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a b s t r a c t

Today, chronic respiratory disease is one of the leading causes of mortality globally. Epithelial
dysfunction can play a central role in its pathophysiology. The development of physiologically-
representative in vitro model systems using tissue-engineered constructs might improve our under-
standing of epithelial tissue and disease. This study sought to engineer a bilayered collagen-hyaluronate
(CHyA-B) scaffold for the development of a physiologically-representative 3D in vitro tracheobronchial
epithelial co-culture model. CHyA-B scaffolds were fabricated by integrating a thin film top-layer into a
porous sub-layer with lyophilisation. The film layer firmly connected to the sub-layer with delamination
occurring at stresses of 12e15 kPa. Crosslinked scaffolds had a compressive modulus of 1.9 kPa and mean
pore diameters of 70 mm and 80 mm, depending on the freezing temperature. Histological analysis
showed that the Calu-3 bronchial epithelial cell line attached and grew on CHyA-B with adoption of an
epithelial monolayer on the film layer. Immunofluorescence and qRT-PCR studies demonstrated that the
CHyA-B scaffolds facilitated Calu-3 cell differentiation, with enhanced mucin expression, increased
ciliation and the formation of intercellular tight junctions. Co-culture of Calu-3 cells with Wi38 lung
fibroblasts was achieved on the scaffold to create a submucosal tissue analogue of the upper respiratory
tract, validating CHyA-B as a platform to support co-culture and cellular organisation reminiscent of
in vivo tissue architecture. In summary, this study has demonstrated that CHyA-B is a promising tool for
the development of novel 3D tracheobronchial co-culture in vitro models with the potential to unravel
new pathways in drug discovery and drug delivery.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Today, chronic respiratory disease is one of the leading causes of
mortality globally. Airway diseases such as chronic obstructive
pulmonary disease (COPD) and cystic fibrosis (CF) have been
ollege of Surgeons in Ireland
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identified as the fifth highest cause of mortality worldwide and are
estimated to rise to fourth place by 2030 [1]. Additionally, tracheal,
bronchial, and other lung cancers are predicted to become the sixth
leading cause of mortality by the same year. At the core of many of
these debilitating conditions, epithelial dysfunction can play a
central role in their pathophysiology. For example, cystic fibrosis is
rooted in defective ion transport across epithelia that drives bac-
terial colonisation and inflammation in the lungs [2]. The epithe-
lium in the respiratory tract is of critical importance for the
maintenance of homeostasis with key roles in lining the airways for
protection, inmediating interactionwith the external environment,
and in regulating innate immune responses [3,4]. Accordingly,
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effective drug targeting of epithelial tissue and restoration of its
normal function is a significant factor in the design of therapeutics
and treatment of such diseases. Furthermore, the airways are a very
attractive route for systemic drug delivery to treat a range of non-
respiratory diseases, with a large absorptive surface area, thin
alveolar epithelium barrier, high blood flow and relatively low
drug-degrading metabolic activity. Indeed, this route is of great
interest for delivery of complex biotechnology medicines and
advanced therapeutic medicinal products (ATMPs) [5]. With this in
mind, the improvement of our understanding of epithelial tissue in
healthy and diseased states can reveal novel strategies to maximise
effective drug delivery and identify targets for the management or
treatment of chronic disease. In order for this objective to be real-
ised, complex, physiologically-representative in vitro models must
be developed to address the inadequacies of current model
platforms.

The use of biomimetic tissue-engineered scaffolds as a three-
dimensional (3D) model is one approach by which such sophisti-
cated models might be achieved. If designed appropriately, these
constructs can incorporate an extracellular matrix analogue,
pertinent cell populations and the appropriate signalling factors in
the correct architectural arrangement to produce an in vitro system
that achieves complexity and microscale structure that accurately
reflects multicellular organs [6]. This is in contrast to current in vitro
models of epithelial barriers, which typically consist of an epithelial
monolayer cultured on polymeric cell inserts [7,8]. Although these
models are useful for studying transepithelial transport of mole-
cules and barrier function, they are ultimately an oversimplified
model that can contribute to incomplete assessment of novel drug
candidates and drug delivery technologies prior to animal testing;
this increases the likeliness of failure at later stages in drug
development [9]. Additionally, culture on polymeric inserts can
alter cell growth and phenotype, with different proliferation, pro-
tein expression and cellular differentiation observed when
different compositions of natural and synthetic substrates are uti-
lised [10e13]. Early work by Davenport and colleagues, for
example, highlighted that the presence of a type I collagen sub-
stratum induced ciliation within primary rat tracheal epithelial
cells cultured at an air-liquid interface (ALI) that could not be
achieved by culture on polycarbonate inserts [10]. The coating of
collagen I hydrogels with type IV collagen and laminin, two base-
ment membrane components, was found to alter basal cell
attachment of oral epithelial cells and differentiation into a more
mature mucosal barrier [11]. Similarly, laminin coating of poly-DL-
lactic acid films enhanced expression of alveolar epithelial markers
in attached embryonic stem cells [12] and influenced the barrier
integrity and pigmentation in stem cell-derived retinal epithelial
cells cultured on coated tissue culture plastic [13]. These examples
demonstrate the applicability of natural polymers on epithelial
functionality and highlight the potential of using extracellular
matrix (ECM)-inspired substrates for in vitro culture. Furthermore,
they lend credence to our hypothesis that the use of natural bio-
materials homologous to the in vivo ECM can provide the most
organotypic cell culture model and, combined with appropriate 3D
tissue architecture, provide an advanced epithelial culture system.

Respiratory tissue of the tracheobronchial region in the airways
is composed of a pseudostratified epithelial layer containing three
main cell types-ciliated epithelial cells, goblet cells and basal cells-
that are supported by a multi-cellular, fibrocartilaginous tissue
basolateral to the epithelial cells [14,15]. For tracheal tissue engi-
neering, three critical factors have been identified for successful
recapitulation of the large airways: a basal lamina equivalent
containing collagen fibres, mesenchymal cells such as fibroblasts,
and the presence of an ALI system [16]. Indeed, a tissue-engineered
approach towards in vitromodelling with type I collagen hydrogels
has been shown to support the growth and differentiation of res-
piratory epithelial cells in co-culturewith fibroblasts in a number of
studies (reviewed in Ref. [9]). Recent interest has also arisen in the
provision of naturally-derived ECM scaffolds for 3D airway
modelling through the application of decellularised (DC) tissue
either as DC tracheae [17], tissue slices of whole DC lung [18e21] or
even the entire DC lung itself [22]. However, beyond the research of
Omori and colleagues [23e25], there are few studies that use
porous polymeric collagen sponges to provide a better in vitro
representation of the fibrous tracheobronchial tissue architecture.
Of course, it is desired in such porous materials that the epithelial
cells do not migrate into the core of the construct and maintain
their presence instead as a barrier at the scaffold surface as an
interface. Thus, in this study we report on the fabrication of a
bilayered collagen-based scaffold that permits the culture of
bronchial epithelium on a two-dimensional (2D) film layer and the
co-culture of fibroblasts in 3D in a porous layer beneath the
epithelia.

The bilayered collagen scaffold proposed in this study is
composed of a lyophilised collagen-hyaluronate co-polymer sus-
pension, combining a film top-layer and porous sub-layer. Collagen
membranes and hyaluronan-derivative films have shown promise
for respiratory epithelial culture [16,26] but to date they have not
been investigated as a co-polymer film to combine the benefits of
each macromolecule alone. Regarding the sub-layer, porous
collagen-hyaluronate scaffolds, previously designed by our group
for cartilage regeneration, have been shown to facilitate cell growth
and chondrogenic differentiation with mesenchymal stem cells
[27e29]. The pore size of these scaffolds can be tailored by altering
the freezing temperature of a controlled lyophilisation process
which itself can influence cell adhesion, migration and growth in
the construct [30e32]. These scaffolds were incorporated as the
sub-layer of our epithelial in vitro substrate for co-culture of fi-
broblasts. Finally, type I collagen and hyaluronate are the pre-
dominant constituents of the tracheobronchial respiratory tract
[15], and therefore the bilayered collagen-hyaluronate scaffold
can further recapitulate the ECM of the tissue that is being
modelled.

Thus, the major objective of this study was to engineer a
bilayered collagen-hyaluronate scaffold as a tissue-engineered
template for the development of a physiologically-representative
3D in vitro tracheobronchial epithelial co-culture model. To ach-
ieve this, this scaffold was firstly fabricated, characterised and
subsequently assessed for its feasibility to support the growth and
differentiation of a bronchial epithelial cell line. Finally, the scaffold
was examined for its ability to support the co-culture of the
epitheliumwith a fibroblast cell line in order to validate the scaffold
as a template for 3D respiratory epithelial in vitro culture systems.

2. Materials and methods

2.1. Scaffold fabrication

2.1.1. CHyA film fabrication
CHyA films were fabricated using a modification of a previously

described method [33]. In brief, a suspension of collagen and hya-
luronate was dehydrated under airflow. The suspension of 0.5%
microfibrillar bovine tendon collagen (Integra Life Sciences,
Plainsboro, NJ) and 0.044% hyaluronate sodium salt derived from
Streptococcus equi (SigmaeAldrich, Arklow, Ireland) in 0.5 M acetic
acid (Sigma) was first blended at 15,000 rpm and 4 �C for 3.5 h
using an Ultra Turrax T18 Overhead blender (IKA Works Inc., Wil-
mington, NC) and subsequently degassed under a vacuum to
remove all air bubbles created from the homogenisation process.
The slurry suspension was pipetted onto a 12.5 � 12.5 cm2
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polytetrafluoroethylene plate and left overnight under an air cur-
rent in a fume hood to increase dehydration of the solvent. This
process produced a thin transparent CHyA copolymer film.

2.1.2. CHyA-B scaffold fabrication
A process was developed where CHyA-B scaffolds were fabri-

cated by freeze-drying CHyA films in combination with CHyA
slurry. The films were rehydrated in 0.5 M acetic acid and cut to fit
onto the base of a 6� 6 cm2 stainless steel grade 304 SS pan. 4ml or
16ml of CHyA slurry was then pipetted over the hydrated film layer
to give a scaffold thickness of 1 mm or 4 mm, respectively, and the
combination was subsequently freeze-dried using either of two
lyophilisation methods developed previously by our group [30,32].
In the first method, the slurry was frozen (Virtis Genesis 25EL,
Biopharma, Winchester, UK) at a constant cooling rate of 1 �C/min
to a final temperature of �10 �C and subsequently sublimated un-
der a vacuum for 17 h at 0 �C [30]. The second method utilised a
customised anneal cycle where the pans were initially frozen to a
temperature of �20 �C before heated to �10 �C and held at this
temperature for 24 h prior to sublimation [32]. For biomechanical
characterisation studies, single-layer fully porous CHyA scaffolds
were also fabricated using the anneal cycle (i.e. with no film layer
present). After freeze-drying, the scaffolds were crosslinked and
sterilised using a dehydrothermal (DHT) process at 105 �C for 24 h
in a vacuum oven at 50mTorr (VacuCell 22, MMM, Germany).

2.1.3. Chemical crosslinking
DHT-crosslinked scaffolds were chemically crosslinked using 1-

ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride
(EDAC; Sigma) for certain experiments in order to increase their
mechanical strength. Scaffold samples were pre-hydrated in Dul-
becco's Phosphate Buffered Saline (DPBS; Sigma) and added to a
solution of 6 mmol EDAC per gram of CHyA scaffold for 2 h [34]. N-
hydroxysuccinimide (NHS; Sigma) was included as a catalyst at a
molar ratio of EDAC: NHS 5: 2 [35]. Scaffolds were washed with
DPBS to remove any residual cytotoxic product and stored in DPBS
at 4 �C until use.

2.2. Scaffold characterisation

2.2.1. Scaffold ultrastructure
CHyA-B scaffolds were examined using scanning electron mi-

croscopy (SEM) in order to evaluate their architecture and to esti-
mate film thickness. Samples were mounted to an aluminium stub
using a carbon paste and sputter-coated with gold. Imaging of the
scaffolds was performed using a Tescan Mira XMU scanning elec-
tron microscope. Images were captured at 5 kV using secondary
electronmode, taken at aworking distance between 12 and 18mm.

2.2.2. Interfacial adhesion strength
Interfacial adhesion strength between the film and porous

layers of the CHyA-B scaffolds was determined using a custom-
designed interfacial strength test rig fitted to a mechanical testing
machine (Z050, Zwick-Roell) as previously described [28]. 9.5 mm
diameter samples were hydrated in DPBS in situ in the rig prior to
testing to failure, which was expected to occur either at the ulti-
mate tensile strength of one of the component layers of the scaffold
or as a result of delamination at the layer interface.

2.2.3. Mechanical testing
Uni-axial, unconfined compressive testing was carried out to

determine the bulk compressive elastic modulus of CHyA-B and
CHyA scaffolds, a property that affects cellular growth and differ-
entiation [34,36]. Scaffolds were cut into 9.5mmdiscs with a height
of 4 mm and chemically crosslinked where required as described in
Section 2.1.3. DHT-crosslinked scaffolds were pre-hydrated in DPBS
for 30 min prior to testing. Mechanical testing was carried out as
previously described [28], with each sample tested three times.
Stress was calculated from scaffold surface area and applied force,
whilst strain was calculated from displacement of the scaffolds in
relation to the original thickness.

2.2.4. Pore size analysis
Scaffold pore size analysis was performed to assess the effect of

the film layer and lyophilisation cycle on the mean pore diameter
and porosity of CHyA-B scaffold sub-layer, two important proper-
ties for cell adhesion and growth [31]. To calculate the mean pore
size, scaffold samples prepared with both lyophilisation cycles
were cut from random locations on the fabricated scaffold sheet
and analysed using a technique described previously [32,37]. The
samples were embedded in JB-4 glycolmethacrylate (Polysciences
Europe, Eppelheim, Germany). Sections of 10 mm were subse-
quently obtained using a microtome (Leica RM 2255, Leica, Ger-
many) and stained using toluidine blue (Sigma). Mean pore size of
captured images were quantified using a pore topology analyser
programme previously described [32]. For each sample, a minimum
of 18 sections spanning the entire cross-section of the scaffold were
analysed, resulting in the calculation of diameter of more than 1000
pores from each scaffold group.

Scaffold porosity was quantified through analysis of the relative
density of the scaffold (rscaffold) to its theoretical dry solid com-
posite (rsolid; Equation (1)). The density of punched scaffold discs
was calculated by measuring their mass and height using a mass
balance (Mettler Toledo MX5; Mason Technology, Dublin) and
digital Vernier callipers (Krunstoffwerke; Radionics, Dublin,
Ireland), respectively. The solid composite scaffold density was
calculated using the known density of collagen (r ¼ 1.3 g/cm3). The
density of hyaluronatewas assumed to be negligible. A minimum of
10 samples across four manufacturing batches was analysed for
each group.

Porosityð%Þ ¼
�
1� rscaffold

.
rsolid

�
� 100 (1)

2.3. Cell culture

2.3.1. Cell selection and culture media
The Calu-3 bronchial epithelium cell line (ATCC, Middlesex, UK)

was used for monoculture and co-culture experiments. The cells
were cultured in a 1:1 mixture of Dulbecco's modified Eagle's
medium (DMEM; Sigma) and Ham's F12 medium (Sigma) supple-
mentedwith 10% foetal bovine serum (Biosera, Ringmer, UK), 2 mM
L-glutamine (Sigma), 14 mM sodium bicarbonate (Sigma) and
100 U/ml penicillin/streptomycin (Sigma). This was referred to as
Calu-3 medium. Cells were used between passages 20e50. The
Wi38 human embryonic lung fibroblast cell line (ATCC) was used
for co-culture experiments. These cells were cultured in Eagle's
minimal essential medium (Sigma) supplemented with 10% foetal
bovine serum, 2 mM L-glutamine, 26 mM sodium bicarbonate,
100 U/ml penicillin/streptomycin, and 1 mM sodium pyruvate
(Sigma). This was referred to as Wi38 medium. Cells were used
between passages 21e26 and cultured at 37 �C and 5% CO2 in a
humidified atmosphere. Unless otherwise stated, all cell culture
incubation steps were also performed in these conditions.

2.3.2. Epithelial cell monoculture on CHyA-B scaffolds
CHyA-B scaffolds were assessed for their ability to support the

growth and differentiation of the Calu-3 cell line under air-liquid
interface (ALI) conditions. In order to facilitate ALI culture on the
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scaffold, a customised cell culture system was developed using the
frame of a Snapwell® cell insert (Corning Costar, NY). 15.6 mm-
diameter scaffolds of 1 mm in height were pre-hydrated in DPBS
and subsequently conditioned in Calu-3 medium. The polymeric
membranes of the Snapwell® inserts were removed and the plastic
frame was used to pin the scaffold into place and provide an
effective area of 12 mm in diameter for epithelial cell seeding onto
the film layer. For certain experiments, Calu-3 cells were also
seeded onto pre-conditioned Transwell® inserts for comparison
with scaffold culture. In both groups, cells were seeded at
5 � 105 cells/cm2 into the apical chamber of the culture system.
Three days later, media was removed from the top layer to intro-
duce an ALI and the cells were fed via medium from the basolateral
compartment for the remainder of the culture period, with media
replaced every 2e3 days.

2.3.3. Co-culture in CHyA-B scaffolds
For scaffold co-culture experiments, Wi38 fibroblasts were

initially seeded followed by Calu-3 cell addition. CHyA-B scaffolds
were seeded using a modification of a previously describedmethod
[38]. 15.6 mm-diameter scaffolds of 1 mm in height were pre-
hydrated in DPBS and conditioned with Wi38 medium. They
were then seeded with 6 � 105 Wi38 cells per scaffold into the
porous region of the scaffold and incubated for two hours to allow
for cell attachment. The scaffolds were covered in Wi38 medium
and grown for three days to allow for cell acclimatisation to the
scaffold environment. Subsequently, they were then inserted into
the Snapwell® system and seeded with Calu-3 cells as described
above (Section 2.3.2). For cell insert co-culture, the Transwell® in-
serts were inverted, seeded with fibroblasts at a density of
3 � 104 cells/cm2 and incubated for 2 h to allow for fibroblast
attachment. Afterwards, the samples were returned to media-filled
wells and grown for three days in Wi38 medium prior to Calu-3
seeding as outlined above (Section 2.3.2). In both groups, samples
were cultured in a 1:1 mixture of Calu-3:Wi38 media following
introduction of the ALI three days later with basolateral feeding for
the remainder of the experiments. A summary of the ALI culture
systems utilised is provided in Fig. 1.
Fig. 1. Calu-3 epithelial cell and Wi38 fibroblast air-liquid interface (ALI) culture models
Epithelial cell monoculture on a cell insert polymeric membrane. (b) Epithelial cell-fibroblas
insert prior to Calu-3 seeding. (c) Epithelial cell monoculture on a bilayered collagen-hyalu
insert and replaced with a CHyA-B scaffold held fastened using the plastic frame prior to C
dimensional porous sub-layer of the scaffolds is seeded with Wi38 fibroblasts prior to fast
2.4. In vitro analysis

2.4.1. Histology
Cell-seeded scaffolds were stained with haematoxylin and eosin

and fast green to observe cell distribution and migration into the
scaffold. Samples were fixed in 10% neutral buffered formalin
(Sigma) for one hour and processed using an automated tissue
processor (ASP300, Leica, Germany) overnight to dehydrate and
paraffin wax-embed the samples. 10 mm sections were deparaffi-
nised with xylene, rehydrated in descending grades of alcohol, and
stained according to standard protocols. Images were captured
using a microscope (Eclipse 90i, Nikon, Japan) and digital camera
(DS Ri1, Nikon) with NIS Elements software (Nikon).

2.4.2. Immunofluorescence
Immunofluorescent staining was carried out to detect the

presence of three markers of epithelial differentiation and func-
tionality- MUC5AC, zonula-occludens-1 (ZO-1), and F-actin. Cell-
seeded scaffolds and cell inserts were washed in DPBS and fixed
in 10% neutral buffered formalin for 20 min. The samples were
permeabilised with 0.1% triton x-100 (Sigma) and non-specific
binding of primary antibody was inhibited by incubation with 1%
bovine serum albumin (BSA; Sigma) in DPBS. They were then
incubated with either 1/100 mouse anti-MUC5AC monoclonal
antibody (Abcam, Cambridge, UK) or 1/100 rabbit anti-ZO-1 poly-
clonal antibody (Molecular Probes, Invitrogen, UK) in 1% BSA in
DPBS for two hours at room temperature. A 1/500 goat anti-mouse
Alexafluor®-594 or 1/500 goat anti-rabbit Alexafluor®-488 sec-
ondary antibody (Molecular Probes) in 1% BSA in DPBS was added
for one hour at room temperature followed by counterstainingwith
Alexafluor®-488- or TRITC-labelled phalloidin (Sigma), respec-
tively, to counterstain for F-actin. Finally, the samples were
mounted in Fluoroshield® with DAPI (Sigma). Images were
captured and analysed using an Axio Examiner. Z1 confocal mi-
croscope (Carl Zeiss, Cambridge, UK).

2.4.3. Scanning electron microscopy (SEM)
Cell-seeded scaffolds were imaged using SEM to assess
examined for in vitro experiments. In all cases, Calu-3 cells are grown at the ALI. (a)
t co-culture on a cell insert. Wi38 fibroblasts are seeded onto the underside of the cell
ronate scaffold (CHyA-B). The polymeric membrane is removed from a Snapwell® cell
alu-3 seeding. (d) Epithelial cell-fibroblast co-culture on a CHyA-B scaffold. The three-
ening the scaffold in the Snapwell® frame and Calu-3 seeding.
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epithelial cell morphology and monolayer formation on the film
layer of the scaffold. Samples were fixed in 3% glutaraldehyde
(Sigma) for 1 h at room temperature, dehydrated in a series of
ethanol and dried using supercritical carbon dioxide in a critical
point dryer. They were then mounted on aluminium stubs, sputter-
coated and imaged using a Tescan Mira XMU scanning electron
microscope. Images were captured at 5 kV using secondary electron
mode, taken at a working distance between 12 and 18 mm.
2.4.4. Transmission electron microscopy (TEM)
Cell-seeded samples were analysed by TEM to identify the

presence of cilia on Calu-3 epithelial cells and to observe cell
morphology. Scaffold and cell insert samples were washed in DPBS
and fixed in 10% neutral buffered formalin for 20 min prior to
treatment. The samples were then stained with 1% osmium te-
troxide for 1 h, followed by dehydration using descending grades of
methanol. They were subsequently immersed in a 1:1100% Meth-
anol/London resin (LR) white and finally in pure LR white for one
hour at room temperature. The samples were then embedded in LR
white and ultrathin sections were generated using an EM UC6 ul-
tramicrotome (Leica) and mounted on copper grids prior to ex-
amination in a Hitachi H-7650 electron microscope operating at
100 kV.
2.4.5. Quantitative reverse-transcriptase polymerase chain reaction
(qRT-PCR)

Relative gene expression of Calu-3 cells seeded on scaffolds was
quantified using qRT-PCR as previously described [39]. Cell-seeded
scaffolds were flash frozen in liquid nitrogen and lysed in a solution
containing 0.01% b-mercaptoethanol (Sigma) in RLT lysis buffer
(Qiagen, Crawley, UK) for 20 min. Subsequently, they were homo-
genised using an Ultra Turrax T18 Overhead blender and homog-
eniser spin columns (Omega Biotek, Norcross, GA) to remove any
residual scaffold. RNA was isolated from cell lysates using an
RNeasy kit (Qiagen) and quantified using a NanoDrop 2000 spec-
trophotometer (Thermo Scientific, Cheshire, UK) with absorption
read at 260 nm. 200 ng of total RNA was reverse transcribed to
cDNA using a QuantiTect reverse transcription kit (Qiagen). RT-
polymerase chain reactions were run on 7500 real-time PCR Sys-
tem (Applied Biosystems, UK) using a QuantiTect SYBR Green PCR
Kit (Qiagen) with QuantiTect primers (Qiagen). The expression of
mRNA was calculated by the deltaedelta Ct (2�DDCT) method
relative to the housekeeping gene 18S [40]. Expression of three
genetic markers was analysed: MUC5AC as a marker for mucus
production, ZO-1 as a marker for tight junctions, and FOXJ1 as a
marker of epithelial cell ciliation [41e43].
2.4.6. Transepithelial electrical resistance (TEER) measurement
The integrity of the epithelial barrier formed by Calu-3 cells

cultured on CHyA-B scaffolds was quantified by the measurement
of TEER in monoculture and co-culture systems. Prior to mea-
surement 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
were incubated for 1 h. Electrical resistance was measured using
STX-2 chopstick electrodes (World Precision Instruments) imme-
diately upon removal of cells from the incubator. TEER was calcu-
lated by subtracting the resistance of a cell-free scaffold or insert
and correcting for the surface area available for epithelial cell
growth (1.12 cm2). To compare TEER values between groups
following a plateau of the measurements [17], the average TEER
values from day 11e14 were taken for each group and compared.
2.4.7. Fluorescein isothiocyante (FITC)-labelled dextran 70 (FD70)
permeability assay

The integrity of the epithelial barrier formed by Calu-3 cells on
CHyA-B scaffolds was further assessed through analysis of FD70
paracellular transport through the cell layer [42]. The samples were
initially washed and incubated with Hank's buffered salt solution
(HBSS; Sigma) in both the apical and basolateral compartments for
one hour. Subsequently, the HBSS in the apical compartment was
replaced with a 500 mg/ml solution of FITC-labelled dextran of an
average molecular weight of 70 kDa and sampling from the baso-
lateral compartment was performed every 30 min for two hours to
quantify transported drug. An equal volume of HBSS 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 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 coef-
ficient (Papp) of FD70 was calculated using Equation (2), where F is
flux (rate of change in cumulative mass transported), A is the sur-
face area available for epithelial cell growth, and C0 is the initial
FD70 concentration in donor chamber.

Papp ¼ F� ð1=A$C0Þ (2)

2.5. Data analysis

Analysis of histological, confocal and electron microscopy im-
ages were performed using the Fiji processing software, including
the measurement of length of ciliary structures. Quantitative data
obtained were analysed using Microsoft Excel and GraphPad Prism
4.0 Software (GraphPad Software, San Diego, CA). In cases of anal-
ysis between two groups, statistical difference was assessed by
two-tailed student t test. In cases of analysis between multiple
groups, statistical difference between groups was assessed by 2-
way ANOVA with Bonferroni post hoc analysis.

3. Results

3.1. Scaffold characterisation

3.1.1. Scaffold ultrastructure
CHyA-B scaffolds were examined using SEM in order to evaluate

their architecture and to estimate film thickness (Fig. 2). CHyA films
were successfully incorporated into a freeze-dry process to yield a
bilayered porous CHyA-B scaffold. The initial dehydration process
reproducibly produced a transparent co-polymer film that inte-
grated onto the sponge-like porous layer following rehydration and
lyophilisation, irrespective of the freeze-dry cycle. From analysis of
the scanning electron micrographs, the film was approximately
20 mm in thickness with a smooth and uniform appearance. Below
the film layer, an integrated network of pores could be seen with
high interconnectivity that constituted the scaffold sub-layer.

3.1.2. Interfacial adhesion strength
The interfacial adhesion strength between the film and porous

layers of the CHyA-B scaffolds was determined to quantify the
degree of integration between the two layers (Fig. 3a). In all cases,
strain failure occurred as a result of delamination of the film and
porous layers, indicating that the strength of adhesion between
layers was weaker than that of the tensile strength of the individual



Fig. 2. Bilayered collagen-hyaluronate scaffold ultrastructure. Representative scanning electron micrograph images of a scaffold freeze-dried to a final temperature of �10 �C show
the scaffold's ultrastructure, film surface and thickness, and interconnected porous sub-layer (n ¼ 3).

Fig. 3. Mechanical properties of bilayered collagen-hyaluronate scaffolds. (a) Layer adhesive strength of bilayered scaffolds with or without crosslinking using 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDAC; n ¼ 4). (b) Compressive moduli of scaffolds manufactured using an anneal cycle (Anneal) or a final freezing tempera-
ture of �10 �C (Tf �10) with or without EDAC crosslinking. A single-layered fully porous collagen-hyaluronate scaffold (CHyA) is included for comparison (n ¼ 6). Results displayed
as mean ± SEM. nsp>0.05; **p < 0.01; ***p < 0.001.
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layers. Overall, EDAC crosslinking did not significantly weaken the
maximum adhesive strength of CHyA-B scaffolds prior to failure,
despite observation of an apparent reduction (p ¼ 0.07).
3.1.3. Mechanical testing
Uni-axial, unconfined compressive testing of CHyA-B scaffolds

was carried out to determine the bulk compressive elastic modulus,
a property known to affect cellular growth and differentiation
[34,36] (Fig. 3b). The inclusion of the film layer into porous CHyA
scaffolds was found to increase substrate stiffness, particularly in
combinationwith EDAC crosslinking. When chemically crosslinked,
CHyA-B scaffolds had a significantly larger compressive modulus,
irrespective of the freeze-dry cycle. Furthermore, in the case of the
scaffolds freeze-dried using an anneal step, the inclusion of the film
layer in the scaffold significantly increased the compressive
modulus in both the absence and presence of chemical cross-
linking, changing from 0.4 kPa to 0.8 kPa in the DHT-crosslinked
group (p < 0.05) and from 1.2 kPa to 1.9 kPa with additional
EDAC crosslinking (p < 0.001). Overall, the chemical crosslinking
with EDAC significantly increased the compressive modulus rela-
tive to DHTcrosslinking alone in all groups, as expected (p < 0.001),
and these data demonstrated that the inclusion of a film layer
resulted in a stiffer scaffold.
3.1.4. Pore size analysis
Scaffold pore size analysis was performed to assess the effect of

the film layer and lyophilisation cycle on the mean pore diameter
and porosity of the porous sub-layer of CHyA-B scaffolds, two
important properties for cell adhesion and growth [31] (Fig. 4).
CHyA-B scaffolds manufactured using an anneal cycle had a mean
pore size diameter of 80 mm, compared to 70 mmwhen lyophilised
using a final freezing temperature of �10 �C (Fig. 4a; p > 0.05). The
inclusion of a film layer did not influence the scaffold pore size,
with no significant difference observed between bilayered scaffolds



Fig. 4. Pore size analysis of bilayered collagen-hyaluronate scaffolds manufactured using an anneal cycle (Anneal) or a final freezing temperature of �10 �C (Tf �10). (a) Mean pore
diameter of scaffold sub-layer (n ¼ 3). A single-layered fully porous collagen-hyaluronate scaffold (CHyA) is included for comparison. (b) Percentage porosity of scaffold sub-layer
(n ¼ 10). (cef) Sample toluidine blue sections of anneal (c, e) and Tf �10 scaffolds (d, f) used for software analysis. Scaffolds are visualised as a dark blue colour (n ¼ 3). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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and fully-porous scaffolds manufactured using the same anneal
cycle. Regarding the porosity of the CHyA-B sub-layer, both fabri-
cation processes produced highly porous materials, with a per-
centage porosity of greater than 98% in both scaffold groups
(Fig. 4b). The anneal cycle, however, produced a porous construct
that was more homogenous in its pore size distribution (Fig. 4cef).
Ultimately, the manufacture of CHyA-B with an anneal cycle
resulted in amore uniformly porous scaffold with a larger pore size.

3.2. Epithelial cell culture on CHyA-B scaffolds

3.2.1. Epithelial cellular distribution and migration
Histological analysis and scanning electron microscopy were

undertaken to examine Calu-3 morphology and monolayer for-
mation on the CHyA-B apical film layer (Fig. 5). Haematoxylin and
eosin and fast green images revealed that Calu-3 cells cultured on
EDAC-crosslinked CHyA-B scaffolds formed an epithelial monolayer
that was maintained over the culture period of 21 days (Fig. 5a).
This was in contrast to cells cultured on scaffolds without EDAC
crosslinking, where the samples failed to maintain their structural
integrity to the extent that they had shrank and/or collapsed by day
21. Within this group, cells formed clusters of cells on the scaffold
surface instead of a monolayer. On day 28, a confluent monolayer
was seen on the film surface of EDAC-crosslinked CHyA-B scaffolds
using SEM, confirming the histological findings (Fig. 5b). A coating
of small microvilli and clusters of cilia-like structures were also
observed in SEM images. Overall, these data indicated that EDAC-
crosslinked CHyA-B scaffolds are suitable for Calu-3 epithelial cell
monolayer culture on a 3D substrate that was still maintained after
4 weeks in culture.

3.2.2. Epithelial mucin expression in scaffold culture
The ability of the CHyA-B scaffolds to support Calu-3 cell dif-

ferentiation was assessed by analysis of MUC5AC gene and
glycoprotein expression (Fig. 6). Calu-3 cells cultured on scaffolds
showed a significant upregulation of MUC5AC gene expression
compared to that of the conventional cell insert culture control at
days 7, 14, and 21 (Fig. 6a). Furthermore, MUC5AC expression was
observed to increase in cells cultured on CHyA-B scaffolds over time
(p < 0.05), unlike in cells that were cultured on the polymeric cell
inserts (Fig. 6b). These data indicate that the CHyA-B scaffold pro-
motes a sustained mucus-secreting epithelial phenotype that does
not occur with conventional cell insert culture. Analysis of
expressed MUC5AC glycoprotein from cells corroborated this
indication (Fig. 6cef). Immunofluorescent z-stack images detected
the presence of MUC5AC on the apical side of the Calu-3 cells at day
14 (Fig. 6b, d) with greater glycoprotein fluorescence present in the
scaffold cultures than in the cell insert cultures (Fig. 6e, f). Taken
together, these results all indicate that the CHyA-B scaffold can
influence the phenotype of the bronchial epithelial cell line at the
transcriptional level and promote differentiation of the Calu-3 cells
to secrete mucus.

3.2.3. Epithelial barrier formation in scaffold culture
The ability of CHyA-B scaffolds to support the differentiation of

Calu-3 cells was further assessed by analysis of ZO-1 and F-actin as
markers of bronchial epithelial barrier formation (Fig. 7). Calu-
3 cells cultured on scaffolds exhibited a marginal upregulation of
ZO-1 gene expression compared to that of the cell insert culture
control at days 7 and 14, though this trend was non-significant
(p ¼ 0.21 and p ¼ 0.25, respectively; Fig. 7a). Prolonged time in
culture over 21 days also did not affect ZO-1 mRNA levels in both
cell culture systems (Fig. 7b). Thus, gene expression of ZO-1 on
CHyA-B scaffolds matched that of conventional cell insert ALI cul-
ture. Translation of the ZO-1 gene into protein was detected in
CHyA-B scaffolds, with immunofluorescent images capturing the
presence of the tight junction protein between epithelial cells at
days 14 on the CHyA-B film top-layer (Fig. 7c). This indicated that



Fig. 5. (a) Calu-3 cell culture on bilayered collagen-hyaluronate scaffolds with or without crosslinking using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDAC).
(b) Long-term Calu-3 culture on EDAC-crosslinked scaffolds. Only EDAC-crosslinked scaffolds maintained cell culture beyond day 14. Haematoxylin & eosin and fast-green staining
visualised scaffolds as a light-blue colour with a pinkepurple film layer and cells appeared as pinkepurple with darker nuclei (blue arrows; n ¼ 9). A scanning electron micrograph
at day 28 visualised a confluent monolayer with cobblestone morphology on EDAC-crosslinked scaffolds (n ¼ 3). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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adjacent epithelial cells formed intercellular junctions that restrict
paracellular transport across the epithelium. Moreover, positive
phalloidin detection highlighted the presence of F-actin bundles on
the periphery of Calu-3 cells to corroborate these data (Fig. 7e);
association of F-actin with ZO-1 is a noted characteristic of apical
epithelial junctions [44]. As with the ZO-1 gene analysis, both
culture systems displayed equivalence, with the presence and
classical distribution of both junctional proteins present in all
samples. Overall, these results indicate the Calu-3 cells form a
functional epithelial barrier on the apical side of CHyA-B scaffolds
cultured at an ALI.
3.2.4. Epithelial ciliation in scaffold culture
The third assessment of the ability of CHyA-B scaffolds to sup-

port the differentiation of Calu-3 cells examined the formation of
motile cilia through analysis of the FOXJ1 gene and TEM imaging.
Calu-3 cells cultured on scaffolds showed a significant upregulation
of FOXJ1 compared to that of the conventional cell insert culture
control at day 7 (Fig. 8a; p < 0.01). FOXJ1 expression in cell insert
culture matched that of scaffold culture at days 14 and 21 due to a
time-dependent increase in expression on cell inserts over the
culture period (Fig. 8b). This indicated that the CHyA-B scaffold
induced a magnitude of gene expression comparable to cell insert
culture in half the amount of time. TEM analysis detected the
presence of microvilli-like premature cilia on the apical side of
Calu-3 cells in both samples at day 14 of culture (Fig. 8c, d); notably,
the ciliary structures formed in cells cultured on CHyA-B were
longer than those observed in cell insert culture (Fig. 8e, f). Addi-
tionally, TEM analysis revealed that cells grown on scaffolds
adopted a pseudostratified columnar morphology along the film
layer that was not observed in culture on polymeric cell inserts.
Thus, these data suggest that the CHyA-B scaffold had a more rapid
effect in inducing cilia formation within Calu-3 cells.

3.3. Epithelial-fibroblast co-culture on CHyA-B scaffolds

3.3.1. Cellular distribution in scaffold co-culture
Following the achievement of the formation of a confluent and

differentiated Calu-3 epithelial cell barrier on EDAC-crosslinked
CHyA-B scaffolds, a co-culture system of Calu-3 epithelial cells
and Wi38 lung fibroblasts was examined in order to assess the
scaffold's capacity to act as a substrate for three-dimensional
in vitro co-culture models (Fig. 9). Histological staining at day 14
confirmed that in addition to the Calu-3 cell monolayer forming,
Wi38 cells populated the CHyA-B porous sub-layer, with evidence
of cellular migration into the scaffold towards the epithelial
monolayer (Fig. 9a). Parallel monoculture of Calu-3 cells on CHyA-B
scaffolds in tandemwith co-cultured samples displayed an absence
of any cells in the porous scaffold sub-layer but retained the
epithelial cell barrier on the scaffold film layer (Fig. 9b), indicating
that any cells observed in the porous layer of co-cultures were fi-
broblasts. Furthermore, these cells adopted a different morphology
in the 3D porous structure to that observed when Calu-3 cells are
cultured in such an environment (Suppl. Data 1). Overall, bilayered
CHyA-B scaffolds facilitated a tracheobronchial epithelial-fibroblast
co-culture with distinct cellular localisation and organisation of
each cell type at the desired region on the constructs.

3.3.2. Epithelial cell differentiation in scaffold co-culture
Having developed a tracheobronchial co-culture model using



Fig. 6. Calu-3 cell mucin expression on bilayered collagen-hyaluronate (CHyA-B) scaffolds. (a, b) The effect of CHyA-B scaffolds (a) and time (b) on the relative MUC5AC mRNA
expression of cells. Results are displayed as mean ± SEM with expression relative to cell insert culture at each time point (a) or to day 7 for each group (b), as appropriate (n ¼ 7).
*p < 0.05; **p < 0.01; ***p < 0.001. (c, d) MUC5AC glycoprotein secretion by Calu-3 cells cultured on CHyA-B scaffolds (c) and cell inserts (d) at day 14. Z-stack images display apical
MUC5AC secretion (red) on top of cells counterstained for nuclei (blue) and F-actin (green; n ¼ 6). (e, f) Maximum intensity projections of MUC5AC expression on CHyA-B scaffolds
(e) and cell inserts (f) reconstructed from Z-stacks (n ¼ 6). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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CHyA-B scaffolds with favourable cell distribution, analysis of the
three markers of Calu-3 differentiation was also performed in
scaffold co-cultures to validate the maintenance, or potentially the
improvement, of expression of functional biomarkers (Fig. 10).
MUC5AC (Fig. 10a), ZO-1 (Fig. 10c) and cilia (Fig. 10e) were all
detected in Calu-3 scaffold co-cultures as seen previously with
scaffold monoculture samples. Notably, less MUC5AC was secreted
from epithelial cells on CHyA-B scaffolds in co-culture than in
mono-culture (Fig. 6e) but fluorescence was still greater than that
observed from cell insert co-culture samples (Fig. 10b). Clear ZO-1
bands were detected in both co-culture groups (Fig. 10c, d) and
longer cilia were once again observed on cells cultured on CHyA-B.
Ultimately, Calu-3 and Wi38 co-culture on CHyA-B scaffolds
maintained the phenotypic features of a tracheobronchial
epithelium.
3.3.3. Epithelial barrier integrity in scaffold co-culture
In order to confirm that the differentiated epithelial layer

formed upon CHyA-B scaffolds displayed an effective barrier
function in both monoculture and co-culture, the integrity of the
epithelial barrier was quantified by the measurement of TEER and
by permeability to the large molecular weight compound FD70
(Fig. 11). In both monoculture and co-culture systems, Calu-3 cells
cultured on scaffolds formed a barrier that was >500 Ucm2 with
mean TEER values on day 14 of 681 Ucm2 and 691 Ucm2, respec-
tively (Fig. 11a). TEER values within scaffold cultures were lower on
average than those obtained from cell insert cultures. This was
evident when the average TEER values of each group following day
11 were compared (Fig.11b), where an increasing trend from CHyA-
B monoculture to cell insert co-culture was recorded. In both cul-
ture systems, the inclusion of Wi38 fibroblasts increased TEER,
although this trend was non-significant. Finally, the ability of the
epithelial barrier to impede the paracellular transport of FD70 was
observed in all samples, with low Papp values recorded in scaffold
cultures and no transport detected in cell insert culture (Fig. 11c).
These data collectively highlight the presence of a functional
epithelial barrier in scaffold culture.
4. Discussion

In order to develop a more physiologically-representative
alternative to current synthetic respiratory epithelial cell insert
culture systems, the major objective of this study was to manu-
facture a tissue-engineered bilayered collagen-hyaluronate (CHyA-
B) scaffold as a template for a 3D tracheobronchial in vitro epithelial
co-culture model. Specifically, we sought to: (i) fabricate and
characterise a CHyA-B scaffold, incorporating film and porous
layers for epithelial and fibroblast culture, respectively; (ii) assess
Calu-3 bronchial epithelial cell growth and differentiation on the
film layer; and (iii) investigate whether the scaffold could support
an epithelial-fibroblast co-culture model with physiologically
relevant tissue architecture in order to validate the scaffold as a
substrate for 3D tracheobronchial epithelial in vitro culture sys-
tems. The results led to the development of a novel freeze-dried
CHyA-B scaffold consisting of a thin 2D film fused to a porous 3D
scaffold on which Calu-3 cells were able to grow, express mucin,
cilia, and form an epithelial barrier with cell retention at the ALI.
Notably, EDAC crosslinking was found to be crucial for maintenance



Fig. 7. Calu-3 barrier formation on bilayered collagen-hyaluronate (CHyA-B) scaffolds. (a, b) The effect of CHyA-B scaffolds (a) and time (b) on the relative ZO-1 mRNA expression of
cells. Results are displayed as mean ± SEM with expression relative to cell insert culture at each time point (a) or to day 7 for each group (b), as appropriate (n ¼ 7). (c, d) ZO-1
protein expression by Calu-3 cells cultured on CHyA-B scaffolds (c) and cell inserts (d) at day 14. Maximum intensity projections reconstructed from z-stack images display ZO-1
(green) on the borders of cells counterstained for nuclei (blue; n ¼ 6). (e, f) F-actin expression by Calu-3 cells cultured on CHyA-B scaffolds (e) and cell inserts (f) at day 14. Maximum
intensity projections reconstructed from z-stack images display F-actin (red) on the border of cells counterstained for nuclei (blue; n ¼ 6). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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of scaffold structure and epithelial monolayer formation. Finally,
co-culture of Calu-3 cells with Wi38 lung fibroblasts was achieved
on the CHyA-B scaffold, with fibroblast migration into the porous
core to provide a submucosal tissue analogue of the upper respi-
ratory tract and potential for epithelial-fibroblast crosstalk. Taken
together, these data demonstrate the potential bilayered CHyA-B
scaffolds as a suitable substrate for 3D in vitro tracheobronchial
epithelial models that can be employed for drug discovery and
disease-modelling purposes and advance the successful develop-
ment of novel therapies for the treatment of chronic respiratory
disease.

Current in vitro models of respiratory epithelial barriers using
polymeric cell inserts are an incomplete representation of the
in vivo tissue environment. The absence of natural ECM compo-
nents and the inability to co-culture cells in a 3D physiological
arrangement can contribute to an increased likelihood of failure of
a potential therapeutic at later stages in drug development [9].
Alternatively, if designed appropriately and based on natural
polymer materials, the use of tissue-engineered 3D models of
epithelial barrier systems permits the culture of multiple cells in an
environment which might be used to more accurately reflect
therapeutic and toxicity responses to drugs in vivo. Consequently,
this could improve in vitro screening of drug candidates and
maximise the selection and translation of promising agents into
effective medicines to target unmet clinical needs. Developing
models of epithelial barriers in this manner is critical to achieve
such a goal, both to identify new therapies for chronic diseases
related to epithelial dysfunction in the airways [2] and to assess
successful drug delivery across barriers following inhalable drug
administration [5]. In this study, the fabricated collagen-
hyaluronate scaffold was composed of a 2D film top-layer to
combine the benefits of collagen- and hyaluronate-based film
biomaterials in respiratory epithelial culture [16,26] with a porous
3D sub-layer which might act as a fibrocartilaginous support for
mesenchymal cell culture [27e29] that contains the overall major
components of the tracheobronchial ECM [15].

The CHyA-B scaffold was successfully constructed through
modification of a lyophilisation technique [30,32], whereby a
collagen-hyaluronate (CHyA) film was manufactured separately,
rehydrated and lyophilised with CHyA suspension to create fusion
of the film layer with an interconnected porous 3D sub-layer. This
process was reproducible for two different freeze-dry cycles
involving a final freezing temperature of �10 �C and a custom
anneal cycle. The use of different freezing temperatures is known to
influence the final pore size in scaffolds [30,32] and thus scaffolds
were manufactured with two different freezing temperatures to
verify the reproducibility of the fusion process for a range of tem-
peratures. Successful fabrication with both cycles confirmed this
reproducibility and highlighted the versatility of the manufacture
process to make bilayered scaffolds using different freezing pa-
rameters. Ultrastructural analysis of the scaffold confirmed the
bilayered architecture, complete with an intact film top-layer
spread across a porous sublayer (Fig. 2). The two layers of the
scaffold adhered to each other during lyophilisation and main-
tained this connection during physical manipulation and handling
in experiments, although analysis of interfacial adhesion strength
highlighted that this junction was the weakest structural point
within the construct (Fig. 3a). Regardless, the manufacture process



Fig. 8. Calu-3 cell ciliation on bilayered collagen-hyaluronate (CHyA-B) scaffolds. (a, b) The effect of CHyA-B scaffolds (a) and time (b) on the relative FOXJ1 mRNA expression of
cells. Results are displayed as mean ± SEM with expression relative to cell insert culture at each time point (a) or to day 7 for each group (b), as appropriate (n ¼ 7). *p < 0.05;
**p < 0.01; ***p < 0.001. (c, d) Transmission electron micrographs of Calu-3 cells cultured on CHyA-B scaffolds (c) and cell inserts (d) at day 14. Cells cultured on scaffolds adopted a
ciliated columnar morphology while cell insert culture yielded a cuboidal morphology. (e, f) Higher magnification images detected the presence of cilia on the apical side of cells in
both cultures (red arrows) with longer cilia observed within cells cultured on CHyA-B scaffolds than on cell inserts. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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successfully yielded a bilayered scaffold of adequate durability that
could act as a blueprint to produce a 3D iteration of the tracheo-
bronchial tissue structure.

Further analysis of the mechanical properties of the CHyA-B
scaffold showed that the inclusion of the film layer increased
substrate stiffness, particularly in combination with EDAC cross-
linking (Fig. 3b). Uni-axial, unconfined compressive analysis of
CHyA-B and single-layer fully porous CHyA scaffolds revealed that
the presence of the film layer increased the compressive modulus
from 1.2 kPa in CHyA scaffolds to 1.7e1.9 kPa in CHyA-B scaffolds,
with non-significant variations seen between the methods of
CHyA-B freeze-drying. Previous studies have indicated that
compressive mechanical properties modulate cellular responses
and lineage specification in stem cells through mechanical feed-
back [34,45], and research within our own group has indicated that
the scaffold stiffness can influence the osteogenic and chondro-
genic potential of rat MSCs cultured on CHyA scaffolds [36]. In the
case of this study, however, fibroblasts were used as the secondary
cell type for co-culture as opposed to a multipotent stem cell
population, due to their prominent use in other respiratory models
[46,47]; thus, the risk of osteogenic induction as a result of a
significantly stiffer scaffold was not relevant. Indeed, given the
contractile behaviour of fibroblasts in collagen-glycosaminoglycan
(GAG) matrices [48], stiffer scaffolds could be of greater benefit as
they are more resistant to cell-mediated contraction [49].

The third phase of CHyA-B scaffold characterisation analysed
the mean pore size and porosity of the porous sub-layer (Fig. 4).
Two lyophilisation cycles were performed in CHyA-B manufacture
to examine the effect, if any, of the film layer on pore size and
porosity. The results indicated that the sub-layer had a homoge-
nous porous structure that was amenable as the framework for 3D
co-culturewith epithelia. Inclusion of the film layer gavemean pore
diameters of 80 mm and 70 mm with anneal and �10 �C cycles,
respectively (Fig. 4a). The inclusion of a film layer did not signifi-
cantly alter the scaffold pore size, with no significant difference
observed between bilayered scaffolds and fully-porous scaffolds
manufactured using the same anneal cycle. Previous work carried
out by our group has indicated that the optimal mean pore size of a
porous biomaterial depends on a compromise between sufficiently
small enough pores to increase the surface area for cell attachment
[37] and sufficiently large enough pores to allow for cell migration
and nutrient flow [31]. This ideal pore size can vary from one cell
type to another, and the optimal pore diameter for this fibroblast
cell line has not been reported to date. Therefore, the anneal cycle
was selected as the fabrication method for CHyA-B co-culture
studies as data with a pre-osteoblast cell line indicated that larger
pores increase cell viability and migration as culture time periods
progress [31]. Moreover, while both cycles produced highly porous
materials (Fig. 4b), the anneal cycle gave a more homogenous dis-
tribution of pores (Fig. 4cef), reinforcing the decision to manufac-
ture scaffolds by this method for co-culture experiments with
fibroblasts.

Following the characterisation of the CHyA-B scaffold and the
identification of suitable fabrication parameters, the second
objective of this study focused on the ability of the scaffold to
support the growth and differentiation of the Calu-3 bronchial
epithelial cell line. Histological analysis showed that EDAC cross-
linking of CHyA-B scaffolds was necessary for epithelial monolayer



Fig. 9. Co-culture on bilayered collagen-hyaluronate scaffolds. (a) Calu-3 cells and Wi38 fibroblasts cultured together were imaged at 14 days. Higher magnification images (inset)
showed Calu-3 cells forming a monolayer along the film top-layer (blue arrows) and Wi38 fibroblasts migrating into the porous sub-layer (black arrows). (b) Monoculture of Calu-
3 cells on scaffolds showed the formation of a matching epithelial cell monolayer to that on co-cultured scaffolds but a notable absence of cells in the porous sub-layer. Hae-
matoxylin & eosin and fast-green staining visualised scaffolds as a light-blue colour with a pinkepurple film layer and cells appeared as pinkepurple with darker nuclei (n ¼ 9). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

C. O'Leary et al. / Biomaterials 85 (2016) 111e127122
formation and cell retention at the air-liquid interface (ALI). The
formation of an epithelial monolayer was only observed in the
stiffer scaffolds. In the absence of EDAC crosslinking, cells tended to
stay in clusters on the film layer (Fig. 5a). The Calu-3 monolayer
observed at day 14 on stiffer CHyA-B scaffolds persisted through
longer culture periods of 21 and 28 days (Fig. 5b), complete with a
cobblestone morphology evident at the latter time point that is the
hallmark of a confluent epithelial monolayer. It has been previously
shown that EDAC crosslinking improves osteoblast cell numbers
and distribution within collagen-GAG scaffolds [34], though at
present, the cellular mechanism behind why a stiffer film facilitates
epithelial monolayer formation is unknown. On the other hand, in
the absence of EDAC crosslinking, the porous underside of CHyA-B
samples contracted following prolonged incubation in cell culture
medium, leading to gradual dissociation from the film layer and
loss of biomaterial integrity by day 21. EDAC crosslinking did not
increase the strength of connection between the two scaffold
layers, as indicated by interfacial adhesion strength analysis
(Fig. 3a); on the contrary, the stiffer scaffold appeared to exhibit
lower adhesion strength prior to failure than in non-EDAC-
crosslinked CHyA-B scaffolds, although this was non-significant
(p ¼ 0.07). Therefore, this finding suggests that the EDAC cross-
linking step maintains CHyA-B scaffold integrity by reducing
contraction of the porous layer, rather than by increasing the
strength of interaction between scaffold layers. Taken together,
these data collectively show that EDAC crosslinking is pivotal for
themaintenance of the bilayered structure of CHyA-B in cell culture
and contributes to epithelial monolayer formation, validating the
EDAC-crosslinked CHyA-B scaffold as an effective substrate for the
culture of a viable bronchial cell line as part of an in vitro model.

Having established EDAC-crosslinked CHyA-B scaffolds as the
substrate of choice for Calu-3 epithelial culture, the study subse-
quently assessed Calu-3 differentiation prior to co-culture. The first
differentiation marker analysed was the glycoprotein MUC5AC, a
substantial component of the respiratory mucus coating and
important indicator of mucociliary epithelial cell differentiation
[41,50]. Culture on the CHyA-B scaffold had a direct effect in
increasing and maintaining MUC5AC gene transcription at days 7,
14 and 21 relative to the standard cell insert culture (Fig. 6a).
Importantly, the CHyA-B scaffold directly increased MUC5AC gene
expression relative to the standard cell insert culture that is nor-
mally used to induce mucus secretion from Calu-3 cells, high-
lighting the effect of ECM components on epithelial cell response.
This increase in expression in MUC5AC was also observed to in-
crease over time on CHyA-B scaffolds between days 7 and 21
(Fig. 6b). The presence of hyaluronate might be responsible for
these effects, as has been observed elsewhere with culture on
hyaluronan-derivative films [51]. Moreover, increased expression of
MUC5AC mRNA translated through to greater secretion of the
glycoprotein in scaffold monoculture at day 14 than that from cell
insert monoculture (Fig. 6cef). Respiratory mucus has a prominent
role in forming a defensive barrier in the respiratory tract and can
hinder the delivery of aerosolised therapeutics to both the
tracheobronchial epithelium itself and their transit down the air-
ways to the alveolar region for systemic drug delivery [52]. Indeed,
the effect of secreted mucins on efficacious respiratory drug de-
livery has become even more pertinent in chronic disorders that
have a hypersecretory phenotype like asthma, bronchitis and CF
[2,53,54]. In this regard, the ability of CHyA-B scaffolds to induce
greater mucus secretion could therefore be of great value for drug
transport assays and disease modelling. Overall, CHyA-B scaffolds
were validated as a substrate to support functional mucus express
from an airway epithelium.

Calu-3 cells cultured on CHyA-B scaffolds also expressed the
tight junction protein ZO-1 and F-actin, indicating the formation of
an epithelial barrier layer on the constructs and differentiation of



Fig. 10. Calu-3 cell differentiation in co-culture with Wi38 fibroblasts on collagen-hyaluronate (CHyA-B) scaffolds. (a, b) MUC5AC glycoprotein secretion by Calu-3 cells co-cultured
on CHyA-B scaffolds (a) and cell inserts (b) at day 14. Maximum intensity projections reconstructed from Z-stacks visualise MUC5AC apical MUC5AC secretion (red) on top of cells
counterstained for nuclei (blue) and F-actin (green; n ¼ 6). (c, d) ZO-1 protein expression by Calu-3 cells co-cultured on CHyA-B scaffolds (c) and cell inserts (d) at day 14. Maximum
intensity projections reconstructed from z-stack images display ZO-1 (green) on the borders of cells counterstained for nuclei (blue; n ¼ 6). (e, f) Cilia expression by Calu-3 cells co-
cultured on bilayered collagen-hyaluronate (CHyA-B) scaffolds (e) and cell inserts (f) on day 14. Transmission electron micrographs detected the presence of cilia on the apical side
of cells in both cultures (red arrows) with longer cilia observed within cells cultured on CHyA-B scaffolds than on cell inserts. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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the Calu-3 cells (Fig. 7). Scaffold culture exhibited a non-significant
upregulation of ZO-1 gene expression compared to that of the
conventional cell insert culture at days 7 and 14, suggesting a trend
of increased expression of this barrier protein. Immunofluorescent
detection of ZO-1 visualised the intercellular mesh-like network of
the protein that is characteristic of its distribution in epithelial
monolayers [42] (Fig. 7c). Furthermore, the detection of F-actin on
the cell's circumference reinforced the hypothesis of an epithelial
barrier formation (Fig. 7e); such localisation to the cell periphery
and affiliation with ZO-1 is recognised as a core component of
barrier integrity [44]. These data highlight the ability of the CHyA-B
scaffolds to facilitate the expression of two biomarkers typical of a
functional tracheobronchial epithelial barrier and contribute to its
validation as a model containing an organotypic epithelium.

In addition to displaying a propensity for the induction of mucus
secretion and formation of intercellular barrier junctions, the
CHyA-B scaffold also had a beneficial effect on the expression of
cilia in Calu-3 cells. Cilia are an integral component of the muco-
ciliary escalator in the respiratory tract, extending from the apical
epithelial surface to beat in a metachronal pattern and remove
particulates and debris from the airways [55], and are thus an
important feature of a fully-functional tracheobronchial epithe-
lium. Analysis of expression of FOXJ1, a master regulator of motile
cilogenesis [43,55], revealed that CHyA-B scaffolds upregulated this
gene by an order of magnitude similar to that in Calu-3 cells on cell
inserts, but in half the amount of time (Fig. 8a, b). Cilogenesis is one
feature of respiratory epithelial cell culture that typically takes
between 21 and 28 days [46] and so the finding of an early upre-
gulation of FOXJ1 is noteworthy and suggests an earlier promotion
of cilogenesis in bronchial epithelial cells cultured on CHyA-B
scaffolds and therefore, more rapid development of an in vitro
model for subsequent toxicity testing or disease studies. In the case
of Calu-3 cells, the ciliaton was assessed after 14 days in culture in
line with the literature [42] and at this time point, the microvilli
structures observed in scaffold monoculture were longer than
those in cell insert monoculture (1 mm vs 0.5 mm) and thinner in
shape (Fig. 8e, f). Neither culture system produced fully-elongated
cilia; this might be due in part to the inherent limited ciliary po-
tential of the Calu-3 cell line. Discrepancies between primary
tracheobronchial and Calu-3 transcriptional profiles have been re-
ported [56] which could culminate in the absence of other co-
factors needed for complete ciliation. Nevertheless, in this study,
the improved effect inductive effect provided by CHyA-B scaffolds
in comparison to cell insert culture was demonstrated.

This study sought to not only investigate whether the scaffold
could support a bronchial epithelial cell line in monoculture, but



Fig. 11. Calu-3 epithelial cell barrier integrity in monoculture and co-culture on bilayered collagen-hyaluronate (CHyA-B) scaffolds. Calu-3 cells were either cultured in monoculture
or in co-culture with Wi38 fibroblasts for 14 days at an air-liquid interface. Cells were also cultured on cell inserts in monoculture and in co-culture. (a) Transepithelial electrical
resistance (TEER) of Calu-3 cells. Results displayed as mean ± SEM (n ¼ 15). (b) Average TEER values of Calu-3 epithelial cell barriers following plateau of electrical resistance (>day
10). Results displayed as mean ± SEM (n ¼ 22). (c) Apparent permeability coefficient (Papp) of fluorescein isothiocyanate-labelled dextran 70 (FITC-dextran) through the Calu-3 cell
barrier at Day 14 (n ¼ 9).
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also to develop an epithelial-fibroblast co-culture model with
improved physiological tissue architecture in order to validate the
scaffold as a substrate for 3D airway epithelial in vitro culture. To
this end, Calu-3 cells were cultured together with Wi38 fibroblasts
on CHyA-B scaffolds in order to establish whether the fibroblasts
could migrate into the porous scaffold towards the epithelial
monolayer. Histological analysis provided evidence of Wi38
attachment and cellular migration into the scaffold towards the
epithelial monolayer (Fig. 9). While the native ECM of the trachea
and bronchi is more densely packed than the submucosal frame-
work present in CHyA-B in its cell-free form, the construct devel-
oped provides an improved 3D representation of the native ECM for
3D co-culture than the flat 2D nature of cell inserts and holds
greater potential for recapitulation of the native tissue. Collagen-
glycosaminoglycan scaffolds have consistently demonstrated their
ability to support the attachment, proliferation and functionalisa-
tion of such cells in a 3D environment [27,28,31,36,48] and exhibit
the suitable porosity to allow for cellular migration into the scaffold
and nutrient flow [31]. Moreover, the porous nature can provide
suitable void space for fibroblasts to fill with their own deposited
ECM matrix following anchorage to the scaffold struts [57]. Thus,
the CHyA-B scaffold's architecture can potentially facilitate
epithelial-fibroblast crosstalk in addition to mimicking the in vivo
tracheobronchial arrangement of mesenchymal cells embedded in
the ECM beneath the epithelial monolayer.

The analysis of indicators of differentiation within the CHyA-B
co-culture system demonstrated that the three principal hall-
marks of a functional tracheobronchial barrier-mucus secretion,
barrier formation and ciliation-continued to be expressed by Calu-
3 cells, and that the presence of fibroblasts altered the pattern of
epithelial mucus secretion on the scaffolds (Fig. 10). Of particular
note, MUC5AC expression was lower than that observed in scaffold
monoculture (Fig. 6e), although still greater in intensity than that
observed in cell insert mono-culture and co-culture. This result
indicates that both the scaffold biomaterial and the Wi38 fibro-
blasts modulate epithelial mucin expression in the CHyA-B co-
culture system, with the resultant MUC5AC levels representing a
culmination of signalling events regulated by material and cell
factors. The addition of fibroblasts to cell insert culture did not alter
MUC5AC expression by Calu-3 cells. A recent study by Harrington at
al. reported that the inclusion of lung fibroblasts to Calu-3 culture
on an electrospun polyethylene terephthalate scaffold (PET) scaf-
fold induced apical MUC5AC expression [58]. Interestingly, no
MUC5AC secretion was detected in Calu-3 monoculture on elec-
trospun PET which contrasts with the data presented here of PET
cell inserts that detectedMUC5AC inmono- and co-culture (Fig. 6f).
We postulate that this difference is a result of the substrate
topography of the electrospun material. Nevertheless, our CHyA-B
data shows that both our natural polymeric scaffold and fibro-
blast factors are influencing mucus secretion in our model.

Immunofluorescent staining of ZO-1 did not discern any dif-
ference in ZO-1 staining in CHyA-B mono- and co-culture systems.
This was reflected in the quantitative barrier analysis using trans-
epithelial electrical resistance (TEER; Fig. 11a, b). Scaffold TEER
values were lower than those obtained for cell insert cultures, albeit
non-significantly. Co-culture increased the TEER with scaffolds and
cell inserts relative to monoculture, as has been regularly observed
in the literature [17,46,58]. Data on TEER values from ex vivo human
lung tissue have not been reported to date but analysis of rabbit
tissue and humanprimary epithelial cell cultures indicate a range of
300e650Ucm2 [59]. Thus, the lower TEER values obtained from cell
barriers following plateau on CHyA-B in mono-culture and co-
culture (662 Ucm2 and 694 Ucm2, respectively) offer a closer
physiological reflection than that with cell insert mono- and co-
culture (756 Ucm2 and 902 Ucm2, respectively). In all cases, anal-
ysis of paracellular permeability using FD70 confirmed that all
epithelial barriers formed were suitably robust (Fig. 11c) and
further justified the hypothesis that CHyA-B scaffolds displayed a
positive effect on the organotypic culture of a physiologically
relevant in vitro tracheobronchial epithelium.

Current co-culture models of the respiratory tract primarily
consist of cell culture on the apical and basolateral sides of poly-
meric cell inserts [46,60] or using collagen hydrogels [9,47,61]. We
propose that our CHyA-B scaffold confers several advantages over
these approaches. Firstly, the use of a porous CHyA sub-layer in-
cludes an ECM component absent in polymeric inserts. Secondly,
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the porous layer provides a framework for fibroblast culture in 3D
instead of on a flat 2D insert, which can influence cell behaviour
through biomechanical signalling pathways and cytoskeletal rear-
rangement [62]. While this is an advantage that a collagen hydrogel
embedded with fibroblasts can also offer, porous, sponge-like
constructs like CHyA-B provide increased stability, mechanical
strength and practicality. These freeze-dried constructs can be
manufactured and crosslinked without the need for in situ gelation,
ultimately resulting in more convenient and reproducible 3D cul-
ture. Moreover, CHyA-B further improves upon the in vitro repre-
sentation of the fibrous tissue architecture and composition of the
conducting region of the respiratory tract relative to type I collagen
hydrogels [15].

Recent studies have examined the use of decellularised (DC)
lung tissue for applications in 3D in vitro modelling of the airways
as an alternative, either as DC tracheae [17], tissue slices of whole
DC lung [18e21] or even the entire DC lung itself [22]. The use of DC
tissue has the major advantage of preserving the tissue architecture
of the organ of interest in addition to the majority of native ECM
components [63], Interestingly, a recent study has used solubilised
DC tissue as a source of native ECM that can be reconstructed into a
porous scaffold material for modelling tissue in a specialised scaf-
fold construct using an innovative process that extrudes the ECM as
a bioink using a 3D printer [64]. This bioink can also be loaded with
cells prior to 3D printing and has been tested with adipose, carti-
lage and heart tissues; future studies with respiratory tissue may
yield a novel biomaterial scaffold derived from ECM components
that can further recapitulate organ-specific cell-signalling mecha-
nisms. Decellularisation processes, however can remove glycos-
aminoglycans such as hyaluronate and weaken mechanical
properties [65]. Issues also remain with the ideal method of
decellularisation for lung tissue and storage conditions [66,67]. Of
course, DC tissue ultimately requires donor tissuewhich can lead to
problems with supply issues. Therefore, with consideration to cell
insert co-cultures, collagen hydrogels, and DC lung tissue, the
tissue-engineered bilayered CHyA-B scaffold presented in this
study is a suitable compromise as a 3D tracheobronchial in vitro
epithelial co-culture model that provides co-culture in 3D, relevant
composition, suitable handling properties and reproducibility in
manufacture, storage, and a ready supply of raw material.

Of course, while this study has successfully achieved its objec-
tives and developed a novel scaffold and co-culture system for 3D
in vitromodelling of the upper respiratory tract, it suffers from one
principal limitation-the use of a bronchial epithelial cell line
instead of primary human tracheobronchial epithelial cells. It is
well-known that current bronchial cell lines do not exhibit the
exact phenotypic traits to that of pseudostratified columnar
epithelium in vivo [59]; indeed, the limited ciliation potential of
Calu-3 cells has been highlighted in this study, for example. Dif-
ferences have also been noted between cell line and primary cell
cultures in toxicological response to known carcinogens [68].
Accordingly, it is our long-term objective to develop a primary
tracheobronchial cell co-culture systemwith the CHyA-B scaffold to
further recapitulate the in vivo anatomy and physiology in this 3D
model. Nevertheless, it is advantageous to use a standardised cell
line for the development of a novel tissue-engineered scaffold
design with a new application as the risk of confounding results
related to donor variability are avoided at the early stages of
development; this recommendation is in line with guidance for the
development of novel assays with respiratory cells [69]. Moreover,
respiratory cell lines such as Calu-3 cells remain of great interest for
respiratory drug development [59,70] and have previously been
investigated for other synthetic constructs [58]. It is therefore of
interest as the choice of epithelial cell in its own right and this
study has added to our understanding of the positive influence of a
naturally-derived polymeric scaffold on the differentiation of the
Calu-3 cell line towards a more pseudostratified tracheobronchial
epithelium with the hallmark functional features.

5. Conclusions

In summary, this study has developed a bilayered collagen-
hyaluronate scaffold as a 3D in vitro model of the tracheobron-
chial region of the respiratory tract. This scaffold combines a film
layer for the epithelial cell culture and a porous 3D sub-layer for co-
culture with other cell types. The construct demonstrated the
ability to support the growth and differentiation of a respiratory
cell line in addition to epithelial-fibroblast co-culture. This
biomaterial can act as a customisable platform technology to
generate a physiologically-representative 3D system to advance our
understanding of airway epithelial regulation, dysregulation in
disease, and subsequent drug discovery and delivery for effective
treatment. Overall, CHyA-B scaffolds are a promising tool that can
open new avenues towards the treatment of chronic respiratory
disease.
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