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A B S T R A C T

Aiming to perfuse porous tubular scaffolds for vascular tissue engineering (VTE) with controlled flow rate,
prevention of leakage through the scaffold lumen is required. A gel coating made of 8% w/v alginate and
6% w/v gelatin functionalized with fibronectin was produced using a custom-made bioreactor-based method.
Different volumetric proportions of alginate and gelatin were tested (50/50, 70/30, and 90/10). Gel swelling
and stability, and rheological, and uniaxial tensile tests reveal superior resistance to the aggressive biochemical
microenvironment, and their ability to withstand physiological deformations (~10%) and wall shear stresses
(5–20 dyne/cm2). These are prerequisites to maintain the physiologic phenotypes of vascular smooth muscle
cells and endothelial cells (ECs), mimicking blood vessels microenvironment. Gels can induce ECs proliferation
and colonization, especially in the presence of fibronectin and higher percentages of gelatin. The custom-de-
signed bioreactor enables the development of reproducible and homogeneous tubular gel coating. The perme-
ability tests show the effectiveness of tubular scaffolds coated with 70/30 alginate/gelatin gel to occlude
wadding pores, and therefore prevent leakages. The synthesized double-layered tubular scaffolds coated with
alginate/gelatin gel and fibronectin represent both promising substrate for ECs and effective leakproof scaffolds,
when subjected to pulsatile perfusion, for VTE applications.

1. Introduction

Cardiovascular diseases (CVDs) represent the leading cause of death
worldwide (54%), exceeding the deaths related with cancer [1,2]. De-
spite its high incidence, the current clinical treatments of CVDs, espe-
cially related to the need of substitutes for small-caliber vessels
(<6 mm), suffer from severe limitations, including thrombogenicity
and hemodynamic disturbances for compliance mismatch, as well as a
shortage of autologous vessels [3]. Vascular tissue engineering (VTE)
aims to develop functional small-caliber vessels, thus facing the com-
plexity of their physiological structure [4–7]. Although still inspired to
a simplified view, the design of either the substrate or the biomecha-
nical stimuli should render the intrinsic duality of native vessels. Vas-
cular smooth muscle cells (VSMCs) and endothelial cells (ECs) of the
tunica media and intima, respectively, have different requirements for
growth and this represents a key morphological and functional char-
acteristic of native vessels. Thus, both luminal and outer layers of a
vascular scaffold should support the adhesion of the different cells,
while the degradation of the different layers should be consistent with

the different cell growth kinetics [8–11]. Engineering gradients, also in
vascular tissue engineering, is of outmost importance [12]. The possi-
bility to process the proper polymeric substrate is a key feature to re-
produce the architecture of blood vessels, where VSMCs and ECs are
anatomically separated but functionally linked [5]. From this point of
view, the necessity of grading the porosity of the three-dimensional
tubular scaffold is also connected with the morphological requirements
to improve VSMCs infiltration and extracellular matrix production, as
well as the creation of a confluent luminal layer by ECs [10,13,14].

Moreover, both types of vascular cells require biomechanical and
biochemical stimuli to express their correct phenotype. When in vivo,
VSMCs are continuously exposed to a maximum cyclic strain (εcirc) of
around 10%, while ECs and their progenitors (EPCs) are subjected to a
fluid wall shear stress (WSS) in the range of 5–20 and 0.1–2.5 dyne/
cm2, respectively, due to pulsatile blood flow [5]. Cyclic strain aligns
VSMCs in a circumferential direction and preserves their contractile
phenotype; WSS addresses ECs to dispose longitudinally to the fluid
direction and to keep their quiescent state and anti-inflammatory
function, therefore creating a functional endothelial monolayer
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[15–18]. Thus, pulsatile perfusion is often adopted as an in vitro me-
chanical stimulus, using perfusion bioreactors on tubular scaffolds with
seeded VSMCs in the external side and ECs in the lumen.

The selection of suitable scaffolds is of outmost importance. The
simplest scaffolds mostly used as vascular grafts include decellularized
swine arteries [19] and umbilical arteries or veins [8,20], owing to
their comparable mechanical properties to those of native tissue
[21,22], neglectable or low porosity [23], and high EC-adhesive prop-
erties [21]. As drawbacks, these scaffolds impair VSMC infiltration,
making the re-cellularization process hard and time-dispersive [19].
Moreover, decellularized biological tissues do not overcome the avail-
ability issue, while synthetic scaffolds offer favorable advantages, as
higher reproducibility and both controlled microstructure [24] and
degradation rate [25,26]. On one hand, porous scaffolds able to pro-
mote VSMCs colonization from the external side towards the lumen are
required [27,28]. On the other hand, perfusion requires an imperme-
able luminal surface so that EPCs and ECs undergo controlled physio-
logical WSS preventing fluid leakage throughout scaffold pores. In ad-
dition, the luminal surface of scaffolds should promote endothelial
adhesion to enable EPCs and ECs to produce a confluent and stable
monolayer, also when subjected to a fluid flow imposed by perfusion.
This capability could be tackled by tuning porosity properties of the
tubular scaffold (e.g. nanoporosity vs microporosity) [10,29–31] and by
means of chemical modifications with specific peptides that promote EC
adhesion on the luminal surface of the tubular scaffold [17,32].

Among different materials, gelatin, derived from collagen hydro-
lysis, demonstrated to be suitable for tissue engineering purposes, in-
cluding vascular tissue engineering [33–35], although being of animal
origin, safety issues must be properly addressed following the pertinent
regulations [36]. In this work, we employed alginate to control the
coating process and the final properties of the scaffold. The crosslinking
of alginates holds a huge flexibility in the design of multiple structures,
by controlling the calcium ions, leading to the formation of the “egg-
box junctions” [37–40] where the ionic complexation is synergistic to
the formation of the egg-box junctions, thus allowing the fine tuning of
mechanical properties of gels and the production of different forms of
the hydrogels, 3D structures for cell cultures, injectable hydrogels,
stiffness-controlled cell microenvironments [41–43].

In this work, a luminal coating made of alginate (Alg) and gelatin
(Gel) further functionalized with fibronectin (Fn) is proposed for tub-
ular porous scaffolds, through a novel experimental method consisting
on a custom-made bioreactor. The gel coating is envisioned to (1) im-
prove EC adhesion and proliferation, (2) maintain the luminal and
external surfaces anatomically separated, but functionally linked, (3)
provide two biodegradability levels of the bilayered scaffold, the first
short-term to promote cell adhesion and the second middle-term to pro-
vide a porous guide for tissue ingrowth and (4) prevent leakage from
the internal lumen, thus also allowing the control of the biomechanical
stimuli.

2. Materials and methods

2.1. Synthesis of alginate/gelatin gels

Gels made of 8% (w/v) alginate (Alg) and 6% (w/v) gelatin (Gel)
were prepared following the ionotropic crosslinking process [44,45].
Different proportions of Alg and Gel were tested, including 50/50, 70/
30, and 90/10 v/v, and further functionalized with fibronectin (Fn)
(50/50 + Fn, 70/30 + Fn, and 90/10 + Fn). Briefly, alginic acid from
brown algae Alg (8% w/v) (A7003, Sigma Aldrich, batch number
MKBJ0727V) and type-B Gel from bovine skin (6% w/v) (G9391, Sigma
Aldrich, batch number SLBM7200V) were separately dissolved in dis-
tilled water (dH2O) under magnetic stirring, either at room temperature
(RT) or at 40 °C, respectively. Afterward, Alg and Gel were mixed in the
aforementioned proportions until reaching a homogenous solution. Fn-
functionalized gels were obtained by adding 5 μg/ml of Fn (F0895,

Sigma Aldrich) to the Alg/Gel solution. Then, 50 mM calcium carbonate
(CaCO3, C4830, Sigma Aldrich) and 10% w/v D-(+)-gluconic acid δ-
lactone (GDL, G4750, Sigma Aldrich) were subsequently mixed to Alg/
Gel solutions for internal gelation and left to react overnight at 4 °C
(Supplementary Fig. S1). Finally, to improve shear stability, 0.1M cal-
cium chloride (CaCl2, 499609 Sigma Aldrich) was added for 10 min at
RT for external crosslinking of the gels. Finally, the obtained gels were
washed twice with culture medium (for medium composition, para-
graph 2.2.4) for 10 min each.

For the synthesis of sterile gels, both Gel and Alg powders were
disinfected using 100% ethanol (EtOH) for 1 h (four washing steps,
15 min each), and dried in sterility conditions until constant weight.

2.2. Characterization of alginate/gelatin gels

Under the hypothesis that Fn functionalization does not affect gel
properties, but instead has impact over cellular behavior, physico-
chemical characterization of the developed gels was conducted on Alg/
Gel (pure) gels [17].

2.2.1. Stability and swelling tests
Alg/Gel gels (Ø = 20 mm, thickness = 2 mm) were incubated with

culture medium (1 ml per gel) at 37 °C with 5% CO2. For each gel ty-
pology, the water content was calculated as the percent wet/wet weight
variation (Eq. (1)):
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The measurements were made in triplicate. The analyzed time
points include 1, 3, 7, 14, and 21 days.

2.2.2. Rheological tests
The rheological properties of the different formulations of Alg/Gel

gels were determined using the AR-1500ex (TA Instruments, USA)
rheometer coupled to a parallel-plated (Ø = 20 mm) and fixed gap
between the lower and upper plates of 2 mm. Rheological tests were
performed at 37 °C under frequency sweep (from 0.1 to 100 Hz), ap-
plying a force of 5 Pa; torque sweep was from 1 μN⋅m to 100 μN⋅m. The
storage modulus (G′) and the loss modulus (G″) of each gel formulation
were obtained using the software TRIOS (TA Instruments - Thermal
Analysis Instruments).

The shear stress (τ) induced by the torque on gels during the test
was calculated (Eq. (3)) [46]:
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where T is the torque applied by the upper plate of the rheometer and r
is the radius of the upper plate. The estimation of τ provides the first
information about the ability of the gel to withstand to shear stresses at
the gel–fluid interface before fracture.

Measurements were performed in triplicate after 2 h, 3, 7, and
14 days, for each type of gels (Ø = 20 mm, thickness = 2 mm).

Rheological tests were also carried out on Fn-functionalized gels
with or without endothelial cells following the protocol described in
section 2.2.4 Direct Cytotoxicity Tests. The same time points were in-
vestigated, considering gels without cells as control.

2.2.3. Uniaxial tensile tests
The ability of the gel to resist tensile deformation up to 10%, uni-

axial fracture tests (Fig. 1A-B) was evaluated using the MTS Synergie
200H (Helmut Singer Elektronik Vertriebs GmbH) testing machine.
Rectangular samples (l = 2.5 cm, h = 0.5 cm, thickness = 2 mm) of
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needle-punched wadding in synthetic fibers (Ortovatt®) were uniformly
coated with the 50/50, 70/30, and 90/10 Alg/Gel gels (thick-
ness = 2 mm); wet pure wadding was considered as control.

A pre-load of 0.01 MPa and a deformation speed of 1% l0 were
imposed, where l0 represented the length of the sample within the two
machine holders (Fig. 1B). Data acquisition frequency was 100 Hz. All
the tests were performed under wet conditions to simulate the culture
conditions of gels.

Young's modulus (Fig. 1C) was calculated in the linear region of
each analyzed sample, as follow:

=E MPa[ ] l

l (4)

where σl and εl are stress and deformation in the linear region.
Starting from the fracture elongation (lf,g) in correspondence of the

gel fracture, the gel ultimate deformation (εf,g) was calculated ac-
cording to the Eq. (5):

=
l l

l
[%]f g

f g
,

, 0

0 (5)

2.2.4. Cell tests
Direct cytocompatibility tests were performed on Alg/Gel gels under

static culture conditions using EA.hy926 cell line. Different formula-
tions of Alg/Gel with or without Fn were tested; 50/50, 70/30, and 90/
10 v/v (Ø = 4 mm, thickness = 2 mm) were produced using sterile
components under sterile conditions (section 2.1 Synthesis ofalginate/

gelatingels). As a control, decellularized swine artery (DSA) was chosen
as a positive control [21].

All samples were preconditioned overnight with Dulbecco's Modified
Eagle Medium (DMEM 5671, Sigma Aldrich), added with 10% Fetal
Bovine Serum (F7524, Sigma Aldrich), 1% HEPES (H3375, Sigma
Aldrich), 1% Sodium Pyruvate (P2256, Sigma Aldrich), 1% L-Glutamine
(G7513, Sigma Aldrich), and 1% Penicillin-Streptomycin (P0781,
Sigma Aldrich). EA.hy926 (seeding density = 2.5·105 cell/cm2) were
seeded on the scaffolds. DMEM was changed every 3 days. At each time-
point (1, 7, and 14 days) viability assay (Alamar Blue®), DNA quanti-
fication and optical investigation (optical microscope) were performed
in triplicate.

Viability test: cell viability was evaluated by resazurin colorimetric
assay (Alamar Blue®, Serotec Ltd., Kidlington, Oxford, UK) at different
time-points. Briefly, Alamar Blue® solution was diluted in 1:10 ratio in
DMEM. For the direct cytotoxicity investigation, 500 μl of this solution
was further added to each sample and incubated for 4 h. Supernatant
fluorescence was measured at 590 nm (λ = 510 nm as the reference
wavelength) using the Multifunction Tecan spectrophotometer (GENios
Plus).

DNA quantification: the total amount of DNA was quantified as
described. Samples were immersed in cell digestion buffer at 55 °C
overnight with 0.005 volume proteinase K, followed by treatment with
sodium acetate pH 5.2 to remove protein fraction. The supernatant was
suspended in 98% and 70% ethanol, and centrifuged; the resulting DNA
pellet was rehydrated in dH2O. Total DNA was estimated using SYBR®
Green (S9430, Sigma-Aldrich), with a calibration curve obtained from

Fig. 1. Uniaxial tensile test. (A) Experimental setup and (B) its representation. t = 0 is the initial configuration and l0 is the initial length of the sample within the two
machine holders; t = tf is the configuration reached by the sample with a length lf after the fracture. (C) Uniaxial tensile test. Representative σ/ε curve of the
mechanical behavior of coated wadding.
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salmon sperm DNA (500 ng/μl). Fluorescence at 535 nm of each DNA
sample (in triplicate) was measured by Tecan spectrophotometer. The
cell number was estimated considering an average DNA quantity of
7 pg/cell [47].

Optical analyses: Gels were observed at the fluorescent microscope
BX51WI (Olympus Corporation) under white light beam. Photographs
were captured through a detector U-RFL-T (Olympus Corporation) and
acquired at a magnification of 40× using the software AnalySIS docu
(Olympus Soft Imaging Solutions).

Statistical analyses: results of at least three independent experi-
ments were expressed as mean ± standard deviation. Two-way and
multivariate analysis of variance (ANOVA) tests with Tukey's multiple
comparisons were performed using GraphPad Prism software for
Windows (GraphPad Software, Inc.). Unpaired t-test with Welch's cor-
rection and Kruskal-Wallis test were performed to compare viability
and estimated cell number of gel with and without Fn and of DSA. A
significance level of p-value <0.05 was applied.

2.3. Production of the tubular alginate/gelatin coating

The tubular Alg/Gel coating was obtained by modifications of the
InBreath® bioreactor [48], using the design software Solid Edge ST8
(Siemens). The custom-made bioreactor (Fig. 2) allowed the symmetric
injection of the gel through the lateral accesses, the housing of tubular
scaffolds with variable length and diameter, less or equal to 5 mm.

Using this bioreactor-based method, the gels (50/50, 70/30, and
90/10 v/v) were formed on the luminal surface of Ortovatt® wadding,
in triplicate. After polymers injection using a Luer-lock syringe, the
Alg/Gel coated structures were formed into the bioreactor under
longitudinal rotation (5 rpm) following overnight internal gelation at
4 °C. Subsequent injection of CaCl2 allowed surface crosslinking. Thus,
the structure was removed from the mandrel. The uniform distribution
of the gel on the wadding substrate was investigated using the WILD M8
stereomicroscope (Heerbrugg, Switzerland) at 20× magnification.

2.4. Permeability tests on tubular 70/30 Alg/Gel coated wadding

A flow rate of 200 ml/min was imposed through a perfusion circuit
made of an open-air reservoir, two peristaltic pumps (code number 70-
2027, serial number B-89653, Harvard Apparatus, USA), and the
bioreactor block housed the scaffold. The perfusing fluid was 6% (w/v)
dextran from Leuconostoc (MW~70,000, 31390-100G, Sigma-Aldrich),
reaching a viscosity of 0.003 Pa⋅s [8]. The fluid flow leaked through the
lateral surface of the scaffold (volfluid) was measured on tubular 70/30
Alg/Gel coated wadding (Ø = 5.000 mm, th = 3.650 mm,
l = 6.500 mm). Pure wadding (Ø = 5.000 mm, th = 1.650 mm,
l = 6.500 mm) was considered as negative control, while DSA (carotid)
(Ø = 3.000 mm, th = 0.674 mm, l = 6.500 mm), and tubular electro-
spun pure silk fibroin (Ø = 3.5 mm, th = 0.300 mm, l = 6.500 mm,

produced by Leonardino s.r.l.) were selected as positive references,
since they are commonly used for VTE applications [49,50].

The permeability coefficient for each scaffold was calculated ac-
cording to Darcy's law, as follow [51]:

=K µ
P

th
A

Q· ·Darcy (6)

where KDarcy is the permeability coefficient, μ is the viscosity of the
perfusing fluid equal to 0.003 Pa⋅s, ∆P is the transmural pressure dif-
ference equal to 16.25 mmHg, th is the thickness of the structure wall,
and Q is the flow though the inner lateral surface A, corresponding to
volfluid.

3. Results

Different formulations of Alg/Gel gels were produced by ionic
crosslinking due to Ca2+ ions. Ca2+ ions are progressively released
from CaCO3 as pH decreases by lactone hydrolysis. To optimize gel
composition considering the aim to produce a coating able to withstand
to biochemical and biomechanical conditions typical of blood vessels,
Alg and Gel were mixed at different volumetric percentages, (50/50,
70/30, and 90/10 v/v) and the respective physicochemical properties
were further assessed.

3.1. Characterization of alginate/gelatin gels

3.1.1. Stability and swelling tests
The swelling of the different gels (Fig. 3A) showed an initial weight

increase (about 25%) due to DMEM absorption, then retained their
weight, with no differences (p < 0.05) among the three different for-
mulations. Solid content (Eq. (2)) fluctuated about the mean initial
value up to 21 days, independently of the hydrogel composition. This
result indicates that gels do not reduce their solid content when in
contact with DMEM, under culture conditions (37 °C and 5% CO2)
(Fig. 3B).

3.1.2. Rheological tests
Frequency sweep tests indicated that all gels presented a gel-like

behavior, with G′ > G″. The gel properties did not vary with frequency
from 0.1 to 10 Hz (Fig. 4A). Gels containing Gel had a different rheo-
logical behavior, with lower values of G′ for 50/50 Alg/Gel than 70/30
and 90/10 Alg/Gel gels, while G″ was lower for 70/30 and 50/50 than
90/10 Alg/Gel gels (p > 0.05) (Fig. 4B and Supplementary Fig. S4). The
higher the concentration of Alg, the higher is the resistance of Alg
chains to uncoil and the thicker is the resulting gel.

Interestingly, a decrease in G′ (and G″, Supplementary Fig. S4) was
visible since the third day of culture with EA.hy926 cells (Fig. 4C).
Rheological properties of 90/10 Alg/Gel gels were less affected by the
culture conditions (Fig. 4B). Moreover, G′ increased upon incubation: in

Fig. 2. The custom-design bioreactor to produce the tubular alginate/gelatin coating, showing the symmetric injection of the gel and the housing of the porous
scaffold.
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50/50 after 14 days, and in 70/30 after 7 and 14 days, suggesting a
remodeling action of gels by the cultured ECs with ECM synthesis.
Regarding torque sweep, G′ remained constant up to a shear stress τ of
at least 80 dyne/cm2, with superior rheological properties on both 70/
30 and 90/10 Alg/Gel gels (Fig. 4C-D).

For higher τ, a slow decrease was observed, especially for gels
composed by higher amounts of Gel. Therefore, it is suggested that
higher amounts of Gel resulted in more brittle gels.

While gels got softer with aging caused by culture conditions
(Fig. 4B), τ stability was retained (Fig. 4C).

3.1.3. Uniaxial tensile tests
Uniaxial tensile tests were performed on tubular Alg/Gel coated

Ortovatt® wadding, with a coating thickness of 2 mm. The σ/ε curves
obtained under tension of tubular Alg/Gel coated wadding in a wet
environment were comparable to wet tubular uncoated wadding. Under
uniaxial tension, tubular Alg/Gel coated wadding showed a comparable
mechanical behavior in the linear region, up to 20% deformation
(Fig. 5A) and Young's modulus among the different formulations
(Fig. 5B). Fracture deformation εf,g of the different formulations of Alg/
Gel gel were significantly (p < 0.05) different, but always bigger than
10%. The gels with intermediate content of Gel (70/30 Alg/Gel) pre-
sented higher εf,g. Either the prevalence of Gel, for 50/50 Alg/Gel, or

crosslinked Alg, for 90/10 Alg/Gel, resulted in brittle gels.

3.1.4. Cell tests
All Alg/Gel gels, either functionalized or not, were able to sustain

cell viability (Fig. 6A). Cell number increased after 14 days to about
95%, 59%, and 57% for 50/50, 70/30, and 90/10, respectively, in-
dicating that cells proliferate in the presence of the tested gels (Fig. 6B).
However, cell growth was slower on Alg/Gel gels in comparison to DSA
(p < 0.05), and comparable to Alg gels without Gel (100/0 Alg/Gel)
(Fig. 6). Addition of fibronectin enhanced cell viability independently
of gel composition (p < 0.05 for all gel compositions at 14 days)
(Fig. 6A), although it was not effective in enhancing cell number
(p > 0.05 for all gel compositions at 14 days) (Fig. 6B). In particular,
after 14 days of culture, no significant differences (p > 0.05) could be
observed in cell viability for Fn-functionalized 70/30 and 90/10 Alg/
Gel gels and DSA, i.e. the positive control, while the cell number is
lower than on DSA.

Interestingly, optical observation (Fig. 6C) showed cells penetrating
within the gel thickness, phenomenon amplified when Gel percentage
increases, as cells could be focused at different depths within the gels.

Optical observation at 14 days suggests that EA.hy926 cells pro-
liferate on gels. Cells on gels without Fn were mostly rounded-shaped,
while the addition of Fn promoted more elongated shapes likely due to

Fig. 3. Swelling and stability of different formulations of Alg/Gel gel (50/50, 70/30, and 90/10). (A) Percentage wet/wet weight variation (∆wwet/wet) and (B)
Percentage dry/dry weight variation (∆wdry/dry) for each time point.

Fig. 4. (A) Representative G′ of frequency sweep as a function of f [Hz] for 50/50, 70/30, and 90/10 Alg/Gel gels without EA.hy926. (B) Histogram of G′ [Pa] at
10 Hz for 50/50, 70/30, and 90/10 Alg/Gel gels with EA.hy926. (C) Representative G′ of torque sweep as a function of τ [dyne/cm2] for 50/50, 70/30, and 90/10
Alg/Gel gels without EA.hy926. (D) Histogram of G′ [Pa] at 20 dyne/cm2 for 50/50, 70/30, and 90/10 Alg/Gel gels with EA.hy926.
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the interaction with the adhesive moieties of Fn [52] (Fig. 6C).
Nevertheless, the tendency of cells to form cellular clusters was main-
tained in all gels, in particular for 100/0 and 100/0 + Fn gels. Cells on
Fn-functionalized gels created connections and communications with
surrounding ECs, especially in 50/50 Alg/Gel gels. On the overall, al-
though fibronectin adsorbed onto the surface of the hydrogels was ef-
fective in modifying the cellular response, the stability of the coating
and the interaction with the hydrogels should be further elucidated.

3.2. Production of the tubular alginate/gelatin coating

To create the homogenous tubular coating on the luminal surface of
porous tubular scaffolds, the InBreath® Bioreactor was modified, using
its double advantage of the luminal seeding and of the longitudinal
rotation [48]. The reached objectives of the InBreath® modifications
consisted on: (1) symmetric injection of the gel through the lateral
accesses, (2) ability to mount tubular scaffolds with variable length
(from a minimum of 32 mm to a maximum of 65 mm), and (3) inner
diameter of the scaffold less or equal to 5 mm, thus suitable for small-
caliber VTE. The global vision of the modified bioreactor is depicted in
Fig. 7A. The diameter of the scaffold holders was decreased from 12 to
7 mm (Fig. 7B). The lateral access on the same side of the rotative motor
was modified, by producing a cylindrical arbor (Øint = 2.5 mm,
Øext = 5 mm) with a luer-lock connection on the external side to inject
the gel solution (Fig. 7C). The mandrel was modified to reach 65 mm in
length, was drilled every 0.5 mm with 0.1-mm holes to ensure a uni-
form gel distribution along the mandrel, and ended with a threaded
part to join with the arbor; the mandrel diameter was reduced from 6 to
5 mm with an inner diameter of 2.5 mm. To fit tubular scaffolds with
different length, some scaffold holders were designed as cylindrical
pieces made by a smooth part to cover the mandrel holes and a screw

part to fix the holder to the mandrel (Fig. 7D). Finally, a screw coupling
was studied to link the scaffold holder to the arbor using a Luer-lock
connection to allow a stable rotational movement in both clockwise and
counterclockwise directions (Fig. 7E).

Optical investigations of 50/50, 70/30, and 90/10 Alg/Gel coating
on tubular wadding demonstrated the effectiveness of the modifications
in the InBreath® Bioreactor to create a uniform and a homogenous gel
coating into tubular structures, independently of gel composition
(Fig. 8A-C). The gel formation kinetics allowed the crosslinking process
inside the bioreactor system, with the uniform leakage of the gel so-
lution throughout the holes of the mandrel before the viscosity in-
creases. The different Alg content, that is related to the crosslinking
degree, did not alter the homogeneous distribution of the gel
throughout the scaffold lumen. The method was effective to produce a
double-layered structure, with an external porous structure and a lu-
minal gel layer (Fig. 8D).

Furthermore, the application of a longitudinal rotation at 5 rpm
during the gelation process resulted in the gel permeation through the
fibers and occluded pores.

Considering the reported features described on section 3.1
70/30 + Fn Alg/Gel gel was selected as the main candidate to produce
a coating able to leakproof tubular porous scaffolds. Besides exhibiting
intermediate properties between 50/50 + Fn and 90/10 + Fn Alg/Gel
gels, 70/30 Alg/Gel gels presented higher fracture deformation εf,g

(~56.61%), more than twice higher than the deformation to
which blood vessels are subjected. Additionally, cell colonization
and degradation of 70/30 + Fn started later in comparison to
50/50 + Fn Alg/Gel gels, thus allowing cells to proliferate and then
occlude the pores of the tubular scaffold. Therefore, subsequent
permeability tests on 70/30 + Fn Alg/Gel coated wadding were per-
formed.

Fig. 5. Uniaxial tensile test. (A) σ/ε curves of pure 50/50, 70/30, 90/10 Alg/Gel coated wadding samples; 20% of deformation defines the linear area. (B) Young's
modulus (E [MPa]) of the different formulations of Alg/Gel coated wadding samples, and (C) deformation and correspondent stress of the different formulations
of Alg/Gel coated wadding samples (εf,g and σ f,g respectively).
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3.3. Permeability assessment of tubular 70/30-coated wadding

The permeability (KDarcy) of electrospun silk fibroin, 70/30 + Fn
Alg/Gel coated wadding, and DSA, calculated according to Eq. (6),
were comparable but highly different in comparison to pure wadding

(Fig. 9A). The gel coating (70/30 + Fn Alg/Gel) could occlude the
pores of the material and therefore achieving leakproof tubular struc-
tures. This is also confirmed by Fig. 9B where it can be observed that
the bioreactor chamber is empty of fluid both for 70/30 + Fn Alg/gel
coated wadding and DSA at the end of permeability test; on the

Fig. 6. (A) Viability by resazurin assay and (B) estimated cell number by DNA quantification for 50/50, 70/30, 90/10, 50/50 + Fn, 70/30 + Fn, and 90/10 + Fn
Alg/Gel gels in comparison to DSA (positive control). (C) Images by optical microscope of cells after 14 days of static culture. Red arrows indicate areas where ECs
create connections with other ECs. Cell spreading is augmented in the direction of the black arrow, as Gel percentage increases. Bar of 500 μm. (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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contrary, the bioreactor chamber was completely fulfilled, strength-
ening the leakproofing role played by the gel coating.

4. Discussion and conclusions

In this work, a functionalized Alg/Gel coating was engineered
aiming to leakproof tubular porous scaffolds for small-caliber vessel
tissue engineering and obtain a graded structure where the inner layer
possesses different properties although being intimately connected to
the outer layer. A fully automatized method was established, by ex-
ploiting the use of bioreactor for processing purposes, producing a
homogeneous coating of a tubular substrate to selectively coat the lu-
minal surface. The formulation of the gels allowed compatible kinetics
with the formation of a uniform inner coating.

Gels demonstrated their ability to well withstand to shear stress
within the range of 5–20 dyne/cm2 (Fig. 4C), ensuring their suitability
for vascular tissue engineering application [5]. The obtained results are
consistent with the experienced physiological fluid wall shear stress to
which endothelial cells are stimulated, and that ensures the require-
ment for the maintenance of their phenotype and consequently anti-
inflammatory conditions [53]. Even if the shear stress imposed by the
rheometer is due to rotation instead of sliding or flow effect, rheological
tests under torque sweep can indirectly provide an insight of gel re-
sistance under shear stress because of the anisotropic inner structure of
the gels, caused by the random crosslinking/gelation process.

Mass transport through the vessel wall is a complex phenomenon,
with different key features to be addressed, and the cellular components
play an active role. Molecular diffusion depends on interactions with
the ECM molecules, active transport, metabolic activity and phase
changes, dimensions, and chemistry of the molecules to be transported.
In our work, we limit the study on modeling fluid transport, as a proof
of concept about the fluid permeability of the construct.

The Darcy's permeability coefficient of the 70/30 Alg/Gel coated
wadding are comparable to values reported in the literature, in the
range of 1.2 × 10−16 to 3 × 10−12 m2, valid for decellularized arteries,
human umbilical veins, and synthetic porous scaffolds, such as poly-
caprolactone, silk fibroin, and PGA with PLA copolymers [54–57]. This
evidence confirms the coating was efficient to prevent leakage under
low-pressure flow (16 mmHg) and shear stress of about 25 dyne/cm2.
However, at high-pressure condition (120 mmHg) the effect of pressure-
enlarged nanoporosity of the Alg/Gel gel may affect Darcy's perme-
ability coefficient [58]. Additionally, the phenomenon of gel degrada-
tion coupled with simultaneous ECM synthesis by EA.hy926 could also
alter and modify the transmural fluid leakage, making the leakproofing
properties variable throughout the culture [59]. The design of the
scaffold itself can be exploited to modify mass transport by the alter-
nating double-phase exposure of cell-seeded scaffolds, alternately half-
immersed into the culture medium and half-exposed to air thanks to
longitudinal rotation [28,48,60]. In this case, the convective phenom-
enon is used together with molecules diffusion into the fluid (culture
medium), accordingly to the equation of mass transport.

Alg/Gel gels were stable (Fig. 3), independently of the hydrogel
composition, in the cell culture medium. Although monovalent ions,
Na+ and K+, are present in DMEM, the compensating activity of

Fig. 7. Automatized Alginate/Gelatin Coating System. (A) The custom-made
bioreactor in an assembled configuration. (B) Details of the mandrel in terms of
diameter and length. (C) Arbor with the Luer-lock connector (white) to inject
the gel solution. (D) Different length of the scaffold holders to house scaffolds
from diverse lengths, and (E) Lateral vision of both mandrel and arbor in
connected configuration thanks to the Luer-lock connector (red circle) that
allows the longitudinal rotation in both directions. (For interpretation of the
references to color in this figure legend, the reader is referred to the web ver-
sion of this article.)

Fig. 8. Tubular coating of (A) 50/50, (B) 70/30, and (C) 90/10 obtained by using the modified InBreath Bioreactor. (D) Section of the gel-coating tubular wadding
scaffold. The luminal coating is uniform and homogeneous.
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plurivalent ions present in calcium chloride, ferric nitrate, magnesium
sulfate prevent Ca++ displacement from the egg-box crosslinked net-
work, thus preventing dissolution. Gelatin does not alter this me-
chanism, and no effect of the introduction of gelatin can be observed on
the stability of the hydrogels in our testing conditions. Rheological
tests, uniaxial tension, and direct cytotoxicity evidenced the specific
role played by Alg and Gel into the gel structure. The rheological
properties during cell culture (Fig. 4B and D) mainly decreased for the

higher content of Gel possibly by a contribution in the loss of rheolo-
gical properties that could be ascribed to cell remodeling of the scaffold
upon ECs colonization of the gel (Fig. 4B). Along culture period, ECs
start to synthesize ECM, as suggested by higher G′ in 50/50 and 70/30
Alg/Gel after 7 days of culture (Fig. 4B).

Cells partially degraded the gel itself independently of gel for-
mulation probably due to the action of matrix metalloproteinases
(MMPs), such as MMP-2 and MMP-9 [59,61], since softer and degraded
gels were evidenced during the culture (Fig. 6C), phenomenon espe-
cially pronounced for higher amounts of Gel.

Interestingly, 70/30 Alg/Gel gel presented a significantly higher εf,g.
The intermediate composition, 70/30 Alg/Gel, may take advantage of
the presence of Alg network where Gel chains are interpenetrated, in-
ducing a plasticizing effect (Fig. 5C). This deformation value is five
times bigger than the physiological deformation (~10%) to which
blood vessels are subjected in vivo [5], ensuring the presence of a wider
security region within 70/30 Alg/Gel gel works before the fracture,
although a fatigue test could be also necessary since the scaffold will be
subjected to a cyclic load (pulsatile perfusion).

In conclusion, coupling these promising Fn-functionalized Alg/Gel
gels with the experimental method to create uniform tubular gel coat-
ings, we were able to uniformly cover the luminal surface of porous
scaffolds, reaching two main goals: (1) the reduction of medium
leakage through its pores, allowing the perfusion of the scaffold with
known flow rates, and (2) the confinement of ECs to the luminal layer of
the double-structured scaffold, potentially providing a scaffold able to
reproduce the anatomic structure of blood vessels. A double-layered
leakproofing porous tubular scaffold was therefore developed as a
scaffold for small-caliber VTE.
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