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ARTICLE INFO ABSTRACT

Keywords: Polymeric tubular vascular grafts represent a likely alternative to autologous vascular grafts for treating pe-
Electrospinning ripheral artery occlusive disease. This preliminary research study applied cutting-edge electrospinning technique
Nanofibers

for manufacturing prototypes with diameter < 6 mm and based on biocompatible and biodegradable polymers
such as polylactide-polycaprolactone, polylactide-co-glycolide and polyhydroxyethylmethacrylate combined in
different design approaches (layering and blending). Samples were characterized about fiber morphology,
diameter, size distribution, porosity, fluid uptake capability, and mechanical properties. Biocompatibility and
cell interaction were evaluated by in vitro test. Goal of this preliminary study was to discriminate among the
prototypes and select which composition and design approach could better suit tissue regeneration purposes.
Results showed that electrospinning technique is suitable to obtain grafts with a diameter < 6 mm and thickness
between 140 + 7-175 + 4 pm. Scanning electron microscopy analysis showed fibers with suitable micrometric
diameters and pore size between 5 and 35 pm. polyhydroxyethylmethacrylate provided high hydrophilicity (~
100°) and optimal cell short term proliferation (cell viability ~ 160%) in accordance with maximum fluid uptake
ability (300-350%). Moreover, addition of polyhydroxyethylmethacrylate lowered suture retention strength at
value < 1 N. Prototypes obtaining combining polylactide-co-glycolide and polylactide-coglycolide/ poly-
hydroxyethylmethacrylate with polylactide-polycaprolactone in a bilayered structure showed optimal mechan-
ical behavior resembling native bovine vessel.

Tissue regeneration
Polylactide-co-polycaprolactone
Nanofabrication

1. Introduction published literature (Almasri et al., 2018), 3-years-patency rates are

77% vs 56% in femoral-popliteal district and 71% vs 42% in infra-

Peripheral artery occlusive disease is characterized by high preva-
lence in general population (4-12% of adults aged 55-70 years-old) with
a significant burden of mortality (10-15%), and morbidity. The current
treatment options for symptomatic patients unresponsive to optimal
medical therapy rely on surgical or endovascular revascularization,
depending on extent and location of vascular lesions. In 2015 guidelines,
the European Society for Vascular Surgery recommends surgical graft
revascularization as first approach to long (>25 cm) or occlusive
femora-popliteal lesions in all standard-risk patients. In these cases,
autologous vein bypass surgery, most often using great saphenous vein,
represents the gold standard option, having a longer durability and
higher long-term patency than prosthetic graft. According to recent
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popliteal district. This is mainly due to a better physiological structure
of the venous walls, which includes cellular component and organic
matrix (e.g., collagen, elastic fibers, etc.), less prone to develop throm-
bosis than synthetic materials (usually PTFE). However, saphenous
veins can be unfit for bypass surgery, mostly because their diameter do
not fit properly and they have limited availability. For this reason, new
materials mimicking the mechanical and biologic properties of vascular
wall tissues, or engineered tissues reproducing vascular histology would
represent an optimal solution. This approach provides a virtually un-
limited source of physiologic conduits featured by high safety, effec-
tiveness and durability. Unfortunately, as detailed in the following, this
need is yet unmet. Tissue engineered vascular grafts (TEVGs) represent
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an alternative to autologous vascular grafts and they are in study to
overcome the drawbacks of autologous vascular grafts. The ideal TEVG
should be readily available, cost effective, manageable, offering high
cell growth capability. Moreover, it should be resistant to development
of thrombosis, stenosis, calcification, or infection. The scaling grafts
technologies from small to large animal models was very challenging;
however, TEVGs clinical translation was greatly anticipated based on
their market forces and patient need (Matsuzaki et al., 2019).

TEVGs generally consists of scaffold, cells, and signals which act in
synergy to promote tissue repairing or regeneration. Currently, syn-
thetic not biodegradable polymer materials such as Dacron and Goretex
(base on PTFE) are used for large and medium diameter vessels (inner
diameter (ID) > 6 mm), their application to small diameter vessels (ID <
6 mm) is very difficult presenting a lifetime risk of thrombosis and
infection. TEVGs obtained combining biologically active cells with
polymer biodegradable scaffolds have potential to overcome these lim-
itations providing optimal cell growth capacity and tissue repairing.
Ideally, a vascular scaffold should be composed of a durable biomaterial
able to withstand physiological hemodynamic forces maintaining
structural integrity until in vivo mature tissue is formed. Materials used
for producing of TEVGs are numerous, as decellularized matrices (e.g.
porcine abdominal aorta and carotid, human umbilical artery), biode-
gradable synthetic polymers (e.g. polyglycerol sebacate (PGS), poly-
caprolactone (PCL), polylactide-co-polycaprolactone (PLA-PCL),
polylactide (PLA), PCL blends, polylactide-co.glycolide (PLGA), poly-
ethylenoxide, polydioxanone (PDS) pluronic etc.), natural polymers
(fibrin, thrombin and fibrinogen blends, recombinant human tropoe-
lastin, elastin, silk fibroin, chitosan, collagen, gelatin, hyaluronic acid,
alginate etc.) (Fitzsimmons et al., 2018; Ong et al., 2017; Pan et al.,
2017). Polyurethane can be used as blending with other biomaterials for
its superior mechanical properties (Catto et al., 2015). Combinations of
natural and synthetic polymers are often studied; natural polymers have
higher potential to attract cells into the vascular graft while synthetic
biomaterials can better modulate vascular graft mechanical properties
(Fukunishi et al., 2016). Cellular component is fundamental in order to
achieve cellularized vessel, they can be endothelial cells (EC); smooth
muscle cells (SMC), mesenchymal stem cells (Pashneh-Tala et al., 2015).
In these years, it was demonstrated the safety of grafts and their ability
to recruit host cells and guide their participation in vascular remodeling,
opening perspectives to studies on cell free TEGVs (Drews et al., 2020;
Yuan et al., 2020).

No cellularized TVGs can be differentiated in self-assembled and
scaffold-based; in the second approach, the grafts can be used in human
study as natural material- (collagen, gelatin, elastin, fibrin, and silk-
fibroin) or synthetic material-based (see above). Natural and synthetic
polymers can also be blended to ameliorate features that each category
possess on its own.

Different manufacturing techniques can be exploited for producing
cell free TVGs, such as electrospinning, freeze-drying and mold casting,
solvent casting/salt leaching, phase separation and 3D bioprinting
(Cordelle and Mantero, 2020; Yuan et al., 2020). Electrospinning tech-
nique has become one of the most frequently used approach; in fact, it is
a relatively simple method, it allows the manufacturing of tubular
scaffolds, it is featured by high reproducibility and easily scalability.
Electrospinning is a technique used to produce nanoscale and microscale
polymer fibers through the application of an electric current to a poly-
mer solution. Moreover, fiber orientation can be tuned in order to obtain
tubular scaffolds with oriented fibers, improving mechanical stretching
properties. This technique is particularly attractive for the production of
small diameter fibers with high surface area and porosity, inter-
connected and oriented pores, three-dimensional network structure
mimicking natural blood vessels skeleton structure (Chen et al., 2020;
Hu et al., 2020; Joy et al., 2020). There are some fundamental param-
eters that need to be considered to set up a correct electrospinning
procedure i.e. the polymer solution’s properties, and the instrument’
settings as flow rate, applied electrical potential, working distance,
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mandrel’s rotation speed, spinneret’s width and speed, humidity and
temperature. Solution and instrument parameters are fundamental to
define products final characteristics (mechanical properties, porosity,
and pore size distribution, morphology and nanofiber diameter). All
these parameters depends on the polymer, or polymers blends (Dorati
et al., 2020, 2018; Pisani et al., 2018).

The present research study was planned to design electrospun
tubular vascular grafts (TVGs) made from biocompatible and biode-
gradable polymers such as PLA-PCL, PLGA and poly-
hydroxyethylmethacrylate (PHEMA) combined in different design
approaches (layering and blending) and with diameter < 6 mm. While
PLA-PCL and PLGA were chosen because of their well-known biocom-
patibility and biodegradability that make them the most used polymers
in drug delivery and tissue engineering, PHEMA was selected because of
its hydrophilicity and ability of making hydrogels for cell engineering
purposes. PHEMA polymer is biocompatible but not biodegradable, and
literature refers of its monomer high toxicity (Spicer, 2020). The TVGs
were characterized about nanofiber morphology, size and size distri-
bution, porosity, fluid uptake capability, and mechanical properties. A
preliminary biological study was performed for evaluating their
biocompatibility and capability of cells to interact with electrospun
vascular graft. Going through the detailed characterization, goal of this
preliminary study was to discriminate among the TVGs and select which
composition and preparation method could better suit tissue regenera-
tion purposes.

To the best of our knowledge, this is the first research project, which
evaluated the blending and sequencing layering production approaches
combining hydrophobic PLGA, PLA-PCL copolymers and PHEMA as
hydrophilic polymer for producing small tubular graft. Nanofiber
biodegradable graft in tubular shape and having diameter size < 6 mm
were produced exploiting the electrospinning technology. In literature,
different papers can be found on the production of polymeric tubular
grafts, however, their composition is different from the one here
investigated. In the specificc, PHEMA has been blended with PLGA
copolymer for the following reasons: first, PHEMA polymer is hydro-
philic, with abundant hydroxyl group and ester groups in polymer
chains, which can accelerate the permeation of physiological fluid into
fiber matrix; second, its hydrophilicity improve capability to retain large
amount of fluid. PHEMA is widely used as controlled drug delivery
system, including protein release, breast augmentation surgery, syn-
thetic skin, and it employed in developing contact lenses. The success of
this research would provide a valuable and alternative approach for
regenerating small blood vessels in pediatrics or in hand microsurgery.

2. Materials and methods
2.1. Materials

Poly-L-lactide-co-poly-e-caprolactone (PLA-PCL) 70:30, Resomer LC
703 S, Mw 160,000 Da, glass transition temperature 37 °C and Poly
Lactide-co-Glycolide (PLGA) 82:18, Resomer LG 824 S, Mw 33,4283 Da,
glass transition temperature 54-60 °C were from EVONIK (Nutrion &
Care GmbH, 64,275 Damstad, Germany). Poly(2-hydroxyethyl methac-
rylate) (PHEMA), Mw 20,000 Da, was from Sigma Aldrich (Milano MI,
Italy). Acetone (CH3COCH3) analytical grade 99.8%, Chloroform (CHL,
CHCl3), Dicloromethane (DCM, CH,Cly) analytical grade 99.9% were
from Carlo Erba, (Carlo Erba SpA, Milano, Italy). Acetonitrile (CH3CN)
was from Merck (Merck, Germany). Ammonium phosphate monobasic
(NH4H2PO4) analytical grade > 98%; methanol (MeOH, CH3OH)
analytical grade > 99.9%; N,N-dimethylformamide (DMF, C3H;NO)
analytical grade 99.8%; phosphate buffer saline tablet (PBS); phosphoric
acid (H3POy4) analytical grade > 85%; sodium azide (N3Na) were from
Sigma Aldrich (Milano MI, Italy). Double distilled water was filtered
with 0.22 pm, Millipore membrane filters before use (Millipore Corpo-
ration, Massachusetts, USA).
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3. Methods
3.1. Rheology

Polymer solutions viscoelastic properties were investigated using
rotational Rheometer Kinexus Pro+ (Malvern, Alfatest, Milan, Italy)
equipped with a temperature control system. Data processing was per-
formed by rSpace software. Analysis was carried out using a flat cone
geometry CP4 / 40 (cone angle 1°, diameter 40 mm), equipped with
solvent trap for creating thermally stable vapor barrier and limiting any
solvent loss during rheological analysis. Polymer solution was placed on
the stator plate avoiding stressing samples; the rotor was lowered to a
distance of 0.15 mm from the flat cone plate and kept constant for all
analysis. Rheological properties of each polymer solution were investi-
gated through three rheological tests: i) oscillatory amplitude sweep
test, ii) frequency sweep test, and iii) shear rate ramp test.

The rheological study was performed on polymer solutions in solvent
mixture at different solvent and co-solvent ratio and at concentrations of
10, 12.5 and 15% w/v in order to evaluate the spinnability of polymer
solution and set up the polymer concentration and solvent system
composition. Analysis were carried out at 35 °C (for PLGA and PLGA /
PHEMA) and at 22 °C (for PLA-PCL) in order to simulate the temperature
values used during electrospinning process.

3.2. Preparation of tubular vascular graft

TVGs were prepared using electrospinning Nanon-01A (MEEC In-
struments, Ltd, Ogori-shi, Fukuoka, Japan) equipped with dehumidifier
system. Polymers were dissolved in DCM; polymer solution was loaded
into a plastic syringe w/o stopper (5 mL Syringe, Luer-Lok™ Tip) and
injected through a 22G needle. The design of TVGs was assessed
considering the concentric layered structure of blood vessel; TVGs pro-
totypes were produced as monolayer and bilayer graft. The monolayer
grafts were prepared either using the polymers as such or making a
physical mixture of them, while bilayer grafts were obtained by
sequential electrospinning of two layers.

The electrospinning operating conditions were as follows: needle-
collector distance 150 mm, voltage 30 kV, flow rate 3 mL/h, spinneret
speed 50 mm/sec and its width (spinneret lateral movement) 50 mm,
(Dorati et al., 2020; Pisani et al., 2018). Spindle, having diameter 6 mm,
was chosen on the basis of expected final TVGs diameter, and its rotation
speed was fixed at 2500 rpm according previous studies (Dorati et al.,
2020). The process was carried out at atmospheric pressure, maintaining
temperature and humidity constant (30 + 3 °C, 20 + 3%). Samples
resulting in continuous and uniform fibers with no beads were selected
for further structural, mechanical and biological characterization.
Electrospinning time was established at 15 min in order to obtain thin,
flexible, and elastic grafts. When bilayers grafts were prepared the total
spinning time was maintained constant spinning each layer for 7.5 min.
Samples were detached from the spindle; they were stored at 4 + 1 °C
under controlled humidity (33 + 1%) until further characterization.

The yield of production of each TVGs was calculated and adopted as
fundamental criteria to evaluate the quality level of the process. The
yield values will be useful to propose an effective and efficient approach
to improve the production of TVGs by electrospinning and eventually to
scale up the production. Yield data were determined using the following
equation:

Yield of production (%) = TVG weight (mg) / theoretical amount of electro-
spun polymer solution (mg) x 100

Data were expressed as average + sd, (n = 4).
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3.3. TVGs physico-chemical characterization

3.3.1. Morphometric characterization of fibers through scanning electron
microscopy (SEM)

Morphometric characterization was carried out by scanning electron
microscopy (SEM) combined to Image J software in order to study the
microstructural features of electrospun TVG. Samples were submitted to
Scanning Electron Microscope (SEM) Zeiss EVO MA10 (Carl Zeiss,
Oberkochen Germany). The images were acquired at high voltage (20
kV), in high vacuum, at room temperature and at different magnifica-
tions 500X, 3.0 kX and 30 kX. ImageJ was used to investigate fiber
diameter, fiber size distribution, pore distribution and fiber orientation
analysis.

3.3.2. Wettability and contact angle

TVGs wettability of was determined using DMEM medium. The
wettability data can be classified as follow: i) perfect wettability when
the contact angle (0) is equal to zero (0), liquid is parallel to the solid
surface, ii) high wettability when 90 < 6 < 0, iii) low wettability when
90 < 6 < 180, and iv) no wettability when V is > 180.

Contact angle measurement

Contact angle test was performed by Contact angle meter (Kyowa
Interface Science, Made in Japan, model DMe-211Plus). The instrument
is equipped with the glass syringe with needle, the base on which the
glass slide is placed with sample, the light source and the camera. The
system was connected to a computer and the images and values of the
contact angle are acquired and processed by the FAMAS software. Once
the system was calibrated, the software directly processes the contact
angle values using 6/2 method. The tangent method and the curve fitting
method can be also used to measure the contact angle. The left, right and
apex part of the drop were detected with processing image, the radius (r)
and the height (h) of the drop are obtained.

Contact angle was calculated by replacing r and h in the following
equations:

Tand; = h/r (2)

6 = 2arctanh/r 3)

The distance between the syringe and the base is set at 1 cm; in order
to have comparable evaluations, the volume of the drop was set to ~1-2
pL. Software acquired the values and the images of the contact angle in
triplicate, after 1, 5 and 9 s by the time that the drop was exposed to TVG
surface. The contact angle was calculated on both internal and external
matrix surfaces. Samples were appropriately cut into squares of ~0.8 x
1cm, (n = 3).

3.3.3. Mechanical properties

Mechanical properties included burst pressure strength test, tensile
properties evaluation in dry and wet experimental conditions and suture
test.

The burst pressure strength was measured by increasing the pressure
through the tubular vascular graft in steps of 375 mmHg for 10 s at each
step until 1500 mmHg was reached. The test was performed triplicate
and data were compared with those reported in the literature (Wise
et al., 2011) for native vessels and previous studies. Sample diameter
variation was measured by millesimal digital caliper during the pressure
strength test.

Tensile measurements were carried out using dynamic mechanical
analysis machine (MARK-10) equipped with 20 N load cell. All analysis
were performed on TEVG samples cut into rectangles (2 x 3 cm). Each
sample was fixed by two clamps in a way to expose 2 x 1 cm surface,
upper clamp moves upwards at controlled speed of 30 mm / sec until
sample broke out. All analyses were performed with a pre-load of 0.05 N.
Collected data were processed and mechanical properties were ex-
presses as young’s Modulus, yield strength, breaking point, ultimate
tensile strength (UTS) and percentage elongation.
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Suture retention strength was evaluate using dynamic mechanical
analysis machine (MARK-10) equipped with 20 N load cell. TVGs were
cut in rectangular shape (3 x 1 cm). One end of TVG sample was
clamped at onto the dynamic mechanical analysis machine; following,
the TVG sample was sutured with two surgical stitches to bovine native
blood vessel cut into a rectangle shape (2 x 1 cm) using silk suture
thread (2-0 seta mersilk, Pema-hand seide, Ethicon®). Each stitch was
placed 2 mm from the edge of the specimen using a curve needle. A
constant pulling rate of 30 mm/sec was applied until the suture was
pulled out; all analyzes were performed with a pre-load of 0.05 N. The
maximum force of pulling that kept suture integrity was recorded as the
suture retention strength, (n = 4).

3.3.4. Fluid uptake capability

The TVG fluid uptake capability was measured gravimetrically using
an analytical balance (Entris, Sartorius, Gottingen, Germany), the test
was performed on cylindrical graft of about 0.8 mm, in quadruplicate.
All samples were incubated in DMEM (1.5 mL) and following they were
stored at 37° C, in static condition. The culture medium was collected at
scheduled time (4, 6, 24, 72 and 120 h), each sample was recovered and
TVG diameter was measured using a digital caliper. Fluid uptake capa-
bility was expressed as the TVG percentage of weight variation during
incubation in DMEM, at 37 °C, (n = 4).

3.3.5. Culture medium pH determination

TVG samples were soaked in complete DMEM (1.5 mL, pH 7.98) in
order to evaluate pH shifts during incubation. At scheduled time (4, 6,
24, 72 and 120 h), the culture medium was collected and pH measured
by 827 pH lab pHmeter (Methron ion analysis, Switzerland); results are
expressed as average + standard deviation, (n = 4).

3.3.6. Invitro degradation study

An in vitro test was set up in order to assess tubular graft degradation
behavior in simulated physiological conditions of TVG.5 sample. each
patch sample was incubated for 60 days in PBS (7 mL9, pH 7.4, at 37 °C,
supplemented with NaN3 (0.01% w/v) in order to prevent microbio-
logical contamination. The incubation medium was discarded and
replaced by fresh medium every other day. At 7, 14, 21, 30, 45, and 60
days of incubation, specimens were collected, freeze-dried (Freeze dryer
Lio-5P, Cinquepascal, Italy, at — 48 °C and 0.4 mbar for 12 h) and
analyzed by Gel Permeation Chromatography. Data (Mw, Mn and PDI)
were expressed as average + standard deviation (n = 5).

GPC analysis

GPC solutions were prepared dissolving each sample in THF solvent
HPLC grade, before injection teach solution was filtered through a0.45
mm filter (Millipore, MA, USA). GPC eluent was tetrahydrofuran at a
flow rate of 1 mL/min. GPC apparatus consisted of a guard column
(Phenogel 10E 4 A um, 300 x 7.8 mm, Phenomenex, Milan, Italy) and
two Phenogel 10E 3 A ym and 500 A columns connected in series, a
pump (Varian 9010, Milan, Italy), a Prostar 355 RI detector (Varian
Milan, Italy), and software for Mw distribution computing (Galaxie Ws,
ver. 1.8 Single-Instrument, Varian Milan, Italy).

3.4. In vitro biological study

3.4.1. Fibroblasts culture and growth

Human fibroblasts culture derives from human dermis were stored in
liquid nitrogen in sterile cryogenic vials. Cell were suspended in DMEM
containing 20% v / v of fetal bovine serum (FBS) and 1% v / v of anti-
biotics (100 pg/ mL penicillin, 100 pg/mL streptomycin) and DMSO
(10% v / v). The cell suspension was defrosted and following centrifuged
at 1500 rpm for 5 min. The cell pellet was suspended in fresh medium
(DMEM containing 20% of FBS and 1% of antibiotics) and incubated at
37 °C and 5% of CO, with a relative humidity of 95%.
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3.4.2. Samples preparation and cell seeding

In vitro biological study was performed on all TVGs cut into small
cylinder at diameter 1 cm and placed in sterile 12-multiwell, all samples
were sanitized by exposing overnight to UV lamps under laminar flow
hood, at room temperature. All samples were transferred to sterile wells
and washed with 60% ethanol for five minutes and subsequently they
were conditioned in DMEM 10% v/v (4 mL) for other five minutes. Cell
suspension containing 3.5 x 10* cells was seeded on the surface of each
TVG (100 pL), samples were maintained under laminar hood for almost
20 min in static conditions with no addition of fresh medium in order to
facilitate the attachment of cells. Fresh medium (3.5 mL) was added to
each well and samples incubated at 37 °C, 5% CO;, The attachment was
evaluated after incubation for 6 h, while proliferation study was
assessed after 3 and 5 days. Cell viability was evaluated on three samples
for each eGV and eGV with no cells and cells cultured in 2D (bottom of
well) were used as negative (CRT—) and positive (CRT+) control,
respectively.

3.4.3. MTT assay

The assay with 3- (4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) was performed to evaluate cells culture viability
and proliferation capacity of cells seeded on TVGs. At prescheduled
times, the culture medium was eliminated and replaced with DMEM
without serum; subsequently, 100 pL of MTT solution (5 mg/mL in
sterile DMEM w/o FBS) were added to each well plate. All samples were
incubated for 2.5 h at 37 °C to allow the reaction of MTT reduction by
mitochondrial dehydrogenase of viable cells and later the medium was
removed, and the samples were carefully washed with PBS, in order to
eliminate residues of medium and unreacted MTT that could interfere
with the reading spectrophotometric. TVGs samples were dissolved in
tetrahydrofuran (THF, 1 mL) under magnetic stirring speed in ice-water
bath; THF has been identified as the most suitable solvent for the solu-
bilization of TVG nm wavelength in a quartz cell (6705 UV/Vis Spec-
trophotometer — Single cell holder JENWAY), THF was used as blank.
Solutions were analyzed at 570 nm (microplate Reader Model 680, bio-
Rad Laboratories, USA) with 655 nm as wavelength. Results of cellular
viability were expressed as UV-Vis absorbance of TVG samples
compared with the positive control absorbance (CRT+). The negative
control (CRT) was necessary to exclude the polymer interference in the
UV-vis reading.

4. Results and discussion
4.1. Electrospinning TVGs design through rheological analysis

Results of rheological analysis combined to Berry’s number evalua-
tion and viscosity’s surface tension determination, led to choose PLGA
solution 15% w/v as long and PLA-PCL 15% w/v and PLGA 15%/
PHEMA 5% as the most useful concentrations in the binary solvent:
cosolvent systems CHL:DMF 80:20 and DCM:DMF 80:20, since the high
viscosity values and viscous behavior should facilitate jet initiation and
elongation. Moreover, at these concentrations the jet ensured contin-
uous movement away from the nozzle with reduction of cleaning cycles
that led to higher process yield.

Fig. 1la reports and compares results of rheological analyses per-
formed on selected PLGA and PLA-PCL solutions at concentration 15%
w/v, and PLGA/PHEMA 15%/5% w/v in the binary solvent system CHL:
DMF 80:20. Shear viscosity was measured as a function of shear rate for
each polymer solution over a wide range of shear rates (1-100 s 1) using
a rotational rheometer. The viscosity values, at low shear rate, were
consistent with polymer Mws. The highest viscosity values were ob-
tained for PLGA 15% w/v solution and PLGA/PHEMA, 15%/5% w/v
blend, while PLA-PCL 15% w/v solution showed lower viscosity. All the
polymer solutions exceeded critical overlap concentration identified in
preliminary rheological study performed on diluted polymer solutions
(see supplementary data). Cohesive energy values, calculated by G’ and
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Fig. 1. a) Viscosity profiles for the selected polymer solutions: PLGA 15% w/v (dark solid square), PLGA 15%/PHEMA 5% %w/v (dark solid diamond), PLA-PCL. 15%
w/v (dark solid circle); and their b) Dependence of storage modulus G’ (dark solid marker, solid line), loss modulus G* (grey solid marker, dashed line) and loss tangent

tan & (dark open marker, solid line) on frequency.

y at max LVER region, indicates that the PLA-PCL solution had the
highest elastic strength of the internal structure and is in correlation
with the yield stress, which is the value of the shear stress at the limit of
the LVER region. The frequency sweep test highlighted the predomi-
nantly viscous nature of all polymer solutions; all solutions have liquid
viscoelastic behavior since G’ > G’ and tang & is ~79-90° (Fig. 1b).

4.2. TVGs preparation and morphometric characterization

On the basis of results of rheological analysis the most suitable binary
solvent systems were CHL:DMF and DCM:DMF, with ratio value 80:20
for all polymers and blends. Table 1 summarizes the composition of
TVGs obtained with selected polymer solutions. TVGs sizes were 5.85 +
0.43 mm internal diameter (Fig. 2) while wall thickness ranged between
140 4+ 7.0 pm and 175 + 4.0 pm as measured by caliper and reported in
Table 2. The variability of wall thickness of TVGs samples could be
partly associated with yield process and fiber structure.

In 2018, Yalcin et al. reviewed design parameters for electrospun
vascular grafts and reported heterogeneity in artery and blood vessels
wall thickness as long as wall to lumen (W:L) ratio which resulted to be

Table 1
TVGs type, composition and polymer concentration.

Batch # Layer composition Binary solvent system
it

Polymer type (%, w/v) composition
Monolayer  1st* 2nd 1st* 2nd
TVG.1 PLGA (15) - CHL:DMF -
TVG.2 PLGA/PHEMA (15/5) - DCM:DMF -
TVG.3 PLA-PCL (15) - CHL:DMF -
Bilayer 1st* 2nd"” 1st* 2nd”
TVG.4 PLGA (15) PLA-PCL (15) CHL:DMF DCM:DMF
TVG.5 PLGA/PHEMA (15/5) PLA-PCL (15) CHL:DMF DCM:DMF

higher in small vessels. This parameter well correlates to burst pressure
values, which increased as wall thickness increases (Yalcin Enis and Gok
Sadikoglu, 2016).

The yield process was calculated for each prototype and expressed as
average + sd of five samples; the results demonstrated fairly low yield
production percentages, ranging from 40.60 to 62.96%. The lowest
process yield value was measured for tubular vascular grafts containing
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Fig. 2. Macrographs of TVG.4 length and internal diameter (ID) of 5.85 + 0.43 mm tube.

Table 2

TVGs morphometric characterization with regard to mean diameter, fiber diameter range, porosity, and yield of production.

Batch # Mean diameter (pm) Fiber diameter range (pm) Porosity (%) Thickness (pm) Yield of production (%)
Monolayer

TVG.1 5.0+ 1.8 2-26 49.85 £ 5.5 140 +£7.3 62.96

TVG.2 5.5+ 3.6 2-42 50.19 £ 7.2 155 + 6.5 60.88

TVG.3 3.2+ 0.7 2-28 46.0 + 5.7 176 + 4.0 40.60

Bilayer

TVG.4 1.12 4+ 0.2* 1-36 51.6 + 6.6 175 + 4.2 56.18

TVG.5 4.1 £ 0.3 2-32 50.5 + 4.5 143 + 2.9 35.91

PHEMA (TVG.2 and TVG.5). Explanation of this is that Taylor cone and
jet were extremely unstable over time for PLGA/PHEMA blends and in
these conditions numerous cleaning cycles are required for removing
polymer clumps formed at nozzle top. Fig. 3 shows some representative
SEM images of monolayer TVGs (TVG.1, TVG.2 and TVG.3). SEM images
show smooth, bead less, and interconnected fibrous graft with random
fiber distribution and fiber diameters in the microscale range (Table 2).

SEM analysis of bilayer tubular graft (TVG.4 and TVG.5, Fig. 4)
confirmed the structure of a dense external layer with porosity ~ 50%.
The specific feature highlighted by scanning electron microscopy is
partial fusion on fiber at the edge between the two layers (Fig. 4d); this
evidence has been attributed to partial softening of PLGA polymer
chains on the surface of fibers (1st layer, internal side) when PLA-PCL
wet fibers (2nd layer, external side) are collected. Specifically, the
average fiber diameter was around 8.0 + 1.8 pm for TVG.1, TVG.2,
TVG.3 and TVG.5: and it ranged from 2.0 to 42 pm. The narrower
diameter distribution was observed for TVG.1 and TVG.3 monolayer
tube. Fiber orientation was verified by ImageJ software using

ENT 2000V Signal A= SE1
W= 85mm  Vacuum ode » s Vacm

OrientationJ Plugin; fibers are steadily spread between —90 and 90°
confirming the random morphology of the fabricated membrane (data
non reported).

The porosity percentage determined by ImageJ software indicated
that tubular TVGs had a porosity ranging from 46 + 5.7 and 51.6 +
6.6%. The pore size was distributed between 5 and 35 pm, with a mean
value of ~12.18 + 3.13 pm. Pore size is a fundamental parameter for
vascular grafts. The ability of fiber vascular grafts to support cell
adhesion and proliferation depends on porosity percentage, pore size
and their size distribution. Mimicking ECM is one of the advantages of
electrospun vascular grafts owing to the topography created by fibers
and interconnected pores resulting in a large surface area that promotes
endothelium formation and prohibits arterial thrombosis. It is well
known that attachment and proliferation of endothelial cells (EC) is
improved on fibers with diameters smaller than the cell diameter (<5
pm). On the other hand, the controllable pore size and porosity of
electrospun scaffolds allow smooth muscle cells (SMCs) to grow,
migrate, and regenerate through the scaffold via creating large spaces

R,
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Fig. 3. SEM images of monolayer TVGs samples: TVG.1 (a, d), TVG.2 (b, e) and TVG.3 (c, f), magnification 510X and 3.0 kX.
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Fig. 4. SEM images of TVG samples: TVG.4 (a-d) and TVG.5 (e-h), magnification 510X and 3.0 kX.

(>5 pm to allow cell diffusion). The pores must allow infiltration of
SMCs while hindering blood leakage. Multilayer or single-layer vascular
grafts can be considered interesting technique also to achieve bimodal
porosity. Nanofibrous layer with nano pore sizes served as an improved
surface for EC attachment; moreover, fiber diameter of ~1 pm was
determined as the sub limit in the outer layer for SMCs infiltration.
Similarly, it was stated that the inner layer with lower porosity reduced
blood leakage promoting cell penetration from the outer layer (through
higher porosity). Nevertheless, cell invasion and neovascularization
were significantly reduced in grafts composed of lower porosity struc-
ture in the outer layer, as reported in the literature (Fioretta et al.,
2012).

4.3. Wettability and contact angle

Fig. 5 depicts values of contact angle determined on the internal and
external surface of TVGs; test was performed using DMEM as fluid. The
internal contact angle of TVG.2 (67.43 + 8.66°) was significantly lower
than that of external TVG.2 (95.20 =+ 2.23°) and TVG.3 (95.02 + 1.05°),

k%%
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v 80
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indicating that the TVG.2, based on physical mixture of PLGA and
PHEMA had more hydrophilic nature compared with TVGs compositions
based on PLGA and PLA-PCL. This is mainly due to the presence of hy-
drophilic PHEMA polymer chains, which are able to form hydrogen
bond with water, thus showing higher wettability than pure PLGA and
PLA-PCL TVGs. Contact angle values ~100° were observed for bilayer
TVG.4 and TVG.5. Results were expected for TVG.4 made from the hy-
drophobic polymers PLGA and PLA-PCL, while the contact angle value
of TVG.5 internal surface is significantly lower than that of external
layer because internal layer contains PHEMA (see compositions reported
in Table 2). Different values obtained for internal surfaces of monolayer
and bilayer TVGs can be attributed to interaction of the different poly-
mers making the two layers, as highlighted by SEM partial fusion on
fiber at the edge between the two layers, and the prevalence of hydro-
phobic polymers in TVG.5 composition with respect to TVG.2.

4.4. Mechanical properties

Mechanical properties included the results of pressure strength test,

M Internal CJExternal

1

*

R -

1

TVG.3

VG4 TVG.S5

Fig. 5. Contact angle values of TVGs samples. Contact angles were determined on internal and external surface of tube; on the top, representative images of internal
surface measurements. Each measurement was made in triplicate, and data represented the means + SD. A probability value less than 0.05 (*p < 0.05) was defined to
be significant and 0.01 (**p < 0.01), 0.001 (***p < 0.001), 0.0001 (****p < 0.0001) as highly significant by Tukey’s multiple comparison test.
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tensile properties evaluated in dry and wet experimental conditions and
suture test. Pressure strength test evaluated variation of TVGs diameter
vs applied increasing pressure; the data are plotted as diameter values
(mm) over pressure (mmHg) in Fig. 6a. The values at zero mmHg
pressure correspond to the internal diameter of TVGs, ranging between
5.57 and 5.72 mm; the diameter of all TVGs slightly increased up to 5.87
mm when pressure was applied. The diameter of TVGs based on PLA-
PCL linearly increased with pressure; the highest variation of diameter
(2.8%) under pressure was measured for monolayer TVG.2 containing
PHEMA polymer. The diameter of TVGs looked jagged when sample was
tested at maximum pressure value, i.e. 1500 mmHg; furthermore,
deformation was irreversible over the time.

Burst pressure is clearly one of the key parameters that determines a
vessel’s suitability for implantation. All TVGs bore increasing pressure
up to 1500 mmHg without rupture. Considering burst pressure results,
no dependency neither on polymer composition nor on the TVGs
structure (mono- and bi-layer) was found; all TVG samples are capable
to hold up against ~2 bar (1500 mmHg). Furthermore, the TVGs
developed in this research study bore up to a pressure value higher than
upper pathological pressure (180-220 mmHg), and equal to native
human saphenous veins (~1500 mmHg) (Wise et al., 2011). Several
research groups have recently reported burst pressures for tissue engi-
neered blood vessels exceeding 2000 mmHg; these results should take in
consideration both the geometry of the analyzed specimen, their
diameter and longevity (Chue et al., 2004; Konig et al., 2009; L’Heureux
et al., 2006; Nieponice et al., 2008).

Representative stress/strain curves obtained by tensile mechanical
tests exhibit different behavior, depending on structural features and
composition of TVG samples (Fig. 6b). Two different regions could be
detected in the stress / strain curves; in the first zone, the highest
Young’s modulus (highest curve slope) is recorder for TVG.1 and eTVG.2
based on PLGA and PLA-PCL copolymer, respectively. The tensile
properties of TVGs are reported in details in Table 3, showing the most
promising results for TVG.4 characterized by an elastic modulus of 0.01
+ 0.01 MPa, yield strength of 0.14 + 0.20 MPa, UTS 0.17 + 0.22,
breaking point 0.15 + 0.20 MPa and elongation % of 251.1 + 188.6. All
these values are close to mechanical properties of native vessel. No
statistical differences were observe between results of specimens in dry
and wet conditions (Table 3). Suture retention strength of TVGs (TVG.1
- TVG.5) ranged from 0.58 + 0.35 N and 2.84 + 0.72 N.

—4A—TVG.1 —@—TVG.2 ——TVG.3 3-TVG.4 —O—TVG.5

Diameter (mm)
wv
~

0 500 1000 1500
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Table 3
Tensile properties of TVGs in dry and wet experimental conditions: young’s
modulus, yield strength, UTS, breaking point and elongation percentage.

Dry conditions

Batch # Young’s Yield UTS Breaking Elongation
Modulus strength (MPa) point (%)
(MPa) (MPa) (MPa)
Monolayer
TVG.1 0.3+0.1 0.96 + 1.01 0.91 + 1359 + 3.3
0.52 +0.6 0.54
TVG.2 0.56 + 0.79+0.9 0.76 0.69 + 99.4 £ 14.9
0.10 +0.86 0.78
TVG.3 0.97 + 0.05 + 0.08 0.05 + 211.5+2.2
0.02 0.02 +0.04 0.06
Bilayer
TVG.4 0.02 + 0.13 + 0.15 0.14 + 571.7 £ 1.1
0.003 0.10 +0.09 0.09
TVG.5 0.32 £ 317 + 3.08 2.77 £ 346.7 £7.1
0.09 0.96 +0.97 0.87
Wet conditions
Batch # Young’s Yield UTS Breaking Elongation
Modulus strength (MPa) point (%)
(MPa) (MPa) (MPa)
Monolayer
TVG.1 0.28 £ 0.1 1.44 + 1.40 1.26 + 0.9 199.4 + 7.2
1.27 + 1.0
TVG.2 0.25 + 0.11 + 0.13 0.11 + 93.9 +22.8
0.33 0.01 +0.01 0.01
TVG.3 0.01 + 0.063 + 0.97 0.09 + 292.8 + 3.4
0.01 0.04 +0.07 0.06
Bilayer
TVG.4 0.01 + 0.14+0.2 0.17 0.15+0.2 251.1 +8.6
0.01 +0.22
TVG.5 0.20 + 1.10 £ 2.12 191 + 524.7 £ 9.3
0.14 0.66 +0.16 0.15
Control 0.04 + 0.18 + 0.46 0.17 + 222.6 + 0.5
Native 0.005 0.09 + 0.4 0.09
bovine
vessel

In Fig. 6¢ are collected few representative images captured during
the suture retention strength test. Retention strength values were
significantly different (p < 0.05) among TVG.1, TVG.2 and TVG3, while
no significant differences were highlighted between TVG.2 and TVG.5,
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Fig. 6. Results of mechanical tests: a) Diameter changing vs pressure; b) representative tensile tress-strain curves of TVGs; ¢) representative images of prototype

during suture test and d) suture retention strength values for each TVG.
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and TVG.3 and TVG.4. These findings could be ascribed to TVGs poly-
mer composition and are consistent with their mechanical features;
addition of PHEMA resulted in lowering suture retention strength at
value < 1 N, while mono and bilayer TVGs based on PLGA exhibit
highest suture retention strength ranged from 2.20 + 0.35 and 2.84 +
0.72 N. No statistically significant differences were highlighted between
monolayer TVG.1 based on PLGA, and bilayer TVG.4 obtained
combining PLGA layer and PLA-PCL one (Fig. 6d).

4.5. Fluid uptake capability

Fluid uptake capability was determined for all TVGs and it was
expressed as percentage of weight variation during incubation in
DMEM, at 37 °C. The fluid uptake equilibrium was obtained after in-
cubation for 6 h, no further important increases were observed during all
incubation time. The highest fluid uptake percentages ranged from 300
to 350% were observed for bilayer TVGs (TVG.4 and TVG.5) and
monolayer TVG based on PLGA (TVG.1), while monolayer TVGs ob-
tained blending PLGA with PHEMA or PLA-PCL exhibited limited fluid
uptake capability compared to TVG.1, TVG.4 and TVG.5.

At the same time, physical stability of all TVGs was evaluated
measuring their diameter variations during the incubation in cell culture
media, DMEM at 37 °C. Consistently with the results of fluid uptake
capability, the highest diameter variation percentage (8.0-13%) was
determined for TVG.4 and TVG.5 characterized by bilayer structure,
porosity percentage > 50% and fiber diameter between 2 and 4 pm (see
Table 2). Diameter variation percentages < 6% were measured for
monolayer TVGs (TVG.1, TVG.2 and TVG.3); limited changes in diam-
eter (<2%) were assessed for monolayer TVGs obtained blending PLGA
with PHEMA (TVG.2) or PLA-PCL (TVG.3).

4.6. In vitro degradation study

Degradation profile of TVG.5 prototype incubated in PBS at pH 7.4 is
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Fig. 7. First-order plots of the degradation ofTVG.5 in PBS at pH 7.4, 37 °C.
First order equation, regression coefficient, degradation rate (k, day ') and
half-life (t; 5, day) obtained from first-order plot.

International Journal of Pharmaceutics 596 (2021) 120198

reported in Fig. 7a, data showed a gradual degradation of polymer
matrix at day 7 of about 15% and reaching 42% reduction in 56 days.
Polydispersity index values increased in correspondence to Mw
decreasing, data are in line with the breaking of PLA-PCL and PLGA
chains in low-Mw oligomers (see Fig. 8).

Fig. 7b shows the logarithmic plot of Mwt/MwO versus time for
TGV.5 sample, degradation rate constant (k) and half-life times (t;,3)
were calculated using following equations:

Lo Mwt/Mw0 = —kt
ty), = 0.6931/k

where Mwt is the weight-averaged molecular weight at time t, MwO is
the weight-averaged molecular weight at time zero, k is the apparent
degradation rate and t;/» is the half-life time of degradation. Kinetics
results show that TGV.5 degradation rate constant was 1.27 x 1072
day ! half-life time of about 77 days.

4.7. Culture medium pH determination

When TVGs were incubated in a culture medium i.e. for in vitro en-
gineering process, its pH value could influence biological and
biochemical reactions, namely cell wellness and growth. PH shifts dur-
ing incubation in a culture medium could be caused by degradation of
TVGs themselves, since they are made from biodegradable polymers. In
this case, a shift toward acidic pHs is expected. DMEM pH is assessed to
be 7.4 in 10% CO», these conditions take place in a cell incubator. In
absence of CO; starting DMEM pH is basic because of the presence of
sodium bicarbonate. Results of pH determination in the culture medium
showed values ranging from ~ 8.0 to 9.3; the maximum pH value was
reached after almost two days of incubation in DMEM at 37 °C, in static
conditions; while at the 3rd day, pH values were slightly reduced up to
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Fig. 8. MTT Assay; a) attachment of cell seeded on surface of TVG prototypes
and b) cell growth of cells on samples during incubation at 37 °C and 5% COx.
All data are expressed as average + sd, (n = 3). The proliferation data are
expressed as cell vitality percentage compared to control and normalized vs
growth area (4 cm?), which correspond to the area for growth of 12-
well multiwell.
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8.7-8.9. No significant variations were highlighted among the different
TVGs tested. These results confirmed no impressive degradation of
polymers making TVGs in 120 h.

4.8. In vitro biological study

Preliminary results of cell attachment and short-term proliferation
were obtained by MTT assay after 6 h and 5 days of incubation
respectively.

MTT results demonstrated higher attachment of cells on TVGs with
respect to CRT+, which can be interpreted as better cell attachment on
3D structures (TVGs) with respect to the 2D ones (CRT+). In details,
MTT assay demonstrated higher attachment of cells on TVG.1 and TVG.2
samples compared with TVG.3-TVG.5, Fig. 7a. The results of short-term
cell proliferation, plotted in Fig. 7b, are expressed as Abs percentage (%)
vs CRT+ and were determined as cells growth at day 3rd and 5th on the
surface of TVG samples. Gradual and consistent cell growth over time
was highlighted on TVGs, at day five the best cell proliferation was
detected on monolayer TVG sample (TVG.1) based on PLGA polymer,
and bilayer TVG samples (TVG.4 and TVG.5). The results can led do
affirm that: TVGs are suitable structure for cell adhesion and prolifera-
tion, but their composition plays an important role for cells. In partic-
ular, PLGA and its ternary blend/layering with PHEMA and PLA-PCL
resulted to be the best polymer composition favoring cell proliferation.

5. Discussion

The topic investigated in this project is extensively debated in the
literature. The goal of all these studies was to produce small diameter
acellular tubular vascular grafts which satisfy as much as possible the
main requirements of well-matched mechanical properties, blood
compatibility, endothelialization and biodegradability: the four prop-
erties ultimately contribute to achieve tubular vascular grafts patency
(Li et al., 2019; Wang et al., 2017; Wu et al., 2018)

In the present study, results of physical-chemical and preliminary
biological characterization permit to discuss and compare the properties
of the TVGs obtained, in order to select which composition and prepa-
ration method could better suit tissue regeneration purposes.

Addition of PHEMA to the TVGs formulation provided higher hy-
drophilicity as shown by higher contact angle values. In particular, the
presence of a layer made from PHEMA resulted in the highest values of
cell short term proliferation. This result is consistent with the higher
fluid uptake ability. However, addition of PHEMA lowered suture
retention strength, while mono and bilayer TVGs based on PLGA
exhibited the highest suture retention strengths. Consistently monolayer
TVGs based on PLGA and bilayer TVGs made from PLGA and PLA-PCL
resulted in the best mechanical properties in terms of Young modulus,
more resembling that of native bovine vessel, but with lower UTS value.
On the contrary TVGs composition made of PLGA and its ternary blend/
layering with PHEMA and PLA-PCL (TVGS5) resulted in the highest UTS
value.

Addition of PHEMA resulted to significantly affect TVGs mechanical
properties. Since no paper has been found in the literature on similar
TVGs composition including PHEMA, these results have been compared
with those obtained by Zhang and coll. and by K.A. McKenna and coll.
(McKenna et al., 2012; Zhang et al., 2019). Both authors investigated
small-caliber vascular grafts from collagen filaments and from tropoe-
lastin respectively, and their results are in keeping with those found in
the present work, demonstrating that addition of hydrophilic polymers
such as PHEMA is promising but needs to be further investigated.

On the other hand, PLGA, and PCL are consolidated biomaterials
used in tissue engineering approach and experimented for small vascular
graft fabrication, as demonstrated by the huge literature (Lee et al.,
2008; Li et al., 2019; Wang et al., 2020). Wang and coll. in a systematic
experimental study, evaluated the mechanical properties of multiple
layer electrospun PLGA small diameter vascular grafts, demonstrating
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that burst pressure and suture retention increase, elastic tensile modulus
maintains unchanged statistically, with the increase of layer number
(Wang et al., 2017). The values Young modulus obtained by Wang and
coll. are in keeping with the results obtained in the present work for
TVG1, while suture retention strength value found in the present work is
at least 10 times higher than those found by Wang and coll. The dif-
ference in the suture strength values is because this value depends on the
number of electrospun PLGA layers, while Young modulus depends
mainly on the type of polymer.

PCL is an interesting biomaterial, due to its high biocompatibility
and low biodegradation rate, but it is usually combined with other
polymers such as PLA, in order to get suitable mechanical properties, as
a balance between the stiffer PLA and softer PCL, and to modulate its
degradation rate (Buscemi et al., 2017; Li et al., 2017; Vaz et al., 2005).
As an alternative, the use of the copolymer PLA-PCL has been scarcely
reported in the literature. In example, He and coll. tested the mechanical
properties of TVGs made from PLA-PCL 70:30 treated with air plasma
and coated with collagen, and they found out values of tensile modulus
seven times higher than those determined in the present work for TVG3
made from plain PLA-PCL 70:30 (He et al., 2009). The reason of the
significant difference in mechanical properties can be ascribed to PLA-
PCL scaffold combination with collagen and post treatment with air
plasma, confirming that tensile modulus strictly depends on type of
polymer and its combination. As long as electrospinning technique is
concerned it demonstrated to be suitable to obtain tubular vascular graft
with a diameter of < 6 mm whose thickness was between 140 + 7 pm
and 175 + 4 pm depending on the electrospinning time. SEM morpho-
logical analysis showed samples made up of fibers with suitable
micrometric diameters and pore size between 5 and 35 pm.

Taking into consideration these results, PLGA and the innovative
combination of PLGA blended with PHEMA and combined with PLA-PCL
in a bilayered structure seemed to be the best approaches for further
investigation on electrospun TVGs.

6. Conclusions

In conclusion, it was possible to successfully realize tubular vascular
implants by electrospinning combining synthetic polymers with
different physical-chemical characteristics. Two different approaches
have been used for the realization of mono and bilayer TVGs; the bilayer
TVG will be further investigated and optimized since some initial
promising findings have been achieved in this research project. Future
perspective is to explore different approaches in order to reduce the
uncontrolled fusion of fibers during electrospinning layering process: i)
high temperature of spinning room for promoting a faster solvent
evaporation, ii) low flow rate of the 2nd layer in order to achieve a more
slow deposition of fiber. Iii) Binary solvent mixtures having low evap-
oration temperature in order to achieve complete solvent evaporation
and its removal from the fibers.
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