Fibronectin promotes elastin deposition, elasticity and mechanical
strength in cellularised collagen-based scaffolds
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One of the tightest bottlenecks in vascular tissue engineering (vTE) is the lack of strength and elasticity of engineered vascular wall models caused by
limited elastic fiber deposition. In this study, flat and tubular collagen gel-based scaffolds were cellularised with vascular smooth muscle cells (SMCs) and
supple-mented with human plasma fibronectin (FN), a known master organizer of several extracellular matrix (ECM) fiber systems. The consequences of
FN on construct maturation was investigated in terms of geometrical contraction, viscoelastic mechanical properties and deposition of core elastic fiber
proteins. FN was retained in the constructs and promoted deposition of elastin by SMCs as well as of several proteins required for elastogenesis such as
fibrillin-1, lysyl oxidase, fibulin-4 and latent TGF-$ binding protein-4. Notably, gel contraction, tensile equilibrium elastic modulus and elasticity were
strongly improved in tubular engineered tissues, approaching the behaviour of native arteries. In conclusion, this study demonstrates that FN exerts
pivotal roles in directing SMC-mediated remodeling of scaffolds toward the production of a physiological-like, elastin-containing ECM with excellent
mechanical properties. The developed FN-supplemented systems are promising for tissue engineering applications where the generation of mature
elastic tissue is desired and represent valuable advanced in vitro models to investigate elastogenesis.
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1. Introduction

Vascular diseases, in particular coronary artery diseases (CAD)
are one of the leading causes of death in the Western society. An
estimated 15.5 million Americans above the age of 20 suffer from
CAD [1], and this number is predicted to strongly increase owing to
the rapid growth of the elderly demographic of the population [2].
One of the most pressing clinical problems is the need for small
diameter vascular grafts for coronary artery bypass surgery [3].
Tissue engineered blood vessels (TEBVs) are promising biological
arterial substitutes that can serve as alternatives to autologous
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grafts such as internal mammary artery and saphenous vein grafts.
However, many approaches did not yet translate into clinical ap-
plications. Vascular tissue engineering (VTE) approaches can be
immediately impactful for the development of viable in vitro
vascular wall models alternative to in vivo tests, to study the
physiology and pathology of vascular tissue and for drug develop-
ment [4,5].

The use of collagen type I gels (hereinafter called collagen gels)
as scaffolds for VTE has a number of benefits: i) collagen type I is
one of the main components of the extracellular matrix (ECM) of
native vascular tissues; ii) it is abundantly available and can be
readily purified from various species [6]; iii) it is non-antigenic and
biocompatible; iv) collagen gels can be directly and uniformly
seeded with cells during the fabrication process; and v) the
collagen network can be actively remodeled by vascular smooth
muscle cells (vSMCs) [7]. Since the first attempt to generate TEBVs
using bovine aortic vSMCs and collagen gels as scaffolds [8], several
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collagen-based tissue models and bioreactor systems to promote
their dynamic maturation have been developed [9—15], and the
collagen gel formulation and processing have been optimized in
order to obtain enhanced mechanical properties [16—19]. However,
two major challenges impede the development of physiologically
relevant in vitro vascular wall models: (i) the relatively weak me-
chanical properties, and (ii) the need for the deposition and orga-
nization of an ECM that closely resembles the in vivo situation,
especially with respect to the presence of elastic fibers and their
critical physiological functions.

Elastic fibers and elastic lamellae are protein supra-structures
deposited in blood vessel walls and other elastic tissues during
development and early postnatal life [20]. They confer elasticity to
the tissue and play key biological roles in the physiology of arteries
[21]. Elastic fibers and lamellae are principally composed of a cross-
linked elastin core surrounded by a mantle of fibrillin (FBN)-1-rich
microfibrils required for the initial deposition and processing of
tropoelastin (TE), the precursor of elastin [22]. The assembly of
elastic fibers and lamellae is a highly hierarchical molecular process
starting with the assembly of fibronectin (FN) which is deposited
early in tissues and dependent on cell surface integrins receptors
[23]. Assembled FN fibers are essential for the formation of FBN-1-
containing beaded microfibrils [24,25], as well as for other ECM
fiber systems including collagen I and III [26]. TE is deposited onto
microfibrils with the help of several accessory proteins including
fibulin (FBLN)-4 and FBLN-5, as well as latent TGF-f binding protein
(LTBP)-4 [27,28]. Lysyl oxidase (LOX) and LOX-like 1 enzymes pro-
mote cross-linking of the nascent elastic fibers critical for me-
chanical stability and proper function [29,30]. While this fine-
tuned hierarchical process of elastogenesis is required for the
proper generation and function of TEBVs, it is difficult to be
reproduced in vitro and is typically reduced in engineered tissues
[31]. Furthermore, several of these elastogenic molecules regulate
SMC phenotypes and function. For example, FN can strongly
influence the behaviour of SMCs within 3D matrices [32], especially
pro-moting the SMC synthetic phenotype [33]. On the other hand,
elastin regulates proliferation and organization of vSMCs [34].

The appropriate incorporation of elastin and elastic fibers in the
scaffold material would effectively address several of the biological
and mechanical issues in the development of viable TEBVs. How-
ever, low production of the elastic fiber precursor TE by essentially
all cell types used, its delicately orchestrated assembly process, and
the large size and insolubility of mature elastic fibers make mature
elastin incorporation challenging and often incompatible with
many material processing techniques [35]. Several attempts have
been made to promote elastogenesis in engineered tissues by
means of both biochemical and mechanical stimuli, but with rela-
tively unsatisfactory results, especially in short term approaches
(up to one week of culture). In 2003, Long and Tranquillo demon-
strated the deposition of FBN-1 and TE by neonatal rat aortic SMCs
after 4 weeks of culture in fibrin gels, but not in collagen gels [36].
More recently, Venkataraman et al. have shown that cyclic strain
combined with elastogenic factors improved deposition of elastin
compared to static controls after long term (3 weeks) culture in
tubular collagen gels cellularised with adult human aortic SMCs
[37]. Similar results were obtained by Lee and colleagues using a
poly (glycerol sebacate) scaffold with adult baboon carotid artery
SMCs [38]. Elastogenesis has also been demonstrated by Hinderer
et al. in short term cultures (6 days) in an electrospun fibrous 3D
polymer scaffold upon dynamic maturation in a fluid-flow biore-
actor [39]. However, a systematic up-scaling of that system is
necessary to obtain tissues of clinically relevant size, with the
associated challenge of uniform cell seeding and colonization of a
thick electrospun scaffold [39].

The main hypothesis of this work is that the addition of soluble

FN to cellularised collagen gels promotes their maturation into
vascular wall models. Specifically, this research aimed at eluci-
dating the influence of FN on the response of SMCs within the
collagen gels, focusing on the mechanical properties and elastic
fiber synthesis and deposition. Results demonstrate that the com-
bination of collagen type I and FN, by providing an optimal 3D
microenvironment with appropriate biochemical behaviour, stim-
ulates SMCs activity for the production of engineered tissues with
an in vivo-like elastic ECM and enhanced mechanical properties.
These results highlight the key role of exogenous FN in the rapid
maturation of cellularised collagen gel-based constructs.

2. Materials and methods
2.1. Cell isolation and culture

Primary porcine aortic SMCs (PAoSMCs) were derived from the
tunica media of healthy, fibrous plaque-free porcine arteries.
PAoSMCs were isolated from 1 cm wide aortic rings obtained from
segments of the aorta of adult pigs [40]. Aortic segments were
collected in phosphate-buffered saline (PBS), placed in Dulbecco's
Modified Eagle's Medium (DMEM, Life Technologies) supple-
mented with 1% penicillin/streptomycin solution (100 U/mL peni-
cillin, 0.1 mg/mL streptomycin; Sigma) and then dissected. The
adventitial tissue and the first outer third portion of the tunica
media were carefully removed and the resulting rings were cut into
small pieces of approximately 1 x 5 mm, and placed in a petri dish
containing DMEM supplemented with 10% fetal bovine serum (FBS;
Life Technologies) and 1% penicillin/streptomycin solution (here-
after referred to as complete medium) that was changed every 2—3
days. Once a sufficient amount of SMCs migrated onto the surface
of the petri dish, the explants were removed. The protocol for the
isolation of PAoSMCs was approved by the Ethics Committee of
CHU de Québec Research Centre. For all the experiments cells were
used at a passage between 6 and 10.

2.2. Preparation of cellularised collagen gels

Type I collagen was extracted from rat tail tendons, solubilized
in 0.02 N acetic acid at a concentration of 4 mg/mL and sterilized by
multiple cycles of dialysis in 1% chloroform and 0.02 N acetic acid
as previously described [6]. Cellularised collagen gels were
prepared as previously described [41]. Briefly, 2 parts of sterile
collagen so-lution were mixed with 1 part of buffer solution (3.5-
fold concen-trated DMEM supplemented with 60 mM NaOH and 10
mM HEPES) and 1 part of cell suspension (2 x 10° cells/mL in
complete me-dium) to obtain a final cell density of 5 x 10° cells/mL,
a collagen concentration of 2 g/L and a pH of 7.2. Then, an aqueous
solution containing different concentrations (5, 2.5, 1.25 and 0.625
g/L) of human plasma FN (Advanced Biomatrix) was added to gels
(1:50 vol ratio) to obtain FN-loaded gels.

For the preparation of disk-shaped samples, the collagen-cell
suspension was immediately poured into 24-well plates (0.5 mL/
well) and incubated for 1 h at room temperature (r.t.) to allow
sample gelation. Each gel was gently detached from the wall and
the bottom of the well with a microspatula, 0.5 mL of fresh com-
plete medium were added, and the constructs were incubated in a
humidified atmosphere of 5% CO, at 37 °C for 1, 3 or 7 days. The
medium was changed every second day.

For the preparation of tubular samples, 2 mL of collagen-cell
suspension was poured in ad hoc made sterile tubular moulds
composed of a central cylindrical polypropylene mandrel with a
diameter of 3.8 mm, of a tubular polypropylene mould with an
internal diameter of 9mm, and two gaskets. Samples were



incubated for 1 h at r.t., then the external mould was removed and
the mandrel, surrounded by the collagen tube, was placed in a
sterile tube containing complete medium. Constructs were then
cultured as described above.

Cell viability was evaluated by Alamar Blue assay according to
the manufacturer's guidelines. Briefly, samples were incubated in
complete medium containing resazurin dye for 6 h under standard
culture conditions. The fluorescence of the medium (Aex = 560 nm;
Aem = 590 nm) was then measured using a SpectraMax i3x micro-
plate reader (Molecular Devices).

2.3. Disk-shaped collagen gels contraction and mechanical
characterization

Disk-shaped collagen gels were imaged using a flatbed scanner
(Microtek Inc) and the surface area was measured using Image]
(http://rsb.info.nih.gov/ij) [42]. Gel contraction was calculated at
each time point as the ratio between the area of the sample and the
area of the well, corresponding to the initial surface of the gel.

The characterization of the viscoelastic properties of disk sha-
ped cellularised collagen gels under compression was performed
by unconfined compression tests using a Biomomentum Mach 1
testing apparatus equipped with a 25 mm compression plate
mounted on a 150 gf load cell and of a testing chamber allowing to
perform the tests in a PBS bath. The thickness of the disks was
measured by the instrument and it was always between 1 and 1.5
mm. Multiple progressive stress-relaxation cycles were applied,
consisting of compression ramps of 0.1 mm at 0.02 mm/s followed
by a relaxation time of 600 s at constant strain during which the
stress decay was measured. At least 50% deformation was reached
for each sample. Samples were immersed in PBS throughout the
test period. In order to relate the stress-relaxation process to the
viscoelastic parameters of the construct, the Maxwell-Wiechert
model with two Maxwell elements, previously used to describe the
decay of stress as a function of time in collagen gels [43], was
adopted and model parameters were fit against experimental data
by least squares fitting using MATLAB (MathWorks).

2.4. Tubular collagen gel contraction and mechanical
characterization

The thickness of cellularised collagen constructs was assessed
by measuring the external diameter of the tubular samples still
mounted on their mandrel with a scanning laser interferometer
(Series 183B, LaserMike 136, NDC Technologies), while the length of
the constructs was measured using a calliper.

The characterization of the viscoelastic properties of cellularised
collagen gels by circumferential stress-relaxation tests (ring tests)
was performed using an Instron ElectroPuls E1000 system (Instron
Corporation) equipped with a 5N load cell and ad hoc made grips.
Constructs were carefully removed from the mandrel and samples
of 6 mm length were cut with a scalpel from the central part of the
tube. Ring-shaped samples (internal diameter 3.8 mm) were
mounted on the grips, immersed in a PBS bath at 37°C and
stretched to a 5% pre-strain. No mechanical preconditioning was
performed prior to the test according to established procedures
[43]. After 10 min, 5 progressive stress-relaxation cycles were
applied, consisting of 10% strain ramps at 5%/s strain rate followed
by a relaxation time of 600 s at constant strain during which the
stress decay was measured. 50% deformation was reached for each
sample at the end of the test. In order to relate the stress-relaxation
process to the viscoelastic parameters of the construct and to es-
timate equilibrium residual stresses, the Maxwell-Wiechert model
with two Maxwell elements was adopted [43].

2.5. Scanning electron microscopy (SEM)

Cellularised collagen gel samples were washed in PBS for 10
min, rinsed in 0.1 M cacodylate pH 74 and fixed with 2.5%
glutaraldehyde in 0.1 M cacodylate, pH 7.4 for 2 h. The samples
were rinsed three times with cacodylate buffer and dehydrated
through sequential immersion in a graded series of increasing
ethanol concentrations (50%, 70%, 95% and 100%). Samples were
then transferred to a critical point drying system (Polaron CPD
7501, VG Microtech) to remove ethanol, and sputter-coated with
gold-palladium. Images were captured on a FEI Quanta 250 appa-
ratus in high-vacuum mode, using an Everhart—Thornley Detector
(ETD).

2.6. Tissue and cell staining procedures

After 1, 3 or 7 days of static culture, collagen gel constructs were
rinsed with PBS and fixed in 3.7% formaldehyde for 20 min at r.t.,
embedded in paraffin, and cut in 4 um or 10 um sections.

For histochemical evaluation, 10 pum sections were deparaffi-
nised in toluene and rehydrated in graded solutions of ethanol in
water, incubated overnight in Bouin solution and stained by a
modified Masson's trichrome procedure (Weigert's iron hematox-
ylin solution, acid fuchsin and xylidine ponceau solution, and light
green SF yellowish solution).

For the immunohistochemical evaluation of ECM proteins,
deparaffinised 4 pum sections were rehydrated using the Dako
Envision + System-HRP (AEC) immunohistochemistry kit (Dako).
Heat-induced, acid, and proteinase K-mediated methods were used
for antigen retrieval. Sections were stained using anti-human FN
(Sigma; F3648), anti-human TE (Elastin Products Company;
PR398), anti-human cellular FN (Abcam; ab6328), anti-human lysyl
oxidase (Novus Biologicals; NB100-2527), anti-human latent TGF-f
binding protein 4 (produced in the lab), anti-human fibulin-4 and
fibulin-5 [44], anti-human FBN-1 and FBN-2 [45] antibodies. A
minimum of two independent experiments were performed.

For immunofluorescence analysis, adult porcine aortic smooth
muscle cells were seeded in 8-well chamber slides (20,000 per
well) with DMEM (Wisent Inc.) containing 10% fetal bovine serum,
100 pg/ml penicillin/streptomycin, and 2 mM glutamine. Half of the
wells were supplemented with 0.05 mg/mL human plasma FN
(Millipore). It is important to note that fetal bovine serum contains
FN at a concentration of 0.03 mg/mL [46]. With 10% v/v serum in
the medium, the final concentration of this serum-derived FN is
0.003 mg/mL, which is negligible compared to 0.05 mg/mL of
exogenous human plasma FN added to the medium. The cells were
fixed with 70:30 (v/v) methanol:acetone mixture 3 or 7 days after
seeding and stained using the same antibodies as described above.
Secondary antibody staining was performed using Cy3-goat anti-
mouse IgG (H + L) (ThermoFisher Scientific # A10521) and Cy3-
goat anti-rabbit IgG (H + L) (ThermoFisher Scientific # A10520) and
counterstaining was achieved with DAPL

An epifluorescence microscope (Axiolmager M2; Zeiss) was
used to capture all bright field and immunofluorescence images
with an AxioCam ICc5 color camera or an Orca Flash 4.0 sCMOS
gray scale camera, respectively. Gray scale immunofluorescence
images were false colored using the Zen Pro software (Zeiss).

2.7. Image quantification

To quantify ECM proteins in immunohistochemistry images,
entire tubular sections were imaged at 200 x magnification (15—20
images). Image] was used to measure the 8-bit pixel intensity of the
tissue sections by outlining the tissues and using the “measure”
tool in the software [42]. The average pixel intensity values
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obtained with Image] were inverted (255 minus measured value as
0 represents black and 255 represents white), and averaged for
each condition. The average pixel intensity values were additionally
normalized over cell density (DAPI staining) to determine the
amount of proteins deposited per cell.

2.8. Statistical analysis

Statistical analyses were carried out with the GraphPad Prism 6
or the OriginPro 2017 software. Comparisons among groups were
performed by one-way ANOVA with post-hoc Tukey test (to correct
for multiple comparisons) for the FN dose-response investigation of
disk-shaped sample contraction and compressive Eg, and by two-
way ANOVA with post-hoc Tukey test for all other experiments
except for immunohistochemistry image analysis for which two
tailed t-test was employed. Significance was retained when
p <0.05. Data are expressed as mean + standard error of the mean
(SEM, n > 4).

3. Results and discussion

The design and fabrication of biomaterials featuring adequate
biological cues to guide cell function is a major challenge in car-
diovascular tissue engineering. In particular the scaffold material
exerts a major instructive role on embedded cells to deposit and
assemble proper ECM networks, which in turn facilitates cell
contraction, proliferation, migration and differentiation. Collagen
type I is an ideal natural biomaterial for the development of bio-
mimetic scaffolds. Of note, it can be processed to obtain gels that
can be readily and uniformly seeded with cells and supplemented
during the gel preparation process with some other components
such as proteins, peptides or glycosaminoglycans. When SMCs are
embedded and cultured within collagen gels they adhere to the
substrate and begin contracting the surrounding collagenous ma-
trix in the direction of their axes, thus increasing collagen density
and improving construct mechanical properties [47]. In addition,
SMCs produce their own ECM and remodel the existing matrix.
Directing these processes toward a physiologic-like ECM would be
a key step forward in the development of engineered vascular tis-
sue. FN is reported to improve SMC adhesion to 3D scaffolds [48], it
can enhance collagen gel contraction by fibroblasts [49], and it
plays an important role in the initial phases of elastogenesis [24].
Here, we investigated the usefulness of FN as a master organizer of
ECM networks in the static maturation of SMC-cellularised collagen
gels, as schematised in the experimental workflow reported in Fig.
1.

3.1. Influence of FN on the mechanical properties of disk-shaped SMC-
cellularised collagen gels

First, the contraction of disk-shaped SMC-cellularised collagen
gels in the presence of different FN concentrations was analysed. As
shown in Fig. 2A, FN increased gel contraction after 24 h of culture
in a dose-dependent manner, with the maximal contraction (ca
81%) reached for FN concentrations higher than 0.05 mg/mL
(p <0.05).

Progressive compression stress-relaxation tests were performed
to evaluate the viscoelastic mechanical properties of the disk-
shaped SMC-cellularised collagen constructs (Fig. 2B). Since the
constructs are composed of collagen type I fibrils of different
lengths, cells and interstitial water, multiple relaxation times were
expected and the Maxwell-Wiechert model with two Maxwell el-
ements was chosen to analyse stress-relaxation data, as previously
reported for collagen [43,50] and other hydrogels [51]. The model
(Fig. 2C) can be schematised by a spring with modulus Egzand two
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Fig. 1. Schematic overview of experimental workflow.

Maxwell elements (a spring with modulus E; and a dashpot with
viscosity 7; in series) in parallel and can be described by the
following equation:

t t
o(t) =eg-Eg + €9 Eq ‘exp(—ﬁ) +¢e9-Ey-exp (—6)

where ¢(t) is the stress at a given time of each relaxation cycle, ¢ is
the applied strain, Eg is the compressive equilibrium elastic
modulus, E; and 7; (i=1 to 2) are the elastic components and
relaxation times associated to the Maxwell elements, and 7; = n;/E;.

The employed Maxwell-Wiechert model provided a robust fit
for the stress-relaxation curves, with R? values always higher than
0.98. As expected, the compressive Eg of the constructs increased
with gel contraction and plateaued for FN concentrations
>0.05 mg/mL, at values more than two fold higher than plain cel-
lularised collagen gels (p <0.05, Fig. 2D). The presence of FN in
collagen gels without SMCs did not influence either contraction (no
gel contraction could be observed in the absence of cells after 24 h)
or the mechanical properties of the gel (data not shown), sug-
gesting that the effect of FN on the system is mediated by the ac-
tivity of SMCs, rather than by a direct interaction between FN and
the collagen matrix.

The higher contraction mediated by the presence of FN after 24
h culture was confirmed by SEM inspection (Fig. 2E and F) that
clearly showed a denser collagen fibrous matrix in presence of FN
with respect to plain SMC-cellularised collagen gels.

The remarkable gel contraction is typical of SMC-cellularised
collagen gels and leads to a strong time-dependent improvement
of the mechanical properties of collagen constructs that, in the
absence of cell-mediated contraction, showed a compressive Eg of
0.023 + 0.05 kPa. On this ground, the effect of maturation under
static conditions (up to 7 days) on the properties of the constructs
was studied, comparing plain collagen-SMCs constructs (CTRL)
with constructs formulated with 0.05 mg/mL FN. Sample contrac-
tion continued over the entire time course of the experiment
reaching values higher than 90% at 7 days of culture (Fig. 3A). Even
if the difference between the two groups progressively diminished,
the area of FN-supplemented constructs was always significantly
lower than the one of CTRL (p < 0.05). At the same time, the
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Fig. 2. Consequence of FN on contraction and mechanical properties of disk-shaped collagen constructs cellularised with SMCs. Disk-shaped collagen constructs cellularised
with adult porcine aortic smooth muscle cells (PAoSMCs, 5 x 10° cells/mL) were supplemented with the indicated concentrations of plasma FN, cultured for 24 h under static
conditions, and then analysed. (A) Dose-response curve of disk-shaped samples contraction. Contraction was evaluated in terms of area reduction with respect to the initial size. (B)
Representative typical stress-time (black) and strain-time (red) curves obtained from a progressive compression stress-relaxation test; results from a disk-shaped plain SMC-
cellularised collagen gel are reported. (C) Maxwell-Wiechert model with two Maxwell elements used to analyse stress-relaxation data. (D) Dose-response curve of compressive
equilibrium elastic modulus (Eg). Compressive Eg was evaluated by progressive stress-relaxation tests under unconfined compression using the Maxwell-Wiechert model with two
Maxwell elements. (E) SEM images of SMC-cellularised collagen gels prepared without FN. (F) SEM images of SMC-cellularised collagen gels supplemented with 0.05 mg/mL FN.
(SEM images magnification: 2000 x , inset magnification: 5000 x ). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)

compressive Ep strongly increased with time (Fig. 3B), reaching
values > 3 kPa after 7 days of culture for the CTRL. Importantly,
even after 7 days of maturation, a significantly higher compressive
Eg was observed for FN-supplemented constructs with respect to
CTRL (about 1.5-fold higher, 0.05 mg/mL FN vs. CTRL, p < 0.05).

Cell viability, evaluated by Alamar Blue assay, did not change
between CTRL and FN-supplemented gels throughout the experi-
ment (p > 0.05, data not shown), suggesting that FN did not alter
SMC proliferation that is known to be strongly limited in type |
collagen gels [52].

Influence of FN on the mechanical properties of tubular SMC-
cellularised collagen gels.

As the blood vessel wall displays a tubular shape and is mainly
subjected to circumferential tensile strain due to blood pressure,
SMC-cellularised tubular vascular wall models were prepared,

using ad hoc manufactured moulds, and the influence of FN addi-
tion on wall thickness contraction and circumferential tensile me-
chanical properties was investigated. 0.05 mg/mL FN was used to
carry out these experiments based on the optimized properties
identified for disk-shaped samples. Tubular models were cultured
up to 7 days under static conditions without removing the central
mandrel, in order to keep constant the inner diameter of the tubes.
As shown in Fig. 4A, a strong contraction of the wall thickness,
higher than 80%, was observed already after 24 h of culture, further
increasing over time reaching values of about 93% after 7 days.
Similarly to disk-shaped samples, a significantly higher contraction
was observed for FN-containing gels after 1 and 3 days of matu-
ration (p < 0.05), whereas the samples did not differ after 7 days.

The Maxwell-Wiechert model with two Maxwell elements was
used again to analyse the data and provided a robust fit for the
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stress-relaxation curves, with R? values invariably higher than 0.98.
Results, reported in Fig. 4B, showed that the tensile Eg increased

with the maturation time, from 11 + 1 kPa at day 1, to 50 + 3 kPa at
day 7 for cellularised gels without FN. Importantly, the presence of
FN significantly increased the tensile mechanical properties of the
gel, as the tensile Eg increased more than twice in the presence of
FN compared to CTRL gels (p < 0.05) at every time point.
Interestingly, the elastic modulus obtained after culturing the

FN-containing samples for 7 days (Eg =117+ 18 kPa) was higher
compared to the results reported by Berglund et al. for porcine

carotid arteries obtained by similar stress-relaxation tests

(Eg =50+ 12 kPa) [53] and comparable to values reported for hu-
man [54] and porcine [55] coronary arteries (about 100 kPa in both

the studies). In addition, the Eg determined in the present study is
within the stiffness range or even superior than that of many re-
ported collagen-based scaffolds recently designed to improve
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collagen mechanical properties, including chemically cross-linked
[56,57], insoluble elastin-supplemented [58], and hyaluronic acid-
supplemented [59] porous collagen scaffolds.

The ratio between tensile Eg and the tensile initial (instanta-
neous) modulus (Ep) was also evaluated. Eq describes the response
of the construct immediately after the application of the strain
(defined by stress-strain relationships immediately following the
application of the displacement at each step; i.e., Eg = Eg + E1+Ey, in
the Maxwell-Wiechert model). The Eg/Eg ratio is an index of the
weight of the elastic attributes in the viscoelastic behaviour of the
material. Low Eg/Eq ratios were observed for both, the CTRL and the
FN-loaded sample, suggesting a mechanical behaviour dominated
by viscous rather than elastic attributes. However, a significant
increase in the ratio was observed after 7 days of culture for FN-
supplemented gels reaching a value of about 0.24, This is 23%higher
compared to constructs without FN (p < 0.05) but still lower
compared to the value of 0.33 reported for porcine carotid artery
[53].

Importantly, the strong increase in the tensile mechanical
properties in the presence of FN cannot be ascribed solely to the
higher gel contraction and to the consequent increase in collagen
density since the size of the constructs at day 7 were comparable in
the presence and in the absence of FN. In this light, elastogenic
proteins secreted and assembled by SMCs in the constructs were
investigated, with the aim to evaluate if FN exerted a role in the
deposition of an organised and more elastic ECM with superior
mechanical properties.

3.2. Influence of FN on ECM organization and deposition by SMCs

Histological staining by Masson's trichrome showed a uniform
distribution of cells within constructs (Fig. 5). As expected, the
density of the collagenous matrix increased over time due to the gel
contraction and the denser matrix that were observed for FN-
supplemented gels at all analysed time points.

To test whether exogenously added plasma FN may alter the
deposition of elastic fiber-related proteins produced by SMCs
seeded in tubular collagen gel constructs, immunohistochemistry
was performed on paraffin sections (Fig. 6A and B). The specimens
were stained with antibodies against total FN (plasma and cellular
FN), cellular FN (EDA FN), TE, FBN-1, FBN-2, FBLN-4, FBLN-5, LOX,
and LTBP-4. The average pixel intensity of the proteins and the

Day1

CTRL
\

AT .7‘;%
‘A'.' A “

2 i
- g St
E ' "Q/l.‘r‘fh

E‘, l‘..‘ L. 1! . .

n -\/‘!" ! i
(=] Ta

S

d % ,4'~ (¥
4 e

Day 3

i3

average pixel intensity normalized over cell density were plotted
(bar graphs in Fig. 6A and B). The increased cell density observed
upon exogenous FN addition contributed partially (11.5% at day 3
and 7% at day 7) to the increase of ECM protein deposition/as-
sembly (Fig. 6A and B right bar graphs). As expected, at day 3,
constructs matured with supplemental plasma FN showed a sig-
nificant 2-fold increase in total FN demonstrating that the added
plasma FN is retained within the constructs. Endogenously pro-
duced cellular FN was also significantly increased by almost 3-fold,
albeit at a low base level. FBN-1 and LOX deposition increased
modestly at 3 days by about 39 and 30%, respectively, whereas all
other tested proteins did change very little (FBN-2, FBLN-4), or not
at all (TE, FBLN-5, LTBP-4).

At day 7, plasma FN-matured constructs still retained the added
FN, whereas the endogenous cellular FN production was un-
changed compared to the controls. Importantly, the deposition of
TE was significantly enhanced (53%) after 7 days of culture. Some
other critical proteins required for elastic fiber formation were also
significantly increased at this time point, including FBN-1 (79%),
LOX (44%), and LTBP-4 (63%), whereas the other tested proteins
remained unchanged. These results demonstrate that the exoge-
nous addition of plasma FN to tubular SMC-cellularised collagen
gels clearly improved the deposition of elastin and other core
proteins required for elastic fiber assembly. Increased cell density,
in fact, contributed 7—11.5% of the improved ECM deposition.

From the experiments with the cellularised collagen gels, we
could not distinguish whether the relevant elastogenic proteins are
only deposited into the matrix or indeed assembled into the
functional state. To further test whether exogenously added-
plasma FN drives the assembly of elastic fibers and related pro-
teins by SMCs, we therefore utilized as proof of principle a 2D SMC
culture system that allowed visualization of fibers by immunoflu-
orescence. For this purpose, SMCs were seeded directly on 2D glass
slides (in the absence of a 3D collagen scaffold) and analysed
through immunofluorescence staining (Fig. 7A and B). The SMCs
were cultured for 3 or 7 days in the presence and in the absence of
exogenous plasma FN, and stained for total FN (plasma and cellular
FN), cellular FN (EDA FN), TE, FBN-1, FBN-2, FBLN-4, FBLN-5, LOX,
and LTBP-4. After 3 days of maturation with supplemental plasma
FN, both total FN and FBLN-4 showed prominent increases in the
number and maturity of fibers, whereas extracellular deposition of
the other proteins tested remained unchanged. After 7 days of

100 um

Fig. 5. Histological characterization by Masson's Trichrome staining of tubular collagen constructs cellularised with SMCs. The constructs were prepared in the absence
(CTRL) or presence of 0.05 mg/mL plasma FN and cultured for 1, 3 and 7 days under static conditions. 10 um-thick transversal sections were stained by Masson's Trichrome. The
collagenous matrix appears green and the cell nuclei dark purple. Black arrows indicate some of the cells present in the sections. Scale bar: 100 um for all images. (For interpretation
of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 6. Inmunohistochemical analysis of tubular collagen constructs cellularised with SMCs. Tubular collagen constructs cellularised with PAoSMCs were grown for 3 or 7 days
in the absence (CTRL) or presence of exogenously added 0.05 mg/mL plasma FN (FN). The constructs were fixed and stained for critical extracellular matrix proteins associated with
elastic fiber formation, including in (A) total fibronectin (total FN), EDA fibronectin (EDA FN), tropoelastin (TE), fibrillin-1 (FBN-1), fibrillin-2 (FBN-2), and in (B) fibulin-4 (FBLN-4),
fibulin-5 (FBLN-5), lysyl oxidase (LOX), and latent TGF-B binding protein-4 (LTBP-4). Quantification of the specific signals is shown as Average Pixel Intensity (left bar graphs). The
Average Pixel Intensity per cell was determined with DAPI-stained samples (right bar graphs) (*p < 0.05, NS = non-significant). Scale bar: 200 um for all images.
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Fig. 7. 2D Immunofluorescence analysis of adult PAoSMCs. Adult PAoSMCs (20,000 per well) were seeded and cultured in 8-well immunofluorescence slides for 3 or 7 days in the
absence (CTRL) or presence (FN) of 0.05 mg/mL exogenous plasma FN. After culturing, the cells were fixed and stained for proteins (green signal) associated with elastic fiber
formation, including in (A) total fibronectin (Total FN), cellular fibronectin (EDA FN), tropoelastin (TE), fibrillin-1 (FBN-1), fibrillin-2 (FBN-2), and in (B) fibulin-4 (FBLN-4), fibulin-5
(FBLN-5), lysyl oxidase (LOX), and latent TGF-f binding protein-4 (LTBP-4). Cell nuclei are counterstained with DAPI (blue signals). Scale bar: 100 um for all images. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 7. (continued).

SMCs maturation in the presence of supplemental plasma FN,
marked increases in the number and maturity of the ECM fibers
were observed. Total FN was upregulated whereas cellular FN was
not. This demonstrates that the exogenously added plasma FN is
integrated over time in the FN network and that it prominently
promotes TE fibers deposition, correlating with data obtained with
the tubular SMC-cellularised collagen scaffolds. In addition, the
presence of all other tested elastogenic proteins in the ECM
network was clearly enhanced when SMCs were cultured with
plasma FN. Overall, the immunofluorescence data in 2D largely
correlated with the results observed with the 3D tubular SMC-

cellularised collagen constructs.

In summary, the results on ECM deposition suggest the pro-
posed FN-supplemented SMC-cellularised collagen gel system as a
reliable and suitable replacement model for the investigation of
elastogenesis occurring in the media layer of blood vessels. It is
worthy of note that this process is still not fully understood [22].
Furthermore, the early important deposition of elastic fibers-
related proteins in FN-supplemented constructs matured under
static conditions is particularly relevant in light of the poor elastic
fiber deposition usually observed in 3D engineered vascular tissues
where elastin can be observed only after at least 3—4 weeks of




culture [36,37,60].

To provide an overall mechanistic interpretation of the data
obtained in this study, it can be speculated that the increase in
contraction, mechanical strength and elasticity of the SMC-
cellularised collagen constructs supplemented with FN is likely
mediated by the specific roles that FN exerts in promoting cell
interaction and matrix assembly. FN interacts with cells via integrin
o581 and avp3 through the conserved RGD sequence located on the
10th FN type Il domain [61]. Integrins serve as linkers connecting
FN to the actin cytoskeleton, the main machinery for SMC
contraction [62,63]. In addition, Sun et al., using atomic force mi-
croscopy to apply forces to specific ECM adhesion sites on SMCs,
have shown that FN features a unique ability to strongly interact
with SMCs, forming a5p1-and avfp3-rich focal adhesions that are
mechanically active and stimulate cell contraction [64]. FN also
binds to collagen, being required for its polymerization and as-
sembly [65,66]. The binding site for collagen on FN is located in an
N-terminal region in some distance to the RGD cell binding site
[67]. This positions the FN supplemented in the 3D SMC-
cellularised collagen constructs as a bridge which binds to the cells
and the actin cytoskeleton through its centrally located RGD
sequence and to collagen type I in the gels via the N-terminus.
Therefore, these FN-bridges can increase the number of cell adhe-
sion points to collagen and activate cell contraction, finally
speeding up construct compaction. This hypothesis is in agreement
with the study by Hocking et al., who observed that FN stimulates
the spreading of FN-null embryo cells on collagen fibrils, triggering
an increase in contractility and in collagen contraction [68]. We
speculate that the presence of properly assembled collagen type I
fibers together with the increased gel compaction mediated by
contracting SMCs, could account for the increased mechanical
properties of the FN-substituted collagen gels.

FN also facilitates the assembly of FBN-1 into microfibrils
[24,25], providing an essential scaffold for the deposition of tro-
poelastin [22], which in turn requires LTBP-4 [28]. The presence of
fully developed elastic fibers would explain the enhanced elastic
properties of the FN-supplemented cellularised constructs. These
claims are further supported by the increased LOX levels found in
FN-substituted collagen gels. LOX, in fact, is the extracellular cross-
linking enzyme for both collagen and elastic fibers [69], which
provides them with the required stability and elasticity.

4. Conclusions

In this study soluble plasma FN was added to SMC-cellularised
collagen gels in order to improve the maturation of the resulting
engineered vascular wall models. The optimized FN concentration
of 0.05 mg/mL led to a faster contraction of the collagen matrix and
to enhanced mechanical compression and tension properties,
combined with an increase in elasticity. The ECM remodeling and
deposition mediated by SMCs in the presence of FN resulted in a
denser collagen matrix enriched in elastic fibers and associated
with enhanced elastogenic FBN-1, LOX and LTBP-4 networks. The
data show that elastogenesis is effectively undergoing in the con-
structs. Altogether, these results demonstrate that exogenously
added FN, a recognised master organizer of the ECM, exerts pivotal
roles in directing the remodeling of scaffolds by SMCs toward the
production of a physiological-like, elastic fiber-containing ECM.
This approach may prove very useful in the generation of mature,
physiologically relevant vessel wall models that are well suited for
the development and preclinical testing of drugs and vascular de-
vices, or to study physiological processes such as elastogenesis. FN-
supplemented SMC-cellularised collagen constructs could also be
regarded as a step forward toward functional TEBVs, although
further in-depth studies especially on longitudinal, circumferential

and radial mechanical properties and on suturability are needed. FN
addition might also be considered for other soft or connective tis-
sue applications, such as engineered skin, lung tissues, ligaments,
and tendons, whenever the generation of mature tissues with
elastic or viscoelastic behaviour is desired.
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