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Hemocompatibility muning was adopted to explore and refine an innovative, GA-free preparation strategy
combining decellularization, riboflavin/UV crosslinking, and low-energy electron irradiation (SULEEI) proced-
ure. A SULEEI-protocol was established to avoid GA-dependent deterioration that results in insufficient long-term
aortic valve bioprosthesis durability. Final SULEEI-pericardium, intermediate steps and GA-fixed reference
pericardium were exposed in vitro to fresh human whole blood to elucidate effects of preparation parameters on
coagulation and inflammation activation and tissue histology. The riboflavin/UV crosslinking step showed to be
less efficient in inactivating extracellular matrix (ECM) protein activity than the GA fixation, leading to tissue-
factor mediated blood clotting. Intensifying the riboflavin/UV crosslinking with elevated riboflavin concentra-
tion and dextran caused an enhanced activation of the complement system. Yet activation processes induced by
the previous protocol steps were quenched with the final electron beam treatment step. An optimized SULEEI
protocol was developed using an intense and extended, trypsin-containing decellularization step to inactivate
tissue factor and a dextran-free, low riboflavin, high UV crosslinking step. The innovative and improved GA-free
SULEEI-preparation protocol results in low coagulant and low inflammatory bovine pericardium for surgical

application.

1. Introduction

Xenogenic pericardial tissue, especially of bovine origin, is widely
used to reconstruct defective structures in multiple surgical disciplines.
Bovine pericardium also is the primary source used for biological aortic
valve (AV) prostheses and patch materials in cardiac surgery [1-4].
Fixation with glutaraldehyde is the gold standard in the preparation of
this tissue, as it stabilizes the tissue matrix by crosslinking the ECM-
component collagen, at least in part inactivates xeno-epitopes, and has
antiviral and antimicrobial properties. But this preparation strategy is

also described to be responsible for the degeneration of AV-prostheses
10-15 vears after implantation with the necessity for re-operation
[5,6]. Reason for deterioration, often calcification of the tissue matrix,
is seen in the incomplete crosslinking of glutaraldehyde (GA) at amine
groups of collagen lysine residues and remaining free aldehyde groups
[1,7.8]. The reduced longevity and toxicity concerns regarding AV
bioprostheses and patches motivated to seek alternative fixation
methods.

Multiple alternative crosslinking preparation strategies for bovine
pericardium are published reaching from the application of erosslinking

Abbreviations: GA, glutaraldehyde; AV, aortic valve; ECM, extracellular matrix; LEEI, low-energy electron irradiation; UV, ulraviolet; a-Gal, galactosyl-u-1,3-

galactose.
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substances such as EGDE (ethylene glycol diglycidyl ether), EDAC (1-
ethyl-3-(3-dimethylaminopropyl)-carbodiimide), genipin, curcumin or
tannic acid [1] or using photosensitization or oxidation [9-11]. More
recently ribose or innovative decellularization combined with EDAC but
also furfuryl glycidyl ether in combination with Rose Bengal and
involving photooxidation are supposed as new crosslinking methods
[12-14]. Also strategies using riboflavin/UV after divers’ pretreatment
protocols were part of the numerous panel of published crosslinking
procedures [15,16]. The so called PhotFix® patch, product of photo-
oxidation, is in clinical use already [1,9]. Another alternatively prepared
patch is the CardioCel® patch for which a glutaraldehyde-fixation with a
very low concentration is performed in addition to a decellularization
step [17,18]. Nevertheless, the clinical acceptance for alternatively
treated patch materials is low and clinical data and results are indif-
ferent [17-19]. A decellularized porcine heart valve prosthesis (Syner-
graft tissue engineered) failed for the application in children [20]. Long-
lasting decellularization steps can lead to bacterial contamination, and
examination of the endotoxin content is recommended. Endotoxin level
references determine the limit at 0.5 EU/mL (extract) and 20 EU (de-
vice) [21].

For GA-free protocols, however, decellularization is essential
because inflammatory and immunogenic xenogeneic epitopes or mole-
cules, such as the carbohydrate moiety galactosyl-a-1,3-galactose
(x-Gal), or Neu5Gc glycolyl form of neuraminic acid (Neu5Gc) as well as
DNA have to be eliminated [22-24]. A DNA threshold of 50 ng dou-
blestrand DNA (not longer than 200 bp) per mg ECM-dry weight has
been defined, and the histological evaluation of the remaining nuclei is
required [25]. Also the quantification of the remaining a-Gal epitope in
the matrix is a further endpoint often examined [26]. Even protocols
preparing porcine aortic valves without matrix crosslinking but solely
intense decellularization protocols, including removal of N-linked gly-
cans and DNA by enzymatic PNGase F and DNase I treatment, result in a
low degree of inflammation in a sheep model [27]. Therefore an effec-
tive removal of DNA and partial deglycosylation can overcome rapid
destruction of xenogeneic tissues, and protocols can be developed
intensely investigating immune response [27-29]. Immune reactions
against xenoantigens are driven by preformed IgM antibodies, activating
the complement system, leading to an immediate response [30,31].
These rapid reactions make in vitro incubation assays with human whole
blood a powerful tool for first-line evaluation of xenograft developments
[32-34]. As these xenoantigens are expressed also by rodents typically
used for in vivo biocompatibility evaluation, immune reactions would
not appear in these animals, requesting tests in human blood. Compa-
rable to the analysis of non-biological material, plasmatic and cellular
parameters of hemostasis and inflammation can be examined after in-
cubation in a semistatic system [35-37]. These parameters reflect the
endpoints, also stated in the guidance of the International Organization
for Standardization (ISO 10993-4) for the testing of medical materials
with blood contact regarding hemocompatibility [33].

Combining decellularization with novel crosslinking and steriliza-
tion strategies, the SULEEI (stabilize and sterilize [S] acellular pericar-
dial scaffolds combining photo-initiated ultraviolet crosslinking [U]
with low-energy electron irradiation [LEEI])-procedure was introduced
to prepare porcine pericardium in a GA-free manner [38]. After decel-
lularization of the pericardium with Triton X-100, DNase and RNase,
crosslinking of collagen was realized by UV-irradiation in riboflavin
solution, similar to the protocol established for the crosslinking of the
collagen-rich cornea in ophthalmology and also suggested for cosmetic
applications using blue light [39-43]. Riboflavin/UV treatment is
further suggested to optimize the preparation of decellularized human
arterial small-diameter vascular grafts [44]. Riboflavin is the inducer of
the standard photochemical reaction that in combination with UVA
results in reactive oxygen species and these in turn result in covalent
crosslinking of (pericardium) collagen fibers, elastin and proteoglycans
[16,43,45]. Beside this oxygen mediated crosslinking, riboflavin can be
transformed into a triplet state due to UVA light absorption creating
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covalent bonds between collagen fibrils as well [42]. In addition, gly-
cosylative crosslinking between proteoglycans and collagen via
advanced glycation end product-mediated mechanisms are described
[42]. In the presented work, this technology has been combined with
low-energy electron beam irradiation to the SULEEI-procedure for
additional crosslinking along with sterilization of the tissue matrix [38].
Bovine pericardium was treated with the same protocol as developed for
porcine pericardium, and comparable results for biomechanics and
histological features were observed [15]. However, the higher thickness
of the tissue but also an increased susceptibility for in-process bacterial
contamination caused practical challenges concerning the decellulari-
zation and penetration of the low energetic electrons and demanded
adaptation and improvement of the protocol [15,38].

Two different protocols were compared: (A) decellularization with
DNase and RNase only before Triton X treatment and 10x concentration
of riboflavin and dextran (related to previous study) [38]. (B) decellu-
larization with additional trypsin but original riboflavin and dextran
concentration. Pericardia treated with the two protocols were tested in
human whole blood incubation for inflammatory and coagulant re-
sponses. According to resulting findings an optimized treatment proto-
col SULEEI-C was developed and evaluated along with the intermediate
preparation steps. Detailed hemocompatibility test setup facilitates
essential improvement of GA-free SULEEI-preparation strategy featuring
excellent biomechanical properties combined with optimal immuno-
logical prerequisites of bovine pericardium for long term surgical
application.

2. Materials and methods
2.1. Preparation of SULEEI-pericardia

Bovine pericardial sacs from two to nine year-old cattle were ob-
tained from a local slaughterhouse (Vorwerk Podemus okologischer
Landbau, Dresden, Germany) and transported immediately to the lab-
oratory. The surrounding fatty and connective tissues were removed, the
pericardium was washed several times with phosphate-buffered saline
(PBS), divided into different segments and stored for 60 h in 5 mM tris
(hydroxymethyl)aminomethane (Tris; pH 8; 4 °C) containing 2 % phe-
noxyethanol to prevent bacterial growth and keep endotoxin levels in
the permitted range. Subsequently, segments were assigned to various
pretreatment strategies according to the SULEEI or GA-fixation process.
The SULEEI-protocol is a three-step process (Fig. 1; adapted from Walker
et al. 2020 [15]) and is summarized in Table 1 demonstrating the ad-
aptations in protocols B and C. In brief for protocol B, pericardia were
treated 5-mM Tris buffer containing 1 % Triton-X 100 (SERVA Electro-
phoresis GmbH, Heidelberg, Germany) for 8 h at 4 °C. Subsequently,
tissues were washed twice with Hank’s BSS (Carl Roth GmbH & Co. KG,
Karlsruhe, Germany) with Ca>™ and Mg?* for 15 min at 4 °C. Enzymatic
digestion was performed with DNAse (0.1 mg/ml), RNAse (0.02 mg/ml;
both from SERVA Electrophoresis GmbH), and trypsin (0.004 mg/ml)
(Biochrom, Berlin, Germany) diluted in Hank’s BSS at 37 °C for 15 h.
The pericardia were then transferred to 5 mM Tris buffer (pH 8) sup-
plemented with 1 % Triton-X 100 and incubated for 7 h at 4 °C. Finally,
pericardial tissues were washed four times with PBS at 4 °C and incu-
bated in PBS until analysis. The protocol was adapted according to
Roosens et al. [46]. Subsequently, pericardia were incubated in 260 pM
riboflavin-5'-phosphate monosodium salt/2 % dextran in PBS for 1 h at
4 °C. Then, fibrous and serous sites were treated with UV radiation (365
nm, 0.3 mW/cm?; UVA lamp UVL-28 EL Series, Analytik Jena, Jena) for
3 h each. After washing in PBS at 4 °C for four times, a semi-dry status
was achieved by pressing between filter paper sheets for 10 min. For
irradiation, pericardial samples were wrapped in polyethylene foil. To
ensure a sustainable level of sterility, samples were irradiated with low-
energy electron irradiation at atmospheric pressure with an accelerating
voltage of 200 kV, a current of 3 mA, and a dose of 36 kGy (KeVac
System, Linac Technologies, Orsay, France [200 kV, 5 mA]) from both
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Fig. 1. Schematic diagram of the SULEEI procedure [38]. After decellularization of pericardial tissue (step I), pericardia were soaked in riboflavin and UV irradiated
(step II) and finally treated with low-energy electron irradiation (step III). UV, ultraviolet; LEEI, low-energy electron irradiation.

Table 1
SULEEI-preparation protocol and adaptations for protocols A, B and C.

SULEEI A SULEEI B SULEEI C

Decellularization — — 1 % triton X-100 in 5 mM Tris (pH 8),

4°C,8h

2 x Hank’s BSS with Ca®" and Mg?*, 15 min, 4 °C
0.1 mg/mL DNAse, 0.1 mg/mL DNAse, 0.02 mg/ml RNAse,
0.02 mg/mlRNAse  0.004 mg/mL trypsin in HBSS, 37 °C, 15
in HBSS, 37 °C, 4 h h
1 % triton X-100, 1 % triton X-100 in 5 mM Tris (pH 8),
5 mM Tris (pH 8), 4°C,7h
4°C,uptolh
4 x PBS, 30 min

Stabilization 2.67 mM 260 pM riboflavin- 260 uM
riboflavin-5'- 5’-phosphate riboflavin-5'-
phosphate monosodium salt, phosphate
monosodium salt, 2 % dextran in monosodium salt
20 % dextran in PBS,4°C,1h in PBS, RT, 1 h,
PBS,4°C,1h
UVA-irradiation UVA-irradiation UVA-irradiation
(365 nm) with 1.5 (365 nm) with 0.3 (365 nm) with 3
mW/cm?, 1 h, mW/cm?, 3 h, mW/cm? 1 h,
fibrous and serous fibrous and serous fibrous and serous
side side side
4 x PBS, 30 min

Sterilization Dehydration process to semi-dry status by incubation in filter

paper, 10 min

Transfer into HDPE (high density polyethylene) foil
Low-energy electron irradiation, atmospheric pressure,
accelerating voltage of 200 kV, current of 3 mA, dose of 36 kGy,
fibrous and serous side

sides. The absorbed dose was measured in parallel with a radiochromic
dosimeter film (Risg B3 dosimeter, Risg High Dose Reference Labora-
tory, Roskilde, Denmark).

GA-fixation was performed for 3 h at room temperature (RT) with
bovine pericardium from the same individual using 0.625 % GA diluted
in 20.4 mM HEPES-buffer supplemented with 13 mM MgCly x 6 Ho0
and 80.6 mM NaCl (pH 7.4). Native control pericardia were incubated in
PBS buffer at 4 °C until the experimental setup was started.

2.2. Quantification of DNA

In order to quantify dsDNA in the pericardial tissue samples, tissue
extraction with Proteinase K was carried out, followed by purification
using the spin column-based DNeasy Blood & Tissue Kit (Qiagen). The
dsDNA was detected in the purified extract with the dsDNA High
Sensitivity Fluorescent Assay Kit (DeNovix). The fluorescence was
measured by MTP-Reader (Infinite® 200, Tecan) at 464 nm excitation
and 550 nm emission wavelength. Accordingly, ssDNA and dsDNA was
detected by Qubit ssDNA Assay Kit (Thermo Fisher Scientific) and
fluorescence was measured using the Qubit 2.0 fluorometer (Invi-
trogen). The ss or dsDNA content was expressed as ng ss or dsDNA/mg
dry tissue weight. At least three individual pericardium preparations of
SULEEI-A, SULEEI-B and SULEEI-C were investigated in comparison to
native tissue.

To estimate the fragment length, the extracted dsDNA from the
decellularized tissue samples was separated by gel electrophoresis in a 3
% agarose gel in TBE buffer. As references, 5 ul GeneRuler Ultra Low
Range DNA Ladder (300-10 bp, Thermo Scientific) in 1 pl 6x TriTrack
DNA Loading Dye (Thermo Scientific) and 5 pl PCR Ladder (3000
bp-100 bp, VWR) and 5 pl 5x Loading Buffer Blue (VWR) mixed as
described above were used. The dsDNA samples were prepared in the
same way as the high range PCR Ladder. After loading the samples, the
gel was run at 130 V for 90 min and dark-incubated for 30 min in a
staining bath containing 150 pl GelRed Nucleic Acid Stain (10,000 in
water, VWR) and 500 ml dH50. The stained dsDNA was visualized with
a gel documentation system (biostep), including a DH-50 dark hood, a
312 nm UV transilluminator and the Argus X1 software.

2.3. Histological analysis and quantification

Histological evaluation was carried out in order to analyze
morphological differences between all pericardia and the different
preparation steps, the different SULEEI-protocols vs. native and GA-
fixed tissue. For this, pericardia were fixed in 4 % buffered formalin in
PBS and embedded in paraffin. Slices of 3 pm thickness were stained by
standard hematoxylin/eosin (HE) and picrosiriusred staining protocol to
evaluate the effect of decellularization and collagen fiber density.
Samples were digitalized using the slide scanner (Axio Scan.Z1, Carl
Zeiss Microscopy GmbH, Jena, Germany). Collagen content was quan-
tified on picrosiriusred stained sections with Fiji-software using the
color deconvolution plugin and user threshold values. The picrosiriusred
positive area was quantified in relation to total section area (n > 5 in-
dividual bovine pericardial tissues for native, SULEEI-pericardium, and
glutaraldehyde fixed control; average from at least two sections per
sample [area 5-15 mm?]). For decellularized and decell/riboflavin/UV-
treated tissues, at least four sections of two individual pericardia were
examined. Remaining nuclei fragments and fragment area were deter-
mined after HE staining using Fiji software (color deconvolution plugin,
user threshold values). Nuclei count was related to section area.
Immunohistochemical detection of «-Gal (samples without hemo-
compatibility testing), CD15 (granulocyte marker), CD61 (platelet
marker) and complement fragment C3b was performed according to

Table 2
Antibodies and staining conditions for immunohistochemistry.

Antibody Company Dilution Buffer Isotype controls
system
a-Gal ENZO 1:150 (conc. Tris-EDTA, IgM mouse
(ALX8010001) unknown) pH 9.0 (Santa Cruz,
CD15 DAKO (M3631) 1 pg/ml Citrate #s5c3881)
buffer, pH
6.0
CD61 Abcam 1 pg/ml Citrate 1gG rabbit (Cell
(ab179473) buffer, pH Signaling
6.0 #3900)
C3/C3b/ Proteintech 0.15 pg/ml Tris-EDTA,
C3c (21337-1-AP) pH 9.0
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parameters shown in Table 2 and according to standard protocols using
heat-induced epitope retrieval.

Infiltrated granulocytes in native, decellularized and SULEEI-
pericardium were counted, excluding the top cover layer of pericardial
samples after hemocompatibility testing. The number was rated to the
tissue area. In addition, the distance of the infiltrated granulocytes from
the blood incubated surface was measured using ZEN-Blue software
version 3.3 (ZEISS, Germany).

2.4. Hemocompatibility testing

The whole blood incubation was performed as described previously
[35]. Briefly: pericardial samples were used as top and bottom in in-
house developed incubation chambers, where 2 ml blood are exposed
to 6.3 cm? test material. Where discernable, the serous side of the
pericardium was exposed to the blood, as pre-tests indicated better
reproducible results due to the clearly defined surface. Identification of
the sides was impeded for the decellularized samples without fixation.
Glass and Teflon AF™ served as activating and inert reference materials.

Blood was obtained freshly by venipuncture from two healthy
voluntary donors with blood group O, because this blood group is re-
ported to show highest reactivity against the a-Gal epitope [47]. The
donors did not take any medication during the recent ten days. The
blood was immediately anticoagulated with 1.5 U/ml heparin (Ratio-
pharm, Ulm, Germany). The two donations were pooled after verifying
that the blood cell count was within the reference values (Counter AcT
diff, Beckman Coulter, Krefeld, Germany) and that C-reactive protein
was below 10 mg/1 (PoC test, moLab, Langenfeld, Germany). The pooled
blood was filled in the incubation chambers without air interface, and
the chambers were incubated at constant overhead rotation for 2 h at
37 °C.

After incubation, the chambers were opened, and blood was
analyzed for blood cell count. Blood was stained for flow cytometric
analysis (LSR Fortessa, BD Biosciences, Heidelberg, Germany) of CD11b
expression (CD11b-PacificBlue, BioLegend, San Diego, CA, USA) on
granulocytes, identified by the characteristic forward- and side scatter
pattern and CD15 (CD15-PE, BioLegend) positivity. Further, blood was
stabilized with recommended anticoagulants for ELISA analysis of
platelet factor 4 (PF4, Zymutest PF4, CoaChrom, Vienna, Austria),
prothrombin fragment F1 + 2 (Enzygnost F1 + 2 micro, Siemens
Healthineers, Eschborn, Germany), and complement fragment C5a
(DRG Instruments, Marburg, Germany), spun down, and the supernatant
was stored at 80 °C till further analysis. The pericardial samples were
rinsed blood-free with PBS and then either fixed with 2 % glutaralde-
hyde in PBS, dehydrated in increasing ethanol concentrations critical-
point dried and inspected in SEM or prepared for histological analysis
as described above.

Two independent incubations with different blood donors were
performed for each set of samples. In each experiment, a triplicate set of
samples was incubated (total n = 6).

2.5. Engymatic digestion

The stability against enzymatic degradation was analyzed in
glutaraldehyde-fixed and SULEEI-treated bovine pericardia by digestion
with 0.4 PTZ U/mL Collagenase NB8 Broad Range (SERVA Electro-
phoresis GmbH) in 50 mM Tris buffer for 8 h. Tissue weight was
measured before and after digestion related to the initial weight of each
sample.

2.6. Uniaxial tensile test

Biological pericardium replicates (n > 3) using three different tissue
areas per sample of native, GA-fixed and SULEEI (A-C) were cut into 10
x 15 mm rectangles. Tissue thickness was measured with the thickness
gauge FD50 (Kaefer Messuhrenfabrik GmbH & Co. KG, Villingen-
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Schwenningen, Germany). Ends of the tissue samples were fixed into
the wedges of the Minimat Miniature Materials Tester (Polymer Lab.,
Dresden, Germany). A pre-load of 0.02 N and resulting clamping lengths
of 7.0-8.5 mm were adjusted. Tensile testing was performed with a
deformation rate of 4 mm/min until a tensile force of 10 N or an elon-
gation of 10 mm was reached. After stress-strain curves were plotted, the
Young’s modulus (E) was evaluated as the slope of the linear function of
the respective stress-strain curve.

2.7. Determination of sGAG, hydroxyprolin and elastin

The amount of sulfated glycosaminoglycans (sGAG) in pericardial
tissue was determined in the supernatant after performed papain
extraction. Firstly, the biological tissues were digested at 65 °C for 4 h
with a papain extraction reagent containing sodium dihydrogen phos-
phate dihydrate, sodium acetate, EDTA, cysteine hydrochloride and
papain (449 U/ml). After centrifugation for 10 min, the supernatant was
mixed with dimethylmethylene blue (DMMB) dye reagent and incu-
bated at room temperature in darkness for 30 min. The absorbance at
595 nm was measured, indicating the sGAG amount by MTP-Reader
(Infinite® 200, Tecan). Calibration was performed with chondroitin
sulfate. The sGAG content of the samples was expressed as pg SGAGs/mg
dry tissue weight.

Hydroxyproline assay was performed to quantify collagen content in
native, GA-fixed and SULEEI-treated bovine pericardium according to
Creemers et al. [48]. Therefore, 10 mg of dried tissue were incubated in
10 N NaOH for 1 h at 120 °C followed by neutralization in 10 N HCL
After centrifugation (10,000 xg, 5 min), the supernatant was diluted
1:80 and assayed in duplicate. After reaction with chloramine T and
DMAB the extinction was measured at 570 nm with a reference wave-
length of 655 nm.

Fastin™ Elastin assay (Biocolor Ltd., Northern Ireland, United
Kingdom) was performed to quantify elastin content in native and
SULEEI-treated bovine pericardium. Prior to assay elastin was extracted
from tissue samples by placing 10 mg of dried tissue in 0.25 M oxalic
acid. After incubation at 100 °C for 1 h, samples were centrifuged at
10,000 rpm for 10 min. The supernatant was pipetted off and retained
for analysis. Two more heat extractions were performed with the re-
sidual tissue. For analysis, the supernatants from the first and second
heat extraction were pooled, whereas the third extract was measured
separately to establish that elastin extraction was quantitative. For
elastin precipitation sample volumes of 50 and 100 pl were used and the
assay protocol was performed as per manuals instruction.

2.8. Calcification potential in vitro

Native, GA-fixed and SULEEI-C pericardia were incubated in simu-
lated body fluid mSBF [49,50] (5 ml 2x mSBF/cm?) for up to 27 days.
Calcium content was determined after 48 h incubation of pericardia in 2
M HCI solution in RT using the o-cresolphthalein-complex formation
method and photometric detection at 575 nm. Calcium content was
related to dry weight.

2.9. Statistical assessment

Unless indicated otherwise, whole blood incubations was performed
with a triplicate set of tissue samples obtained from the same pericar-
dium and pooled blood of two donors. The experiments were repeated
once with different pericard and blood donors, resulting in n = 6 ana-
lyses. Data are presented as mean =+ standard deviation. Tests for sta-
tistical differences were performed with analysis of variance (ANOVA)
or ANOVA on ranks, as appropriate, and subsequent post-hoc analysis
according to Student-Newman-Keuls or Tukey, respectively, using the
software SigmaPlot (Inpixion, Palo Alto, CA, USA). Quantification of
histological, biochemical and calcification parameters was statistically
tested with analysis of variance (ANOVA) applying post-hoc analysis
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according to Tukey or Dunnett’s multiple comparisons test. At least
three individual pericardium preparations were investigated for native
and GA-fixed pericardia and SULEEI samples A, B or C, in triplicates.
Two individual pericardia of intermediate protocol step conditions
(decell or decell/riboflavin/UV) were included evaluating at least four
histological sections in this cases. Number of samples analyzed are
indicated in the results section.

3. Results
3.1. Histological evaluation of SULEEI-pericardium A and B

Two SULEEI protocols, A and B, were applied for the treatment of
bovine pericardium. Protocol A is characterized by an elevated ribo-
flavin/dextran concentration in the UV step, and B is characterized by
the generally more extended and more intense, trypsin-containing
decellularization step.

To characterize the SULEEI-tissue properties, collagen fiber density,
a-Gal positivity and nuclei fragments were quantified. Collagen fiber
density was with 86.6 + 4.2 % significantly higher in SULEEI-B peri-
cardium compared to native control (76.0 + 9.4 %; Fig. 2a; n > 5). A
tendency for a higher picrosiriusred positive fiber density of SULEEI-A
pericardium (85.7 £+ 5.0 %; p < 0.1) compared to native tissue was
monitored. GA-treated tissue did not differ from native tissue (Figs. 2
and 3a).

The xenoepitope a-Gal was visualized by immunohistochemistry
(IHC), and quantification of IHC-positive area revealed with a value of
0.044 + 0.008 % a significant reduction in SULEEI-B tissue in compar-
ison to native (0.47 + 0.35 %) or GA-fixed tissue (0.49 + 0.24 %; Figs. 2
and 3b; n > 4).

The double-strand DNA-content, investigated after digestion of the
tissue matrix, was below 15 ng/mg dry weight for all SULEEI-
preparations. However, the detection of double and additional single-
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strand DNA resulted in 39.6 + 43.2 ng/mg dry weight in SULEEI-A
and 29.8 + 15.8 ng/mg dry weight in SULEEI-B, which is higher but
still below the 50 ng/mg dry weight threshold [25] (not shown). Nuclei
fragments were visible after HE-staining and quantified (Figs. 2 and 3c).
With 109.7 4+ 102.4 (A) and 0.3 + 0.3 (B) nuclei or fragments per mmz,
respectively, both SULEEI-pericardia exhibit a significant reduction in
comparison to the native or GA-fixed tissues (445.0 - 199.2 nuclei/mm?
and 417 + 163.2 nuclei/mrnz; Fig. 2¢; n > 5). Direct comparison be-
tween the two SULEEI-protocols revealed significant differences with
higher values in SULEEI-A in the total count per area (not shown) but
with 5.9 + 1.2 and 4.4 + 1.2 pm? comparable fragment areas (n = 3; not
shown; in two SULEEI-B samples no nuclei detectable). Nuclei area in
native and GA-fixed pericardial tissues was with 11.5 + 1.0 and 10.0 +
1.4 pm? respectively, significantly higher (not shown). DNA gel elec-
trophoreses support the results of this quantification. In SULEEI-A
sample DNA fragments sizes between 300 and 50 bp were detectable
(Fig. 2d). From these results, it can be summarized that the more gentle
decellularization step without trypsin in protocol A was less efficient.
The effect of both protocols on the activation of inflammatory and
coagulant processes in whole blood should be evaluated in the next step.

3.2. Analysis of hemocompatibility of SULEEI-A and SULEEI-B
pericardium

Hemolysis was not observed after any whole blood incubation,
indicating that no residual detergents, toxic riboflavin concentrations or
free radicals were released. The native pericardium induced very high
activation of the plasmatic coagulation, measured as thrombin activa-
tion (prothrombin fragment F1 + 2 release, Fig. 4a), comparable to the
positive control glass. GA treatment pressed this activation to the level of
the inert control Teflon AF™ (p < 0.05). The trypsin-free, ECM preser-
ving protocol SULEEI-A induced even higher coagulation activation than
the native pericardium. The SULEEI-B protocol substantially pressed the
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Fig. 2. Quantification of collagen fiber density (a), a-Gal positive areas (b) and remaining nuclei or nuclei fragments (c) of bovine pericardia treated with the trypsin-
free SULEEI-A vs. trypsin-containing SULEEI-B protocol in comparison to native and GA-fixed counterparts. DNA fragment size of 300 to 50 bp was detected in
SULEEI-A samples via gel electrophoresis in two independent pericardium preparations (d) a-c) One-way ANOVA, Tukey-Test; *p < 0.05; **p < 0.01.
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Fig. 4. Activation of hemostatic and inflammatory processes in whole blood
after incubation two or with native, glutaraldehyde fixed pericardium (GA),
and pericardium prepared according to SULEEI protocols (A) and (B). Glass and
Teflon AF serve as reference materials. (a) Prothrombin fragment F1 + 2 as
marker of plasmatic coagulation. (b) Platelet factor 4 (PF4) as marker of
platelet activation. (c) Complement fragment C5a as marker of complement
activation, and (d) CD11b expression on granulocytes as marker of cellular
inflammation. Data presented as mean + SD of n 6 incubations. Asterisks
indicate differences with p < 0.05, ANOVA on variance, with Tukey post
hoc analysis.
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coagulation from the native pericardium to values only slightly
exceeding the GA control. F1 + 2 concentration of SULEEI-B was
significantly lower than SULEEI-A (p < 0.05).

Thrombin is the strongest activator of blood platelets, therefore
concentrations of the platelet activation marker PF4 (Fig. 4b) mainly
followed the trends of the F1 + 2 concentration. Native and SULEEI-A
treated samples induced high PF4 release, both exceeding the glass
control. Platelet activation was suppressed after the GA treatment and to
a lower extent after SULEEI-B treatment. These data are supported by
the reduced platelet count in the blood phase after incubation due to
adhesion to the pericardial surface or to other blood cells (Suppl.
Fig. 2a).

Complement cascade activation as an inflammatory response was
measured as the release of the complement fragment C5a (terminal
pathway of the complement cascade, Fig. 4c). While native and SULEEI-
A treated pericardium induced only low levels of complement activa-
tion, GA treatment and SULEEI-B treatment with the more gentle ribo-
flavin/UV treatment step induced clearly elevated complement
activation.

C5a is the strongest activator of granulocytes and monocytes; how-
ever, leukocyte activation in this study, measured as CD11b expression
(Fig. 4d), showed low correlation with the C5a concentration. The
CD11b expression on granulocytes was higher for the SULEEI fixed
samples. Non-identified additional activation processes may play a role.
SULEEI-A caused higher loss of granulocytes from the blood than
SULEEI-B (Suppl. Fig. 1). Probably, this loss of cells due to adhesion to
the surface mainly affected highly activated cells, and therefore, the
CD11b level of the remaining cells in the blood was lower.

To support these results, pericardial tissue was investigated by
immunohistology for CD15 and CD61 positivity of the surface covering
after hemocompatibility testing and in comparison to pre-
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Fig. 5. Investigation of SULEEI-A and B treated pericardia after hemocompatibility incubation in comparison to native and GA-fixed and non-incubated (original)
counterparts by histology and SEM. Dense fibrin covering on the serous, blood-contacting side of native and SULEEI-A treated pericardium after blood incubation was

detected, containing CD15 positive granulocytes and CD61 positive platelets.

hemocompatibility samples (Fig. 5). CD15 is a marker for granulocytes,
and CD61 is a marker for thrombocytes. As expected, both antigens were
detected on native pericardium samples after blood incubation, and
within the dense protein- and cell layer covering the SULEEI-A treated
tissue (Fig. 5). GA-fixed and SULEEI-B prepared counterparts also
exhibited CD15 and CD61 positivity of the covering layer, yet less
compact and containing some free areas. SEM analysis of the samples, on

8

the one hand, allows the assessment of the ECM surface structure in the
pre-hemocompatibility samples and, on the other hand, the evaluation
of the deposited cell- and protein layer after blood incubation (Fig. 5).
Collagen surface, partly with residual mesothelial cell layer (native
sample), was visible in the pictures of original tissues before blood
exposure. Surfaces of SULEEI samples appeared smoothened and even
due to the filter drying step before the low-energy-electron-irradiation.
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GA-fixed material exhibited preparation-based debris. After hemo-
compatibility testing, a dense 3D fibrin mesh was detected on SULEEI-A
treated pericardium. In addition, a platelet-containing thrombus was
shown (Fig. 5). Adherent platelets were visible with high density on
native pericardium and more sporadically on the surface of GA-fixed and
SULEEI-B-treated pericardia.

3.3. Optimized SULEEI-C protocol and analysis of intermediate products

Due to the complete decellularization, the nearly entire absence of
nuclear fragments and a-Gal epitope, the trypsin-containing decellula-
rization protocol according to SULEEI-B was chosen for further optimi-
zation. Dextran in the riboflavin/UV irradiation step appeared to
enhance blood activation. Therefore dextran was omitted, and the
riboflavin concentration was reduced in the riboflavin/UV stabilization
step in protocol SULEEI-C.

Histological evaluation of the resulting SULEEI-C pericardium
revealed a non-significant trend of enhanced collagen fiber density (91.2
+ 3.5 %) compared to native (82.8 + 9.0 %; n = 5) or GA-fixed (84.0 +
6.1 %) pericardium (Fig. 6 and Suppl. Fig. 2a). After decellularization,
with 73.0 + 16.0 %, the fiber density was reduced compared to the
native matrix coherent with the visual impression in histological sec-
tions (Fig. 6b and Suppl. Fig. 2). After crosslinking by riboflavin/UV and
the complete SULEEI-C protocol, the fiber density was 87.6 + 2.2 % and
90.79 £ 4.5 %, respectively, significantly higher than in native or GA-
fixed tissue (5 sections of n = 2). Decellularization of SULEEI-C was as
efficient as in SULEEI-B protocol. Only 0.1 + 0.1 nuclei or fragments per
mm? were detected in pericardia after SULEEI-C treatment, significantly
lower counts than in native or GA-fixed tissue and in the range of
SULEEI-B pericardium (Fig. 6¢, n = 5). Extensive washing processes
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accompanying the protocol after riboflavin/UV crosslinking, therefore,
significantly reduced nuclei fragment count in SULEEI-C pericardia (5
sections of n = 2; Fig. 6d). The content of a-Gal positivity in IHC-stained
tissues (Suppl. Fig. 2b) for SULEEI-C was comparable to SULEEI-B, with
values of 0.04 & 0.05 % (data not shown, n = 5).

Pericardium, prepared according to the optimized SULEEI-C proto-
col, was also tested for the response in whole blood. For further explo-
ration of the activation mechanisms, also samples of the intermediate
steps were exposed to blood (Fig. 7).

The trypsin-containing decellularization-step substantially reduced
the hemostatic potential of the pericardium, as seen at the thrombin
activation (F1 + 2), but the level of GA fixed sample was not achieved
(Fig. 7a). The riboflavin/UV crosslinking step had no influence on the
coagulation, but the final electron beam irradiation (sample SULEEI-C)
tended to decrease the activating potential further, to or below the
level of the GA fixation. Values of platelet activation (PF4) mainly
confirmed the coagulation activation seen in the F1 + 2 levels (Fig. 7b).
The platelet activation was pressed almost to the levels of the GA
benchmark in the SULEEI-C treated sample.

Regarding the inflammatory response, decellularization induced
high activation of the complement cascade, seen at the elevated C5a
concentration (Fig. 7¢). Riboflavin/UV crosslinking tended to reduce the
complement activation, and the electron beam treatment reduced it
further, close to the level of the initial and the controls. Granulocyte
activation at the different SULEEI-steps, measured as CD11b expression
(Fig. 7d), showed comparable trends as the complement activation with
highest activation by the decellularized sample, and suppressed acti-
vation after riboflavin/UV crosslinking and further after the electron
beam irradiation.

After human whole blood incubation, samples were investigated by
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2). In SULEEI-C tissue, the fiber density was not significantly
5,dn 2). One-way ANOVA, Tukey-Test; *p <
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Fig. 7. Whole blood incubation of pericardium at different preparation steps of the SULEEI protocol (optimized modification C): native, glutaraldehyde fixed
reference, decellularized sample, riboflavin/UV crosslinked samples and complete SULEEI-C protocol, including electron beam. Parameters as in Fig. 3. Data are

presented as mean + SD of n 6.

immunohistochemistry according to pericardia prepared with the
SULEEI-A and B protocols. Native and decellularized pericardia exhibit a
dense covering, positive for platelet marker CD61 and including CD15
positive granulocytes (Fig. 8). Granulocytes were stained in the inner
part of the matrix at distances of 131.6 + 69.7 pm from the blood
incubated surface. This was significantly higher than in native or
SULEEI-C treated pericardia with distances of 47.1 + 26.4 pm and 59.3
+ 21.4 pm (4 sections of n = 2; Suppl. Fig. 3). The total count of invaded
granulocytes was with 18.0 + 12.7 mm 2 highest in decellularized
pericardia compared to native and SULEEI-C pericardium (2.4 + 2.0
mm 2and 0.8 + 0.6 mm 2, respectively).

In order to evaluate the activation of the complement cascade on a
histological level, the complement component C3 was stained using an
antibody that detects C3, C3c and C3b by immunohistochemistry. A
cover layer was intensively stained for C3 in native, decellularized and
SULEEI samples on the blood-contacting serous side (Fig. 9a). GA-fixed
pericardium showed the most intense signal not only on the blood-
contacting surface (serous side) but also up to one third of the adja-
cent inner tissue matrix. Contrary, no staining was observed in the ECM
at the surface without blood contact and respective inner ECM layers
(Fig. 9a, b [respective magnifications of both serous and fibrous sides]).
SULEEI-C pericardium exhibited a strong staining in the covering on the
serous side after blood contact and a less intense background staining in
collagen fibers in the entire tissue matrix (Fig. 9c).

3.4. SULEEI tissue properties and ECM

Testing of mechanical properties in uniaxial tensile tests revealed
42.0 4+ 10.4 MPa for SULEEI-A, 31.2 4+ 9.0 MPa for SULEEI-B and 32.5
+ 8.8 MPa for SULEEI-C, showing no significant changes of the Elastic
Modulus in consequence to the protocol adaptation and also in com-
parison to native and GA-fixed pericardia (38.4 + 3.0 MPa and 34.6 +
15.3 MPa, respectively; n > 5; Fig. 10a). A significantly higher rate of
degradability of all three SULEEI preparation was observed (SULEEI-A:
remaining relative weight 59.0 &+ 1.5 %; SULEEI-B 40.7 + 5 % and C
51.9 £+ 1.7 %) in in vitro collagen digestion assay compared to the native
pericardium (66.4 + 2.2 %). The GA-fixed counterpart was significantly
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more resistant with a remaining weight of 88.8 + 3.7 % (N =8 of n = 3;
Fig. 10b). The calcification potential of SULEEI-C treated pericardium
was lower (18d; 29.7 + 8.9 g calcium/mg dry weight in native tissue
vs. 12.9 + 4.3 pg/mg dry weight in SULEEI-C samples; n = 3) or com-
parable to native and GA-fixed samples (Fig. 10c).

Due to the possibility that the decellularization protocol might
impact the pericardial ECM components, hydroxyproline and elastin
content was determined and did not differ significantly between
SULEEI-A to C (Suppl. Fig. 4a and b). Elastin content was in native tissue
47.8 + 15.2 pg/mg dry weight and for SULEEI-A 46.0 + 13.7 ug/mg dry
weight. The more stringent decellularization in SULEEI-B and C resulted
in values of 32.5 + 19.5 and 32.0 + 16.0 pg/mg dry weight, respec-
tively. In contrast, differences were observed in the GAG content of the
SULEEI treated material (A: 8.1 + 1.7 ug/mg dry weight; B: 1.4 + 0.4
pg/mg and C: 2.4 + 0.4 pg/mg), independent from the protocol A-C,
with lower values after trypsin containing protocols and compared to
the native material (11.0 + 2.6 p/mg; Suppl. Fig. 4c; N > 10 of n = 3).

4. Discussion

The SULEEI-procedure is an innovative GA-free strategy to prepare
pericardium for surgical applications. It combines decellularization and
crosslinking of collagen matrix by UV-irradiation in riboflavin solution
and irradiation with a low-energy-electron beam [38]. As the original
SULEEI protocol was developed for thin porcine tissue, the protocol was
adjusted here for the thicker bovine tissue, focusing on the hemo-
compatibility of the material in fresh human blood. The generally higher
thickness of the bovine compared to porcine pericardium can affect the
diffusion of the various bath solutions and UV and electron-beam
penetration depth. Besides material thickness, preparation steps can
be superposed by intra- and interindividual variation in tissue properties
due to the range of age of the animals available for this study. Therefore,
each set of samples for comparing the initial treatment protocols was
prepared from the pericardium of each individual.

Optimization of the SULEEI protocol following the reactions of
human whole blood provides a very targeted approach considering
implants in the human vascular bed. Besides pre-selection and
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Fig. 8. Investigation of SULEEI-C treated pericardia and protocol intermediate tissues decellularized or additionally riboflavin/UV irradiated, after hemocompati-
bility incubation in comparison to native and GA-fixed and non-incubated (original) counterparts by immunohistochemistry and SEM. Dense fibrin covering on
serous blood contacting side of native and merely decellularized pericardium is detected, containing CD15 positive granulocytes and CD61 positive platelets.
Granulocytes were able to enter the inner collagen matrix of only decellularized material that exhibited a more permeable fiber density.
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Fig. 9. Detection of complement component C3/C3b/C3c in native, GA-fixed and SULEEI-treated pericardia, including in intermediate protocol steps with and
without blood incubation of the materials via immunohistochemistry. After GA-fixation, an intense staining signal is visible at the blood incubated surface and the

adjacent matrix but not in the matrix of the non-contacting side.

restriction of subsequent animal implantation studies, because the in-
cubation with human blood provides the unique opportunity to analyze
additional aspects, such as complement activation due to xenogeneic
epitopes, that would be missed in rodent implantation tests.

Two different protocols for the initial decellularization, including
and excluding trypsin, were combined with two protocols for the
riboflavin/UV-irradiation step with different riboflavin concentrations
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and UV intensities. Size limitations of the pericardium impeded the
analysis of more systematic protocol combinations, but two protocols,
SULEEI-A and SULEEI-B (Table 1), were selected and after a first eval-
uation round, the optimized protocol SULEEI-C was developed. The
resulting materials were analyzed histologically and subjected to incu-
bation in human whole blood to evaluate hemocompatibility.

GA fixed samples served as a reference in this study. The initial three-

Provided by Sdchsische Landesbibliothek, Staats- und Universitdtsbibliothek Dresden


https://doi.org/10.1016/j.bioadv.2023.213328

Final edited version was published in Biomaterials advances. 2023. 147. Elsevier. ISSN: 2772-9508..
https://doi.org/10.1016/j.bioadv.2023.213328

C. Dittfeld et al.

a

60 -
©
o
=
0 404
=
5 o
T
=
.9 20'
@
L
11
0- T
b *k*k%*
100 -

Relative weight (%)

+« 80- Hl native

= = GA

'g mm SULEEIC

> 604 "

o

g 40

£

E |

© 204

s |mll

o

= O'j T * T T
Q’é '&6 ({'\6

Fig. 10. Evaluation of material properties Elastic Modulus (a) in vitro de-
gradability in enzymatic digestion (b) comparing SULEEI A, SULEEI-B and
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fixed and SULEEI-C treated pericardia for up to 27 days in mSBF and related
to tissue dry weight. a) One-way ANOVA, Tukey-Test; *p < 0.05; b) One-way
ANOVA, Dunnett’s multiple comparisons test, native pericardium as control;
**¥%p < 0.001, ****p < 0.0001; c) One-way ANOVA, Tukey-Test; *p < 0.05 or
n.s.
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hour fixation step is part of an industrial protocol for the preparation of
bovine aortic heart valve prostheses [51] and therefore was applied. In
that published procedure, subsequent pericardial tissues were further
incubated in GA for several weeks. Therefore the GA-fixed controls in
the herein presented dataset, with a fixation time of merely 3 h, may be
less efficiently cross-linked than commercial products, potentially pre-
senting free aldehyde groups or containing adsorbed or depolymerized
aldehyde causing cytotoxicity or reduced compatibility reactions
[1,7,8,52,53]. Nevertheless, the degradability of the collagen matrix
after GA-fixation was significantly reduced compared to the basic raw
material.

Complement activation by GA-fixed vascular grafts has been
described before [54,55], and GA-fixed cell membranes can activate
complement on the classical pathway [56]. In this study, histological
analysis of GA-fixed samples after hemocompatibility testing revealed
C3/C3b/C3c epitopes, especially on the serosa surface of the GA-fixed
pericardium but also penetrating the matrix adjacent to the blood-
contacting surface. C3b is central in the complement system and initi-
ator of the alternative pathway, where it is stabilized by binding to
nucleophilic hydroxyl or amino groups and propagates the complement
cascade further, resulting in an inflammatory response, e.g. increased
adhesion of leukocytes [57-59]. It is reasonable to assume that residual
reactive groups from GA fixation have similar C3b binding properties.

The protocol SULEEI-A used a mild initial decellularization step with
DNase and RNase but without trypsin and only a short treatment time
compared to SULEEI-B (Table 1). Indeed the glycosaminoglycan (GAG)
content in SULEEI-A protocol was preserved best among the three pro-
tocols but still significantly lower than in native pericardium. GAGs have
been identified as important for native AV function [60,61]. In porcine
AV tissues GAGs impact cuspal thickness, water content and rehydration
capacity; cyclic stress reduces the GAG content [62,63]. In vivo GA-fixed
porcine AV tissues with additional GAG stabilization showed no
advantage in the calcification potential and collagen/GAG stability [64].
It has to be substantiated for the SULEEI procedure if the natural GAG
quantity of bovine pericardium is relevant for bioprostheses perfor-
mance. Here, solely sulfated GAGs were determined, and the elastic
moduli of SULEEI-B and C are comparable to the GA-fixed counterpart.
Still, classification is necessary, which GAGs and proteoglycans actually
impact bioprosthesis biomechanics and stability [65,66].

Besides the mechanical lubricant properties, GAGs have multiple
biochemical functions that strongly depend on the individual type.
Especially sulfated GAGs interact with multiple proteins and in this way
stabilize growth factors [67]. Heparin and heparan sulfate catalyze the
inhibition of coagulation factors by antithrombin III and heparin
cofactor II and the inhibition of the inflammatory complement cascade
by binding factor H. Mainly anti-inflammatory properties are ascribed to
GAGs. The affinity of proinflammatory cytokines, such as IL-8, to GAGs
can quench their concentration, however, also support leukocyte bind-
ing to GAG-IL-8 complex [68,69]. Although a high GAG content in the
tissue appears desirable for the hemocompatibility of the tissue, it did
not dominate the results of this study. Neither the GAG-rich native, GA
fixed, nor SULEEI-A treated pericardia showed concordant results in
coagulation or inflammation parameters, nor the GAG-poor SULEEI-B
and SULEEI-C.

The milder decellularization protocol A resulted in DNA-residues and
preservation of xenogeneic epitopes such as a-Gal, detected histologi-
cally in the matrix of SULEEI-A treated pericardia (Fig. 2). The more
stringent decellularization protocol in SULEEI-B, including trypsin to
access the interstitial cells and inner pericardial vessel structures, led to
reduced values for remaining DNA and «-Gal epitopes, and also to lower
coagulation activation (F1 + 2 in Fig. 4a and fibrin network in the SEM
images Fig. 5). The control of thrombogenicity did benefit more from
this stringent decellularization than the inflammation control, which did
respond more to the differences in the riboflavin/UV crosslinking step,
performed under stronger conditions in the protocol SULEEI-A than
SULEEI-B.
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Based on the observed requirement of sufficient decellularization to
induce a low hemostatic response and an efficient riboflavin/UV cross-
linking step to obtain a low inflammatory response, the protocol
SULEEI-C was developed. Nucleophilic groups, such as hydroxyl groups
stabilize spontaneously formed C3b fragments on the surface and
propagate the complement cascade on the alternative pathway [70]; a
similar effect can be expected for non-saturated radicals. The hydroxyl
groups of the polysaccharide dextran and the high riboflavin concen-
tration in the UV crosslinking step of SULEEI-A, therefore, were assumed
to cause reactive sites for complement activation, although it was not
prominent for the high dextran (SULEEI-A) but for the high riboflavin
(SULEEI-B) protocol (Fig. 4). In consequence, the lower riboflavin con-
centration was applied, and dextran as bulking molecule was skipped
entirely in the final protocol. Analysis of blood activation reactions in
intermediate steps of the SULEEI-C protocol, along with the results of the
SULEEI-A and B samples, allows conclusions on activation mechanisms.

Residual tissue factor was assumed to be responsible for the high
coagulation in the native and the SULEEI-A samples on the extrinsic
pathway. The high coagulation activation by the SULEEI-A treated tissue
indicates that the riboflavin/UV crosslinking and electron beam treat-
ment steps of the SULEEI process were not sufficient to inactivate the
biological activity of ECM proteins. The mild decellularization step
increased the coagulation, even exceeding the values of the native
pericardium, due to better accessibility of the tissue for the coagulation
system.

The UV treatment on riboflavin-incubated pericardia induced free
radicals and caused oxidative crosslinking of proteins [39], substituting
the GA crosslinking in the SULEEI protocols. While the crosslinking step
with riboflavin/UV is capable of inactivating proteins by oxidation, it
also leads to the formation of procoagulant free radicals [71]. Electron
irradiation can quench free radicals and also denature proteins, leading
to further reduced coagulation, as seen in Fig. 7a. Both steps tended to
decrease the procoagulant effects of the tissue (Fig. 7a), but efficient
decellularization, including trypsin, had the highest inactivating effect
(SULEEI-B and SULEEI-C). The crosslinking steps of SULEEI were not as
efficient as GA in inactivating tissue factor.

The GA-fixation process has been described to inactivate the a-Gal
only incompletely [22,72], and the role of this epitope (as well as other
xenogeneic epitopes) for prosthesis deterioration years after implanta-
tion is not clearly discovered [73-75]. Therefore, a-Gal still might
impact long-term biological response. Comparison of SULEEI-A and
SULEEI-B showed, that the more aggressive, trypsin-containing decel-
lularization step of SULEEI-B was necessary to remove the a-Gal epitope.
Human plasma contains high concentrations of preformed o-Gal anti-
bodies type IgM and IgG, mainly resulting from the enterobacteria of the
intestinal flora and leading to immune protection against enterobacteria
pathogen but also as a result of a tick bite [58,76]. Due to structural
similarities of the blood group antigens A and B with the a-Gal antigen,
patients with this blood group tolerate xenografts better than patients
with blood group O [47,77]. For enhanced sensitivity, the study was
performed with blood of blood group O.

Previous blood incubation tests with allogenic and xenogenic cell
cultures showed elevated complement activation for the xenogenic cells,
which was attributed to the a-Gal epitope [78]. Therefore, elevated
complement activation on the classical pathway was expected due to
anti-a-Gal antibodies; however, the C5a fragment concentrations
(Fig. 4c) did not correlate with the a-Gal presentation of the samples
(Fig. 2b). Various reasons can be assumed: The complement cascade
might be interrupted before C5 cleavage, e.g. by physiological inhibitors
Factor H or C4b binding protein. a-Gal-independent activation in
SULEEI-B may be attributed to alternative pathway activation at hy-
droxyl groups of the polysaccharide dextran and C3b binding to reactive
groups obtained by the aggressive crosslinking step [57]. The
crosslinking-protocol in SULEEI-C with low riboflavin concentration and
without dextran caused only low complement activation, confirming the
strategy.
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The trypsin treatment was necessary to remove tissue factor and the
xeno-antigen o-Gal from the tissue. However, it may contribute to the
elevated complement activation in SULEEI-B, in addition to the high
riboflavin/dextran treatment. Also, residual trypsin activity is capable of
activating various steps of the complement cascade [79]. The subse-
quent riboflavin/UV crosslinking and electron beam treatment appear
necessary to sufficiently inactivate the enzyme.

Histologic analysis showed loose fiber structure and a low density of
the decellularized and still in the riboflavin/UV crosslinked samples,
different from native and from final SULEEI-treated tissues. Immuno-
histological detection of granulocytes (CD15) indicated a higher pene-
tration of cells. This increased accessibility to the ECM can be a reason
for the reduced hemocompatibility detected in flow cytometry after
incubation with the decellularized tissue. Subsequent collagen cross-
linking protocol steps effectively prevented granulocyte penetration.

C5a is among the strongest activators of leukocytes. The CD11b
expression on granulocytes as activation-marker was higher for the
SULEEI fixed samples than for native or GA fixed samples (Fig. 4d).
Additional, non-identified activation processes of the leukocytes may
play a role. SULEEI-A caused higher loss of granulocytes from the blood
than SULEEI-B (Suppl. Fig. 1). Probably, this loss of cells due to adhesion
and penetration into the surface mainly affected highly activated cells
and, therefore, the CD11Db level of the remaining cells in the blood was
lower.

Adaptation of the SULEEI-process for more effective decellulariza-
tion and a less activating riboflavin/UV crosslinking step (SULEEI-C)
resulted in a better hemocompatibility of the tissue. However, the effect
on basic structural and mechanical properties had to be actualized. The
comparable elastic moduli in the SULEEI-C sample confirmed that me-
chanical properties are comparable to the native and GA-control. But for
all SULEEI pericardia, a higher degradability than in the GA-fixed
samples was detected, independent of the SULEEI protocol refinement.
Higher enzymatic degradability of SULEEI-pericardium in this labora-
tory setup is described before [15,38] but due to the enzyme concen-
tration does not reflect an in vivo situation. Increased accessibility can
rather be advantageous, especially regarding remodeling processes
[15,80]. Hydroxyproline and elastin content of the tissues resulting from
SULEEI-A, B or C did not differ significantly. A high variability in elastin
content of the tissue segments examined according to the individual
pericardia was detected in general and depended on the individual tis-
sue segment. The in vitro calcification potential did not differ between
the final SULEEI-C protocol and GA-fixed counterparts, further sup-
porting SULEEI-C protocol applicability as a pretreatment strategy.

The in vitro incubations with human whole blood allowed for more
rapid and flexible process optimization and elaboration of the SULEEI-C
protocol than any animal study would do. While unnecessary animal
experiments were avoided during these optimization loops, tissue pro-
cessed according to the SULEEI-C protocol can now be confidentially
tested for biocompatibility in animals as subsequent studies. Relevant
tests would be thrombogenicity tests in a perfusion experiment, such as
an arteriovenous shunt model [81,82]. Further, a rat subcutaneous im-
plantation study, supplemented by in vitro cell culture tests, is ongoing
in our study group to provide more information about the long-term
inflammatory response and degradation and more valid information
about calcification. Upon favorable results, the analysis of the optimized
SULEEI-C treated material in the geometry of real valves in vitro and in
large animal models in aortic valve position is envisioned [81-84]. Basis
for GA-free preparation strategies such as the SULEEI-protocol can also
be a-Gal knock out tissues as designed for xeno-transplantation [85].

5. Conclusion

Using hemocompatibility testing the glutaraldehyde-free SULEEI-
protocol to fix bovine pericardium for surgical application was opti-
mized for low hemostatic and inflammatory reactions. Improved final
protocol combines an intense, trypsin-containing decellularization step
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to inactivate tissue factor with a dextran-free low riboflavin/high UV
crosslinking step, followed by low energy electron beam irradiation
(SULEEI). The resulting improved SULEEI - procedure for bovine peri-
cardium preparation is a promising GA-free alternative intensely vali-
dated in hemocompatibility with human blood in this study to be further
justified in in vivo tests.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.bioadv.2023.213328.
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