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Abstract: In end-stage lung diseases, the shortage of donor lungs for transplantation and long waiting
lists are the main culprits in the significantly increasing number of patient deaths. New strategies
to curb this issue are being developed with the help of recent advancements in bioengineering
technology, with the generation of lung scaffolds as a steppingstone. There are various types of lung
scaffolds, namely, acellular scaffolds that are developed via decellularization and recellularization
techniques, artificial scaffolds that are synthesized using synthetic, biodegradable, and low immuno-
genic materials, and hybrid scaffolds which combine the advantageous properties of materials in the
development of a desirable lung scaffold. There have also been advances in the design of bioreactors
in terms of providing an optimal regenerative environment for the maturation of functional lung
tissue over time. In this review, the emerging paradigms in the field of lung tissue bioengineering
will be discussed.

Keywords: lung bioengineering; scaffolds; lung-on-a-chip; lung transplantation; artificial lung; bioprinting

1. Introduction

Each year, more than 4600 lung transplantations are carried out globally, of which 55%
are performed in North America and 36% in Europe [1]. The replacement of diseased lungs
with a pair of healthy ones in lung transplantation (LTx) increases both the life expectancy
and quality of life in patients [2,3]. However, this approach is only preferred when patients
are not responding to medications. The most common indications where transplantation is
opted for are in the end stage of diseases such as chronic obstructive pulmonary disease
(COPD), cystic fibrosis (CF), interstitial pulmonary fibrosis, and primary pulmonary arterial
hypertension [3,4]. In terms of pulmonary malignancy, it was found that a select group of
patients undergoing Ltx had desirable outcomes [5]. In patients with severe unresolving
COVID-19 associated with acute respiratory distress syndrome, lung transplantation was
the only option [6].

The assessment process for LTx is usually long and complicated. The American Tho-
racic Society and International Society for Heart and Lung Transplantation have developed
clear patient selection criteria, which consider age and severity of the disease where both
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psychological and clinical aspects are taken into consideration. If the patients are not
responding to medications or if no medications are available for the medical condition,
physicians will start to consider Ltx as a viable treatment option [7]. The lung allocation
score, which was introduced by the USA and adopted by some countries in Europe with
slight modifications as per their needs, has been shown to diminish mortality rates in
patients on the waiting list for transplants [7–9]. The introduction of lung allocation scores
drastically reduced the waiting time for system allocation, and it is based on the intensity
of the need and the chances of post-transplant survival [1].

However, Ltx is a complex therapy with a significant risk of perioperative morbidity
and mortality and has the worst outcome of all solid organ transplantations. It offers
patients 78% 1-year survival, 63% 3-year survival, and 51% 5-year survival [10]. Many
challenges involving Ltx that have yet to be overcome include expansion of the lung donor
pool, inducing tolerance, bridging patients to transplant, and preventing a multitude of
complications, such as primary graft dysfunction, cellular and antibody-mediated rejection,
chronic allograft rejection, and infections [11]. In the first-week post-transplantation,
complications such as reperfusion injury and infection may occur, followed by, in the
second week, the possibility of organ rejection and infection. Chronic rejection and infection
are more likely and occur earlier in lung allografts. This might be due to causes such
as direct exposure to the external environment, increasing the susceptibility of direct
injury from inhaled foreign material and infection. Furthermore, since lung allografts
lack lymphatic drainage and innervations with an abnormal mechanism of mucociliary
clearance, ineffective foreign material or microorganisms’ removal is expected to be the
cause of infection [10]. Hence, in terms of having an improved end-of-life treatment in
patients requiring lung transplantation, currently, new efforts are being made in the field of
bioengineering technology.

In bioengineering, ex vivo strategies of transplantation that could address the issue of
donor organ shortage via conventional Ltx are being investigated thoroughly. Pre-clinical
studies are being conducted that utilize biologically derived or synthetic scaffolds that are
seeded with autologous cells from the transplant recipient. In the generation of scaffolds,
a multitude of different technologies has been developed, such as decellularization for
biological scaffolds and advanced manufacturing processes such as casting, cryogelation,
microfabrication, and electrospinning techniques for synthetic scaffolds (Figure 1) [12].
Upcoming advancements, such as xenotransplantation, are also being studied as an al-
ternative approach to allogenic Ltx or as a bridge to allotransplantation by extending
the time for a donor–recipient match to be found. There is ongoing research in genetic
engineering to prevent acute thrombotic and severe inflammatory reactions occurrences
via pig and primate xenotransplantation [13,14]. Additionally, bioprinting has emerged as
a popular field of study for the engineering of biocompatible scaffolds for the purposes of
transplantation. The ability to systematically deposit layers of biologically active cells and
matrix material for engineered tissue through 3D rapid prototyping and inkjet valve-based
printing systems could possibly create alveolar and microvascular structures of polymeric
materials. It has also been reported that bioprinters may be able to produce cells and
extracellular matrix (ECM) simultaneously to create a complete scaffold [14,15].

In this review, the introduction of various scaffolds together with their manufacturing
processes, including decellularization and recellularization strategies, are discussed. Fur-
thermore, recent bioreactor strategies that aid in successful lung bioengineering and the
regulatory and ethical implications in this field of research are also discussed.
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2. Lung Scaffolds

LTx is an option for the end stages of lung diseases because of the limited regeneration
capacity of adult lung tissue [16]. The lack of suitable donors is a major issue, and it is
being bridged by tissue engineering. Damaged tissues can be regenerated using cells from
the body along with materials like scaffolds as templates to facilitate the development of
newer tissues using the tissue engineering technique (Figure 1) [17]. The scaffolds offer a
stencil for the redevelopment of defects. They are three-dimensional (3D), porous, fibrous,
or permeable biomaterials intended to permit the transport of body liquids and gases and
promote cell interaction and ECM deposition with minimum inflammation and toxicity
while biodegrading at a certain controlled rate [18]. The characteristics necessary to be
considered while choosing a scaffold to develop the lung tissue cannot be ignored. The
physiological function of the lungs, for example, the exchange of gasses, should remain
intact even with the use of scaffolds which is closely related to the properties such as
strength, elasticity, cellular remodeling, geometry, cellular movement, nutrient transfer, and
removal of waste, etc. These properties should be primary considerations when choosing a
scaffold for the development of lung tissue [19].

In addition to these, a crucial component in maintaining lung scaffolds is the steriliza-
tion of decellularized lung matrix [20]. Sterilization is essential for eliminating all viable
traces of microbes that may still be living on the scaffolds. Unlike natural living lungs that
are protected from pathogens, these decellularized lung scaffolds are devoid of protective
organelles such as macrophages and other immune-modulating substances. This may result
in extremely dangerous end products in recipients who are already on immunosuppres-
sants [21]. Thus, it is imperative that such lung scaffolds are sterilized with proper care [22].
Perfusion of the lung matrix in peracetic acid (PAA) is the common method adopted for
sterilization [23]. PAA is reported to be effective in eradicating all forms of microorganisms
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and pathogens [24]. Recently, there has been much interest in the use of supercritical carbon
dioxide (ScCO2) for the sterilization of lung scaffolds [25]. A number of reports suggest
that ScCO2 is far superior to other known sterilizing agents as this technique acts deeply
inside the matrix components and also works at lower temperatures. It is also reported to
be non-toxic to the lung matrix components.

Another effective sterilization technique reported for lung scaffolds is photodynamic
therapy (PDT). This technique requires the use of photosensitizer, which is essentially
the key component in this technique [26]. Although this tool is gaining much interest,
nevertheless, in-depth studies are required to prove the clinical utility of this technique.
Apart from these, other common methods for the sterilization of lung scaffolds reported
are the use of gases, namely, ethylene oxide or gamma rays, and electron particles [27]. The
penetrative capability of ionizing radiation gives them an added advantage among the
agents that are employed for the sterilization of lung scaffolds.

Apart from the general regulation of the extracellular volume inside the lung scaffolds,
the osmolarity and pH of the matrix also need to be maintained at optimal levels. Large
variations in either the pH or the osmolarity may cause the cells to behave in an extremely
abnormal manner. This may also lead to the destruction of the lung matrix architecture,
which may eventually affect the physiology of the scaffolds adversely.

One of the major challenges with whole lung transplantation is graft rejection, where
the recipient system does not accept the transplanted lung. This is a slow, long-term process.
Long-term rejection may lead to the development of a condition known as bronchiolitis
obliterans syndrome (BOS), which is represented by the progressive obliteration of the
small airways. Lung scaffolds are prone to be rejected by the immunological system after
transplantation. Thus, it is important to consider the factor of immunogenicity. It is common
to observe a strong immunological response in the recipient. Therefore, it is of utmost
importance to manage the factors associated with graft rejection [28]. The most widely
accepted strategy for minimizing rejection is to induce immunosuppression. In addition,
certain biocompatible constructs and scaffold materials will be key to minimizing scaffold
rejection. Recently, it has been discovered that certain stem cells are responsible for the
primary cause of graft rejection in lung transplants. Major histocompatibility complex also
plays a significant role in the rejection of the scaffold. Antibody-mediated rejection (AMR)
is another cause of lung scaffold rejection. Inducing immunological tolerance is another
strategy that has been reported by several authors to overcome chronic rejection [29].

2.1. Acellular Scaffolds

The use of human-derived acellular lung tissue scaffolds is a recent advance in lung
bioengineering, allowing the study of lung tissue repair and reconstruction [30]. Scaffolds
with a 3D structure facilitating cellular adhesion are considered an ideal and efficient
template suitable to repopulate specific cells. Such properties are seen in acellular ECM
scaffolds. They are lungs from which the cells have been destroyed and removed, thereby
providing a scaffold from the skeleton of the lung. This structure supports the growth of
adult, stem, or progenitor cells into functional lung tissues. Evidence has been reported that
the survival of the engineered tissues after transplantation supports limited gas exchange,
as well [18,19]. Acellular scaffolds developed from animals and patients are currently being
used to explore human disease ex vivo as a new 3D model [31,32].

2.2. Artificial Scaffolds

Artificial scaffolds have been used as a supporting structure for the domination of cell
growth in the repair of impaired tissues or organs such as the lung. Synthetic polymers such
as poly-glycolic acid (PGA), poly lactic-co-glycolic acid (PLGA), poly-l-lactic acid (PLLA),
polyvinyl alcohol (PVA), and polyethylene glycol (PEG) can be used to make artificial
scaffolds. Importantly, to avoid adverse reactions, materials used to generate artificial
scaffolds should be non-immunogenic, biocompatible, non-toxic, chemically stable, and
well tolerated by the host after implantation [33].



Bioengineering 2022, 9, 195 5 of 15

3. Updates on Acellular Lung Scaffold Manufacturing

The foundational function of the lung and its physical properties are dependent on
the ECM composition, which influences strength, flexibility, and elasticity. The interstitial
lung parenchyma is mainly composed of collagen I, III, and elastin. The primary function
of these components is to form the mechanical scaffold, which aids in maintaining the lung
structure during ventilation. Cell removal from the lung might change the composition of
ECM, thereby affecting the physical characteristics of the scaffold material [19]. However,
the derivation of cell-free ECM was conducted decades ago by Lwebuga-Mukasa and
colleagues, who first described the generation of acellular lung scaffolds in 1986 using an
in vivo model, and this field has been growing rapidly in the recent years [20]. Hence,
it is important to ensure that decellularization techniques performed are good enough
to retain key ECM components while facilitating the removal of nucleic acids and cell
debris [19]. Repopulation of the decellularized scaffold must also be optimized in order
to produce a functional lung. Therefore, improved culture techniques are required to
enhance complete recellularization of the lung surface area with viable, functioning, and
differentiated cells [34].

There are several factors that play a major role in the selection of an ideal polymer
for the manufacture of lung scaffolds. The use of synthetic and natural biopolymers has
been favored by several authors. One of the key factors is the porosity of the polymer
used. Porosity decides the extent of cell growth, vascularization, and attachment within the
matrix [35]. Thus, an optimally porous material is crucial in the manufacture of the scaffolds.
Another important factor of an ideal polymer material is the ability to functionalize. This
may decide how strong the matrix is constructed. Orientation of the polymer fibers is
another factor that needs to be considered. Reduction in the amount of degradation is also
another factor that has been reported by several authors.

3.1. Decellularization

The primary focus of any decellularization technique is to remove the endogenous
cell population while retaining the macro architecture along with the ECM composition
of the lung. Effective decellularization techniques are dictated by factors, including tis-
sue organization, density, or organ structure. In terms of decellularization of the lung,
the aforementioned factors are crucial to note since the tissue density and structure vary
considerably among main stem bronchi, bronchioles, and distal lung [36]. Various tech-
niques have been used to decellularize lung tissue, such as using chemical, physical agents,
and enzymes.

The most common chemical decellularization technique is using surfactants, which
work by lysing cells via disarranging the phospholipid membrane [37]. Surfactants can
be classified according to their charge, such as ionic, non-ionic, or zwitterionic. Sodium
dodecyl sulfate (SDS) is a widely used ionic surfactant that efficiently removes cells and
genetic materials. Studies have reported that treatment with SDS has met the standard
requirements of complete cell removal and elimination of at least 90% of host DNA from
rat, porcine, and human lungs [38,39]. However, the decellularized ECM of porcine and
human lungs was more fibrous compared to the structure of smooth native tissue [38].
Glycosaminoglycans (GAGs) and growth factors such as vascular endothelial growth factor
(VEGF) were reduced due to treatment with SDS, thereby affecting the biochemical cues
regulating cellular function. Structural protein and components damage not only prevents
the cells from inhabiting the tissue as before but will also inhibit the full retention of its
mechanical properties [40]. SDS is more difficult to wash off due to its ionic nature; hence,
often, the non-ionic surfactant Triton X-100 is used to remove the remnant of SDS [39].
Moreover, Triton X-100 can also be used as a decellularizing agent alone, and since it
is non-ionic, it is less harsh than SDS, ultimately being less damaging to the structural
tissue integrity. Together with ammonium hydroxide, it could completely remove all
DNA while maintaining a high amount of collagen I compared to SDS [41]. Moreover,
sodium deoxycholate (SD) is another ionic surfactant that functions by solubilizing the cell
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membrane, but unlike SDS, SD produces highly biocompatible scaffolds. Complete cell
removal using SD was observed in a perfusion treatment of rat lungs, and at the same time,
a greater amount of myosin was retained when using SD compared to other surfactant
treatments [39]. Other than that, zwitterionic detergents such as 3-[(3-cholamidopropyl)
dimethylammonio]-1-propanesulfonate (CHAPS) have also been used in decellularizing the
lung tissue, whereby human and porcine-derived lung tissues and rat lungs, when treated
with 8 Mm CHAPS solutions, exhibited complete decellularization [38,39]. However, it
was reported that the cytoplasmic proteins had remained, but not all cellular debris was
removed. Due to the non-denaturing properties of CHAPS, ECM proteins such as collagen
and elastin were preserved, allowing the lung tissue to retain its compliance [39,42].

In general, most protocols last from 1 to 7 days. Many protocols of decellularization
incorporate additional washes and incubations to remove organic components, which
are difficult to remove using other detergents. The most widely used technique is using
hypertonic solution (1 M NaCl) for cell lysis, or DNase/RNase to clear residual DNA and
RNA. To date, there is no agreement on the best route of administration and removal of
decellularizing agents since both vascular-only perfusion and a combination of vascular
and airway perfusion have produced acellular scaffolds that are capable of supporting
recellularization [12].

3.2. Recellularization

The lung is a complex organ composed of more than 40 different cell types that perform
a variety of functions, including gaseous exchange, ciliary clearance of inhaled foreign
objects, and immune system surveillance [43]. This complexity makes the generation of
bioengineered lungs a complicated process whereby recellularization of the decellularized
ECM must be optimized to produce a functional tissue or organ [41,44]. Recellularization
is defined as the repopulation of acellular ECM scaffolds with specific cell types that are
functional and transplantable based on the specific function of the organ [45]. The main
cell sources that are currently being investigated include primary tissue-isolated progenitor
cells, differentiated pluripotent stem cells, and mesenchymal stem cells (MSCs) [46–49].

Organ-specific on-site endothelial cells (EC) might represent the most promising cell
source for microvascular lung generation as EC derived from lungs possess significant
genome expression levels and transcriptomes [50]. Accordingly, lung microvascular ECs
(LMVECs) have been used for recellularization in rat models; for example, Niklason’s
group has seeded rat LMVECs with epithelial cells (EpCs) onto decellularized lung. When
LMVECs were injected into the pulmonary artery of acellular scaffolds, they adhered
throughout the scaffold [51,52]. Furthermore, cell lines, including human umbilical vein
endothelial cells (HUVECs) and A549 alveolar EpCs, have been used in numerous experi-
ments to demonstrate biocompatibility with the decellularized scaffold. These cells were
shown to possess less translational potential as they are not patient-specific and may not be
derived from normal tissues [53]. A study has also reported that HUVECs had lower levels
of proliferation and a higher level of apoptosis compared to LMVECs [54].

Moreover, the use of induced pluripotent stem cell (iPSC)-derived cell populations is
being broadly investigated as a promising cell source for ECs, thereby having the potential
to overcome the need for primary lung tissue [30,55]. Human iPSC-derived ECs were
applied to rat and human lung scaffolds resulting in the establishment of perfusable
vascular lumens. In addition, although maintaining the genome integrity of the iPSCs
and the differentiated cells is still an uncertainty, it may be possible to correct donor-
specific genetic diseases such as CF in the iPSC state prior to differentiation [56]. A recent
study has also demonstrated that human iPSCs can be differentiated into cells expressing
a distal pulmonary epithelial cell immunophenotype and seeded into acellular human
lung scaffolds [57]. Even though the clinical use of iPSCs is an exciting approach, it
remains under development, and there are concerns regarding the tumorigenic potential of
pluripotent cells [12].
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Lastly, MSCs’ potential in repopulating various acellular scaffolds is being widely
studied alongside the aforementioned cell types. MSCs are multipotent stromal cells that
possess a self-renewal and differentiation capacity in which their binding with scaffolds
occurs by the interaction of cellular integrins with different ECM proteins [58]. Mouse bone
marrow-derived MSCs readily adhered to residual ECM after intratracheal inoculation
into decellularized whole mouse lungs. It was found that MSCs spread more diffusely
throughout the lung and appeared to grow in regions enriched in type I collagen, type IV
collagen, and laminin but not in fibronectin [59]. Moreover, studies have indicated that
MSCs derived from human bone marrow and human adipose tissue were attached to and
proliferated within lung tissue scaffold. It also demonstrated the ability to differentiate
toward lung epithelial phenotypes, thereby presenting MSCs as an important cell type for
lung regeneration [60].

4. Artificial Lung Scaffolds

Due to recent advances, synthetic materials are an attractive candidate to use as scaf-
folds in the development of tissue engineering. Myriad synthetic polymers such as PLLA,
PGA, and PLGA have been used in an attempt to produce artificial lung scaffolds. Although
synthetic polymers can be fabricated successfully with a tailored architecture, there are
drawbacks, such as the risk of rejection due to reduced bioactivity [16]. It has also been
reported that the degradation process of PLLA and PGA by hydrolysis produces carbon
dioxide, causing a reduction in the local pH, which can result in cell and tissue necro-
sis [61]. However, PGA efficiently functioned as a patch grafted to the incised lung of the
rat model. The adipose-derived stem cells seeded PGA succeeded in regenerating vascular
and alveolar tissues [62]. PDLLA is another biodegradable hydrophobic polymer of lactic
acid that is favored to be used as a lung scaffold due to its elastic property [16]. Therefore,
it is important to choose artificial materials which have biochemical and biomechanical
properties and micro and nanoscale structures that mimic the native ECM of lungs [63].
Comparisons between acellular and artificial scaffolds can be explained according to the
properties that are favored to be in an ideal lung scaffold, such as in terms of differentiation
and engraftment cues, immunogenicity, manufacturability, and long-term storage. These
differences are summarised in Table 1 below.

Table 1. Differences between properties of acellular and artificial scaffolds.

Acellular Scaffold Properties Artificial Scaffold

Native integrin-binding site is retained Differentiation and engraftment cues Specific integrin-binding site is absent.
Must be engineered into scaffolds.

Removal of antigen during
decellularization Immunogenicity Varies depending on material used

Native architecture largely retained Manufacturability Complex architecture possible

Large variability between donor scaffolds Similarity with donor Precise control possible

Degradation over long term storage Long term storage Improved storage stability

5. Potential Manufacturing Methods

A variety of manufacturing methods have been used for tissue engineering of porous
structures, such as solvent-casting, foaming, freeze-drying, and particulate-leaching [64].
Particularly in terms of the lung parenchyma, the electrospinning method is widely studied
and is deemed effective in producing nanoscale fibers from a solution using electric-
ity [65,66]. In electrospinning, both synthetic and natural polymers can be used to create
porous scaffolds comprised of thin nanofibers that are capable of supporting cell attach-
ment, proliferation, and differentiation. However, this method has only been used as an
in vitro platform to study the effects of fibrotic lung micro-environments but is yet to be
used for bioengineering lung tissues [67].
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On the other hand, bioprinting, also known as 3D printing, has recently emerged as a
potential source for bioengineering tissues or support structures [68–70]. 3D printing can
produce lung tissue biomimetics to develop in vitro models and could eventually produce
functional tissue for transplantation. However, printing functional synthetic tissues that
could recreate the lung structure is still beyond the current capabilities of 3D bioprinting
technology [71]. Moreover, currently, there are no published reports of attempts to 3D
print lung tissue capable of gas exchange. This could be due to the extremely challenging
fabrication of distal lung as the gas exchange barrier is in the order of nanometers, and
nozzles used for printing cells are currently in the micrometer range [12].

6. Hybrid Materials

Researchers are also working to create hybrid materials to build an optimal lung
scaffold whereby the positive attributes of two or more materials are combined to produce
a final optimal scaffold that overcomes the limitations of each constituent component. For
example, the conducive nature of acellular scaffolds for cell adhesion sites, organizational
and differentiation cues, paired with synthetic materials and advanced manufacturing
approaches to produce reproducible scaffolds with tunable mechanical properties, together
could create a desirable lung scaffold [12]. To create hybrid materials, a good understanding
of the anatomy and physiology of the organ is necessary. Park et al. used a hybrid
implant consisting of L-lactide and ε-caprolactone, which was synthesized by ring-opening
polymerization. An advantage of this matrix is that it is highly porous (80%), which
facilitates cells to migrate into the implant. Gelatin coating was also applied to strengthen
the matrix, thereby improving cell adhesion on the surface. Moreover, gelatin matrix coated
with PCL/TGF-B1 (polycaprolactone/transforming growth factor beta-1) with cultured
chondrocytes on the surface showed good results in in vivo experiments, whereby after
8 weeks of implantation, the matrix retained its mechanical properties despite the gradual
replacement by native tracheal tissue [72].

7. Bioreactor Strategies for Lung Bioengineering

Bioreactors in tissue engineering are defined as devices that facilitate biological pro-
cesses by maintaining physiological parameters at desired levels, improving mass transport
rates, and exposing cell-seeded 3D scaffolds to specific physical or biochemical stimuli to
support in vitro tissue development or encourage cells to undergo differentiation [73,74].
In terms of lung bioengineering, bioreactors are crucial in cell expansion and differentiation,
tissue decellularization and recellularization, engineered tissue culture monitoring, and
reconditioning of lungs to make them usable for transplantation [75]. Bioreactors ranging
from microfluidic scale to human-sized whole lung systems have been developed recently.
Microfluidic, lung mimic, and lung slice cultures have advantages of cost-efficiency and
high throughput analyses ideal for pharmaceutical and toxicity studies (Figure 2), whereas
perfused rodent whole lung systems can be adapted for mid-throughput studies of lung
progenitor cell development, cell behavior, understanding and treating lung injury, and for
preliminary work that can be translated to human lung bioengineering [75].

For scalable cell culture and differentiation, bioreactor systems need to provide a mini-
mized gradient in pH, oxygen, nutrients, and adequate surface for anchorage-dependent
cells. Rotating bioreactors and microcarrier-based bioreactors have been developed by
fulfilling the aforementioned criteria. Ghaedi et al. successfully obtained optimally dif-
ferentiated iPSCs into type I epithelial cells via rotating bioreactors. This has shown that
rotating bioreactors are able to provide a well-maintained polarizing air-liquid interface
required to maintain respiratory epithelium differentiation and growth in vitro [76]. On
the other hand, since microcarrier-based reactors cater to a large surface-to-volume ratio
and allow culture in suspension mode, cellular expansion in a relatively low volume with
minimal pH and nutrient gradients is feasible [77].

Bioreactors have also been developed for decellularization and are also amendable
by design for recellularization [36,78]. In a bioreactor, decellularized lung scaffold upon
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cannulation is mounted into the trachea and pulmonary artery; then, the culture medium is
perfused at physiological pressure [79]. To recellularize both airway and vascular conduits,
a bioreactor must possess independent access lines with integrated pressure transducers
to enable flow or volume-based control of pressure. Instead of continuous, pulsatile,
perfusion through the vasculature will stimulate heart-driven blood flow; plus, it could
confer appropriate nutrient distribution while removing cellular and extracellular waste
products. The bioreactor should also provide mechanical ventilation, ideally by negative
pressure to avoid lung damage. However, to reverse lung collapse and allow airway
recruitment, positive pressure inflation might also be required [75].
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Several studies have developed large-scale bioreactors for human size lung tissue
engineering, many of which led to the implantation of animal models [81,82]. An organ
culture system and protocols to support recellularization of whole acellular human pediatric
lung scaffold were developed whereby the bioreactor was used for both decellularization
and recellularization. After 30 days of bioreactor culture, type I and type II alveolar
epithelial cells and alveolar–capillary junctions were present, and the static compliance of
engineered and normal lungs were similar [82]. Furthermore, to culture rhesus macaque
lung tissue with bone marrow-derived mesenchymal stem/stromal cells (BM-MSCs) and
lung microvascular endothelial cells, a bioreactor providing mechanical stretch and strain
by negative pressure ventilation and pulsatile perfusion through the vasculature was
utilized. It was found that, after 2 weeks of the culture, the BM-MSCs had grown along the
large airways’ lumenal surface, lined the alveolar septae, and resembled simple squamous
epithelium [83].

Moreover, ex vivo lung perfused (EVLP) systems have been used in studying lung
diseases and as potential therapeutic interventions (Figure 3). In EVLP systems, the
lungs are oriented in a horizontal position laying down on a solid surface, whereas, in
decellularization/ recellularization chambers, the lungs are held upright and are suspended
in medium. Despite the advances made, the maximum amount of time a healthy lung
can be maintained ex vivo and transplanted is in the range of 6 h, which has prompted
many investigators to avoid using EVLP systems for prolonged lung maintenance or for
bioengineering purposes [84]. Although interestingly, a study in a cross-circulation model
using native porcine lungs reported an ex vivo period of 36 h, but transplantation was not
evaluated as the primary outcome [85]. Since the evolution of lung preservation systems
such as Organ Care System from Transmedics™ and XPS™ from XVIVO Perfusion, current
clinical trials of lung transplantation to prolong organ preservation and recondition lungs
are being undertaken [86–88].
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8. Regulatory and Ethical Implications in the Approach of Lung Bioengineering

Lung tissue bioengineering is a complex process that emphasizes the use of various
technologies from scaffold manufacturing to bioreactors to develop functional lung tissue
which had been impaired by illness or injury. Likewise, the regulatory and ethical issue in
tissue engineering is similarly complex, especially in terms of the translational progression
from early benchwork and pre-clinical studies to clinical research.

In the pre-clinical stages, many ethical issues, including responsible reporting, dissem-
ination of results, data integrity, and ensuring that every study conducted is designed to
yield results suitable to decide on the next research steps, are required to be considered. It
is also important to realize that at any point of research, obtained results might lead not
forward, but backward, or in a different direction entirely, which could assist in refining
knowledge at an earlier stage or in exploring newly identified possibilities [89]. Further-
more, the use of animal models remains the mainstay in the success of tissue engineering.
Although potential alternatives such as computer modeling and body-on-a-chip organoid
arrays are being further studied, these approaches still have limitations and require con-
siderable further development. Therefore, researchers should adhere to the principle of
modest translational distance, which refers to the number and size of inferential leaps from
animals to humans to remain minimal in selecting animal models for in vivo studies [90].
Moreover, during the recellularization process, the use of embryonic stem cells also pro-
vokes major ethical controversies. To avoid being tangled in this issue, researchers opt to
use iPSC that are derived from reprogramming somatic cells to a stem-like state.

Although significant information through in vitro and in vivo studies could be ob-
tained, it would not be sufficient to fully elucidate the physiological and biochemical
interactions that occur within a human being. Hence, prior to clinical trials, a clinically
relevant large animal model that examines short- and long-term outcomes are crucial to be
conducted [91]. Regulatory frameworks and good manufacturing practices (GMP) stan-
dards establishment is crucial to prioritizing patient safety [92,93]. To date, the evaluation
criteria used for bioengineered lung tissue prior to clinical trials remain unknown, but the
use of parameters comparable to those used in EVLP may be a good first indication. It is
critical for academic researchers, clinicians, regulatory bodies, and industries to work with
one another in establishing these new frameworks [12].

To produce transplantable lungs using recellularization approaches, it is important
to select a donor source for generating decellularized scaffolds in which human organs
are favorable candidates due to the issue of immunogenicity. However, most studies that
use human lungs for decellularization do not meet the clinical criteria for transplantation.
In addition, structural lung diseases such as pulmonary fibrosis or emphysema are often
an issue in donor organs [94]. In these instances, the lungs donated after cardiac death
(DCD) approach can be further explored. DCD lungs are an underutilized resource for a
dwindling donor lung transplant pool [95]. Currently, DCD lungs are assessed using ELVP
before transplantation, but most do not reach the minimum requirement, such as low blood
gas values [96]. Hence, if the ethical committee of a particular country allows the use of
DCD lungs, bioengineering strategies can be applied to generate reproducible functional
lung tissue.

9. Conclusions

The advancement in technology has been a propellor in the field of complex tissue
engineering, allowing the production of new treatment prospectus in terms of healthcare.
Tissue engineering is a multivariate field that requires collaboration between engineering,
biology, medicine, chemistry, and emerging novel multidisciplinary technologies. One of
the greatest barriers to the generation of an ideal bioengineered lung is surely the com-
plexity and unique architecture of the organ itself. Without knowing and understanding
the precise control and direct angiogenesis of creating intricate pulmonary vasculature,
development in lung tissue engineering could not be able to move forward. Hence, more
investigations are being conducted using human-sized bioreactors for lung decellulariza-
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tion and recellularization along with EVLP systems. The goal is to produce a bioartificial
lung as an alternative to traditional donor lungs in patients suffering from end-stage lung
disease and thus meeting the demand of patients on the waiting list. More research is
needed in translating pre-clinical studies to clinical studies in the hopes of presenting the
implantation of the bioartificial lung as a functional treatment option in the near future.

Author Contributions: Conceptualization, D.K.C. and J.M.; methodology, K.D.; software, M.C.;
validation, S.K.S. and G.G.; writing—original draft preparation, R.M.; writing—review and editing,
D.K.C. and K.D.; supervision, J.M. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Van der Mark, S.C.; Hoek, R.A.S.; Hellemons, M.E. Developments in lung transplantation over the past decade. Eur. Respir. Rev.

2020, 29, 190132. [CrossRef] [PubMed]
2. Stubber, C.; Kirkman, M. The experiences of adult heart, lung, and heart-lung transplantation recipients: A systematic review of

qualitative research evidence. PLoS ONE 2020, 15, e0241570. [CrossRef] [PubMed]
3. Yeung, J.C.; Keshavjee, S. Overview of Clinical Lung Transplantation. Cold Spring Harb. Perspect. Med. 2014, 4, a015628. [CrossRef]
4. Christie, J.; Edwards, L.B.; Kucheryavaya, A.Y.; Benden, C.; Dipchand, A.I.; Dobbels, F.; Kirk, R.; Rahmel, A.O.; Stehlik, J.; Hertz,

M.I. The Registry of the International Society for Heart and Lung Transplantation: 29th Adult Lung and Heart-Lung Transplant
Report—2012. J. Heart Lung Transplant. 2012, 31, 1073–1086. [CrossRef] [PubMed]

5. Mathew, J.; Kratzke, R.A. Lung cancer and lung transplantation: A review. J. Thorac. Oncol. 2009, 4, 753–760. [CrossRef]
6. Bharat, A.; Machuca, T.N.; Querrey, M.; Kurihara, C.; Garza-Castillon, R.; Kim, S.; Manerikar, A.; Pelaez, A.; Pipkin, M.;

Shahmohammadi, A.; et al. Early outcomes after lung transplantation for severe COVID-19: A series of the first consecutive cases
from four countries. Lancet Respir. Med. 2021, 9, 487–497. [CrossRef]

7. Smits, J.M.; Nossent, G.; Evrard, P.; Lang, G.; Knoop, C.; Erp, J.M.K.-V.; Langer, F.; Schramm, R.; van de Graaf, E.; Vos, R.; et al.
Lung allocation score: The Eurotransplant model versus the revised US model—A cross-sectional study. Transpl. Int. 2018, 31,
930–937. [CrossRef]

8. Palleschi, A.; Benazzi, E.; Rossi, C.F.; Torelli, R.; Passamonti, S.M.; Pellegrini, C.; Lucianetti, A.; Tarsia, P.; Meloni, F.; Parigi, P.;
et al. Lung Allocation Score System: First Italian Experience. Transpl. Proc. 2019, 51, 190–193. [CrossRef]

9. Egan, T.; Edwards, L.B. Effect of the lung allocation score on lung transplantation in the United States. J. Heart Lung Transpl. 2016,
35, 433–439. [CrossRef]

10. Hardman, G.; Dark, J.H. Lung transplantation: State of the art and current practice. Surgery. 2020, 38, 382–388. [CrossRef]
11. Meyer, K.C. Recent advances in lung transplantation. F1000Research 2018, 7, 1684. [CrossRef] [PubMed]
12. de Santis, M.M.; Bölükbas, D.A.; Lindstedt, S.; Wagner, D.E. How to build a lung: Latest advances and emerging themes in lung

bioengineering. Eur. Respir. J. 2018, 52, 1601355. [CrossRef] [PubMed]
13. Sahara, H.; Watanabe, H.; Pomposelli, T.; Yamada, K. Lung xenotransplantation. Curr. Opin. Organ Transpl. 2017, 22, 541–548.

[CrossRef]
14. Swaminathan, V.; Bryant, B.R.; Tchantchaleishvili, V.; Rajab, T.K. Bioengineering lungs—Current status and future prospects.

Expert Opin. Biol. Ther. 2020, 21, 465–471. [CrossRef]
15. Derakhshanfar, S.; Mbeleck, R.; Xu, K.; Zhang, X.; Zhong, W.; Xing, M. 3D bioprinting for biomedical devices and tissue

engineering: A review of recent trends and advances. Bioact. Mater. 2018, 3, 144–156. [CrossRef]
16. Naeem, C.; Mozafari, M.; Sefat, F. Scaffolds for lung tissue engineering. In Handbook of Tissue Engineering Scaffolds: Volume Two;

Elsevier: Amsterdam, The Netherlands, 2009; pp. 427–448. [CrossRef]
17. O’Brien, F.J. Biomaterials & scaffolds for tissue engineering. Mater. Today. 2011, 14, 88–95. [CrossRef]
18. Nikolova, M.P.; Chavali, M.S. Recent advances in biomaterials for 3D scaffolds: A review. Bioact. Mater. 2019, 4, 271–292.

[CrossRef]
19. Nichols, J.E.; Niles, J.A.; Cortiella, J. Production and utilization of acellular lung scaffolds in tissue engineering. J. Cell. Biochem.

2012, 113, 2185–2192. [CrossRef]
20. Balestrini, J.L.; Liu, A.; Gard, A.L.; Huie, J.; Blatt, K.M.; Schwan, J.; Zhao, L.; Broekelmann, T.J.; Mecham, R.P.; Wilcox, E.C.; et al.

Sterilization of Lung Matrices by Supercritical Carbon Dioxide. Tissue Eng. Part C Methods 2016, 22, 260–269. [CrossRef]
21. Bonenfant, N.R.; Sokocevic, D.; Wagner, D.E.; Borg, Z.D.; Lathrop, M.J.; Lam, Y.W.; Deng, B.; DeSarno, M.J.; Ashikaga, T.; Loi, R.;

et al. The effects of storage and sterilization on de-cellularized and re-cellularized whole lung. Biomaterials 2013, 34, 3231–3245.
[CrossRef]

22. Torbeck, L.; Raccasi, D.; Guilfoyle, D.E.; Friedman, R.L.; Hussong, D. Burkholderia cepacia: This Decision Is Overdue. PDA J.
Pharm. Sci. Technol. 2011, 65, 535–543. [CrossRef] [PubMed]

http://doi.org/10.1183/16000617.0132-2019
http://www.ncbi.nlm.nih.gov/pubmed/32699023
http://doi.org/10.1371/journal.pone.0241570
http://www.ncbi.nlm.nih.gov/pubmed/33175900
http://doi.org/10.1101/cshperspect.a015628
http://doi.org/10.1016/j.healun.2012.08.004
http://www.ncbi.nlm.nih.gov/pubmed/22975097
http://doi.org/10.1097/JTO.0b013e31819afdd9
http://doi.org/10.1016/S2213-2600(21)00077-1
http://doi.org/10.1111/tri.13262
http://doi.org/10.1016/j.transproceed.2018.02.214
http://doi.org/10.1016/j.healun.2016.01.010
http://doi.org/10.1016/j.mpsur.2020.04.006
http://doi.org/10.12688/f1000research.15393.1
http://www.ncbi.nlm.nih.gov/pubmed/30416706
http://doi.org/10.1183/13993003.01355-2016
http://www.ncbi.nlm.nih.gov/pubmed/29903859
http://doi.org/10.1097/MOT.0000000000000465
http://doi.org/10.1080/14712598.2021.1834534
http://doi.org/10.1016/j.bioactmat.2017.11.008
http://doi.org/10.1016/B978-0-08-102561-1.00018-X
http://doi.org/10.1016/S1369-7021(11)70058-X
http://doi.org/10.1016/j.bioactmat.2019.10.005
http://doi.org/10.1002/jcb.24112
http://doi.org/10.1089/ten.tec.2015.0449
http://doi.org/10.1016/j.biomaterials.2013.01.031
http://doi.org/10.5731/pdajpst.2011.00793
http://www.ncbi.nlm.nih.gov/pubmed/22293841


Bioengineering 2022, 9, 195 13 of 15

23. Badylak, S.F. Xenogeneic extracellular matrix as a scaffold for tissue reconstruction. Transpl. Immunol. 2004, 12, 367. [CrossRef]
[PubMed]

24. Hodde, J.; Janis, A.; Ernst, D.; Zopf, D.; Sherman, D.; Johnson, C. Effects of sterilization on an extracellular matrix scaffold: Part I.
Composition and matrix architecture. J. Mater. Sci. Mater. Med. 2007, 18, 537–543. [CrossRef] [PubMed]

25. Qiu, Q.-Q.; Leamy, P.; Brittingham, J.; Pomerleau, J.; Kabaria, N.; Connor, J. Inactivation of bacterial spores and viruses in
biological material using supercritical carbon dioxide with sterilant. J. Biomed. Mater. Res. Part B Appl. Biomater. 2009, 91, 572–578.
[CrossRef]

26. Barra, F.; Roscetto, E.; Soriano, A.A.; Vollaro, A.; Postiglione, I.; Pierantoni, G.M.; Palumbo, G.; Catania, M.R. Photodynamic
and Antibiotic Therapy in Combination to Fight Biofilms and Resistant Surface Bacterial Infections. Int. J. Mol. Sci. 2015, 16,
20417–20430. [CrossRef]

27. Bernhardt, A.; Wehrl, M.; Paul, B.; Hochmuth, T.; Schumacher, M.; Schütz, K.; Gelinsky, M. Improved Sterilization of Sensitive
Biomaterials with Supercritical Carbon Dioxide at Low Temperature. PLoS ONE 2015, 10, e0129205. [CrossRef]

28. Nichols, J.E.; Niles, J.; Riddle, M.; Vargas, G.; Schilagard, T.; Ma, L.; Edward, K.; La Francesca, S.; Sakamoto, J.; Vega, S.; et al.
Production and Assessment of Decellularized Pig and Human Lung Scaffolds. Tissue Eng. Part A 2013, 19, 2045–2062. [CrossRef]

29. Hoerbelt, R.; Muniappan, A.; Madsen, J.C.; Allan, J.S. New strategies for the treatment of chronic rejection. Curr. Opin. Investig.
Drugs 2004, 5, 489–498.

30. Gilpin, S.E.; Wagner, D.E. Acellular human lung scaffolds to model lung disease and tissue regeneration. Eur. Respir. Rev. 2018,
27, 180021. [CrossRef]

31. Booth, A.J.; Hadley, R.; Cornett, A.M.; Dreffs, A.A.; Matthes, S.A.; Tsui, J.L.; Weiss, K.; Horowitz, J.C.; Fiore, V.F.; Barker, T.H.; et al.
Acellular Normal and Fibrotic Human Lung Matrices as a Culture System for In Vitro Investigation. Am. J. Respir. Crit. Care Med.
2012, 186, 866–876. [CrossRef]

32. Van der Velden, J.L.; Wagner, D.E.; Lahue, K.G.; Abdalla, S.T.; Lam, Y.W.; Weiss, D.J.; Janssen-Heininger, Y.M.W. Biomarkers in
lung diseases: From pathogenesis to prediction to new therapies: TGF-β1-induced deposition of provisional extracellular matrix
by tracheal basal cells promotes epithelial-to-mesenchymal transition in a c-Jun NH2-terminal kinase-1-dependent manner. Am. J.
Physiol. Lung Cell Mol. Physiol. 2018, 314, L984. [CrossRef] [PubMed]

33. Petrella, F.; Spaggiari, L. Artificial lung. J. Thorac. Dis. 2018, 10 (Suppl. S20). [CrossRef] [PubMed]
34. Crabbe, A.; Liu, Y.; Sarker, S.F.; Bonenfant, N.R.; Barrila, J.; Borg, Z.D.; Lee, J.J.; Weiss, D.J.; Nickerson, C.A. Recellularization of

Decellularized Lung Scaffolds Is Enhanced by Dynamic Suspension Culture. PLoS ONE 2015, 10, e0126846. [CrossRef]
35. Bonfield, W. Designing porous scaffolds for tissue engineering. Philos. Trans. R. Soc. Lond. Ser. A Math. Phys. Eng. Sci. 2006, 364,

227–232. [CrossRef] [PubMed]
36. Crapo, P.M.; Gilbert, T.W.; Badylak, S.F. An overview of tissue and whole organ decellularization processes. Biomaterials 2011, 32,

3233–3243. [CrossRef]
37. Nazari, M.; Kurdi, M.; Heerklotz, H. Classifying Surfactants with Respect to Their Effect on Lipid Membrane Order. Biophys. J.

2012, 102, 498–506. [CrossRef]
38. O’Neill, J.D.; Anfang, R.; Anandappa, A.; Costa, J.; Javidfar, J.; Wobma, H.M.; Singh, G.; Freytes, D.O.; Bacchetta, M.D.; Sonett,

J.R.; et al. Decellularization of Human and Porcine Lung Tissues for Pulmonary Tissue Engineering. Ann. Thorac. Surg. 2013, 96,
1046–1056. [CrossRef]

39. Gilpin, S.; Guyette, J.P.; Gonzalez, G.; Ren, X.; Asara, J.M.; Mathisen, D.J.; Vacanti, J.P.; Ott, H.C. Perfusion decellularization of
human and porcine lungs: Bringing the matrix to clinical scale. J. Heart Lung Transplant. 2014, 33, 298–308. [CrossRef]

40. Xing, Q.; Yates, K.; Tahtinen, M.; Shearier, E.; Qian, Z.; Zhao, F. Decellularization of Fibroblast Cell Sheets for Natural Extracellular
Matrix Scaffold Preparation. Tissue Eng. Part C Methods 2014, 21, 77–87. [CrossRef]

41. Gilpin, A.; Yang, Y. Decellularization Strategies for Regenerative Medicine: From Processing Techniques to Applications. BioMed
Res. Int. 2017, 2017, 9831534. [CrossRef]

42. Petersen, T.H.; Calle, E.A.; Colehour, M.B.; Niklason, L.E. Matrix Composition and Mechanics of Decellularized Lung Scaffolds.
Cells Tissues Organs. 2012, 195, 222–231. [CrossRef] [PubMed]

43. Tsuchiya, T.; Doi, R.; Obata, T.; Hatachi, G.; Nagayasu, T. Lung Microvascular Niche, Repair, and Engineering. Front. Bioeng.
Biotechnol. 2020, 8, 105. [CrossRef] [PubMed]

44. Ahmed, E.; Saleh, T.; Xu, M. Recellularization of Native Tissue Derived Acellular Scaffolds with Mesenchymal Stem Cells. Cells
2021, 10, 1787. [CrossRef] [PubMed]

45. Badylak, S.F.; Taylor, D.; Uygun, K. Whole-Organ Tissue Engineering: Decellularization and Recellularization of Three-
Dimensional Matrix Scaffolds. Annu. Rev. Biomed. Eng. 2011, 13, 27–53. [CrossRef]

46. Ren, X.; Moser, P.T.; Gilpin, S.; Okamoto, T.; Wu, T.; Tapias, L.F.; Mercier, F.E.; Xiong, L.; Ghawi, R.; Scadden, D.T.; et al.
Engineering pulmonary vasculature in decellularized rat and human lungs. Nat. Biotechnol. 2015, 33, 1097–1102. [CrossRef]

47. McCauley, K.; Hawkins, F.; Serra, M.; Thomas, D.C.; Jacob, A.; Kotton, D.N. Efficient Derivation of Functional Human Airway
Epithelium from Pluripotent Stem Cells via Temporal Regulation of Wnt Signaling. Cell Stem Cell 2017, 20, 844–857.e6. [CrossRef]

48. Huang, S.X.L.; Green, M.; De Carvalho, A.T.; Mumau, M.; Chen, Y.-W.; D’Souza, S.L.; Snoeck, H.-W. The in vitro generation of
lung and airway progenitor cells from human pluripotent stem cells. Nat. Protoc. 2015, 10, 413–425. [CrossRef]

http://doi.org/10.1016/j.trim.2003.12.016
http://www.ncbi.nlm.nih.gov/pubmed/15157928
http://doi.org/10.1007/s10856-007-2300-x
http://www.ncbi.nlm.nih.gov/pubmed/17546412
http://doi.org/10.1002/jbm.b.31431
http://doi.org/10.3390/ijms160920417
http://doi.org/10.1371/journal.pone.0129205
http://doi.org/10.1089/ten.tea.2012.0250
http://doi.org/10.1183/16000617.0021-2018
http://doi.org/10.1164/rccm.201204-0754OC
http://doi.org/10.1152/ajplung.00053.2017
http://www.ncbi.nlm.nih.gov/pubmed/29469614
http://doi.org/10.21037/jtd.2017.12.89
http://www.ncbi.nlm.nih.gov/pubmed/30123573
http://doi.org/10.1371/journal.pone.0126846
http://doi.org/10.1098/rsta.2005.1692
http://www.ncbi.nlm.nih.gov/pubmed/18272463
http://doi.org/10.1016/j.biomaterials.2011.01.057
http://doi.org/10.1016/j.bpj.2011.12.029
http://doi.org/10.1016/j.athoracsur.2013.04.022
http://doi.org/10.1016/j.healun.2013.10.030
http://doi.org/10.1089/ten.tec.2013.0666
http://doi.org/10.1155/2017/9831534
http://doi.org/10.1159/000324896
http://www.ncbi.nlm.nih.gov/pubmed/21502745
http://doi.org/10.3389/fbioe.2020.00105
http://www.ncbi.nlm.nih.gov/pubmed/32154234
http://doi.org/10.3390/cells10071787
http://www.ncbi.nlm.nih.gov/pubmed/34359955
http://doi.org/10.1146/annurev-bioeng-071910-124743
http://doi.org/10.1038/nbt.3354
http://doi.org/10.1016/j.stem.2017.03.001
http://doi.org/10.1038/nprot.2015.023


Bioengineering 2022, 9, 195 14 of 15

49. Jacob, A.; Morley, M.; Hawkins, F.; McCauley, K.; Jean, J.; Heins, H.; Na, C.-L.; Weaver, T.E.; Vedaie, M.; Hurley, K.; et al.
Differentiation of Human Pluripotent Stem Cells into Functional Lung Alveolar Epithelial Cells. Cell Stem Cell 2017, 21, 472–
488.e10. [CrossRef]

50. Nolan, D.J.; Ginsberg, M.; Israely, E.; Palikuqi, B.; Poulos, M.G.; James, D.; Ding, B.-S.; Schachterle, W.; Liu, Y.; Rosenwaks, Z.; et al.
Molecular Signatures of Tissue-Specific Microvascular Endothelial Cell Heterogeneity in Organ Maintenance and Regeneration.
Dev. Cell 2013, 26, 204–219. [CrossRef]

51. Petersen, T.H.; Calle, E.A.; Zhao, L.; Lee, E.J.; Gui, L.; Raredon, M.B.; Gavrilov, K.; Yi, T.; Zhuang, Z.W.; Breuer, C.; et al.
Tissue-Engineered Lungs for in Vivo Implantation. Science 2010, 329, 538–541. Available online: https://www.science.org/doi/
abs/10.1126/science.1189345 (accessed on 31 December 2021). [CrossRef]

52. Calle, E.A.; Hill, R.C.; Leiby, K.L.; Le, A.V.; Gard, A.L.; Madri, J.A.; Hansen, K.C.; Niklason, L.E. Targeted proteomics effectively
quantifies differences between native lung and detergent-decellularized lung extracellular matrices. Acta Biomater. 2016, 46,
91–100. [CrossRef] [PubMed]

53. Kotton, D.N.; Morrisey, E.E. Lung regeneration: Mechanisms, applications and emerging stem cell populations. Nat. Med. 2014,
20, 822–832. [CrossRef] [PubMed]

54. Scarritt, M.E.; Pashos, N.C.; Motherwell, J.M.; Eagle, Z.R.; Burkett, B.J.; Gregory, A.N.; Mostany, R.; Weiss, D.J.; Alvarez, D.F.;
Bunnell, B.A. Re-endothelialization of rat lung scaffolds through passive, gravity-driven seeding of segment-specific pulmonary
endothelial cells. J. Tissue Eng. Regen. Med. 2018, 12, e786–e806. [CrossRef]

55. Uhl, F.E.; Wagner, D.E.; Weiss, D.J. Preparation of Decellularized Lung Matrices for Cell Culture and Protein Analysis. Methods
Mol. Biol. 2017, 1627, 253–283. [CrossRef] [PubMed]

56. Jang, Y.-Y.; Ye, Z. Gene correction in patient-specific iPSCs for therapy development and disease modeling. Hum. Genet. 2016, 135,
1041–1058. [CrossRef] [PubMed]

57. Shojaie, S.; Ermini, L.; Ackerley, C.; Wang, J.; Chin, S.; Yeganeh, B.; Bilodeau, M.; Sambi, M.; Rogers, I.; Rossant, J.; et al. Acellular
Lung Scaffolds Direct Differentiation of Endoderm to Functional Airway Epithelial Cells: Requirement of Matrix-Bound HS
Proteoglycans. Stem Cell Rep. 2015, 4, 419–430. [CrossRef]

58. Meyer, M.B.; Benkusky, N.A.; Sen, B.; Rubin, J.; Pike, J.W. Epigenetic Plasticity Drives Adipogenic and Osteogenic Differentiation
of Marrow-derived Mesenchymal Stem Cells. J. Biol. Chem. 2016, 291, 17829–17847. [CrossRef]

59. Daly, A.B.; Wallis, J.M.; Borg, Z.D.; Bonvillain, R.W.; Deng, B.; Ballif, B.A.; Jaworski, D.M.; Allen, G.B.; Weiss, D.J. Initial Binding
and Recellularization of Decellularized Mouse Lung Scaffolds with Bone Marrow-Derived Mesenchymal Stromal Cells. Tissue
Eng. Part A 2012, 18, 1–16. [CrossRef]

60. Mendez, J.J.; Ghaedi, M.; Steinbacher, D.; Niklason, L.E. Epithelial Cell Differentiation of Human Mesenchymal Stromal Cells in
Decellularized Lung Scaffolds. Tissue Eng. Part A 2014, 20, 1735–1746. [CrossRef]

61. Tebyanian, H.; Karami, A.; Nourani, M.R.; Motavallian, E.; Barkhordari, A.; Yazdanian, M.; Seifalian, A. Lung tissue engineering:
An update. J. Cell. Physiol. 2019, 234, 19256–19270. [CrossRef]

62. Shigemura, N.; Okumura, M.; Mizuno, S.; Imanishi, Y.; Matsuyama, A.; Shiono, H.; Nakamura, T.; Sawa, Y. Lung Tissue
Engineering Technique with Adipose Stromal Cells Improves Surgical Outcome for Pulmonary Emphysema. Am. J. Respir. Crit.
Care Med. 2006, 174, 1199–1205. [CrossRef] [PubMed]

63. Lemon, G.; Lim, M.L.; Ajalloueian, F.; Macchiarini, P. The development of the bioartificial lung. Br. Med. Bull. 2014, 110, 35–45.
[CrossRef] [PubMed]

64. Nematollahi, Z.; Tafazzoli-Shadpour, M.; Zamanian, A.; Seyedsalehi, A.; Mohammad-Behgam, S.; Ghorbani, F.; Mirahmadi, F.
Fabrication of Chitosan Silk-based Tracheal Scaffold Using Freeze-Casting Method. Iran. Biomed. J. 2017, 21, 228–239. [CrossRef]

65. Weibel, E.R. Lung morphometry: The link between structure and function. Cell Tissue Res. 2017, 367, 413–426. [CrossRef]
[PubMed]

66. Haider, A.; Haider, S.; Kummara, M.R.; Kamal, T.; Alghyamah, A.-A.A.; Iftikhar, F.J.; Bano, B.; Khan, N.; Afridi, M.A.; Han,
S.S.; et al. Advances in the scaffolds fabrication techniques using biocompatible polymers and their biomedical application: A
technical and statistical review. J. Saudi Chem. Soc. 2020, 24, 186–215. [CrossRef]

67. Fischer, S.N.; Johnson, J.; Baran, C.P.; Newland, C.A.; Marsh, C.B.; Lannutti, J.J. Organ-derived coatings on electrospun nanofibers
as ex vivo microenvironments. Biomaterials 2011, 32, 538–546. [CrossRef] [PubMed]

68. Kolesky, D.B.; Homan, K.A.; Skylar-Scott, M.A.; Lewis, J.A. Three-dimensional bioprinting of thick vascularized tissues. Proc.
Natl. Acad. Sci. USA 2016, 113, 3179–3184. [CrossRef] [PubMed]

69. Zhu, W.; Qu, X.; Zhu, J.; Ma, X.; Patel, S.; Liu, J.; Wang, P.; Lai, C.S.E.; Gou, M.; Xu, Y.; et al. Direct 3D bioprinting of prevascularized
tissue constructs with complex microarchitecture. Biomaterials. 2017, 124, 106–115. [CrossRef]

70. Feinberg, A.W.; Miller, J.S. Progress in three-dimensional bioprinting. MRS Bull. 2017, 42, 557–562. [CrossRef]
71. Barreiro Carpio, M.; Dabaghi, M.; Ungureanu, J.; Kolb, M.R.; Hirota, J.A.; Moran-Mirabal, J.M. 3D Bioprinting strategies,

challenges, and opportunities to model the lung tissue microenvironment and its function. Front. Bioeng. Biotechnol. 2021, 9, 1097.
[CrossRef]

72. Abalymov, A.; Parakhonskiy, B.; Skirtach, A.G. Polymer- and Hybrid-Based Biomaterials for Interstitial, Connective, Vascular,
Nerve, Visceral and Musculoskeletal Tissue Engineering. Polymers 2020, 12, 620. [CrossRef] [PubMed]

73. Selden, C.; Fuller, B. Role of Bioreactor Technology in Tissue Engineering for Clinical Use and Therapeutic Target Design.
Bioengineering 2018, 5, 32. [CrossRef] [PubMed]

http://doi.org/10.1016/j.stem.2017.08.014
http://doi.org/10.1016/j.devcel.2013.06.017
https://www.science.org/doi/abs/10.1126/science.1189345
https://www.science.org/doi/abs/10.1126/science.1189345
http://doi.org/10.1126/science.1189345
http://doi.org/10.1016/j.actbio.2016.09.043
http://www.ncbi.nlm.nih.gov/pubmed/27693690
http://doi.org/10.1038/nm.3642
http://www.ncbi.nlm.nih.gov/pubmed/25100528
http://doi.org/10.1002/term.2382
http://doi.org/10.1007/978-1-4939-7113-8_18
http://www.ncbi.nlm.nih.gov/pubmed/28836208
http://doi.org/10.1007/s00439-016-1691-5
http://www.ncbi.nlm.nih.gov/pubmed/27256364
http://doi.org/10.1016/j.stemcr.2015.01.004
http://doi.org/10.1074/jbc.M116.736538
http://doi.org/10.1089/ten.tea.2011.0301
http://doi.org/10.1089/ten.tea.2013.0647
http://doi.org/10.1002/jcp.28558
http://doi.org/10.1164/rccm.200603-406OC
http://www.ncbi.nlm.nih.gov/pubmed/17008641
http://doi.org/10.1093/bmb/ldt037
http://www.ncbi.nlm.nih.gov/pubmed/24352896
http://doi.org/10.18869/acadpub.ibj.21.4.228
http://doi.org/10.1007/s00441-016-2541-4
http://www.ncbi.nlm.nih.gov/pubmed/27981379
http://doi.org/10.1016/j.jscs.2020.01.002
http://doi.org/10.1016/j.biomaterials.2010.08.104
http://www.ncbi.nlm.nih.gov/pubmed/20875916
http://doi.org/10.1073/pnas.1521342113
http://www.ncbi.nlm.nih.gov/pubmed/26951646
http://doi.org/10.1016/j.biomaterials.2017.01.042
http://doi.org/10.1557/mrs.2017.166
http://doi.org/10.3389/fbioe.2021.773511
http://doi.org/10.3390/polym12030620
http://www.ncbi.nlm.nih.gov/pubmed/32182751
http://doi.org/10.3390/bioengineering5020032
http://www.ncbi.nlm.nih.gov/pubmed/29695077


Bioengineering 2022, 9, 195 15 of 15

74. Lanza, R.; Langer, R.; Vacanti, J. (Eds.) Principles of Tissue Engineering, 4th ed.; Elsevier Inc.: Amsterdam, The Netherlands, 2014;
pp. 1–1887. [CrossRef]

75. Panoskaltsis-Mortari, A. Bioreactor Development for Lung Tissue Engineering. Curr. Transplant. Rep. 2015, 2, 90–97. [CrossRef]
[PubMed]

76. Ghaedi, M.; Mendez, J.J.; Bove, P.F.; Sivarapatna, A.; Raredon, M.S.B.; Niklason, L.E. Alveolar epithelial differentiation of human
induced pluripotent stem cells in a rotating bioreactor. Biomaterials 2014, 35, 699–710. [CrossRef] [PubMed]

77. Derakhti, S.; Safiabadi-Tali, S.H.; Amoabediny, G.; Sheikhpour, M. Attachment and detachment strategies in microcarrier-based
cell culture technology: A comprehensive review. Mater. Sci. Eng. C Mater. Biol. Appl. 2019, 103, 109782. [CrossRef]

78. He, M.; Callanan, A. Comparison of Methods for Whole-Organ Decellularization in Tissue Engineering of Bioartificial Organs.
Tissue Eng. Part B Rev. 2013, 19, 194–208. [CrossRef]

79. Cameron, R.B. Commentary: Tissue-Engineered Lungs from Decellularized Scaffolds: An Idea Ready for Small but Not Large
Animals. Semin. Thorac. Cardiovasc. Surg. 2021, 33, 272–273. [CrossRef]

80. Cong, Y.; Han, X.; Wang, Y.; Chen, Z.; Lu, Y.; Liu, T.; Wu, Z.; Jin, Y.; Luo, Y.; Zhang, X. Drug Toxicity Evaluation Based on
Organ-on-a-Chip Technology: A Review. Micromachines 2020, 11, 381. [CrossRef]

81. Zhou, H.; Kitano, K.; Ren, X.; Rajab, T.K.; Wu, M.; Gilpin, S.E.; Wu, T.; Baugh, L.; Black, L.D.; Mathisen, D.J.; et al. Bioengineering
Human Lung Grafts on Porcine Matrix. Ann. Surg. 2018, 267, 590–598. [CrossRef]

82. Nichols, J.E.; La Francesca, S.; Vega, S.P.; Niles, J.A.; Argueta, L.B.; Riddle, M.; Sakamoto, J.; Vargas, G.; Pal, R.; Woodson, L.C.;
et al. Giving new life to old lungs: Methods to produce and assess whole human paediatric bioengineered lungs. J. Tissue Eng.
Regen. Med. 2017, 11, 2136–2152. [CrossRef]

83. Bonvillain, R.W.; Scarritt, M.E.; Pashos, N.; Mayeux, J.P.; Meshberger, C.L.; Betancourt, A.M.; Sullivan, D.E.; Bunnell, B.A.
Nonhuman Primate Lung Decellularization and Recellularization Using a Specialized Large-organ Bioreactor. J. Vis. Exp. 2013,
82, e50825. [CrossRef] [PubMed]

84. McAuley, D.F.; Curley, G.; Hamid, U.I.; Laffey, J.; Abbott, J.; McKenna, D.H.; Fang, X.; Matthay, M.A.; Lee, J.W. Clinical grade
allogeneic human mesenchymal stem cells restore alveolar fluid clearance in human lungs rejected for transplantation. Am. J.
Physiol. Cell. Mol. Physiol. 2014, 306, L809–L815. [CrossRef] [PubMed]

85. O’Neill, J.D.; Guenthart, B.A.; Kim, J.; Chicotka, S.; Queen, D.; Fung, K.; Marboe, C.; Romanov, A.; Huang, S.X.L.; Chen, Y.-W.;
et al. Cross-circulation for extracorporeal support and recovery of the lung. Nat. Biomed. 2017, 1, 0037. [CrossRef]

86. Nelson, K.; Bobba, C.; Ghadiali, S.; Jr, D.H.; Black, S.M.; A Whitson, B. Animal models of ex vivo lung perfusion as a platform for
transplantation research. World J. Exp. Med. 2014, 4, 7–15. [CrossRef]

87. Cypel, M.; Yeung, J.; Liu, M.; Anraku, M.; Chen, F.; Karolak, W.; Sato, M.; Laratta, J.; Azad, S.; Madonik, M.; et al. Normothermic
Ex Vivo Lung Perfusion in Clinical Lung Transplantation. N. Engl. J. Med. 2011, 364, 1431–1440. [CrossRef]

88. Warnecke, G.; Moradiellos, J.; Tudorache, I.; Kühn, C.; Avsar, M.; Wiegmann, B.; Sommer, W.; Ius, F.; Kunze, C.; Gottlieb, J.; et al.
Normothermic perfusion of donor lungs for preservation and assessment with the Organ Care System Lung before bilateral
transplantation: A pilot study of 12 patients. Lancet 2012, 380, 1851–1858. [CrossRef]

89. London, A.J.; Kimmelman, J.; Emborg, M.E. Research ethics. Beyond access vs. protection in trials of innovative therapies. Science
2010, 328, 829–830. [CrossRef]

90. Baker, H.B.; McQuilling, J.P.; King, N.M. Ethical considerations in tissue engineering research: Case studies in translation. Methods
2016, 99, 135–144. [CrossRef]

91. A Taylor, D.; Caplan, A.L.; Macchiarini, P. Ethics of bioengineering organs and tissues. Expert Opin. Biol. Ther. 2014, 14, 879–882.
[CrossRef]

92. Elliott, M.J.; Butler, C.R.; Varanou-Jenkins, A.; Partington, L.; Carvalho, C.; Samuel, E.; Crowley, C.; Lange, P.; Hamilton, N.J.;
Hynds, R.E.; et al. Tracheal Replacement Therapy with a Stem Cell-Seeded Graft: Lessons from Compassionate Use Application
of a GMP-Compliant Tissue-Engineered Medicine. Stem Cells Transl. Med. 2017, 6, 1458–1464. [CrossRef]

93. Etienne, H.; Fabre, D.; Caro, A.G.; Kolb, F.; Mussot, S.; Mercier, O.; Mitilian, D.; Stephan, F.; Fadel, E.; Dartevelle, P. Tracheal
replacement. Eur. Respir. J. 2018, 51, 1702211. [CrossRef] [PubMed]

94. Tsuchiya, T.; Sivarapatna, A.; Rocco, K.; Nanashima, A.; Nagayasu, T.; Niklason, L.E. Future prospects for tissue engineered lung
transplantation: Decellularization and recellularization-based whole lung regeneration. Organogenesis 2014, 10, 196. [CrossRef]
[PubMed]

95. Schipper, D.A.; Louis, A.V.; Dicken, D.S.; Johnson, K.; Smolenski, R.T.; Black, S.M.; Runyan, R.; Konhilas, J.; Garcia, J.G.; Khalpey,
Z. Improved metabolism and redox state with a novel preservation solution: Implications for donor lungs after cardiac death
(DCD). Pulm. Circ. 2017, 7, 494–504. [CrossRef] [PubMed]

96. Machuca, T.N.; Mercier, O.; Collaud, S.; Linacre, V.; Krueger, T.; Azad, S.; Singer, L.; Yasufuku, K.; de Perrot, M.; Pierre, A.; et al.
Outcomes of lung transplantation using donation after cardiac death donors: Should we use ex vivo lung perfusion? J. Heart
Lung Transpl. 2014, 33, S272. [CrossRef]

http://doi.org/10.1016/C2011-0-07193-4
http://doi.org/10.1007/s40472-014-0048-z
http://www.ncbi.nlm.nih.gov/pubmed/25729638
http://doi.org/10.1016/j.biomaterials.2013.10.018
http://www.ncbi.nlm.nih.gov/pubmed/24144903
http://doi.org/10.1016/j.msec.2019.109782
http://doi.org/10.1089/ten.teb.2012.0340
http://doi.org/10.1053/j.semtcvs.2020.05.020
http://doi.org/10.3390/mi11040381
http://doi.org/10.1097/SLA.0000000000002129
http://doi.org/10.1002/term.2113
http://doi.org/10.3791/50825
http://www.ncbi.nlm.nih.gov/pubmed/24378384
http://doi.org/10.1152/ajplung.00358.2013
http://www.ncbi.nlm.nih.gov/pubmed/24532289
http://doi.org/10.1038/s41551-017-0037
http://doi.org/10.5493/wjem.v4.i2.7
http://doi.org/10.1056/NEJMoa1014597
http://doi.org/10.1016/S0140-6736(12)61344-0
http://doi.org/10.1126/science.1189369
http://doi.org/10.1016/j.ymeth.2015.08.010
http://doi.org/10.1517/14712598.2014.915308
http://doi.org/10.1002/sctm.16-0443
http://doi.org/10.1183/13993003.02211-2017
http://www.ncbi.nlm.nih.gov/pubmed/29444919
http://doi.org/10.4161/org.27846
http://www.ncbi.nlm.nih.gov/pubmed/24488093
http://doi.org/10.1177/2045893217706065
http://www.ncbi.nlm.nih.gov/pubmed/28597777
http://doi.org/10.1016/j.healun.2014.01.721

	Introduction 
	Lung Scaffolds 
	Acellular Scaffolds 
	Artificial Scaffolds 

	Updates on Acellular Lung Scaffold Manufacturing 
	Decellularization 
	Recellularization 

	Artificial Lung Scaffolds 
	Potential Manufacturing Methods 
	Hybrid Materials 
	Bioreactor Strategies for Lung Bioengineering 
	Regulatory and Ethical Implications in the Approach of Lung Bioengineering 
	Conclusions 
	References

