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Abstract: The production of biomedical devices able to appropriately interact with the biological
environment is still a great challenge. Synthetic materials are often employed, but they fail to replicate
the biological and functional properties of native tissues, leading to a variety of adverse effects.
Several commercial products are based on chemically treated xenogeneic tissues: their principal
drawback is due to weak mechanical stability and low durability. Recently, decellularization has been
proposed to bypass the drawbacks of both synthetic and biological materials. Acellular materials
can integrate with host tissues avoiding/mitigating any foreign body response, but they often lack
sufficient patency and impermeability. The present paper investigates an innovative approach to the
realization of hybrid materials that combine decellularized bovine pericardium with polycarbonate
urethanes. These hybrid materials benefit from the superior biocompatibility of the biological tissue
and the mechanical properties of the synthetic polymers. They were assessed from physicochemical,
structural, mechanical, and biological points of view; their ability to promote cell growth was also
investigated. The decellularized pericardium and the polymer appeared to well adhere to each
other, and the two sides were distinguishable. The maximum elongation of hybrid materials was
mainly affected by the pericardium, which allows for lower elongation than the polymer; this latter,
in turn, influenced the maximum strength achieved. The results confirmed the promising features of
hybrid materials for the production of vascular grafts able to be repopulated by circulating cells, thus,
improving blood compatibility.

Keywords: hybrid materials; vascular graft; tissue engineering; regenerative medicine; decellularized
pericardium

1. Introduction

Hybrid materials can be considered a new frontier of biomaterial science. They repre-
sent an innovative field of study, particularly conceived for tissue-engineering purposes
toward the production of materials that can really integrate with the host organism. Accord-
ing to the definition given by Casarin et al. [1], hybrid materials are a group of composite
materials made by combining biological tissues with synthetic polymers, thus merging the
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structural, chemical, and physical properties of both types of materials, which remain sepa-
rate on a microscopic scale [1–3]. Hybrid materials have been applied in various areas of
regenerative medicine and can be made by coupling organic–inorganic or organic–organic
substances [4]. Hybrid materials are expected to provide new properties in addition to the
specific characteristics of individual components. Biological materials provide biocompat-
ibility and act as a scaffold to support the growth of patient cells due to the presence of
extracellular matrix growth factors; synthetic materials can improve mechanical patency
and durability [5,6]. Therefore, hybrid materials represent an optimal compromise between
stability, mechanical properties, and biocompatibility [5].

Hybrid materials have been exploited in the orthopedic field where, for example, a
hybrid material was made by coupling hydroxyapatite and chitosan; in the dermatological
field where polycaprolactone/TiO2 coated type I collagen was used for skin regeneration [7];
in the urological field where collagen was coupled with another synthetic material (e.g.,
poly[lactic acid-co-caprolactone], poly lactic glycolic acid or poly lactic glycolic acid) [8–10].
On the other hand, biological tissues are often used for cardiovascular applications, both
decellularized or chemically fixed, and coupled with polymers, e.g., polycaprolactone or
polycarbonate urethane [11–14].

The work presented herewith regards the cardiovascular field, and it is aimed at creat-
ing a bioengineered solution for the replacement of damaged vascular tissues to face some
of the most common cardiovascular diseases (CVDs). CVDs are a group of disorders that
affect the heart and blood vessels and, in agreement with the World Health Organization
(WHO), account for 17.9 million deaths per year, representing 32% of all deaths. They can
be treated with surgical procedures such as angioplasty, stent insertion, or atherectomy;
a vascular graft can be used to replace or bypass a damaged or obstructed vessel [15].
An ideal therapy requires the replacement of the injured vessel with an autologous one.
The saphenous vein and the internal thoracic artery represent the gold standard grafts for
small vessel diameters; they have excellent patency [16,17], but present some disadvan-
tages. In particular, they require invasive harvesting procedures; are frequently deemed
unsuitable due to previous pathologies, which can also impact the mechanical properties
of tissues [18,19]; and exhibit failure rates of approximately 50% within a decade [15,17,20].

Synthetic vascular grafts, such as those made of expanded polytetrafluoroethylene
(ePTFE) or polyethylene terephthalate (PET), are employed to fulfill the shortage of autolo-
gous substitutes. They possess good features in terms of impermeability, flexibility, and
compliance, but exhibit long-term risk of infection, inflammation, thrombogenicity, and
intimal hyperplasia formation [21]. In particular, hyperplasia occurs near anastomoses, and
it is caused by a variety of circumstances, including hemodynamic factors that alter blood
flow, compliance and vascular diameter mismatch, injury to or lack of endothelial cells,
suture line stress concentration, and trauma during surgery [22–25]. Additionally, synthetic
grafts have fair patency rates, especially when used to replace small-diameter vessels; for
example, PTFE grafts used for coronary artery bypass have a patency of 20% [15], resulting
in unacceptable long-term outcomes and a chronic risk of infection [21]. Moreover, a further
critical aspect of synthetic cardiovascular grafts is the need for sustained anticoagulant ther-
apy; it interferes with the normal hemostatic process and can convert clinically insignificant
bleeding to clinically significant [26,27].

In the search for the optimal material to produce engineered vascular substitutes, the
following characteristics can be listed. First, biocompatibility: the graft has to be noncy-
totoxic to prevent any adverse immune reaction, i.e., chronic inflammation, initiation of
the complement cascade, and activation of the adaptive immune system. It also needs to
be porous enough to let nutrients diffuse to cells and eventually degrade without toxic
byproducts, with a degradation rate that enables tissue regeneration [28]. A vascular graft
of engineered tissue should also be suitable for implantation, with kink resistance, and
be suitable for easy handling and suturing. The graft is expected to ultimately favor the
healing process after surgery and integrate with the host tissue.
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In order to create vascular substitutes with the necessary technological qualities
and appropriate physicochemical behavior, hybrid materials have been proposed [29–31],
which, as previously reported, have been developed to combine mechanical and biological
properties as closely as possible to those of native tissues, while improving functional
characteristics such as impermeability [1,32,33].

In the present study, bovine pericardium has been decellularized and coupled with
two commercial polymeric formulations, Chronoflex AR and Chronoflex ARLT, to develop
innovative materials that are able to effectively integrate with the patient’s body; in particu-
lar, the decellularized tissue mimics native vascular tissue and encourages cell migration
and proliferation; the polymeric material ensures impermeability and mechanical resistance.
The selected polymers are biocompatible thermoplastic polycarbonate urethanes, which are
widely used in the cardiovascular field due to their excellent blood compatibility [34,35].
They are also resistant to biologically induced environmental-stress-cracking (BI-ESC) phe-
nomena, which weaken the mechanical integrity of the implant and cause surface fissures
from which further deterioration may occur [28]. On the other hand, bovine pericardium
has been frequently used in several biomedical applications (e.g., prosthetic heart valves
and vascular grafts) but only after glutaraldehyde fixation, which can result in cytotoxic
effects and induce structural malfunction as a consequence of tissue degradation due to
calcification [36]. To prevent these drawbacks, biological tissue has been decellularized,
while maintaining its native physical, chemical, and mechanical properties [37]. In other
studies, the decellularized bovine pericardium was used and functionalized with the REDV
peptide to improve cell growth and migration [38].

In the present work, the hybrid materials have been physiochemically assessed and
tested in vitro in direct contact with human umbilical vein endothelial cells (HUVECs).
Mechanical tests have been also performed to characterize the behavior of the hybrid
materials and to evaluate the effect of the tensile loading cycle.

2. Materials and Methods
2.1. Pericardia Preparation

Fresh bovine pericardium from healthy animals (Holstein Friesian calves, 7 months
old, weighing between 300 and 350 kg) was obtained from local slaughterhouses, and
treated within 3 h after sacrifice. The Italian government monitored the slaughterhouses’
conformity to the EC laws 1099/2009 on animal welfare and protection, and the corre-
sponding legal authority for animal welfare (Food and Consumer Product Safety Authority)
gave the approval. Each pericardium was separated from its attachment at the base of the
heart, surrounding the major vessels, and then brought to the laboratory in a cold saline
solution (0.9% w/v NaCl, Sigma-Aldrich, St. Louis, MO, USA). The anterior left ventricular
portion of the bovine pericardium was cut into rectangular specimens (80 × 80 mm2) and
the adhering fatty tissue was gently removed [37,39]. Tissue samples were decellularized
following the Tergitol procedure [37]. Briefly, tissues were protected from lytic processes
by a protease inhibitor solution followed by a hypo/hypertonic solution alternated with
Tergitol (1–0.1%/v) and 10 mM of an anionic surfactant; sodium cholate was used to extract
cellular components. All extractions were carried out in a solution containing 10 mM
sodium ascorbate and 5 mM EDTA that was kept under a nitrogen atmosphere to prevent
oxidation. After washing with saline solution, 10% isopropanol was used. Finally, tissues
were exposed to an aspecific endonuclease (Benzonase™) in equilibration buffer (50 mM
Tris-HCl, 1 mM MgCl2) at 37 ◦C for 48 h to fragment double- and single-strand nucleic
acids. All reagents have been purchased from Sigma-Aldrich.

2.2. Hybrid Membrane Fabrication

Hybrid materials were produced by solution casting and solvent evaporation as previ-
ously described by our group [29,40]. Decellularized bovine pericardium (DBP) samples
were placed on a custom-made aluminum frame and a thin layer of polycarbonate urethane
(PCU) was poured on the fibrosa side of the tissue; thereafter, samples were treated in a vac-
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uum oven under aspiration for 24 h at 40 ◦C (Raypa, Barcelona, Spain). Two polycarbonate
urethane solutions at 22% v/v in dimethylacetamide (DMAc) supplied by AdvancSource
Biomaterials (Wilmington, MA, USA) were used. Two hybrid materials were realized: de-
cellularized bovine pericardium coupled with Chronoflex AR (DBP AR) and decellularized
bovine pericardium with Chronoflex ARLT (DBP ARLT).

2.3. Tissue Sterilization

Sterilization was carried out according to Fidalgo et al. [41]. Briefly, hybrid materials
were placed at 37 ◦C for 24 h under constant agitation in a solution with antibiotics and
antimycotics (AA) that contained vancomycin hydrochloride (50 mg/L, Sigma Aldrich),
gentamicin (8 mg/L, Sigma Aldrich), cefoxitin (240 mg/L, Sigma Aldrich), and ampho-
tericin B (25 mg/L, Carlo Erba, Cornaredo, Italy). Then, hybrid materials were washed with
PBS and treated with 0.1% v/v peracetic acid (PAA) solution for 3 h at room temperature.
Samples received a final 1-h PBS washing to remove all remaining chemicals and cells.

2.4. ATR-FTIR Analysis

The Nicolet iS-50 spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) with
a single-reflection diamond/ZnSe crystal ATR attachment was used to investigate the
chemical composition of the hybrid materials surfaces of both the polymeric and pericardial
sides. In particular, the spectra obtained from the pericardial side were compared to those
from DBP alone to reveal the possible presence of polymer and/or possible denaturation of
typical ECM proteins.

Hybrid materials were cut into 10 × 10 mm2 square samples (n = 3 for each group) and
equilibrated in deuterium oxide, supplied by Janssen (Beerse, Belgium) in order to reduce
the interference of water bands in the amide-I region typical of the pericardial tissue [42].
The instrument’s crystal surface was covered with material patches, and proper contact
between the material and the crystal was ensured by using the ATR’s pressure arm. All
analyses were performed at room temperature. Using 64 scans each, the transmittance of
the sample and the background were acquired, and infrared spectra were collected between
4000 and 500 cm−1. Spectra were analyzed using a Matlab® R2021a script (Mathworks,
Natick, MA, USA) [43].

2.5. Two-Photon Microscopy

Two-photon microscopy was performed to evaluate the DBP AR and DBP ARLT;
in particular, the pericardial structure was assessed to understand if and how much the
polymer penetrates the tissue. DBP AR and DBP ARLT samples (n = 3 each) were rinsed in
PBS for 24 h, then fixed at room temperature in PFA (Bioptica, Milan, Italy) for 20 min and
subsequently stored in PBS (Sigma Aldrich, St. Louis, MO, USA).

The images were obtained using a custom multiphoton microscope developed by
Filippi et al. [44]. Images were acquired with a fixed magnification using an Olympus 25X
immersion objective (Tokyo, Japan) with a numerical opening of 1.05 (1024 × 1024 pixels),
an average signal over 70 consecutive frames, with a pixel size of 0.4 µm. Analysis was
performed by measuring the second harmonic generation (SHG) to reveal collagen structure,
while the blue channel signal was acquired to reveal the presence of the polymers. Each
hybrid material sample was then excited by an 800 nm laser, and the detector recorded the
light that was released in two channels: one at 400 nm, which corresponds to the formation
of the second harmonic and where only collagen is detectable, while the polymer was
found in the second channel, which operates between 435 and 500 nm (blue channel).

DBP, DBP AR, and DBP ARLT were studied using the same parameters to compare
them. Several z-stacks were obtained and the RAW images were elaborated using ImageJ
version 1.53o, an open-source software (NIH, Bethesda, MD, USA) [45]. For each sample,
three regions were analyzed and SHG and blue intensity data were acquired at different
depths from the surface of the pericardial side up to 242 µm. The two signals were normal-
ized and overlapped to reveal how deeply polymers penetrate the decellularized tissue.
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By using the plug-in OrientationJ version 2.0.5, which involves the use of the Fast
Fourier Transform to analyze collagen distribution, two parameters were estimated: SHG
coherency and SHG intensity [37,46–48]. The SHG coherency values account for the
organization and distribution of collagen fibers. A value of 1 indicates that the fibers are
strongly orientated (anisotropy), while a value of 0 indicates that there is no orientation
(isotropy). With regard to the SHG intensity parameter, a high value corresponds to a high
concentration of collagen.

The t-tests were performed to statistically compare the values of intensity and co-
herency of DBP AR and DBP ARLT with DBP as a reference group.

2.6. Mechanical Characterization

All materials were cut into dog-bone-shaped specimens by means of a homemade
cutter with a gauge length of 5 mm and width of 2 mm; specimens were cut along the
predominant direction of the collagen fibers.

The thickness of the DBP AR and DBP ARLT samples was measured directly using
a Mitutoyo digital caliber (model ID-C112XB, Mitutoyo America Co., Aurora, IL, USA),
while the thickness of the DBP samples was measured by sandwiching them between two
glass slides whose thickness was then subtracted.

A tensile testing machine (TRAMA, IRS, Padova, Italy) was used for the mechanical
characterization of all samples. It is equipped with four linear actuators and 50 N loading
cells and is operated by a dedicated LabVIEW 2019 software (National Instruments, Austin,
TX, USA).

The response to the load of DBP and hybrid materials was assessed by the failure
test. Each sample was preloaded to a maximum of 0.1 N before being extended until
failure at a rate of 4% s−1. Samples were continuously wetted with a saline solution to
prevent dehydration. From the stress-strain curves, failure strain (FS), ultimate tensile
strength (UTS), and Young’s modulus were calculated for each sample [37]. Since the
stress-strain curve of soft tissues has a typical J shape, it can be divided into two regions
that are characterized by different stiffness. The first part of the curve is usually termed the
elastin phase or toe region, while the second is called the collagen phase or linear region,
to indicate the main contribution of collagen to the mechanical response to load. For this
reason, two distinct Young’s moduli were calculated to better characterize the materials: E1
was calculated as the slope of the toe region between 1% and 10% deformation, and E2 was
calculated as the slope of the linear portion of the curve just before sample rupture.

To investigate the effect of loading cycles on material resistance, a fatigue test was
conducted. After the application of loading cycles up to 20% deformation for 3600 s with a
strain rate of 26% s−1, each specimen was loaded until rupture. Tests were performed at
room temperature and samples were immersed in a saline solution (0.9% NaCl) to prevent
dehydration. The FS and UTS of the fatigue stress tests were calculated and compared with
the same parameters obtained from the failure tests.

All parameters were calculated by means of an in-house developed Matlab® R2021a
script and statistical analysis was performed with the t-test (GraphPad Prism 10 Software,
San Diego, CA, USA). Significance was set at p < 0.05.

2.7. Sterility Test

The European Pharmacopoeia 2.6.1 for biological samples was followed to assess the
efficacy of sterilization treatments [49]. Hybrid materials (DBP AR and DBP ARLT) and
polymers (CF AR and CF ARLT) were cut with an 8 mm puncher; n = 2 samples for each
group were tested. Specimens were placed in 4 mL sterile tubes with bacteria-specific
media, i.e., Soybean Casein Digest Medium (Cat no. 22092) and Fluid Thioglycollate
Medium (Cat no. T9032), both supplied by Sigma Aldrich in powder and reconstituted
by adding Milli-Q water. The Soyabean Casein Digest Medium tubes were incubated at
room temperature, while the Fluid Thioglycollate Medium tubes were maintained at 35 ◦C;
turbidity and color of both solutions were checked every 24 h for 14 days. Only-medium
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tubes were considered as negative controls. In the thioglycollate medium, any change in
color or turbidity indicates the presence of either aerobic or anaerobic bacteria; in Soybean
Casein Digest Medium, it indicates the presence of fungi and aerobic bacteria.

2.8. Cytotoxicity Assay

The in vitro direct contact cytotoxicity test for DBP, DBP AR, DBP ARLT, CF AR, and
CF ARLT was validated following the ISO 10993-5 [50]. Human Umbilical Vein Endothelial
Cells (HUVECs) were from a single donor (cod. C-12200). Cells were expanded in En-
dothelial Cell Basal Medium 2 (cod. C-22211) containing Endothelial Cell Growth Medium
2 Supplement Pack (cod. C-39211) at 37 ◦C in a 5% CO2 incubator with a humidified
atmosphere. HUVECs and media were provided by PromoCell (Heidelberg, Germany).

Hybrid materials (DBP AR and DBP ARLT) and polymers (CF AR and CF ARLT) were
cut with an 8 mm diameter puncher, while DBP was cut in squared samples (20 × 20 mm2)
and fixed in a custom-made insert with the same dimensions. Specimens were put in
a 24-well plate in aseptic conditions. Before being seeded with cells, the materials were
soaked in a fresh culture medium overnight. All samples had a culture area of 0.5 cm2. The
HUVECs were seeded onto each material, at passage 4, with a density of 30,000 cells/cm2

and kept on the scaffolds for 7 days. Samples were collected and analyzed on day 1 and
day 7.

Metabolic activity and cell viability were assessed by selective reduction of tetrazolium
salt by means of the WST-1 test (Boster Biological Technology, Pleasanton, CA, USA). Tissue
samples were incubated with a WST solution 2.5% (v/v) in a culture medium at 37 ◦C under
5% CO2 for 1.5 h. The amount of reduced WST-tetrazolium was quantified by absorption
at 450 nm in a culture medium with Spark 10M TECAN (Tecan, Männedorf, Switzerland).

Cellular viability was investigated by means of the LIVE/DEAD assay. At each time
point, seeded samples were incubated with a culture medium added with Calcein AM
(2 µM) and ethidium homodimer-1 (4 µM) provided by the LIVE/DEAD staining kit
(Invitrogen, Carlsbad, CA, USA) to highlight live and dead cells, respectively in green and
red stain. Seeded tissues were incubated at 37 ◦C and 5% of CO2 for 45 min. At the end of
the incubation period, the staining solution was replaced with a fresh medium.

Direct immunofluorescence staining was performed for all sample materials to evalu-
ate cell distribution and organization. Samples were fixed with 4% (w/v) formaldehyde for
20 min and then incubated with 0.1% Triton X-100 solution for 15 min, after 2 washes in
PBS. Samples were incubated with 1% (w/v) bovine serum albumin and F-actin was coun-
terstained by using Phalloidin (1:200, 65906, Sigma-Aldrich) while the nuclei were stained
with 4′,6-diamidino-2-phenylindole (DAPI, Invitrogen), following producer’s instructions.

LIVE/DEAD and immunofluorescence images of samples were acquired with a Le-
ica AF6000 epifluorescence microscope, connected to a Leica DC300 digital camera and
equipped with LAS AF 4.0 software (Leica Micro-System, Wetzlar, Germany). Image pro-
cessing was conducted with Fiji software version 2.9.0/1.53.

3. Results
3.1. Membrane Aspect and Polymer Penetration

Four materials were produced and characterized: two hybrid materials, which were
obtained by combining CF AR and CF ARLT with decellularized bovine pericardium, and
two polymeric membranes made with CF AR and CF ARLT alone, which were used as
a control.

Hybrid materials were produced as 2D membranes (Figure 1), with a thickness of
0.58 ± 0.08 mm for DBP AR and 0.60 ± 0.12 mm for DBP ARLT, the thickness of the mem-
brane made with CF AR and CFARLT is 0.68 ± 0.46 mm and 0.93 ± 0.54 mm, respectively,
and DBP results have a thickness of 0.29 ± 0.06 (Table 1).
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Figure 1. Hybrid materials (50 × 50 mm2) produced by coupling the decellularized bovine peri-
cardium with Chronoflex AR (A) and Chronoflex ARLT (B). The two polymer formulations have
the same chemical composition, but Chronoflex ARLT is added with 9% microsilica, which makes it
less sticky.

Table 1. Thickness values of hybrid materials. Values are expressed as mean ± SD.

Sample CF AR CF ARLT DBP DBP AR DBP ARLT

Thickness [mm] 0.68 ± 0.46 0.93 ± 0.54 0.29 ± 0.06 0.58 ± 0.08 0.60 ± 0.12

Figure 2 shows the FTIR-ATR spectra for DBP, polymers (CF AR and CF ARLT), and
hybrid materials (DBP AR and DBP AR-LT) from the pericardial side. Spectra were collected
in the frequency range of 4000–500 cm−1 and are largely overlapped. This indicates that
the structure of the pericardial ECM proteins has not significantly changed. Notably, in
the signal acquired from the pericardial side of hybrid materials, characteristic collagen
peaks emerged at approximately 1650 cm−1 and 1560 cm−1, corresponding to the amide I
and amide II bands, respectively. The amide I peak primarily corresponds to the stretching
of the C=O group, while the amide II peak is attributed to the stretching of C–N and the
bending of the N–H group [51–53]. The amide III peak, caused by N–H bending, is centered
at ~1245 cm−1, while the CH and COH transmittance peaks of carbohydrates, which are
the main constituents of glycosaminoglycans (GAGs), are typically found between ~1250
and ~1000 cm−1 [54].
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urethane group.

As to the spectra of the commercial polymers, such as CF AR and ARLT (Figure 2A,B),
the two signals exhibit common peaks in ~1737 cm−1 and ~1251 cm−1, which are due to ure-
thane (C=O urethan amide I bond) and O–C–O bonds in carbonate groups, respectively [28].
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The reduction in signal transmittance for Chronoflex ARLT between 1200–900 cm−1 is due
to the presence of silica microparticles.

Regarding the spectra acquired on the pericardium side of hybrid materials, a transmit-
tance peak can be observed at approximately 1737 cm−1. It is characteristic of the urethane
group and can be assigned to the presence of polymer in traces after diffusion through the
biological tissue. This peak is more pronounced in the DPP ARLT membrane than in the
DPP AR one. This is probably due to the different diffusion capacities of the two polymeric
formulations. Moreover, a decrease in transmittance for DBP AR and DBP ARLT compared
with DBP also indicates the presence of polymer traces on the pericardial side.

It is likely to note that variations in the spectra of the investigated materials are
present: they can be simply due to artifacts or, more probably, to changes in the chemical
compositions of the samples as in the case of biological materials due to inter-individual
variations. Therefore, it is of major interest to look at the presence of the peaks more than
their intensity.

Two-photon microscopy enables high-resolution imaging of biological tissues, high-
lighting the presence of collagen fibers (as indicated by the SHG signal). The resulting
images (Figure 3A) provide valuable information on tissue structure, composition, and
organization. Measurements of coherency and intensity parameters allowed quantifying
the amount of collagen and its overall organization. Regarding the fibrillar structure of the
pericardial surface, collagen typically exhibits densely packed fibrils, providing structural
support and strength to the tissue. Collagen fibrils show a certain degree of organization in
terms of orientation. The coherency parameter shows a significant difference (p = 0.0002)
between DBP and DBP ARLT. Moreover, collagen density was assessed by the intensity
parameter, which shows a significant difference between DBP and DBP AR (p < 0.0001) and
between DBP and DBP ARLT (p < 0.0001) (Figure 3D,E).
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Figure 3. Two-photon microscopy images were acquired on the surfaces of DBP from the serosa side
and on hybrid materials surfaces (DBP AR and DBP ARLT). Merge Z-stack of SHG and blue channel
signals are reported (A). Graphs of normalized intensities of SHG and blue channel for DBP AR (B)
and DBP ARLT (C) are reported (mean ± SD). The SHG intensity (D) and coherency (E) values were



Bioengineering 2024, 11, 436 9 of 16

calculated from two-photon microscopy images of the pericardium surface. The t-test was applied to
compare DBP with DBP AR and DBP ARLT, respectively, and a significant variation was reported for
the SHG intensity of DBP AR and DBP ARLT compared with DBP, while the SHG coherency values
of DBP ARLT are significantly different if compared with DBP. Data in the histograms are presented
as mean ± SD. *** p < 0.001, **** p < 0.0001.

From the images of DBP AR and DBP ARLT, it is also possible to observe the presence
of the signal in the blue channel on the pericardial surface (Figure 3B,C). This confirms the
presence of polymer traces.

3.2. Mechanical Characterization

The results of mechanical characterization are shown in Figure 4. A typical stress-strain
curve for a soft tissue (A) and the response to the load of the investigated materials (B) are
depicted. As for the failure test, from the graphs (Figure 4C) it is likely that the FS achieved
by the hybrid materials (109.9 ± 34.16% for DBP AR and 106 ± 20.69% for DBP ARLT)
does not differ significantly from that of DBP (103.3 ± 25.32). On the other hand, there is a
significant difference (p < 0.0001) in the FS values when comparing hybrid materials and
both polymers, i.e., CF AR and CF ARLT (1341 ± 71.7% and 1343 ± 82.78%, respectively).
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(B) Stress-strain curve obtained from tensile test. Hybrid materials do not show significant differences
in FS (C) of DBP and DBP AR if compared with DBP, while they exhibit significant differences as to
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the UTS values, which are lower than those of DBP (D). E1 shows a significant difference between
DBP and DBP AR (E); E2 values of both DBP AR and DBP ARLT are significantly lower than DBP,
but significantly higher than CF AR and CF ARLT, respectively (F). Fatigue cycle tests show that both
UTS and FS values decrease after loading cycles (G,H): the decrease is greater for DBP ARLT than
for DBP AR. Data on histograms are expressed as mean ± SD. * p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001.

Furthermore, the UTS of the hybrid materials (Figure 4D), which reached 15.28 ± 3.72 MPa
for DBP AR and 15.72 ± 3.85 MPa for DBP ARLT, shows significant differences compared
with DBP, whose UTS is 25.9 ± 9.66 MPa (p = 0.0046 for DBP AR; p = 0.0063 for DBP ARLT).
Moreover, the UTS value achieved by DBP ARLT is statistically different from that of CF
ARLT (p = 0.0465).

To check the stiffness of the hybrid materials under investigation, two moduli were
calculated from the stress-strain curves. The E1 (Figure 4E) shows a significant difference
between DBP and DBP AR (p = 0.0117), E1 = 10.04 ± 4.78 MPa, and E1 = 5.35 ± 2.37 MPa,
respectively; there is no significant difference between DBP AR and DBP ARLT, and CF AR
and CF ARLT, respectively. The E2 (Figure 4F) shows a significant difference between the
value reached by DBP compared with DBP AR (p = 0.0057) and DBP ARLT (p = 0.0061), while
an E2 value of 34.01 ± 11.32 MPa was calculated for DBP; DBP AR and DBP ARLT reached
22.09 ± 3.51 MPa and 21.74 ± 5.71 MPa. There is also a significant difference between DBP
AR and CF AR (p < 0.0001) and DBP ARLT and CF ARLT (p < 0.0001). The two polymers,
CF AR and CF ARLT, have E2 values of 0.79 ± 0.24 MPa and 1.18 ± 0.52 MPa, respectively.

The fatigue test allowed the investigation of the effects of deformation cycles applied
to the materials before elongating them to failure. The results are shown in Figure 4G,H.
There is a significant decrease in the strain and strength parameters achieved by the hybrid
materials subjected to cyclic stress. As for FS, the decrease is 40.79% for DBP AR (p = 0.0133)
and 44.8% for DBP ARLT (p = 0.0007). A decrease appears for UTS, and it was found to be
30.62% for DBP AR (p = 0.020) and 64.75% for DBP ARLT (p = 0.0003).

3.3. Materials Sterilization and Cytotoxicity

The sterilization of materials was carried out according to European Pharmacopoeia
2.6.1 for biological samples. Samples of each material were immersed in two media (Soybean
Casein Digest Medium and Fluid Thioglycollate Medium) to reveal the presence of aerobic
and anaerobic bacteria and fungi due to possible contamination. No change in media
turbidity and color was found by visual inspection, confirming the sterilization effectiveness.

The cytotoxicity of hybrid materials was tested following ISO 10993-5 [50] by directly
seeding cells on the serosal side of both the pericardia alone (used as controls) and the
hybrid materials as well as on both polymers (used as controls). Cell growth and viability
were quantitatively assessed by WST-1 assay and qualitatively by live and dead staining
and immunofluorescence 1 and 7 days after seeding.

After 7 days, all tested materials were able to enhance cell proliferation, according to
the WST-1 data (Figure 5A). When comparing the values obtained after 1 day with those
obtained after 7 days, the optical density (O.D.) acquired at 450 nm, which is directly related
to cell viability, is significantly higher for DBP (p = 0.0238), CF AR (p = 0.0275), and DBP
ARLT (p = 0.003). Regarding DBP AR and CF ARLT, there is a slight but noticeable increase
in cell viability after 7 days. Furthermore, 7 days after cell seeding, there is a significant
difference in cell viability for DBP ARLT and CF ARLT (p = 0.0079), but not between DBP
and DBP AR or DBP and DBP ARLT. Analysis of HUVECs proliferation (Figure 5B) in
DBP, DBP AR, CF AR, DBP ARLT, and CF ARLT (columns) on day 1 and day 7 (row) was
carried out with live/dead staining. Calcein AM (green) is used to stain live cells, while
ethidium homodimer-1 (red) is used to stain dead cells. From the images, it is possible to
recognize that the HUVECs have a round morphology, cell proliferation increases after
7 days, and there are no dead cells. The immunofluorescence staining (Figure 5C), showing
the cytoskeleton F-actin (in magenta) and cell nuclei (in blue), reveals that cells are evenly
distributed on the materials.
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Figure 5. (A) Cytotoxicity assessment: optical density data from the WST test on seeded materials
(30,000 cells/cm2). (B) Live/dead staining: cell proliferation in DBP, DBP AR, CF AR, DBP ARLT,
and CF ARLT (rows) on day 1 (1D) and day 7 (7D). Calcein AM (green) is used to stain live cells
and ethidium homodimer-1 (red) is used to stain dead cells. (C) Phalloidin (magenta) and DAPI
(cyan) immunofluorescence staining show cells seeded over DBP, DBP AR, CF AR, DBP ARLT, and
CF ARLT (rows) on day 1 (1D) and day 7 (7D); cells on the plastic control surface are presented in the
last column. Images were acquired at 20x magnification, * p < 0.05, ** p < 0.01.

4. Discussion

The heart is enveloped by a tough double-layered membrane called pericardium.
Animal pericardium can be used as a biomaterial suitable for several clinical purposes.
Typical applications of bovine pericardium include tissue and artery repair, bioprosthetic
heart valves, and cardiovascular device production. Numerous studies have shown that
pericardium, compared to other prosthetic patches, is more biocompatible, easier to handle,
less prone to suture line bleeding, and even less prone to infection [55].

The new frontier of tissue engineering for regenerative medicine is the creation of
constructs able to perfectly integrate with the host organism. To this aim, decellulariza-
tion of animal tissues is a promising approach. Thanks to decellularization, it is possible
to eliminate immunogenic components from animal tissues and produce scaffolds that
can accommodate the patient’s own cells since they possess an adequate structure of ex-
tracellular matrix with growth factors that influence cell mitogenesis, chemotaxis, and
differentiation [56]. Nevertheless, decellularized tissues can occasionally lose patency and
impermeability together with the mechanical strength of native biological tissues. Hybrid
materials, which are obtained by combining biological and synthetic materials, represent
a promising solution to join the biocompatibility of the former with the mechanical fea-
tures of the latter [1]. Therefore, the aim of this study was to fabricate and preliminarily
analyze a material intended to overcome the disadvantages associated with the grafts
currently utilized in clinical applications, such as polyethylene terephthalate and polyte-
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trafluoroethylene. These grafts are employed to address the absence of autologous tissues
(saphenous vein, internal mammary artery, and radial artery), which may not always be
readily available due to patient-specific conditions [57]. However, synthetic materials often
exhibit compliance mismatches with native vessels and possess thrombogenic surfaces,
effects that are enhanced under low-flow conditions. In this study, the aim was to fabricate
a material by coupling a polycarbonate urethane, with a natural scaffold derived from
decellularized pericardium.

The polymeric materials used are commercially available in two formulations: Chronoflex
AR and Chronoflex ARLT. Indeed, Chronoflex ARLT contains 9% fumed silica, which makes
it less tacky [29]. Decellularized pericardium was cultured under conditions optimized for
cell proliferation, and thanks to the presence of extracellular matrix protein, the regeneration
of tissue-like endothelium was promoted.

Hybrid materials were realized by the solution casting technique. The decellularized
pericardium was coated with the polymer in solution and the solvent was subsequently
evaporated. The hybrid materials were chemically and physically analyzed, and their
mechanical properties were assessed. Macroscopically, the decellularized pericardium and
the polymer appeared to well adhere to each other, and the two sides are clearly distinguish-
able. From FTIR analysis, which provides the chemical fingerprint of the material, since it is
rich in information on the structure of the functional groups of the sample analyzed, it was
possible to estimate the degree of penetration of the polymer within the decellularized tis-
sue [58]. The chemical composition of the pericardium remained almost unchanged when
compared with the decellularized pericardium alone; however, there are traces of polymer
penetrating the tissue during membrane fabrication. This result is confirmed by the images
acquired by two-photon microscopy, which provides quantitative and qualitative analyses,
confirming that in the DBP ARLT membrane, the polymer penetrates more deeply than
in the DBP AR membrane. This analysis also allowed assessing the structure of the peri-
cardium, which retains the typical wavy conformation of collagen bundles when compared
with the collagen structure in DBP alone. However, the intensity value, which is directly
proportional to the amount of collagen, of DBP AR and DBP ARLT, is significantly higher
than that of DBP. This evidence can be explained because the biological tissue is dried
during the preparation of the membranes. This causes a higher packing of collagen fibers,
resulting in an increased intensity value, which also results in an increased coherency value.
An exhaustive structural characterization of pericardial samples by means of two-photon
microscopy and histological analysis has been proposed in [37].

Concerning the mechanical resistance, the maximum elongation of DBP AR and DBP
ARLT is mainly affected by the pericardium, which allows for lower elongation than the
polymer; in contrast, the maximum strength achieved by the hybrid materials is influenced
by the polymer. The stiffness was calculated in two regions of the stress-strain curves:
in the initial part, where the un-crimped fibers are loaded, and in the region where the
aligned collagen fibers respond to load. In the first region, the stress-strain curves of the
hybrid materials showed a relatively low stiffness; values of the moduli E1 and E2 were
lower than those of the pericardium. The fatigue tests showed that both the elongation and
maximum strength of the hybrid materials are influenced by cyclic loadings, but DBP AR
is less significantly affected than DBP ARLT.

The results obtained from the mechanical characterization of the membranes can be
compared with those of materials currently used in clinical practice as vascular substitutes,
both of autologous origin (e.g., human femoral artery, internal mammary artery, and
saphenous vein) and synthetic origin (e.g., PET and PTFE). Figure 6 shows the UTS and
FS values reported in the literature. It can be observed that the FS values of the hybrid
membranes DPP AR and DPP ARLT are higher than the maximum elongation reached
by synthetic materials (PET and PTFE) and the human femoral artery, but lower than the
values achieved by the saphenous vein and internal mammary artery. On the other hand,
the UTS values of the hybrid materials analyzed in the present study are higher than those
reached by PTFE and autografts (human femoral artery, saphenous vein, and internal
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mammary artery), but lower than the maximum resistance value reached by PET. It is
worth specifying that UTS and FS characterize the maximum capacity of the investigated
materials to withstand mechanical stresses when they are experiencing non-physiological
deformations. The mechanical response to the load of hybrid materials is comparable to that
of human vascular tissues; therefore, they can be candidates for the replacement thereof.
As regards cytotoxicity, it was assayed by a direct contact test on HYME (DBP AR and DBP
ARLT). Cells were seeded directly on hybrid materials, and DBP, CF AR, and CF ARLT were
used as controls. All materials promoted cell proliferation after 7 days, but the increase in
metabolic activity accompanied by an increase in cell number was significant in DBP ARLT.
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Figure 6. Failure strain (FS) and ultimate tensile strength (UTS) values obtained from the mechanical
tests performed on the hybrid membranes DBP AR (green dot) and DBP ARLT (blue dot): they are
compared with the FS and UTS values found in the literature [59–63] for synthetic materials (PET
and PTFE) and with the autografts currently used in the clinical practice (human femoral artery,
saphenous vein, and internal mammary artery).

5. Conclusions

This preliminary characterization of the hybrid materials obtained by coupling decel-
lularized bovine pericardium with synthetic polycarbonate urethanes allowed for assessing
their composition and mechanical properties. The hybrid materials well adhered to each
other, as demonstrated by chemical, morphological, and mechanical investigations. They
also properly combine the mechanical strength of the synthetic polymers with the biocom-
patibility of the decellularized tissue, providing a scaffold where cell growth is favored.
Therefore, hybrid materials can be intended to be promising candidates to produce vascular
devices, which are able to integrate adequately with the host.

The combination of mechanical strength and impermeability afforded by the polymer,
along with the biocompatibility of the decellularized tissue, positions hybrid materials as
potential substitutes for the realization of cardiovascular grafts. The major advantage of
hybrid materials over synthetic ones is due to their ability to be prone to re-endothelization
by circulating cells. This results in increased blood compatibility, which in turn allows for
reducing anticoagulation/antiaggregating therapies. This is of great relevance from the
clinical point of view to avoid/mitigate the consequences of possible bleeding. Indeed,
due to their versatility, other applications can be foreseen; for instance, cardiac patches and
blood-contacting surfaces for mechanical circulation support devices, offering improved
compatibility and durability compared to conventional synthetic or biological alternatives.

Future investigations will imply a thorough biocompatibility assessment of hybrid
materials, both in vitro and in vivo. Our research group has been already engaged in a
study on rats (subcutaneous implantation) to preliminarily check the absence of any adverse



Bioengineering 2024, 11, 436 14 of 16

reaction to the presence of the implanted materials. Possible clinical translation will also
require a functional evaluation in a large animal model.
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