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a b s t r a c t

Airway tracts serve as a conduit of transport in the respiratory system. Architecturally, these are
composed of cartilage rings that offer flexibility and prevent collapse during normal breathing. To this
end, the successful regeneration of an airway tract requires the presence of differentiated chondrocytes
and airway smooth muscle cells. This study investigated the role of physiological dynamic mechanical
stimulation, in vitro, on the differentiation of mesenchymal stem cells (MSCs), three-dimensionally
seeded within a tubular dense collagen matrix construct-reinforced with rings of electrospun silk
fibroin mat (TDCeSFC). In particular, the role of either shear stress supplied by laminar fluid flow or cyclic
shear stress in combination with circumferential strain, provided by pulsatile flow, on the chondrogenic
differentiation, and contractile lineage of MSCs, and their effects on TDCeSFC morphology and me-
chanical properties were analysed. Chondrogenic differentiation of MSCs was observed in the presence of
chondrogenic supplements under both static and laminar flow cultures. In contrast, physiological pul-
satile flow resulted in preferential cellular orientation within TDCeSFC, as dictated by dynamic
circumferential strain, and induced MSC contractile phenotype expression. In addition, pulsatile flow
decreased MSC-mediated collagen matrix remodelling and increased construct circumferential strength.
Therefore, TDCeSFC demonstrated the central role of a matrix in the delivery of mechanical stimuli over
chemical factors, by providing an in vitro niche to control MSC differentiation, alignment and its capacity
to remodel the matrix.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Tissue engineering aims to replace damaged or diseased tissues
by creating functional neo-tissues in vitro through the use of
committed cells and dedicated scaffolds. In addition to providing
clinical therapies for replacing organs and hierarchical tissues,
engineered organ and tissue replica have also been developed to
create in vitro tissuemodels [1]. Thesemodels are designed to study
complex physiological and pathological mechanisms in vitro; sup-
porting the development of therapies to prevent or cure underlying
diseases [2]. In the case of tubular tissues, these constructs also
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present an increased level of complexity in terms of geometry and
architecture, together with a mixed cell population, and constant
cyclic mechanical stimulation that modulate cellular responses and
ultimately the functionality of the tissues. In particular, airway
tracts, which represent the conduit of transport in the respiratory
system, are affected by diverse medical conditions ranging from
neoplasms and trauma injuries to inflammatory and degenerative
diseases (e.g. asthma and cystic fibrosis), which require functional
three-dimensional (3D) airway tissue substitutes and models to be
used in clinical settings [3].

Native airway tracts should be flexible and compliant to
accommodate the respiratory movements and structurally stable to
prevent collapse during normal breathing. Therefore, airway tissue
is reinforced by cartilage rings to maintain conduit flexibility
without structural instability during inspiration [4]. Several 3D
tissue-engineered airways have been proposed, which are mainly
based on biodegradable synthetic polymers and in combination
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with helical elastomeric templates to mimic tracheal geometrical
features [5e7]. However, the use of non-biologically derived con-
structs has been shown to illicit an acute inflammatory reaction and
discourage cell invasion, growth, and organization [8]. Therefore,
natural polymers (e.g. type I collagen gels and sponges) have been
implemented in combination with synthetic polymers to increase
the biocompatibility of the engineered airway tissues [9e12]. Yet,
the inherent complexity of processing composite, multilayered, and
hybrid materials limits the translation of these scaffolds into clin-
ical use [3]. In contrast, tissue-engineered airway constructs based
purely on natural polymers have not been largely investigated, due
to the limitedmechanical properties of naturally derived hydrogels,
e.g. hyaluronic acid, type I collagen and fibrin [13] and, although silk
fibroin displays high strength and stiffness, it has only been used as
a coating in rabbit tracheal defect reconstruction [14].

Along with a construct, a suitable cell source should be readily
available in large volumes to be effectively used in tissue engi-
neering approaches. In this view, mesenchymal stem cells (MSCs)
represent a potential candidate for generating mesenchyme cells in
bone, vascular, cartilage, and nerve tissue substitutes and models.
In addition, since MSCs have the ability to differentiate into a va-
riety of cell types; including chondrocytes and smooth muscle cells
(SMCs) [15], they can also be considered for the regeneration of the
airway tract. MSC differentiation has been shown to be affected by
soluble factors, substrate stiffness and topography, as well as dy-
namic mechanical stimulation, such as shear stress and cyclic strain
[16e19]. In particular, it has recently been demonstrated that the
in vitro mechanotransduction of external mechanical stimulation
regulates MSC growth [20], cytoskeleton organization [21], and its
osteogenic, chondrogenic and contractile phenotypes [21e23].
Optimized and balanced culture profiles have been shown to
significantly improve in vitro engineered tissues (e.g. ligament),
where sequential biochemical and mechanical stimulations have
been alternated [24]. However, systematic studies focused on
segregating the effects of chemical and mechanical cues on MSC
differentiation when seeded in a 3D physiologically relevant
construct has not been extensively reported.

To this end, this study investigated the role of physiological
mechanical stimulation, in vitro, on the differentiation of MSCs,
seeded within an airway tract-like electrospun silk fibroin ring-
reinforced tubular dense collagen construct (TDCeSFC). The effect
of shear stress supplied by laminar flow of complete medium with
or without growth factor supplements (chondrogenic medium) or
shear stress in combination with cyclic circumferential strain,
provided by pulsatile flow, on the chondrogenic differentiation, and
contractile lineage of MSCs, orientation, and their effects on TDCe
SFC morphology and mechanical properties were analysed.

2. Materials and methods

2.1. MSC culture

MSCs, extracted from bone marrow isolated from C57BL/6 mice at < 8 weeks of
gestation through mechanical and enzymatic digestion were purchased from Invi-
trogen (Carlsbad, CA, USA). According to the manufacturer’s instructions, C57BL/6
MSCs below passage 10 express a flow-cytometry cell-surface protein profile posi-
tive for CD29, CD34, and Sca-1 (>70%), and negative for CD117 (<5%). The cells were
expanded and cultured in complete growth medium, prepared from Dulbecco’s
Modified Eagle Medium F-12 (DMEM/F-12, Gibco�, Invitrogen, Carlsbad, CA, USA)
with GlutaMAX�-I containing 10%MSC-Qualified Foetal Bovine Serum (FBS, Gibco�,
Invitrogen, Carlsbad, CA, USA) and 5 mg/ml Gentamicin (Gibco�, Invitrogen, Carlsbad,
CA, USA). MSCs were expanded up to passage 8 to prevent dedifferentiation.

2.2. Preparation of electrospun silk fibroin mat

Bombyx mori cocoons were purchased from the Unità di ricerca di apicultura e
bachicoltura (CRA-API), Sezione Bachicoltura, Padova, Italy. Sericin extraction was
carried out by autoclaving at 120 �C for 15 min and rinsing in deionized water until
complete removal of the globular protein [25]. The resulting SF fibres were
neutralized and dissolved in a saturated lithium bromide solution (SigmaeAldrich,
Italy) at 60 �C. The 10% (w/v) solution was then dialysed against deionized water
with D9402 dialysis tubing cellulose membrane (SigmaeAldrich, Italy), obtaining a
final SF aqueous solution concentration of w2% (w/v). SF films were prepared by
solvent casting at room temperature.

As previously described [26], electrospun SF mats were prepared by dissolving
SF films in formic acid (98 vol.%, SigmaeAldrich, Italy) at room temperature under
gentle stirring. SF solution (final concentration of 7.5%) was then transferred into a
50 ml syringe and electrospun using an ad-hoc electrospinning apparatus [27] using
a flow rate of 1.1 ml/h, an electric field of 24 kV, and an electrode distance of 10 cm
for a deposition time of 2 h [27]. The SF mats were then treated in methanol for
15 min to increase SF crystallinity [28].

2.3. Preparation of MSC-seeded TDCeSFCs

A tubular construct was prepared using a previously established methodology
based on dense collagen [29], which was reinforced with electrospun SF insertion in
order to mimic the natural airway architecture and increase the structural and
mechanical properties (Fig. 1A). SF mats were cut into 3 mm-wide strips with a
surgical scalpel, and then sterilized by immersion in 70% ethanol overnight and
subsequently rinsed in sterilewater [30] (Fig. 1Ai). Neutralized collagen solutionwas
prepared by adding 12 ml of solubilized bovine dermis type I collagen solution
(4.8 mg/ml in acidic solution, Collagen Solutions LLC, San Jose, CA, USA) to 3 ml of
10� DMEM (SigmaeAldrich, Canada), and aliquots of 5 M NaOH (SigmaeAldrich,
Canada). MSCs were incorporated into the neutralized collagen solution at a cell
density of 2.11 � 105 cells/ml (Fig. 1Aii). The cellular collagen solution was initially
poured into the bottom part of vertically stacking sub-mould (45 � 50 � 7 mm3),
designed to stabilize four SF electrospun strips inserted in the middle of collagen
solution equidistant from the mould extremities (Fig. 1Aiii), as previously described
with a rectangular SF mat in a planar geometry [26]. Post collagen gelation at 37 �C
for 30 min, the highly hydrated collagen geleSF hybrid (Fig. 1Aiv) was transferred
onto blotting paper, supported by stainless steel mesh. Plastic compression was
applied with an unconfined compressive stress equivalent to 1 kPa for 5 min,
resulting in themultilayered hybrid assembly composed of twoDC sheets reinforced
with unidirectionally aligned electrospun SF strips (Fig. 1Av). TDCeSFC was gener-
ated by rolling the DCeSFeDC hybrid assembly along the long axis of a cylindrical
polytetrafluoroethylene mandrel (3.4 mm diameter) into three concentric layers of
approximately 550 mm wall thickness (Fig. 1Avi, B) [29].

2.4. Dynamic culturing

Acellular and MSC-seeded TDCeSFCs were dynamically stimulated via either
pulsatile or laminar flow and compared to static culturing for 7 days (Table 1). In
particular, the samples investigated were named as follows: acellular as made
sample (Amade), acellular sample cultured in static condition (Astatic), acellular
sample cultured under pulsatile flow (Apulse), cell-seeded sample cultured in static
condition (Cstatic), cell-seeded sample cultured under laminar flow (Claminar), and
cell-seeded sample cultured under pulsatile flow (Cpulse). Immediately after prepa-
ration, TDCeSFCs were gently removed from the cylindrical mandrel, inserted on
both sides of plastic barbed fittings attached to the anchor shafts of the bioreactor
chamber and securely tightened with 4-0 suture threads (Perma-Hand, Ethicon Inc.,
USA) to prevent fluid leakage, as previously reported [31]. The assembly was placed
in an incubator (Forma Environmental Chamber 3920, Thermo Scientific, Canada)
for precise environmental control (i.e. 37 �C and CO2 at 5%). Pulsatile flow (Cpulse)
was generated by an ElectroForce� Biodynamic Test Instrument 5160 (Bose Corp.,
USA) equipped in vascular configuration. A gear pump (Micropump Inc. of Index
Corporation, USA) was used to supply a steady flow (75 ml/min) in series with a
pulsatile manifold to generate a waveform of 1 Hz frequency and 25 ml/min of
dynamic flow amplitude. The pulsatile flow parameters resulted in transmural
tracheal pressure oscillations of 20/30 cmH2O and <5% circumferential strain
measured with an intraluminal Mikro-Tip� Catheter Pressure Transducer (Millar
Instruments, Inc., USA). For comparison, TDCeSFCs were also cultured under
laminar flow (Claminar) of steady flow of 75 ml/min. In all tests, an additional TDCe
SFC was also cultured in the chamber freely floating as static control (Cstatic) and the
culturing medium (300 ml) was replaced at day 4. MSC-seeded TDCeSFCs were
cultured for 7 days in either chondrogenic (CD) or control growth (ND) media for
comparison. CD medium consisted of complete growth medium further supple-
mented with 200 ng/ml of insulin-like growth factor-I (IGF-I, R&D Systems, Inc., MN,
USA) and 1 ng/ml of transforming growth factor-beta (TGF-beta, R&D Systems, Inc.,
MN, USA).

Mean wall shear stress, smean (dyn/cm2), was calculated using the Hagene
Poiseuille equation [32] as smean ¼ 4mQ=pR30, where m is the dynamic viscosity of
the culture mediumwith 10% FBS (1 cP [33]), Q is the volumetric flow rate (ml/min),
and R0 is the TDCeSFC internal radius. The mean shear stress applied during the
cycle was calculated as smean¼ 3.2�1 dyne/cm2, in the range of luminal shear stress
generated by airflow at rest breathing (0.5e3 dyne/cm2) [34].

2.5. MSC viability and distribution

MSC viability within Cpulse and Cstatic was assessed at day 7 in CD. DCeSFeDC
ring-shaped specimens (5 mm in length) were incubated for 60 min in complete



Fig. 1. Schematic of MSC-seeded TDC-SFC hybrid preparation and culture. A. (i) Electrospun SF mat, used to reinforce DC constructs, was divided into 3 mm-wide strips with a
surgical scalpel. (ii) MSCs were added to the neutralized collagen solution. The MSC incorporated collagen solution was initially cast in the bottom part of vertically stacking two
sub-moulds. (iii) Four equidistant electrospun SF strips were stabilized in the middle of collagen solution. (iv) Post collagen gelation at 37 �C for 30 min, the resultant highly
hydrated collagen geleSF hybrid was transferred onto blotting paper, supported by stainless steel mesh. (v) PC was applied using 1 kPa for 5 min to generate MSC-seeded hybrid
assembly comprised of DC sheets reinforced with electrospun SF strips. (vi) TDCeSFCs were generated by rolling the hybrid sheets along their long axis and around a cylindrical
polytetrafluoroethylene mandrel (3.4 mm diameter) to generate three concentric layers of approximately 550-mm total wall thickness. B. Macroscopic view of TDCeSFC hybrid. (i)
Close-up image of TDCeSFC. (ii) Structural resistance of TDCeSFC upon localized compressive load. C. MSC viability and distribution. Evaluation of the viability of 3D seeded MSCs
within the TDCeSFC at day 7 in CD for Cstatic and Cpulse. Longitudinal CLSM maximum intensity projection images of calcein-AM labelled and ethidium homodimer-1 binding MSCs
within TDCeSFCs display viable cells throughout the entire wall (top panel). Scale bar ¼ 200 mm. Representative images of H&E stained histological sections of Cstatic and Cpulse at day
7 in CD (bottom panel). MSCs were homogenously distributed both radially and circumferentially within the TDCeSFC walls. Scale bar ¼ 500 mm.
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medium with 1 mM calcein-AM and 2 mM ethidium homodimer-1 (Live/Dead� assay,
Invitrogen, USA), and positive staining evaluated with a confocal laser scanning
microscope (CLSM, LSM 5, Carl Zeiss, Germany). Images were acquired with argon
laser excitation (488 nm) and HeNe633 laser excitation (543 nm) with a 10�
objective. Z-stacks were obtained from 15 mm slices through the entire TDCeSFC
wall thickness in 3 different regions of the ring. Representative images were
reconstructed as maximum intensity projections using ImageJ software (Rasband,
W.S., ImageJ, US, National Institute of Health, Bethesda, USA, http://rsb.info.nih.gov/
ij/, 1997e2010).

Haematoxylin and eosin (H&E) stained histological sections were analysed with
a light microscopy (4�, Leica DM500) to evaluate MSC distributionwithin Cstatic and
Cpulse at day 7. Ring-shaped specimens were equilibrated in phosphate buffered
saline (PBS) and fixed in 10% neutral buffered formalin (Protocol, Fisher Scientific)
overnight. TDCeSFC sections were dehydrated through a series of graded ethanol
solutions, embedded in paraffin and cut in transverse sections of 5 mm thickness.
Histological sections were then deparaffinized, rehydrated through a series of
graded ethanol, and stained with H&E.

2.6. MSC alignment

Scanning electron microscopy (SEM), and CLSM, to image F-actin staining, were
used to evaluate the effect of pulsatile and laminar flows applied for 7 days on MSC
distribution, and alignment within TDCeSFCs.

MSC morphology and alignment on the internal and external surfaces of Cstatic,
Claminar and Cpulse were analysed through SEM. The constructs were harvested after 7
days and cut into 5 mm sections, washed in PBS and then fixed in 4% para-
formaldehydee0.1 M sodium cacodylate solution overnight at 4 �C. After washing
with deionized distilled water, samples were dehydrated at 4 �C through sequential
exposure to a gradient of ethanol, and then processed with a critical point dryer
(Ladd Research Industries, USA), sputter coated with Au/Pd (Hummer VI Sputter
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Table 1
TDCeSFC sample description.

Material description ASMC seeded Stimulation Time in culture [day]

Amade None 0
Astatic None 7
Apulse Pulsatile flow 7
Cstatic X None 7
Claminar X Laminar flow 7
Cpulse X Pulsatile flow 7

Table 2
Primer sequences and amplicon size for RT-qPCR.

Gene Primers Size

GAPDH 50-ACCACAGTCCATGCCATCAC-30

50-TCCACCACCCTGTTGCTGTA-30
452

a1(II) Collagen (Col2a1) 50-GCGGTGAGCCATGATCCGCC-30

50-GCGACTTACGGGCATCCT-30
104

Aggrecan (Agg) 50-GAAATGACAACCCCAAGCAC-30

50-TCTCCGCTGATTTCAGTCCT-30
188

Actin alpha 2 (Acta2) 50-GGCTGTTTTCCCATCCATCG-30

50-CCCATTCCAACCATTACTCCCTG-30
60

Calponin 1 (Calp1) 50-ACCAACCATACACAAGTTCAGTCC-30

50-CCAATGATGTTCCTGCCTTCTCTC-30
152

Myosin heavy chain (MHC) 50-AGAAATGGACGCTCGGGACTC-30

50-TCTGTGACTTGAGAACGAATGGAC-30
153

Desmin (Des) 50-GTGAAGATGGCCTTGGATGT-30

50-GTAGCCTCGCTGACAACCTC-30
209

Matrix metalloproteinase 1a
(MMP1a)

50-GTCTTTGAGGAGGAAGGCGATATT-30

50-AGTTAGGTCCATCAAATGGGTTGTT-30
82

Matrix metalloproteinase 2
(MMP2)

50-AACTACGATGATGACCGGAAGTG-30

50-TGGCATGGCCGAACTCA-30
88

Matrix metalloproteinase 3
(MMP3)

50-GGAAATCAGTTCTGGGCTATACGA-30

50-TAGAAATGGCAGCATCGATCTTC-30
112

Matrix metalloproteinase 13
(MMP13)

50-GGGCTCTGAATGGTTATGACATTC-30

50-AGCGCTCAGTCTCTTCACCTCTT-30
89

Tissue inhibitor of
metalloproteinase 1 (Timp1)

50-GTGGGAAATGCCGCAGATATC-30

50-GACCTGATCCGTCCACAAAC-30
300
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Coater, Ladd Research Industries, USA) and analysed by SEM (S-4700 Field Emission-
STEM, Hitachi, Japan) at 2 kV and 10 mA.

MSC alignment was also characterized through CLSM imaging of F-actin fila-
ments distribution in relation to direction of the fluid flow and the circumferential
strain. At day 7 in culture, specimens were cut into 5 mm segments, washed in PBS
and fixed in 3.7% methanol-free formaldehyde (Polyscience Inc., USA) for 10 min at
room temperature. Afterwards the specimens were washed in PBS, permeabilized in
99% acetone (Sigma Aldrich, Canada) at �20 �C for 5 min and rewashed in PBS. To
reduce nonspecific background staining, the samples were pre-incubated with PBS
containing 1% bovine serum albumin (BSA, Sigma Aldrich, Canada) for 20 min. The
TDCeSFC segments were incubated with Alexa Fluor� 633 Phalloidin (Molecular
Probes�, Invitrogen, USA) at 1:40 for 20 min at room temperature. Images were
acquired using argon laser excitation (633 nm) with a 10� objective. Z-stacks were
obtained through approximately 150-mm thickness of the internal and external
TDCeSFC wall using 10 mm slices in 5 different regions. Afterwards, z-stacks were
assembled into maximum intensity projection reconstructions.

2.7. MSC differentiation

Histological staining with Safranin-O and anti-collagen II primary antibody, and
ring-shaped specimen staining with a-smooth muscle actin (aSMA) together with
real-time quantitative Reverse Transcription-Polymerase Chain Reaction (RT-qPCR)
were used to assess chondrogenic and contractile differentiation of MSCs, in
response to 7-day pulsatile and laminar flow stimulation in comparison to static
culture in either CD or ND.

Histological sections, prepared as described above, were deparaffinized, stained
with Safranin-O solution, and then observed with a light microscope using a 4�
objective. Collagen type II deposition was investigated using CLSM; histological
sections were deparaffinized, rehydrated through a series of graded ethanol, incu-
bate in retrieval solution overnight, and then incubated overnight with the primary
antibody, anti-collagen II (1:500; ab3092, Abcam). After washing in Tris buffer sa-
line, sections were incubated for 1 h in secondary antibody solution, Goat F(ab0)2
polyclonal Secondary Antibody to Mouse IgG (1:500; ab98758, Abcam). CLSM im-
ages were acquired with HeNe633 laser excitation (543 nm) with a 10� objective.

MSC contractile differentiation was observed through CLSM imaging of aSMA
distribution. Ring-shaped specimens were prepared as described above for F-actin
staining and incubatedwith FITCmonoclonal anti-a-SMA (Sigma Aldrich, Canada) at
a working dilution of 1:200 for 1 h at 37 �C. Images were acquired using argon laser
excitation (488 nm) with a 10� objective. Z-stacks were obtained through
approximately 150-mm thickness of the internal and external TDCeSFC walls using
10 mm slices in 5 different regions, and reconstructed into maximum intensity
projection.

Expression levels of various chondrogenic and contractile genes to investigate
MSC differentiation state and selected matrix metalloproteinase’s (MMPs) activities
were assessed within Claminar and Cpulse constructs in comparison to Cstatic in CD and
ND by quantitative RT-PCR in 3 separate independent experiments. At day 7, total
RNA was extracted with TRIzol � (Invitrogen, Carlsbad, CA, USA) following the
manufacturer’s instructions. After RNA separation, nucleic acid concentration and
integrity were determined with an Eppendorf BioPhotometer Plus (Eppendorf,
Hamburg, Germany). 250 ng of total RNA was mixed with 0.25 ng of random hex-
amers (Invitrogen, Carlsbad, CA, USA) and reverse-transcribed into complementary
DNA (cDNA) with 200 U of Superscript Reverse Transcriptase II (Invitrogen, Carlsbad,
California) and RNasin (Promega). Quantitative RT-PCR was performed with an ABI
Prism 7900 HT 139 (Applied Biosystems). Each PCR reaction contained 9 ml of cDNA,
0.5 ml of both forward and reverse primers (10 mM), and 10 ml of SYBR Green (Applied
Biosystems). The cycling conditions were: 50 �C for 2 min, initial denaturation at
95 �C for 10 min, and 45 cycles of 15 s at 95 �C and 1 min at 60 �C. Relative quan-
tification of target gene expressionwas achieved first normalizing to an endogenous
reference gene (housekeeping gene GAPDH) to correct different amounts of input
RNA, and then relating the expression of the target genes to a reference sample
(Cstatic) cultured in the same condition using the �2DDCt method [35]. Sequences of
primers and amplicon size are listed in Table 2.

2.8. Morphological characterization

The influence of pulsatile flow and MSC-mediated remodelling on TDCeSFC
structural and morphological properties were investigated through micro-
computed tomography (microCT), and Sirius Red (SR) stained histological sections.
MicroCT analysis was performed on wet TDCeSFCs with a SkyScan 1172 (Sky-
Scan, Belgium) to characterize the stability of the hybrid three-layered structure of
Cstatic, Claminar, and Cpulse after 7 days in CD culture. Samples were analysed through a
360� flat-field corrected scan at 68 kV and 173 mA, with a step size of 0.68� , a res-
olution of 11.5 mm, a medium camera pixel, and no filter. The volumetric recon-
struction (NRecon software, SkyScan) was set with a beam hardening correction of
10, a ring artifact correction of 20 and an “auto” misalignment correction. Two-
dimensional analysis (software CTAn, SkyScan) was carried out using a grayscale
intensity range of 20e255 (8 bit images) to remove background noise. Hounsfield
unit (HU) was used to measure construct bulk density generated through standard
calibration [29].

Collagen organization was investigated through SR staining of tissue sections,
which enhances the birefringency of organized collagen under polarized light [36].
SR stained collagen fibrils act as a polarization filter due to their highly organized
structure. The sections were interposed between two perpendicularly oriented
polarization filters and observed via light microscopy (Leica DM500) equipped with
polarized light optics.

2.9. Mechanical characterization

Acellular and MSC-seeded TDCeSFC mechanical properties were investigated at
day 7 through circumferential tensile testing (CTT), and calculation of estimated
burst pressure. TDCeSFC compliance was measured on the Amade sample and
compared to Cpulse after 7 days of dynamic conditioning.

CTT was carried out on Astatic, Apulse, Cstatic and Cpulse and compared to Amade.
Ring-shaped specimens (n ¼ 9, axial length (L) of 4 � 0.5 mm), cut from freshly
extracted TDCeSFCswere tested using an ElectroForce Biodynamic� Test Instrument
5160 (Bose Corp., USA) using a 15N load cell and ad hocmodified grips (two L-shaped
fixtures of 1.3-mm-diameter) [29]. Tests were carried out in displacement control at
a rate of 0.01 mm/s until complete failure [31,37]. The stress (ratio of force to resis-
tance area of the tubular specimen (AR)), was calculated using AR ¼ 2t� L, where t is
TDCeSFC thickness, from histological measurements. The ultimate circumferential
tensile strength (UCTS) was calculated using the maximum stress value. The strain
was calculated as a percentage of the initial specimen length. The apparent modulus
was calculated from the slope of the linear phase of the stressestrain output.

An adaptation of Laplace’s law for intraluminal pressure was used to estimate
TDCeSFC burst pressure was calculated fromUCTS as: Pburst ¼ (UCTS� t)/R0, where t
and R0 represented the TDCeSFC thickness and intraluminal radius at atmospheric
pressure, respectively [29,38e40].

Compliancewasmeasured in order to evaluate the distension of Amade and Cpulse,
in terms of unit of volume change per unit of pressure change (n ¼ 3). A digital
camera recorder measured TDCeSFC distension as a function of the external
diameter, and a catheter pressure transducer simultaneously recorded the luminal
pressure [29,40,41]. The images were post-processed with Adobe Photoshop to
measure the external TDCeSFC diameter at each recorded pressure. Assuming an
incompressible wall, the compliance of TDCeSFCs was calculated in the pressure
range of 80e120 mmHg as follows C ¼ {[(D120 � D80)/D80]/DP} � 10,000, and
expressed as % per 100mmHg in accordancewith an International Standard protocol
[37], where D120 and D80 are the TDCeSFC external diameter measured at 120 and
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80 mmHg, respectively, and DP is the variation of pressure during the measurement
(i.e. 80e120 mmHg).

2.10. Statistical analysis

Data were analysed for statistical significance using a two-way ANOVA with a
significance level ¼ 0.05 and TukeyeKramer and HolmeBonferroni methods for
means comparison (Origin Pro v.8 software, OriginLab, USA).

3. Results

3.1. MSC viability and distribution

MSC viability within Cstatic and Cpulse was assessed at day 7 in CD
through CLSM of calcein-AM labelled and ethidium homodimer-1
positive cells (Fig. 1C). Maximum intensity z-stack projections
were obtained from ring samples of TDCeSFC, where a uniform
distribution of viable MSCs (with negligible presence of dead cells)
was observed throughout the entire wall thickness of Cstatic and
Cpulse. Moreover, MSCs were preferentially aligned within the
different regions of the Cpulse wall when compared to those in Cstatic,
which were randomly oriented. Optical microscopy of H&E stained
histological sections confirmed the homogenous distribution of
MSCs within the multilayered structure of Cstatic and Cpulse at day 7
in CD (Fig. 1C). Both CLSM and histology images indicated a greater
distribution of MSCs within Cpulse compared to Cstatic.

3.2. MSC alignment

SEM and CLSM of F-actin stained cytoplasmwere used to assess
MSC alignment within Cstatic, Claminar, and Cpulse at day 7 in CD
Fig. 2. MSC alignment. Left and right panels, SEM and CLSM (maximum intensity projec
respectively, of Cstatic, Claminar and Cpulse at day 7 in CD. MSCs were randomly oriented in Csta
and no preferential alignment was evident within the external wall. Under pulsatile flow, M
parallel to the circumferential strain imposed during the dynamic cycle within the outer w
(Fig. 2). SEM micrographs showed that MSCs displayed a random
distributionwithin both the internal and external surfaces of Cstatic.
This was confirmed by maximum intensity projections of z-stacks
of intracellular stress fibres from inner and outer layers of 150-mm
thicknesses. Laminar flow stimulation oriented MSCs along the
fluid flow direction on the luminal TDCeSFC surface only, while
there was no preferential distribution observed on the external
surface. Under pulsatile flow, MSCs aligned at approximately 45� to
the fluid flow direction on the internal surface and parallel to the
circumferential strain (i.e. perpendicular to the fluid flow direction)
on the external surface.

3.3. MSC chondrogenic differentiation

Chondrogenic differentiation of MSCs within Cstatic, Claminar, and
Cpulse in ND and CD was assessed at day 7 through the expression
of Col2a1 and Agg using RT-qPCR (Fig. 3A). In order to evaluate the
effect of laminar and pulsatile flow on the expression of chon-
drogenic markers under both ND and CD, the expression of the
target genes within Claminar, and Cpulse was normalized to that
expressed within Cstatic under each culture condition. The
expression of Col2a1 and Agg within Claminar was between 1- and
1.2-fold those measured within Cstatic in CD. In contrast, MSCs
within Cpulse displayed a significant down-regulation of both
Col2a1 and Agg in comparison to Cstatic and Claminar under ND and
CD (p < 0.05).

Microscopic evaluation of Safranin-O stained histological
sections of Cstatic, Claminar, and Cpulse at day 7 in CD was used to
investigate the distribution of glycosaminoglycans. There was a
tions of F-actin staining from 150-mm z-stack) images of the inner and outer walls,
tic. In Claminar, MSCs were aligned parallel to fluid flow direction within the internal wall
SCs were aligned along the fluid flow direction within the inner wall, and orientated
all. CLSM scale bar ¼ 200 mm.



Fig. 3. Assessment of MSC chondrogenic differentiation. A. Changes in Col2a1, and Agg gene expression within Claminar and Cpulse relative to Cstatic at day 7 in ND and CD. In each
culture condition, RNA expression of each gene was first normalized against the housekeeping gene (GAPDH) and then related to the normalized expression level of the target gene
in Cstatic. Shear stress together with circumferential strain and circumferential strain alone significantly reduced the gene expression of both Col2a1 and Agg within TDC-SFC under
both ND and CD (p < 0.05). *Significant effect of circumferential strain on gene expression (p < 0.05). B. Left and right panels, Safranin-O staining and collagen type II distribution,
respectively, within histological sections of Cstatic, Claminar and Cpulse at day 7 in CD. Glycosaminoglycans distribution was confirmed to be present predominantly within Cstatic and
Claminar. Scale bar ¼ 500 mm. CLSM maximum intensity analysis of histological sections displayed the presence of collagen type II production at different levels within the TDCeSFCs
multilayered structure of Cstatic, and Claminar. In comparison, the presence of collagen type II within Cpulse was negligible. Samples conditioned in ND did not show any positive
staining for collagen type II (data not shown). Scale bar ¼ 200 mm.
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Fig. 4. Assessment of MSC contractile differentiation. A. Changes in Acta2, Calp1, MHC, and Des gene expression within Claminar and Cpulse relative to Cstatic at day 7 in ND and CD.
In each culture condition, RNA expression of each gene was first normalized against the housekeeping gene (GAPDH) and then related to the normalized expression level of the
target gene in Cstatic. Shear stress together with circumferential strain and circumferential strain alone significantly up-regulated the expression of the contractile markers of interest
under both ND and CD (p < 0.05). *Significant effect of circumferential strain on gene expression (p < 0.05). B. Expression and distribution of aSMA protein within Cstatic, Claminar, and
Cpulse inner and outer walls by immunofluorescent staining. CLSM maximum intensity projections of F-actin (red) and aSMA (green) fibres obtained from 150-mm z-stack of TDCe
SFC inner and outer walls. Few aSMA-positive stained cells were observed within Cstatic, and Claminar. aSMA was strongly present within both the inner and outer walls of Cpulse,
where MSCs were aligned parallel to the fluid flow and circumferential strain directions, respectively. Scale bar ¼ 200 mm. (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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greater extent of positive red (in web version) stained area
within Cstatic, and Claminar compared to Cpulse in CD (Fig. 3B),
while no evidence of cartilage-like matrix were present in ND
(data not shown). Moreover, red (in web version) stained re-
gions were homogenously distributed within Cstatic and Claminar,
while randomly dispersed in localized internal regions of
Cpulse.
CLSM investigation of anti-collagen type II antibody staining
within histological sections of Cstatic, Claminar, and Cpulse at day 7 in
CD assessed collagen type II production (Fig. 3C). Maximum in-
tensity projections of z-stacks of Cstatic and Claminar revealed the
presence of collagen type II production at the different layers of
TDCeSFCs. In contrast, the extent of collagen type II within Cpulse
was negligible and mostly distributed at the interface of DC and SF.



Fig. 5. Assessment of MSC-mediated remodelling. A. MMPs gene expression of MSCs. Changes in MMP1, MMP2, MMP3, MMP13, and Timp1 gene expression within Claminar and
Cpulse relative to Cstatic at day 7 in ND and CD. In each culture condition, RNA expression of each gene was first normalized against the housekeeping gene (GAPDH) and then related
to the normalized expression level of the target gene in Cstatic. In ND, MMPs expression (except for MMP2) was halved in Cpulse compared to Cstatic, while Timp1 was significantly up-
regulated within Cpulse compared to Claminar and Cstatic (p < 0.05). In CD, there was a significant reduction in the expression of all MMPs in Cpulse compared to Claminar, and Timp1 was
down-regulated in Cpulse compared to Claminar (p < 0.05). *Significant effect of circumferential strain on gene expression (p < 0.05). B. TDCeSFC morphological properties. Two-
dimensional microCT reconstructions of Cstatic, Claminar, and Cpulse at day 7 in CD. The multilayered structure of TDCeSFC remained stable and cohesive over time under all con-
ditions. Claminar and Cstatic displayed a more homogenous wall density in comparison to Cpulse, where the presence of SF layers (*) was still evident. Scale bar ¼ 500 mm. SR stained
histological sections displayed a greater extent in the birefringency in Claminar and Cpulse compared to Cstatic, reflecting an increase in the collagen fibrillar content. Scale
bar ¼ 500 mm.
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3.4. MSC contractile differentiation

The potential of MSC differentiation into a contractile pheno-
type within Claminar and Cpulse in comparison to Cstatic under ND and
CD was assessed at day 7. Measurement of the expression of Acta2,
Calp1, MHC and Des via RT-qPCR indicated a significant up-
regulation of all contractile markers in Cpulse compared to Cstatic
and Claminar under both ND and CD (p < 0.05, Fig. 4A). The
expression of MSC contractile markers in Cpulse was greater in CD
compared to ND, in particular for Calp1 and MHC.

CLSM was used to investigate the detection and distribution of
aSMA protein production within the inner and outer 150 mm-
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thickness layers of Cstatic, Claminar, and Cpulse in CD (Fig. 4B). Cstatic did
not exhibit any presence of positive stained a-actin intracellular
fibres. Claminar displayed few aSMA-positive stained cells within
both the inner and outer layers. In contrast, Cpulse revealed a greater
distribution of aSMA-positive stained MSCs, particularly within the
outer layer where the cell population was greater when compared
to the inner layer.

3.5. MMPs gene expression

The effect of dynamic stimulation on MSC-mediated remodel-
ling of TDCeSFCs was assessed through RT-qPCR measurement of
the expression of selected MMPs and MMP inhibitor at the tran-
scription level within Claminar and Cpulse relative to Cstatic at day 7
under both ND and DC (Fig. 5A). The selected genes were all
expressed within Cstatic, Claminar and Cpulse in both media. In
particular, there was a significant down-regulation in the expres-
sion of MMP1a, MMP3, and MMP13 and up-regulation in Timp1 in
Cpulse compared to Cstatic and Claminar (p < 0.05). Timp1 expression
was up-regulated by more than 2-fold in Claminar in comparison to
Cstatic in ND (p < 0.05). Analogously, there was a significant down-
regulation in the expression of the selected MMPs and Timp1 in
Cpulse compared to Cstatic and Claminar in CD (p < 0.05). Under
laminar flow only MMP13 was expressed at a lower extent, along
with Timp1 at a higher extent compared to Cstatic in both ND and
CD.

3.6. TDCeSFC morphological properties

The effect of MSC-mediated remodelling on the morphology of
TDCeSFCs was evaluated in Cstatic, Claminar, and Cpulse at day 7 in
CD (Fig. 5B). MicroCT was used to characterize the geometrical
stability of the TDCeSFC multilayered structure, in particular at
the interface between SF and DC. The analysis indicated the
structural integrity of all TDCeSFCs and the absence of disconti-
nuity or air pockets. The SF layers were evident within the walls of
Cpulse and in certain regions of Cstatic, while Claminar demonstrated
a more compact and homogenous density in the wall. In addition,
Cpulse wall thickness (464 � 49 mm) was significantly greater
compared to Cstatic (288 � 20 mm), and Claminar (341 � 64 mm)
(p < 0.05).

SR stained histological sections were analysed under white and
polarized light microscopy to characterize fibrillar collagen orga-
nization. The birefringency of the collagen structure was greater
within Claminar and Cpulse in comparison to Cstatic, reflecting a greater
collagen fibrillar content.

3.7. TDCeSFC mechanical properties

Representative CTT stressestrain curves of Amade, Astatic, Apulse,
Cstatic, and Cpulse displayed the characteristic behaviour of soft
tissues. Three distinct regions can be identified: toe, which dis-
played a non-linear response at low strain; linear, where the
apparent modulus was calculated; and failure, where the UCTS
was calculated (Fig. 6A). The apparent modulus was not affected
by culturing (p > 0.05, Fig. 6B). In addition, there was no statis-
tical significant difference in UCTS values for all TDCeSFCs in
comparison to Amade (p > 0.05) (Fig. 6C) and that of Cpulse was
significantly greater compared to Astatic and Apulse (p < 0.05). The
estimated TDCeSFC burst pressure values under all stimuli were
not statistically different to Amade (p > 0.05) (Fig. 6D). However,
the estimated burst pressure of Cpulse was significantly higher
than those of Astatic and Apulse (p < 0.05). In addition, the
compliance of Cpulse was lower compared to Amade (p < 0.05,
Fig. 6E).
4. Discussion

Native tissues respond to a large variety of dynamic environ-
mental cues, which in concert direct cell growth, function, and
phenotype [42]. These cues can be biochemical, matrix-dependent,
or mechanical. Growth factors and extracellular matrix (ECM)
macromolecules are fundamental in maintaining tissue architec-
ture and modulating cellular functions, via integrin receptors. At
the same time, mechanical cues are transferred by the matrix to
cells through integrin-mediated signalling, which connect the
external environment to intracellular structures. Therefore, tissue
engineering constructs should sustain cell growth and organiza-
tion, and transfer physiologically equivalent mechanical stimuli;
factors that are strongly influenced by the matrix morphological
and mechanical properties [43]. The TDCeSFC developed in this
study, with mechanical and morphological properties similar to
native trachea [44], underscored the central role of 3Dmatrix in the
delivery of mechanical stimuli over chemical factors, by providing
an in vitro niche to control MSC fate and matrix-mediated
remodelling.

The ability to direct seeded MSC differentiation through the
combination of a meso-structured natural polymer-based matrix
and the delivery physiologically relevant dynamic mechanical
forces allows for the engineering of numerous complex tissues
populated by multiple cell types. This process is more controllable
than cell-based technologies and negates the use of cadaver- or
synthetic material-derived tissue substitutes [3,7,45,46]. TDCeSFCs
combined the biological features of a DCmatrix with cartilage ring-
like electrospun SF insertions, thus mimicking the airway tract
physiological architecture. In addition, DC-based tubular constructs
can be easily produced in less than an hour, with a high level of
control on collagen fibrillar and cell density efficiency, growth and
viability [29]; and can be effectively used to study cellular re-
sponses to physiologically relevant dynamic conditioning [31].

MSC viability and homogenous distribution throughout the
entire wall was confirmed in Cstatic and Cpulse at day 7 in CD, where
the application of pulsatile flow clearly stimulated cell growth in
comparison to static culture. Fluid flow most likely altered the
transport of oxygen and nutrients within the construct. Diffusion
would dominatemass transport within Cstatic, while under pulsatile
flow the convective contribution may increase such transport,
resulting in an increase in MSC growth, as previously quantified
[31,47].

It is well known that mechanical stimulation plays an important
role in MSC differentiation toward chondrogenic, osteogenic, and
contractile lineages [18,23,48,49]. In particular, many studies
focused on the effect of dynamic stimulation on MSC behaviour are
mostly over a week period, as mechanical cues play a crucial role in
their differentiation state and significant effects have been shown
as early as day 3 in culture [50e54]. Chondrogenic differentiation
can be induced via cyclic dynamic compression [49], while MSC
contractile phenotype can be stimulated through cyclic mechanical
strain [55]. However, it would be beneficial to identify the effect of
chemical and mechanical cues in selectively modulating MSC fate
in order to mimic the complexity of native tissues populated by
various cell types. The application of mechanical stimulation pref-
erentially aligns MSCs on either two-dimensional or within three-
dimensional substrates. MSCs have been shown to align only in
the direction perpendicular to the applied strain (parallel to the
flow, in case of tubular geometry) [19,21,48,55,56]. This is in
contrast to the native orientation of smooth muscle cells subjected
to similar stimuli, in vivo, which align parallel to the strain (i.e.
circumferential direction) or in a helical pattern [18]. In addition,
the extent of cyclic strain influences MSC alignment in order to
prevent cellular damage under strains greater than 5%



Fig. 6. TDCeSFC mechanical properties. A. Representative stressestrain curves in the circumferential direction for Amade, Astatic, Apulse, Cstatic and Cpulse in CD. B. Apparent modulus.
C. UCTS. D. Burst pressure, estimated in accordance to Laplace relationship, as a function of UCTS, TDCeSFC wall thickness and unpressurized radius. E. The value of compliance for
Cpulse in comparison to Amade was calculated between 80 and 120 mmHg. The mechanical properties are compared with previously reported TDCC values based on bovine dermis
collagen derivation (y) [28]. y Significant effect of MSC-mediated remodelling combined with pulsatile flow on TDCeSFC mechanical properties; *significant effect of MSC-mediated
remodelling on TDCeSFC mechanical properties. � Significant effect of MSC-mediated remodelling combined with pulsatile flow on TDC-SFC compliance. (p < 0.05).
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[19,21,55,56]. In this study, MSCs seeded within the luminal layers
of both Claminar and Cpulse and cultured in CD, aligned parallel to the
direction of fluid flow, as a consequence of being directly exposed
to physiological shear stress [31]. In contrast, the outer layers and
surfaces of Cpulse displayed an orientation parallel to the circum-
ferential cyclic strain (<5%); compatible with physiological condi-
tions. In contrast, and as previously reported [31], Claminar did not
exhibit a similar effect; where MSCs were randomly distributed
within the outer layer. The effect of shear stress on luminal
epithelium organization has been shown to dominate over radial
distension [44], while the lack of cell alignment within the outer
layer of Claminar demonstrated the dominance of circumferential
strain over shear stress at increased distances from the lumen
within Cpulse. In comparison, MSCs seeded within Cstatic were
randomly oriented on both the internal and external walls.

The significant up-regulation of selected contractile markers,
including Acta2, Calp1, MHC, and Des, and the distribution of aSMA
in CD under pulsatile flow in comparison to both Cstatic and Claminar
suggests that the application of a cyclic strain together with cyclic
shear stress overcomes the effect of growth factors and is a more
powerful tool than shear stress alone in directing MSC fate [19]. In
addition, the extent of contractile marker up-regulation within
Cpulse in comparison to Cstatic and Claminar was greater in CD
compared to ND. Indeed, TGF-beta, one of the chondrogenic sup-
plements used in this study, is also implicated in the function of
MSCs in blood vessel maturation [57]. Therefore, the effect of cyclic
circumferential strain on MSC phenotype was amplified by the
influence of TGF-beta, as a synergistic biochemical factor. As a
consequence, the chondrogenic potential of MSCs after 7 days in CD
was significantly enhanced under static and laminar culture con-
ditions, as demonstrated by the up-regulation of Col2a1 and Agg
gene expression, greater extent of cartilage-like matrix stained
with Safranin-O, and increased Coll II production. Moreover, uni-
axial strain has been shown to significantly decrease MSC chon-
drogenic differentiation and cartilage matrix protein production,
suggesting that cyclic stress reduces the phenotype of
compression-bearing tissues in favour of other lineages (i.e.muscle)
[18]. These findings underscore the central role of a native-like 3D
matrix in the delivery of mechanical stimuli over chemical factors
in modulating MSC phenotype. A balance between MSC contractile
and chondrogenic states may be achieved through a combination of
laminar and pulsatile flow regimes to engineer the airway native
celletissue composition.

The regulation of matrix remodelling is balanced at the tran-
scription level by MMPs and their endogenous inhibitors, Timps
[58]. In particular, collagen remodelling comprises a complex set of
events where, in analogy to native ECM, is continuously digested by
synchronous proteolytic degradation (activated by MMPs) and
reassembled by cells (through endogenous collagen production),
eventually resulting in morphological and structural changes [59].
Generally, the gene expression of the selected MMPs was down-
regulated within Cpulse in comparison to Cstatic and Claminar, partic-
ularly for MMP1 and MMP13, which are involved in type I collagen
remodelling [60,61], and MMP3, the major substrate of which are
the proteoglycans [60]. The extent of MMP down-regulation upon
cyclic circumferential strain, in comparison to Cstatic and Claminar,
was greater in CD than in ND. Uniaxial cyclic strain has been pre-
viously shown to induce a decrease in MMP1 activity, and pro-
moting the assembly of collagen fibrils [18]. MicroCT analysis
indicated that the multilayered structure of Cstatic and Claminar

appeared to be more compact and remodelled compared to Cpulse,
which displayed a greater wall thickness and clear distinctions
between DC and SF insertions. Furthermore, the extent of MSC-
mediated remodelling and ECM production was evaluated
through SR staining of organized collagen fibrils. Collagen fibrils
birefringency was scarcely present within Cstatic, in comparison to
Claminar and Cpulse, suggesting that the production of endogenous
ECM was not mainly based on fibrillar collagen, probably in favour
of proteoglycan deposition, as also demonstrated by positive red
Safranin-O staining within Cstatic, and up-regulation in the
expression of Col2a1 and Agg.

The effect of MSC-mediated activity on TDCeSFC structure in
response to dynamic stimulation in CD was assessed in terms of
construct mechanical properties. It has been previously reported
that cyclic loading significantly increased collagen gel-based
construct mechanical strength [31,62]. In the case of TDCeSFC,
the application of dynamic stimulation on acellular constructs did
not affect mechanical properties. The increased fibrillar aggrega-
tion, resulting from the cyclic loading [62], which increased the
dense collagen construct mechanical properties, may be negligible
as a consequence of the overriding effect of the SF insertions. In
addition, the increase in UCTS of Cpulse in comparison to the other
samples, except for Amade, may be due to the positive effect of MSC
activity under pulsatile flow. In comparison to tubular dense
collagen construct (TDCC) alone, produced from the same bovine
collagen derivation, TDCeSFC displayed greater UCTS for Amade,
Cstatic, and Cpulse, demonstrating the reinforcing role of the SF in-
sertions [29]. The estimated burst pressure of Amade, Cstatic, and
Cpulse was higher than that of TDCC. Furthermore, TDCeSFC me-
chanical properties were found to be in the same order of magni-
tude of those measured for human tracheal cartilage rings [44],
thus overcoming the general limitations of natural polymer-based
scaffolds. In addition, the compliance of Cpulse was significantly
lower compared to those of Amade and TDCC, suggesting an increase
in the construct rigidity, and therefore, structural stability.

5. Conclusions

TDCeSFC, which mimicked the native airway tract architecture,
maintained seeded MSC growth and distribution. Their ability to
transfer physiologically relevant mechanical stimuli to seeded
MSCs resulted in native-like cell orientation within the tubular
tissue models, when subjected to pulsatile flow-induced cyclic
circumferential strain, and induced MSC contractile phenotype
expression, regardless of the chemical factors supplied during
in vitro culture. On the other hand, static culture and laminar flow
enhancedMSC chondrogenic differentiation. In addition, the effects
of MSC-mediated activity upon pulsatile flow resulted in a reduc-
tion in matrix remodelling and increased construct stability.
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