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Abstract: Human and animal pericardia are among the most widely exploited materials suitable to
repair damaged tissues in the cardiovascular surgery context. Autologous, xenogeneic (chemically
treated) and homologous pericardia are largely utilized, but they do exhibit some crucial draw-
backs. Any tissue treated with glutaraldehyde is known to be prone to calcification in vivo, lacks
regeneration potential, has limited durability, and can result in cytotoxicity. Moreover, autologous
tissues have limited availability. Decellularized biological tissues represent a promising alternative:
decellularization removes cellular and nuclear components from native tissues and makes them
suitable for repopulation by autologous cells upon implantation into the body. The present work aims
to assess the effects of a new detergent, i.e., Tergitol, for decellularizing bovine and porcine pericardia.
The decellularization procedure successfully removed cells, while preserving the histoarchitecture
of the extracellular matrix. No cytotoxic effect was observed. Therefore, decellularized pericardia
showed potential to be used as scaffold for cardiovascular tissue regeneration.

Keywords: tissue engineering; regenerative medicine; biomaterials; porcine pericardium; bovine
pericardium; decellularization

1. Introduction

In the context of regenerative medicine, there is a growing need for biomaterials that
not only possess adequate biocompatibility and functional features, but are also able to
integrate with and grow in the recipient’s body. To date, pericardial tissues have been
used in reconstructive surgery [1–3] and, in particular, the main applications of bovine
and porcine pericardia aim at producing bioprostheses for the surgical management of
cardiovascular congenital and acquired defects [4–12].

When possible, the pericardium is harvested directly from the patient, but the use of
autologous tissues does not represent an ideal solution: it is poorly available and it can
result in tissue retraction, thickening, fibrosis and loss of pliability [13]. Synthetic materials
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(e.g., PTFE and PET) are an alternative to autologous tissues: indeed, they are, in a sense,
inert and compatible, but do not possess the ability to regenerate and grow, leading to
serious disadvantages, especially for young patients. Thrombogenicity and infectability
are the major drawbacks associated with synthetic vascular substitutes [14].

To meet the need for alternative materials, the focus has turned to animals, which
are a potentially unlimited source of biological tissues. At present, xenogeneic pericardial
tissues, i.e., bovine and porcine, treated with glutaraldehyde (GA) are widely used in car-
diothoracic and vascular surgery [15,16]. GA acts as an effective sterilant and preservative
agent, conferring some advantages, such as a reduced immunogenicity and a stabilized
matrix, which become more resistant to enzymatic degradation [17,18]. These advantages
are counterbalanced by its cytotoxic effects, increased sensitivity to tissue calcification
in vivo, and marked alterations in biomechanical features [19,20]. Therefore, GA-treated
biological tissues have demonstrated limited durability, which especially affects heart valve
prostheses [20–26].

In order to overcome all these limitations, decellularization has been suggested as a
possible solution: it removes all cellular and nuclear components from the native tissues,
thus reducing immunogenicity [27], while minimizing any adverse effect on the compo-
sition, biological activity, and mechanical integrity of the resulting extracellular matrix
(ECM). ECM is the ultrastructure that not only determines the physical properties of each
biological tissue, but also guides the behavior of resident cells modulating their functions,
such as chemotaxis, proliferation, and differentiation [28,29]. Decellularized matrices have
been shown to facilitate the beneficial remodeling of many tissues [30,31].

Decellularized porcine pericardium has also proved promising when combined with
synthetic materials, i.e., polycarbonate urethane, improving its mechanical strength and
impermeability [32,33].

The TRICOL method has been found to be effective in the decellularization of na-
tive tissues and in supporting the proliferation of human mesenchymal stem cells and
endothelial cells [34,35]. This method was based on Triton X-100: in December 2012, this
detergent was added to the candidate list for authorization by the European Chemical
Agency (ECHA) as a substance with an equivalent level of concern due to its degradation
into a byproduct with endocrine-disrupting properties [36].

The aim of this study is the evaluation of a new detergent, Tergitol 15-S-9, as a possible
alternative to Triton X-100 for decellularizing bovine and porcine pericardial tissues. The
decellularization procedure removed cells, while preserving the composition, structure,
and mechanical features of the native ECM without any cytotoxic effect. To assess the
effectiveness of this new detergent, native and decellularized samples were compared by
means of physico-chemical, histomorphometric, and biomechanical analyses.

2. Materials and Methods
2.1. Pericardia Preparation, Decellularization, and Sterilization

Fresh bovine and porcine pericardia, NBPs and NPPs, respectively, of healthy ani-
mals (Holstein Friesian calves, 7 months old, weight between 300 and 350 kg; Duroc pigs,
9–14 months old and weight between 140 and 170 kg) were collected from local slaughter-
houses and treated within 3 h of sacrifice. The protocols followed by the slaughterhouses
were consistent with EC regulation 1099/2009 regarding animal health and protection.

Each pericardium was isolated as described by Aguiari et al. [37,38] and then decel-
lularized following the TRICOL method published by Spina et al. [39], but using Tergitol
instead of Triton X-100 with the same concentration (1–0.1% v/v) [40,41]. Tergitol was pro-
posed by the supplier (Sigma Aldrich, Saint Louis, MO, USA) as an alternative detergent:
its effectiveness was assessed by treating some biological samples (e.g., cardiovascular
tissues). Preliminary results (data not shown) confirmed its capacity to remove cells and
make tissues prone to the penetration of decellularizing agents.
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After being decellularized, the tissues were treated with a non-specific endonuclease
(BenzonaseTM) to degrade double- and single-stranded nucleic acids [31,39]. All reagents
were supplied by Sigma-Aldrich.

Decellularized bovine and porcine pericardia samples, DBPs and DPPs, respectively,
were sterilized as proposed by Fidalgo et al. [35] with a two-step treatment with a cocktail
of antibiotics and antimycotics (AA) and peracetic acid (PAA).

2.2. DNA Quantification

NBPs, NPPs, DBPs, and DPPs were cut from the whole tissues and lyophilized using
SpeedVac SPD130DLX (ThermoFisher Scientific, Waltham, MA, USA). The DNA from
native and decellularized samples (n = 9 for each group) of known masses (10–15 mg of
native and decellularized bovine and porcine pericardia) was isolated, purified, and eluted
using DNeasy Blood & Tissue Kit (Qiagen, Valencia, CA, USA), following the protocol
provided by the manufacturer. NanoDrop and Qubit were used to quantify approximately
the amount of purified DNA, which was directly measured with NanoDrop One (Thermo
Scientific, Waltham, MA, USA) at 260 nm. Afterwards, it was accurately quantified with
the Qubit fluorometer: 20 µL of native and decellularized tissues samples were examined
using QubitTM 1X dsDNA HS Assay Kits (ThermoFisher Scientific, Waltham, MA, USA),
according to the manufacturer’s instructions. Results were converted to ng DNA/mg
multiplying values by dilution factor and normalized per dry tissue weight.

2.3. FTIR-ATR Analysis

The protein secondary structure of native and decellularized samples was studied
using Fourier transform infrared spectroscopy (FTIR). NBPs, DBPs, NPPs, and DPPs
flaps (10 × 10 mm2, n = 3 for each group) were cut and equilibrated for 3–4 h in deu-
terium oxide (Janssen, Beerse, Belgium) to reduce the contribution of interfering water
bands in the amide-I region [42]. FTIR investigations were performed using the Nicolet
iS-50 spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) in the attenuated total
reflectance (ATR) mode. The instrument was equipped with a diamond/ZnSe crystal and
pressure arm. The transmittance of both samples and background was each measured
using 64 scans and infrared spectra were collected within the 4000–500 cm−1 range, at room
temperature. Spectra were then overlapped using a Matlab® script (Mathworks, Natick,
MA, USA) [43] to compare the composition of the investigated materials. Amide-I and
amide-II bonds, respectively at 1630 cm−1 and 1550 cm−1 [40,43], were selected to evaluate
the integrity of ECM proteins. Peak transmittance ratio (R) was calculated dividing the
intensity of the amide-I peak by the intensity of the amide-II peak.

2.4. Biochemical Assay

Hydroxyproline (Hyp) and elastin were quantified in the NBPs and NPPs (control)
and DBPs and DPPs samples. Proteins were extracted from lyophilized tissue samples
(4–5 mg). Elastin was extracted using the Fastin™ elastin assay kit (Biocolor, Belfast,
Northern Ireland), according to the manufacturer’s instructions. Collagen content was
determined from the amount of Hyp that was extracted by the Hydroxyproline Assay
Kit (Sigma-Aldrich, St. Louis, MO, USA), following the kit’s protocol. The absorbance of
the final solution containing elastin and Hyp was measured at 513 nm and 560 nm with
a Spark 10M microplate reader (Tecan, Männedorf, Switzerland). All samples were run
in duplicate.

2.5. Histological Analysis

Pericardial morphology and integrity were assessed by hematoxylin and eosin (H&E)
staining supplied by Bioptica (Milan, Italy). Staining was performed on 6 µm cryosection
and native pericardium was used as the control to evaluate possible changes caused by the
decellularization procedure. Samples were analyzed with an EVOS XL Core Cell Imaging
System (Thermo Fisher Scientific, Waltham, MA, USA).
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2.6. Immunofluorescence Staining

Direct and indirect immunofluorescence staining were performed on a 6 µm cryosec-
tion to evaluate the effect of decellularization on the ECM composition and to confirm the
absence of nuclei. Native pericardium was used as the control. Before staining, samples
were fixed in 4% (w/v) paraformaldehyde (PFA) supplied by Bioptica.

The primary antibodies used were collagen I (1:100, C2456; Sigma), elastin (1:50,
ab21610, Abcam), and collagen IV (1:200, ab6586, Abcam). The controls were incubated
with 1% (w/v) bovine serum albumin, instead of primary antibodies. In order to reveal the
primary antibody binding, secondary antibodies were applied in separate: goat-antimouse
Alexa Fluor 555 (1:300, A21422; Invitrogen) and goat anti-rabbit Alexa Fluor 555 (1:300,
A27039; Invitrogen). Nuclei were stained by 4′,6-diamidino-2-phenylindole (DAPI, Invitro-
gen, Thermo Fisher Scientific, Waltham, MA, USA), following the producer’s instructions.
Filamentous actin was fluorescently labelled with Phalloidin–Atto 647N (1:200, 65906,
Sigma-Aldrich, St. Louis, MO, USA).

Images were acquired with an epifluorescence microscope Leica AF6000, connected to
a Leica DC300 digital camera and equipped with LAS AF Software (Leica Micro-System,
Wetzlar, Germany). Image processing was performed using the open-source ImageJ soft-
ware (NIH, Bethesda, MD, USA).

2.7. Two-Photon Microscopy

NBPs, NPPs, DBPs, and DPPs (tissue patches) were fixed in PFA (Bioptica) for 20 min
and then stored in phosphate-buffered saline (PBS, Sigma Aldrich, St. Louis, MO, USA).
The samples were analyzed by two-photon microscopy in order to check the impact of the
decellularization procedure on the main ECM components’ (collagen and elastin) structure
by measuring the second harmonic generation (SHG) and the elastin autofluorescence
signal (AutoF). SHG and elastin imaging was performed through a custom-developed mul-
tiphoton microscope, previously described by Filippi et al. [44]. Images were acquired at a
fixed magnification using an Olympus 25X water immersion objective with 1.05 numerical
aperture (1024 × 1024 pixels), averaged signal over 70 consecutive frames, with a pixel
size of 0.43 µm. Z-stacks of different area were recorded for the native and decellularized
samples of both bovine and porcine pericardia (n = 3). For quantitative measurements,
the RAW uncompressed images were analyzed by using ImageJ software. Coherency
(C) was calculated for collagen and elastin to check the local dominant fiber orientation
in the Z-stack images using OrientationJ, an ImageJ plugin [45], as described by Reza-
khaniha et al. [46]. The estimated parameter ranged between 0 and 1: these values indicate
the absence (isotropy) and the presence (anisotropy) of a dominant orientation, respectively.

A graphic representation of the coherency level showing the organization and distri-
bution of the fibers was provided by fast Fourier transform (FFT) analysis. The transform-
based texture analysis techniques convert the image into a new form using the spatial
frequency properties of the pixel intensity variations, extracting textural characteristics
from the image. Highly oriented fibers in a single direction show an elliptic shape; con-
versely, a circular shape is due to fibers spreading in all directions [46,47].

For the 3D representation, a magnified Z-stack was acquired with the two-photon
microscope by setting a pixel size of 0.108 µm. The 3D tissue structure was analyzed with a
free demo version of Imaris Viewer software (Oxford Instrument) [48].

2.8. Biomechanical Characterization

Sample thickness was measured using a Mitutoyo digital caliber (model ID-C112XB,
Mitutoyo America Co, Aurora, IL, USA) by sandwiching them between two glass slides,
whose thickness was then subtracted. The biomechanical properties were assessed using
a uniaxial tensile testing machine (TRAMA, IRS, Padova, Italy). All samples were cut
into dog-bone-shaped specimens with a gauge length of 5 mm and 2 mm width using an
in-house designed cutter. Specimens were cut along the prevailing direction of the collagen
fibers during visual inspection.
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Uniaxial tests were performed using two actuators and two loading cells at room
temperature; samples were continuously wetted with 0.9% NaCl solution to prevent de-
hydration. Samples were preloaded up to 0.1 N, and then elongated (elongation rate
1 mm/s) to rupture for measuring the ultimate tensile strength (UTS) and the failure strain
(FS). Engineering stress σ (MPa), strain ε (%), and tensile modulus (E) were calculated as
previously described [32]. These parameters were obtained by analyzing the strain–stress
curve with an in-house developed Matlab® script (Mathworks, Natick, MA, USA).

2.9. Sterility Test

A sterility test was performed to prove the effectiveness of the sterilization treatment.
This test follows the guidelines of the European Pharmacopoeia 2.6.1 for biological sam-
ples [49] that suggests a qualitative procedure to verify the absence of contamination due to
bacteria and fungi. The sterility of the following samples was checked: NBPs and NPPs as
positive controls, and DBPs and DPPs to determine if the decellularization process reduces
tissue contamination on its own, and DBPs and DPPs after the sterilization protocol. Tissue
sterilization was evaluated as previously described [35].

2.10. In Vitro Cytotoxicity Evaluation

The in vitro cytotoxicity of DBPs and DPPs was evaluated with a direct contact assay
as described in the ISO 10993 part 5 for the evaluation of medical devices [50]. DBPs
and DPPs were cut in 2 × 2 cm2 squared specimens and secured in homemade inserts
with a culture area of 0.5 cm2 under in aseptic conditions. Sterilization was performed as
previously described and, after PBS washings, samples (n = 6 for each time point) were
placed in 24-well plates.

Prior to cell seeding, samples were equilibrated in fresh culture medium, DMEM (high
glucose) containing 20% FBS and 1% penicillin–streptomycin, and placed in an incubator
at 37 ◦C overnight. Human fibroblasts (BJ cell line) were expanded at 37 ◦C in a 5% CO2
incubator with a humidified atmosphere and seeded on to the samples at passage 4 at
a density of 20,000 cells/cm2 and cultured in the scaffolds over 7 days. Samples were
collected and analyzed by qualitative and quantitative assays at day 1, day 3, and day 7.

Cellular viability and metabolic activity were determined by the selective reduction in
tetrazolium salt using an WST-1 assay kit (Boster Biological Technology, Pleasanton, USA).
Tissue samples were incubated with WST solution 2.5% (v/v) in culture medium at 37 ◦C
under 5% CO2 for 1.5 hrs. The amount of reduced WST-tetrazolium was quantified by
absorption at 450 nm in the culture medium with a Spark 10M TECAN microplate reader
(Tecan, Männedorf, Switzerland). DNA extraction and quantification were performed as
previously described. Values were converted into ng DNA/cm2.

The qualitative evaluation of the investigated tissues was performed by LIVE/DEAD
assay, following the kit’s protocol. Images of the samples were acquired with an Olympus
IX71 fluorescence microscope (Olympus, Tokyo, Japan).

Immunofluorescence staining was performed: tissue samples were fixed with 4%
(w/v) PFA and permeabilized by incubation with 0.1% v/v Triton X-100 solution for 15 min,
after two PBS washes.

The samples were stained as previously described, counterstaining filamentous actin
that was fluorescently labelled with Phalloidin–Atto 647N (1:200, 65906, Sigma-Aldrich,
St. Louis, MO, USA) and nuclei with 4′,6-diamidino-2-phenylindole (DAPI, Invitrogen,
Thermo Fisher Scientific, Waltham, MA, USA), following the producer’s instructions. Cells
plated on plastic slides were used as the positive control.

3. Results
3.1. DNA Quantification

After the decellularization treatment, the amount of DNA significantly decreased as
confirmed by both the Nanodrop and Qubit assays (Table 1). DBPs and DPPs showed a
reduction in DNA quantity of 92.72% (p < 0.0001) and 97.28% (p < 0.0001) as measured
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with the Nanodrop kit. The same test was repeated with the Qubit kit, resulting in a
reduction of 96.87% (p = 0.001) and 98.6% (p < 0.0001) of the DNA quantity in DBPs and
DPPs, respectively.

Table 1. DNA quantification in native and decellularized bovine (NBPs and DBPs) and porcine
(NPPs and DPPs) pericardia, as measured by the Nanodrop and Qubit assays. Data are expressed as
mean ± SD.

DNA Amount (ng/mg)

Nanodrop Qubit

NBPs 498.1 ± 232.6 174.5 ± 125.9
DBPs 35.8 ± 13.9 5.4 ± 1.9
NPPs 1307 ± 231.2 512.4 ± 222.1
DPPs 35.5 ± 8.03 6.9 ± 3.2

3.2. FTIR Analysis

Figure 1 shows the FTIR-ATR spectra of native and decellularized bovine and porcine
pericardia acquired in the frequency range of 4000–500 cm−1. All spectra are largely
overlapped, indicating that there are no alterations in the structure of ECM proteins. The
band between 3000 and 3600 cm−1 includes peaks of amide A due to N–H stretching
(~3320 cm−1) and amide B caused by C–H stretching vibrations (~3020 cm−1) [51–53]. The
characteristic transmittance peaks of collagen are present in the range of 1700–1250 cm−1:
band amide I at ∼1650 cm−1 and amide II at ~1560 cm−1. The amide I band depends
on the stretching vibration of the peptide carbonyl group (–CO), while amide II is due to
stretching of C–N and bending of N–H. A set of three weaker bands, which represent amide
III vibration modes, is centered at ∼1245 cm−1 [54]: it is due to N–H bending [53–56]. In
the band range of 1250–1000 cm−1, there are typical transmittance peaks of CH and COH
from carbohydrates: polycarbohydrates are the main components of glycosaminoglycans
(GAGs), as reported by Jastrzebska et al. [57].
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Figure 1. Fourier transform infrared spectroscopy attenuated total reflectance (FTIR-ATR) spectra
obtained from the NBPs, NPPs, DBPs, and DPPs samples. Dashed lines identify the peaks at
1630 cm−1 (amide I) and 1550 cm−1 (amide II).

The calculated R values for NBPs, DBPs, NPPs, and DPPs were 0.72 ± 0.07,
0.71 ± 0.03, 0.71 ± 0.05, and 0.77 ± 0.07, respectively, with no statistically significant
difference (p > 0.05) between NBPs and DBPs and between NPPs and DPPs.
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3.3. ECM Biochemical Assessment

Elastin and Hyp contents (Table 2) in decellularized bovine and porcine pericardia
were not affected by decellularization. Elastin content in the decellularized samples was
lower than in the native ones, but the difference is not significant. A statistical t-test
analysis was performed to compare the native and decellularized tissues: there was no
significant difference (p > 0.05) between NBPs and DBPs and between NPPs and DPPs.
DBPs apparently contain a higher amount of Hyp than the native tissue, but the difference
is not significant (p > 0.05): this is due to the loss of cells and soluble proteins, which
outweighs collagen quantity [31].

Table 2. Elastin and hydroxyproline quantification in native and decellularized bovine (NBPs and
DBPs) and porcine (NPPs and DPPs) pericardia. Data are expressed as mean ± SD.

Elastin (µg/mg) Hyp (µg/mg)

NBPs 117.6 ± 69.58 100.5 ± 43.82
DBPs 104.8 ± 17.84 121.9 ± 50.85
NPPs 190.6 ± 46.39 116.6 ± 40.31
DPPs 166 ± 42.49 113.9 ± 49.5

3.4. Histological and Immunofluorescence Analysis

H&E staining confirmed the maintenance of the original histoarchitecture of both
bovine and porcine pericardia after Tergitol decellularization and the effective removal of
the cells’ nuclei. Figure 2 clearly shows that many nuclei are present in native samples,
while they are completely absent in the decellularized ones. The result is confirmed by
immunofluorescence staining, which shows the intact connective tissue matrix without
any evidence of nuclei and actin (Figure 3). In particular, collagen I and collagen IV
staining revealed that the pericardial architecture consists of multiple layers of collagen
bundles with a typical wavy pattern [58]. After decellularization, no damaged fibers
were visible; collagen I, collagen IV, and elastin appeared identical in the native and
decellularized samples.
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3.5. ECM Structural Assessment—Two-Photon Microscopy

In Figure 4A,C,G,H, the scatter plots show the comparison of SHG signals vs. SHG
coherency values (black points) and the corresponding elastin data (green points) of Z-
stack for the different areas recorded on the NBPs, DBPs, NPPs, and DPPs samples. The
average values and the corresponding standard errors (red points) were calculated. In
the decellularized serosa, the SHG signal did not show a statistically significant differ-
ence comparing both NBPs and DBPs (p = 0.221) and NPPs and DPPs (p = 0.534); a
similar behavior characterized the coherency values (p = 0.406 for NBPs and DBPs, and
p = 0.385 for NPPs and DPPs). After decellularization, the elastin signal was maintained
in both the bovine (p = 0.079) and porcine pericardia (p = 0.268); differently, coherency
values were slightly higher in both bovine (p < 0.0001) and porcine (p < 0.0001) pericardia.
Representative label-free images of SHG and elastin are shown with the corresponding fast
Fourier transform (FFT) analysis (Figure 4B,D,I,J). FFT was similar when comparing the
native and decellularized tissues, while a more ellipsoidal shape was visible for elastin in
the decellularized tissues.

A similar approach was applied for the fibrosa side by comparing the collagen signal
and fiber direction, before and after decellularization. Figure 4E,K show the comparison of
the SHG signal vs. SHG coherency values (black points) of Z-stack for the different areas
recorded on NBPs/DBPs and NPPs/DPPs. The average values with the corresponding
standard errors (red points) were also calculated. In the decellularized fibrosa, the SHG
signal did not show statistically significant differences for both bovine (p = 0.061) and
porcine (p = 0.239) tissues; a similar behavior was detectable for the coherency values
(p = 0.130 for the native and decellularized bovine samples, and p = 0.0503 for the native
and decellularized porcine samples). Representative label-free images of SHG are shown
in Figure 4F,G,H,I,J,K,L with the corresponding FFT spectrum. FFT shapes were similar
when comparing the native and decellularized tissues consistently with the coherency
values. The label-free 3D representations of collagen fibers’ arrangement with elastin on
the serosa side (Figure 5) demonstrate the preservation of tissue microarchitecture after
Tergitol treatment for both the bovine and porcine pericardia.



Biomimetics 2022, 7, 104 9 of 18
Biomimetics 2022, 7, × FOR PEER REVIEW 10 of 19 
 

 

 

Bovine Pericardium
A B

C D

E F

NBP

AverageDBP
AverageNBP
DBP

NBP

AverageDBP
AverageNBP
DBP

NBP

AverageDBP
AverageNBP
DBP

Figure 4. Cont.



Biomimetics 2022, 7, 104 10 of 18Biomimetics 2022, 7, × FOR PEER REVIEW 11 of 19 

Figure 4. Two-photon microscopy analyses of the native and decellularized bovine and porcine per-
icardia. Bovine pericardium: (A) scatter plot of the SHG intensities vs. SHG coherency values; (C) 
scatter plot of elastin values; (B) and (D) images of SHG and elastin and corresponding FFT; (E) 
scatter plot of the SHG intensities vs. SHG coherency values of the serosa side; (F) representative
images of SHG and corresponding FFT. Porcine pericardium: (G) scatter plot of the SHG intensities 
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Figure 4. Two-photon microscopy analyses of the native and decellularized bovine and porcine
pericardia. Bovine pericardium: (A) scatter plot of the SHG intensities vs. SHG coherency values;
(C) scatter plot of elastin values; (B,D) images of SHG and elastin and corresponding FFT; (E) scatter
plot of the SHG intensities vs. SHG coherency values of the serosa side; (F) representative images
of SHG and corresponding FFT. Porcine pericardium: (G) scatter plot of the SHG intensities vs.
SHG coherency values; (H) scatter plot of elastin values; (I,J) images of SHG and elastin and corre-
sponding FFT; (K) scatter plot of the SHG intensities vs. SHG coherency values of the serosa side;
(L) representative images of SHG and the corresponding FFT.
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Figure 5. Three-dimensional representations of collagen (grey) and elastin (green) for the serosa side
of NBPs, DBPs, NPPs, and DPPs. Scale bar = 20 micron.

3.6. Mechanical Characterization

Biomechanical data are summarized in Table 3. After Tergitol decellularization, the
samples’ thickness decreased for the bovine and porcine pericardia, but not significantly.
With regard to the maximum tension reached by pericardial samples upon loading (UTS),
DBPs seemed to have a lower UTS than NBPs, whereas DPPs achieved higher UTS values
than NPPs. In any case, the decellularization treatment did not result in any significant
difference. FS and I values exhibited trends similar to UTS values. With regard to the
Young’s modulus, E values decreased in the porcine more than in bovine tissues after
decellularization, but with no significant difference.

Table 3. Biomechanical properties of the native and decellularized biological tissues 1.

Thickness (mm) E (MPa) FS (%) UTS (MPa) I (MPa)

NBPs 0.29 ± 0.04 8.54 ± 3.33 108.61 ± 20.79 31.64 ± 6.93 17.08 ± 6.22
DBPs 0.28 ± 0.06 8.72 ± 4.49 103.056 ± 19.82 26.11 ± 8.76 13.85 ± 5.58
NPPs 0.14 ± 0.03 15.23 ± 9.06 82.34 ± 37.65 15.61 ± 6.1 7.66 ± 4.35
DPPs 0.13 ± 0.02 12.71 ± 3.51 98.29 ± 20.52 19.21 ± 5.17 10.23 ± 4.35

1 Thickness (mm), Young’s modulus (E, MPa), failure strain (FS, %), ultimate tensile strength (UTS, MPa), and
toughness (I, MPa) are reported. Data are expressed as mean ± SD.

3.7. Sterility Test

The sterility test was performed to check the effectiveness of the sterilization method.
Antibiotic and antimycotic treatment resulted in the absence of microorganisms’ growth in
DBPs and NPPs after 14 days of incubation in both media: soya-bean casein digest medium
and fluid thioglycollate medium (data not shown).
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3.8. Cytocompatibility

Once the sterility of all samples was verified, their cytocompatibility was assessed
by seeding them with fibroblasts. DBPs and DPPs seeded with human fibroblasts were
analyzed after 1, 3, and 7 days of incubation and tests performed, WST-1 assay and DNA
extraction (quantitative assessment) and live/dead and immunofluorescence staining
(qualitative assessment).

The WST analysis (Figure 6A) shows an increase in optical density at days 3 and 7 for
both DBPs and DPPs. The increase is significant at day 3 for DBP (p = 0.0203), while there is
no significant difference between days 1 and 7. In the case of DPPs, the increase is significant
after both days 3 (p = 0.0092) and 7 (p = 0.0048) from seeding. These results were confirmed
by the DNA quantification (Figure 6B): it shows an increase in the average amount of
DNA/cm2 at days 3 (+50.3%) and 7, +50.3% and +82.59% in the bovine pericardium and
+50.7% and +62.6% in the porcine pericardium, compared to day 1.
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Figure 6. (A) Optical density (O.D.) values from the WST test on seeded tissues: a significant
difference was present between days 1 and 3 for the bovine pericardium (* p< 0.05), while for the
porcine pericardium, significant differences were present between days 1 and 3 and days 1 and 7
(** p< 0.01). (B) DNA extraction from decellularized tissues seeded with 20,000 cells/cm2: no
significant difference was detected.

The live/dead staining (Figure 7A) highlighted the cells that were seeded over different
substrates, distinguishing the live ones (in green due to Calcein staining) and the dead
ones (in red due to Eth-D staining). The Eth-D signal shows a decrease over time, but it
disappears at day 7; the Calcein AM signal progressively increases, indicating an expansion
of live cells over both DBPs and DPPs. Both live/dead and immunofluorescence images
reveal that cells tend to align following a preferential direction, particularly on the porcine
pericardium; on the other hand, the cells on the bovine pericardium are more rounded,
similarly to those of the control.
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Figure 7. (A) Live/dead staining allows visualizing cells proliferation on the decellularized bovine
and porcine pericardia (rows) at days 1, da 3, and 7 (columns): live cells were stained with Calcein
AM (green), while dead cells were stained with ethidium homodimer-1 (red). Scale bar = 200 micron.
(B) Immunofluorescence staining with fluorescent phalloidin (magenta) and DAPI (cyan) showed
cells seeded on the decellularized bovine and porcine pericardia (rows) at days 1, 3, and 7 (columns);
the third row represents cells over the control surface (plastic). Scale bar = 50 micron.

4. Discussion

Bovine and porcine pericardial patches are frequently used in cardiothoracic and
vascular surgery as prosthetic materials [16,59–62]. To avoid the detrimental effects of
glutaraldehyde treatment, i.e., calcific degeneration [20,39,63] and cytotoxicity [56,64],
tissue engineering has been focused on tissue decellularization with the purpose of creating
a material that is easy to obtain, non-immunogenic, and that can be repopulated by the
patient’s own cells in order to integrate and grow with the host.

The ideal decellularization method might completely eliminate all immunogenic
molecules, while not altering the native ECM from a physicochemical and structural point
of view. The TRICOL method was previously used to decellularize pericardium by our
research group and demonstrated effective cell removal and ECM preservation [31].

The aim of this study was the evaluation of a new detergent, Tergitol, as a possible
alternative to replace Triton X-100 for decellularizing bovine and porcine pericardial tissues.
The results obtained show that the decellularization protocol based on Tergitol is effective:
in both the bovine and porcine decellularized tissues, nuclei are not present, and the
amount of DNA is significantly reduced compared to the native counterparts, reaching
values below 50 ng/mg. This is the threshold defined by Crapo et al. [29], under which the
tissue should not produce an adverse immune response.
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The used protocol allows us to obtain an acellular scaffold of animal origin, whose
properties remain unaltered as shown by the results of the histological analysis, immunoflu-
orescence and two-photon imaging. The main components of the ECM (collagen I, collagen
IV, and elastin) were preserved after decellularization without signs of degradation or
denaturation. This is also important for cell migration on ECM scaffolds, which is crucial
for many biological processes, including vascular tissue endothelialization and tissue re-
generation [29,65]. Human mesenchymal stem cells (hMSCs) derived from bone marrow
have been reported to migrate/adhere to injured sites or implanted grafts and contribute
to tissue regeneration [63,66]. It has also been shown that cells adhering to ECM can sense
and respond to a wide variety of stimuli, not only chemical, but also physical, i.e., surface
adhesiveness and topography, and substrate stiffness [67].

ECM proteins, such as collagen IV to which cells bind through an integrin-mediated
mechanism, are mainly responsible for early and late cell migration. Cell behavior also
depends on the stiffness of the material [66]: most cells respond through the organization
of the cytoskeleton to the resistance they perceive with respect to the mechanical features
of the substrate [67,68].

The cytotoxicity tests showed that the decellularized tissues can promote the growth
of human fibroblasts and do not result in cytotoxic effects over a period of 7 days following
seeding. In addition, fibroblasts seeded over the decellularized porcine pericardium, which
is characterized by a greater stiffness than that of bovine origin, present a more elongated
shape and are oriented along the same direction.

When comparing the effects of the Tergitol-based decellularization procedure with
those previously obtained with Triton X-100 (Tricol procedure) [31], some aspects have
to be mentioned. First, Triton X-100 allowed a significant reduction in the DNA content
in both the bovine and porcine samples (by 97.48% and 98.43%, respectively); regarding
the absolute values, Tergitol seems more effective than Triton X-100 since the final DNA
amounts were lower and comparable between the bovine and porcine tissues (35.8 and
35.5 ng/mg, respectively). Moreover, while Tergitol did not cause a decrease in the samples’
thickness, Triton X-100 does, but with opposite trends for the bovine and porcine tissues:
the thickness of bovine pericardium decreases, but the porcine one increases. Regarding
the biomechanical features in terms of Young’s modulus, UTS, and FS, both Tergitol and
Triton X-100 do not induce statistical differences with the exception of the reduction in
UTS values for the decellularized porcine pericardium (p < 0.005). Histologically, Tergitol
and Triton X-100 are both effective in removing cells, while maintaining the ultrastructural
organization and biochemical composition of the extra-cellular matrix. This evidence is
supported by immunofluorescence staining and microscopy investigations. In particular,
the histoarchitecture of collagen and elastin is preserved; collagen bundles still exhibit their
characteristic waviness after decellularization with both Tergitol and Triton X-100. In both
cases, FT-IR spectra confirm the presence of ECM proteins in their native conformations
after decellularization.

With regard to cytocompatibility, both detergents present promising results: an in-
creased cell proliferation over time and the adaptation of cell shape to the tissue pattern.
Fibroblasts were seeded over the Tergitol-decellularized samples: Cells were able to attach
and proliferate, aligning along collagen fibers and showing a spindle-shaped morphology.
This behavior was not observable in cells cultured on plastic (control) and was more ev-
ident on DPPs than DBPs. This can be due to the higher stiffness of DPPs as suggested
by Rens et al. [69]. Samples decellularized with Triton X-100 were seeded with other cell
types, e.g., hBM-MSCs and HUVECs: they presented spindle-shape fibroblast-like and
cobblestone-like phenotypes, respectively, as well as sustained proliferation and definite
polarization towards DBPs and DPPs. Since pericardial tissues are intended to be used in
the cardiovascular area, further investigations will be performed with other cell types, e.g.,
endothelial cells.

Taken together, the results of the present study show that Tergitol can successfully
replace Triton X-100 in the decellularization procedures of bovine and porcine pericardia.
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Decellularized bovine and porcine pericardia are good candidates for the fabrication
of biological scaffolds for tissue engineering purposes. Due to the preservation of ECM
and the absence of cytotoxic effects, they can be integrated in the host organism with
fundamental advantages over other materials, both allogeneic and xenogeneic, such as
reduced immune reaction.

5. Conclusions

The present study demonstrated that the use of Tergitol detergent, instead of Triton-X
100, allows us to obtain decellularized bovine and porcine pericardia that can be used
as scaffolds with regenerative potential. Tergitol-decellularized pericardial patches are
non-cytotoxic and non-immunogenic, have appropriate mechanical properties, and are
easily available at a low cost. These features make them good substitute materials not only
in reconstructive surgeries, but also for the production of prosthetic devices, such as heart
valve bioprostheses. Indeed, Tergitol decellularization allows the creation of scaffolds that
are prone to be repopulated with the host’s cells: this aspect is crucial to generate many
new clinical applications that require the complete integration of the prosthetic tissue with
the recipient’s organism.

Author Contributions: Conceptualization and methodology, A.B. and M.T.; data curation, M.T., A.B.
and D.S.; investigation, M.T. and M.C. (pericardium decellularization, DNA extraction, histology,
immunofluorescences, sterility/turbidity tests, and cytocompatibility test), M.T. (mechanical tests and
FTIR analysis), and D.S. and G.B. (two-photon microscopy); native tissues’ supply, G.G. (Germana
Giuggioli), F.C. and M.M.; writing—original draft, A.B. and M.T.; writing—review and editing, A.B.,
M.T. and M.C.; supervision, S.J.I., T.M.F., A.B., G.G. (Gino Gerosa) and F.R.; project administration,
A.B.; funding acquisition, A.B. and G.G. (Gino Gerosa). All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported by LifeLab Program of the Consorzio per la Ricerca Sanitaria
(CORIS) of the Veneto Region, Italy (DGR1017, 17 July 2018).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Acknowledgments: The authors would like to thank the Consorzio per la Ricerca Sanitaria (CORIS)
of the Veneto Region for financial and administrative support and Michele Modesti and Francesca
Piovesan for the support in FTIR analyses. We also acknowledge the slaughterhouses ‘F.lli Guerriero
S.R.L.’ (Villafranca Padovana, Italy) and ‘Bugin S.R.L.’ (Santa Maria di Sala, Italy) for their kind
supply of animal tissues.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Chvapil, M.; Gibeault, D.; Wang, T.-F. Use of chemically purified and cross-linked bovine pericardium as a ligament substitute.

J. Biomed. Mater. Res. 1987, 21, 1383–1393. [CrossRef]
2. Testini, M.; Gurrado, A.; Portincasa, P.; Scacco, S.; Marzullo, A.; Piccinni, G.; Lissidini, G.; Greco, L.; De Salvia, M.A.;

Bonfrate, L.; et al. Bovine pericardium patch wrapping intestinal anastomosis improves healing process and prevents leakage in a
pig model. PLoS ONE 2014, 9, e86627. [CrossRef]

3. Yazdanbakhsh, A.P.; van Rijssen, L.B.; Koolbergen, D.R.; König, A.; De Mol, B.A.J.M.; Hazekamp, M.G. Long-term follow-up
of tracheoplasty using autologous pericardial patch and strips of costal cartilage. Eur. J. Cardio-Thorac. Surg. 2015, 47, 146–152.
[CrossRef]

4. Jansen, P.; van Oeveren, W.; Capel, A.; Carpentier, A. In vitro haemocompatibility of a novel bioprosthetic total artificial heart.
Eur. J. Cardio-Thorac. Surg. 2012, 41, e166–e172. [CrossRef]

5. Mirsadraee, S.; Wilcox, H.E.; Korossis, S.A.; Kearney, J.N.; Watterson, K.G.; Fisher, J.; Ingham, E. Development and characterization
of an acellular human pericardial matrix for tissue engineering. Tissue Eng. 2006, 12, 763–773. [CrossRef]

6. Aguiari, P.; Fiorese, M.; Iop, L.; Gerosa, G.; Bagno, A. Mechanical testing of pericardium for manufacturing prosthetic heart
valves. Interact. Cardiovasc. Thorac. Surg. 2016, 22, 72–84. [CrossRef] [PubMed]

http://doi.org/10.1002/jbm.820211204
http://doi.org/10.1371/journal.pone.0086627
http://doi.org/10.1093/ejcts/ezu101
http://doi.org/10.1093/ejcts/ezs187
http://doi.org/10.1089/ten.2006.12.763
http://doi.org/10.1093/icvts/ivv282
http://www.ncbi.nlm.nih.gov/pubmed/26489665


Biomimetics 2022, 7, 104 16 of 18

7. Elassal, A.A.; AL-Radi, O.O.; Zaher, Z.F.; Dohain, A.M.; Abdelmohsen, G.A.; Mohamed, R.S.; Fatani, M.A.; Abdelmotaleb, M.E.;
Noaman, N.A.; Elmeligy, M.A.; et al. Equine pericardium: A versatile alternative reconstructive material in congenital cardiac
surgery. J. Cardio-Thorac. Surg. 2021, 16, 110. [CrossRef]

8. Ota, T.; Okada, K.; Asano, M.; Nakagiri, K.; Okita, Y. Isolated pulmonary stenosis in an elderly person: Report of a case. Surg.
Today 2008, 38, 1117–1119. [CrossRef] [PubMed]

9. Roshanali, F.; Vedadian, A.; Shoar, S.; Sandoughdaran, S.; Naderan, M.; Mandegar, M.H. The viable mitral annular dynamics and
left ventricular function after mitral valve repair by biological rings. Int. Cardiovasc. Res. J. 2012, 6, 118–123.

10. Keschenau, P.R.; Gombert, A.; Barbati, M.E.; Jalaie, H.; Kalder, J.; Jacobs, M.J.; Kotelis, D. Xenogeneic materials for the surgical
treatment of aortic infections. J. Thorac. Dis. 2021, 13, 3021–3032. [CrossRef]

11. David, T.E.; Feindel, C.M.; Ropchan, G.V. Reconstruction of the left ventricle with autologous pericardium. J. Thorac. Cardiovasc.
Surg. 1987, 94, 710–714. [CrossRef]

12. De Martino, A.; Milano, A.D.; Bortolotti, U. Use of pericardium for cardiac reconstruction procedures in acquired heart diseases—
A comprehensive review. Thorac. Cardiovasc. Surg. 2021, 69, 083–091. [CrossRef] [PubMed]

13. Shomura, Y.; Okada, Y.; Nasu, M.; Koyama, T.; Yuzaki, M.; Murashita, T.; Fukunaga, N.; Konishi, Y. Late results of mitral valve
repair with glutaraldehyde-treated autologous pericardium. Ann. Thorac. Surg. 2013, 95, 2000–2005. [CrossRef]

14. Lejay, A.; Vento, V.; Kuntz, S.; Steinmetz, L.; Georg, Y.; Thaveau, F.; Heim, F.; Chakfé, N. Current Status on Vascular Substitutes.
J. Cardiovasc. Surg. 2020, 61, 538–543. [CrossRef] [PubMed]

15. D’Andrilli, A.; Maurizi, G.; Ciccone, A.M.; Andreetti, C.; Ibrahim, M.; Menna, C.; Vanni, C.; Venuta, F.; Rendina, E.A. Long-
segment Pulmonary artery resection to avoid pneumonectomy: Long-term results after prosthetic replacement. Eur. J. Cardio-
Thorac. Surg. 2018, 53, 331–335. [CrossRef] [PubMed]

16. Convelbo, C.; El Hafci, H.; Petite, H.; Zegdi, R. Traumatic leaflet injury: Comparison of porcine leaflet self-expandable and bovine
leaflet balloon-expandable prostheses. Eur. J. Cardio-Thorac. Surg. 2018, 53, 1062–1067. [CrossRef] [PubMed]

17. Nimni, M.E.; Cheung, D.; Strates, B.; Kodama, M.; Sheikh, K. Chemically modified collagen: A natural biomaterial for tissue
replacement. J. Biomed. Mater. Res. 1987, 21, 741–771. [CrossRef] [PubMed]

18. Courtman, D.W.; Pereira, C.A.; Kashef, V.; McComb, D.; Lee, J.M.; Wilson, G.J. Development of a pericardial acellular matrix
biomaterial: Biochemical and mechanical effects of cell extraction. J. Biomed. Mater. Res. 1994, 28, 655–666. [CrossRef] [PubMed]

19. Crofts, C.E.; Trowbridge, E.A. The tensile strength of natural and chemically modified bovine pericardium. J. Biomed. Mater. Res.
1988, 22, 89–98. [CrossRef] [PubMed]

20. Golomb, G.; Schoen, F.J.; Smith, M.S.; Linden, J.; Dixon, M.; Levy, R.J. The role of glutaraldehyde-induced cross-links in
calcification of bovine pericardium used in cardiac valve bioprostheses. Am. J. Pathol. 1987, 127, 122–130. [PubMed]

21. Umashankar, P.R.; Mohanan, P.V.; Kumari, T.V. Glutaraldehyde treatment elicits toxic response compared to decellularization in
bovine pericardium. Toxicol. Int. 2012, 19, 51–58. [CrossRef] [PubMed]

22. Páez, J.M.G.; Jorge-Herrero, E. Assessment of Pericardium in cardiac bioprostheses: A review. J. Biomater. Appl. 1999, 13, 351–388.
[CrossRef] [PubMed]

23. Yacoub, M.; Rasmi, N.R.H.; Sundt, T.M.; Lund, O.; Boyland, E.; Radley-Smith, R.; Khaghani, A.; Mitchell, A. Fourteen-year
experience with homovital homografts for aortic valve replacement. J. Thorac. Cardiovasc. Surg. 1995, 110, 186–194. [CrossRef]

24. Bloomfield, P.; Wheatley, D.J.; Prescott, R.J.; Miller, H.C. Twelve-year comparison of a bjork–shiley mechanical heart valve with
porcine bioprostheses. N. Engl. J. Med. 1991, 324, 573–579. [CrossRef] [PubMed]

25. Schoen, F.J.; Levy, R.J. Calcification of tissue heart valve substitutes: Progress toward understanding and prevention. Ann. Thorac.
Surg. 2005, 79, 1072–1080. [CrossRef] [PubMed]

26. Grunkemeier, G.L.; Jamieson, W.R.E.; Miller, D.C.; Starr, A. Actuarial versus actual risk of porcine structural valve deterioration.
J. Thorac. Cardiovasc. Surg. 1994, 108, 709–718. [CrossRef]

27. Helder, M.R.K.; Stoyles, N.J.; Tefft, B.J.; Hennessy, R.S.; Hennessy, R.R.C.; Dyer, R.; Witt, T.; Simari, R.D.; Lerman, A. Xenoanti-
genicity of porcine decellularized valves. J. Cardio-Thorac. Surg. 2017, 12, 56. [CrossRef]

28. Bornstein, P.; Sage, E.H. Matricellular proteins: Extracellular modulators of cell function. Curr. Opin. Cell Biol. 2002, 14, 608–616.
[CrossRef]

29. Crapo, P.M.; Gilbert, T.W.; Badylak, S.F. An overview of tissue and whole organ decellularization processes. Biomaterials 2011, 32,
3233–3243. [CrossRef]

30. Badylak, S.; Freytes, D.; Gilbert, T. Extracellular matrix as a biological scaffold material: Structure and function. Acta Biomater.
2009, 5, 1–13. [CrossRef]

31. Zouhair, S.; Dal Sasso, E.; Tuladhar, S.R.; Fidalgo, C.; Vedovelli, L.; Filippi, A.; Borile, G.; Bagno, A.; Marchesan, M.;
De Rossi, G.; et al. A comprehensive comparison of bovine and porcine decellularized pericardia: New insights for surgical
applications. Biomolecules 2020, 10, 371. [CrossRef] [PubMed]

32. Todesco, M.; Zardin, C.; Iop, L.; Palmosi, T.; Capaldo, P.; Romanato, F.; Gerosa, G.; Bagno, A. Hybrid membranes for the
production of blood contacting surfaces: Physicochemical, structural and biomechanical characterization. Biomater. Res. 2021,
25, 26. [CrossRef]

33. Todros, S.; Todesco, M.; Bagno, A. Biomaterials and Their biomedical applications: From replacement to regeneration. Processes
2021, 9, 1949. [CrossRef]

http://doi.org/10.1186/s13019-021-01494-y
http://doi.org/10.1007/s00595-007-3742-y
http://www.ncbi.nlm.nih.gov/pubmed/19039638
http://doi.org/10.21037/jtd-20-3481
http://doi.org/10.1016/S0022-5223(19)36184-7
http://doi.org/10.1055/s-0039-1697918
http://www.ncbi.nlm.nih.gov/pubmed/31604358
http://doi.org/10.1016/j.athoracsur.2013.02.024
http://doi.org/10.23736/S0021-9509.20.11592-1
http://www.ncbi.nlm.nih.gov/pubmed/32885928
http://doi.org/10.1093/ejcts/ezx353
http://www.ncbi.nlm.nih.gov/pubmed/29029026
http://doi.org/10.1093/ejcts/ezx451
http://www.ncbi.nlm.nih.gov/pubmed/29272377
http://doi.org/10.1002/jbm.820210606
http://www.ncbi.nlm.nih.gov/pubmed/3036880
http://doi.org/10.1002/jbm.820280602
http://www.ncbi.nlm.nih.gov/pubmed/8071376
http://doi.org/10.1002/jbm.820220202
http://www.ncbi.nlm.nih.gov/pubmed/3128550
http://www.ncbi.nlm.nih.gov/pubmed/3105321
http://doi.org/10.4103/0971-6580.94513
http://www.ncbi.nlm.nih.gov/pubmed/22736904
http://doi.org/10.1177/088532829901300404
http://www.ncbi.nlm.nih.gov/pubmed/10340213
http://doi.org/10.1016/S0022-5223(05)80025-X
http://doi.org/10.1056/NEJM199102283240901
http://www.ncbi.nlm.nih.gov/pubmed/1992318
http://doi.org/10.1016/j.athoracsur.2004.06.033
http://www.ncbi.nlm.nih.gov/pubmed/15734452
http://doi.org/10.1016/S0022-5223(94)70298-5
http://doi.org/10.1186/s13019-017-0621-5
http://doi.org/10.1016/S0955-0674(02)00361-7
http://doi.org/10.1016/j.biomaterials.2011.01.057
http://doi.org/10.1016/j.actbio.2008.09.013
http://doi.org/10.3390/biom10030371
http://www.ncbi.nlm.nih.gov/pubmed/32121155
http://doi.org/10.1186/s40824-021-00227-5
http://doi.org/10.3390/pr9111949


Biomimetics 2022, 7, 104 17 of 18

34. Zouhair, S.; Aguiari, P.; Iop, L.; Vásquez-Rivera, A.; Filippi, A.; Romanato, F.; Korossis, S.; Wolkers, W.F.; Gerosa, G. Preservation
strategies for decellularized pericardial scaffolds for off-the-shelf availability. Acta Biomater. 2019, 84, 208–221. [CrossRef]

35. Fidalgo, C.; Iop, L.; Sciro, M.; Harder, M.; Mavrilas, D.; Korossis, S.; Bagno, A.; Palù, G.; Aguiari, P.; Gerosa, G. A sterilization
method for decellularized xenogeneic cardiovascular scaffolds. Acta Biomater. 2018, 67, 282–294. [CrossRef]

36. European Chemical Agency. Inclusion of Substances of Very High Concerns in the Candidate List 2021. Available online:
https://echa.europa.eu/it/candidate-list-tablec (accessed on 21 February 2022).

37. Aguiari, P.; Iop, L.; Favaretto, F.; Fidalgo, C.M.L.; Naso, F.; Milan, G.; Vindigni, V.; Spina, M.; Bassetto, F.; Bagno, A.; et al. In vitro
comparative assessment of decellularized bovine pericardial patches and commercial bioprosthetic heart valves. Biomed. Mater.
2017, 12, 015021. [CrossRef] [PubMed]

38. Bagno, A.; Aguiari, P.; Fiorese, M.; Iop, l.; Spina, M.; Gerosa, G. Native bovine and porcine pericardia respond to load with
additive recruitment of collagen fibers. Artif. Organs 2018, 42, 540–548. [CrossRef]

39. Spina, M.; Ortolani, F.; Messlemani, A.E.; Gandaglia, A.; Bujan, J.; Garcia-Honduvilla, N.; Vesely, I.; Gerosa, G.; Casarotto, D.;
Petrelli, L.; et al. Isolation of intact aortic valve scaffolds for heart-valve bioprostheses: Extracellular matrix structure, prevention
from calcification, and cell repopulation features. J. Biomed. Mater. Res. A 2003, 67, 1338–1350. [CrossRef] [PubMed]

40. Casarin, M.; Fortunato, T.M.; Imran, S.; Todesco, M.; Sandrin, D.; Borile, G.; Toniolo, I.; Marchesan, M.; Gerosa, G.;
Bagno, A.; et al. Porcine Small Intestinal Submucosa (SIS) as a Suitable scaffold for the creation of a tissue-engineered urinary
conduit: Decellularization, biomechanical and biocompatibility characterization using new approaches. Int. J. Mol. Sci. 2022,
23, 2826. [CrossRef] [PubMed]

41. Faggioli, M.; Moro, A.; Butt, S.; Todesco, M.; Sandrin, D.; Borile, G.; Bagno, A.; Fabozzo, A.; Romanato, F.; Marchesan, M.; et al. A
new decellularization protocol of porcine aortic valves using tergitol to characterize the scaffold with the biocompatibility profile
using human bone marrow mesenchymal stem cells. Polymers 2022, 14, 1226. [CrossRef]

42. Brauner, J.W.; Flach, C.R.; Mendelsohn, R. A quantitative reconstruction of the amide i contour in the ir spectra of globular
proteins: From structure to spectrum. J. Am. Chem. Soc. 2005, 127, 100–109. [CrossRef] [PubMed]

43. Oldenburg, K. MATLAB Cent. File Exch. 2021. Available online: https://www.mathworks.com/matlabcentral/fileexchange/57
904-loadspectra (accessed on 23 May 2022).

44. Filippi, A.; Dal Sasso, E.; Iop, L.; Armani, A.; Gintoli, M.; Sandri, M.; Gerosa, G.; Romanato, F.; Borile, G. Multimodal label-free ex
vivo imaging using a dual-wavelength microscope with axial chromatic aberration compensation. J. Biomed. Opt. 2018, 23, 091403.
[CrossRef]

45. Schindelin, J.; Arganda-Carreras, I.; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.; Saalfeld, S.;
Schmid, B.; et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 2012, 9, 676–682. [CrossRef]

46. Rezakhaniha, R.; Agianniotis, A.; Schrauwen, J.T.C.; Sage, D.; Bouten, C.V.C.; van de Vosse, F.N.; Unser, M.; Stergiopulos, N.
Experimental investigation of collagen waviness and orientation in the arterial adventitia using confocal laser scanning microscopy.
Biomech. Model. Mechanobiol. 2012, 11, 461–473. [CrossRef]

47. Wu, S.; Li, H.; Yang, H.; Zhang, X.; Li, Z.; Xu, S. Quantitative analysis on collagen morphology in aging skin based on multiphoton
microscopy. J. Biomed. Opt. 2011, 16, 40502. [CrossRef]

48. Anonymous. Imaris Viewer Software. n.d. Available online: https://imaris.oxinst.com/microscopy-imaging-software-free-trial
(accessed on 11 April 2022).

49. E.P. Commission Council of Europe. 2.6.1. European Pharmacopeia 5.0, 2.6—Biological Tests; 2.6.1 Sterility. Eur. Pharm. 2005, 5,
145–149.

50. ISO 10993-5; Biological Evaluation of Medical Devices—Part 5: Tests for In-Vitro Cytotoxicity. 2009. Available online: https:
//www.iso.org/standard/36406.html (accessed on 18 March 2022).

51. Belbachir, K.; Noreen, R.; Gouspillou, G.; Petibois, C. Collagen types analysis and differentiation by FTIR spectroscopy. Anal.
Bioanal. Chem. 2009, 395, 829–837. [CrossRef]

52. de Campos Vidal, B.; Mello, M.L.S. Collagen Type I amide I band infrared spectroscopy. Micron 2011, 42, 283–289. [CrossRef]
53. Huang, C.-C.; Chen, Y.-J.; Liu, H.-W. Characterization of Composite Nano-Bioscaffolds Based on Collagen and Supercritical

Fluids-Assisted Decellularized Fibrous Extracellular Matrix. Polymers 2021, 13, 4326. [CrossRef]
54. Huang, C.-C. Characteristics and Preparation of Designed Alginate-Based Composite Scaffold Membranes with Decellularized

Fibrous Micro-Scaffold Structures from Porcine Skin. Polymers 2021, 13, 3464. [CrossRef]
55. Payne, K.J.; Veis, A. Fourier transform IR spectroscopy of collagen and gelatin solutions: Deconvolution of the amide i band for

conformational studies. Biopolymers 1988, 27, 1749–1760. [CrossRef]
56. Twardowski, J.; Anzenbacher, P.; Masson, M.R. Raman and IR Spectroscopy in Biology and Biochemistry. In Ellis Horwood Series

in Analytical Chemistry; Horwood, E., Ed.; Polish Scientific Publishers: New York, NY, USA; Warsaw, Poland, 1994.
57. Jastrzebska, M.; Zalewska-Rejdak, J.; Mróz, I.; Barwinski, B.; Wrzalik, R.; Kocot, A.; Nozynski, J. Atomic Force Microscopy and

FT-IR spectroscopy investigations of human heart valves. Gen. Physiol. Biophys. 2006, 25, 231–244. [PubMed]
58. Gauvin, R.; Marinov, G.; Mehri, Y.; Klein, J.; Li, B.; Larouche, D.; Guzman, R.; Zhang, Z.; Germain, L.; Guidoin, R. A comparative

study of bovine and porcine pericardium to highlight their potential advantages to manufacture percutaneous cardiovascular
implants. J. Biomater. Appl. 2013, 28, 552–565. [CrossRef]

http://doi.org/10.1016/j.actbio.2018.10.026
http://doi.org/10.1016/j.actbio.2017.11.035
https://echa.europa.eu/it/candidate-list-tablec
http://doi.org/10.1088/1748-605X/aa5644
http://www.ncbi.nlm.nih.gov/pubmed/28157718
http://doi.org/10.1111/aor.13065
http://doi.org/10.1002/jbm.a.20025
http://www.ncbi.nlm.nih.gov/pubmed/14624521
http://doi.org/10.3390/ijms23052826
http://www.ncbi.nlm.nih.gov/pubmed/35269969
http://doi.org/10.3390/polym14061226
http://doi.org/10.1021/ja0400685
http://www.ncbi.nlm.nih.gov/pubmed/15631459
https://www.mathworks.com/matlabcentral/fileexchange/57904-loadspectra
https://www.mathworks.com/matlabcentral/fileexchange/57904-loadspectra
http://doi.org/10.1117/1.jbo.23.9.091403
http://doi.org/10.1038/nmeth.2019
http://doi.org/10.1007/s10237-011-0325-z
http://doi.org/10.1117/1.3565439
https://imaris.oxinst.com/microscopy-imaging-software-free-trial
https://www.iso.org/standard/36406.html
https://www.iso.org/standard/36406.html
http://doi.org/10.1007/s00216-009-3019-y
http://doi.org/10.1016/j.micron.2010.09.010
http://doi.org/10.3390/polym13244326
http://doi.org/10.3390/polym13203464
http://doi.org/10.1002/bip.360271105
http://www.ncbi.nlm.nih.gov/pubmed/17197723
http://doi.org/10.1177/0885328212465482


Biomimetics 2022, 7, 104 18 of 18

59. Texakalidis, P.; Giannopoulos, S.; Charisis, N.; Giannopoulos, S.; Karasavvidis, T.; Koullias, G.; Jabbour, P. A meta-analysis of
randomized trials comparing bovine pericardium and other patch materials for carotid endarterectomy. J. Vasc. Surg. 2018, 68,
1241–1256.e1. [CrossRef] [PubMed]

60. Lutz, B.; Reeps, C.; Biro, G.; Knappich, C.; Zimmermann, A.; Eckstein, H.-H. Bovine pericardium as new technical option for in
situ reconstruction of aortic graft infection. Ann. Vasc. Surg. 2017, 41, 118–126. [CrossRef]

61. Liao, K.; Seifter, E.; Hoffman, D.; Yellin, E.L.; Frater, R.W.M. Bovine pericardium versus porcine aortic valve: Comparison of
tissue biological properties as prosthetic valves. Artif. Organs 2008, 16, 361–365. [CrossRef] [PubMed]

62. Schlachtenberger, G.; Doerr, F.; Brezina, A.; Menghesha, H.; Heldwein, M.B.; Bennink, G.; Menger, M.D.; Moussavian, M.; Hekmat,
K.; Wahlers, T. Perigraft reaction and incorporation of porcine and bovine pericardial patches. Interact. Cardiovasc. Thorac. Surg.
2021, 32, 638–647. [CrossRef] [PubMed]

63. Schoen, F.J.; Levy, R.J.; Piehler, H.R. Pathological considerations in replacement cardiac valves. Cardiovasc. Pathol. 1992, 1, 29–52.
[CrossRef]

64. Rastogi, V.K.; Singh, C.; Jain, V.; Palafox, M.A. FTIR and FT-Raman spectra of 5-methyluracil (Thymine). J. Raman Spectrosc. 2000,
31, 1005–1012. [CrossRef]

65. Xing, Q.; Parvizi, M.; Lopera Higuita, M.; Griffiths, L.C. Basement membrane proteins modulate cell migration on bovine
pericardium extracellular matrix scaffold. Sci. Rep. 2021, 11, 4607. [CrossRef]

66. Gendler, E.; Gendler, S.; Nimni, M.E. Toxic reactions evoked by glutaraldehyde-fixed pericardium and cardiac valve tissue
bioprosthesis. J. Biomed. Mater. Res. 1984, 18, 727–736. [CrossRef] [PubMed]

67. Ghibaudo, M.; Saez, A.; Trichet, L.; Xayaphoummine, A.; Browaeys, J.; Silberzan, P.; Buguinb, A.; Ladoux, B. Traction forces and
rigidity sensing regulate cell functions. Soft Matter 2008, 4, 1836. [CrossRef]

68. Prager-Khoutorsky, M.; Lichtenstein, A.; Krishnan, R.; Rajendran, K.; Mayo, A.; Kam, Z.; Geiger, B.; Bershadsky, A.D. Fibroblast
polarization is a matrix-rigidity-dependent process controlled by focal adhesion mechanosensing. Nat. Cell Biol. 2011, 13,
1457–1465. [CrossRef] [PubMed]

69. Rens, E.G.; Merks, R.M.H. Cell shape and durotaxis explained from cell-extracellular matrix forces and focal adhesion dynamics.
iScience 2020, 23, 101488. [CrossRef] [PubMed]

http://doi.org/10.1016/j.jvs.2018.07.023
http://www.ncbi.nlm.nih.gov/pubmed/30244928
http://doi.org/10.1016/j.avsg.2016.07.098
http://doi.org/10.1111/j.1525-1594.1992.tb00532.x
http://www.ncbi.nlm.nih.gov/pubmed/10078275
http://doi.org/10.1093/icvts/ivaa308
http://www.ncbi.nlm.nih.gov/pubmed/33313856
http://doi.org/10.1016/1054-8807(92)90006-A
http://doi.org/10.1002/1097-4555(200011)31:11&lt;1005::AID-JRS636&gt;3.0.CO;2-7
http://doi.org/10.1038/s41598-021-84161-5
http://doi.org/10.1002/jbm.820180703
http://www.ncbi.nlm.nih.gov/pubmed/6085799
http://doi.org/10.1039/b804103b
http://doi.org/10.1038/ncb2370
http://www.ncbi.nlm.nih.gov/pubmed/22081092
http://doi.org/10.1016/j.isci.2020.101488
http://www.ncbi.nlm.nih.gov/pubmed/32896767

	Introduction 
	Materials and Methods 
	Pericardia Preparation, Decellularization, and Sterilization 
	DNA Quantification 
	FTIR-ATR Analysis 
	Biochemical Assay 
	Histological Analysis 
	Immunofluorescence Staining 
	Two-Photon Microscopy 
	Biomechanical Characterization 
	Sterility Test 
	In Vitro Cytotoxicity Evaluation 

	Results 
	DNA Quantification 
	FTIR Analysis 
	ECM Biochemical Assessment 
	Histological and Immunofluorescence Analysis 
	ECM Structural Assessment—Two-Photon Microscopy 
	Mechanical Characterization 
	Sterility Test 
	Cytocompatibility 

	Discussion 
	Conclusions 
	References

