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Abstract: Pathological conditions of the tracheal epithelium, such as postoperative injuries and
chronic conditions, often compromise the functionality of the respiratory epithelium. Although
replacement of the respiratory epithelium using various types of tracheal transplantation has been
attempted, there is no predictable and dependable replacement method that holds for safe and
practicable long-term use. Therefore, we used a tissue engineering approach for ex vivo regeneration
of the respiratory epithelium (RE) construct. Collagen type I was isolated from sheep tendon and it
was fabricated in a three-dimensional (3D) scaffold format. Isolated human respiratory epithelial
cells (RECs) and fibroblasts from nasal turbinate were co-cultured on the 3D scaffold for 48 h, and
epithelium maturation was allowed for another 14 days in an air–liquid interface culture system. The
scanning electron microscope results revealed a fabricated porous-structure 3D collagen scaffold.
The scaffold was found to be biocompatible with RECs and fibroblasts and allows cells attachment,
proliferation, and migration. Immunohistochemical analysis showed that the seeded RECs and
fibroblasts were positive for expression of cytokeratin 14 and collagen type I markers, respectively,
indicating that the scaffold supports the native phenotype of seeded cells over a period of 14 days.
Although a longer maturation period is needed for ciliogenesis to occur in RECs, the findings suggest
that the tissue-engineered RE construct is a potential candidate for direct use in tracheal epithelium
replacement or tracheal tube reengineering.

Keywords: three-dimensional scaffold; airway epithelium; bovine collagen; co-culture; air-liquid
interface; tracheal replacement

1. Introduction

The tracheal epithelial layer is a well-known barrier that prevents underlying tis-
sues from external irritants such as allergens, airborne particulates, infectious agents, and
noxious gases, and their potential penetration. As a part of the immune system, it facili-
tates the communication and activities of cells in the innate and adaptive immune system.
Therefore, structural or functional alternations occurring in the respiratory epithelium
can severely compromise its effectiveness. Diseases that involve the tracheal epithelium
include trauma, post-intubation injuries, infection, and inflammation, and chronic diseases
such as asthma [1], rhinitis [2], and obstructive pulmonary disease. In asthma, which is
known as a common chronic inflammatory disease of the airway, or in the cases of inhaling
harmful chemicals or vapors [3], the injuries in the epithelium cause structural changes
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to the normal architecture of the nasal epithelium, increasing its susceptibility to irritants
and decreasing its efficiency in response to respiratory viruses [4]. The consequence of
the injuries introduced into the epithelium can even cause the loss of surface epithelium
integrity and partial or complete shedding of the epithelium [5]. Therefore, these conditions
necessitate epithelium repair or replacement. Treatments using foreign materials [6], nonvi-
able tissues, autologous tissues, and various types of tracheal epithelial transplantation
have been tried; however, no breakthrough had been achieved. It is thought that tissue
engineering strategies can offer alternative solutions by developing tissue-engineered
epithelium to be used for epithelial replacement or reconstruction. Ex-vivo-engineered
respiratory epithelium has been integral to understanding the pathologies and underlying
mechanisms of many respiratory-related diseases. Hence, it can potentially be used for
studying drug interactions with the reparatory epithelium and developing regenerative
therapies for respiratory epithelium diseases [7].

A tissue-engineered respiratory epithelium construct composed of autologous respira-
tory epithelium cells, fibroblasts, and plasma from sheep’s blood was previously reported
in a series of studies, and it was used to replace tracheal mucosal defects in sheep. The post-
operative analysis showed encouraging results: immature cilia were found to be present
on the surface of epithelial cells. These results indicated that the engineered respiratory
epithelium was able to function as a normal tissue, and the presence of autologous fibrin
found in blood plasma provided a favorable environment for respiratory epithelial cells
adaptation and proliferation [8–10].

Aoki et al. investigated de-epithelialized porcine tracheal tissue that was re-populated
with human bronchial epithelial cells and its potential application in tracheal tissue engi-
neering. Their findings showed the feasibility of the de-epithelialization of the porcine
trachea using sodium dodecyl sulfate, without compromising the integrity of the underly-
ing cartilage and the viability of residing chondrocytes. They reported that the remaining
porcine cartilage supports the growth and proliferation of seeded bronchial epithelial cells
over 7 days [11], but the tracheal epithelium being partially removed and the presence of
residing viable chondrocytes raise concerns about the immunogenicity and clinical appli-
cation of such grafts [12]. Cellulose-based material from either plant or bacterial sources
is another category of materials being extensively studied for their applicability in tissue
engineering in general and tracheal tissue engineering in particular. Cellulose, which is a
linear polymer comprising a glucose unit [13], shows favorable properties in supporting
the attachment, growth, and proliferation of epithelial cells [14] and chondrocytes [15],
and allows infiltration and ingrowth of seeded cells [16]. Despite the appealing features of
cellulose-based material and their mild immunogenicity in vivo [17], the non-degradability
of such materials in the human body [18] make cellulose an unfavorable material for
clinical application. The application of denuded amniotic membrane, which is composed
of non-fibrillar meshwork containing collagen type III, was reported previously as cell
support for the transferring cell layer [19]. In 2018, crosslinking of decellularized amniotic
membrane with 0.5% genipin was reported to significantly enhance the biostability and
resistance of the amniotic membrane when exposed to enzymatic degradation. It was
also shown that the genipin-crosslinked amniotic membrane expresses better biocompati-
bility with nasal fibroblasts compared to the native one, making it a suitable scaffold for
respiratory tissue engineering applications [20]. Another support material that has the
potential to be used in respiratory tissue engineering is collagen type I, being the most
abundant collagen in the human body. Collagen type I is the major component of the
extracellular matrix in most of the tissues and organs, and it is known to support cellular
properties in vivo [21]. In vitro studies showed that increasing the concentration of colla-
gen type I promotes the stratification of respiratory epithelial cells (RECs) and affects the
morphology of the cells [22]. The commercially available bovine collagen cross-linked with
glycosaminoglycan (Integra®) already has the Food and Drug Administration (FDA) and
EU approval and is currently used in clinical practice for skin treatment [23]. Collagen
fibers also possess some unique structural properties important for tissue engineering. The
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physical and mechanical properties of bovine collagen type I were extensively studied
elsewhere [24]. It was reported that genipin cross-linked bovine collagen exhibits signifi-
cantly improved mechanical features (stiffness, shrinkage, and swelling properties) and
it is suitable for tissue engineering application in vivo. Bovine collage exhibits a higher
Young’s modulus/stiffness (~500 MPa) compared to human native trachea (16.92 MPa).
Additionally, collagen has high water affinity, low antigenicity, very good cell compatibility,
and the ability to promote tissue regeneration [25]. These factors combined make collagen
one of the most ideal biopolymers available for tissue engineering applications. However,
due to bovine collagen’s fast degradation rate, it is a suitable material for tracheal tissue
engineering application [26].

Despite many recent attempts at the tissue engineering of human respiratory epithe-
lium [27,28], no ideal treatment for respiratory epithelium repair has yet been developed.
Proper epithelialization of tissue-engineered airway constructs, poor vascularization, and
less-than-favorable mechanical properties are the current challenges. Complex and often
non-reproducible differentiation procedures and difficulty in maintaining the mucocilated
phenotype of the primary airway epithelial cells are the major complications persisting
in the field [29]. Hence, in this study, we introduced a three-dimensional (3D) model of
an in vitro respiratory epithelium (RE) construct comprising RECs and fibroblasts from
human nasal turbinate, which were incorporated into a freeze-dried ovine collagen scaffold
and grown in an air–liquid interface culture condition. The aim was to use the constructed
respiratory epithelium for respiratory epithelium regeneration or substitution. To the best
of our knowledge, this is the first time that this proposed approach is reported in the tissue
engineering of the respiratory epithelium. The significance of the study is the application
of FDA-approved collagen from bovine source, which makes the 3D respiratory epithelium
construct a promising candidate for future clinical use.

2. Materials and Methods

This study was approved by the University Kebangsaan Malaysia Research Ethic
Committee with reference number oUKM1.5.3.5/244/GGPM-2015-035.

2.1. Respiratory Epithelial and Fibroblast Cells Isolation and Culture

Nasal turbinate discarded during turbinectomy was obtained from consenting patients
and cleaned of mucus and blood three times using Dulbecco’s phosphate-buffered saline
(DPBS; Gibco, Walthan, MA, USA) supplemented with 1% (v/v) antibiotic/antimycotic
(Gibco, Walthan, MA, USA). The epithelium layer was minced into 1 mm pieces and
digested with 0.6% (w/v) collagenase type I (Worthington, Lakewood, NJ, USA) supple-
mented with 1% (v/v) antibiotic/antimycotic for 60 min in a shaker incubator at 37 ◦C.
After tissue digestion, it was centrifuged (Hettich Zentaifugen, Westphalia, Germany) for
5 min at 2370× g. Next, the supernatant was discarded and the pellet containing fibroblasts
and RECs was washed with DPBS, followed by re-centrifugation for 5 min at 2370× g.
Then, the cells were cultured in defined keratinocytes serum-free medium (DKSFM; Gibco,
Walthan, MA, USA), F-12, and Dulbecco’s modified Eagle’s medium (DMEM) in a 2:1:1 ra-
tio, supplemented with 5% fetal bovine serum (FBS) (DKSFM:F-12:DMEM + 5%FBS). Cells
were incubated at 37 ◦C in a 5% CO2 incubator (RS Biotech, Irvine, U.K.), and media were
changed every 2 days. Once confluent (80–90%), differential trypsinization of fibroblasts
was performed using 0.05% trypsin-EDTA (Capricorn Scientific, Ebsdorfergrund, Germany)
with 3 min incubation at 37 ◦C. This step allowed selective detachment of fibroblasts from
the culture plate while leaving colonies of RECs in place. The REC colonies in 6-well
plates were left to reach confluency. The trypsinized fibroblasts were then seeded back
into another 6-well plate and cultured in F-12:DMEM (1:1) + 10% FBS, with media being
replaced every 2 days until 80–90% confluency.
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2.2. Three-Dimensional (3D) Collagen Scaffold Fabrication

Collagen type I was isolated and purified from sheep tendon as previously de-
scribed [30,31]. Dialyzed collagen was freeze-dried for 24–48 h and redissolved in 0.35 M
acetic acid for a final concentration of 14.25 mg/mL. The collagen solution was neutralized
to pH 7.0 using 1 M sodium hydroxide (Sigma, St. Louis, MO, USA) and poured into a
12-well plate as a mold, followed by freezing at −30 ◦C for 6 h and freeze-drying (Ilshin,
Gyeonggido, Korea) for 24–48 h. The collagen scaffold was sterilized using 70% ethanol
and incubated with culture medium for 30 min prior to cell seeding.

2.3. Formation of Human Respiratory Epithelium Construct

At day 0, fibroblasts were seeded in a 12-well plate with 2× 104 cells/well cell seeding
density. At day 1, the floating fibroblasts were removed and the pre-soaked fabricated
3D scaffold was placed on top of the fibroblasts in the 12-well plate. RECs (2 × 104) were
seeded on the top surface of the collagen scaffold. The cell-seeded scaffold was maintained
submerged in co-culture medium (DKSFM:F-12:DMEM + 5% FBS in 2:1:1 ratio) for 48 h, in
a 5% CO2 incubator at 37 ◦C. Afterward, to initiate the air–liquid interface (ALI) culture,
the media were completely aspirated from the 12-well plate and a fresh co-culture medium
was added into the well, to a level that allowed the upper surface of the collagen scaffold to
be exposed to the air and the media to be perfused only from the lower side of the scaffold.
The 3D respiratory epithelium (RE) construct was maintained under ALI culture condition
for 2 weeks to promote the functional differentiation of the epithelium. The medium was
replaced every 2 day; each time, the liquid on the surface of the 3D constructs was gently
aspirated to maintain an ALI microenvironment [14]. The experiment was repeated with 4
biological samples.

2.4. Histological Analysis of the 3D Construct

At harvest, half of the 3D human RE construct was used for histological analysis.
The RE construct was fixed in 10% neutral-buffered formalin in PBS and was dehydrated
in a series of increasing concentrations of ethanol. The construct was cleared in xylene
and was embedded in paraffin. The paraffin blocks were sectioned (5 µm thickness) and
hematoxylin and eosin (H&E) staining was subsequently performed on slices.

2.5. Immunohistochemical Analysis of the 3D Construct

For immunohistochemical staining of 3D human RE construct, 5 µm slices were
heated at 95 ◦C for 15 min in citrate buffer (pH 6) as the antigen-retrieval solution. Next,
the permeabilization was performed using 0.1% triton-X (Sigma-Aldrich, St. Louis, MO,
USA) in PBS for 5 min. To eliminate non-specific binding, the slices were blocked with 10%
goat serum for 1 h at 37 ◦C. Afterward, tissues were incubated with mouse anti-cytokeratin
14 antibody (ab7800, Abcam, Cambridge, UK) in a 1:200 dilution ratio and mouse-anti
collagen type I antibody (ab6308, Abcam, Cambridge, UK) with dilution ratio of 1:300 at
4 ◦C overnight, followed by staining with secondary antibody (Alexa Fluor Invitrogen,
Waltham, MA, USA) for 2 h at 37 ◦C. We used 4′,6-diamidino-2-phenylindole (DAPI) for
nuclei counter staining. The stained tissues were visualized under a confocal microscope.

2.6. Scanning Electron Microscopy Analysis

For scanning electron microscope analysis, the 3D human RE construct was fixed
overnight in a neutral aqueous buffer containing 2.5% glutaraldehyde and 0.1 M sodium
cacodylate. The fixed 3D human RE constructs was post-fixed in 1% osmium tetroxide
followed by dehydration to 100% ethanol. To preserve the surface structure, the 3D
construct was critical-point dried under CO2, mounted, and sputter-coated for viewing in
a scanning electron microscope machine (QUANTA 650F, FEI, Hillsboro, OR, USA).
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3. Results

The primary culture of human RECs and fibroblast were successfully established from
nasal turbinate samples (Figure 1). In our previous studies, we successfully characterized
the RECs isolated from nasal turbinate via gene expression (CK18 and 14, MUC5B, and
Ki67) [32] and immunocytochemical analysis (acetylated β-tubulin, CK14, MUC5AC, and
Ki67) [32,33].

Appl. Sci. 2021, 11, x FOR PEER REVIEW 5 of 12 
 

3. Results 
The primary culture of human RECs and fibroblast were successfully established 

from nasal turbinate samples (Figure 1). In our previous studies, we successfully charac-
terized the RECs isolated from nasal turbinate via gene expression (CK18 and 14, MUC5B, 
and Ki67) [32] and immunocytochemical analysis (acetylated β-tubulin, CK14, MUC5AC, 
and Ki67) [32,33]. 

 
Figure 1. Monolayer cells cultured in 6-well plate: (A) Co-culture of respiratory epithelial cells 
(RECs), and fibroblasts, (B) fibroblasts, and (C) RECs. The co-cultured cells became confluent in a 
week’s time and fibroblasts were separated by differential trypsinization before seeding into a 
new flask. 

The overall appearance of the collagen scaffold was spongy and white in color, and 
the irregular-sized pores on the scaffold were observable with the naked eye (Figure 2A). 
The SEM analysis showed that the scaffold had interconnected pores with size range of 
100 to 200 μm (Figure 2B,C).  

 
Figure 2. The freeze-dried collagen type I (Col I) scaffold at −80 °C: (A) overall view, (B) view un-
der scanning electron microscope (SEM) at 300×, and (C) view under SEM at 1650×. 

The hematoxylin and eosin (H&E) staining of the 3D human RE construct cross-sec-
tion showed that the collagen scaffold contained interconnected pores and the cells (RECs 
and fibroblasts) were able to migrate into the collagen scaffold upon 4 weeks of culture 
(Figure 3). However, the cell attachment and migration were not uniform, as some parts 
of the 3D human RE construct showed patchy cell organization while there were no cells 
present on other parts.  

Figure 1. Monolayer cells cultured in 6-well plate: (A) Co-culture of respiratory epithelial cells
(RECs), and fibroblasts, (B) fibroblasts, and (C) RECs. The co-cultured cells became confluent in
a week’s time and fibroblasts were separated by differential trypsinization before seeding into a
new flask.

The overall appearance of the collagen scaffold was spongy and white in color, and
the irregular-sized pores on the scaffold were observable with the naked eye (Figure 2A).
The SEM analysis showed that the scaffold had interconnected pores with size range of 100
to 200 µm (Figure 2B,C).
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Figure 2. The freeze-dried collagen type I (Col I) scaffold at −80 ◦C: (A) overall view, (B) view under
scanning electron microscope (SEM) at 300×, and (C) view under SEM at 1650×.

The hematoxylin and eosin (H&E) staining of the 3D human RE construct cross-
section showed that the collagen scaffold contained interconnected pores and the cells
(RECs and fibroblasts) were able to migrate into the collagen scaffold upon 4 weeks of
culture (Figure 3). However, the cell attachment and migration were not uniform, as some
parts of the 3D human RE construct showed patchy cell organization while there were no
cells present on other parts.

The presence of distinct RECs and fibroblasts layers on the collagen scaffold was
confirmed by the immunostaining analysis. As the anti-collagen type I antibody bound
to the collagen scaffold as well as the seeded fibroblasts, it was difficult to identify the
presence of fibroblasts based on collagen type I expression. So, the cells with a nucleus
stained with DAPI and negative expression of CK 14 were assumed to be the seeded
fibroblasts on the collagen scaffold. We found that the RECs and fibroblast co-existed in
the same area and the RECs had not yet migrated to form a separate layer (Figure 4).

The ultrastructural study of the 3D human RE construct revealed that 4 weeks post
cell seeding, the seeded cells had formed a confluent layer on top of the scaffold and
were actively secreting extracellular matrix (Figure 5). The SEM results showed collagen
degradation, which indicated the biodegradability of the scaffold. However, no cilia were
found on the cells, which showed that the RE layer was not yet functional.
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Figure 4. The top view of the cell-seeded collagen scaffold immunostained with (A) anti-Col type I
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due to the accumulation of green fluorescence in unknown debris.
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Figure 5. The SEM observation (top view) of cell-seeded 3D human RE construct: (A) 300× and
(B) 1600×. The cells were found to be confluent and were covering the entire scaffold 4 weeks post
cell seeding. Collagen fibrils were also observed, which indicated collagen degradation. No cilia
were detected on the seeded RECs.

4. Discussion

Tissue engineering of respiratory epithelium refers to the organization of airway
cells (RECs and fibroblasts) into a controlled and specific arrangement that resembles the
native respiratory epithelium, both structurally and functionally [34]. For the development
of functional 3D epithelial tissue, incorporation of these three factors is essential: (1) a
basal lamina equivalent, consisting of collagen fibers for cell–cell interactions and cell
polarization; (2) extracellular factors of mesenchymal fibroblasts; and (3) an air–liquid
interface culture system for the proliferation and mucocillary differentiation of the epithelial
cells [35,36]. Homeostasis in any tissue is achieved via complex interactions between
different types of cells and their growth bed in the form of the extracellular matrix. It
is widely thought that maintaining the in vivo homeostasis in respiratory tissues mostly
relies on cellular and molecular signaling between the RECs and fibroblasts; therefore, co-
culturing of fibroblasts and RECs is crucial for the successful engineering of 3D respiratory
epithelial constructs [37]. The presence of fibroblast markedly speeds up the growth
of epithelial cells as the growth factors secreted by fibroblasts stimulate epithelial cell
migration, proliferation, and differentiation [38,39].

It was previously reported that the growth and relative level of differentiation in
human RECs are much better on porous compared to the solid structures [40]. Optimal cell
infiltration and adhesion depend on the scaffold pore size [41] and pore density. Notably,
for successful engineering of 3D human RE constructs, a sophisticated pore size range and a
balanced porosity are essential. Cells can span the adjacent cells and the pores by elongation;
therefore, to promote multi-layered epithelial tissue formation with an architecture similar
to the native one, the pores must be small enough to prevent tracheal epithelial cells
migration and ingrowth into the scaffold [42]. Endothelial cells infiltration into the scaffold
is necessary as well for revascularization and the successful engraftment of tissue construct
in vivo. It was previously shown that pore sizes within a range of 40 to 600 µm are favorable
for capillary ingrowth [43,44]. Respiratory epithelial cells cultured on high pore density
(HPD) inserts (1 × 108 pores/cm2) formed columnar, pseudostratified epithelium with a
well-defined single layer of basal cells and a higher number of ciliated cells, which more
resembled the native epithelium. In contrast, epithelial cells grown on low density (LPD)
inserts (2 × 106 pores/cm2) tend to form stratified squamous epithelium with a lower
number of ciliated cells; hence, they failed to replicate the native epithelium morphology.
Application of HPD inserts resulted in the formation of significantly thicker epithelium
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compared to that formed with LPD inserts [45]. Our findings showed the formation of a
confluent layer of co-cultured RECs and fibroblasts on the surface of the porous freeze-dried
collagen type I scaffold, which indicated the presence of favorable porosity and pore size
for RECs and fibroblasts to form a multilayer structure. The introduced tissue-engineered
RE construct, which has a pore size ranging from 100 to 200 µm, is suitable for capillary
ingrowth and vascularization, demonstrating the potential in vivo application suitability
of the 3D construct.

Mechanical stabilization and the ability to withstand physiological pressure changes
imposed by the process of respiration [46], are other factors that are essential in airway
epithelium engineering and its eventual transplantation, since the ultimate goal of any
tissue-engineered construct is their application in the clinical context. In an in vivo ap-
plication, collagen-based scaffold would degrade completely, enabling the integration of
the implanted tissue to the native tissue. The application of a scaffold fabricated from
non-resorbable materials, such as titanium mesh, often results in unfavorable outcomes
such as chronic inflammatory response with extrusion and granulation tissue [47,48]. In
contrast, the resorbable property of the collagen scaffold and its similar properties to tra-
cheal cartilage makes it an ideal material for use in airway epithelium tissue engineering.
Davenport and Nettesheim reported that besides collagen improving the adhesion of
cells to the surface of the scaffold, it enhances and accelerates ciliogenesis in RECs. Most
probably, the favorable influence of collagen type I in tracheal epithelial differentiation
occurs via modulating cell morphology, modulating the nutrition access to the cells, and the
regulation of cilia-specific gene expression by cell–ECM interactions [49]. Our fabricated
3D collagen scaffold showed favorable characteristics in terms of stability and biodegrad-
ability and in supporting the attachment of seeded RECs and fibroblasts, as apparent in the
histological and immunohistochemical staining results. The biodegradability of our 3D
collagen scaffold demonstrated in the SEM results indicated that it is an ideal option and
allows integration of 3D human RE construct into the native tissue in in vivo applications.

Tracheal ciliated epithelial cells are located only at the luminal surface of the tracheal
epithelium and they are specialized cells that are responsible for transporting secretions
across the airway [50] and maintaining the airway’s immunoprotection [29]. Whether
achieved via transdifferentiation of primary cells or through ciliogenesis in undifferen-
tiated mesenchymal stem cells, having epithelial cells with intact cilia is a critical factor
for the successful engineering of tracheal epithelial tissue. Even though human primary
respiratory epithelium is the best choice for studying airway epithelium [51], in the case
of using primary epithelial cells, there is a high possibility of cilia de-differentiation [52]
and impairment or loss during cells cryopreservation [50]. However, culturing cells at
the ALI is a well-established technique [53,54] in cell culture, which stimulates cilia re-
generation after the native cilia have been lost [50]. In a recent study, nasal epithelial
cells grown in ALI conditions were shown to well-represent their in vivo counterparts in
terms of transcriptome and gene expression profile [55]. In another study, culturing nasal
epithelial cells on a porous support using the ALI cell culture model stimulated the ciliary
differentiation of nasal epithelial cells. However, in the classical submerged single-layer
culture model, ciliary differentiation of epithelial cells did not occur [56]. The ALI cell
culture model enabled the cells to undergo mucociliary differentiation [57]; this is of more
importance regarding therapeutic application to enable the stem cells or progenitor cells
to differentiate into the correct phenotype. The co-orientation of differentiated cells into a
functional assembly of tissues is another vital prerequisite for successful and functional
engineered tissue [58]. In our study, ciliogenesis in seeded RECs did not occur fully over
the period of 4 weeks in the ALI culture system, which suggested that an extended ALI
culture period is needed.

Many studies have indicated the beneficial effect of retinoic acid (RA) in promoting
ciliogenesis, maintaining the mucociliary status of tracheal epithelial cells, and enhancing
the morphological and functional aspects of regenerating cilia [59]. Therefore, supplement-
ing culture media with retinoid as a ciliogenic regulatory element [60] can improve the
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ciliation of seeded RECs on the collagen scaffold. Moreover, Luengen et al. showed in
2020 that a balanced combination of RA and vascular endothelial growth factor, epidermal
growth factor, and fibroblast growth factor β in culture medium plays a critical role in
the differentiation status of respiratory epithelium; it needs to be considered in future
studies [29].

5. Conclusions

We successfully isolated and purified collagen type I from sheep tendon and freeze-
dried it into collagen sponge with suitable pore size and biostability. Both the human
RECs and nasal fibroblasts were found to attach, proliferate, and form a confluent layer
on the scaffold. Even though the RECs did not show the presence of cilia, which implied
that this tissue was not yet functional, this can be overcome by extending the period
of ALI culturing and RA supplementation. Bovine collagen was proved to be clinically
safe [61], and since autologous cells (REC and fibroblasts) can be used for the production of
tissue-engineered epithelium, there would be no risk of immunogenicity and graft rejection
by the recipient. Therefore, the proposed in vitro respiratory epithelium 3D construct is
a potential candidate for use as tissue-engineered epithelium in respiratory epithelium
reconstructive surgeries in the future and can serve as an in vitro model for drug testing.
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