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Abstract: The global prevalence of respiratory diseases caused by infectious pathogens has resulted in an increased demand
for realistic in-vitro alveolar lung models to serve as suitable disease models. This demand has resulted in the fabrication of
numerous two-dimensional (2D) and three-dimensional (3D) in-vitro alveolar lung models. The ability to fabricate these 3D
in-vitro alveolar lung models in an automated manner with high repeatability and reliability is important for potential scalable
production. In this study, we reported the fabrication of human triple-layered alveolar lung models comprising of human
lung epithelial cells, human endothelial cells, and human lung fibroblasts using the drop-on-demand (DOD) 3D bioprinting
technique. The polyvinylpyrrolidone-based bio-inks and the use of a 300 um nozzle diameter improved the repeatability of the
bioprinting process by achieving consistent cell output over time using different human alveolar lung cells. The 3D bioprinted
human triple-layered alveolar lung models were able to maintain cell viability with relative similar proliferation profile over
time as compared to non-printed cells. This DOD 3D bioprinting platform offers an attractive tool for highly repeatable and
scalable fabrication of 3D in-vitro human alveolar lung models.
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advanced Biosystems by facilitating critical cell-cell and
cell-matrix interactions found within the native tissue and
its microenvironment!”. The main drawback of these 3D
tissue constructs is that the conventional manual production
of in-vitro tissue models is often laborious and unrepeatable.

1. Introduction

With the increase in respiratory diseases over the last two
decades!!, it is critical to elucidate how these pathogens
interact and penetrate through the pulmonary epithelial

tissue barrier and evaluate the potential severity of these
respiratory diseases. As such, numerous in-vitro alveolar
lung models ranging from simple, mono-cultured two-
dimensional (2D) models®® to more sophisticated three-
dimensional (3D) constructs®® have been developed to
closely emulate the human pulmonary epithelial tissue
barrier. The 3D tissue constructs are considered more

3D bioprinting has emerged as one of the leading
manufacturing platforms for automated fabrication of highly
complex 3D tissues and/or organs in a scalable manner® .
The envisioned long-term goal of 3D bioprinting is to
fabricate highly-functional 3D tissue-engineered constructs
in a layer-by-layer fabrication approach!'>'3!, This would
promote important cell-extracellular matrix (ECM) and cell-
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cell interactions and emulate the sophisticated structures
of ECM within the 3D tissue-engineered constructs!'*l,
Despite being in the early stages of infancy, 3D bioprinting
presents tremendous potential for automated fabrication
of highly-complex 3D tissue constructs in a scalable and
repeatable manner!'”'®, To date, 3D bioprinting systems
have been used to fabricate several 3D tissue constructs
such as bonel?! cardiac®*?¥, cartilage"), liver!?83%,
lung,121 and skin**-®), The 3D bioprinting systems can be
categorized into three distinct processes; namely extrusion-
based?*#, jetting-based*“7, and vat polymerization*®>!,
and the choice of a suitable bioprinting process is dependent
on the desired application. The use of jetting-based
bioprinting process is attractive for drop-on-demand (DOD)
patterning of different types of living cells and biomaterials
on the same planar surface to achieve thin cellular layers in
a contactless and high-throughput manner.

A recent study reported the fabrication of two-
cell layered blood-air barrier system consisting of an
upper alveolar epithelial layer, a middle layer of Matrigel
basement membrane, and a lower endothelial cell layer
using jetting-based bioprinting®®'l. The bioprinted blood-
air barrier models (~20 um thickness) were cultured over
a period of 3 days and exhibited ordered and homogeneous
layer-by-layer organization. However, the study lacked
information on the long-term survivability of the 3D blood-
air barrier models beyond 3 days post-bioprinting. Several
publications have reported the importance of lung fibroblasts
for promoting alveolar epithelial proliferation through
secretion of hepatocyte growth factors®™34, We hypothesize
that co-culture with fibroblasts may aid the survivability of a
bioprinted model by promoting cell proliferation to replace
injured or dead cells. The fabrication of 3D alveolar lung
tissue models requires high survivability rates over a long-
term period of at least 14 days, which is critical for potential
experimentation with viral infection and translocation
studies. The different pathogens that have been studied in
lung tissue models include Pseudomonas aeruginosa (up
to 6 W), Yersinia pseudotuberculosis (up to 4 days)P®,
Staphylococcus aureus, and Burkholderia (Pseudomonas)
cepacia (up to 12 days)P". Furthermore, while the effect of
respiratory viral infection becomes measurable 2 — 5 days
post-infection, the observation of trans-epithelial electrical
resistance and lactate dehydrogenase release may take up to
11 days for some viruses, as the tissue slowly recoverst®.
The long-term survivability of the in-vitro 3D blood-air
barrier models is necessary for pathogen proliferation and
host responses, for example, induced gene expression,
secretion of cytokines, or cell death. Furthermore, the
overall thickness of the native pulmonary blood-air barrier
is only ~1.6 um®™! and the current drawbacks of most
existing 3D alveolar lung tissue constructs are the inclusion
of a relatively thick and porous membrane (i.e., polyester
membrane ~ 10 wm thickness) found between the lung
epithelial cells and endothelial cell layers!®*®4. A study has

shown that the presence of this porous synthetic membrane
impeded nanoparticle translocation®. Hence, it is possible
that virus translocation across these blood-air barrier models
may also be impeded by the same synthetic membrane due
to non-specific adsorption.

In this study, we demonstrated the ability to fabricate
in-vitro 3D bioprinted human alveolar lung models in
a highly automated and repeatable manner using DOD
bioprinting approach. The main contribution of this study
is to demonstrate consistent and uniform cell printing for
multiple cell printing over a relatively long period. The
3D bioprinted human alveolar lung models consisting of
collagen matrix, alveolar lung epithelial, endothelial, and
fibroblast cells are successfully fabricated and characterized
in this study. The cell suspensions were first modified with
2.5% w/v polyvinylpyrrolidone (PVP)-based bio-inks and
printed using a suitable nozzle diameter of 300 um to prevent
clogging issues and ensure a relatively consistent cell output
over a period of 30 min. The printed cells maintained high
cell viability and exhibited similar proliferation profile over
time as compared to non-printed cells and the 3D bioprinted
triple-layered human alveolar lung models can be cultured
over a period of 14 days with high survivability rates.

2. Materials and methods

2.1. Cell culture

Three different types of human lung cell lines were
purchased from ATCC®: A549 human lung epithelial
cells (ATCC® CCL-185), EA.hy926 human endothelial
cells (ATCC® CRL-2922), and MRC5 human lung
fibroblasts (ATCC® CCL-171). These cell lines have been
used by others for building in-vitro models of the lung
alveolar1:616567] The A549 cells were cultured in RPMI-
1640 culture medium (Gibco™ Thermo Fisher Scientific)
supplemented with 10% fetal bovine serum (FBS, ATCC
302020) and 100 U/ml of penicillin-streptomycin (pen-
strep, ATCC 30-2300) solution®®!). The EA.hy926 and
MRC-5 cells were cultured in DMEM/F12 culture medium
supplemented with 10% FBS and 100 U/ml of pen-strep
solution[®*%°]. The A549 culture medium used in this study
were based on a previous work®! and it was known that
DMEM/F12 can support the growth of either EaHy926 or
MRC581 The culture medium was changed once every
3 days and the cells were routinely passaged in tissue
culture flasks (passages 3 — 5), with the adherent cells
harvested using 0.25% trypsin/ethylene diamine tetra-
acetic acid (EDTA) (ATCC 302101) at 90% confluency.

(1) Co-culture medium for different types of human
alveolar cells

This is the first study that incorporates these three
different kinds of alveolar lung cells together. After some
optimization, a 1:1 v/v combination of RPMI 1640 and
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DMEM/F12 was found to support the co-culture of A549,
EAHy926 and MRCS5. Hence, the cell proliferation profile
in the proposed co-culture medium was evaluated against
their respective recommended medium (benchmark).
Before the bioprinting process, the three different types of
human pulmonary cell lines were cultured individually in
the co-culture medium (1:1 v/v of RPMI-1640 to DMEM/
F12 culture medium — Gibco™ Thermo Fisher Scientific)
and their respective culture medium (control medium), to
assess the suitability of the co-culture medium to support
the growth of the different cell types. The PrestoBlue® assay
(Invitrogen™ A 13262, Thermo Fisher Scientific) was used
to measure cell proliferation based on the normalized relative
fluorescence units over a period of 7 days; with the cell
morphologies and proliferation rates serving as indicators
for determining the suitability of the co-culture medium.

2.2. Fabrication of 3D bioprinted triple-layered
human alveolar lung models

(1) DOD bioprinting of cell droplets

A common problem for jetting-based bioprinting process is
cell sedimentation where the gravitational forces acting on
the floating cells can lead to poor cell homogeneity within
the printing cartridge over time. As such, different cell
suspensions (A549 epithelial cells, EA.hy926 endothelial
cells, and MRCS5 fibroblasts) were modified with 2.5%
w/v PVP-based bio-inks according to a previous study!’”
and the printed output of respective cells were evaluated
over a period of 30 min (0, 10, 20, and 30 min). To mimic
the cell density within the native alveolar lung tissue, the
A549 epithelial cells and EA.hy926 endothelial cells were
printed at a cell density of 2 million cells/ml to create
densely-packed cell layers, while the MRCS5 fibroblasts
were printed at a cell density of 0.75 million cells/ml to
create sparsely distributed fibroblast layer. The modified
PVP-based cell suspensions were loaded into printing
cartridges and allowed to reach an equilibrium for 5 min
before printing. The Biofactory® bioprinter (RegenHU,
Switzerland) was used for cell printing studies; different
microvalve-based printheads (100 and 300 wm diameter)
were used to deposit cell droplets (15 arrays of 3 x 3 cell
droplets) (n = 135) onto Corning® (Merck CLS430165)
tissue-culture treated culture dishes (35 mm x 10 mm).
The printed arrays of cell droplets were evaluated for its
cell output/droplet and initial printed cell viability using
Live/Dead Viability/Cytotoxicity kits (Invitrogen™
L3224, Thermo Fisher Scientific). For the long-term
proliferation study, the printed arrays of cell droplets were
immediately cultured with the co-culture medium inside
an incubator at 37°C and 5% CO, over a period of 7 days.
The PrestoBlue® assay (Invitrogen™ A13262, Thermo
Fisher Scientific) was used to measure the proliferation
profile for both printed and non-printed cells (control)

based on the normalized relative fluorescence units over
a period of 7 days (day 1, 4, and 7) post-printing.

(2) Bioprinting of 3D triple-layered human alveolar
lung models

The 3D triple-layered human alveolar lung model consisted
of A549 human lung epithelial cells (top), EA.hy926
human endothelial cells (middle) and MRC-5 human
lung fibroblasts (bottom). The sequence of printing was as
follows: Collagen >MRC-5 >EA.hy926 >Collagen >A549
(CMECA) to mimic the spatial arrangement of native lung
alveolar cells and its ECM. The Biofactory® bioprinter
(with up to 8 different customizable printheads) was used to
fabricate the 3D triple-layered human alveolar lung models,
with multiple microvalve-based printheads (100 um and
300 um diameter nozzles) for collagen and cell printing,
respectively. A collagen layer was first fabricated by printing
discrete droplets of cold collagen precursor solution (Type
I rat tail, 3.68 mg/ml from corning) along adjacent lines,
at a fixed spacing of 0.8 mm and a droplet dispensing
frequency of 55.6 Hz and 800 mm/min, onto the membrane
of a Transwell insert (1 wm pore size, corning). This was
then cross-linked by printing discrete sodium bicarbonate
solution droplets (NaHCO, —a mild alkaline buffer solution
at 0.8 M) at 2 mm spacing directly below and above the
collagen layer, following our published protocol”. Next,
MRCS lung fibroblasts (0.75 mil cells/ml) were deposited
onto the crosslinked collagen layer at 2 mm spacing (3 drops
per spot) to create sparsely distributed fibroblast layer. The
collagen-MRCS5 constructs were then incubated overnight
in culture medium. On the next day, discrete droplets of
EA hy926 endothelial cells (2 mil cells/ml) were printed
over the elongated MRCS5 fibroblast layer at 1 mm spacing
(5 drops per spot). The printed cells were incubated for
60 min to allow sedimentation and attachment to the bottom
cell layers. This is to help mitigate cell dislodgement during
subsequent printing operation. Following that, a collagen
layer was printed using the same approach as described
earlier. Finally, discrete droplets of A549 epithelial cells
(2 mil cells/ml) were printed over the collagen layer at 1 mm
spacing (5 drops per spot) and incubated for 60 min before
addition of culture medium. The 3D bioprinted human
alveolar lung models were cultivated in a humid incubator
under liquid-liquid interface (LLI — submerged condition)
for 3 days, before further maturation at air-liquid interface
(ALI) for up to an additional 11 days (4, 7 or 11 days of ALI).

2.3. Characterization of the 3D triple-layered
human alveolar lung models
(1) Survivability post-printing

The Live-or-Dye NucFix™ Red (Biotium, CA, USA)
fluorescence dye stains dead cells at the nucleus and
has an absorption/emission maximum intensity at
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520/593 nm, which can be viewed with a PE-Texas red
filter. The procedure was performed according to the
supplier’s instruction. Briefly, a 1000x stock of Live-or-
Dye was initially prepared by dissolving the dye with
50 ul of anhydrous DMSO, then aliquoted and kept in
a —20°C freezer. The 3D tissue construct’s cell culture
medium was removed, and the cells rinsed thoroughly
using 1x PBS to minimize background signal. The cells
were stained with a 0.1x Live-or-Dye working solution
in PBS at room temperature for 30 min, followed by
washing twice with PBS (5 min per wash), and fixation
with cold acetone (stored in —20°C freezer) for 10 min.
Fixed cells were then washed thrice with PBS, with DAPI
(4',6-Diamidino-2-phenylindole dihydrochloride, Sigma)
nuclear counterstain added to the PBS in the first wash.
After washing, the membrane from the Transwell insert
was removed, placed onto glass slides, and cover slipped
using ProLong™ Gold Antifade Mountant (Invitrogen)
mounting medium. The samples were left to dry overnight
before visualization using Olympus BX51 fluorescent
microscope. Representative fluorescence images were
captured; the number of dead cells stained positively by
Live-or-Dye and the total number of cells stained by DAPI
was counted using Image] Fiji image analysis software, to
determine the long-term survivability (7, 10, and 14 days)
of the 3D bioprinted human alveolar lung models.

(2) Immunofluorescence staining

For immunofluorescence staining, the 3D tissue constructs
were fixed using cold acetone for 10 min before performing
cell permeabilization for 10 min with 0.1% Triton X-100
in PBS at room temperature. Rabbit anti-aquaporin-5
polyclonal antibody (Invitrogen Cat no: PAS5-77710;
dilution 1:400), rabbit anti-caveolin-1 polyclonal antibody
(Boster Biological Technology Cat no: PA1514; dilution
1:400), rabbit anti-prosurfactant protein C (Pro-SPC)
polyclonal antibody (Merck Cat no: AB3786; dilution
1:400), mouse anti-pan-Cytokeratin-FITC monoclonal
antibody (GeneTex Cat no: GTX11212; dilution 1:500),
and rabbit anti-CD31 polyclonal antibody (Abcam Cat no:
AB32457; dilution 1:200) dissolved in 3% bovine serum
albumin (BSA)/0.01% Triton X -100 PBS solution were
then incubated with the fixed cells at 4°C overnight. After
overnight incubation, the fixed cells were washed thrice
with 1x PBS, at room temperature. Secondary anti-rabbit
antibody labelled with Alexa Fluor 568 (Invitrogen Cat no:
A10037; dilution 1:400) were dissolved in 3% BSA/0.01%
Triton X-100 PBS solution and added to all samples,
except anti-pan Cytokeratin-FITC, followed by incubation
with gentle shaking in the dark for 2 h at room temperature.
Finally, the cells were washed thrice with PBS, with
DAPI nuclear counterstain added to the PBS in the first
wash. The membrane from the Transwell insert was then
removed, placed onto glass slides, and cover slipped using

ProLong™ Gold Antifade mounting medium. The samples
were left to dry overnight before visualization using
Olympus IX73 fluorescent microscope and Olympus FV-
1000 confocal microscope, respectively.

2.4. Statistical analysis

All experimental results are presented as mean + standard
deviation. Statistical comparisons were performed using
Student’s r-test. Values are significantly different when
P < 0.01. Significance levels are as follows: P < 0.001
(***) as the most significant and P < 0.01 (*) as the least
significant.

3. Results and discussion

3.1. Influence of co-culture medium for human
alveolar cells

Three different types of human alveolar lung cell lines
were selected for this study and they were A549 epithelial
cells (grown in RPMI-1640 culture medium), EA.hy926
endothelial cells (grown in DMEM/F12 culture medium),
and MRCS5 fibroblasts (grown in DMEM/F12 culture
medium). These are common cell lines used in research
laboratories as in-vitro disease models to study respiratory
pathogen biology. Hence, we reasoned that these cell lines
would be good representatives to construct the lung models
in our study. Our first objective of the study was to select
a co-culture medium which would enable the proliferation
of all three different human lung cell lines in the 3D
bio-printed form. This was achieved by measuring the
proliferation rate of each of the three cell lines in different
ratio composition of the original culture media prepared,
RPMI-1640 and DMEM/F12 culture medium. The best
ratio composition found suitable as the co-culture medium
was found to be 1:1 v/v of RPMI-1640 to DMEM/F12
culture medium and the results are shown in Figure 1. The
three different cell lines were cultured individually in 1:1
v/v of RPMI-1640 to DMEM/F12 culture medium (labeled
as co-culture in Figure 1(A) and their cell morphologies
compared with their respective culture medium (labeled
as control in Figure 1(A). The adherent cells were stained
with Live/Dead Viability/Cytotoxicity kits (Invitrogen™
L3224) for easy visualization with an inverted microscope
system (IX53, Olympus, Japan) under 10x magnification.
The live cells stained the typical green color while the
dead cells stained the typical red color. The growth pattern
for all three different human alveolar lung cells in both
co-culture and control media was monitored on day 1,
day 4, and day 7. The increase in number of stained cells
was progressively observed from day 1 to day 7 which
represented about 90% confluency between both media.
In addition, the morphologies were also observed to be
highly similar between both media (Figure 1A). Both
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Figure 1. (Left) Representative fluorescence images of (A) A549 human lung epithelial cells, (B) EA.hy926 human endothelial cells, and
(C) MRC-5 human lung fibroblasts (bottom), cultured in different culture medium (co-culture medium and control medium — A549 with
RPMI-1640 culture medium supplemented with 10% fetal bovine serum [FBS] and both EA.hy926 and MRC-5 with DMEM/F12 culture
medium supplemented with 10% FBS) over a period of 7 days — the green fluorescent represents the viable cells while the blue fluorescent
represent the cell nuclei; scale bar: 100 um. (Right) Influence of co-culture medium on proliferation profile of (D) A549 human lung
epithelial cells, (E) EA.hy926 human endothelial cells, and (F) MRC-5 human lung fibroblasts over a period of 7 days.

the A549 and EA.hy926 cells exhibited the cobblestone
morphology, while the MRC5 fibroblasts exhibited the
elongated morphology. Next, the proliferation rates of all
three human cell lines were measured using normalized
relative fluorescence units from the PrestoBlue® assay.
As observed, the proliferation rates of all three human
cell lines were observed to be relatively similar in the
co-culture (indicated as white bar) and original growth
media (indicated as black bar) (Figure 1B and 1C). The
proliferation assay was not evaluated further after 7 days
as the cells would overgrow and start aging, and this
would not be able to provide any meaningful or additional
information. Taken together, our findings on the cell
morphology and proliferation rate showed that the ratio
composition of 1:1 v/v of RPMI-1640 to DMEM/F12

culture medium is suitable as a co-culture medium and
this composition was used for the whole study.

3.2. Optimization of cell printing parameters

The next critical step was to evaluate and determine the
printed cell output for consistent and scalable fabrication
of 3D bioprinted human alveolar lung models. A 30-
min printing window is considered reasonably long
for printing of multiple 3D tissue constructs due to the
high-throughput rates for the jetting-based bioprinting
technique. To mimic the cell density within the native
alveolar lung tissue, the A549 epithelial cells and
EA.hy926 endothelial cells were printed at a cell density
of 2 million cells/ml to create densely-packed cell layers
while the MRCS5 fibroblasts were printed at a cell density
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of 0.75 million cells/ml to create a sparsely distributed
fibroblast layer. Notably, the MRCS5 fibroblasts utilized
in this study were observed to form large cell clumps
over time and this led to the clogging of printhead with a
nozzle diameter of 100 wm after 25 min of cell printing.
The clogging issue for the MRCS5 fibroblasts can be
mitigated by using a larger nozzle diameter of 300 um
and this was used to print the different human alveolar
lung cells for all subsequent experiments in this study.
The modified PVP-based cell suspensions are first
loaded into printing cartridges and allowed to reach an
equilibrium for 5 min before printing. The printed cell output
per droplet for A549 epithelial cells (2 x 10° cells/ml) showed
small fluctuation from 59.7 + 5.1 cells per droplet at 0-min
interval to 60.8 + 5.3 cells per droplet at 30-min interval. For

A 10 min

0 min

EA.hy926 A549
(2mil cells/ml) (2mil cells/ml)

MRC5
(0.75mil cells/ml)

the EA.hy926 endothelial cells (2 x 10° cells/ml), the printed
cell output per droplet showed small fluctuations from 62.5
+ 5.6 cells per droplet at 0-min interval to 64.1 + 4.8 cells
per droplet at 30-min interval. The printed cell output per
droplet for MRCS5 fibroblasts (0.75 x 106 cells/ml) also shows
negligible fluctuation from 18.4 + 5.9 cells per droplet at
0-min interval to 19.1 +4.4 cells per droplet at 30-min interval.
Hence, the use of 2.5% w/v PVP-modified cell suspension
and a larger nozzle diameter of 300 um facilitates the printing
of different human alveolar lung cells (A549 epithelial cells,
EA hy926 endothelial cells, and MRCS5 fibroblasts) with high
consistency over a period of 30 min (Figure 2A and B).
Next, the initial viability of the printed cells is
compared against the control non-printed cells. The
Molecular Probes® Live/Dead staining kit stains the
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Figure 2. (A) Representative Molecular Probes® Live/Dead stained fluorescence images of different types of printed human alveolar lung
cells: A549 human lung epithelial cells (top), EA.hy926 human endothelial cells (middle) and MRC-5 human lung fibroblasts (bottom) at
varying cell concentrations at different time intervals (0, 10, 20, and 30-min intervals); scale bar: 200 um. (B) Analysis of number of printed
cells per droplet over a period of 30 min (average =+ standard deviation). (C) Influence of printing process on initial cell viability (Live/Dead

staining kit) — printed cells versus non-printed cells (control).
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viable cells green and the dead cells red. The initial cell
viability of printed cells (A549, EA.hy926, and MRCS5)
is as follows: 97.1 £1.4%, 97.1 £ 1.5%, and 97.4 + 2.6%,
respectively, while the initial cell viability of control non-
printed cells (A549, EA.hy926, and MRCS) is as follows:
97.8 + 0.8%, 98.0 = 0.9%, and 98.0 = 1.3% (Figure 2C).
Hence, the printing process has no significant effect on the
printed cells as compared to the control non-printed cells.

Further study was performed to evaluate the
influence of printing process on the long-term viability
of the printed cells (A549, EA.hy926, and MRC5) over
time (day 1, 4, and 7) using Molecular Probes® Live/
Dead staining for fluorescence imaging and PrestoBlue
cell proliferation assay for quantitative measurement.

A Day 1

Printed A549
(2mil cells/ml)

Day 4

The number of viable cells at any given time point can be
measured and expressed in terms of relative fluorescent
units (RFUs) from the fluorescence readout. The RFUs
are normalized with respect to day 1 for each type of
cells (both printed and non-printed) for easy comparison
of long-term viability across different groups. In general,
the normalized RFUs for the printed cells are relatively
similar to those control non-printed cells at different time
intervals (day 1, 4, and 7). The proliferation profile of
both printed and control non-printed cells follows similar
trend as the earlier experiment on co-culture medium,
whereby the proliferation rate of the three different
human alveolar lung cells is as follows: A549 >EA hy926
>MRCS (Figure 3). Furthermore, the deposition of cell-
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Figure 3. (A) Representative Molecular Probes® Live/Dead stained fluorescence images of different types of printed human alveolar cells:
A549 human lung epithelial cells (top), EA.hy926 human endothelial cells (middle), and MRC-5 human lung fibroblasts (bottom) at varying
cell concentrations, at different time points post-printing (day 1, 4, and 7); scale bar: 200 um. (B) Proliferation profile of printed and non-

printed (control) human alveolar cells over a period of 7 days.
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laden droplets using DOD bioprinting technique enables
the cells to proliferate and spread uniformly to form
a homogeneous cell layer at day 7. As the printed cells
were close to 90% confluence by day 7 for both A549 and
EA.hy926, further proliferation studies for all 3 types of
cells were not continued. As such, we have demonstrated
the use of microvalve-based bioprinting technique can
achieve consistent printed cell output with high short-
term (>97%) and long-term viability (over a period of
at least 7 days) using the PVP-modified cell suspension.
This is critical for 3D DOD bioprinting of different human
alveolar lung cells to achieve precise and uniform cell
deposition and patterning within the 3D tissue constructs
to achieve high repeatability at high-throughput rates.

3.3. Characterization of 3D bioprinted triple-
layered human alveolar lung models

(A) Long-term survivability

The 3D triple-layered human alveolar lung model
consisted of A549 human lung epithelial cells (top),
EA.hy926 human endothelial cells (middle), and MRC-5
human lung fibroblasts (bottom). The sequence of printing
was as follows: Collagen >MRC-5 >EA.hy926 >Collagen
>A549 (CMECA) to mimic the spatial arrangement of
native lung alveolar cells and its ECM (Figure 4A). The

A 1. Collagen Printing
Col Type 1 (Rat Tail)

2. MRCS Printing
MRCS (0.75 mil cells/ml)

3. EA.hy926 Printing
EA.hy926 (2 mil cells/ml)

A549 epithelial cells cultured under submerged condition
exhibited clear cell edges and organelles and covered more
than 70% surface of the 3D alveolar lung tissue models
after 3 days of culture under LLI condition. Conversely,
the A549 epithelial cells cultured under ALI condition
started to flatten and formed compacted layer initially
before forming some spheroid-like structures on top of the
flattened cell layer over time. The observations from our
work are corroborated by other studies that characterized
the mono-culture of A549 cells at ALI interfacel’>",

In general, the 3D bioprinted alveolar lung models
show high viability (>96%) over a period of 14 days. It
is noted that the overall viability of the 3D bioprinted
human alveolar lung models is higher at day 10 and 14 as
compared to day 7; this is likely due to cell proliferation
over time that led to an increase in the total number
of cells, resulting in a lower ratio of dead cells to total
number of cells (Figure 4B).

(2) Immunofluorescence staining analysis

To determine the influence of culture conditions (ALI
vs. LLI conditions) on the maturation of 3D bioprinted
human alveolar lung models, the lung tissue models
were stained for the presence of alveolar type I (AT-1)
biomarkers (aquaporin-5, caveolin-1), alveolar type II
(AT-2) biomarker (Pro-SPC), epithelial biomarker (pan-

5. A549 Printing
A549 (2 mil cells/ml)

4. Collagen Printing
Col Type 1 (Rat Tail)

|
|
Day 0

Day -2 Dav -1
B 105
CMECA CMECA 6. Liquid-liquid interface (LLI)
3 days LLI 3 days LLI 3 Days
7 days ALl 11 days ALl
100 CMECA T
- 3 days LLI -
F 4 days ALl
8 T
> 1
95 7. Air-liquid interface (ALI)
4,7 or 11 Days
90
Day 7 Day 10 Day 14

Figure 4. (A) Bioprinting process of the 3D triple-layered human alveolar lung models; the ECM bio-inks and cell droplets are deposited
in the following order: Collagen >MRC-5 >EA .hy926 >Collagen >A549 to mimic the spatial arrangement of native alveolar blood-air
lung cells from the basal to apical layers, and its ECM. The 3D bioprinted blood-air barrier models are then cultivated under liquid-liquid
interface (submerged condition) for the first 3 days followed by air-liquid interface up to additional 11 days. (B) The graph shows the
survivability results of the triple-layered blood-air barrier models (CMECA) over a culture period of 14 days based on NucFix staining.
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cytokeratin), and endothelial biomarker (CD31 also
known as PECAM-1). Here, we focused only on the
staining of epithelial and endothelial layers as these two
main layers are representative of the air-blood barrier.
The AT2 cells can undergo trans-differentiation into type
1 alveolar epithelial cells (AT1)"* and hence, we checked
for the presence of both AT-1 and AT-2 biomarkers in this
study. We performed immunofluorescence analysis of the
human alveolar lung models on day 7 as it is deemed to

CMECA (ALI) - Day 7

Aquaporin-5
(AT-1)

Caveolin-1
(AT-1)

Pro-SPC
(AT-2)

Pan Cytokeratin |
(Epithelial cells)

CD31

be a reasonably long tissue maturation duration for the
different alveolar lung cells to interact, proliferate, and
differentiate based on prior works!:60:62-641,

From the immunostaining analysis (Figure 5), we
observed the presence of all the biomarkers except for
AT-1 biomarkers (aquaporin-5 and caveolin-1) in both
groups of 3D bioprinted human alveolar lung models
cultured under ALI and LLI conditions, respectively.
It was reported in an earlier study that the A549 cells

CMECA (LLI) - Day 7

5
o ce"S)--

Figure 5. Immunostaining analysis of triple-layered blood-air barrier models (CMECA) cultured under ALI conditions (3 days LLI and 4

days ALI) and LLI conditions at day 7; scale bar: 200 wm.
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cultured under ALI condition expressed AT-1 biomarker models did not express the AT-1 biomarkers at day 7 as
(aquaporin-5)"?. However, the alveolar type I A549 lung confirmed by the aquaporin-5 and caveolin-1 staining
epithelial cells in the 3D bioprinted human alveolar lung results. There is no significant difference between the

Figure 6. (A) Confocal imaging of 3D bioprinted human blood-air barrier model at day 14 using 60x magnification. (B) Representative
image of a distinct upper layer of A549 epithelial cells — green and blue fluorescence; scale bar: 20 um. (C) Representative image of a
distinct lower layer of EA.hy926 endothelial cells — red and blue fluorescence (nuclear DNA); scale bar: 20 um. (D, E). Representative
composite images comprising upper layer of A549 epithelial cells and lower layer of EA.hy926 endothelial cells from top and rotated view,

respectively; scale bar: 20 um.
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expression of CD31 biomarker (endothelial cells) in
both ALI and LLI culture conditions, as the EA.hy926
endothelial cells are embedded within the 3D bioprinted
human alveolar lung models. It is observed that there is
an increased in fluorescence signals from pro-SPC (AT-
2) and pan-cytokeratin (epithelial cells) biomarkers for
3D bioprinted human alveolar lung models under the
ALI culture condition at day 7 as compared to the LLI
culture condition, suggesting an increased expression of
the proteins. The ALI culture condition mimics the native
environment of the blood-air barrier; hence, it is likely to
result in an increased expression of pro-SPC (AT-2) and
pan-cytokeratin (epithelial cells) biomarkers.

(3) Confocal imaging

To evaluate the cell distribution and thickness of the
blood-air barrier models, confocal fluorescence imaging
was performed at day 14 using 60x magnification
for clear visualization of different types of alveolar
lung cells within the 3D bioprinted human alveolar
lung models. Here, we focused only on the staining of
epithelial and endothelial layers as these two main layers
are representative of the air-blood barrier. Multiple 3D
bioprinted human alveolar lung models were used for
confocal fluorescence imaging to image all the alveolar
lung cells (red — CD31, a marker for endothelial cells,
green — pancytokeratin, a marker for epithelial cells,
and blue for cell nuclei); resulting in distinct layers of
uppermost A549 epithelial lung cells with DAPI at slice
18 of confocal microscopy (stained in green and blue —
Figure 6B) and bottom layer of EA.hy926 endothelial
cells with DAPI at slice 27 of confocal microscopy
(stained in red and blue — Figure 6C). Tiny random
patches of missing epithelial cells could be observed at
high magnification of 60x on this upper A549 cell layer
(covering 79.4 + 12.5% of epithelial surface) in the 3D
bioprinted human alveolar lung models and the presence
of “patchy” epithelial cell layer was also observed in
other study using monolayer of A549 cells!”.

The manually seeded in-vitro 3D lung tissue models
in other published works measure ~ 26 — 35 umfP!6061,
while the 3D bioprinted in-vitro 3D lung tissue models in an
earlier published work measure ~22 um®!. In comparison,
the overall thickness of 3D bioprinted human alveolar lung
models in this study was measured to be approximately 8 —
10 um using confocal microscopy (Figure 6A).

4. Conclusion

This work successfully demonstrated the fabrication
of 3D bioprinted triple-layered human alveolar lung
models comprising of A549 human lung epithelial cells,
EA hy926 human endothelial cells, and MRC-5 human
lung fibroblasts. The cell suspension was modified using
2.5% w/v PVP-based bio-inks for DOD bioprinting

process and printed through a suitable nozzle diameter
of 300 um to mitigate nozzle clogging. The use of PVP-
based bio-inks led to a homogeneous and consistent cell
output for the different types of human alveolar lung cells
by achieving a neutral buoyancy state. The bioprinted
cells showed high initial cell viability and proliferation
profile similar to the control non-printed cells. The
analysis of 3D bioprinted triple-layered human alveolar
lung models confirmed the presence of Pro-SPC (AT-
2), pan cytokeratin (epithelial lung cells), and CD31
(endothelial cells), suggesting that the cell types retained
their functionalities when bio-printed. The ALI culture
condition may lead to an increased expression of pro-SPC
(AT-2) and pan-cytokeratin (epithelial cells) biomarkers
for 3D bioprinted lung models on day 7, as compared to
the LLI culture condition. The use of DOD bioprinting
techniques facilitated precise spatial positioning of the
different types of human alveolar lung cells to form distinct
cell layers within the 3D bioprinted lung tissue models.
Furthermore, the 3D bioprinted alveolar lung tissue
models showed high survivability rates over a long-term
period of at least 14 days. The in-vitro 3D lung models
established using these three cell lines demonstrated the
consistency and repeatability of 3D bioprinting systems.
Future studies can be extended with the use of primary
human alveolar cells for pathogen translocation studies
and respiratory-related toxicological testing applications.
Collectively, we have demonstrated a repeatable, scalable,
and high-throughput DOD bioprinting process in this
work for the fabrication of triple-layered human alveolar
lung models that can be cultured over a period of 14 days
with high survivability rates. This would help to address
the demand for highly repeatable and scalable fabrication
of 3D in-vitro alveolar lung models using 3D bioprinting
techniques.
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