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Abstract

One of the main challenges of cardiovascular tissue engineering is the development of
bioresorbable and compliant small-diameter vascular grafts (SDVG) for patients where
autologous grafts are not an option. In this work, electrospun bilayered bioresorbable SDVG
based on blends of poly(L-lactic acid) (PLLA) and segmented polyurethane (PHD) were
prepared and evaluated. The inner layer of these SDVG was surface-modified with heparin,
following a methodology involving PHD urethane functional groups. Heparin was selected as
anticoagulant agent, and also due to its ability to promote human umbilical vein endothelial
cells (HUVECs) growth and to inhibit smooth muscle cells over-proliferation, main cause of
neointimal hyperplasia and restenosis. Immobilized heparin w s quantified and changes in
SDVG microstructure were investigated through SEM. Tenc.ic pioperties of the heparin-
functionalized SDVG resembled those of saphenous vein. *’asciar grafts were seeded with
HUVECs and cultured on a flow-perfusion bioreactor to «n.'v7: the effect of heparin on graft
endothelization under simulated physiological-like cor.ican.. The analysis of endothelial cells
attachment and gene expression (Real-Time PCR) pointe * out that the surface functionalization

with heparin successfully promoted a stable and f.nr.cinonal endothelial cell layer.

Keywords: bioresorbable vasc 'lar yrafts; surface modification; heparin; human umbilical vein

endothelial cells (HUVEC:?\: biu.logical characterization



Abbreviations:

DAPEG: poly(ethylene glycol) bis(amine)

EDC: 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride
HUVECs: human umbilical vein endothelial cells
NaOCI: sodium hypochlorite

PBS: phosphate buffer saline

PEG: poly(ethylene glycol)

PHD: PCL-based segmented polyurethane
PLLA: poly (L-lactic acid)

SDVG: small-diameter vascular grafts

SNHS: N-hydroxysulfosuccinimide sodium salt
SPU: segmented polyurethane

TFE: 2,2,2-trifluoroethanol



1. Introduction

Cardiovascular diseases are one of the leading causes of death worldwide. Coronary and
peripheral arteries disorders are among the most common cardiovascular affections [1,2]. When
less invasive alternatives fail, the classic treatment is bypass surgery, employing large
saphenous vein (LSV) or internal thoracic artery as gold standard grafts. However, their use is
limited by the donors’ availability (allograft) and individual anatomical features (autograft). The
allograft approach can lead to rejection, and thus, to the failure of the therapy [3]. On the other
hand, autograft involves the morbidity of a double surgical intervention, and more than 40% of
patients do not have proper autologous grafts [4]. In addition, for the case of aortocoronary and
femoral-popliteal bypass, the patency rates of arterial LSV gr.'<ing are far from ideal [5].
Depending on the affection, stents appear as an alternative solut’on .» overcome these problems,
but usually fail in the long term mainly due to hyperplasie a.? restenosis. Synthetic vascular
grafts, such as those obtained from Dacron® (PET, poly(: thy...ie terephthalate)) and Goretex®
(ePTFE, expanded poly(tetrafluoro ethylene)), have l.eer. employed since the 50’s and 60’s,
respectively. These grafts display a good performance “s 1.nlacement for large arteries [6,7], but
they present higher stiffness than required for sn al’-c’ameter vascular grafts (SDVG, < 6 mm),
low endothelialization rate and may trigger 2cu:» thrombosis, intimal hyperplasia, stenosis, and
calcification [8-13]. Thus, the ideal SOV s with adequate surface quality, namely non-
thrombogenic and good endothelial,~ation rate, and biomechanical behavior has yet to be
produced.

Electrospinning is a verseu.™ teennology to obtain nanofibrous scaffolds that mimic the
extracellular matrix structure uf n.tive tissues and provide an adequate microenvironment for
cell adhesion and proliferaticn |14-17]. In previous works we prepared bilayered tubular
electrospun scaffolds froi.> wvo materials possessing complementary features to mimic the
mechanical behavice cf veiis and arteries [18]; namely, high compliance at low pressure ranges,
and high elastic modul'. to withstand high stress requirements at high pressures [19,20]. Thus,
synthesized aliphatic bioresorbable segmented poly(ester urethane) (SPU) PHD [21,22]
providing an elastin-like behavior, and FDA-approved bioresorbable poly (L-lactic acid)
(PLLA) exhibiting high elastic modulus and mechanical performance similar to that of collagen
were employed [23]. Based on the collagen/elastin ratio of muscular arteries [24,25],
PLLA/PHD 50/50 and 90/10 blend ratios were selected as the SDVG inner and outer layers to
mimic native “media” and “adventitia”, respectively [23].

Although adequate mechanical behavior is crucial for the success of vascular devices
[13,26], surface properties are also critical. Surface modification of SDVG by covalent bonding
of different molecules has been widely explored, mainly to improve hemocompatibility, cell

adhesion and proliferation [27,28] and, what is crucial for small-diameter blood vessels, to



prevent thrombogenic events [29-32]. Heparin has been extensively used in vascular therapy as
anticoagulant agent and can also inhibit the over-proliferation of smooth muscle cells, which is
the main reason for neointimal hyperplasia and restenosis [33]. Moreover, it can promote
endothelial cells growth [34]. For these reasons, heparin was selected in a previous experiment
to explore two different surface modification techniques from flat surfaces of PLLA/PHD 50/50
electrospun matrices, prepared with same composition as the inner layer of the previously
designed SDVG [35]. A PEG spacer was employed since heparin bioactivity usually decreases
when directly grafted onto biomaterials surface, as its mobility is reduced [36]. Heparin
functionalization from PHD urethane groups has been shown to be more efficient (higher
grafting density) than PLLA ester hydrolysis and functionalizatinn, and also inhibited platelet
adhesion to higher extent. These previous results suggested that .~ adequate modification of
only one polymer present at the blend scaffold could be enoug:' to rinimize the risk of in vivo
platelet attachment. In addition, the fact that no chain scissicn is involved in the urethane
methodology is advantageous to ensure other properties ke unchanged.

In the present work we aim to move forwe. 1 ar.d perform heparin immobilization
through urethane methodology of PLLA/PHD electrospun vascular grafts. Functionalized
SDVG were in vitro characterized in terms o* .02’ in immobilization, tensile properties and
biological performance. SDVG were serae’ w.*h endothelial cells and cultured on a flow
perfusion bioreactor to evaluate graft endu: elization under physiological-like conditions. The
cell attachment quantification clearly puinted out the beneficial effect of heparin on endothelial
cell adhesion and spreading. Morecv.r, .ne HUVECs gene expression analysis indicated that
endothelial cells seeded on fun-tion.'ized grafts increased the expression of von Willebrand
Factor, which is key in con.nlling the hemostatic process, indicating the formation of a

functional endothelial cell :~ver.

2. Materials and meth~Jds
2.1. Materials

PLLA (PLA2002D Mn = 78.02 kg mol™, Mw = 129.91 kg mol™, IP = 1.67) was
obtained from NatureWorks L.L.C. (MN, USA). 2,2,2-Trifluoroethanol (TFE) and
poly(ethylene glycol) bis(amine) (DAPEG, Mn =~ 3.4 kg mol™) were acquired from Sigma-
Aldrich (St. Louis, MO, USA). Disodium hydrogen phosphate (Na,HPO,) and sodium
dihydrogen phosphate (NaH,PO,) were purchased from Merck (Germany). 2-(4-
Morpholino)ethanesulfonic acid (MES) was obtained from Fisher Scientific (UK). 1-(3-
Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC, +98%), N-
hydroxysulfosuccinimide sodium salt (SNHS, 95%), sodium hypochlorite (NaOCI), sodium



hydrosulfite (Na,S,0,), and allyl glycidyl ether (CsHy0O,, +99%) were purchased from Acros
Organics (NJ, USA). Heparin sodium salt from porcine intestinal mucosa (Mn ~ 15 kg mol™,
192 U mg™) was obtained from Calbiochem®, EMD Millipore Corp. (MA, USA). Sodium
chloride (NaCl) was obtained from Analar NORMAPUR, Prolabo®, VWR International
(Belgium). Toluidine blue was obtained from Panreac (Spain). Solvents and reagents were used

as received.
2.2. Synthesis of segmented poly(ester urethane)

SPU, named PHD, was synthesized from aliphatic diisocyanate (HDI), aliphatic
polyester (poly(e-caprolactone) diol, PCL diol), and a novel aror atic chain extender according
to previously reported procedures [21]. Intrinsic viscosity [n] wa< ™eacured using an Ubbelohde
Type OC viscosimeter (Canon, Japan) and N,N-dimethylacetam,= (DMAC) as solvent at 30 +
0.1°C. The number average (Mn) and the weight averaje 'nolecular weight (Mw) were
determined by gel permeation chromatography (G™C \'‘aters, Special Solvents (DMA)
Empower Software) in DMAc with LiBr (0.42 g/mL) at 2="C.

2.3. Preparation of electrospun SDVG

A standard electrospinning setup *ac used, consisting of a programmable syringe pump
(Activa A22 ADOX S.A., Argentir). a high-voltage power source (ES30P, Gamma High
Voltage Research Inc., USA), and 2 o mm-diameter rototranslating mandrel as collector. Each
of the as-prepared solutions was .c2a0vu into a standard 10 mL plastic syringe connected to a
poly(tetrafluoro ethylene) tube. ati.~hing to the open end a blunt 18-gauge stainless steel needle
as a nozzle. All experiments w.re carried out at 23°C in a chamber with a ventilation system.

Bilayered vascu'a. awits were produced by sequential electrospinning, with the inner
layer on the lumer. Jide {"LLA/PHD 50/50 wt/wt) and the outer layer on the external side
(PLLA/PHD 90/10 wth» (). A total concentration of 23% wt/v in TFE was used for the inner
layer and 20% wt/v in TFE for the outer layer. The electrospinning parameters were set
according to previously reported conditions [18]. Briefly, a mandrel rotation speed of 1000 rpm
and a distance to collector of 15 cm were used for both layers, while applied voltages of 13 kV
and 15 kV, translational speeds of 2 mm/s and 1 mm/s, and flow rates of 1 mil/h and 0.5 ml/h,
were used for the inner and outer layers, respectively. The internal diameter was approximately
of 5 mm.

The electrospun scaffolds were dried under vacuum at room temperature to remove

residual solvent, and finally stored in a desiccator.

2.4. Surface modification of PLLA/PHD electrospun SDVG



The surface modification was carried out by urethane functionalization as previously
reported [35]. First, scaffolds were modified by activating urethane functional groups through
stirring in orbital shaker at 60 rpm with a 0.15 mol/L PBS (pH 6.0) buffer solution containing
0.3% wt/wt NaOCI for 25 min. Then, they were washed thrice with 0.15 mol/L PBS pH 6
solution for 10 min, and thrice with a 0.15 mol/L PBS (pH 8.0) buffer solution. After that,
scaffolds were incubated with a 0.15 mol/L PBS (pH 8.0) buffer solution containing 0.1% wt/wt
Na,S,0, as initiator and 5% wt/wt allyl glycidyl ether as a monomer for 48 h and washed 10
times with the buffer solution [37]. Then, they were treated with PBS (pH 8.0) buffer solution
containing 1.33 mg/mL DAPEG for 60 h at 40°C. The resulting scaffolds were first washed with
a 0.1 mol/L Na,HPQ, solution for 1 h, a 2 mol/L NaCl solution for 2 h to fully eliminate the
unreacted DAPEG, five times with a 0.1 mol/L PBS (pH 7.0) buffei ~olution, and treated with a
heparin solution prepared as follows: a 0.05 mol/L MES (pH L 6) t uffer solution containing 5
mg/mL heparin, 0.65 mg/mL EDC and 0.72 mg/mL sNHS was incubated for 30 min at room
temperature in orbital shaker and then mixed in a 1:1 ra.a with a 0.25 mol/L PBS (pH 7.2)
buffer solution immediately before functionalization, *0 a.hieve a final pH 7.0 [38]. Finally,
scaffolds were incubated for 6 h at room temperati're .n orbital shaker at 60 rpm, washed with a
0.1 mol/L Na,HPO, solution for 1 h, twice witk a “ m.ol/L NaCl solution for 1 h, and five times

with a 0.1 mol/L PBS (pH 7.0) buffer solu*.oi. an.' dried under vacuum at room temperature.
2.5. Characterization
2.5.1. Quantification of immobilized h p:irin

The amount of hepar.:> bound to the surface of the scaffolds was determined by the
toluidine blue staining me*hod. ~irst, standard heparin solutions ranging from 0 to 250 pg/mL
were prepared in 8 x 1)%% (wt/v) toluidine blue aqueous solution to obtain a standard curve.
After shaking in an oru:*al shaker at 220 rpm for 1 h, 2 mL of these solutions were added to 3
mL of n-hexane. The resulting mixtures were shaken again at 220 rpm for 30 min, so that the
toluidine blue-heparin complex was extracted into the organic layer. The calibration curve was
built from the remaining aqueous solutions. Then, 0.64 cm”-discs cut from samples with and
without immobilized heparin were placed in toluidine blue aqueous solution, and the same
procedure was performed. Finally, absorbance of the remaining toluidine blue in the aqueous
phase was measured at 631 nm in an UV-Vis spectrophotometer (Agilent 8453, Agilent
Technologies, Germany). The concentration of immobilized heparin on the scaffolds was

determined from the standard curve [39,40].

2.5.2. SEM analysis



SEM micrographs of the electrospun scaffolds before and after heparin functionalization
were recorded in a Zeiss FESEM Ultra Plus equipment after coating with iridium. Samples were
cut longitudinally with a scalpel, and the external and internal surfaces were observed. The
diameter of at least 100 fibers was measured and averaged for each sample (Image Pro Plus,
Media Cybernetics Inc., USA).

2.5.3. Mechanical evaluation

Quasistatic tensile tests and dynamic loading cycles were carried out in a computer-
controlled TA-TX Plus Texture Analyzer (Stable Micro Systems Ltd., Surrey, UK) equipped
with a 5 kg load cell. For conventional quasistatic tensile tsts, SDVG before and after
functionalization were cut longitudinally, fixed between two gri=s v.'th a gap of 10 mm, and
subjected to uniaxial tensile stress at a rate of 0.1 mm/s. The tei.~ile properties of each scaffold
were tested, in triplicate, along both longitudinal and transv.rsal axes. The tensile strength and
the strain at break were calculated from the stress versi’z stic’n plots [7]. The Young’s modulus
was estimated from the initial slope of the engineeriny <t.ess (force per area unit) versus the
engineering strain (i.e., the strain minus the initial y4c 2, referred to the initial gap).

Dynamic loading cycles were designed to 1....nic the internal pressure in a vascular graft
and to evaluate the viscoelastic behavior unr er repeated pressures. The protocol was adapted
from Stoiber et al. [41] with some madificau~ns. The scaffold tubes were cut as rings of 3 mm
height and loaded in circumferential direction in two U-like steel pins (1.5 mm diameter) that
were respectively fixed to the uo ¢nd down grips of the texturometer. Each sample was
subjected to 20 cycles at a cons.ant rate of 0.17 mm/s to a force of 0.080 N, and then to 20
cycles more to a force of 0.170 1. Other samples of each scaffold were subjected to 20 cycles to
a force of 0.280 N at a rate * 0 33 mm/s. After the cycles all samples were subjected to uniaxial
tensile stress at a rat~ 0. 0.1° mm/s until rupture. The forces of 0.080, 0.160, and 0.280 N were

chosen to reproduce intre 'uminal pressures of 40, 80 and 140 mmHg according to Laplace’s law
P=F/(2rl)

where P is the luminal pressure, F is the applied force, r is the luminal radius of the scaffold,
and | is the height (length) of the tubular piece [42]. All experiments were carried out at least in

triplicate.
2.5.4. In vitro biological characterization

2.5.4.1. Cell culture and expansion



Human umbilical vein endothelial cells (HUVECs; ATCC® CRL-1730™) were
cultured with F-12K Medium (Gibco) supplemented with 10% FBS (Corning), 0.1 mg/mL of
heparin (Acros Organics) and 5 mL of endothelial cell growth supplement (ECGS; Sigma-
Aldrich). Cells were cultured on tissue culture flaks at 37°C and 5% CO,, changing the medium
every day, and trypsinized with 0.25% (wt/v) Trypsin-EDTA solution when 80% confluent. All
experiments were performed with passage 3.

2.5.4.2. Flow perfusion bioreactor set up and vascular graft preparation

A flow perfusion bioreactor was used for the culture of endothelial cells seeded vascular
grafts to mimic physiological conditions. A WAVE rocking Bior :actor System (GE Healthcare
Life Sciences GmbH, Spain) equipped with a Cellbag 2L, DO7P1 ‘I, pHOPT and screwcap
(GE Healthcare Life Sciences GmbH, Spain) was used as me.'itra reservoir to monitor and
control medium temperature, CO, percentage, O, percentaqge anc pH during all the experiment.
Complete endothelial cell culture media (2 L) was place= an *he bag and warmed before starting
the experiment.

Medium was pumped from the bag using a . eristaltic pump and divided using adequate
connectors to eight channels containing tie g.afts (four controls and four heparin-
functionalized). The outlets were reconne _teo to a single tube and the medium was recirculated
back into the bag. The perfusion achieved we. 1.25 mL/min (0.11 cm/s) per line. This perfusion
is comparable to the flow rates occurring .~ small diameter veins [43].

Control and functionalized as:ular grafts were cut on 3 c¢cm length sections and
sterilized by 70% ethanol immc-sion for 30 min. Afterwards, grafts were assembled on the
bioreactor system under ste:fle >onditions leaving 1 cm length of the graft available for cell
seeding. Grafts were then unritioned by the perfusion of 5 mL of complete endothelial cell

culture medium to e~ch ~f th2m and incubated at 37°C and 5% CO, for 12 h in static conditions.
2.5.4.3. SDVG seeding and culture

After graft conditioning, cell culture medium was removed, and each graft was seeded
with 1 mL of endothelial cell suspension at 1 x 10° cells/mL in complete cell culture medium.
Grafts were incubated in static conditions at 37°C and 5% CO, for 2 h, rotating them by 90°
every 30 min. After this period, flow perfusion was started, and grafts were checked to remove
bubbles and ensure stable flow. Finally, they were cultured under flow conditions for seven days

checking them twice daily.

2.5.4.4. End point analysis



After one week of culture, grafts were collected and washed twice with 5 mL of DPBS
(Gibco) without calcium and magnesium. Grafts were then cut into two pieces; 3 mm were fixed
with 10% buffered formalin solution to assess cell morphology and attachment by confocal
microscopy and the remaining 7 mm were immediately frozen at -80°C for gene expression

analysis.
2.5.4.4.1. Cell morphology and attachment

The morphology and number of HUVECs attached on the surface of control and
functionalized grafts were assessed by confocal microscopy. Cells were dyed with phalloidin-
Alexa fluor 488 (Invitrogen) and DAPI (Invitrogen) using star lard protocols and visualized
using a confocal microscope (LEICA TCS-SP2). Confocal imayng using this approach
(actin/nuclei staining) is commonly applied to evaluate e.~drchelial cell adhesion and
morphology onto several materials [44-48]. Cell surface aree.. was obtained by image analysis of

the maximum projections images by ImageJ (NIH).
2.5.4.4.2. Gene expression

The gene expression of endothelial ce.'s grown on heparin functionalized SDVG and
control SDVG was evaluated by Real-Ti: e FCR Analysis. Total RNA was extracted from cells
using an RNeasy Mini Kit (Quiagon) following the manufacturer’s instructions. In brief,
SDVGs were immersed in the supplizu Y ier and vortexed to lyse the cells. Then, SDVGs were
removed, a QIAshredder spin cri'm,: was used to homogenize the lysate, and ethanol was
added before transfer to an R\e«"v spin column. After three washes, total RNA was eluted
adding 30 pL of RNAse-frec ‘vawer to the column membrane and spinning 2 min at 8000x g.
RNA purity and concen*:>tiu,. was measured in a Nanodrop 2000 (Thermo Fisher Scientific).
RNA samples were .. 7ei >~ “ranscribed to cDNA according to the manufacturer’s protocol (High
Capacity cDNA Revers, Transcription Kit, Thermo Fisher Scientific). Thus, 10 pL of each
purified total RNA was added to 10 pL of 2X reverse transcription master mix including 8 mM
dNTP mix, RT Random primers, RNAse inhibitor and MultiScribeTM Reverse Transcriptase.
Reverse transcription was performed in a thermo cycler using these conditions: 10 min at 25°C,
120 min at 37°C, and 5 min at 85°C. Real-Time PCR was performed in a Quantstudio 12k Flex
Applied Biosystems Cycler (Life Technologies) using the Fast SYBR Green Master Mix
(Thermo Fisher Scientific). The genes of vascular endothelial growth factor receptor 2
(VEGFR2), Von Willebrand Factor (VWWF) and Integrin a5 subunit were selected, and the
human housekeeping gene RPL32 (Ribosomal Protein L32) was used as the reference transcript
for all the PCR runs. In brief, to prepare the different Real-Time PCR reaction mixtures 1 pL of

each cDNA templates and 5 uL of SYBR Green were employed, and final concentration of
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forward/reverse primers was 0.5 uM. All conditions were tested in triplicate using these thermal
cycling settings (fast mode): 2 min at 50°C, 2 min at 95°C, 40 cycles of 1 s at 95°C, and 30 s at
60°C. The Ct value for each sample was defined as the cycle number at which the fluorescence
intensity reached a certain threshold. Relative gene expression level for each gene of interest
was normalized by the Ct value of RPL32 using the 2ACt formula. Primers with the sequences
depicted in Table 1 were purchased from Sigma-Aldrich at 0.25 pumol scale with desalt

purification.

Table 1. Primer sequences used for Real-Time PCR analysis.

Primer Sequence

VEGR2 F: GGAACCTCACTAT >CGCAGAGT
R: CCAAGTTCGTCTTT1CCTGGGC

VWF F: CCTTGAATCCC, GTSACCCTGA
R: GGTTCCGACATCTCCTCCACAT

Integrin-o5 subunit F: GCCGATTC ACATCGCTCTCAAC
R: GTCTTC: CTACAGTCCAGCAAG

RPL32 F: ACAAAGT 2 CATGCTGCCCAGTG

R: GCTCGCAGIACGACTACACTGAC

3. Results and Discussion
3.1. Surface modification of electros~u.. SI.VG

In previous works we ow ained tubular electrospun scaffolds with adequate degradation
behavior and mechanical nroerties to be employed as SDVG [18,23,49,50]. Since
antithrombogenic behavior o< viell as cell adhesion and proliferation ability are crucial for the
success of these scaffol\'s, h¢ parin grafting on flat surfaces has been explored applying different
methodologies [35]. In ‘he present work, bilayered SDVG were prepared with PLLA/PHD
50/50 wt/wt inner layer and PLLA/PHD 90/10 wt/wt external layer (0.24 mm total thickness).
Synthesized PHD presented an intrinsic viscosity of 0.49 dL g*, and Mn and Mw values of
25.16 kg mol™ and 58.47 kg mol™ respectively, displaying a polydispersity index of 2.32. The
inner surface of SDVG was modified with heparin through PHD urethane functional groups,
which proved to be the most favorable route. As determined from toluidine blue colorimetric
method, the density of immobilized heparin in the inner surface of SDVG was 9.1 + 0.2 ug cm™.
A neutral medium was employed for the determination because an acidic or alkaline medium
would have led to PLLA hydrolysis, and thus to an overestimation of heparin functionalization
values. This heparin density value was higher than others reported in literature for similar
systems [30,31,40,51-53].

11
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Figure 1. Optical images (first column) and SEM micrographs of control and heparin-
immobilized SDVG. SEM micrographs of both inner and outer surfaces are shown at 1,000X
(scale bar 10 pm) and 10,000X (scale bar 2 pm).

The microstructure of the SDVG before (control) and after heparin immobilization
(functionalized) is shown in Figure 1. The mean fiber diameters for the inner and outer layers
were 511 + 306 nm and 734 + 374 nm, respectively. After heparin modification, the obtained
values were 638 + 310 nm and 591 + 302 nm, respectively. Thus, no significant differences in
fiber diameter due to the modification procedure could be appreciated. The inner surface was

12



formed by quite uniform nanofibers, while the outer layer consisted in more beaded fibers and
with wider diameter size dispersion. This finding is in good agreement with previous reports
showing that PHD requires quite high concentration to produce bead-free fibers [18].

3.2. Mechanical behavior

Quasistatic tensile tests revealed that control SDVG present anisotropic tensile
behavior. The electrospun scaffolds were longitudinally cut and the tensile properties recorded
along longitudinal and transversal axes (Figure 2; Table 2). Along the longitudinal axis control
SDVG had higher tensile strength (2.60 MPa, s.d. <10%) and Young’s modulus (20.5 MPa; s.d.
1.1) than along the transversal axis (2.27 MPa, s.d. <10%; anc 7.8 MPa, s.d. 0.1). Once the
maximum tensile strength was reached, the control SDVG froeu brogressively instead of
tearing, which explains the slow decay of the tensile strength i< pehavior may be related to
the fact that SDVG are formed by two different layers v hict, exhibit different mechanical
properties; PLLA/PHD 90/10 wt/wt external layer havi~a igher modulus [50]. Interestingly,
after immobilization of heparin the functionalized SL*/Z showed enhanced tensile strength
along the transversal axis (3.65 MPa, s.d. <10%) <. mpared to the longitudinal axis (2.83 MPa,
s.d. <10%) and, thus, the Young’s modulus in .ich longitudinal (21.3 MPa, s.d. 2.3) and
transversal (24.0 MPa, s.d. 1.6) axes brcarr 2 more similar. The functionalization may have
introduced additional links between the two 'ayers, preventing SDVG from disassemble under
strong stress. The tensile strength of fui.~tionalized SDVG was higher than that reported for
protein-based scaffolds [7], PLLA ¢'ertrospun grafts [50] and PLLA / poly(L-lactide-co-e-
caprolactone) (PLCL) porous 9:>fts obtained by thermally induced phase separation (TIPS)
[54], and compared quite w.'l v.ith that of human saphenous vein (the most commonly used
autograft vessel) in both liractions [55] and with electrospun grafts made of poly(e-

caprolactone) [9].

4 Control SDVG 4 Heparin-functionalized SDVG 14 . Ring sections
= |ongitudinal = longitudinal 12 = control
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Figure 2. Engineering stress versus engineering strain plots recorded along longitudinal and
transversal axes for control and heparin-functionalized SDVG, and recorded for ring sections of
control and heparin-functionalized SDVG before and after 20 cycles of dynamic loading at
0.280 N.
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Since vascular grafts should perform as viscoelastic materials able to withstand
physiological pressures, mechanical behavior under dynamic loading cycles at forces of 0.08,
0.16 and 0.28 N that resemble pressures of 40, 80 and 140 mmHg was investigated [41,42]. As
depicted in Figure 3, the ring sections of the scaffolds showed a nearly perfect elastic
performance, with symmetric peaks and reproducible areas from the second to the last peak in
each cycle. The first peak data started to be recorded at 0.01 N, which was set as the activation

force.
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Figure 3. Stress-strain behavior of control SDVG and heparin-functionalized SDVG recorded
under dynamic loading cycles at forces of 0.080 N (Al, A2, B1, B2), 0.160 N (A3, A4, B3, B4)
or 0.280 N (A5, A6, B5, B6). Peaks corresponding to the 1% 2" and 20 cycle are shown in
detail in even plots.
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In the dynamic loading, control SDVG rings showed minor changes in peak areas along
the cycles, as depicted in Table 2. The decrease in area suggested material compaction as cycles
proceeded, and the energy involved in the cycle decreased. Differently, heparin-functionalized
SDVG rings did not show any change along the 20 cycles, even when subjected to the highest
force and a faster stress (0.33 mm/s instead of 0.17 mm/s). Also in good agreement with the
quasistatic tensile tests, heparin-functionalized SDVG rings tested until rupture (Figure 2)
showed higher tensile stress and sharp break, while control SDVG rings frayed progressively,
starting from the inner layer. The tests of the scaffold samples as rings placed in the U-supports
revealed elongations at break of 13-15% for control SDVG and 9.5-11% for the functionalized
SDVG, which are close to those recorded for human saphenous vein (11-17%) [55]. Relevantly,
the slopes in the initial region of the stress-strain plots (Figure 2) were similar for freshly
prepared rings and for rings that had already underwent the .'0-c\ cle processing even at the
higher loading stress. This suggests that no relevant chang>s in the Young’s moduli occurred

after dynamic loading test mimicking physiological condituons.

Table 2. Stress-strain areas recorded for contryl ard functionalized SDVG scaffolds under
dynamic loading cycles, and differences in ar<as i..orded between the 2™ and the 20" peaks.
Rings (3 mm height) were loaded at a corst.t 1c*e of 0.17 mm/s to forces of 0.080 and 0.016
N, and at a constant rate of 0.33 mm/s t. a force of 0.028 N. Mean values and, in parenthesis,
standard deviation (n=3 for three indenenden. measurements).

Scaffold Force (N) Al om0 (N-mm)  Areapeaiog (N-mm) AArea (%)

Control 0.080 2.010 (0.001) 0.008 (0.001) 14.9 (14.1)
0.016 0.020 (0.004) 0.019 (0.004) 5.0 (3.3)
0.0zc 0.064 (0.004) 0.059 (0.004) 7.5(0.1)

Functionalized 206l 0.019 (0.004) 0.019 (0.004) 0.1(1.0)
nr.6 0.043 (0.006) 0.042 (0.005) 1.4 (1.2)
2.028 0.077 (0.020) 0.076 (0.020) 1.0 (0.8)

3.3. Cell morphology and attachment

To gain further insight into the performance of the heparin-immobilized scaffolds for
replacement of small-diameter blood vessels, HUVECs culture, adhesion and proliferation were
studied. Figure 4 shows the morphology of HUVECs grown on both functionalized and control
SDVG. The incorporation of heparin to the grafts surface increased not only the total number of
attached cells but also their spreading on the surface. In agreement with this, the cumulative

surface area of the grafts covered by cells after seven days of culture was clearly higher on the
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constructs functionalized with heparin as shown in Figure 5. The common use of heparin as
anticoagulant relies on its binding to antithrombin via a specific pentasaccharide sequence [56].
Heparin solely has been barely investigated to functionalize vascular grafts to promote cell
attachment, although it may serve as linker to incorporate several growth factors as vascular
endothelial growth factor (VEGF) or basic fibroblast growth factor (bFGF) crucial in
angiogenesis [57,58]. This use of heparin is based on its affinity to bind different proteins
through its sulfate motifs that function as molecular recognition elements for growth factors
[59]. Consequently, the presence of heparin on the SDVG surface could lead to the attachment
of several growth factors of those included on the cell culture medium used for the experiment.
The incorporation of growth factors together with the presence of heparin would then promote
cell attachment and proliferation while ensuring excellent hermucompatibility [35]. In this
regard, the incorporation of heparin to our vascular grafts inc ease d six-fold the surface area
colonized by cells after seven days of culture under flow cc ndit. 2ns when compared to control
SDVG (Figure 5). Similarly, Shi and coworkers repo.*2d a significant increase in graft
endothelialization in vivo in a rat model for electi.sou. PCL/gelatin loaded with heparin
compared to non-loaded ones [60]. Moreover, the heparin surface modification of silk fibroin /
PLLA and PLGA / PLLA / PLCL grafts led to ~n *1crzease in HUVECSs attachment, proliferation
and migration [61,62]. Also in good agree’ e t, u.> addition of heparin to modified PTFE grafts

was shown to increase HUVECs proliferatic * compared to grafts without heparin [63].

Figure 4. Confocal micrographs of representative fields of A) pristine SDVG and B) heparin-
functionalized SDVG at 10X magnification. Adhered HUVECs were stained with phalloidin-
Alexa fluor 488 (green; cytoplasm) and DAPI (blue; nucleus). Scale bars: 100 pm.
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Figure 5. Relative surface area occupied by HUVECs grown or “ep.rin-functionalized SDVG
with respect to pristine SDVG (control).

3.4. HUVECs gene expression analysis

The response of endothelial cells subjected to checr stress by laminar flow during seven
days on the developed biomaterials was assessed 'sy quantitative Real-Time PCR (Figure 6).
Two genes associated with endothelium | mnctionality, namely hemostasis (VWF) and
angiogenesis (VEGFR2), were selected ‘o rvaluate cell performance [64,65]. Moreover, the
gene expression of a protein associ~ted wiui cell migration under shear stress, integrin a5

subunit, was also analyzed [66].
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Figure 6. Relative gene expression of HUVECs cultured on the surface of control and heparin-
functionalized SDVG after seven days in culture under laminar flow.
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Endothelial cells gene expression normalized by the housekeeping gene RPL32 is
shown in Figure 6. Despite the differences displayed in cell spreading and morphology, no
differences on VEGFR2 gene expression were observed. However, the expression of VWF was
clearly upregulated for cells cultured on heparin-functionalized SDVG when compared to
control grafts. Similarly to our findings, Lekesiz et al. [67] have pointed out the ability of
heparin to induce VWF secretion by HUVECs in a dose dependent manner when added in
solution to the cell culture media. Moreover, HUVECs cultured on heparin-modified ePTFE
vascular grafts expressed the endothelial cell-specific marker VWF [68] and in vivo assessments
have described the capacity of a heparinized stent to increase VWF gene expression on the
myocardial tissue around the stent when compared to the bare stent [69]. Functional endothelial
cells secrete VWF controlling the hemostatic process by its mediau~n in platelet adhesion and
aggregation and carrying coagulation factor VIII in the circul tion [70]. The use of heparin-
functionalized SDVG could avoid the intrinsic thromboge.icity of vascular prostheses as we
previously reported [35] and encourage the recoverv ¢ the endothelium homeostasis by
promoting VWF expression.

On the other hand, the expression of intenrir, a5 subunit was decreased on endothelial
cells grown on heparin-functionalized SDVG 1. r 7 days of culture. Integrin a5 subunit has
been reported to be crucial in endotheliz: ¢ Il 1 igration when subjected to shear stress and
therefore, its expression is directly correi. od to cell migration under these conditions [71].
Interestingly, our findings indicate a reduction in the gene expression of this protein on
functionalized grafts. The increased ¢/l spreading on these grafts would provide enhanced cell

attachment promoting biomateri=( eny-aftment and leading to a decrease in migration [46].

4. Conclusions

In this work, we inner surface of PLLA/PHD electrospun tubular scaffolds was
successfully modified with heparin through PHD urethane functionalization. Interestingly,
functionalization of SDVG with heparin improved the tensile properties and promoted stable
and functional endothelial cell attachment. This newly designed biodegradable SDVG avoids
the need of further addition of growth factors during the scaffold preparation, leading to more

cost-effective and stable vascular grafts with excellent biological performance.
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Table 1. Primer sequences used for Real-Time PCR analysis.

Primer

Sequence
VEGR2 F: GGAACCTCACTATCCGCAGAGT
R: CCAAGTTCGTCTTTTCCTGGGC
VWF

F: CCTTGAATCCCAGTGACCCTGA
R: GGTTCCGAGATGTCCTCCACAT

Integrin-a5 subunit

F: GCCGATTCACATCGCTCTCAAC
R: GTCTTCTCCACAGTCCAGCAAG

RPL32

F: ACAAAGCACATGCTGCCCAGTG
R: GCTCGCAGTACGACTACACTGAC
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Table 2. Stress-strain areas recorded for control and functionalized SDVG scaffolds under
dynamic loading cycles, and differences in areas recorded between the 2™ and the 20" peaks.
Rings (3 mm height) were loaded at a constant rate of 0.17 mm/s to forces of 0.080 and 0.016
N, and at a constant rate of 0.33 mm/s to a force of 0.028 N. Mean values and, in parenthesis,
standard deviation (n=3 for three independent measurements).

Scaffold Force (N) Areapeao (N-mm)  Areapeako (N-mm) AArea (%)

Control 0.080 0.010 (0.001) 0.008 (0.001) 14.9 (14.2)
0.016 0.020 (0.004) 0.019 (0.004) 5.0 (3.3)
0.028 0.064 (0.004) 0.059 (0.004) 7.5(0.1)

Functionalized 0.080 0.019 (0.004) 0.019 (0.004) 0.1 (1.0)
0.016 0.043 (0.006) 0.042 (.005) 1.4 (1.2)
0.028 0.077 (0.020) 0.076 (0 0. 1.0 (0.8)
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Figure Captions:

Figure 1. Optical images (first column) and SEM micrographs of control and heparin-
immobilized SDVG. SEM micrographs of both inner and outer surfaces are shown at 1,000X
(scale bar 10 um) and 10,000X (scale bar 2 pm).

Figure 2. Engineering stress versus engineering strain plots recorded along longitudinal and
transversal axes for control and heparin-functionalized SDVG, and recorded for ring sections of
control and heparin-functionalized SDVG before and after 20 :vcles of dynamic loading at
0.280 N.

Figure 3. Stress-strain behavior of control SDVG and hep win-"unctionalized SDVG recorded
under dynamic loading cycles at forces of 0.080 N (Al, A’ B1, B2), 0.160 N (A3, A4, B3, B4)
or 0.280 N (A5, A6, B5, B6). Peaks corresponding tc the 1%, 2™ and 20™ cycle are shown in

detail in even plots.

Figure 4. Confocal micrographs of representa:ve tields of A) pristine SDVG and B) heparin-
functionalized SDVG at 10X magnifica.-on. Adhered HUVECs were stained with phalloidin-
Alexa fluor 488 (green; cytoplasm) ard DAPI \blue; nucleus). Scale bars: 100 pm.

Figure 5. Relative surface area occuf ec by HUVECs grown on heparin-functionalized SDVG

with respect to pristine SDVG (¢ ntros).

Figure 6. Relative gene exores. ‘on of HUVECs cultured on the surface of control and heparin-

functionalized SDVG af.er .aven days in culture under laminar flow.
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FIGURE 4
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