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ABSTRACT: Injured or diseased airway epithelium due to repeated environmental insults or genetic mutations can lead to a functional decline of the lung and
incurable lung diseases. Bioengineered airway tissue constructs can facilitate in vitro
investigation of human lung diseases and accelerate the development of eﬀective
therapeutics. Here, we report robust tissue manipulation modalities that allow: (i)
selective removal of the endogenous epithelium of in vitro cultured airway tissues
and (ii) spatially uniform distribution and prolonged cultivation of exogenous cells
that are implanted topically onto the denuded airway lumen. Results obtained
highlight that our approach to airway tissue manipulation can facilitate controlled
removal of the airway epithelium and subsequent homogeneous distribution of
newly implanted cells. This study can contribute to the creation of innovative
tissue engineering methodologies that can facilitate the treatment of lung diseases,
such as cystic ﬁbrosis, primary ciliary dyskinesia, and chronic obstructive
pulmonary disease.
KEYWORDS: cell replacement, hydrogel, tissue-on-a-chip, bioreactor, imaging, lung disease
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eﬃcient drug screening, challenges still remain to further
improve reliability and reproducibility of these engineered
tissue constructs. In particular, to facilitate incorporation,
diﬀerentiation, and proliferation of newly implanted cells onto
the airway tissue surface, it is important to remove the
endogenous epithelium (i.e., de-epithelialization) while keeping the rest of tissue architecture and biochemical components
uninterrupted.27,31 Further, to promote the reconstruction of a
fully functional airway epithelium, the implanted new cells
must be distributed uniformly and adhered persistently across
the de-epithelialized lumen of the airway tissue during their
diﬀerentiation and proliferation (i.e., re-epithelialization).32−34
Here, we report an airway tissue culture system (i.e., airway
bioreactor) with which we demonstrated selective removal of
the endogenous airway epithelium without disrupting the
underlying subepithelial tissue layers. Further, we investigated
the spatial distribution of exogenous cells that are seeded
topically onto the de-epithelialized tracheal lumen by intra-

he inner lumen of the respiratory tract is lined by the thin
epithelium that consists of diﬀerent cell types, including
multiciliated, goblet, club, and basal stem cells.1,2 These
epithelial cells exert defensive barrier functions, such as tight
junction formation and mucociliary clearance, that collectively
contribute to protection of the underlying airway tissues from
inhaled pathogens, allergens, or chemicals.3 Thus, disruption of
the airway epithelium due to repeated environmental insults or
genetic defects leads to a functional decline of the lung and
devastating lung diseases, such as cystic ﬁbrosis (CF), primary
ciliary dyskinesia (PCD), and chronic obstructive pulmonary
disease (COPD).4−9
To understand pathophysiology of these diseases10,11 and
develop eﬀective therapeutics,7 diﬀerent types of in vitro12−15
and animal models16−19 have been created. Notably, by
utilizing recent advances in stem cells, gene editing,
biomaterials, and tissue engineering, in vitro or in vivo cultured
airway tissue scaﬀolds have been established to elucidate
underlying molecular or cellular mechanisms associated with
diﬀerent airway diseases.20−26 In particular, decellularized
airway tissues of mice and rats have been used for investigating
the survival, proliferation, and diﬀerentiation of both healthy
and diseased airway epithelial cells by providing tissue-speciﬁc
niche microenvironments to implanted airway cells.27−30
While the bioengineered airway tissues represent promising
platforms that can allow high-ﬁdelity disease modeling and
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investigate topical cell deposition. We evaluated the cytotoxicity of the denuded rat trachea by cultivating the trachea tissue
seeded with MSCs for an extended time period (4 days). The
goal of this study was to demonstrate de-epithelialization of the
airway epithelium via controlled detergent treatment and
subsequent spatially uniform distribution of exogenous cells
onto the tissue scaﬀold.
The rat trachea bioreactor was constructed by integrating a
customized trachea culture chamber (dimensions: 2.5 cm × 2.5
cm × 1.5 cm; volume: 9.4 mL), a peristaltic pump (L/S
standard digital pump system, Cole-Parmer), a syringe pump
(AL-4000, World Precision Instruments), and a culture
medium reservoir (Figure 1C,D). The culture chamber, in
which explanted rat trachea was cultured during experiments,
was created by machining Teﬂon PTFE plastic using a
computer numerical control (CNC) machine (Mini-Mill 3,
Minitech). The peristaltic pump circulated the culture medium
between the reservoir and the culture chamber (ﬂow rate: 5
mL/min).
The syringe pump delivered a small volume (50 μL) of
aqueous solution of sodium dodecyl sulfate (SDS; concentration: 2%; cat. no. 97064-472, VWR) into the rat trachea.
Following 20 min of incubation at 37 °C, the lysed epithelium
was washed out with 1× PBS solution. A bolus of type I
collagen pregel solution (cat. no. 5153, Advanced BioMatrix;
volume: 10 μL) carrying MSCs was intratracheally administered to generate a cell-embedded collagen layer on the airway
lumen.34,36,37 Gelation of the collagen pregel occurred within
30 min of incubation at 37 °C. The cell-seeded rat trachea was
cultured within the bioreactor up to 4 days to investigate
distribution, survival, and proliferation of the implanted cells.
All procedures involving the rats were performed in accordance
with the animal welfare guideline and regulations of the
Institute for Animal Care and Use Committee (IACUC) at
Stevens Institute of Technology (Details of experimental
procedures and biochemical reagents used in this study are
provided in the Supporting Information).
We investigated whether the airway epithelium could be
removed from the in vitro cultured rat trachea (Figure 2).
Following treatment of the trachea with SDS solution and
subsequent airway wash (Figure 1A), the trachea tissue was
ﬁxed and processed for immunostaining analysis and scanning

tracheally instilling a mixture of cells and viscous hydrogel
(Figure 1). Using this platform, de-epithelialization of the ex

Figure 1. Overview of the epithelium removal and cell implantation.
Schematics illustrating (A) epithelium clearance and (B) collagenassisted cell seeding. (C) Photograph and (D) schematic showing the
rat trachea bioreactor.

vivo rat trachea was achieved by gently exposing the tracheal
epithelium to a decellularization solution (e.g., detergent)
where the chemically lysed epithelial cells were cleared from
the airway during the airway wash with shear ﬂow (Figure 1A).
Lab-grown exogenous cells were then topically seeded onto the
extracellular matrix (ECM) of the denuded airway lumen by
administering a bolus of the cells suspended in the hydrogel
solution to promote homogeneous distribution and prolonged
retention of the cells on the tissue surface (Figure 1B). In this
study, type I collagen was tested as a cell delivery vehicle
because it is one of the most abundant components of the lung
ECM.35 Further, mesenchymal stem cells (MSCs) derived
from human adipose tissue were used as the model cell to

Figure 2. Microscopic analysis of (A) native and (B) de-epithelialized (de-epith) rat tracheas via H&E staining, trichrome staining (cell cytoplasm:
pink; nuclei: dark brown; and collagen: blue), SEM imaging, EpCAM (green), DAPI staining (blue), and live/dead staining (green/red).
Arrowhead indicates the surface of the tracheal lumen. (C) DNA and (D) sGAG quantiﬁcation of the rat tracheas before and after deepithelialization. *p < 0.05.
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electron microscopy (SEM). In the native rat trachea tissues,
the endogenous epithelium and subepithelial tissues were
clearly visible in the images obtained via hematoxylin and eosin
(H&E), Masson’s trichrome, epithelial cellular adhesion
molecule (EpCAM), 4′,6-diamidino-2-phenylindole (DAPI),
and Movat’s pentachrome staining (Figures 2A, S1, and
S2).38,39 On the other hand, the rat trachea treated with SDS
solution consistently showed the absence of the epithelial layer
(Figure 2B). Notably, the trichrome, pentachrome, and
EpCAM staining images revealed that subepithelial tissue
layers were well preserved in the de-epithelialized rat trachea.
Further, SEM images of the native trachea showed the intact
airway epithelium, including multiciliated and goblet cells,
lining the tracheal lumen while the airway ECM was exposed
with no epithelium presented in the SDS-treated trachea
(Figures 2B, S1, and S3). Notably, live/dead staining results
showed that the chondrocytes in the cartilage, which are
important for maintaining the airway viability, remained intact
following the de-epithelialization. To check apoptosis of the
chondrocytes, an evaluation of the size of the chondrocyte
nuclei was performed via DAPI staining (Figure S4). The
chondrocyte nuclei in de-epithelialized tracheas showed a
similar size range to that in native tracheas, indicating no
obvious apoptosis occurred after de-epithelialization.40,41
Quantiﬁcation of DNA showed an 18.2% decrease in DNA
content in de-epithelialized tracheas compared to native
tracheas (Figure 2C), attributed to the removal of the surface
epithelium. Further, nearly 91% of sulfated glycosaminoglycan
(sGAG), which is a physiologically important matrix
component of cartilage, was preserved following de-epithelialization (Figure 2D). Through a hydroxyproline assay, we
conﬁrmed that changes in the total collagen quantity in the
tissue was negligible following the treatment. Assuming
collagen contains approximately 12% hydroxyproline by
mass, we estimated 46.5 and 44.6 μg of collagen in 1 mg of
native and de-epithelialized airway tissues, respectively (Figure
S5).42 These results collectively showed the eﬀectiveness of
our SDS-based selective de-epithelialization methodology.
We then evaluated the utility of the collagen pregel solution
as a cell-delivery vehicle using gelatin-based tubes (diameter: 2
mm) that were used as the airway mimic (Figure 3). In this in
vitro study, we used ﬂuorescent microparticles (excitation/
emission: 488 nm/515 nm; cat. no. F8836, Invitrogen) with 10
μm diameter and 1.06 g/cm3 density because of their
hydrodynamic similarity with cells and easy access. Further, a
custom-built laser light sheet microscope (LSM) and GRIN
lens imaging system were used to visually inspect the
distribution of the particles deposited within the gelatin tube
(Figures 3A, S6, and S7).34 In our LSM, a thin light sheet
(thickness: ∼5 μm) was created across the tube using a 488
nm laser (cat. no. MDL-D-488, Opto Engine) to obtain
ﬂuorescent images of the cross section of the tube interior. A
GRIN lens imaging probe (diameter: 500 μm; SELFOC, NSG
Group) was inserted directly into the tube to visualize the tube
inner surface. As the viscosity of the particle-carrying medium
could inﬂuence the transport behavior of the particles (e.g.,
seeding density, spatial distribution),34,36,37 collagen solutions
with diﬀerent concentrations (0.9, 1.8, and 3 mg/mL) and PBS
(control) were prepared in which microparticles were
suspended (ﬁnal particle concentration: 5 × 106 particle/mL).
Following instillation of the particle-carrying collagen
pregels or PBS solution (volume: 10 μL, ﬂow rate: 5 mL/
min) into the gelatin tubes, the inner surface of each tube was
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Figure 3. Topical deposition of ﬂuorescent microparticles in a gelatinbased tubular structure. (A) Laser light sheet microscope and GRIN
lens imaging system constructed for imaging the interior of the tube.
(B, C) Microscopic images of the particles (green) deposited in the
tube via PBS and diﬀerent concentrations of collagens. (D) Particle
seeding density measured in upper and lower half of the tube after 30
min of cell seeding. ***p < 0.001. ns: not signiﬁcant.

visualized using our imaging systems. Results showed that
when the particles were delivered via PBS, the majority of the
particles accumulated onto the lower surface of the tube due to
gravity. On the other hand, the increased surface area of the
tube was covered by the particles when the particles were
delivered via collagen solutions (Figure 3B, C). The density of
the particles deposited on the upper and lower half of the tube
surfaces was compared via imaging analysis using ImageJ.
Notably, the uniformity of the spatial distribution of the
deposited particles increased with the concentration of the
collagen. As the collagen concentration increased, the diﬀerence between the particle seeding density between the upper
and lower half surfaces consecutively decreased (i.e., 426
particles/mm2 for 0.9 mg/mLcollagen vs 4 particles/mm2 for
3.0 mg/mLcollagen) (Figures 3D and S8).
Using ex vivo rat tracheas and ﬂuorescently labeled MSCs
(the model cells used in this study), we investigated whether
the collagen pregel could promote homogeneous cell
distribution onto the de-epithelialized tracheal lumen (Figure
4). As our in vitro experiments showed that the collagen pregel
84

https://doi.org/10.1021/acsbiomaterials.1c01031
ACS Biomater. Sci. Eng. 2022, 8, 82−88

ACS Biomaterials Science & Engineering

pubs.acs.org/journal/abseba

Letter

wavelength: 655 nm; cat. no. Q21321MP, Thermo Fisher
Scientiﬁc) and suspended in culture medium (cell concentration: 5 × 106 cells/mL). We then instilled 10 μL of the
MSC-loaded collagen into a de-epithelialized rat trachea at a 5
mL/min ﬂow rate and monitored the distribution of the cells
on the tracheal lumen using our GRIN lens imaging system
(Figure 3). In the bright-ﬁeld imaging mode, our imaging
system clearly showed the interior of the rat trachea (Figure
4A). Consistent with the in vitro study, the ﬂuorescently
labeled cells that were delivered via collagen remained adhered
more uniformly across the lumen compared with those seeded
via PBS (control; Figure 4B). Further, the diﬀerence in the cell
seeding density between the upper (123 cells/mm2) and lower
half of the tube (150 cells/mm2) was insigniﬁcant, highlighting
the eﬀectiveness of the collagen-based cell seeding (Figure 4C,
D).
Next, we investigated whether the implanted cells by
collagen pregel solution could maintain the homogeneous
cell distribution during subsequent in vitro tissue cultivation
and whether the seeded cells survive and proliferate on the deepithelialized rat tracheal lumen (Figure 5). To improve the
visibility of the cells, MSCs were labeled with carboxyﬂuorescein succinimidyl ester (CFSE) prior to cell seeding. The
bioreactor containing de-epithelialized rat tracheas seeded with
MSCs was maintained in a cell culture incubator (Cat. No.
MCO-20AIC, Panasonic) up to 4 days. During in vitro
cultivation, the inner space of the trachea was ﬁlled with
culture medium which was replaced with fresh medium every
24 h. Spatial distributions and shapes of the seeded cells were
inspected via ﬂuorescent microscopy following 1 day and 4

Figure 4. Topical deposition of exogenous cells onto de-epithelialized
rat tracheal lumen. (A) Bright-ﬁeld image of the trachea interior. (B)
Fluorescent images of the denuded trachea lumen seeded with MSCs
(red) via PBS or collagen. (C) Fluorescent images and (D) cell
seeding density obtained in the upper and lower half of the tracheal
lumen. ***p < 0.001. ns: not signiﬁcant.

with a 3 mg/mL concentration provided the most uniform
particle distribution, we used this collagen concentration in this
study. MSCs were labeled with quantum dots (emission

Figure 5. Proliferation of seeded MSCs on the de-epithelialized rat tracheal lumen. Fluorescence images of the tracheas seeded with CFSE-labeled
MSCs (green) obtained following (A) 1 day and (B) 4 days of in vitro cultivation. Cell densities measured in the upper and lower half of the trachea
lumens following (C) 1 day and (D) 4 days of in vitro cultivation. (E) Circularity of the seeded cells measured over time. CM: culture medium. C:
collagen. *p < 0.05. **p < 0.01. ***p < 0.001. ns: not signiﬁcant.
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days of in vitro cultivation of the cell-tissue constructs. The
cells seeded via both collagen and culture medium (control)
proliferated on the de-epithelialized trachea surface as
indicated by the increased number of cells expressing CFSE
over time in both the upper and lower half of the tracheal
lumen (Figure 5A, B). In the collagen group, however, the
diﬀerence in the density of the cells between the upper and
lower lumens was minimal after 4 days of in vitro cultivation
(upper surface: 137 cells/mm2, lower surface: 154 cells/mm2)
(Figure 5C, D). Meanwhile, the cell circularity, which is the
ratio of the area to the perimeter of the cells, was determined
to quantitatively evaluate the degree of cell engraftment onto
the tissue surface (Figure 5E). In both the collagen and culture
medium group, the seeded cells displayed a squamous
morphology and reduced circularity at day 4, suggesting that
the de-epithelialized tracheas were capable of supporting cell
engraftment and survival, and the collagen hydrogel did not
alter the motility of the implanted cells. Notably, live/dead
staining showed that the cells remained viable following
hydrogel-based cell seeding (Figure S9). Quantifying the
eﬃciency of the cell delivery is diﬃcult because the number of
seeded cells can be largely inﬂuenced by diﬀerent factors in
each experiment, such as the surface area of the airway lumen,
concentration of the cells mixed in the hydrogel, and speed of
the hydrogel instilled into the airway. Thus, in this study, we
evaluate the density of the cells deposited and cultured on the
de-epithelialized airway lumen (Figures 4 and 5).
In conclusion, we showed that homogeneous spatial
distribution and prolonged engraftment of exogenous cells
across the luminal surface of the airway can be achieved via
instillation of a cell-suspended collagen pregel. Compared with
a cell culture medium, the collagen pregel solution facilitated
persistent attachment of the cells onto the airway lumen
because of its higher viscosity and surface adhesion
strength.34,36,37 One of the main goals of this study was to
show that spatially homogeneous cell seeding can be achieved
via instillation of the cells suspended in a hydrogel bolus.
Accordingly, we showed the beneﬁt of hydrogel-based cell
delivery compared with liquid-based delivery in terms of
uniform cell distribution following cell seeding. Signiﬁcantly,
the collagen gel created an environment that allowed survival
and proliferation of the cells implanted onto the deepithelialized rat trachea lumen. Further, survival and growth
of the implanted cells indicated that the SDS treatment applied
to the rat trachea to remove its epithelium did not create a
cytotoxic condition for the seeded cells. While MSCs were
used as the model cell in this study, future studies that use
airway epithelial cells or basal stem cells will further conﬁrm
regeneration of the functional epithelium using the collagenbased cell implantation modality. Diﬀerent hydrogels, such as
tissue ECM-derived hydrogels, could be tested as cell delivery
vehicles to evaluate the impacts of physical and biochemical
properties of the hydrogel. While the adhesion strength of the
airway epithelium and MSC cells to the airway ECM can be
diﬀerent, this study highlights the utility of the hydrogel-based
cell seeding in initial homogeneous distribution of the instilled
cells across the airway lumen. In our cell seeding approach,
transport and deposition of the cells will be largely aﬀected by
the hydrodynamic and biophysical properties of a hydrogel
bolus instilled, such as instillation speed, viscosity, surface
tension, and gelation time.34,36,37
The approach of collagen-based cell deposition described in
this study can provide considerable advantages in the creation
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of innovative tissue engineering methods for the regeneration
of functional airway tissues. Rapid coverage of the deepithelialized airway surface with newly implanted cells, such
as airway basal stem cells,12,23,43 can accelerate regeneration of
the functional epithelium with a reduced risk for contamination of the tissue constructs. Further, growth factors and
biochemical reagents that are essential for diﬀerentiation of the
implanted cells could be added to the collagen pregel prior to
cell seeding to modulate cellular activities and responses over
time during in vitro culture. In addition, because cells are
embedded within collagen gel as a cell layer, the ex vivo airway
can be ventilated with air, providing a more physiologically
relevant condition to the ex vivo tissue. Our cell replacement
technique can be also useful for tissue engineering other
organs, such as liver, that require the vasculature network to be
preserved during cell replacement procedures. Collectively, our
hydrogel-based cell delivery method not only can facilitate the
generation of in vitro airway tissues but also can inform stem
cell replacement therapy by enabling the replacement of the
damaged or injured epithelium within the respiratory tract of
live patients or donor lungs deemed unsuitable for transplant.44−46
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