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ABSTRACT

Regenerative medicine has significantly advanced in the past two decades, with
tissue engineering playing a key role in expanding application possibilities and
solutions for medical challenges. Decellularization of tissues and organs has
accelerated bioengineering efforts, enhancing repair strategies for various injuries.
This technique’s adaptability has led to its application across multiple tissue types,
with certain methods demonstrating greater efficiency and potential for clinical
integration. This study aims to document adjustments in decellularization
techniques, key advances, and applications within tissue and organ repair. Using a
retrospective and descriptive approach, this narrative review addresses both
general and specific aspects of decellularization. Key topics include the underlying
principles, primary techniques, advancements, applications, and future
perspectives of decellularization methods. We expect this review to solidify the
main evidence supporting tissue and organ repair strategies via decellularization
and to provide insights or generate questions for further research, contributing to
the enhancement of quality of life through more targeted primary studies.
KEYWORD: Regenerative Medicine, 3D Bioprinting, Tissue Engineering,
Decellularization.

RESUMO
A medicina regenerativa avancou significativamente nas Gltimas duas décadas, com
a engenharia de tecidos desempenhando um papel fundamental na expansao das
possibilidades de aplicacao e na resolugéo de desafios médicos. A descelularizacdo
de tecidos e orgdos acelerou os esfor¢cos em bioengenharia, aprimorando as
estratégias de reparo para diversos tipos de lesdes. A adaptabilidade dessa técnica
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permitiu sua aplicacdo em multiplos tipos de tecidos, sendo que alguns métodos
demonstraram maior eficiéncia e potencial para integracéao clinica. Este estudo tem
como objetivo documentar os ajustes nas técnicas de descelulariza¢do, principais
avancos e aplicacdes no reparo de tecidos e orgaos. Utilizando uma abordagem
retrospectiva e descritiva, esta revisdo narrativa aborda tanto os aspectos gerais
quanto especificos da descelularizacdo. Os principais topicos incluem os principios
bésicos, as técnicas primarias, 0s avancos, as aplicacdes e as perspectivas futuras
dos métodos de descelularizacdo. Espera-se que esta revisdo solidifique as
principais evidéncias que sustentam as estratégias de reparo de 6rgaos e tecidos por
meio da descelularizacdo e forneca insights ou gere perguntas para novas pesquisas,
contribuindo para a melhoria da qualidade de vida através de estudos primarios mais
direcionados.

PALAVRAS-CHAVE: Medicina Regenerativa, Bioimpressao 3D, Engenharia de
Tecidos, Descelularizacéo.

INTRODUCTION

Bioprinting represents a frontier in medical treatment, offering
unprecedented solutions for tissue repair and regeneration by enabling the
replacement of damaged cells with healthy ones, with minimal harm to patients or
other living organisms. Notably, bioprinting promises to reduce the reliance on
animal models in drug testing, alleviating ethical concerns, cutting costs, and
enhancing the translational relevance of preclinical findings to human health?.

The advent of bioprinting dates back to the early 2000s, when conventional
printers were adapted to deposit cellular layers in petri dishes. Initial iterations of
bioprinting involved layering cells in a 2D format, progressively evolving toward
three-dimensional composites. This development led to innovations such as “inkjet
bioprinting,” where cellular spheroids were strategically positioned to merge in
culture, producing thicker and more complex tissue structures2. The establishment
of Organovo in 2007 marked a pivotal moment, as the company embarked on the
commercial production of bioprinted tissues, including pioneering efforts in kidney
tissue fabrications.

In 2011, Cyfuse Biomedical of Japan introduced a distinct bioprinting
technology using the Kenzan method, which relies on arrays of micro-needles for
precise cellular pairing, contrasting with scaffold-based cell layering. This method
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enables the successive addition of photopolymers, creating detailed constructs
applicable to human healthcare*. Consequently, bioprinting has rapidly advanced to
applications in surgical design, facial reconstruction, bone prosthesis development,
and even the replication of organ-specific tissues®.

Despite this progress, bioprinting remains challenged by the need for
effective scaffolds, or structures, that support cellular adhesion and development
within bioengineered tissues. Decellularization, one key approach, entails the
removal of cellular contents from tissues, preserving only the extracellular matrix
(ECM) to facilitate in vivo biocompatibility and immune compatibility®. However,
substantial debate persists regarding the optimal methodologies for scaffold
preparation to ensure homogeneous cell distribution and ECM integration, which
are crucial for achieving functional tissue regeneration’.

This study aims to elucidate the advancements and persistent challenges
within 3D bioprinting, particularly the development of biocompatible scaffolds and
the refinement of bioink definitions for constructing viable, functional tissues. By
assessing the current technologies and addressing the limitations that restrict
bioprinting’s potential, this work seeks to advance understanding in both human

and veterinary regenerative medicine.

DEVELOPMENT

Bioprinting techniques vary depending on tissue requirements and may
involve a combination of methods to achieve optimal results.

Inkjet-based bioprinting functions similarly to a conventional 2D inkjet
printer. This contactless technique positions droplets of bioink, with each droplet
containing between cells. These droplets are manipulated via electrical currents and
magnetic fields for precise placement. There are two primary methods within this
approach: continuous inkjet printing (CI1J) and drop-on-demand (DOD) printing.
CIJ offers a higher droplet generation rate, but it requires fluid recycling, which

raises contamination risks. Conversely, DOD only releases bioink as needed,
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enhancing cleanliness and reducing waste’. Heat or mechanical compression is
often used to eject inkjet droplets, though the piezoelectric inkjet system is an
alternative. In this system, piezoelectric crystals in the ink chamber vibrate under
an electric pulse, forcing droplets through the nozzle. While the piezoelectric
method is cost-effective and avoids thermal damage, nozzle clogging may occur,
impacting droplet consistency and cell viability. Localized heating has been shown
to have minimal effects on cell integrity even at temperatures approaching 300°C
when exposure is brief®.

Laser-assisted bioprinting (LAB) utilizes a process adapted from laser-
induced forward transfer (LIFT) to precisely deposit cells and biomaterials onto
substrates. LAB is capable of handling highly viscous materials and complex
bioinks. A pulsed infrared laser targets a donor ribbon layered with an absorbent
metal coating, heating the layer until the bioink droplets are vaporized and
transferred to the target substrate®. This technique minimizes contamination risk,
supports various substrate viscosities, and maintains structural integrity, though
gravitational settling of cells and fabrication times remain challenging
considerations®®.

Extrusion-based bioprinting is the most common approach due to its
versatility and ability to handle a wide range of bioink viscosities. Bioinks are
extruded via pressurized syringes, enabling controlled deposition onto the substrate.
Cross-linking methods such as UV exposure, thermal application, and enzymatic
action are commonly used to stabilize the printed constructs. With extrusion-based
systems, variables such as platform positioning, air pressure, and extrusion speed
can be adjusted for enhanced accuracy and structure complexityt. Multiple printing
heads are often incorporated to facilitate simultaneous multi-material printing,
reducing cross-contamination risks*2.

While 3D bioprinting has revolutionized tissue engineering, challenges
persist in achieving vascularization and cellular viability for in vivo applications.
Although skin bioprinting has been tested both in vitro and in vivo, limited

thickness and the lack of native tissue vascularization pose significant limitations.
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For example, in a study utilizing gelatin-chitosan (PGC) hydrogel as bioink,
collagen fibers were successfully printed and integrated onto the dorsal surface of
a mouse, maintaining cellular viability and supporting vascular integration for up
to 11 days®3. Similarly, it was demonstrated successfully in vivo bioprinting using
human cells derived from biopsies. Their approach allowed for a rapid printing
process, yet further advances are needed to match the complexity of natural skin
layers'*, Cardiac tissue printing has garnered attention due to the prevalence of heart
disease. Successfully printed a cardiac model with two ventricles, using gelatin
bioink and calcium chloride under electrical stimulation, laying the groundwork for
further developments in cardiac bioprinting®.

Scaffolds are essential to bioprinting, providing structural support for
cellular organization. Decellularization, a promising method, involves various
physical, chemical, and biological processes to clear cellular contents while
retaining extracellular matrix (ECM) integrity. Physical methods include controlled
mechanical forces or ultrasound, though they risk ECM damage if not carefully
regulated®®. Chemical decellularization typically employs hypertonic or hypotonic
solutions, acids, or enzymes to catalyze cell lysis and ECM preservation, though
residual chemicals may interfere with ECM properties'’.

Perfusion protocols, such as those applied to rat hearts, have been successful
in removing DNA and intracellular proteins, preserving the 3D structure required
for recellularization'®. However, residual material evaluation remains crucial for
toxicity avoidance, and qualitative verification methods, including histological and
fluorescent staining, are used to confirm scaffold purity®. Sterilization methods
include acid and gamma-ray treatments, although ECM structural degradation can
result. The use of antibiotics at 4°C or lower temperatures is debated, with
preference for fresh tissue preservation to minimize structural compromise?.

Recent studies highlight the application of decellularized scaffolds in
cartilage and corneal reconstruction. In corneal engineering, decellularized human
corneal scaffolds have shown promise for anterior surface reconstruction,

displaying optimal transmission properties and biocompatibility??2, Other
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innovations include hybrid bioinks that combine alginate with ECM from
decellularized tissues, which demonstrate enhanced cell viability and differentiation
capabilities®®.

One of the primary advantages of decellularization is the preservation of the
native extracellular matrix (ECM), which maintains essential biochemical signals
for cellular adhesion, proliferation, and differentiation. ECM provides an
environment that closely mimics in vivo conditions, creating an ideal niche for cell
homing and tissue-specific responses®*. This bioactive environment is critical in
promoting tissue regeneration, as it influences angiogenesis, stem cell
differentiation, and immune modulation. Unlike synthetic scaffolds, which may
lack bioactivity or generate immune responses, decellularized ECM scaffolds
exhibit superior biocompatibility and reduced immunogenicity, making them
highly favorable for clinical applications®.

Decellularization processes also facilitate the creation of scaffolds with
complex architectures that retain the microvascular structures necessary for
vascularization. This is particularly advantageous in the regeneration of organs such
as the liver and heart, where vascularization is a limiting factor in achieving
functional recellularization?®. Advances in perfusion decellularization techniques
have demonstrated success in removing cellular debris while preserving vascular
pathways, as observed in decellularized heart-lung and kidney scaffolds?’. The
preservation of these pathways not only enhances nutrient diffusion but also
supports the integration of transplanted cells.

Despite these advantages, several limitations and challenges remain. One
significant drawback of decellularization techniques is the potential for ECM
damage during the removal of cellular components. Harsh chemical treatments, for
instance, can degrade key ECM proteins such as collagen and elastin, affecting the
mechanical properties and bioactivity of the scaffold?®. Additionally, residual
chemical agents used in the decellularization process may induce cytotoxicity or

interfere with cell viability during recellularization?®. As a result, optimizing
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decellularization protocols to balance effective cell removal with minimal ECM
damage remains a key area of ongoing research.

Emerging strategies aim to overcome these limitations by integrating novel
processing techniques. For example, supercritical carbon dioxide extraction has
been shown to effectively decellularize tissues while preserving ECM integrity,
reducing cytotoxic residues compared to traditional methods®®. Another promising
approach involves the development of decellularized tissue-specific hydrogels,
which are derived from ECM components and offer tunable mechanical and
biochemical properties tailored to specific tissue types?®. These hydrogels have
demonstrated improved cell proliferation and differentiation, particularly in
organoid and assembloid models, where the 3D microenvironment plays a critical
role in mimicking native tissue conditions.

In terms of applications, decellularized bone scaffolds have shown
exceptional promise in orthopedic tissue engineering due to their capacity to
replicate the native bone microstructure and support osteogenesis®. Studies
indicate that decellularized bone matrices can be processed into various forms,
including hydrogels, powders, and electrospun scaffolds, each tailored to specific
clinical needs®. Additionally, advancements in decellularization techniques for
tracheal scaffolds have demonstrated the feasibility of creating biocompatible and
mechanically robust constructs suitable for airway repair, with reduced preparation
times and enhanced cell-seeding efficiency>!.

Looking forward, the combination of decellularized ECM with advanced
bioinks and 3D bioprinting technologies presents exciting possibilities for organ
regeneration. Hybrid approaches that combine decellularized ECM components
with synthetic or natural polymers can offer enhanced mechanical strength and
bioactivity, addressing current limitations in scaffold design?. Furthermore,
integrating vascularization strategies, such as endothelial cell pre-seeding and pro-
angiogenic factor incorporation, can significantly improve the success rates of in

vivo applications?*.
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In conclusion, while decellularization offers numerous advantages in
preserving the native microenvironment and promoting cellular functionality, its
limitations underscore the need for continued innovation. Optimizing protocols,
reducing cytotoxicity, and integrating decellularized scaffolds with bioactive
materials are key directions for future research. As these advancements unfold, they
will likely accelerate the clinical translation of bioprinted tissues and organs,
bridging the gap between laboratory achievements and real-world applications in
regenerative medicine.

The use of decellularized cardiac tissues presents a notable application,
wherein the developmental state of cardiac progenitors is achieved under specific
conditions, enabling functional heart tissue formation®2. Decellularized
osteochondral ECM scaffolds have shown potential for bone-cartilage interface
regeneration, with collagen, silk fibroin, fibrin, and keratin among the commonly
employed natural bioinks®3. These constructs support osteoblast, chondrocyte, and
mesenchymal stem cell integration, fostering cellular migration, proliferation, and
differentiation needed for osteochondral tissue development34.

Decellularized scaffolds derived from various organs and tissues have
demonstrated significant potential in regenerative medicine, providing mechanical
support, biochemical cues, and a microenvironment conducive to tissue repair®. In
liver tissue engineering, decellularized scaffolds have been utilized to recreate liver
specific architectures, facilitating hepatocyte attachment and vascular integration,
both of which are essential for restoring liver function. Recent studies have shown
that combining decellularized liver scaffolds with stem cell derived hepatocytes
enhances cellular repopulation efficiency and improves liver-specific
functionality®®.

In neural tissue engineering, decellularized peripheral nerve matrix
hydrogels (DNM-G) have gained attention due to their ability to provide a
neuroinductive environment for axonal regeneration. These scaffolds not only
support myelination and neural network formation but can also be functionalized

through mechanical and chemical modifications to tailor their properties®’. Studies
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show that DNM-G hydrogels improve the outgrowth and survival of dorsal root
ganglion neurons when compared to conventional collagen gels, making them
promising candidates for clinical applications in peripheral nerve injuries®’.

In cartilage repair, decellularization techniques have been advanced to
produce highly bioactive scaffolds that address osteoarthritis and other degenerative
conditions. Post-decellularization modifications, such as cross-linking with
bioactive molecules or mechanical reinforcement, have been shown to improve
scaffold integration and enhance chondrocyte viability®®. These improvements in
mechanical and biochemical properties are crucial for maintaining the functional
integrity of cartilage implants.

Supercritical fluid-based decellularization, a recent innovation, has shown
significant advantages over traditional decellularization methods. By preserving
key ECM components, this technique enhances the bioactivity and mechanical
properties of the resulting scaffolds, making them more effective in applications
such as bone and vascular tissue regeneration®. In bone tissue engineering, for
instance, decellularized bone matrices have been processed into hydrogels and
bioinks, which mimic the structural and biochemical characteristics of native bone,
promoting osteogenesis and angiogenesis.

Plant-based decellularization has emerged as a novel strategy in tissue
engineering due to the inherent vascular-like structures of plants. These structures
can be repurposed into bioactive scaffolds with nanofibrous architectures that
promote cell attachment, differentiation, and tissue remodeling*®. Recent advances
in decellularization of plant tissues, coupled with biofabrication techniques, have
resulted in scaffolds suitable for applications in bone, cardiac, and vascular tissue
regeneration.

Decellularized skeletal muscle ECM scaffolds represent another promising
application, particularly in the context of musculoskeletal repair. They provide
structural and biochemical cues necessary for muscle regeneration and can be

further processed into bioinks or hydrogels for 3D bioprinting applications. Studies
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have shown that these scaffolds effectively support satellite cell attachment and
differentiation, which are key processes in muscle regeneration®!.

Overall, decellularized scaffolds offer versatility in regenerative medicine,
from supporting cell attachment and differentiation to facilitating vascularization
and functional restoration. Their integration with stem cells and functionalization
using bioactive molecules continues to expand their applications across various
tissues, such as skin, cartilage, heart, and liver®. As technological innovations
progress, the combination of decellularized ECM with bioinks and 3D printing is
expected to bridge the gap between preclinical research and clinical applications,
ultimately enhancing the scope of tissue engineering.

The trajectory of bioprinting research indicates significant potential for
translating laboratory findings into clinical applications. Data from the Medical
Subject Headings (MeSH) on “bioprinting” show a notable increase in publications
from 2013 onward, correlating positively with the growth of dedicated research
teams and the diversification of applications*?. However, a downturn observed from
2020 to 2021 likely reflects a shift in research focus during the COVID-19
pandemic*3. Despite this growth, the transition from preclinical studies to clinical
applications remains a critical challenge due to limited understanding of the
biological mechanisms underlying cell-scaffold interactions and the optimization
of decellularized materials for different tissue types®. Addressing these limitations
through innovations in scaffold design, bioinks, and recellularization protocols is
essential for bioprinting to meet its full potential in solving complex healthcare

challenges through functional bioprinted tissues and organs.
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Figure 1. Linear regression model for scientific production associated with the
MeSH term “bioprinting.” Data were obtained from a PubMed/MEDLINE search
covering the period from 2013 to 2021. A linear regression analysis was applied to
generate the line equation and assess trends in study frequency.
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The second indicator (2) was constructed by applying a method designed to
increase the consistency of evidence. The descriptors “bioprinting” and “Models,
Animal” were used, including synonyms for “Models, Animal” to broaden the
search. Data were obtained from the PubMed/MEDLINE database on 03/18/2021,
using the following search string: (bioprinting[MeSH Terms]) AND
Qe Models, Animal[MeSH Terms])) OR (Animal Model[MeSH Terms]))
OR (Animal Models[MeSH Terms])) OR (Model, Animal[MeSH Terms])) OR
(Laboratory  Animal Models[MeSH Terms])) OR (Animal  Model,
Laboratory[MeSH Terms])) OR (Animal Models, Laboratory[MeSH Terms])) OR
(Laboratory Animal Model[MeSH Terms])) OR (Model, Laboratory
Animal[MeSH Terms])) OR (Models, Laboratory Animal[MeSH Terms])) OR
(Experimental Animal Models[MeSH Terms])) OR (Animal Model,
Experimental[MeSH Terms])) OR (Animal Models, Experimental[MeSH Terms]))
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OR (Experimental Animal Model[MeSH Terms])) OR (Model, Experimental
Animal[MeSH Terms])) OR (Models, Experimental Animal[MeSH Terms])).

This search retrieved 21 studies, of which 11 were selected based on
eligibility criteria—specifically, studies using complex biological models with non-
human animals to develop bioprinting assessments. Additionally, one study was
included as it involved a model with human cells in in vitro evaluations (Table 1).

Bioprinting technologies, through the spatially defined gradients of
immobilized biomolecules, can be tailored to guide cell growth and differentiation
into various lineages?®#4*°, However, a major challenge arises when translating
these preclinical findings to human applications due to the variability in cellular
behavior, tissue remodeling dynamics, and scaffold degradation rates observed
across different species and experimental conditions**. Advanced biomaterials,
such as bionic hydrogels encapsulating microspheres, provide controlled release
systems that emulate the extracellular matrix (ECM), creating microenvironments
that support cell survival within printed scaffolds**. These biomaterials can regulate
inflammatory responses and offer protection against bacterial infections, potentially
enhancing the success of bioprinted tissues for clinical applications**.

In preclinical in vivo models, most studies focused on bone-cartilage
repair*’-*® and cardiac tissue engineering*®*®. These applications underscore the
potential of bioprinting in regenerative medicine, particularly in tissue regeneration
and the acceleration and improvement of tissue repair under various pathological
conditions. However, challenges such as the lack of vascularization, limited cell
viability, and immune rejection in large animal models highlight the importance of
developing standardized protocols and incorporating dynamic bioreactor systems
during preclinical validation®.

Emerging strategies, such as combining decellularized scaffolds with stem
cell-based organoids, aim to overcome some of these limitations by promoting
better integration and functional tissue development?. In addition, the use of organ-

on-chip platforms may provide a valuable bridge between preclinical testing and
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clinical translation by enabling real-time monitoring of cell-scaffold interactions

under physiologically relevant conditions®!.

Table 1. Overview of studies applying bioprinting in complex non-human models,
including animal and in vitro assessments.

Study/Problem Animal model  Thecnology /Method Conclusion/Desfecho
Generate human liver tissues as the
Liver Transplantationt ~ Mouse Extrusion alternative transplantation donors for
treatment of liver diseases
Therapeutic Mouse Hdrogell .mlcrospheres . is in limb ischemi
angiogenesis® (C57BL/6) encapsu atln_g VEGF- Induce angiogenesis in limb ischemia
overexpressing
Protocol/3D Bioprinted
Patch in a Murine Model I Application of a bioprinted patch onto
of Myocardial Mouse Bioprinted patch the infarcted area of the heart
Infarction®
Laser-Assisted Tissue  regeneration and  the
Tissue regeneration'! Mouse (NOG) T acceleration and enhancement of
Bioprinting o
vascularization
Drug release!® Mouse Water soluble chitosan ~ Drug release
Prepares the way for osteogenic
Osseointegration of Not in vivo Extrusion coatings to be directly manufactured
titanium implants*4 (Human cells) on the implant surface and packaged
for surgery
Bone defect!s Rat Nanocomposite Accelerate the bone healing in critical
scaffolds bone defects
Repair tympanic Acellular grafts to treat Technology could be transferred to
membrane Chinchilla TMP based on other medical pathologies and be used
perforations®® endoscopic imaging to rapidly scan internal organs
Not in vivo . . . .
Cartilage repair: (mimicked Ar_nsotroplc hydrogels New p_erspectlve _ for  cartilage
. micropatterns regeneration and repair
rabbit knee)
Muscle defect injuries?® Rat Supporting accelerqted muscle function
polycaprolactone restoration
_ . . . . . Candidate as a safe, efficacious
Pediatric ~ craniofacial . Direct-write micro- - . . X
N Rabbit - pediatric bone tissue engineering
reconstruction printer system
strategy
Model of cardiac Sup_port the _mtegratlon _of th'e
tissues? Mouse Extruded engineered cardiac tissue with host's

vasculature

Relative frequencies for the types of biological tissues and animal species

studied in association with bioprinting within biological models are presented
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(Figure 2). The analysis revealed a predominance of studies focused on bone
disorders (37.50%), followed by cardiac (25.00%), hepatic, vascular, and cartilage-
related conditions (each at 12.50%). Cumulatively, bone and cartilage disorders
account for 50% of all studies, while cardiac and vascular alterations represent over
a third of the evaluations (37.50%) (Figure 2a). Regarding the types of non-human
biological models used, 60% of the studies involved mice, followed by 20% with
rats, and 10% each for rabbits and chinchillas (Figure 2b).

Figure 2. Frequencies of bioprinting studies in complex non-human biological
models categorized by type of biological tissue and animal species. Data were
extracted from the PubMed/Medline database using the descriptors “bioprinting”
and “models, animal.”

(A) Relative frequency of bioprinting studies stratified by type of biological tissue
evaluated. (B) Relative frequency of bioprinting studies stratified by animal species
studied.
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The third indicator was established by applying a method to ensure

consistency in the evidence. The descriptor “bioprinting” was used to identify
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studies that allow for the visualization of indicators related to bioprinting in
complex human biological models. The survey was conducted on 02/18/2022,
consulting the PubMed/Medline, Embase, and Cochrane databases, which are
associated with health sciences literature. A filter for randomized clinical trials was
applied, yielding a total of 19 studies (PubMed/Medline = 6 studies; Embase = 5;
Cochrane = 8).

Upon reviewing the eligibility criteria, 6 studies were identified, including
5 clinical evaluations and 1 conceptual study discussing potential applications of
bioprinting (Table 2). The identified studies showed that bioprinting has been used
and/or considered in direct human interventions for a range of medical needs:
treating diabetic foot wounds®3, enhancing the teaching-learning process in applied
medical education®, assisting patients in understanding thyroid disease and
consenting to necessary clinical interventions®, alleviating symptoms for patients
with moderate to severe dry eye (study still in progress), addressing dysfunctions
in male reproductive tissues (observational study: results not disclosed), and in
surgical applications for elbow fractures® (Table 2). In each case, a 3D printing
method was either utilized or referenced. Conventional techniques served as
comparators or controls for the bioprinting interventions, as detailed in Table 2.
Across all clinical intervention studies, results indicated that bioprinting methods

outperformed traditional approaches (Table 2).
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Table 2. Summary of studies involving bioprinting applications in complex human
biological models. Each study includes information on the application field,
specific intervention using bioprinting techniques, comparators used, and observed
outcomes. Bioprinting interventions were shown to provide improved effectiveness
and patient outcomes in areas such as wound care, clinical education, informed
consent processes, management of dry eye symptoms, and surgical procedures.

Application Intervention Comparator Outcome

Minimally manipulated

extracellular matrix
Diabetic foot prepared from Standard wound
wounds®? autologous homologous care

adipose tissue by using

3D bioprinting.

Better effectiveness in
wound reduction and
re-epithelialization.

Improved the learning
efficiency for the
clinical interns.

Clinical education for  3D-printing Oral teaching and
the interns® craniocerebral models  imaging data

Personalized 3D-
printed models
showed significant
improvement in
general knowledge,

Improving a patient’s Personalized 3D-
understanding and printed thyroid model
satisfaction during the that characterizes a

Without a 3D-
printed model of
their thyroid

informed consent patient’s individual lesi benefits and risks of
55 : . esion

process thyroid lesion. surgery, and
satisfaction of the
patientes.
The 3D group showed

. . . shorter surgical
Elbow fractures®® 3D printing-assisted Conventional duration, lower blood
surgery surgery

loss and higher elbow
function score

FINAL CONSIDERATIONS

The field of tissue regeneration and bioprinting has undergone remarkable
progress, driven by the high demand for organ and tissue transplantation. Although
bioprinting technology remains costly, ongoing efforts toward the democratization

of research and the development of more affordable, accessible solutions hold
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promise. Investment in this area is critical, given its potential to improve health
outcomes and enhance the quality of life globally.

Despite the promising advancements, many challenges persist, particularly
in translating in vitro findings into in vivo clinical applications. Results observed in
controlled laboratory environments often diverge from those obtained in human
trials, underscoring the complexity of replicating biological conditions in
engineered systems. As such, technical improvements across a wide array of tissue
types remain essential, especially since different biological tissues exhibit varied
responses to bioprinting and decellularization techniques. The absence of
standardized, application-specific protocols further complicates the consistent
reproduction of results.

One of the most pressing obstacles is the limited understanding of the
underlying biological and technological mechanisms that govern 3D bioprinting
and decellularization. Advancing knowledge in this domain is crucial to
overcoming current limitations. For example, studies aimed at enhancing
vascularization, maintaining structural integrity, and improving coagulation
compatibility within bioengineered tissues could substantially improve the
functionality of bioprinted constructs, bringing the technology closer to clinical

applications (Figure 3).
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Figure 3. Bioprinting Techniques and Applications illustrates key bioprinting
methods in clinical practice: organ/prosthesis printing (top right), skin graft
bioprinting (center), and three main techniques—inkjet (droplet deposition),
extrusion (continuous deposition), and laser-assisted (cell transfer).
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Figure 4 further illustrates the key limitations faced by decellularization and
bioprinting techniques, categorized into two major groups: biological and
technological limitations. On the biological side, challenges include insufficient
vascularization, immune responses, the loss of bioactive factors during
decellularization, and low cellular viability during recellularization. These issues

limit the successful integration and performance of bioengineered tissues in host
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environments. On the technological front, factors such as high production costs,
lack of standardized protocols, mechanical property degradation, and difficulties
with bioreactor optimization remain major obstacles to large-scale application.

Addressing these challenges requires an integrated approach, with ongoing
innovations in biorreactors, hybrid bioinks, and the molecular characterization of
cell-matrix interactions playing pivotal roles. By bridging the gap between
biological and technological limitations, future advancements can optimize
decellularization protocols and bioprinting methods, thereby accelerating their
transition from experimental setups to clinical settings. Continued interdisciplinary
research is necessary to refine current methods, reduce costs, and establish
reproducible models that meet the demands of diverse clinical applications.

With sustained efforts, bioprinting and decellularization technologies have
the potential to transform the landscape of regenerative medicine. As researchers
strive to optimize both biological and technical components, the path toward viable,
functional, and accessible bioengineered tissues becomes increasingly attainable.

Figure 4. Limitations of Bioprinting and Decellularization summarizes major
challenges: Biological issues (poor vascularization, immune responses, loss of
bioactive factors, low cell viability) and technological obstacles (high costs, non-
standardized protocols, reduced mechanical strength, bioreactor optimization
difficulties).

Lack of vascularization Loss of bioactive factors
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