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Abstract 

End-stage lung disease represents a major challenge in modern medicine. Lung transplantation 
remains the most effective treatment; however, donor shortage and rejection significantly limit its 
clinical impact. The engineering of bioartificial lung grafts using patient-derived cells may lead to 
new therapeutic strategies. Advanced culture conditions enable the formation of functional three-
dimensional tissues from lineage-committed cells. Currently, bioartificial grafts capable of gas 
exchange have been created and transplanted in animal models. Ongoing challenges in tissue 
engineering include the development of ideal scaffolds and the full maturation of engineered 
structures to ensure graft longevity after in vivo implantation. With collaborative efforts, the goal is 
to design patient-derived lung grafts and achieve clinically relevant translational milestones such as 
airway grafts and disease models. 

Keywords: bioartificial lung; lung transplantation; tissue engineering; decellularization; lung 
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I. Introduction 

Currently, approximately 25 million people worldwide suffer from chronic obstructive 
pulmonary disease. In the United States, an estimated 12,000 patients die each year because of lung 
diseases [1]. Lung transplantation remains the only definitive treatment for these conditions. 
However, there is a significant limitation in the availability of organ donors, and the number of 
suitable donor lungs is particularly low. The lungs are highly susceptible to damage, infection, and 
inadequate ventilation, which makes them prone to rapid deterioration after donor death. 
Consequently, only 10 – 20% of donated lungs are considered suitable for transplantation. In 2022, 
3,161 candidates were added to the lung transplant waiting list. Approximately 4,228 candidates were 
registered on the waiting list throughout the year, a figure that has remained relatively constant since 
2011 [2]. Over time, transplant outcomes are negatively affected by chronic rejection and the adverse 
effects associated with immunosuppressive therapy [3]. The development of a functional lung 
engineered from scratch could provide a new transplantable organ comparable to a human donor 
lung. Various approaches have been progressively explored to design functional lung tissue [4]. The 
use of polymers [5] and natural biomaterials such as collagen [6–8], Matrigel [9,10], and Gelfoam [11] 
highlights the critical role of the extracellular matrix (ECM), not only in maintaining lung architecture 
[12] but also in directing pulmonary cell differentiation [13]. 

II. Metodology 

A systematic review of the scientific literature was conducted to collect relevant information 
regarding tissue engineering principles, applied methodologies, recent advancements, and current 
challenges in the field. 
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1. Data Search and Collection: A comprehensive literature search was performed across several 
scientific databases, including PubMed, Wiley Online Library, the Royal Society of Chemistry, 
ScienceDirect, and Google Scholar. The search used key terms such as “Bioartificial lung, lung 
transplant, tissue engineering, decellularization,” and “lung architecture” to ensure relevant 
coverage. 

2. Information Selection and Refinement: The selected literature spanned the period from 2009 to 
2025 to ensure an up-to-date and representative overview of the current state of the field. 

3. Organization of Subtopics: Following the refinement of the collected data, a structured research 
framework was developed by organizing the content into thematic categories to facilitate a 
comprehensive analysis of the most relevant aspects of the study. 

4. Data Analysis and Interpretation: A critical assessment of the selected studies was carried out, 
identifying emerging trends, knowledge gaps, and potential research opportunities. The insights 
obtained supported the formulation of evidence-based conclusions, which are presented in the 
results and discussion section (Rondón et al., 2025). 

III. Principles of Lung Engineering 

A. Relevant Anatomy and Physiology 

The respiratory system enables the exchange of vital gases by obtaining oxygen from inhaled 
air, delivering it to the bloodstream for transport to all body cells, and simultaneously eliminating 
carbon dioxide. Within this system, the lungs play a central role [14]. They are located within the 
thoracic cavity and are responsible for oxygenation of blood by taking in oxygen during inhalation 
and removing carbon dioxide during exhalation. Internally, the lungs contain an extensive network 
of bronchi, bronchioles, and alveoli. The bronchi initially inhaled air from the trachea into the lungs. 
The smaller branches, known as bronchioles, distribute air throughout the pulmonary tissue. At the 
terminal end of each bronchiole are small sac-like structures called alveoli [15,16]. Within the alveoli, 
the air–blood interface is formed by an extremely thin layer of alveolar epithelial cells, the type I 
pneumocytes, which are supported by a shared basement membrane and by capillary endothelial 
cells. In addition, type II pneumocytes secrete pulmonary surfactant, a substance that reduces surface 
tension and prevents alveolar collapse [17]. To achieve an efficient transplant, a detailed 
understanding of the anatomy and physiology of each component is essential. Therefore, a successful 
bioartificial lung must replicate not only the cellular composition but also the anatomical architecture 
and physiological properties of the native organ. 

B. Requirements for Functional Graft 

For a bioartificial lung to accurately replicate the function of a native lung, the primary objective 
is to restore effective gas exchange. This depends directly on the integrity of the air–blood interface, 
the tissue’s ventilatory capacity, and continuous blood perfusion through a functional vascular 
network. Whole-lung extracellular matrix (ECM) scaffolds can be generated by perfusing cadaveric 
organs with detergents to achieve decellularization, providing an appropriate platform for organ 
regeneration. It is important to consider that pulmonary epithelial engineering must address both 
proximal airway cells, which metabolize toxins and promote mucociliary clearance, and distal 
pneumocytes, which facilitate gas exchange [18]. The pulmonary vasculature must be engineered to 
support “in vivo” blood perfusion with low resistance while maintaining an intact barrier function. 

Initially, the lung structure functions as an empty scaffold. For the decellularized matrix to 
regain physiological function, viable cells must be reintroduced into their original anatomical 
locations— for example, epithelial cells within the alveoli and endothelial cells within the vascular 
network. If these cells are not properly distributed or are present in insufficient numbers, the organ 
will be unable to ventilate or oxygenate blood in a manner comparable to a native lung [18,19]. 

IV. Fundamental Technologies 
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A. Descellularization 

Decellularization is a technique that encompasses a series of processes and methodologies aimed 
at removing cellular components from a tissue or whole organ while preserving the extracellular 
matrix (ECM) as a structural scaffold to support subsequent recellularization [20]. Three primary 
methods are used to achieve this process. The physical method involves freeze–thaw cycles and 
agitation to induce cellular lysis. The chemical method employs detergents such as sodium dodecyl 
sulfate, which disrupt cellular membranes and facilitate their removal. Finally, the enzymatic method 
utilizes enzymes such as trypsin to digest membrane proteins and complete cellular breakdown [21]. 
Current biomedical research has shifted from the decellularization of isolated tissues toward whole-
organ decellularization with the goal of generating transplantable grafts. While this approach has 
been effective for certain organs, it remains challenging for others. The technique is complex and may 
cause irreversible damage to the ECM if not properly optimized [20]. 

Pioneering studies conducted by Dr. Harald OĴ and his research group demonstrated, for the 
first time in 2010, the successful recellularization of decellularized rat lungs, their implantation into 
living animals, and the achievement of functional in vivo gas exchange. Since then, biomedical 
research has continued to advance, incorporating larger animal models to further evaluate this 
approach [21]. 

 
Figure 1. Lung decellularization process: (a) native lung; (b) lung undergoing decellularization; (c) 
decellularized lung. 

B. Three-Dimensional (3D) Bioprinting 

Beyond the use of decellularized biological matrices, bioartificial lung engineering has advanced 
through the application of 3D bioprinting. This technology enables the design of customized 
pulmonary structures that mimic the anatomical, mechanical, and functional characteristics of native 
tissue. The lung is a highly complex and dynamic organ, which makes comprehensive “in vitro” 
modeling particularly challenging. 3D bioprinting is still in its early stages of development toward 
the long-term goal of constructing dynamic, functional in vitro lung models. Current 3D bioprinting 
technologies lack the resolution required to accurately print and reproduce the small functional units 
of the lung, particularly the alveolar tissue [23,24]. However, significant progress has been made in 
developing bioinks. Bioinks are biomaterials used in 3D bioprinting that contain living cells and 
mimic the extracellular matrix (ECM) microenvironment. They promote cell adhesion, proliferation, 
and differentiation following the printing process. These materials exhibit tunable mechanical 
properties and bioactive compositions, opening new opportunities in lung tissue engineering [25]. 
By optimizing bioink composition, lung tissue constructs can be fabricated with the necessary 
mechanical strength, biocompatibility, and biodegradability [23]. A major challenge in these systems 
is achieving adequate vascularization, since synthetic tissues lack functional blood vessels at the time 
of fabrication. Sacrificial materials are also used in 3D bioprinting as temporary structural support 
during the printing process. These materials help overcome the limited mechanical stability of ECM-
based hydrogels. Once printing is complete, the sacrificial material is carefully removed without 
damaging the primary structure, resulting in a complex, stable architecture compatible with living 
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cells [26]. The field of 3D bioprinting has evolved rapidly toward the faithful reconstruction of native 
human lung structure. Although the development of a fully transplantable bio-printed lung remains 
a distant goal, current technological advances have significantly improved our understanding of 
pulmonary diseases and lung architecture 

V. Cellular Recellularization 

A. Cell Types Used 

The functionality of a bioartificial lung depends largely on the type and proper spatial 
distribution of the cells used to repopulate the scaffold. Achieving effective regeneration requires a 
heterogeneous cell population that mimics the complexity of native lung tissue, including both the 
alveolar region and the vascular system [22]. One of the most critical cell groups is the alveolar 
epithelial cells, which include type I and type II pneumocytes [17]. Type I pneumocytes form the thin 
diffusion barrier across which gas exchange occurs. In contrast, type II pneumocytes contribute to 
alveolar epithelial repair and coordinate host defense mechanisms by maintaining a restrictive 
epithelial barrier [27]. Endothelial cells are also required to form the inner lining of blood vessels and 
to enable proper blood flow through the engineered lung. Mesenchymal cells play an important role 
in recellularization by supporting tissue regeneration and reducing the risk of immune rejection [28]. 
More recently, induced pluripotent stem cells (iPSCs) have gained significant aĴention. These cells 
can be derived from the patient and reprogrammed to differentiate into multiple pulmonary cell 
types, thereby reducing the risk of immunological rejection [29]. The appropriate selection, 
combination, and precise spatial distribution of these cell types within the scaffold are essential for 
restoring mature lung functions, including gas exchange, surfactant production, mucociliary 
clearance, and defense against external agents. 

VI. Current Challenges 

Despite progress in developing bioartificial lungs, significant challenges still limit their clinical 
implementation. Early efforts in lung tissue engineering focused on producing a highly elastic matrix 
capable of reproducing the pulmonary architecture required to support effective gas exchange [32]. 
This was followed by the need for successful recessing with endothelial and epithelial cells. In two 
preclinical studies conducted in small-animal models, the engineered lung constructs successfully 
performed oxygen and carbon dioxide exchange. However, after several hours, significant 
pulmonary secretions and airway bleeding were observed, indicating that these constructs were not 
yet suitable for human application [33]. Following these initial studies, similar methodologies were 
applied to porcine and human lungs, achieving successful decellularization and the generation of 
scaffolds for recellularization with new cells [34,35]. Additional challenges include the precise 
delivery and distribution of viable cells within the acellular scaffold to achieve functionality 
comparable to that of a native lung. 

Induced pluripotent stem cells (iPSCs) have emerged as particularly promising cell sources 
because they enable patient-specific lung bioengineering and reduce the risk of immune rejection. 
Advances in biomedical engineering and related technologies have also enabled the expression of 
one of the earliest markers of pulmonary endoderm, Nkx2.1, a transcription factor that regulates lung 
development and surfactant gene expression [36]. Furthermore, the large size and structural 
complexity of the human lung require more sophisticated bioprinting technologies and bioreactor 
systems than those currently used in animal models [36]. 

VI. Future Applications 

At present, tissue engineering has played a relatively limited role in direct patient treatment. 
Supplementary bladders, small-diameter blood vessels, skin grafts, cartilage, and even complete 
tracheal constructs have been successfully implanted in patients. However, these procedures remain 
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experimental and are associated with high costs. More complex organs, such as the heart, lung, and 
liver, have been successfully generated in laboratory seĴings, but they are not yet sufficiently 
developed for clinical implantation [39]. In the specific case of the lung, one of the primary future 
goals is to improve device design and scale these systems to dimensions suitable for clinical use. 
Initially, these devices are expected to function as acellular systems in adult patients receiving 
anticoagulant therapy. Subsequently, they may evolve into scaffold-based structures resembling 
native lungs and lined with endothelial cells. This advancement could enable their use in infants and 
neonates with reduced anticoagulation requirements [41]. 

Simultaneously, efforts are focused on optimizing decellularization and cellular repopulation 
techniques to generate fully transplantable lungs. Current challenges include identifying the ideal 
cell source and achieving proper cellular maturation both in vitro and in vivo, with the objective of 
restoring physiological function without compromising lung structure [41]. Large-animal studies 
using decellularized lungs are also being planned to evaluate their potential clinical applicability. 
Decellularized tracheal implants have shown promising outcomes, suggesting that other similarly 
engineered organs may also become viable [41]. In addition, in vitro lung models are being developed 
to study pulmonary diseases, test therapeutic interventions, and beĴer understand lung responses 
under different conditions [41]. 

VI. Conclusion 

Lung bioengineering has advanced considerably over the past decades, emerging as a promising 
alternative to the scarcity of transplantable organs and the limitations associated with conventional 
respiratory support devices. Approaches based on the decellularization of pulmonary matrices, 
recellularization with specific cell populations, and the design of biomimetic scaffolds have 
demonstrated encouraging results in terms of structural and functional viability, particularly in 
preclinical models. However, the clinical translation of these systems still depends on overcoming 
critical barriers such as efficient vascularization, immunologically stable integration, and functional 
tissue maturation both in vitro and in vivo environments. The incorporation of technologies such as 
3D bioprinting, dynamic perfusion bioreactor culture, and induced pluripotent stem cells (iPSCs) 
suggests a future in which bioartificial lungs will not only be viable but also customizable and safe. 

In this context, bioartificial lungs are positioned as a multifunctional platform, not only for 
therapeutic applications in patients with end-stage respiratory failure but also as advanced tools for 
disease modeling, pharmacological testing, and pathophysiological studies. Their successful 
consolidation will require multidisciplinary approaches integrating tissue engineering, cellular 
biotechnology, biomaterials science, and translational medicine. 
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