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In the field of tissue regeneration, the lack of a stable endothelial lining may affect the hemocompatibility of both
synthetic and biological replacements. These drawbacks might be prevented by specific biomaterial function-
alization to induce selective endothelial cell (EC) adhesion. Decellularized bovine pericardia and porcine aortas
were selectively functionalized with a REDV tetrapeptide at 10™> M and 10~® M working concentrations. The
scaffold-bound peptide was quantified and REDV potential EC adhesion enhancement was evaluated in vitro by
static seeding of human umbilical vein ECs. The viable cells and MTS production were statistically higher in

functionalized tissues than in control. Scaffold histoarchitecture, geometrical features, and mechanical properties
were unaffected by peptide anchoring. The selective immobilization of REDV was effective in accelerating ECs
adhesion while promoting proliferation in functionalized decellularized tissues intended for blood-contacting

applications.

1. Introduction

The challenge of biomaterial endothelialization affects every year
the outcome of thousands of synthetic and biological materials
implanted into the cardiovascular system. Due to its specific regulatory
activity in thrombotic, fibrinolytic, and inflammatory pathways, the
natural healthy endothelium is so far considered the only fully hemo-
compatible surface. For these reasons, the promotion or restoration of a
living endothelium has been widely investigated in those biomaterials
intended for blood-contacting applications.

Generally, medical devices as vascular grafts, stents, and
glutaraldehyde-treated  prosthetic heart valves are scarcely
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endothelialized and, more often, the process results in partial and un-
stable lining, which may lead to obstructive thrombi and prosthesis
failure. In these conditions, strategies like in vitro cell seeding demon-
strated to be unsatisfactory in overcoming the poor adhesion proneness
of these materials [1-5]. Extracellular matrix (ECM)-derived molecules,
such as collagen, laminin, fibronectin, fibrin, heparin, and growth fac-
tors [6-10], have been frequently used as coating molecules in order to
reproduce the natural subendothelial layer of normal vessels and heart
valves. Angiogenic growth factors are currently studied as crucial mol-
ecules to promote angiogenesis in bioengineering applications [11,12],
whereas gene-eluting stents enriched by DNA encoding for VEGF
demonstrated that gene-based strategies may be effective to accelerate
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endothelialization [13]. Specific antibodies were used to target endo-
thelial progenitor cells (EPCs), circulating in peripheral blood, and
promote their adhesion to vascular stents [14-17], grafts [18,19], and
bioprosthetic heart valves [20,21].

In most of cases, the Achilles’ heel of these materials is the lack of
bioactive sequences able to coordinate the fine mechanisms of cell
adhesion. Therefore, the immobilization of naturally inspired short
synthetic peptides, mimicking the adhesive sites of natural proteins, has
been introduced in tissue engineering applications.

Several bioactive peptides, including YIGSR, CAG, RGD, and REDV,
can be specifically recognized by endothelial cells. The sequence RGD
picked out from fibronectin in 1984 as a minimal cell adhesive sequence,
is known to be a motif able to bind to several integrin types. Conse-
quently, the RGD tripeptide is by far the most employed adhesive pep-
tide to modify biomaterials [22-24] but RGD can enhance the adhesion
of many types of cells and platelets, too; thus, novel peptides should be
found to have selective binding for ideally one cell type, in our case
endothelial cells, without being involved in clot aggregation and
anchoring as RGD sequence is [25,26]. REDV tetrapeptide has been
identified for the first time in the type III connecting segment of human
plasma fibronectin [27] and has demonstrated to be one of the main sites
for the recognition of a4pl subunits of integrin [28]. This specific
interaction leads to the selective adhesion of endothelial cells to fibro-
nectin [29,30]. Owing to its special ability to selectively adsorb and
proliferate ECs rather than smooth muscle cells (SMCs), fibroblasts, and
platelets [29], REDV has gained much attention in the modification of
biomaterials. REDV can capture endothelial colony forming cells
(ECFCs) underflow since it can specifically interact with the surface
receptor on ECFCs. Furthermore, REDV-grafted hydrogels reduce the
ECFC rolling velocity to a significantly greater extent [31].

The efficacy of REDV has been prevalently verified on synthetic
materials [29,30,32-35]. This motif incorporated into bioartificial pro-
teins [36] was able to promote HUVEC adhesion. The effort to promote
endothelialization of decellularized pulmonary heart valves pre-treated
with a solution of REDV peptide did not give significant results
compared to a nonfunctionalized group after 1 and 4 h [37]. In the study
of Aubin et al. the decellularized tissue was enriched with REDV peptide
through physical adsorption. The principal advantage of this strategy is
the simplicity of functionalization, but it leads to the random orientation
of the bioactive peptide and the reversibility of functionalization. As a
consequence, the de-adsorption of the adhesive peptide may inhibit cell
adhesion. On the other hand, covalent immobilization is the most irre-
versible and stable type of immobilization and can control peptide
orientation and exposure to cell receptors.

Therefore, this study aims to assess whether and in which conditions
the covalent immobilization of EC-selective REDV tetrapeptide on
pericardial and aortic valve scaffolds may accelerate the in vitro endo-
thelialization. The results of this study demonstrated that the covalent
anchoring of REDV to decellularized pericardial and aortic valve scaf-
folds, carried out in aqueous solution without cross-linkers, accelerates
endothelialization. The results also indirectly indicate the importance of
the functionalization strategy in the achievement of improved cell-
responsive biological scaffolds. A summary of the strategy to convert a

Bioactive Materials 6 (2021) 3851-3864

biological tissue into a hemocompatible scaffold, as reported in this
paper, is shown in Scheme 1.

2. Materials and methods
2.1. Materials

All amino acids used for the peptide synthesis were from Nova-
biochem (Merck KGaA, Darmstadt, Germany). All other materials were
supplied by Sigma-Aldrich (Saint Louis, MO, USA) unless otherwise
stated.

2.2. TriCol decellularization

Native bovine pericardia (NBPs) (n = 3) and porcine native aortic
roots (NAos) (n = 3) were collected at the local slaughterhouses and
transferred to the laboratory in cold phosphate-buffered saline (PBS).
Within 1 h from animal death, pericardia and aortic valves were isolated
from surrounding fat and connective tissues and shortly rinsed in cold
PBS. Homogeneous samples of NBPs were dissected from the left-
anterior region of the heart. Both tissues were treated according to
TriCol procedure [38-40] (more details are reported in Supplementary
Information).

2.3. Evaluation of decellularized scaffold histoarchitecture
Samples (n = 3) were fixed in 4% paraformaldehyde (Panreac
AppliChem, Chicago, IL, USA) for 10 min and maintained in 20% su-
crose in PBS overnight at 4 °C. Tissues were then snap-frozen in liquid
nitrogen fumes after embedding in O.C.T. Compound (Optimal Cutting
Temperature Compound, Tissue-Tek, Alphen Aan den Rijn, The
Netherlands), and stored at —80 °C. Sections of 5 um thickness were
obtained using a cryostat (Leica Biosystems, Wetzlar, Germany).
Histological analyses were performed using Hematoxylin and Eosin
and Alcian Blue staining (Bio-Optica, Milan, Italy). Images were ac-
quired with a light microscope (Olympus BX51, Olympus Corporation,
Tokyo, Japan) equipped with a Nikon Eclipse 50i camera and NIS-
Elements D 3.2 software (Nikon Corporation Shinagawa, Tokyo,
Japan). Indirect immunostaining in tandem with two-photon micro-
scopy (TPM) was adopted to selectively detect basal lamina proteins
(laminin, collagen type IV) and fibronectin in combination with second
harmonic generation (SGH) and two-photon emitted fluorescence
(TPFE), respectively to evaluate collagen type I and elastin pattern [41,
42]. As primary antibodies, rabbit polyclonal anti-laminin (1:100, Dako,
Agilent Technologies, Santa Clara, CA, USA), rabbit polyclonal
anti-collagen IV (1:100, Abcam, Cambridge, UK), and mouse mono-
clonal anti-fibronectin (1:100, Abcam) were used. Rhodamine (rhod)--
conjugated anti-rabbit and anti-mouse were applied as secondary
antibodies (1:100 goat anti-rabbit IgG antibody and 1:100 goat
anti-mouse IgG antibody, Millipore, Burlington, MA, USA). Primary and
secondary antibodies were diluted in 1% (w/v) bovine serum albumin in
PBS. Images were acquired at an excitation wavelength of 1200 nm for
the SHG signal and 800 nm for TPEF and secondary antibody

Scheme 1. Development of hemocompatible scaffolds from biological tissues.
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fluorophores. A fixed resolution of 1024 x 1024 pixels and an accu-
mulation of 120 frames were selected.

2.4. Peptide synthesis

The tetrapeptide arginine-glutamic acid-aspartic acid-valine (REDV)
was synthesized using an automatic synthesizer (Syro I, MultiSynTech
GmbH, Witten, Germany) and the solid-phase method via Fmoc chem-
istry [43]. Two spacers (7-amino heptanoic acid, Novabiochem, Merck
Millipore) were introduced between the biologically active sequence
and the H-Phe-H resin (NovaSyn® TG, Millipore). Pentamethyl-2,
3-dihydro benzofuran-5-sulfonyl (Pbf) for arginine and tert-Butyl
(OBut) for aspartic acid and glutamic acid were the side-chain pro-
tections used in the current research.

At the end of the synthesis, after Fmoc deprotection, the peptide-
resin was divided into two parts. The first part was coupled with 5
(6)-carboxytetramethyl-rhodamine (Novabiochem) (RhodREDV), in
order to perform the quantification of the anchored peptide through the
quantification of the fluorescence of rhodamine, whereas the second
part remained unconjugated. The geometrical, physical, mechanical,
and biological properties were evaluated on matrices functionalized
with REDV without rhodamine. The biological assays were performed
with the REDV without rhodamine because the steric hindrance of the
fluorophore might decrease peptide-integrin binding.

Side-chain protections were removed with trifluoroacetic acid (TFA,
Biosolve Chimie, Dieuze, France) for 1 h under stirring. The resin was
cleaved with a solution of acetic acid, water, methanol and dichloro-
methane (Biosolve Chimie) (10:5:21:63) for 1 h under stirring.

The purification and characterization of the resulting C-terminal
aldehyde peptide are reported in Supplementary Information.

2.5. Functionalization of the biological scaffolds

Purified lyophilized peptides were dissolved in PBS at starting con-
centration of 10~> M (stock solution). A reducing agent, i.e. sodium
cyanoborohydride (Merck Millipore), was added (2.19 mg of NaBH3CN
for 1 mg of peptide). The final solution was then diluted to produce the
lower concentration (10_6 M). Circular punches of 0.5 cm diameter (Kai
Medical Europe, Solingen, Germany) of DBPs and DAos were placed into
a 96-well plate (Sarstedt, Niimbrecht, Germany) and functionalized with
100 pl of peptide solution for 24 h at room temperature. The chemical
strategy employed is reported in Scheme 2.

After functionalization, the samples were deeply washed in PBS: two
times for 30 min at room temperature and one wash overnight at 4 °C, all
under constant agitation. Samples were preserved in 3% (v/v) penicillin-
streptomycin and 0.25% (v/v) Amphotericin B (Gibco) in PBS at 4 °C
until use.

2.6. Quantification of anchored peptide

The yield of functionalization was measured by using RhodREDV.
Quantification of RhodREDV peptide covalently linked to functionalized
DBPs (n = 3) and DAos (n = 3) was performed using a method already
reported [44,45] and was based on TPM-acquired images. The calibra-
tion curve was prepared with serial dilutions of free RhodREDV in PBS
(from 10~° M to 107!° M). The intensity was measured through Fiji
[46]. Six regions of interest (ROIs) were acquired for each dilution of the
standard curve, whereas three ROIs were collected for each tested
sample. Blank was set with PBS for calibration curve, and the natural
fluorescence of pericardial and aortic ECM proteins for differently
treated scaffolds. Effective peptide surface densities were calculated
multiplying the estimated concentrations by the depth of focal volume
(1.5 pm). Based on the results collected, a selective functionalization
with a REDV tetrapeptide at 10~> M and 10~% M working concentrations
was operated for the decellularized bovine pericardia and porcine
aortas.
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Scheme 2. The chemical strategy of peptide anchoring to the biolog-
ical scaffolds.

2.7. Geometrical features

Thickness and area of 107> M, 10~® M REDV-functionalized and
control scaffolds (n = 3) were measured to evaluate whether the func-
tionalization could affect the geometrical features of treated tissues. A
digital caliper (Mitutoyo, Kawasaki, Japan) was used to assess thickness.
Areas were calculated on sample images elaborated in Fiji [46].

2.8. Mechanical compression test

Compression tests were carried out on circular punches of DBPs and
DAos at 1 mm/min up to a strain of 0.30 mm/mm. All tests were per-
formed using an INSTRON 5566 testing machine.

The stress (c) was evaluated as the measured force F divided by the
specimen cross-section area (Ag):

c=F/Ag (@D)]

whereas the strain (¢) was calculated as the ratio between the specimen
height variation (Ah) and the initial height (hg):

e=Ah/hg 2

2.9. Water contact angle (WCA)

The surface wettability of DBP samples was traced by measuring the
static WCA. An OCA20 instrument (Dataphysics), equipped with a CCD
camera for the drop shape analysis, was used at 25 °C and 65% relative
humidity. Three pL of ultrapure water were applied on different areas of
the samples’ surface. The static contact angles were then measured on
both sides of the two-dimensional projection of the droplet by digital
image analysis. Data are reported as the average of at least nine separate
measurements on both serosa and fibrosa sides of DBPs.

2.10. Differential scanning calorimetry (DSC)

The phase transition thermograms of DBP samples were recorded
with a DSC 8000 differential scanning calorimeter from PerkinElmer.
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Temperature and energy scales were calibrated using the manufac-
turer’s instructions with Indium and Tin as standards. Hydrated samples
between 5 and 10 mg of weight were sealed in 30 L aluminum pans.
Empty pans were used as references. Thermal analysis was mainly per-
formed to get insight into the denaturation phenomenon of collagen,
which is known to occur in the 40-80 °C in the hydrated state and be-
tween 180 and 230 °C in the dehydrated state. For this reason, the in-
vestigations were performed between 25 and 90 °C with 20 °C/min
heating rate.

2.11. Assessment of REDV-functionalization bioactivity and cytotoxicity

EC adhesion was evaluated through viability assays. In vitro cyto-
toxicity tests were carried out according to ISO 10993 requirements
[47]. Human umbilical vein ECs (HUVECs) were seeded at a density of
100,000 cells/cm? on differently functionalized DBPs (n 3) and
cultivated in static conditions with endothelial growth medium, sup-
plemented with 1% (v/v) penicillin-streptomycin (PromoCell GmbH,
Heidelberg, Germany). Polystyrene of tissue culture-treated 24-well
plates (Costar®, Corning Incorporated) and cyanoacrylate Super
Attack (Loctite, Henkel Italia, Milano, Italy) were used as positive and
negative controls, as previously described by Granados et al. [48]. Un-
treated DBPs were also considered as a further control. Cell viability and
adhesion were evaluated using fluorescent Live/Dead staining at 1, 7,
and 14 days, according to the manufacturer’s protocol (Molecular
Probes, Eugene, OR, USA). Samples were analyzed by TPM, acquiring
three ROIs for each sample. Due to tissue irregularities or in presence of
incline, images were acquired as z-stacks and elaborated as projections
with Fiji built-in plugins [46]. Each image was also used to manually
calculate the number of live and dead cells by using the cell counter
built-in plugin of Fiji. Eventually, the percentage of viable cells was
calculated dividing the obtained number of live cells by the total number
of cells (i.e., the sum of live and dead cells) as follows: % viable cells =
(number of live cells/(number of live cells + number of dead cells)) x
100. The presence of a cell lining was evaluated histologically through
hematoxylin eosin staining (BioOptica) on 5 pm fixed cryosections. To
evaluate the expression of typical EC markers, like platelet-endothelial
cell adhesion molecule (CD31), vWF, and connexin-43 (conx43), a
TPM-combined, indirect immunofluorescent analysis was performed by
using rabbit polyclonal anti-CD31 (1:50, Abbiotec, San Diego, CA, USA),
rabbit polyclonal anti-vWF (1:50, Agilent Technologies) and rabbit
polyclonal anti-conx43 (1:100, Abcam) as primary antibodies and
rhod-conjugated anti-rabbit (Millipore) as secondary antibodies (1:100),
after dilution in 1% (w/v) bovine serum albumin in PBS. Nuclei were
counterstained by Hoechst. Images were acquired as described above.
Proliferation and cytotoxicity were evaluated with two different color-
imetric assays, respectively based on the reduction of 3-(4,5-dime-
thylthiazol-2-y1)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-te-
trazolium compound (MTS) and the release of lactate dehydrogenase
enzyme (LDH). Both assays are based on the reduction of a tetrazolium
salt into formazan, but two different processes are involved: in the first
assay, the MTS is reduced by viable cells and, thus, the quantified for-
mazan is directly proportional to their number; in the second assay, the
LDH, released by damaged cells, indirectly promotes the enzymatic
reduction of the tetrazolium salt by NADH and the resulting formazan
amount is proportional to the number of dead cells. Cell media were
collected from tested tissues and controls at 24, 48, and 72 h and
maintained at —80 °C until further analysis. All tested samples and
controls were incubated with MTS reagent following the manufacturer’s
instructions (CellTiter 96 aqueous solution cell proliferation assay,
Promega, Madison, WI, USA) at 1, 3, 7, and 14 days. Absorbance was
measured at 490 nm in a plate reader (Bio-Rad, Hercules, CA, USA).
Released LDH was quantified with Pierce LDH cytotoxicity assay kit
(Thermo Scientific) and the percentage of cytotoxicity was calculated as
reported elsewhere [49], after measuring the absorbance at 490 nm with
a microplate reader (Bio-Rad).
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2.12. Statistical analyses

All data were processed and analyzed with Prism (GraphPad Soft-
ware). Results are reported as mean + standard deviation. Data were
statistically compared using T-test and analysis of variance (ANOVA).
Two-way ANOVA with Bonferroni multiple comparison test was per-
formed to assess the statistical significance of WCA measurements. Re-
sults from mechanical compression tests were also analyzed by ANOVA
followed by Bonferroni post hoc test. Data from DSC were analyzed by
ordinary one-way ANOVA with Tukey’s multiple comparison test. A
significant level was set at 5%.

3. Results
3.1. Decellularized scaffolds

The histological evaluation confirmed the complete removal of
native cells from both pericardial and aortic tissues following the
decellularization procedure (Fig. 1, a-h). H&E staining showed the
absence of nuclei and the overall tissue architecture appeared well-
maintained (Fig. 1, a-d). Alcian blue staining for sulfated and carbox-
ylated mucopolysaccharides and sialomucins exhibited a general
discoloration (Fig. 1, e-h). SHG signal appeared unaltered after decel-
lularization: collagen I retained the characteristic wavy pattern in DBP
scaffolds and DAo adventitia (Fig. 1, i-u). Similarly, the strong TPEF
signal of elastin was maintained particularly for aortic elastic lamellae
(Fig. 1, k-1, o-p, s-u). The immunolocalization of laminin (Fig. 1, i-1) and
collagen IV (Fig. 1, m-p) demonstrated the preservation of pericardial
and arterial basal lamina. A strong positivity for fibronectin can be
appreciated in pericardial vessels and serosa and in arterial vasa vaso-
rum (Fig. 1, g-u).

3.2. Peptide synthesis

The homogeneity of the REDV fraction used for the functionalization
was 99.70%, whereas 89.09% for RhodREDV. The retention time for
REDV peptide was 14.94 min (Figure S1). The retention times for
RhodREDV peptide were 14.41 min and 16.62 min (Figure S3, two
retention times are due to the presence of the two isomers of 5 (6)-
carboxytetramethyl-rhodamine in RhodREDV peptide). The experi-
mental masses were 903.73 Da for REDV (theoretical mass: 903.09 Da;
Figure S2) and 1316.14 Da for RhodREDV (theoretical mass: 1316.08
Da; Figure S4).

3.3. Quantification of functionalization

RhodREDV bounded on the surfaces of functionalized scaffolds was
calculated starting from fluorescent intensity quantifications and re-
ported as the number of peptide moles per cm?. RhodREDV quantifi-
cation showed that it was possible to modulate the functionalization
yield by varying the initial peptide concentration. Surface densities are
reported in Table 1 and Fig. 2.

With respect to the controls (Fig. 2, a, d and g, j), the highest intensity
was acquired for 10> M REDV-functionalized samples for both tissues
(Fig. 2, b, e and h, k), whereas with 10°° M working concentration a
lower fluorescent signal was observed in treated scaffolds (Fig. 2, ¢, f and
i, 1, for DBPs and DAos, respectively).

In the case of DBP scaffolds, only the functionalization with 10™> M
concentration allowed to obtain a uniformly distributed fluorescent
signal on serosa layer (Fig. 2, b-c). On fibrosa, the fluorescent pattern was
distributed likely following the looser collagen bundles and isolated fi-
bers, as if the peptide had a higher affinity for these structures partic-
ularly rich in this layer (Fig. 2, e-f). In the case of DAo scaffolds, the
majority of REDV appeared bounded to the intimal surface (Fig. 2, h-i)
than adventitia (Fig. 2, k-1), as confirmed by the quantification. The
107> M RhodREDV functionalization generated the highest values of
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Fig. 1. TriCol decellularization procedure maintained the general tissue his-
toarchitecture (a-d), whereas seemed to cause a discoloration of alcianophilic
components (e-h). Laminin (i-1), collagen IV (m-p) and fibronectin (q—u)
appeared maintained.
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Table 1
Surface density of REDV on DBPs and DAo scaffolds considering 10~> M and
107 M as working concentrations.

DBP

Functionalization concentration [M] Surface density [mol/cm?]

Serosa Fibrosa

10° REDV 1.17 £ 0.37 x 1.01 + 0.50 x
10-13 10713

10"° REDV 8.14 + 1.77 x 1.00 + 0.62 x
10-16 10-15

DAo

Functionalization concentration Surface density [mol/ em?]

[M] Intima Adventitia

10~° REDV 2.48 + 0.30 x 1.23 + 0.38 x
10-13 1014

10~° REDV 3.02 £1.16 x 2.44 £ 1.53 x
10~ 10-15

fluorescence intensity and, therefore, of the amount of bonded peptide
to the decellularized scaffolds. Quantified values were statistically
different to 10~ M concentration in the case of DBPs and DAo intima.

3.4. Geometrical features and mechanical properties

REDV functionalization did not significantly modify the area
(Fig. 3a) and thickness (Fig. 3b) of both DBP and DAo samples in com-
parison with untreated ones.

J-shaped stress-strain curves were obtained from compression tests
on control and functionalized DBPs (Fig. 3, ¢) and DAos (Fig. 3, d). After
an initial upward concavity (toe region), a linear region of the stress-
strain curve was evident up to the strain limit of 0.30 mm/mm. The
compressive modulus was evaluated as the slope of the linear region of
the stress-strain curve. Values of compressive modulus and maximum
stress are reported in Tables 2 and 3.

A compressive modulus of 3.68 + 0.40 MPa and maximum stress of
0.59 + 0.11 MPa were evaluated for DBP control group (DBP). The
functionalization process led to a compressive modulus of 3.57 + 0.38
MPa (10~° M REDV) and 3.60 + 0.42 MPa (10~® M REDV), and also to a
maximum stress of 0.52 & 0.09 MPa (10> M REDV) and 0.54 + 0.11
MPa (10~% M REDV). However, no statistically significant differences
were found among the groups in terms of compressive modulus and
maximum stress. With regard to untreated DAo samples (DAo),
compression tests provided modulus and maximum stress of 0.80 + 0.07
MPa and 0.13 + 0.01 MPa, respectively. Also, in the case of DAo sam-
ples, the functionalization process did not significantly affect the values
of modulus (0.78 4 0.07 MPa for 10> M REDV and 0.81 =+ 0.06 MPa for
10°°M REDV) and maximum stress (0.10 & 0.01 MPa for 10> M REDV
and 0.12 + 0.01 MPa for 10"® M REDV).

3.5. WCA

Functionalized DBP samples showed significantly different behavior
based on the considered side (Fig. 4a): serosa appeared more hydro-
phobic than fibrosa. The ordered fibrillar topography of the serosa side of
the sample, shown in Fig. 2 favors an increase of hydrophobicity as has
been shown in different synthetic materials [50-52], the close packing
of the fibers, leaving submicron spacing between them, increases air
retention and consequently water repulsion at the surface. On the other
hand, the disordered arrangement of the fibers in the fibrosa side leaves
higher inter-fibrillar spaces which do not contribute to hydrophobicity.
The same behavior has been shown when comparing ordered and
disordered electrospun polylactide mats [50-52].

Increased variability in WCA measurements was observed for the
fibrosa layer within the same sample, likely depending on the ECM in-
homogeneity of this layer.



E. Dal Sasso et al. Bioactive Materials 6 (2021) 3851-3864

Fig. 2. The concentrations of REDV (107> M or 10~ M) solution used to treat DBP (a—f) and DAo (g-1) scaffolds have produced different final quantities of peptides
bound to the tissues. The surface density of REDV was statistically higher in pericardial tissues functionalized with 10> M (m-n) in comparison with 107¢ M.

Fig. 3. The functionalization did not affect area (a) and thickness (b) of DBPs and DAos. Considering the compressive mechanical behavior, both functionalized and
control DBP and DAo scaffolds showed the typical J-shaped stress-strain curve (c,d): stress-strain curves obtained for DBP control group (x), 10 °M (o) and 10°° M
(A) REDV functionalized DBPs (c), and for DAo control group (%), 1075 M (o) and 10°® M (A) REDV functionalized DAos (d).

REDV functionalization statistically increased the WCA on DBP in the measured WCA. One can speculate that in the close-packed fibrils,

serosa side (p-value < 0.0001), but not for the fibrosa layer, whose hy- small amounts of the grafted REDV sequences are sufficient to produce
drophilicity seems to be unvaried by the treatment. This feature is also the increase in WCA shown by the experiments.

analogous to results found in synthetic fibrillar materials in which the No direct proportional relationship was documented for the in-
synergy between the combination of topographical and chemical cues to creases of hydrophobicity and peptide surface density on serosa.

hydrophobicity has been reported [53]. In spite that the functionaliza-
tion concentration of REDV had a significant influence on the surface
density of REDV in the scaffolds, it did not induce significant differences
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Table 2

Effect of functionalization on the mechanical properties of DBPs. Results from
compression tests performed on control group (DBP), 10> M and 10~® M REDV
functionalized DBPs at 1 mm/min up to a strain of 0.30 mm/mm. Modulus and
maximum stress are reported as mean value + standard deviation. Statistical
analysis was performed using ANOVA followed by Bonferroni post-hoc test (p <
0.05).

Samples Compressive Modulus Maximum Stress
E (MPa) Omax (MPa)
DBP 3.68 £+ 0.40 0.59 £0.11
10~° M REDV 3.57 +£0.38 0.52 £ 0.09
10°° M REDV 3.60 £+ 0.42 0.54 £0.11
Table 3

Effect of functionalization on the mechanical properties of DAos. Results from
compression tests performed on control group (DAo), 10~> M and 10~® M REDV
functionalized DAos at 1 mm/min up to a strain of 0.30 mm/mm. Modulus and
maximum stress are reported as mean value + standard deviation. Statistical
analysis was performed using ANOVA followed by Bonferroni post-hoc test (p <
0.05).

Samples Compressive Modulus Maximum Stress
E (MPa) Omax (MPa)

DAo 0.80 + 0.07 0.13 £ 0.01

107> M REDV 0.78 £+ 0.07 0.10 £ 0.01

107° M REDV 0.81 £+ 0.06 0.12 £ 0.01

3.6. Differential scanning calorimetry

The characterization of DBPs with differential scanning calorimetry
showed the presence of an endothermic phenomenon between 60 and
80 °C, which is to be related to collagen denaturation [54,55]. In the
literature the denaturation temperature (Td) for hydrated collagen type
I is reported at 78.3 °C with an associated enthalpy of 47.8 J/g [56].

The thermograms of all considered samples are reported in Fig. 4b.
The endothermic peak related to collagen denaturation is present in all
samples of bovine pericardium, but it is interesting to note a slight
transition of the denaturation temperature toward higher level for the
functionalized samples. The denaturation temperature of collagen in the
control (not functionalized DBP) was found at 67.9 °C, as we previously
demonstrated [42], with an associated enthalpy of 55.3 J/g, whilst in
the case of DBP functionalized with 10~® M and 10~° M REDV solutions,
the thermal parameters found were Tdjge.¢ M = 69.7 °C with Hdjge.6 M =
41.1 J/g, and Tdiges m = 70.8 °C with Hdjges m = 43.0 J/g. The
denaturation temperature of functionalized samples was found to be
significantly different from the denaturation temperature of the control
but not between 10-® M and 10> M REDV functionalizations.
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3.7. Quantification of cell adhesion and cytotoxicity

Results of cell adhesion are reported in Fig. 5. At 24 h and 7 days,
10> M REDV-functionalized scaffolds showed the highest number of
living cells, which progressively decreased in 10~® M REDV-scaffolds,
reaching the minimum in the control tissues (Fig. 5, a-h, m-t). In
particular, the number of HUVECs was statistically higher for 10™> M
REDV-functionalized DBP with respect to the control at 24 h (p =
0.0259) and with respect to both control (p = 0.0182) and 10°° M
REDV-scaffolds (p = 0.0230) at 7 days. In case of DAo scaffolds, this
trend was significant at 7 days (p < 0.001 and p = 0.0222, respectively).
At 14 days, the number of living cells was not statistically different
among the groups for both DBPs and DAos (Fig. 5, i-l and u-x, respec-
tively). Regarding the number of dead cells, for each time-point there
were no statistically significant differences among the groups for both
tissues (Fig. 5, d, h, 1 and p, t, x).

Cell viability was generally higher in REDV-functionalized samples
and rapidly increased following the first 24 h after the seeding. After 7
days all the values were greater than 95% for all groups and tissues
(Table 4).

The progressive endothelialization was confirmed also histologically
(Fig. 6a-r). A few rounded cells were visible on samples’ surface at 24 h.

A near-continuous lining was present in all groups and tissues from
day 7. The quantification of MTS reduction confirmed cell proliferation
in functionalized DBP and DAo tissues (Fig. 6 s and t). Functionalized
samples generally presented higher proliferation in comparison with
unfunctionalized samples and control cells confirming a similar trend to
the one observed for cell adhesion. The 10~> M REDV-functionalized
DBPs were statistically higher at 7 and 14 days to the controls,
whereas 107® M REDV-functionalized DBPs at 14 days only. Similar
results were obtained for DAos, whereas at 24 h both groups of func-
tionalized tissues were statistically higher than unfunctionalized con-
trols. At all endpoints, tissues and positive control presented higher cell
proliferation than HUVECs seeded in the negative control conditions. In
this case, the complete cell death was visible from day 7 for all groups.
The quantification of LDH released in the culture media confirmed
negligible cytotoxicity induced by tested biomaterials (Fig. 6, u and v).
Functionalized DBP scaffolds presented a trend comparable to their
untreated ones: cytotoxicity percentages were negative or positive but
close to zero (10~® M REDV-functionalized DBPs at 24 h and 10™°> M
DBPs at 48 h). The highest values were reached on the first two days,
whereas on the third a substantial fall was evidenced. Similar results
were obtained for DAo samples. The glue induced 100% of cytotoxicity
at all time-points for all tissues. The expression of CD31, vWF, and
conx43 in DBPs differently treated is shown in Fig. 7. More in detail, the
expression of CD31 and vWF was initially low at 24 h. However, on the
following days, these molecules were highly expressed with typical
granular aspect on HUVEC cellular membrane. Gap junction protein
conx43 confirmed the continuous-like distribution of HUVECs’ lining at
7 and 14 days in all groups and tissues.

Fig. 4. Water contact angle measurements of functionalized serosa and fibrosa sides of DBPs (a). Differential Scanning Calorimetry (DSC) thermograms of func-
tionalized DBPs, in the hydrated state recorded at 20 °C/min between 25 °C and 90 °C (b). The legend refers to both graphs (a-b).
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Fig. 5. The number of living HUVECs was statistically higher on 10~> M REDV-functionalized DBPs (a-h) and DAos (m-t) at 24 h and 7 days. At 14 days, there were
no significant differences between the groups for both tissues (i-1 and u-x). Scale bar = 100 pm.

Table 4
HUVECs’ viability at 1, 7, and 14 days following seeding on DBPs and DAo
control and REDV-functionalized samples.

DBP
End point Ctrl 10°° M REDV 105 M REDV
24h 88.3% 93.2% 94.5%

7 days 98.7% 98.1% 98.3%

14 days 99.0% 99.1% 99.3%

DAo

End point Ctrl 10~ M REDV 10~° M REDV
24h 98.7% 87.3% 97.9%

7 days 98.8% 99.3% 99.2%

14 days 98.1% 98.0% 99.7%

4. Discussion

Hemocompatibility is one of the main requirements for the
biocompatibility of medical devices intended for blood-contacting ap-
plications. The topic has been widely investigated in the fields of med-
ical, engineering, and material sciences but nowadays is still anything
but concluded [57-61]. There are many possible gateways to try to solve
the quest for blood compatibility, such as act on the coagulation cascade,
complement system, and platelets, but none of these strategies demon-
strated to be fully effective. Indeed, the principal player is the bioma-
terial itself. Ideally, in the interaction with blood, it should inhibit
and/or prevent the adsorption of proteins triggering the activation of the
coagulation and complement systems, hinder platelet adhesion, and
support and facilitate the endothelialization process. In the current
study, the possibility to accelerate endothelialization by covalent
immobilization of EC-selective REDV tetrapeptide was investigated in
decellularized pericardial and aortic scaffolds employing HUVECs static
cell seeding. In most of the studies, functionalization with adhesive
peptides was explored principally on synthetic polymers, because of
their lack of bioactive motifs. In these cases, the functionalization
required necessarily the chemical modification of the material surface or
the inclusion of the peptide into the backbone of polymers. Only a few
attempts have been reported for natural scaffolds. The incorporation of
PEG into N-(3-dimethyl aminopropyl)-N'-ethyl carbodiimide and
N-hydroxysuccinimide (EDC/NHS)-crosslinked collagen sponges was
investigated as a platform to enrich this structural protein with bioactive
sequences [62]. In a similar approach, decellularized porcine aortic
valves were chemically modified with a cyclic RGD [24]. DBP scaffolds
were treated with acetic acid and conjugated with RGD motifs using a
solution of EDC/NHS [63]. Furthermore, peptide-based
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functionalization was also evaluated in the case of whole organ engi-
neering. Devalliere et al. [64] demonstrated the feasibility of using the
REDV tetrapeptide, fused with an elastin-like peptide, to improve the
re-endothelialization of the vascular tree in an acellular rat liver through
endothelial perfusion. Our experience is based on a different approach.
In our case, the synthesized REDV was immobilized on DBPs by taking
advantage of the aldehyde group, at the peptide C-terminal, and the
primary amine (e-amino groups) of lysine and hydroxylysine abundant
in the scaffolds as residues of collagen molecules [65]. Besides the use of
a reducing agent to obtain an irreversible covalent bond, the function-
alization did not require any chemical able to crosslink or denature the
DBP. Furthermore, the possibility of cross-reactions between two REDV
molecules, due to the Arg side-chain presence in the sequence, is remote
mainly due to the high pKa value of the guanidinium group (12.5) but
also to the dilute peptide solution (10~® or 107> M) that discourages the
dimerization. The anchoring strategy choice is justified by the effort to
preserve the promising biological characteristics and the structural
integrity of biological scaffolds. The physical and biological properties
of TRICOL DAo and DBP have been widely investigated in recent studies
by Iop et al. [39] and Zouhair and colleagues [40]. The results showed
intact ECM composition and structure, biomechanical properties, and
appealing bioactive properties, thus confirming the suitability of these
tissue scaffolds in reconstruction and replacement applications. Decel-
lularized scaffolds offer an adequate milieu for endothelial cell adhesion
and survival, as observed in these in vitro and in vivo studies [39,40,64].
Indeed, REDV biofunctionalization proved to accelerate the endotheli-
alization process, which is of paramount relevance for clinical trans-
lation. In this work, TPM analyses performed to evaluate the integrity of
collagen I, elastin, and basal lamina elements confirmed the mainte-
nance of these ECM main constituents. Moreover, sample thickness and
area were not affected by REDV functionalization. Although morpho-
logical analyzes indicated that the scaffold’s structure was not altered by
functionalization, significant differences in REDV-functionalized peri-
cardium were found in terms of collagen denaturation temperature that
appeared to be higher when compared to unfunctionalized DBP sug-
gesting a stabilization of the functionalized collagen compared to the
control.

The quantification of the linked peptide was performed with an
innovative method based on the use of TPM and the acquisition of the
TPEF by the rhodamine-labeled REDV. The development of a new
technique was necessary to effectively distinguish the contribution of
the peptide from the endogenous matrix one. The evaluation of the FTIR
spectra, often adopted in other studies for this purpose [23,24,66,671,
was not feasible due to the similarity between the target molecule and
the biological matrix. The fluorescence of conjugated peptides was
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Fig. 6. HUVECs formed a continuous-like cell lining after 7 days, in all groups and tissues (a-r). Cell proliferation was generally higher in 10> M REDV-
functionalized tissues (s, t), and cytotoxicity levels decreased over the considered time-points (u, v).

evaluated in the literature in several works [32,63,68,69]. However, an
effective quantification, based on a calibration curve, was performed
only in one case [70]. Our results confirmed that, independently from
the concentration of peptide used for the functionalization (10~°> and
10~% M REDV, in our case), the final amount of peptide anchored into
the matrix is inferior to the initial one. The highest functionalization of
both sides of the pericardium was achieved with the highest peptide
concentration. Furthermore, the localization of RhodREDV by TPM
allowed appreciating its distribution on the collagen bundles, thus
confirming the efficacy of the chemical approach utilized for
biofunctionalization.

On the other hand, over the past years, different kinds of experi-
mental tests have been performed to assess the preservation of the me-
chanical properties of the investigated tissues, also focusing on several
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technical considerations.

After the decellularization process, the possibility to maintain the
mechanical properties of the native tissue plays a key role in ensuring an
appropriate functionality [71,72].

In particular, it is well known how a fundamental part of the
decellularization assessment consists in the analysis of the alteration of
the decellularized ECM in terms of composition, structure, and me-
chanical features.

In general, the evaluation of tensile strength, elastic and viscous
moduli, stiffness or yield strength is of great interest, as these properties
are regulated by the main ECM structural proteins. This clearly stresses
the important role of the structure-mechanics relationship [71,72].

The tensile strength of natural and chemically modified bovine
pericardium was already analyzed through non-destructive and
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Fig. 7. CD31, vWF and conx43 were expressed in the classical pattern (apart from 24 h) in a continuous-like cell lining in all tissues.
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destructive uniaxial loading tests [73], whereas a study was performed
on pericardial heterografts to assess the quality control of the mechan-
ical features of glutaraldehyde-fixed leaflets [74]. The site-dependent
effects were suitably investigated [73,74].

A pericardial acellular matrix was also developed as a potential
candidate especially for heart valve or cardiovascular patching appli-
cations [75]. The biochemical and mechanical effects of the cell
extraction were assessed [75]. Specifically, fracture tests and visco-
elastic analyses generally demonstrated the possibility to preserve the
mechanical properties of the fresh tissue in the pericardial acellular
matrix [75].

The study of the viscoelastic behavior of pericardial biomaterials
clearly requires testing under loading times or frequencies which are
typical of those occurring in physiological functions or in a prosthetic
device (e.g. heart valve, patching applications) [76]. For this reason, a
wide range of experimental mechanical tests was proposed, including
stress relaxation, large deformation cyclic loading, and small amplitude
forced vibration [76].

As reported in the literature, several methodologies were previously
employed to evaluate the mechanical properties of pericardial patches
from different mammalian species, the aim being to identify the most
suitable biomaterials for the fabrication of high performance and func-
tional prosthetic devices (e.g. heart valves) [77]. Many procedures were
described for the evaluation of the mechanical properties (e.g. modulus,
strength, strain at break) of pericardial samples, with a special focus on
preconditioning (e.g. cyclic loading, pre-stretching) and testing condi-
tions (e.g. uniaxial or biaxial, tensile, flexural, compression,
stress-relaxation) [77].

Furthermore, great efforts have been devoted to the optimization of
the sterilization methods which may affect the structural and mechan-
ical properties of decellularized tissues. In this context, the efficiency of
a two-step sterilization method (i.e. antibiotics/antimycotic cocktail and
peracetic acid) was studied for bovine and porcine decellularized peri-
cardium, using an appropriate assessment protocol [78]. The proposed
approach was optimized by providing sterile scaffolds for tissue engi-
neering applications. The biocompatibility and structural integrity of
the decellularized porcine and bovine tissues were preserved.

Starting from a novel decellularization protocol, decellularized
bovine pericardial biological meshes were developed [79]. The struc-
tural and mechanical properties were analyzed showing values of
elongation and resilience which were higher than those obtained from
commercially available devices [79].

However, even though the need for several loading conditions to
assess the preservation of the mechanical properties of decellularized
tissues has been frequently reported in the literature [71-79], in the
current work compression tests were selected to analyze the effect of a
covalent functionalization on the mechanical properties (i.e. modulus,
maximum stress) of decellularized bovine pericardia and porcine aortas.
Briefly, the tests allowed to compare the compressive properties before
and after the functionalization process with a REDV tetrapeptide at
107> M and 10~® M working concentrations.

In particular, compression mechanical tests on DBPs and DAos
showed that the functionalization process did not alter the typical high
flexibility of the soft biological tissues (i.e. J-shaped stress-strain curve)
(Fig. 3c and d) and did not significantly affect the compressive proper-
ties (Tables 2 and 3).

Anyway, it is worth noting that in most cases scientific works on
decellularized tissues and functionalization processes tend to focus on
one or two mechanical characteristics [71,72]. Accordingly, this area
should be more thoroughly studied and the present research may be also
considered as the first step of a future study in which structural and
functional relationships will be deeply analyzed to provide further
insight into the determination of the properties of the functionalized
tissues.

Although no significant differences were found in terms of
compressive mechanical properties between functionalized and
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untreated samples in the case of DBPs and DAos, the WCA appeared
significantly higher for the serosa side of functionalized DBPs in com-
parison with the control group.

The improvement of WCA on REDV-functionalized DBP serosa side
could result in a protein layer of different composition that could in-
fluence EC adhesion. Anyhow Battista et al. [80] have demonstrated that
when anchored adhesive motifs are present on or into the biomaterials
the cells dig into the physisorbed protein layer and catch the submerged
anchored peptides to establish a firmed adhesive structure for finally
enhance the stability of cytoskeleton. Therefore, the cellular behavior
can nullify the differences among the protein layer composition of sur-
faces characterized by different WCA. This seems confirmed by biolog-
ical assays that discriminate between REDV 107> M and 10 M
functionalization unlike WCA assays. The bioactivity evaluation was
performed by static HUVECs seeding. Enhanced adhesion, viability, and
proliferation were observed at 24 h and 7 days for the scaffolds func-
tionalized with 10~> M concentration. The study of Aubin et al. [37]
demonstrated that the adsorption of REDV on decellularized ovine
pericardium enhanced cell viability, but no statistical difference was
detected in comparison with the unfunctionalized control. In our study,
a clear trend indicating an increased cell adhesion is visible for func-
tionalized tissues, suggesting that the covalent and selective immobili-
zation of this adhesive sequence may be the key to effective
endothelialization. The conjugation of a bioactive peptide to a scaffold
through a selective functional group, appositely inserted into the pep-
tide sequence, assures an oriented anchorage that is detected and
appreciated from cells [81,82]. The article of Battista et al. [80] gives an
explanation of the primate of peptide anchoring strategy in comparison
with physisorbed peptide one, attributing to the cells the ability to
discriminate between bound or physisorbed motifs. At all time-points,
the number of dead cells was very limited and non-statistically
different among the groups. On day 14, the differences between the
functionalized and non-functionalized samples became less pronounced,
suggesting that the effect of REDV treatment may be predominant in the
early stages of endothelialization. The cytotoxicity was negligible and
the proliferation appeared maintained in the REDV groups, confirming
the efficacious removal of the reductant, the main concern of the func-
tionalization process for cell viability, but at the same essential to ensure
the irreversibility of the covalent bond and a higher yield of peptide
grafting reaction on the decellularized ECM (data not shown).

Moreover, for all the groups a positive expression of the classical EC
markers CD31 and vWF was demonstrated by immunolabeling, espe-
cially from day 7, as a further indication of cell functionality. Histo-
logical analyses and conx43 immunolocalization revealed the ongoing
development of a continuous-like cell lining that progressively covered
the DBP serosa. A longer evaluation of seeded scaffolds will be useful to
establish whether a complete and stable lining might be achieved and
maintained through REDV functionalization.

Finally, even though the small sample size could be considered as a
limitation for the current study, the results, however, showed a low
variability for each tested group in the different analyses.

5. Conclusions

The REDV selective covalent functionalization of DBP or DAo scaf-
folds allowed the in vitro promotion of earlier endothelial adhesion and
proliferation, by a minimal tissue manipulation able to preserve the
structure of natural matrices and improve their biological activity. Such
a tissue bioengineering strategy could be groundbreaking for any field of
surgical therapy involving biological prostheses at the blood interface.
High thrombogenic risk is commonly associated with this reconstructive
surgery, especially when biological scaffolds or tissues are implanted to
replace small diameter vessels and heart valves. Moreover, this bio-
functionalization approach could be also applied to develop biological-
scaffold-based membranes for a more biocompatible internal lining of
blood pumps, as total artificial hearts [83]. With this aim in mind,
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further in vitro analyses will be performed to thoroughly investigate the
effects exerted by REDV-aldehyde functionalization, even at higher
concentrations, on the regulatory and migration activities of ECs, also in
the settings of anastomotic sites. In vivo experiments will be planned to
investigate EC lining’s stability, viability, and functionality. Further-
more, these analyses will shed light on the biocompatibility of such
functionalized ECMs and their ability for in-situ accelerated recruitment
and adhesion of endogenous ECs in the presence of natural pulsatile
blood flow.

Biofunctionalization with REDV or other bioactive peptides could be
an effective approach to be used in other reconstruction surgeries where
no contact with blood is required, but cell lining is also essential for
example in the gastrointestinal and urothelial tracts [84,85].
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