment of co-culture
system, via 3D bioprinting, a
mix of hydrogels seeded with
intestinal crypts and
submucosal cells

[51]

porcine/human methacrylated
kidney dECM

For DLP printing: 405 nm light
beam projector, custom Z-axis

stage moving by 10 µm
layer-by-layer, single-layer

volume 100 µL
For extrusion printing:

piston-driven extrusion,
500 µL Hamilton syringe with

a 25 G nozzle

- Light-based 3D printing of
cell-laden kidney microtissues

- Rheology optimization of the
developed bioink for
extrusion-based
3D bioprinting

[52]

porcine/mouse

pancreatic ECM/
gelatin methacrylate/
platelet rich plasma

(GelMA/ECM/PRP)

Light-based printing, 100 µm
thickness per layer,

12 mW/cm2 light intensity,
irradiation time 40 s, printing

temperature 37 ◦C

- Light-based 3D bioprinting of
islet organoids

- In vitro and in vivo of
pro-angiogenic and
immunomodulatory function
of the composite bioink

[53]

porcine/mouse
pancreatic

ECM/hyaluronic
acid methacrylate

DLP printing

- Composite bioink enhances
islet organoids function
and activity

- Light-based 3D-bioprinted
islet organoids transplanted
in vivo induce insulin
production in diabetic mice

[54]

porcine/human

porcine adipose
dECM/

Gelatin methacrylate
(GelMA)

Microextrusion printing

- Extrusion-based 3D
bioprinting of patient-derived
tumor organoids embedded in
the composite bioink

- Spatial morphology, protein
levels, and drug sensitivity
evaluation of the
3D-bioprinted organoids
compared to common
Matrigel cultures

[55]

Starting with intestinal organoids applications, Elomaa et al. used decellularized
small intestine submucosa for in vitro mimics of intestinal crypts [50]. The researchers
modified the dECM material with methacrylic anhydride (MA) and a photoinitiator so that
light-based 3D printing would be possible. After thorough characterization on the rheology
of the material and its biocompatibility, the optimum concentration (1.5 wt% dECM-MA)
was chosen for 3D printing villi-like structures with a low-cost DLP 3D printer. The printed
structures showed enhanced mechanical stability over an 11-day cell culture along with
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physiologically relevant stiffness (3.5 kPa over 2.9 kPa that corresponds to the human small
intestine stiffness). The structures were seeded with primary cells derived from human ileal
organoids and formed proliferative epithelial cell monolayers that resembled the anatomy
of small intestinal epithelium. An important note is that the dECM material preserved its
bioactivity regarding the sGAG molecules and several growth factors that are critical for the
regulation of intestinal cells and ECM. Additionally, the dECM material supported a higher
number of cells that differentiated into goblet cells than the one achieved with the control
Matrigel-coated membranes. Xu et al. showcased the potential of intestinal dECM bioinks
at different levels of tissue engineering research [51]. After thorough characterization of
the decellularized ECM from porcine, the researchers prepared dECM-based bioinks with
variable rheological characteristics to investigate the mechanical properties of the material.
They used an extrusion-based 3D printing technique with a pneumatic pressure-assisted
dispenser and blue light source. The nozzle diameter was 200 µm and the printing speed
10 mm/min. For optimum printing behavior, the dECM bioinks were modified with
hyaluronic acid and gelatin, the concentration of which could tune the elastic modulus
and thus the stiffness of the produced bioscaffolds. The researchers explored the efficacy
of intestinal organoid culture after embedding them in the prepared bioinks and printing
them in the shape of intestinal crypts. The results showed that the tissue-specific matrix
could deliver biochemical stimulus and maintain stemness more effectively than Matrigel.
Importantly, it was also shown that the seeded cells in the bioink could differentiate into
enterocytes, goblet cells, enteroendocrine cells, and Paneth cells, exhibiting a distinct
differentiation pattern compared to Matrigel cultures. More specifically, Paneth cells
and proliferative cells were found increased compared to Matrigel, whereas enterocytes,
goblet cells, and enteroendocrine cells were found with reduced proportions. The authors
conclude that the tunability in dECM stiffness is related to the promotion of expansion over
differentiation in short-lived epithelial cells. Transcriptomic analysis revealed regulatory
biological processes supported by the dECM matrix leading to the buildup of organoids
specific niche environment. As a next step, co-culture systems were established by feeding
fibroblasts and macrophages in the dECM pre-gel along with the intestinal crypts already
studied, so 3D bioprinting yielded crypt-like 3D constructs with different cell types that
were altogether cultured. Formation of organoids was observed to be higher in the co-
culture system compared to the control group (intestinal organoids only). Representative
intestinal markers were followed with qPCR to reveal the proliferation and differentiation
pattern in the co-culture systems, indicating that the terminal-differentiated enterocytes
and the epithelial barrier are more vulnerable to inflammation. This work consists one of
the few that demonstrated in detail the potential of dECM bioinks to support intestinal
organoids and co-culture systems with quite promising expansion and differentiation
levels. The 3D-bioprinted constructs were also implanted in mice showing their potential
for regenerative therapies.

In kidney organoid research, Shin et al. investigated the potential of a kidney dECM
bioink for 3D bioprinting and kidney microtissue development [52]. In this study, 3D
bioprinting was employed as a means to control the material stiffness, a crucial aspect in
kidney tissue applications. The researchers prepared a kidney dECM material modified
with methacrylic anhydride (MA), achieving mechanical tunability down to 0.67 kPa, a
first-time reported value. As a first characterization step, the researchers confirmed cell
removal and preservation of collagen fibers as the primary structural component, while
confirming that the functionalization process with MA did not affect the total protein con-
tent of dECM. In a thorough photo-crosslinking and mechanical properties characterization
study, it was revealed that the developed bioink undergoes a rapid crosslinking process
(within 10 s of light exposure), that can be tunable depending on the dECM concentration.
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Compressive modulus could also be tuned, achieving 0.67, 3.19, and 4.81 kPa, respectively.
This tunable properties of the kidney dECM make it a promising biomaterial for various
applications with different requirements. Pathological conditions such as fibrosis could also
be recapitulated with this technique. In the current study, the authors were interested in soft
materials since nephron progenitor cells thrive in a range of 0.1–3 kPa, supporting at the
same time kidney organoid formation. To investigate bioprinting of iPSC-derived kidney
organoids, a customized DLP-SLA bioprinter was used. A 405 nm light beam projector was
adjusted to a light stand for precise exposure control, while a Z-axis stage was also precisely
positioned for uniform thickness of the 3D models. HEK cells were incorporated in the
bioink and at least 90% viability throughout a 14-day culture period was observed post-
printing. Structural integrity was assumed to be consistent due to the use of light-based 3D
bioprinting that enhances printing resolution and fabrication precision. Over two weeks
culture time, 3D mini kidney-like structures were developed. Well-defined cytoplasmic
structures with distinct nuclei were revealed during histology assessment. To highlight the
versatility of the developed bioink, the authors performed further rheological analysis for
extrusion-based 3D bioprinting. Extrusion, droplet-based bioprinting was achieved with a
500 µL Hamilton syringe coupled with a 25 G nozzle. The rotation cycles were optimized
for droplet volume control. Post-printing, a 405 nm light source was used for crosslinking
the models that would ensure their structural stability. Upon application of shear stress
in extrusion bioprinting, the developed bioink exhibited shear-thinning behavior which
ensured uniform bioink flow. Cell elongation and proliferation was observed post-printing
through fluorescence microscopy; however, cell viability is not reported. In conclusion, the
researchers demonstrated that the developed bioink is suitable for both extrusion-based
and light-based 3D bioprinting since it can be both stiffness-tunable and photocrosslinkable,
making it an ideal scaffold for various renal tissue engineering applications.

The potential of 3D bioprinting to process tailored bioinks for precisely patterned
scaffolds has been indispensable for the development of islet organoids towards pancreatic
tissue engineering and diabetes research. Zhu et al. designed a customized bioink con-
taining pancreatic ECM that exhibited excellent biocompatibility, pro-angiogenic property,
and immunomodulatory ability both in vitro and in vivo [53]. Light-based 3D bioprinting
was employed for the layered and partitioned printing of islet organoids. The prepared
hydrogel containing mouse islet β cells was printed as a 6 × 6 × 2 square scaffold with a
total of 20 layers, 100 µm thickness per layer, and an irradiation time of 40 s with a printing
temperature of 37 ◦C. Biochemical analysis based on mRNA expression indicated insulin
sensitivity to glucose during organoid culture at the 3D-printed constructs. In a follow-up
study of the same research group, 3D-bioprinted pancreatic islet organoids maintained islet
cell adhesion and morphology, mimicking the pancreas microenvironment [54]. The study
demonstrated the specific biochemical pathways involved in the promotion of function and
activity of pancreatic islets through the designed ECM hydrogel. In vivo transplantation of
the scaffolded organoids showed insulin expression and glucagon genes even 12 weeks
after transplantation.

In cancer organoid research, Dai et al. demonstrated the extraction of colorectal cancer
organoids from patient-derived tumor samples to be used in a high-throughput organoid
drug screening platform constructed via 3D bioprinting [55]. The carrier material for
organoids would be a composite dECM-GelMa hydrogel that would be used for light-based
3D bioprinting of organoid-loaded gel spheres. At first, dECM was extracted from porcine
adipose tissue and mixed with in-house prepared GelMa. This way, the researchers aimed
at a material that would both preserve biochemical cues of the extracellular matrix and
show excellent printability without compromising cell viability throughout the printing
process. A microextrusion 3D bioprinter was used to obtain an array of gel spheres.
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The prepared material was mixed with the digested colorectal cancer organoids at a cell
density of 5 × 105 cells mL−1 and printed in 48-well plates. A post-printing gelation step
with exposure to 405 nm light followed. Viable organoid cells post-printing reached
96.9%, whereas Matrigel organoid cultures after 5 days showed 99.26% viability. The
dECM-GelMa bioink was also compared with pure GelMa, the conventional printable
material, where organoid viability already decreased significantly at the beginning of the
culture period (65.14%). This result indicates the significant enhancement in biogenic
properties offered by blending dECM with synthetic matrices for optimum 3D bioprinting
results. Further, the authors studied the spatial morphology of the 3D-bioprinted organoids.
The advantage of tumor organoids over tumor spheroids is their capacity to generate
heterogeneous spatial structures, closely resembling the authentic tumor tissue. Therefore,
colorectal cancer organoids in this study were characterized with imaging techniques to
observe their growth pattern. The organoids displayed a conspicuous glandular lumen-like
structure. Overall, 3D bioprinting could obtain multicellular polar structures consistent
with traditional culture methods. Notably, the bioprinted organoids showed enhanced
proliferative activity than the Matrigel-cultured ones after immunofluorescence staining.
The VEGF levels were also found increased in the bioprinted organoids compared to
the Matrigel-cultured ones. VEGF is a specifically interested factor in cancer research,
not only for its angiogenic activity, but also due to the targeting for known anticancer
drugs. The epidermal growth factor (EGFR), again an important biomarker associated with
cancer prognosis, was also found elevated in the bioprinted constructs. The developed
3D-bioprinted organoids were also assessed for their sensitivity to oxaliplatin, one of the
first-line drugs in the treatment of colorectal cancer. The results indicated remarkable
superiority of tumor organoids compared to traditional 2D models in the authenticity of
drug evaluation, with the bioprinted embedded organoids responding even better than
Matrigel cultures (65.8% cell survival rate in Matrigel over 74.35% in the composite bioink).
Live/dead staining of cells indicated no significant barriers to drug penetration, while
the actual drug concentration on organoids was identical to the theoretical value. The
authors conclude that the developed bioink offered an optimal microenvironment for
colorectal tumoroids’ growth and drug evaluation. This research is an excellent example of
personalized therapy protocols development with 3D-bioprinted patient-derived tumor
organoids, eliminating the use of animal models.

6. Limitations and Challenges
While dECM-based materials continue to attract significant interest, several technical

hurdles still limit their reliable translation. A major concern is donor variability: age, pathol-
ogy, and tissue origin can alter matrix composition and mechanics, leading to inconsistent
batches. To mitigate donor-to-donor functional differences of dECM, standardization and
stabilization of the product post-decellularization is essential. Common sterilization meth-
ods include irradiation with gamma ray or an electron beam, ethylene oxide gassing, or
0.05–0.5% peracetic acid soaking with subsequent thorough dialysis [54], while crosslink-
ing uses methacrylation (DoF 46–96%) followed by photopolymerization using lithium
phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) under UV light [56,57]. These preserve
printability and growth factor binding while minimizing bioactivity loss. Strategies such as
organ pooling, pre-defined statistical batch-release criteria, and the development of stan-
dardized base-ECM formulations can help stabilize composition and reduce dependence
on products like Matrigel. However, organ-derived ECM should be carefully assessed for
its topological differences and specific reporting on the parts of the organ used is needed.
For example, intestinal-derived ECM approved by the FDA concerns the small intestinal
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submucosa region, thus the preparation process for this type of ECM should be attentive if
one wants to obtain a clinically relevant matrix.

Incomplete decellularization represents another persistent issue, as residual DNA or
membrane fragments may provoke immune responses or affect cell behavior, especially
in multicellular systems. At the opposite extreme, harsh processing steps can damage
structural proteins, growth factors, and glycosaminoglycans and compromise bioactivity. To
reduce these risks, workflows increasingly incorporate process analytics, including LC/MS
to monitor retained growth factors, DNA fragment size profiling, and stepwise biochemical
assays to fine-tune decellularization conditions for each tissue type. Greater harmonization
of protocols across laboratories is essential, as current variation in decellularization and
solubilization methods hampers reproducibility and complicates regulatory assessment.

Mechanical limitations remain a constraint for many applications. dECM hydrogels
typically offer limited stiffness and poor shape fidelity, which restricts their use in load-
bearing contexts and precision fabrication techniques such as 3D bioprinting. Mechanical
performance can be improved by blending dECM with defined polymers such as GelMA
or HA-MA, enabling more predictable tuning of modulus, crosslinking behavior, and
printability. Current research is also exploring methacrylate-free methods, exploiting the
inherent functional groups of dECM for crosslinking [58].

Additional challenges arise from the use of xenogeneic tissues, which introduce regu-
latory, biosafety, and ethical questions, as well as from scale-up barriers, since producing
large, compositionally stable batches remains time- and resource-intensive. Implementing
controlled pooling, establishing quantitative release specifications, and integrating in-line
quality monitoring can ease scale-up and support more reliable manufacturing pipelines.
These limitations point out the need for standardized processing, quantitative quality
control, and hybrid material strategies that preserve ECM bioactivity while improving
mechanical robustness and clinical readiness (Box 1).

Box 1. Best practices in dECM research.

• Usage of organ donor pooling and statistical release criteria to reduce donor-to-donor variability.
• Application of process analytics at key steps (e.g., LC/MS for retained growth factors, DNA

fragment analysis, immunological response, GAG assays).
• Optimization of decellularization conditions with tissue-specific response profiling to avoid

under- or over-processing.
• Strengthening of mechanics by blending dECM with defined polymers (e.g., GelMA, HA-MA)

for tunable stiffness and improved printability.
• Standardization of protocols and documentation of batch-level metadata to support repro-

ducibility and regulatory review.

7. Conclusions and Future Perspectives
Organoid culture necessitates an appropriate matrix that will provide structural sup-

port and nutritional components. The matrix is also responsible for biochemical signaling
that will drive cell organization and differentiation. The common lab practice for organoid
culture involves the use of Matrigel, a commercially available, mouse tumor-derived ma-
trix. However, utilizing dECM derived from tissue-specific ECM displays tissue and organ
specificity, while it can be enhanced with relevant proteins and other compounds to foster
nature-like organoid models development. The ECM can also be modified chemically
towards a printable hydrogel for 3D bioprinting applications, further enhancing the physi-
ological relevance of organoid models. This way, the actual culture matrix can be printed
into the specific organ-like structure, whereas Matrigel cannot be readily manipulated for
tuning its mechanical or biochemical properties. The growth of the organoid in a custom-
designed scaffold that contains biochemical cues leads to organ-like microstructures that
can be used for disease modeling and drug screening. Further bioengineering research
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is expected to give insights into the complex impact of ECM on organoid development
and enhance the clinical relevance of scaffolded organoids while eliminating reliance upon
animals in research.

Looking ahead, human-derived extracellular matrix from discarded tissue like pla-
centa is currently investigated and will pave the way for organism-specific organoid
development tackling the incompatibility issues that arise from animal-sourced materials.
The advancement in 3D bioprinting technologies is soon expected to provide realistic mod-
els of human organs with vascular branches. One step further, 4D bioprinting brings the
potential to manipulate the organoid microenvironment and induce biological processes in
real time. The coming decade is bringing organ engineering within reach like never before.
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3D Three-dimensional
CAD Computer-aided design
ECM Extracellular matrix
dECM Decellularized extracellular matrix
DLP Digital-light processing
FDA Food and Drug Administration
GelMa Gelatin methacrylate
GAGs Glycosaminoglycans
GFs Growth factors
VEGF Vascular endothelial growth factor
MA Methacrylic anhydride
HA Hyaluronic acid
PEG Polyethylene glycol
PGs Proteoglycans
iPSCs Induced pluripotent stem cells
DoF Degree of functionalization
RT Room temperature
LC/MS Liquid chromatography/mass spectrometry
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