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Abstract

Developing a biologically representative complex tissue of the respiratory airway is challenging,
however, beneficial for treatment of respiratory diseases, a common medical condition
representing a leading cause of death in the world. This study reports a successful development of
synthetic human tracheobronchial epithelium based on interpenetrated hierarchical networks
composed of a reversely 3D printed porous structure of a thermoresponsive stiffness-softening
elastomer nanohybrid impregnated with collagen nanofibrous hydrogel in vitro. Human bronchial
epithelial cells (hBEpiCs) were able to attach and grow into an epithelial monolayer on the hybrid
scaffolds co-cultured with either human bronchial fibroblasts (hBFs) or human bone-marrow
derived mesenchymal stem cells (hBM-MSCs), with substantial enhancement of mucin
expression, ciliation, well-constructed intercellular tight junctions and adherens junctions. The

multi-layered co-culture 3D scaffolds consisting of a top monolayer of differentiated epithelium,
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with either hBFs or hBM-MSCs proliferating within the hyperelastic nanohybrid scaffold
underneath, created a tissue analogue of the upper respiratory tract, validating these 3D printed
guided scaffolds as a platform to support co-culture and cellular organization. In particular, hBM-
MSCs in the co-culture system promoted an overall matured physiological tissue analogue of the
respiratory system, a promising synthetic tissue for drug discovery, tracheal repair and

reconstruction.
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1. Introduction

Respiratory diseases are a common medical condition and represent a leading cause of death in the
world [1]. For instance, cystic fibrosis and chronic pulmonary disease alone have been identified
as the fifth cause of death and they are predicted to rise in the coming years [2]. For that reason
alone, gaining an understanding of the mechanisms of the airway injury and repair process is a
main focus in the field of respiratory medicine [3]. In particular, the airway epithelium is of interest
since it acts as a primary protective barrier to the external environment defending against toxins,
pollutants and pathogens, and maintains homeostasis by regulating the innate immune response
[4-6]. There is also a growing need to develop synthetic respiratory tissues/organs—
physiologically representative of the innate airway—for surgical reconstruction and upcoming
therapeutics whose primary route of delivery is through the airway tract, or to study tissue disease
[7,8]. However, despite numerous attempts made by several groups, the creation of a multilayer-

structured airway with physiological functions has to date remained elusive [9].

The reasons relate, in part, to the many integrated functions that the tracheobronchial epithelium
above the basement membrane is required to fulfill. These functions comprise: barrier integrity,
mucus production, antimicrobial capability, and cilia motility [10]. Three main cell types—
ciliated, secretory (primarily mucus-secreting goblet cells) and basal cells—support these
functions. These cell types need to be re-capitulated in any synthetic construct and be arranged in
a manner that permits the functions to be fulfilled. Three main factors as well have been identified
as necessary for development towards airway tract replacements [10]: these are a basal lamina



equivalent with collagen fibers for cell-cell interaction and polarization, mesenchymal fibroblasts,
and the presence of an air-liquid interface system for the proliferation and differentiation of

bronchial epithelial cells [11].

Creating a scaffold that will permit cells to fulfill their function and maintain anatomical patency
remains a significant challenge. The two main options that have been tried come with inherent
challenges. Decellularized lung/trachea scaffolds have failed to confer sufficient structural
integrity due to compromised cartilage and tend to collapse, therefore a stiffer stent is often
required to provide additional mechanical support to the weak graft during implantation, which
could cause extrusion failure [9,12-15]. Despite promising epithelium, there is also little evidence
of new cartilage formation within the dense decellularized matrix that prevents cell penetration
and proliferation [15,16]. Scaffolds constructed from synthetic materials, conversely, have
remained ridged but failed to restore blood supply or too rigid to integrate with the cells/tissue
[17]. The challenges for developing both structural and functional scaffolds still remain: air-sealing
capabilities, the delay in vascularization leading to necrosis, re-epithelialization or mechanical

mismatch are the major problems [9,18].

Alternatives abound but few long-term successes have been achieved. Tani et al. developed a
fibrous trachea-bronchial tissue architecture based on porous collagen scaffolds [19,20], but the
barrier function was not properly maintained at the cell-material surface interface due to excessive
permeability. O’Leary et al., had more success by using a collagen-hyaluronan bi-layered scaffold
that facilitated the culture of bronchial epithelial cells on a 2D layer and their co-culture with lung
fibroblasts [21], but without addressing the critical issue of the weak mechanical properties of the

biopolymer scaffolds.

3D printing technologies [22] offer precise spatial control with high resolution, uniformity in the
interconnectivity of pores, high accuracy and great geometry complexity, with the benefit of being
highly reproducible. Fused deposition modelling and micro-extrusion-based 3D printing are two
widely used techniques for the manufacture of polymer/hydrogel-based scaffolds. However,
limitations persist. The choice of printable materials is limited and printing soft materials or
solution with desirable cell attachment and viability remains challenging. The resolution to which
they can be printed is, as yet, not optimal [23]. One way through to overcome these issues is to 3D
print in an indirect manner, such as 3D printing sacrificial molds by incorporating thermally

induced phase-separation (3D-TIPS) [24]. Uniform phase-separation and phase transition of the



polymer solution at a large interface of network within the printed sacrificial preform can lead to
the creation of full-scale scaffolds with bespoke anatomical complex geometry, hierarchically

interconnected pores, controlled porosity and self-assembled nanophase structure.

A wide hierarchy of porous soft elastomer scaffolds with tunable stiffness were fabricated by 3D-
TIPS using a non-degradable solution-based poly(urea-urethane) terminated by polyhedral
oligomeric silsesquioxane (PUU-POSS) [24], achieved by dual control of the 3D printing infill
density and phase separation of the polymer solution at different temperatures. Thermoresponsive
dynamic stiffness softening was observed when the scaffolds were subjected to body temperature
near the phase transition, i.e. the melting point of the crystalline domains of the soft segments of
PUU. Systematic studies have proven the different roles of the hierarchical porosity and stiffness
softening of these scaffolds in modulating cell growth and differentiation in vitro [24-26], tissue
ingrowth, vascularization and macrophage polarization in vivo [27]. In particular, the initial
stiffness and subsequent stiffness softening of these scaffolds at body temperature were found to
promote cellular proliferation of both human dermal fibroblasts (hDFs) and human bone-marrow
derived mesenchymal stem cells (hBM-MSCs), and regulate as well their differentiation towards
the chondrogenic and osteogenic lineages [24,25]. On the other hand, the hierarchical porous
structure and resulting large surface area of the scaffold were believed to enhance protein
adsorption, cellular attachment and nutrient/gas exchange flow during cell culture. The hBM-
MSCs seeded 3D-TIPS constructs after an extended differentiation post-stiffness softening were
proven to possess cartilage-like compression mechanical properties [25], which would be suitable
for further development of tracheal reconstruction.

This paper reports the creation of a biofunctionalized bespoke 3D-TIPS printed elastomer-scaffold
coated with collagen hydrogel that permits the culture of bronchial epithelium on monoculture and
co-culture conditions with human bronchial fibroblasts (hBFs) or hBM-MSCs (Scheme 1). The
hybrid scaffold developed here is composed of interpenetrated porous networks of a soft poly(urea-
urethane) nanohybrid impregnated with collagen hydrogel network. These scaffolds were
incorporated as the sub-layer of an epithelial in vitro model co-cultured with either hBFs or hBM-
MSCs. The feasibility of the hybrid scaffolds to support growth and differentiation of bronchial
epithelial cells and its ability to support the co-culture with either hBFs or hBM-MSCs have been
testified. The formation of an epithelial barrier, the structure and biofunctions of columnar ciliated
epithelial and mucus-secreting goblet cells at the air-liquid interface of the synthetic tracheal tissue

have been systematically characterized.
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Scheme 1 (A) Schematic of collagen hydrogel functionalized 3D-TIPS elastomer scaffolds (3D-
TIPS+Collagen). (B-D) Illustration of air liquid interface cell culture of human bronchial
epithelium cells (hBEpiCs) on the scaffolds in a well plate insert. The cells are seeded on the



scaffold and cultured in the medium to encourage cell attachment, migration and proliferation for
3 days, and the scaffolds are air-lifted subsequently and the cells are exposed to an air-liquid
interface over 21 days: (C) hBEpiCs in monoculture conditions; and (D) hBEpiCs in co-culture
conditions with either bone-marrow derived mesenchymal stem cells (hBM-MSCs) or human
bronchial fibroblast cells (hBFs) underneath.

2. Materials and Methods
2.1 Scaffold fabrication

Nanohybrid elastomer scaffolds based on poly(urea-urethane) (PUU) terminated by polyhedral
oligomeric silsesquioxane (POSS) were manufactured by a 3D printed thermally induced phase-
separation (3D-TIPS) process following a previously described protocol [24]. Briefly, a PUU-
POSS elastomer solution was synthesized and injected into 3D printed poly(vinyl alcohol) (PVA)
preforms (100 mm x 100 mm x 1.2 mm) with an orthogonal 50% infill density, used as water
soluble negative sacrificial molds. PUU-POSS was then frozen within the preforms at —20°C for
24 h, followed by coagulation in an iced water bath for another 24 h and further washed by
deionized water (Scheme 1A). PUU-POSS discs (16 mm diameter, 1 mm thickness) were then cut
from the PUU-POSS scaffolds.

Collagen hydrogel functionalized 3D-TIPS scaffolds (3D-TIPS+Collagen) were fabricated by
infusing a collagen solution (2 mg/mL) into the scaffold (16 mm diameter, 1 mm thickness) and
subsequently compressed by using a process of Real Architecture for 3D Tissues (RAFT) (Scheme
1A) [28]. Briefly, 84% (v/v) rat tail collagen type I solution (First Link, UK) was mixed with 10%
(v/v) 10x Eagle's minimal essential medium (MEM) (Thermo Fisher, UK) until a homogenous
yellow solution was obtained. Then, a 6% (v/v) NaOH/HEPES neutralizing solution (10M NaOH
and 1M HEPES in a volume ratio of 0.198:1) was added and gently mixed. The mixture was held
on ice prior to placing 1 mL of solution per scaffold on a 24-well plate. This was incubated for 15
min at 37°C to allow for collagen gelatinization prior to gentle wicking of water using hydrophilic
porous absorbers (RAFT 3D systems; Lonza, UK), placed on top for 15 min at room temperature
for liquid removal and pressed into the 3D-TIPS scaffold (Scheme 1A). Following absorption, the
absorbers were removed, resulting in about 1.68 mg of collagen hydrogel per scaffold (taken into
account the dilution factor of the collagen solution and the porosity of the scaffold (96.89%)) with
collagen concentration 8.7 mg/mL.



2.2 Physico-mechanical characterization

The top surface of dried scaffolds (i.e. 3D-TIPS and 3D-TIPS+Collagen) was examined under a
field emission scanning electron microscope (Zeiss Supra 35VP FE-SEM, Germany). A
JEOL2100 FEG-TEM (Japan) was used to examine the nanophase structure of the scaffolds. The
TEM samples were embedded in an aromatic acrylic resin (LR White Embedding Medium, EMS),
cryo-microtomed into a thin section using a CR-X cryosectioning system (RMC Boeckeler), and

then stained by Ruthenium tetroxide (RuOa) vapour.

Samples (n=6 per scaffold type) at wet condition were tested at room temperature in tensile and
compression mode, prior to and after incubation at 37°C for 28 days. An Instron 5655 tester
(Instron Ltd.; Norwood, USA) with a 5 mm/min rate and a 500 N cell load was used to subject the
samples to static tensile and compression tests. Dynamic mechanical properties were also tested
in tensile and compression mode in a bioreactor at 37°C in water using an ElectroForce
Biodynamic® Test Instrument 5160 (TA, USA) with a 200 N load cell. Samples were loaded with
a sinusoidal ramp of constant frequency of 1 Hz with a controlled strain (tensile strain or

compression strain) of 25% at increasing cycles, up to 200,200 cycles per sample.

2.3 In vitro testing
2.3.1 Cell selection and culture media

Human bronchial epithelial cells (hBEpiCs) (ScienCell, California, USA) were used for
monoculture and co-culture experiments. HBEpiCs were isolated from human bronchi,
cryopreserved at P1 and delivered frozen contained in vials of >5x10° cells/mL. HBEpiCs had
been characterized by immunofluorescence with antibodies specific to CK18/19, and vimentin.
Cells were cultured in a 1:1:1 v/v mixture of Dulbecco's modified Eagle's medium (DMEM)
(Sigma-Aldrich, UK), complete mesenchymal stem cell medium (MSCM) (ScienCell, California,
USA) and complete bronchial epithelium cell medium (BEpiCM) (ScienCell, California, USA).
Cells were used in fifth passage (P5).

Human bronchial fibroblast cells (hBFs) (ScienCell, California, USA) were used for co-culture
experiments. HBFs were isolated from human bronchus tissue, cryopreserved at P1 and delivered
frozen in vials containing >5x10° cells/mL. HBFs had been characterized by immunofluorescence
with an antibody specific to fibronectin. HBFs were negative for HIV-1, HBV, HCV, mycoplasma,
bacteria, yeast and fungi. Cells were cultured in minimum essential medium (MEM) (Sigma-



Aldrich, UK) supplemented with 10% foetal bovine serum (FBS), 2 mM L-glutamine, 26 mM
sodium bicarbonate, 100 U/mL penicillin/streptomycin, and 1 mM sodium pyruvate (Sigma-
Aldrich, UK). This culture mixture was termed as EME. Cells were maintained at 37°C and 5%

COz2 in a humidified atmosphere. Cells were used in P5.

Human mesenchymal stem cells were obtained from bone-marrow (hBM-MSCs) (ScienCell,
California, USA), cryopreserved at P1 and delivered frozen in vials containing >5x10° cells/mL.
HBM-MSCs had been characterized by immunofluorescence with antibodies specific to
CD73/90/105. HBM-MSCs were negative for HIV-1, HBV, HCV, mycoplasma, bacteria, yeast
and fungi. Cells were cultured in complete MSCM and maintained at 37°C and 5% CO: in a

humidified atmosphere. HBM-MSCs were also used in P5 for co-culture experiments.

2.3.2 Seeding cells on 3D-TIPS transwell inserts

Scaffolds (16 mm diameter, 1 mm thickness) were clipped to CellCrown™ polycarbonate
transwells (Scaffdex Oy; Tampere, Finland) for 24-well plates (Scheme 1B).

For monoculture conditions (Scheme 1C), 1.2 mL of BEpiCM medium was added into each well.
3D scaffold inserts (3D-TIPS or 3D-TIPS+Collagen) were placed into the wells and the upper
chamber was filled with 500 pL of Pneumacult™-ALI medium (STEMCELL technologies;
Cambridge, UK). The scaffolds were seeded at 5x10* cells (2.5x10° cells/cm?) and cultured under
BEpiCM medium for 3 days to promote cells attachment. After day 3, the scaffolds were “air-
lifted” by replacing 1.2 mL of Pneumacult™-ALI medium to the basal chamber only, while the
upper chamber was empty to let cells be exposed to air. Finally, medium in the lower chamber was
replaced every 2 days.

For co-culture conditions (Scheme 1D), 2x10* cells (9x10* cells/cm?®) of either hBFs or hBM-
MSCs were first plated onto 3D-TIPS+Collagen scaffold inserts and cultured under EME or
MSCM respectively for 3 days to promote cell acclimatization and attachment. Subsequently,
hBEpiCs were then seeded as described above. Samples were cultured in a 1:1 mixture of medium
(BEpiCM-EME or BEpiCM-MSCM).

Polyethylene terephthalate (PET) transwell inserts were used as controls. In a 24-well plate, 500
uL of BEpiCM was added to each well. A Falcon® PET filter membrane with 1.0 um pore size
(Becton Dickinson Labware; Claix, France) was used as positive control and placed into the wells.
The upper chamber was then filled with 200 puL of BEpiCM medium. 1.8x10* cells (1x10°



cells/cm?) were plated on to PET inserts to promote cell proliferation and growth until nearly
confluent, according to the manufacturer’s instructions. PET inserts with adhered cells were
cultured under Pneumacult™-ALI medium conditions for 3 days to promote cell attachment. After
day 3, the PET membranes were “air-lifted” by replacing 500 pL of Pneumacult™-ALI medium to
the basal chamber only, while the upper chamber was left empty to allow the cells to be exposed

to air.

2.3.3 Cellular metabolic activity and proliferation

Media was replaced every two days, and the metabolic activity of cells on the scaffolds (n=6 per
type) was monitored on days 1, 3, 7, 10 and 14 to determine cell viability through alamarBlue®
(Serotec Ltd., UK) testing. At each day point, total DNA content of the cell-laden scaffolds (n=6
per type) was also quantified using a fluorescent Hoechst 33258 stain (Sigma-Aldrich, UK).

2.3.4 Immunocytochemistry

Immunofluorescent staining was carried out to detect the presence of various markers of epithelial
differentiation and functionality: MUCS5AC, ZO-1, FOXJ1, Ki67, p63, vimentin, keratin 5, keratin
14, keratin 18, acetylated a-tubulin, e-cadherin and f-actin. Cell-laden scaffolds and cell inserts
were washed in Dulbecco's Phosphate Buffered Saline (DPBS; ThemoFisher, UK) and fixed in
cold 4% PFA in PBS up to 18 h overnight. Samples were permeabilized with 0.1% Triton-X 100
(Sigma-Aldrich, UK) for 15 min, rinsed with DPBS and blocked with 1% bovine serum albumin
(BSA) (Sigma-Aldrich, UK) in PBS solution for 30 min. Following further rinsing, they were then
incubated with various fluorescent dyes and conjugated antibodies. A complete list is shown in
Table S1. Finally, samples were mounted in Fluoroshield® with DAPI (Sigma-Aldrich, UK).
Images were taken and analyzed using a confocal microscope (Leica Spvi8, Germany). The total
counts per field of view (560 pm x 560 um) was not less than 10 frames per scaffold (n=3 per
type), and 500 cells were recorded and analyzed using ImageJ (version 1.47; NHI, USA).

2.3.5 Cell morphology by scanning electron microscope (SEM) and focused He-ion based

microscope (He-ion Fib)

Cell-laden scaffolds were imaged using SEM/Fib to assess epithelial cell morphology and
monolayer formation on the surface of the scaffolds (n=3 per type). Samples were fixed in 3%
glutaraldehyde (Sigma-Aldrich, UK) for 1 h at room temperature, dehydrated in a series of ethanol
solutions and dried using supercritical carbon dioxide in a critical point dryer. Dry constructs were



sputter-coated with gold (10 nm thickness) and imaged using Zeiss XB1540 Fib/SEM and Zeiss
Orion NanoFab. Low magnification images were captured using XB1540 Fib/SEM at 1 kV and
working distance of 3.5 mm, while high magnification images were taken using Orion NanoFab

He-ion FIB at 25kV and working distance of about 7 mm.

2.3.6 Quantitative reverse-transcriptase polymerase chain reaction (QPCR)

Relative gene expression of epithelial cells seeded on the scaffolds was quantified using gPCR.
Briefly, total RNA was collected and extracted from samples (n=5 per scaffold type) in triplicate
using Qiagen’s RNeasy mini kit (Qiagen; Valencia, CA) according to the manufacturer’s
instructions on weeks 1, 2 and 3. Samples were treated with DNase to remove genomic
contaminants and RNA was then reverse-transcribed to cDNA using an iSCRIPT cDNA synthesis
kit (BioRad, USA). The relative expression of genes was then determined via real-time PCR
(BioRad, USA). Markers of epithelial primer assays (Qiagen, Valencia, CA) used are listed in
Table S2, where glyceraldehyde-3-phosphate dehydrogenase (GAPDH) served as an endogenous

control “housekeeping gene” for all samples.

2.3.7 ELISA analysis

Enzyme-linked immunosorbent assay (ELISA) was used to detect presence of MUSAC, FOXJ1,
Z0O-1 and keratin 18 in scaffolds (n=4 per type) within their cell culture medium at weeks 1, 2 and
3. ELISA Kkits used were MUC5AC (Abbexa, UK), TJP1 (ZO-1) (antibodies-online, UK), FOXJ1
(antibodies-online, UK), and keratin 18 (antibodies-online, UK). Optical density was determined

using a microplate reader (Anthos 2020; Biochrome Ltd, UK).

2.3.8 Immunohistochemistry

Cell-laden scaffolds (n=2 per type) were fixed in 4% paraformaldehyde (PFA) (Sigma-Aldrich,
UK) in phosphate buffered saline (PBS), embedded in paraffin wax and cut into 4 um thick sections
using a Leica RM2235 microtome (Leica Microsystem Ltd.; Milton Keynes, UK). Hematoxylin
and eosin (H&E) staining was performed to examine gross cell location and morphology, and
Alcian Blue-periodic acid Schiff (AB-PAS) staining to identify cells with mucosal substances and
observe cell distribution and migration into the scaffolds. Images were taken using a digital slide

scanner (Leica SCN400F, Germany) at x40 magnification.

2.3.9 Transepithelial electrical resistance (TEER) measurements
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The integrity of the epithelial barrier formed by hBEpiCM cells cultured on the scaffolds was
quantified by the measurement of TEER in monoculture and co-culture conditions. Prior to
measurement of TEER using an EVOM voltohmmeter (World Precision Instruments; Stevenage,
UK), cell culture medium was initially added to the apical compartment of the ALI cultures and
samples (n=6 per scaffold type) were incubated for 1 h. Electrical resistance was measured using
STX-2 chopstick electrodes (World Precision Instruments; Stevenage, UK) immediately upon
removal of cells from the incubator. TEER (n=6 measurements per sample) was calculated by
subtracting the resistance of a cell-free scaffold or insert and correcting for the surface area
available for epithelial cell growth (0.39 cm?). To compare TEER values between groups following
a plateau of the measurements [29], the average TEER values from day 14 were taken for each

group and compared.

2.3.10 Fluorescein isothiocyanate (FITC)-labeled dextran 70 (FD70) permeability assay

The integrity of the epithelial barrier formed by hBEpiCs on the scaffolds (n=6 per type) was
further assessed by analysis of FD70 paracellular transport through the cell layer [30]. Samples
were initially washed and incubated with Hank's buffered salt solution (HBSS) (Sigma-Aldrich,
UK) in both the apical and basolateral compartments for 0.5 h. Subsequently, the buffer in the
apical compartment was replaced with a 500 mg/mL solution of FITC-labelled dextran of an
average molecular weight of 70 kDa (FD70), and the sampling from the basolateral compartment
was performed every 20 min for 1 h to quantify transported drug (n=6 measurements per sample).
An equal volume of buffer was used to replace the removed volume of basolateral solution at each
time point. Additionally, a sample of the initial apical FD70 content was taken for analysis and
TEER measurements were performed before and after the experiment to validate that the barrier
integrity was unaltered during the transport assay. The fluorescence of sampled time points was
quantified by measuring excitation at 485 nm and emission at 535 nm. Fluorescence values were
converted to concentration of FD70 using a standard curve and the apparent permeability

coefficient (Papp) of FD70 was calculated (Eq. 1):
(Eq. 1) Papp (cm.st) = F/(A*Co)

where F is flux (i.e. rate of change in cumulative mass transported), A is surface area of the cell
culture support, and Co is the initial concentration in the donor chamber.
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The theoretical pore radii of the cell layers was estimated by calculating the Renkin function [31]
(Eq. 2):

(Eq.2)  rifrp=1[1- (ri /rp)]? * [1-2.109 (ri /rp) + 2.09 (ri /rp)® - 0.95 (ri /1p)°]
where ri is the molecular radius of the solute (nm) and r,, is the theoretical pore radius (hm).

2.4 Data analysis

Results were presented as standard deviation (SD, error bars) of the mean values. Statistical
analysis was performed using Graph-Pad Prism 6 (GraphPad, USA), by one-way (one independent
variable) or two-way (more than two independent variables) analysis of variance (ANOVA) using
Tukey’s post hoc test for multiple comparisons. A value of p<0.05 was considered statistically

significant.

3. Results
3.1 Morphology and stiffness softening of 3D-TIPS hybrid scaffolds

SEM morphology of the surface of the 3D-TIPS scaffold (Fig. 1Ala) shows a digitally defined
interconnected macro-porous structure using the 3D-TIPS process, a combination technique of
inverse 3D printing and phase separation suitable for manufacturing unprintable solution based
polymers or nanocomposites [24]. Different from direct printing, the porous structures consisting
of micro- to nano-pores, as well as a highly ordered nano-phase structure of PUU-POSS (Fig.
1A1b), were generated during simultaneous coagulation and nano-phase separation of the soft and
hard segments of block copolymer PUU with POSS terminals within the micro-channels of the
directly 3D printed PVA preform in water. Such a highly interconnected porous structure provides
a large surface area to adsorb and immobilize the collagen solution. As a result, coating of collagen
hydrogel (Fig. 1A2a-A2b) provided an additional nanofibrous structure, interpenetrating
throughout the interconnected printed network, mimicking more closely the characteristic

structure and function of the extracellular matrix of trachea [32,33].

The mechanical properties and viscoelasticity of the collagen coated and uncoated 3D-TIPS
scaffolds were characterized and summarized in Fig. 1B-D. Obviously, the addition of the collagen
hydrogel network within the 3D-TIPS scaffold did not result in any significant changes in terms
of the strength and modulus through static tensile and compression tests, owning to its weaker
mechanical properties than the PUU-POSS scaffold alone (Fig. 1B1). The stiffness softening

12



properties at body temperature previously reported [24] were observed again in both static (Fig.
1B2) and dynamic testing modes (Fig. 1C1-D2). After a 28-day period of isothermal relaxation at
37 °C, a decrease in both tensile and compression modulus was exhibited (Fig. 1B2). Stiffness
softening was manifested under cyclic tensile and compression loadings over 200,200 cycles at a
fixed 25% strain (Fig. 1C1-D2), with evidence of a pronounced reduction of both the load
amplitude and the hysteresis loop area, indicating that the scaffold became softer with increasing
reversible compliance during the stiffness damping effect. The initial high stiffness of the scaffold
was contributed by the formation of localized crystalline structure of the soft segments of PUU
within its nanophase structure (Fig. 1A2b) during the freezing process of the polymer solution in
the 3D printed PVA mold, which was also observed in our previous work [24]. Stiffness softening
is contributed by the relaxation of 3D-ordered crystalline structure of the soft segments at body

temperature.
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Fig. 1 (A1) Representative SEM micrograph of the top-surface of the 3D-TIPS scaffold (Al-a)
and high resolution TEM image of the nano-phase structure (Al-b). (A2) SEM micrograph of the
3D-TIPS+Collagen scaffold at two different magnifications. (B-D) Static and dynamic mechanical
properties of the scaffolds (n=6 per type): (B1) comparison of the static tensile and compressive
properties of 3D-TIPS and 3D-TIPS+Collagen scaffolds as produced at day 0; (B2) stiffness
softening of 3D-TIPS after 28 days incubation at body temperature, assessed in terms of static
tensile and compressive properties; (C1) stiffness softening of 3D-TIPS as produced at day 0 in
dynamic tensile (C1-a) and compression (C1-b) modes, accelerated at increasing cyclic loadings
up to 200200 cycles; (C2) stiffness softening of 3D-TIPS in dynamic tensile (C2-a) and
compression (C2-b) modes at 200 cycles after 28 days incubation; (D1-D2) hysteresis energy of
3D-TIPS assessed in terms of dynamic tensile and compressive cyclic loadings. Differences
between the groups were analyzed by two-way ANOVA using Tukey’s post hoc test. n.s non-
significant; ***p<0.001; ****p<0.0001.

3.2 Epithelial cell growth on 3D-TIPS scaffolds

Cell seeding density onto a new scaffold is critical for initial cell attachment and migration. For
this reason, the optimization of the cell seeding process was initially performed using hBEpiCs at
three different cell seeding densities (0.8x10%, 3x10* and 5x10* cells/scaffold) under monoculture
conditions. Fig. 2A shows the cell seeding efficiency of hBEpiCs onto 3D-TIPS scaffolds over a
14-day period. Reduced metabolic activity was seen at 0.8x10* and 3x10* cells/scaffold during
cell culture. Despite a slight reduction on day 10, the optimal cellular viability at 5x10*
cells/scaffold remained increasing over time, which was chosen as the cell seeding parameter for
further study. HBEpiCs cultured on collagen hydrogel functionalized composite scaffolds (3D-
TIPS+Collagen) exhibited significantly greater metabolic activity (Fig. 2B) and proliferation (Fig.
2C) over a 10-day period, compared to the untreated 3D-TIPS scaffolds (p<0.001).

Immunofluorescence micrographs (Fig. 2D-H) show that a majority of hBEpiCs retained
undifferentiated basal cells (keratin 5 [34]), meanwhile expressed markers for supporting epithelial
differentiation (vimentin) and stratified epithelium (p63 as transcriptor [35]), and intercellular
junctions (f-actin bundles) were observed on the periphery of hBEpiCs on all scaffolds at day 7,
with p-value non-significant. In contrast, hBEpiCs on 3D-TIPS+Collagen scaffolds co-cultured
with hBM-MSCs exhibited less percentage of stained mitotic cells (Ki-67 marker, Fig. 2D),

indicating less DNA synthesis, compared to their co-culture with hBFs (p-value non-significant)
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and the untreated 3D-TIPS scaffold (p<0.01). More actin filaments protruded to the edge of the
cell membrane to propel cell attachment, movement and immigration by extending their
lamellipodia around the edges of the cells to adhere to each other and to those functionalized
scaffolds. Better formation of lamellipodia (highlighted by white circles, Fig. 2E5-H5) were
observed in close-up confocal microscopic images of basal cell marker (keratin 5) on the scaffolds
with collagen hydrogel and co-cultured with hBFs and hBM-MSCs, compared to the untreated
3D-TIPS scaffolds. HBEpiCs also expressed more vimentin (Fig. 2E6-H6) on those scaffolds.
SEM images in Fig. 3A1-D1 provide more information about cell morphology and the interface
between the cells themselves and the scaffolds. HBEpiCs on the collagen functionalized and co-
cultured scaffolds look flatted and connected to each other, even merged with blurred boundary
on the hBM-MSC co-culture, as opposed to the round shape with less actin filaments protruding

and connections between the cells on the untreated 3D-TIPS scaffolds.
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Fig. 2 (A) Cellular viability of hBEpiCs seeded on 3D-TIPS scaffolds (n=6 per type) with different

cell seeding densities, measured by alamarBlue for 14 days. (B) AlamarBlue fluorescence assay
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(n=6 per scaffold type) and (C) total DNA analysis (n=6 per scaffold type) of hBEpiCs
monocultured on 3D-TIPS and 3D-TIPS+Collagen scaffolds. (D) Percentage cell count of stained
cells on the various scaffolds (n=2 per type; 10 frames per scaffold with 500 cells analyzed). (E-
H) Representative confocal microscope images at day 7 showing hBEpiCs proliferation in each
condition (n=2 per scaffold type): (E) hBEpiCs monoculture on untreated 3D-TIPS; (F) hBEpiCs
monoculture on 3D-TIPS+collagen; (G) hBEpiCs co-culture with hBFs on 3D-TIPS+Collagen;
(H) hBEpiCs co-culture with hBM-MSCs on 3D-TIPS+Collagen. Cells were stained respectively
for nuclei (blue), f-actin (green), p63 (cyan), keratin 5 (magenta), Ki-67 expression (red) and
vimentin (yellow). Differences between the groups were analyzed by two-way ANOVA using

Tukey’s post hoc test. n.s non-significant; ** p<0.01; ***p<0.001.
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Fig. 3 Representative SEM micrographs showing hBEpiCs proliferation on each conditional
scaffold at day 7 (n=3 per type); (A) hBEpiCs monocultured on untreated 3D-TIPS; (B) hBEpiCs
monocultured on 3D-TIPS+Collagen; (C) hBEpiCs co-cultured with hBFs on 3D-TIPS+Collagen;
(D) hBEpiCs co-cultured with hBM-MSCs on 3D-TIPS+Collagen.
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3.3 Epithelial ciliation in scaffold culture

3D-TIPS and 3D-TIPS+Collagen scaffolds were assessed for their ability to support hBEpiCs
growth and differentiation, either as monoculture or in co-culture with hBFs or hBM-MSCs under
air-liquid interface (ALI) conditions (Scheme 1). The formation of motile cilia in the various
scaffold cultures was assessed through FOXJ1 (marker of epithelial cell ciliation) analysis of gene
expression (Fig. 4Al1) and ELISA analysis of FOXJ1 over a 3-week period (Fig. 4A2). HBEpiCs
mono- and co-cultured on the 3D-TIPS+Collagen scaffolds showed significant upregulation of
FOXJ1 gene expression compared to the untreated 3D-TIPS scaffold and PET control for two
weeks, indicating that 3D-TIPS+Collagen scaffolds promote more sustained increase in gene
expression. More cilia were highlighted by acetylated alpha tubulin staining both in-plane and
cross-section of 3D-TIPS+Collagen scaffolds, compared to the untreated 3D-TIPS or PET, and
even much more extent in co-culture conditions at day 21 (Fig. 4B1-E1). A similar trend of
formation of pseudostratified columnar epithelial cell arrays was also observed. FIB images (Fig.
5A-E) further revealed a dense and long pseudostratified columnar morphology on the collagen
functionalized and co-cultured scaffolds (Fig. 5C1-E4), in contrast to the sparse dot-like
morphology in cultures with PET cell inserts (Fig. 5A1-A4). Cross-sectional images by He-ion
beam FIB (Fig. 5F) confirmed that an epithelial layer had covered the scaffold with more
prominently longer and thicker ciliary structures formed on 3D-TIPS+Collagen scaffolds,
especially when co-cultured with hBM-MSCs (Fig. 5G-H, Table S3).
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Fig. 4 (A1-A2) gPCR (n=5 per scaffold type) and ELISA analysis (n=4 per scaffold type) for
FOXJ1 as a marker for ciliation; (A3-A4) gPCR (n=5 per scaffold type) and ELISA analysis (n=4
per scaffold type) for ZO-1 as a marker for tight junctions. (B-F) Representative confocal
microscope images (n=2 per scaffold type) at day 21 showing (B1-F1) acetylated alpha tubulin
and (B2-F2) ZO-1 protein expression, respectively for ciliation and adherens junction for the
various scaffolds: (B) hBEpiCs monoculture on PET cell culture insert; (C) hBEpiCs monoculture
on untreated 3D-TIPS; (D) hBEpiCs monoculture on 3D-TIPS+Collagen; (E) hBEpiCs co-culture
with hBFs on 3D-TIPS+Collagen; (F) hBEpiCs co-culture with hBM-MSCs on 3D-
TIPS+Collagen. Maximum intensity projections of ZO-1 (red) reconstructed from Z-stacks; cells
counterstained for nuclei (blue) and E-cadherin (green), with cilia indicated by acetylated alpha
tubulin (purple). Differences between the groups were analyzed by two-way ANOVA using
Tukey’s post hoc test. **p<0.01; ***p<0.001; **** p<0.0001.
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Fig. 5 (A-E) Representative He-ion FIB images of hBEpiCs differentiation in an air-liquid
interface (ALI) culture on the various scaffolds (n=3 per type) at day 21: (A) hBEpiCs monoculture
on PET cell culture insert; (B) hBEpiCs monoculture on untreated 3D-TIPS; (C) hBEpiCs
monoculture on 3D-TIPS+Collagen; (D) hBEpiCs co-culture with hBFs on 3D-TIPS+Collagen;
(E) hBEpICs co-culture with hBM-MSCs on 3D-TIPS+Collagen. (F) Representative cross-
sectional slices showing a ciliated epithelium of hBEpiCs monoculture on 3D-TIPS+Collagen
scaffolds (n=3 per type) at day 21. (G) Average mean cilia length and (H) average mean cilia
diameter at day 21, evaluated from 6 images (n=20 counts per image) at different fields of view
within each scaffold (n=3 per type). Differences between the groups were analyzed by one-way
ANOVA using Tukey’s post hoc test. **p<0.01; ****p<0.0001.

3.4 Epithelial barrier formation and mucin expression on 3D-TIPS scaffold.

The ability of the scaffolds to support hBEpiC cell differentiation was also assessed by analysing
the expression of the tight junction protein ZO-1 (also known as occludin-1) and adherens junction
of associated protein, e-cadherin, as markers of bronchial epithelial barrier formation. HBEpiCs
mono- and co-cultured on 3D-TIPS+Collagen scaffolds exhibited an upregulation of ZO-1 gene
expression (p<0.0001) (Fig. 4A3) and ELISA analysis (Fig. 4A4) (p<0.05) significantly higher in
co-culture with hBM-MSCs, compared to the untreated 3D-TIPS or PET control. Formation of
both tight junctions (ZO-1 in red, Fig. 4B2-F2) and adherens junctions (e-cadherin in green, Fig.
6B1-F1) were visualized at day 21 through immunofluorescent images. Well-stratified tight
junction columnar (ZO-1 inred, Fig. 4B1-1 to F2-1), and adherens columnar junctions (e-cadherin
in green, Fig. 6B1-1 to F1-1) were vertically aligned under the epithelium for both co-culture
conditions, compared to the monocultures. In particular, adherens junctions (Fig. 6E1-1 and F1-
1) were well structured and connected in co-culture condition, and even extended into the
supporting layer of hBM-MSCs, opposed to the disoriented and disconnected ones in monoculture

conditions.

Mucin 5A (MUCS5AC) is the gene associated with goblet cells that secrete mucin in the respiratory
epithelium. Analyses performed by gPCR and ELISA (Fig. 6A1-A2) showed that MUC5AC
expression is upregulated on 3D-TIPS+Collagen scaffolds in both mono- and co-cultured
conditions for three weeks (p<0.0001), compared to the untreated 3D-TIPS and PET control. The
gene expression also significantly differentiated between co-cultures with hBFs or hBM-MSCs

compared to monocultures (p<0.001). Immunofluroescent staining of expressed MUCS5AC
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glycoprotein at day 21 (red, Fig. 6B1-F1-1) corroborated the above quantitative analyses, showing
more sustained mucus-secreting epithelial phenotype on the co-cultured samples, compared to the
monocultured scaffolds, with significantly more on hBM-MSCs co-culture (Fig. 6F1-1). Overall,
these results provide more clear evidence that hBEpiCs formed a functional epithelial barrier on
the 3D-TIPS+Collagen scaffolds cultured at an air-liquid interface. Co-culture with hBM-MSCs
significantly enhanced the stratification of epithelium by the formation of more in-depth well

connected adherens junctions and more goblet cells.
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Fig. 6 (A1-A2) gPCR (n=5 per scaffold type) and ELISA analysis (n=4 per scaffold type) for
MUCS5AC as a marker protein of goblet cells of mucus production; (A3-A4) gPCR (n=5 per
scaffold type) and ELISA analysis (n=4 per scaffold type) for keratin 18 as a marker protein of

differentiated cells. (B-F) Representative confocal microscope images (n=2 per scaffold type) for
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the various scaffolds at day 21 showing (B1-F1) MUC5AC glycoprotein secretion, and (B2-F2)
intracellular keratin 14 and intracellular keratin 18: (B) hBEpiCs monoculture on PET cell culture
insert; (C) hBEpiCs monoculture on untreated 3D-TIPS; (D) hBEpiCs monoculture on 3D-
TIPS+Collagen; (E) hBEpiCs co-culture with hBFs on 3D-TIPS+Collagen; (F) hBEpiCs co-
culture with hBM-MSCs on 3D-TIPS+Collagen. Maximum intensity projections of keratin 14
(yellow), keratin 18 (purple), and MUCS5AC (red) reconstructed from z-stacks; cells counterstained
for nuclei (blue) and e-catherin (green). Differences between the groups were analyzed by two-
way ANOVA using Tukey’s post hoc test. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.

3.5 Analysis of basal cell and differentiated cells

The expression of intracellular keratin 14 and intracellular keratin 18 indicated the organization of
differentiated mitotically active basal epithelial cells and differentiated cells in the epithelium on
the various scaffolds. QPCR and ELISA analysis showed that keratin 18 expression is upregulated
on 3D-TIPS+Collagen scaffolds in both mono- and co-culture, compared to untreated 3D-TIPS
(Fig. 6A3-A4), and reached the highest on week 2 when co-cultured with hBM-MSCs (p<0.001,
Fig. 6A4). Undifferentiated hBEpiCs at day 7 were stained with keratin 5 (Fig. 2-3), and
differentiated hBEpiCs at day 21 (Fig. 6B2-F2) were stained with keratin 14 as marker of basal
cells, and keratin 18 as a marker of differentiated cells for distinguishing the basal and
differentiated layers within the epithelium. As expected, at day 21 keratin 14 was mostly visible
on the basal layer at the cell-scaffold interface (Fig. 6B2-1 to F2-1), while keratin 18 was present
on the upper layer of the epithelium for all groups (Fig. 6B2 to F2 and B2-2 to F2-2). More
staining for both keratin markers were seen on 3D-TIPS+Collagen scaffolds compared to the
control or untreated 3D-TIPS. Cross-sectional images (Fig. 6B2-2 to F2-2) showed a thicker
epithelium for co-culture conditions with hBM-MSCs where more keratin 18 appeared on the
apical layer, indicating that more basal cells differentiated into ciliated and secretory cells.
Histological examination of 21-day cultured scaffolds (Fig. 7A-E) shows well-developed ciliated
cells and muco-substance by Alcian blue-Periodic acid-Schiff (AB-PAS) (magenta at arrow) on
the scaffolds. An upper ciliated monolayer appeared more prominent on 3D-TIPS+Collagen
scaffolds compared to the untreated 3D-TIPS and PET control, and the highest number of mucus-
secreting cells were observed on co-culture scaffolds with hBM-MSCs, resembling that of native
bronchial epithelium. Further quantification of percentage of cell counts (Fig. 7F) stained by F-
actin and AB-PAS also agreed with those by the gPCR and ELISA analyses above (Fig. 4 and

Fig. 6). It is of note that the ciliated layer was well integrated with porous structure of the scaffolds
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showing more cells migration and ingrowth across most of pores in both co-culture conditions
(Fig. 7D1 and 7E1). In contrast, the delicate cilated layer was valuable and easily delaminated

from PET substrate fixed in transwell insert (Fig. 7A1).
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Fig. 7 Representative (A1-E1) Hematoxylin & Eosin (H&E), (A2-E2) Alcian blue-Periodic acid-
Schiff (AB-PAS), and (A3-F3) F-actin stained images at day 21 of cross-sections of differentiated
hBEpiCs on the different scaffolds (n=2 per type): (A) hBEpiCs monoculture on PET cell culture
insert; (B) hBEpiCs monoculture on untreated 3D-TIPS; (C) hBEpiCs monoculture on 3D-
TIPS+Collagen; (D) hBEpiCs co-cultured with hBFs on 3D-TIPS+Collagen; (E) hBEpiCs co-
cultured with hBM-MSCs on 3D-TIPS+Collagen. (F) Total percentage of cell count as seen by
AB-PAS staining (n=2 per scaffold type; 10 frames per scaffold with 500 cells analyzed).
Differences between the groups were analyzed by two-way ANOVA using Tukey’s post hoc test.
n.s non-significant; *p<0.05; **p<0.01; ****p<0.0001.

3.6 Epithelial barrier integrity in scaffold co-culture

Transepithelial electrical resistance (TEER) measurements (Fig. 8A) were used to confirm an
effective barrier function of the differentiated epithelial layer on all the scaffolds with mean TEER
values of 496 (£53), 972 (211), 1110 (£320) and 1187 (230) Qcm? on day 14 for monoculture
on 3D-TIPS, monoculture on 3D-TIPS+Collagen and co-cultures on 3D-TIPS+Collagen scaffolds
with hBFs or hBM-MSCs respectively (Table S4). TEER values increased dramatically in co-
culture with hBFs or hBM-MSCs, despite being non-significant between them. The ability of the
epithelial barrier to impede paracellular transport of FD70 was evaluated by Papp values in all
scaffolds (Fig. 8B, Table S5), showing that cells cultured on 3D-TIPS+Collagen were less
permeable to solute flux than cells cultured on untreated 3D-TIPS. The Papp values and average
molecular weight of the compound can be employed to determine the theoretical equivalent pore
radii of the cell layer. The epithelial layer in co-culture with hBFs or hBM-MSCs exhibited smaller
pore radii of the cell layers (5.2 nm and 4.1 nm respectively) compared to monoculture conditions
on PET, 3D-TIPS or 3D-TIPS+Collagen (65 nm, 62 nm and 13 nm respectively). Diffusion
transport of FITC-dextran showed a dramatic reduction from the basolateral to apical on 3D-
TIPS+Collagen with monoculture and co-culture conditions, in contrast to the diffusion from the
apical to basal which remained fairly constant in Fig. 8C-D. Therefore, the decrease of the
permeability for 3D-TIPS+Collagen scaffolds was mainly determined by the diffusion from the
basolateral to apical, and the asymmetric diffusion through the cell layers for the two opposite
diffusion directions was minimized through the better growth and maturation of the epithelium

layer.
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Fig. 8 Transepithelial electrical resistance (TEER) of hBEpiCs cultured in monoculture and co-
culture conditions with hBM-MSCs or hBFs for 14 days at an air-liquid interface: (A)
transepithelial electrical resistance (TEER) (n=6 per scaffold type, 6 measurements per sample);
(B) apparent permeability coefficient (Papp) of fluorescein isothiocyanate-labelled dextran 70
(FITC-dextran) through the bronchial epithelial cell barrier at day 14 (n=6 per scaffold type, 6
measurements per sample); (C) molecular diffusion of FITC-dextran on day 21, basolateral to
apical vs. apical to basolateral compartments (n=6 per scaffold type, 6 measurements per sample);
(D) schematics showing apical to basolateral and basolateral to apical diffusion through the cell
layer. Differences between the groups were analyzed by one-way or two-way ANOVA using
Tukey’s post hoc test. n.s non-significant; *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.
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4. Discussion

The dynamic thermoresponsive stiffness softening behaviour of the scaffolds were reproducibly
demonstrated. The unique stiffness softening of the soft elastomer nanohybrid scaffolds at human
body temperature induced by 3D-TIPS process is summarized in Fig. 1. A more systematical
mechanical property study of the 3D-TIPS scaffolds and as 2D-TIPS foam structures had been
reported previously [24-27]. Such thermoresponsive property was driven by the phase transition
from the semicrystalline phase (Fig. 1Al-b) to rubber phase and reverse self-assembling of the
quasi-random nanophase structure when subjected at body temperature near the melting point of
the crystalline domains of the soft segments of PUU [24-27]. PUU-POSS is chemically stable and
non-degradable, similar to other polyurethane elastomers. The gradual reduction of the stiffness
measured at culture time was proven to be attributed to the physical relaxation of ordered
crystalline polymer chains [24, 26]. The stiffness softening of these scaffolds, coupled with their
interconnected micro/nano- porous structure, facilitated cellular growth of hDFs [24] and
modulated the differentiation of hBM-MSCs towards chondrogenesis and osteogenesis when
cultured in differentiation media [25]. Our recent in vivo study further showed that the stiffness
relaxation mechanism exhibited by these 3D-TIPS 3D-printed scaffolds could modulate tissue
ingrowth and promote good vascularization guided throughout the digitally defined network in rat
models for up to 3 months with a reduced inflammatory response [27]. These recent achievements
pave the way here for the further development of more complex multi-layered tracheobronchial

epithelium-like tissues in vitro based on these thermoresponsive soft scaffolds.

In particular, tracheal wall tissue consists of a distinct layered composite structure: ciliated
columnar epithelium luminal surface, C-shape cartilage rings joint with soft connective tissue and
with smooth muscle fibres. The cartilage rings predominately contribute the structure stiffness of
the tracheal tube. In humans, the mechanical properties of the tracheal cartilage are gender and age
dependent, with the tensile Young’s modulus reported in the range of 1-25 MPa [36-38]. Taking
into consideration that the porcine trachea model was generally believed to resemble more closely
that of human, the compression modulus of the porcine’s trachea has been reported in the range of
1-5 MPa [39,40]. It is of note that the tensile modulus of the porous 3D-TIPS scaffolds with 50%
infill density (~1 MPa) is close to the low end of these tissue values and the decellularized rat
trachea scaffolds (~939 kPa), but much higher than collagen hydrogel (1-10 kPa) [41-43]. The
tensile modulus of the 3D-TIPS scaffolds can be obtained in the range of 0.7 to 4.4 MPa by varying
the infill density and processing conditions [24]. However, it is of note that, in the case of the 50%
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infill density with the desired porosity in this study, the overall structure stiffness of a tubular
construct made from highly porous 3D-TIPS alone may not be stiff enough to meet the

requirements for human airway reconstruction.

Nevertheless, the outstanding compliance and robustness of these thermoresponsive 3D-TIPS
scaffolds in both static and dynamic condition at human body temperature provide a promising
matrix for soft tissue engineering. The initial higher stiffness of the scaffold will be another bonus
to provide mechanical support in the early stages of cell growth and post-surgical healing. The
scaffold becomes even softer after stiffness relaxation while retaining outstanding hyperelasticity.
Therefore, the stiffness softening will promote enhanced integration with the surrounding tissues,
with better match to the dynamic remodelling of stiffness of the connective tissue and muscle, as
well as potential vascularization in vivo [27]. The resulting tensile modules of the explant show a
significant increase up to 6.97 MPa after subcutaneous implantation for 12 weeks, which is in the
range of human the tracheal cartilage with the tensile Young's modulus (1-25 MPa)
aforementioned [36-38]. This is also supported by the histological structure of strong interface
between epithelial tissue layer and the scaffold, in contrast to the delaminated delicate epithelial
layer on rigid PET substrate in transwell insert (Fig. 7). Moreover, the extended chondrogenic
differentiation period (35 days in vitro) after stiffness softening confers the scaffolds cartilage-like
compression mechanical properties worthy of being considered for tracheal tissue engineering
[25], still lower than the compression modulus of the porcine’ s trachea in the range of 1-5 MPa,
but close to femoral non-mineralized and mineralized fibrocartilage exhibiting compressive
Young’s moduli in the range 0.55-0.80 MPa and 0.20-0.60 MPa respectively.

To improve hBEpiCs viability, these scaffolds that served as a primary substrate were further
functionalized by impregnating a collagen hydrogel within the interconnected porous network of
the synthetic PUU-POSS elastomer, with proven benefit of collagen in respiratory epithelial
culture [11,21,44,45]. The coating of collagen hydrogel does not affect the static hyperelastic
mechanical properties of the 3D-TIPS scaffolds (Fig. 1B1). The systematic study on hBEpiCs cell
growth and differentiation on the functionalized hybrid scaffolds in both monoculture and co-
culture conditions have elucidated the capacity of such scaffolds to support an epithelium
bioprocess in vitro with formation of a tissue-like architecture, physiologically relevant to 3D
human tracheobronchial biofunctions. The results provide coherent evidence of hBEpiCs’ growth,
expression of mucin and cilia and formation of an epithelial barrier with cell retention at the air-

liquid interface supported by the scaffolds.
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Cilia are an important feature of a fully-functional tracheobronchial epithelium since they are an
integral component of the respiratory tract that assist with removal of particulates and debris from
the airway [46]. 3D-TIPS+Collagen scaffolds were demonstrated to support the expression of cilia
in hBEpICs, in evidence of significant upregulation of FOXJ1 (a master regulator of motile
cilogenesis [46]) at several orders of magnitude higher than that on PET control (p<0.0001, Fig.
4A1) in a short period of time (14 days). This suggests an earlier promotion of cilogenesis in
hBEpiCs cultured on 3D-TIPS+Collagen scaffolds since cilogenesis typically takes around 21 to
28 days to develop [47]. Microvilli (stained by acetylated alpha tubulin, Fig. 4B1-F1) formed on
3D-TIPS+Collagen scaffold monoculture were longer (~7 um in length) and thicker in shape
compared to the untreated 3D-TIPS (~4 um) and PET control (~2 um) (Fig. 5G-H, Table S3). The
average cilia length in a human airway (healthy non-smoker individual) has been reported to be
~5 pm [48], but only ~0.5 um on PET control and ~1 um for human bronchial epithelial Calu-3
cell monocultures on bi-layered collagen-hyaluronate scaffolds [21]. In comparison with ciliated
Calu-3 cells used in collagen-hyaluronate scaffolds with/without retinoic acid drug [21,49,50], the
cilia grew significantly longer on only collage coated 3D-TIPS scaffold in both mono- and co-
culture conditions, indicating higher potential for ciliation of human bronchial epithelial cells on
the top of such 3D printed porous network.

MUCS5AC glycoprotein is a substantial component of the respiratory mucus coating and an
indicator of mucociliary epithelial cell differentiation [51,52]. The significant increase of the
expression of MUCS5AC gene (Fig. 6A1) on 3D-TIPS+Collagen scaffolds manifests more goblet
cells differentiation, which may be contributed by the presence of collagen network within the
scaffolds [53]. The mucus secreted by goblet cells is an important biofunction of the pulmonary
tract with a prominent role as defense barrier. However, it can hinder delivery of aerosolized
therapeutics to the epithelium or down the airway to the alveolar region [54]. A previous study had
reported that sufficiently small enough particles <500 nm could rapidly penetrate the respiratory
mucus as opposed to those of larger size [54]. Therefore, the ability of the 3D-printed hybrid
scaffolds to induce greater mucus secretion is of great value for disease modeling to help design
and test upcoming therapeutic mucus-penetrating nanoparticles for airway delivery. 3D-
TIPS+Collagen scaffolds also enhanced the expression of tight junction associated cytoplasmic
scaffolding protein ZO-1 (Fig. 4A4) and adherens junction associated transmembrane protein e-
cadherin (Fig. 6B1-F1), indicating the formation of an epithelial barrier layer. The visualized

intercellular mesh-like network of tight junctions and adherens junctions are characteristic of cell-
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cell adhesion involved in reorganization of the actin cytoskeleton in epithelial monolayers, similar
to Calu-3 cells [30]. The two junctions provide different functions, with adherens junctions
initiating cell-cell contacts and mediating the maturation and maintenance of the contact, and tight
junctions regulating the paracellular pathway for the movement of ions and solutes in between
cells [55]. Their localization in the cell periphery and their affiliation with ZO-1 protein and e-
cadherin are recognized as a core component of the barrier integrity [56]. In addition, detection of
f-actin on the hBEpiCs circumference reinforced the hypothesis of the presence of an epithelial
barrier (Fig. 2E2-H2).

The capacity of the 3D-TIPS hybrid scaffolds was substantially boosted by an epithelial fibroblast-
like co-culture model: hBEpiCs co-cultured with either hBFs or hBM-MSCs outperformed the
monoculture model. It is of note that the digitally printed porous architecture of the 3D-TIPS
scaffolds has been demonstrated to promote cell migration and proliferation with their own
deposited ECM components [24,25], as well as to guide the growth of vascular capillary network
in vivo [27]. This is further testified that the thin epithelial layer was closely integrated with co-
cultured cells growing within interconnected pores of the scaffolds. Gene expression of the
markers of mucus secretion (MUCASAC), barrier formation (ZO-1) and ciliation (FOXJ1) in
hBEpiCs and related mRNA translated proteins were all accelerated in the co-cultures, reaching
the highest with hBM-MSCs. More goblet cells (marked by MUCASC) and fully elongated cilia
(marked by acetylated alpha tubulin, Fig. 4B1-F1) were observed in both co-culture scaffolds, but
more prominence, in terms of cilia length and diameter, was observed by FIB in co-cultures with
hBM-MSCs (Fig. 5G-H). The differentiated epithelial layer co-cultured with hBM-MSCs
consisted of ~36% goblet cells, ~55% ciliated cells and ~9% non-ciliated cells, a step closer to the
human airway epithelium of a healthy individual, reported as ~20% goblet cells, ~60% ciliated
cells and ~20% basal cells [57,58] (Fig. 7F). Both tight junctions and adherens junctions were
well-constructed to hold stratified epithelium, in particular, adherens junctions grew deeper,
integrating tightly with the hBM-MSC supporting layer. Overall, these results demonstrated that
co-culture with either hBFs or hBM-MSCs on 3D-TIPS+Collagen scaffolds have promoted more
initiation and stabilization of cell adhesion, regulation of the actin cytoskeleton, intracellular
signaling and transcriptional regulation during epithelium formation. Such enhancements could be
postulated that a culmination of signaling events regulated by both the scaffold and cellular factors,
especially from hBM-MSCs, could substantially increase cell-cell contact and adhesion, and

accelerate the formation, maintenance and function of the epithelium barrier.
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TEER results provide a measure of the integrity and permeability of the epithelial layer. TEER
values from ex vivo human lung tissue have not been reported so far, but it has been shown to
exhibit a range of 300 to 650 Qcm? on rabbit tissue and human primary epithelial cell cultures [59].
Higher TEER values (around 900 Qcm?) had been previously reported on bi-layered collagen-
hyaluronate scaffolds using Calu-3 epithelial cells in co-culture with Wi38 fibroblasts [21]. Much
higher TEER values were reported here for the 3D-printed hybrid scaffolds in both mono- and co-
cultured conditions (up to 1372 Qcm? in the case of hBEpiCs/hBM-MSCs between day 7 &10),
similarly to those on day 14 reported on bi-layered collagen-hyaluronate scaffolds when loaded
with retinoic acid drug using Calu-3 epithelial cells in co-culture with Wi38 fibroblasts [50]. The
increase of TEER values and decrease of paracellular permeability (Papp) on the scaffolds from
monoculture to co-culture conditions corroborated the development of tight junctions and adherens
junctions within the epithelial layer [60] and the predicted smaller pore radii of the cell layer
[30,61]. It is of note that the asymmetry in the diffusion was drastically diminished in the co-
culture with hBM-MSCs, which may be correlated to a more uniform and aligned stratified
epithelium layer tightly integrated with hBM-MSCs underneath via deeper adherens junctions.
Therefore, all the results indicated that the epithelial barrier was profoundly robust in the samples
with hBEpiCs/hBM-MSCs in co-culture.

More tissue engineered approaches for developing tracheobronchial epithelium have been reported
recently. For instance, a 3D-printed scaffold based on silk fibroin and hydroxypropyl methyl
cellulose thixotropic hydrogel [62] was developed and assessed with a human bronchial epithelial
cell line. In a different study, a composite of chitosan, gelatin and poly(lactide) in a bi-layered non-
woven scaffold was produced by electrospinning and its efficacy evaluated with primary airway
epithelial cells [63]. However, it is not straightforward to compare the results reported here with
these engineered tissues which were not yet fully developed with limited characterizations and

analyses.

Overall, a physiologically relevant in vitro tracheobronchial epithelial model has been developed
on the interpenetrated hybrid network of the 3D-TIPS+Collagen scaffolds. This study has proven
the epithelial functionality in vitro of disc-shaped 3D printed scaffolds with coated collagen
hydrogel in both monoculture and co-culture conditions in well plates, which is imperative for the
next step of the design and manufacturing of patient’s specific tracheal scaffolds. It is of note that,
as shown by comparing the case of 3D-TIPS and 3D-TIPS+Collagen in monoculture conditions,

epithelialization on the 3D-TIPS without the collagen component (to provide integrin-mediated
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cues to the epithelial cells in conjunction with embedded submucosal cells) is far less successful
if compared with 3D-TIPS+Collagen. Therefore, the interpenetrated network in combination of
thermoresponsive hyperelastic 3D-TIPS scaffolds with collagen hydrogel holds more promise to
provide a strong, tough and biofunctional hybrid for producing tubular constructs with tunable
stiffness through the structure design and 3D-TIPS manufacturing process.

The translation of these 3D-TIPS scaffolds into actual 3D tubular constructs with the same
dimensions and stiffness as the patient’s airway track is yet to be developed in a future study,
which is another critical criterion for tracheal tissue engineering [13,64]. Two possible approaches
to improve the overall structural stiffness of tracheal scaffolds made from 3D-TIPS scaffolds are
on-going. One is to develop a composite scaffold with reinforcement of a stiffer stent acting as
cartilage rings in native trachea. Another more regenerative approach is to introduce synthetic
cartilage within 3D-TIPS scaffold through a co-culture of chondrogenic differentiation of hBM-
MSC and epithelization of hBEpiCs. Both studies will be featured in future publications. Other
than for surgical reconstruction applications, future studies will also explore these
tracheobronchial epithelial models and related airway disease model for drug screening and

discovery.

5. Conclusion

This study has developed biomimetic hybrid composite scaffolds as a 3D in vitro airway model by
indirect 3D-TIPS printing. The hierarchically interconnected porous structure of 3D-TIPS
elastomeric scaffolds allows collagen hydrogel to impregnate into an interpenetrated hybrid
network. The epithelium presented on the scaffolds is a synergetic bioengineering combination of
collagen hydrogel, a thermoresponsive elastomeric nanohybrid network, epithelial cell culture and
bi-layered co-culture with either hBFs or hBM-MSCs underneath. The 3D hybrid scaffolds
demonstrated their capacity to support the growth and differentiation of human bronchial
epithelium, in addition to epithelial fibroblast-like co-cultures, generating biological structures and
functions close to the human respiratory tract tissue. A co-culture with hBM-MSCs accelerated
the maturation of the epithelium through promotion of more cell-cell interaction and regulation of
the actin cytoskeleton, intracellular signaling and transcriptional regulation. The 3D-TIPS printing
approach offers a customizable reproducible technology to generate a physiologically relevant 3D

biomimetic system to advance our understanding of airway disease and subsequent drug discovery.
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The thermal-mechanically and biologically responsive scaffold will serve as a future platform for
personalized surgical reconstruction and regeneration, and more studies will be featured in future

papers.
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