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a b s t r a c t

Background: Glutaraldehyde-treated pericardia for cardiovascular applications have poor long-

term clinical results. The efficacy of a combined physical/chemical treatment to improve

pericardium biocompatibility and vascular regeneration was assessed and compared with

detergent treatment and two commercial bovine pericardia: PeriGuard (DGBP) and Edwards

pericardium (nDGBP). The physical and chemical process was applied to bovine and human

pericardia (DBP-DHP), and the detergent process was applied to bovine (DDBP).

Material and methods: Native (NBP) and treated bovine tissues were assessed for decellula-

rization (HE/DAPI/DNA/a-Gal and MHC-1 staining) and mechanical integrity ex vivo. Twenty

Wistar rats received subcutaneous patches of each bovine tissue to assess immunogenic

response up to 4 months (flow cytometry). Ten additional rats received four subcutaneous

bovine-treated patches (one/condition) to evaluate the inflammatory reaction (CD3/CD68

immunostaining), calcification (von Kossa staining/calcium quantification), and integration

assessment (Hematoxylin and eosin staining). Finally, 15 rodents received a patch on the

aorta (DBP n ¼ 5, DHP n ¼ 5, and DGBP n ¼ 5), and vascular biocompatibility and arterial wall

regeneration were assessed after 4 months (CD3/CD68/CD31/ASMA and Miller staining).

Results: DBP reached the higher level of decellularization, no immunogenic response

whereas maintaining mechanical properties. DBP induced the lowest level grade of

inflammation after 2 months (P < 0.05) concomitantly for better remodeling. No compli-

cations occurred with DBP and DHP where vascular regeneration was confirmed. Moreover,

they induced a low level of CD3/CD68 infiltrations.
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Conclusions: This process significantly reduces immunogenicity and improves biocompat-

ibility of bovine and human pericardia for better vascular regeneration.

ª 2017 Elsevier Inc. All rights reserved.
Introduction nondetergent/enzymatic and glutaraldehyde-free process to
Bovine and human pericardia (BP-HP) are largely used in car-

diovascular surgery to repair valves or congenital heart

defects and for a large spectrum of other reconstructive

procedures.

The standard treatment of pericardium for clinical use is

glutaraldehyde fixation (G)1 to produce cross-links in the

cellular and extracellular matrix (ECM) improving mechanical

resistance and to reduce graft immunogenicity, especially for

xenogeneic tissue. Aldehyde treatment is, however, also

cytotoxic and does not completely suppress the immunolog-

ical reaction against xenogeneic graft.2 In fact, the G-treat-

ment leaves dead cells/cell debris in the tissue and does not

completely remove phospholipids, thereby leading to chronic

inflammation and calcification of grafted tissues.3 The con-

sequences are subsequent function and structural deteriora-

tion of prostheses.4 This deterioration occurs earlier in

younger patients because of their strong immunity and high

phosphocalcic metabolism.5

Decellularization was therefore proposed to improve long-

term efficacy of these prostheses. It enhances in situ graft

biocompatibility and improves recellularization toward host-

tissue regeneration with similar native properties. The tissue

decellularization process must remove cells/antigens and

preserve extracellular matrix and mechanical properties.

Different decellularization treatments have been used, and

themost popular are those using detergents and/or enzymes.6

New products (ECM) based on those protocols are already

commercialized for cardiovascular applications. However,

short-term results with some of those implants in clinical

practice did not demonstrate convincing results in the pedi-

atric population.7 Better results regarding the absence of

calcification and/or aneurysm formation were achieved at a

short follow-up with some others for pediatric cardiac

reconstructions.8,9

We recently studied a tissue process based on non-

detergent methods on different xeno/allogeneic tissues and,

in particular, on human pericardium that can be banked and

proposed as a decellularized homograft.10,11 Our in vitro and

in vivo results in a rodent vascular model showed that this

decellularization method offers excellent short-term results

in terms of biocompatibility. Moreover, our processed im-

plants and more precisely the human pericardium demon-

strated significantly better results in terms of biocompatibility

when compared to a conventional glutaraldehyde-fixed

pericardium.11

Since the availability of human pericardium is limited, the

source of xenogeneic tissue must be considered as an alter-

native although it carries noncellular xenogeneic antigens

responsible for higher immunogenic host response, and it is

difficult to remove without ECM damage.12,13

Therefore, the present study compared the in vitro and in vivo

(subcutaneous), the efficacy of a physical, chemical
decellularize and improve the biocompatibility of bovine peri-

cardium (DBP)with (1) a conventional detergent/glutaraldehyde-

free process (DDBP) as well as with two commercially treated

available bovine pericardia currently used in clinical setup, (2)

the supple PeriGuard bovine pericardium (DGBP) similarly

treated as DBP, and (3) the Edwards Lifesciences bovine peri-

cardium (nDGBP),which is not decellularized and is considered a

standard in cardiovascular surgery.

In vitro studies compared these tissues with native tissue

regarding cellularity (HE-DAPI), DNA content, antigenicity

(MHC-class I and Gal1,3-Galb1,4GlcNAc-R [a-Gal] antigens

immunostaining), and biomechanical properties (elongation

stress test).

In vivo, the rodent systemic immune response, local in-

flammatory reaction, remodeling of the implant, and calcifi-

cation occurrences were assessed after subcutaneous

implantation and compared between each bovine pericar-

dium tissue conditions.

In a supplementary in vivo model, a vascular patch was

achieved on rat aorta: both DBP and DHP treated by combined

physical/chemical decellularization process were compared

with the PeriGuard (DGBP) regarding vascular biocompatibility

and vascular regeneration after 4 months of follow-up.
Material and methods

Sources of matrices

Bovine pericardium (BP) was procured from a local slaugh-

terhouse (Eurovlees, Zele, Belgium). Human pericardium (HP)

was procured according to the common standards of the Eu-

ropean Association of Musculoskeletal Transplantation

(EAMST, Vienna, 1997). Human pericardium was harvested in

agreement with the Ethic Committee of the Université cath-

olique de Louvain.

The tissues were rinsed with sterile ringer solution, me-

chanically stripped of loose adipose tissue and frozen at

�80�C.
The two commercialized pericardia purchased were the

following: Edwards Lifesciences bovine pericardium (Edwards

Lifesciences Corporation, Irvine, CA), nondecellularized and

preserved in glutaraldehyde (nDGBP) and Supple PeriGuard

bovine pericardium (Baxter International, Inc, Deerfield, IL),

treated with NaOH 1N before glutaraldehyde preservation

(DGBP).

Matrix preparation

Before processing, tissues were thawed and washed in sterile

ringer solution.

The pericardium was cut into pieces of 15 cm by 10 cm.

Two treatment protocols were conducted. One process was
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based on a conventional detergent protocol previously pub-

lished: bovine pericardial pieces were incubated for 48 hours

in an aqueous solution containing 0.5% sodium deoxycholate

(SDC) and 0.5% sodiumdodecylsulfate (SDS) under continuous

agitation followed by a 72-hour rinsing step in a continuous

flow of demineralized water.14

As previously described, the second process consists of a

succession of baths of acetone, ethanol, NaOH, and H2O2. This

chemical treatment ensures defatting, prions/viruses, and

bacterial inactivation.11

Finally, the ECM was frozen at �80�C, individually packed

and sterilized by gamma irradiation (25 KGy). The tissues

collected were respectively named detergent decellularized

bovine pericardium (DDBP), decellularized bovine/human

pericardium (DBP-DHP) for tissues treated with the second

process.

In vitro prosthesis characterization

Human pericardium was previously characterized.11 The

in vitro tests in this study were conducted on bovine pericar-

dial tissues.

Hematoxylin and eosin/DAPI staining
Decellularization was evaluated first by hemalun eosin and

40.6-diamidino-2-phenylindole (DAPI; 1 mg/ml) staining (Abbot

Molecular Inc) on four paraformaldehyde-(4%) fixed slices

from four different tissues of the five bovine tissues types

(NBP, nDGBP, DGBP, DBP, and DDBP) as previously described.11

From each sample, five sections were photographed at high

definition under structured illumination using a Zeiss

AxioImager-Apotome system. Nuclei were counted using

imageJ (NIH, open source).

Antigen removal
The presence of residual antigens such as a-Gal and MHC I

was investigated by immunohistochemistry as previously

described.11

DNA quantification
DNA was extracted with DNeasy Blood & Tissue Kit (QIAamp

DNA Mini Kit, QIAGEN, Hilden, Germany). Four tissues per

condition were used, and two samples per tissue were pro-

cessed. The extracted DNA was quantified with the Quant-it

Picrogreen DNA assay kit (Invitrogen, CA), according to man-

ufacturers’ protocol. Fluorescence was read at 480 nm and

520 nm. Final DNA concentration was expressed in ng/mg dry

weight.

Scanning electron microscopy
Tissue samples from each tissue condition were observed

with a field emission scanning electron microscope (JSM-

7600F, JEOL). Tissues were fixed with 2.5% glutaraldehyde

overnight at 4�C. Samples were then washed with phosphate-

buffered saline (GIBCO Life Technologies, Diegem, Belgium)

and were gradually dehydrated by successive immersion in

increasing concentrations of ethanol for 15 min each. Before

scanning electron microscopy (SEM) imaging, tissues were

critical point dried and coated with an 8-nm layer of gold. SEM

measurements were performed at 15 keV.
Mechanical properties
Uniaxial mechanical resistance tests were performed on four

samples of four tissues per condition except for commercially

available tissues DGP and nDGP with four samples in one

tissue. Mechanical testing was performed as previously

described using an Instron traction system with Instron

bluehill software (Model 5600, Instron, Canton, MA).11 The

structural properties of the matrices were represented by

stiffness (Newton/mm) and ultimate load (Newton). These

parameters were compared between native and processed

pericardium.
In vivo study

Surgical procedures

Animals were housed according to the guidelines of the

Belgian Ministry of Agriculture and Animal Care. All proced-

ures were approved by the local Ethics Committee for Animal

Care of the Université Catholique de Louvain.

Subcutaneous implantation
Two series of experiments were conducted. In the first series,

10 male or female 160-200 g Wistar rats received one patch

(1 � 1.5 cm), from each treated bovine pericardium condition

(nDGBP, DGBP, DDBP, and DBP) in the subcutaneous abdom-

inal space under general anesthesia (zoletil, xylazine, and

ketamine mix) to assess their biocompatibility. After 2 and

4 months, five rats were euthanized with intracardiac injec-

tion of T61. The pericardial patches were collected, rinsed in

sterile phosphate-buffered saline, and divided in two parts

for histologic analysis and calcium quantification.

In the second series, 20 male or female 160-200 g Wistar

rats were randomly assigned into nDGBP, DGBP, DDBP, DBP,

and native bovine pericardium (NBP) groups with each group

consisting of four animals to assess immunogenicity of the

tissues. NBP served as positive control. One patch was

implanted subcutaneously under abdominal skin after gen-

eral anesthesia. The serum of each animal was collected

before implantation, after 1 month and 4 months, for esti-

mating antibody response against bovine pericardial antigens.

Intravascular implantation
Fifteen male or female 200 g Wistar rats received a patch

(1 � 0.5 cm) on the abdominal aorta as previously described.11

There were three groups of five rats divided as follows: DBP,

DHP, and DGBP. The rats were followed up for 4 months. No

antiaggregation or anticoagulation was performed during

follow-up. After 4 months, the rats were euthanized. The

patched aorta was harvested, rinsed with saline serum fixed

overnight in 4% formaldehyde and paraffin embedded.

Histological evaluation

Coloration and staining
Serial sections (5 mm thickness) of paraffin-embedded tissues

were mounted on glass and dried for 12 hours at 37�C.
Hematoxylin and eosin and von Kossa staining assessed

ECM remodeling/cell infiltration and ECM calcification,
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https://doi.org/10.1016/j.jss.2017.09.043


170 j o u r n a l o f s u r g i c a l r e s e a r c h � f e b r u a r y 2 0 1 8 ( 2 2 2 ) 1 6 7e1 7 9
respectively, in two models. Miller staining was performed to

assess elastic fibers regeneration in the vascular model. Slides

were digitalized at a 20� magnification with a SCN400 slide

scanner (Leica, Wetzlar, Germany) and visualized on the

Digital Image Hub (Leica Biosystems, Dublin, Ireland).

Inflammatory reaction was assessed with CD3 and CD68

immunostaining in subcutaneous and intravascular models.

Immunostaining for alpha-smooth muscle actin (ASMA) and

CD31 were conducted in the vascular model for arterial wall

regeneration investigation. After manual deparaffinization,

endogenous peroxidases were inhibited for 20 minutes with

3% hydrogen peroxide in methanol. Then, 5 mm sections were

subjected to antigen retrieval in 10-mM citrate buffer of pH 5.7

and then to specific antigen binding sites blocking (Tris buff-

ered saline solution containing 5% Bovine serum albumine

and 0.05% Triton). Rabbit anti ASMA (polyclonal, Abcam

ab5694, 1/300 dilution), rabbit anti-CD3 (polyclonal, Abcam

ab828, 1/50 dilution), or mouse anti-CD68 (clone ED1, Abcam

ab31630, 1/600 dilution) primary antibodies were incubated

overnight at 4�C in Tris buffered saline containing 1% Bovine

serum albumine and 0.05% Triton. This was followed by an

incubation with envision anti-rabbit antibodies (Dako K4003),

envision anti-mouse antibodies (Dako K4001), or with an anti-

mouse (Jackson Immunoresearch 115-035-062) secondary

antibody for 30 minutes at room temperature. This reaction

was visualized using DAB (Dako K3468). After counterstaining

with hematoxylin, slides were dehydrated and cover slipped.

The slideswere finally digitalized and visualized on the Digital

Image Hub.

For immunofluorescent costaining, the same protocol was

applied using mouse anti-ASMA (Dako M0851, 1/100 dilution)

and rabbit anti-CD31 (Abcam ab28364, 1/50 dilution) primary

antibodies and AlexaFluor568 anti-rabbit and AlexaFluor647

anti-mouse secondary antibodies (Life Technologies) incu-

bated at a 1/1000 dilution for 1 hour at room temperature.

Nuclei were stained with DAPI, and labeled sections were

imaged by epifluorescence with a 2.5� N-Achroplan objective

or by structured illumination with a 20� Plan-Apochromat

objective using a Zeiss AxioImager microscope equipped

with an ApoTome module.

Morphometry
In the subcutaneousmodel, five regions of interest (ROI) at the

junction of the patch and surrounding tissues were analyzed

at 20 � magnification with a grid representing a surface of

0.12 mm2. In the rodent vascular model, the counts were done

in the external portion of the reconstructed wall where the

inflammatory reaction occurs, at20 � magnification with a

grid representing a surface of 0.12 mm2 as previously

described.11

The thickness of the new media was measured on Hema-

toxylin and eosin slides for each tissue for each experiment at

4 months with Digital Image Hub (Leica Biosystems, Dublin,

Ireland). The media of the native aorta was measured on the

same slide. Threemeasureswere done for the newmedia: two

externals, one central to the patch, and three for the opposite

native media. The new media mean thickness for recon-

structed portionwas calculated for each tissue (DGBP-DBP and

DHP). Those thicknesses were compared between them and

with mean thickness of contralateral native media.
Calcium analysis

Harvested tissue samples were washed with normal saline,

dried at 70�C for 24 hours, and weighed. Samples were then

hydrolyzedwith 1.0 N HCl solution. The calcium content of the

hydrolysate was measured calorimetrically with the O-cre-

solphthalein complexonemethod (CalciumColorimetric Assay

Kit, Sigma-Aldrich, Diegem, Belgium) as previously described15

using an automatic chemistry analyzer (Bio rad, Belgium).

Calcium contents were expressed as mg mg�1 dry weight.

Immunogenicity/systemic antibody response

Isolation of peripheral blood mononuclear cells (PBMCS)
Freshly drawn, heparinized whole bovine blood procured

from UCL farm (Centre Alphonse de Marbaix, Corroy le Grand,

Belgium) was diluted with Hanks’ buffered saline solution

(HBSS) (GIBCO Life Technologies), and the mononuclear cells

were obtainedwith gradient centrifugation (2500 rpm, 20 min,

room temperature) using lymphocyte separation medium

(Ficoll-Paque Plus, GE Healthcare Life Sciences, Diegem,

Belgium). Mononuclear cells were washed twice with HBSS.

Freshly isolated peripheral blood mononuclear cells (PBMCs)

were assayed for flow cytometry.

Detection of antidonor alloantibody (IgG) by flow cytometry
PBMCs (250,000 cells) were incubated with recipient sera for

30 min at room temperature. Before the incubation, the sera

were decomplemented for 30 min at 56�C. After washing with

fluorescence-activated cell sorting buffers (HBSS containing

0.5% fetal bovine serum and 0.1% sodium azide), saturating

amounts of 5 mg/ml fluorescein isothiocyanateeconjugated

(FITC) mouse anti-rat IgG monoclonal antibody MARK-1

(Synabs Company, Bruxelles, Belgium) were added and incu-

bated for 30 min at room temperature and then washed twice.

Each analysis included the appropriate fluorescein iso-

thiocyanateeconjugated antibody with only PBMCs, for

nonspecific reaction. For a positive control group of immuni-

zations, we were considering the native pericardium group.

Cells were acquired and analyzed with BD FACS Calibur (BD

Bioscience Benelux NV, Erembodegem, Belgium) driven by

CellQuest Pro software (BD Bioscience). We tested the sera

with the receiver PBMC to show that the positivity was

correlated with the immunization.

A positive reaction was defined as a shift of more than 10

channels in mean fluorescence intensity when testing donor

lymphocytes with posttransplantation (day 30) sera and

comparing mean fluorescence intensity with pretransplant

serum (day 0).

Statistical analysis

One-sample Kolmogorov-Smirnov tests and QQ-plots were

used to ensure the normal distribution of values. Results were

expressed as means � standard deviation or in ratios. The

statistical significance of differences between experimental

groups was tested by Student t-test or one-way analysis of

variance with a Bonferroni’s post hoc test. The statistical tests

were carried out with PASW 18. Differences were considered

to be significant at P < 0.05.
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Results

In vitro

Decellularization
The hematoxylin and eosin staining confirmed the decellu-

larization of DBP and DDBP when nDGBP and NBP appeared

normally cellularized (Fig. 1A/E/M/Q). Some nuclei from
Fig. 1 e Histologic characterization of the NBP, nDGBP, DGBP, DD

antigens: MHC-1 andM86 (a-Gal) immunostaining. (Magnificatio

tissues, NBP (A, B, C, and D) and nDGBP (E, F, G, andH) showed nu

yellowarrows) staining. PresenceofMHC-1 anda-Gal in these tis

H) (redarrows). TheDapi staining forDGBP (J) didnotdetectnuclei

hematoxylin eosin (black arrow in I) and MHC-1 and a-Gal were

material were stained with DAPI for DDBP (yellow arrow in N) bu

and T, the larger microphotography is the stained tissue before g

DDBPeS, T). The smaller photo in the right angle shows DBP and

gammairradiation (P), butnostainingwason thefinalproducteD

not occur for MHC-1 staining (O), which was negative before and

desantigenization (S-T)wereseen forDBP. (U):DAPI cells countpa

DGBP, DBP, and DDBP with P< 0.05. *2nDGBP vs DGBP, DDBP, an
endothelial cells of peripheral vascular structures were,

however, detected in the depth of DGBP (Fig. 1I).

The DAPI staining showed the absence of fluorescence

for DBP, DGBP, and some signals for DDBP (0.0 � 1.33

versus 0.0 � 0.0 versus 37 � 71.86 positive cells/mm2

with P > 0.05) (Fig. 1R/J/N/U). The highest counts were

for NBP and nDGBP in comparison to other tissues

(1073.88 � 317.15 cells/mm2 and 624.02 � 80.69 cells/mm2

with P < 0.05; Fig. 1U).
BP, and DBP with hematoxylin eosin, DAPI, and major

n is 20x and scale bar represents 100 mm). Nondecellularized

clei on hematoxylin eosin (AeE/black arrows) andDAPI (B-F/

sueswas confirmed respectively forNBP (C-D) andnDGBP (G-

but somenucleiwerevisible at theperipheryof the tissueon

still detected (red arrows in K-L). Some traces of nuclear

t not visible on hematoxylin eosin (M). In the images O, P, S,

amma irradiation (nongamma irradiated DBPeO, P, and

DDBP. Some traces of a-Gal were still visible on DDBP before

DBP (smallphoto in the rightangleeP). Thisphenomenondid

after gamma irradiation. Perfect decellularization (Q-R) and

rmmsquare forNBP,nDGBP,DGBP,DDBP, andDBP. *1NBPvs

d DBP with P < 0.05.
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Antigen removal
MHC class I staining was negative for DBP, DDBP, and slightly

positive forDGBP(Fig. 1C,G,K,O, andS).Thestainingof thea-Gal

waspositive fornondecellularized tissuesandDGBP,wheras the

staining for DBP and DDBP was negative (Fig. 1D, H, L, P, and T).

DNA
DNAquantification indicated lowerdecellularization of DDBP in

comparison with DBP and significant reduction in DBP in com-

parisonwithNBP (P<0.05; Fig. 2A).DNAdetectiononnDGBPand

DGBP was low, but the tissues were not well digested despite

doubling the dose of proteinase K and crushing these tissues.

Scanning electron microscopy
SEM showed decellularization of DGBP, DDBP, and DBP, but

ruptures of collagen fibers were evidenced for gamma-

irradiated tissues (DBP and DDBP) (Fig. 2B).
Mechanical properties
Mechanical properties of the different prosthesis (stiffness

and max load before rupture) were not altered in comparison

with native pericardium (P > 0.05). The stiffness of nDGBP

was, however, significantly higher than for the other treated
Fig. 2 e Characterization of the grafts: DNA content (A), SEM (B),

DDBP. DNA level was inferior to 50 ng/mg tissue for DBP but wa

NBP, DBP, DDBP, and DGBP (scale bar 100 mm). The red arrows in

no alteration of mechanical tissues properties after treatments.

regardingmaximal load before rupture. However, the nDGBP tiss

(*: nDGBP vs DGBP, NBP, DBP, and DDBP with P < 0.05).
tissues (24.70 � 6.64 vs 14.37 � 4.6 vs 12.45 � 3.3 vs 11.15 � 4.9

vs 13.63 � 5.34 for nDGBP vs DGBP, DBP, DDBP, and NBP,

respectively; P < 0.05). The maximal load before rupture was

similar for all treated tissues (Fig. 2C).
In vivo

Subcutaneous implantation

Immunogenic response
At 1 month, the anti-bovine antibody response was positive

for all rodents receiving subcutaneous implants of NBP and for

two rodents with DDBP. There was no anti-bovine or antibody

production for other treated tissues.

After 4 months, low positive response was detected for one

nDGBP and DGBP. Detection was still positive for all NBP and

the two DDBP (Fig. 3A).

Tissue remodeling/cell incorporation, calcifications, and
inflammatory reaction
The cellular recolonization was more homogeneous for DBP

and impacted all layers (Fig. 3B).
and mechanical tests (C). (A) DNA content of NBP, DBP, and

s higher for DDBP. *: DBP vs NBP with P < 0.05. (B) SEM of

dicate collagen fibers rupture. (C) Mechanical tests showed

No significant differences were detected between tissues

ue showed significantly higher stiffness than other tissues.
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Fig. 3 e Results of the subcutaneous tests for (A) immunization test, (B) implants remodeling at 4 months, (C) von Kossa

staining at 4 months, and (D) calcium implants content after 4 months. (A) Panel A shows results of the FACS for the

detection of specific antibodies to bovine protein in the sera of rodent before (day 0 in purple) and after (day 30 in green and

day 120 in pink) subcutaneous implantation of NBP, nDGBP, DGBP, DDBP, and BDP tissues. No reactions were noted for DBP.

Immunization at day 30 was detected for all rodent they received NBP and for half rodents with DDBP. Late immunization, at

day 120, was detected for 1 nDGBP and 1 DGBP (as indicated by black arrows). (B) Illustration of the recellularization after

4 months of nDGBP (a, e), DGBP (b, f), DBP (c, g), and DDBP (d, h) implanted in subcutaneous position with hematoxylin eosin

staining. The original magnification is 203, and scale bar represents 100 mm. Histology of tissues before implantation is on

a, b, c, and d and after explantation at 4 months follow-up on e, f, g, and h. The black arrows in f, g, and h indicate nuclei and

cell colonization. The recellularization process goes deeper in the DBP tissue (g). (C) Images of the positive von Kossa

staining at 4 months in the subcutaneousmodel of nDGBP patches (scale bar 100 mm). The black arrow indicates the positive

staining. (D) Subcutaneous implanted tissues calcium quantification after 2 months and 4 months follow-up. No significant

difference between tissues was detected (P [ NS).
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Fig. 4 e Biocompatibility/local inflammatory reaction

assessment of subcutaneous implants (nDGBP, DGBP,

DDBP, and BDP) with CD3 and CD68 immunostaining (A)

CD3 immunostaining at 2 and 4 months and (B) CD3 and

CD68 cell counting at 2 and 4 months. (A)

Microphotographs at 20x magnification of CD3

immunostaining of explanted tissues at 2 and 4 months,

respectively, for nDGBP: (a, b); for DGBP: (c, d); for DDBP: (e,

f); and for DBP: (g, h). The scale bar represents 100 mm. The

black arrows show positive cells for CD3. The yellow cross

indicates the implanted tissue. The red cross shows the

host tissue. (B) Histomorphometry/cell counting for CD3

and CD68 immunostaining at 2 and 4 months. At

2 months, the CD3 reaction was significantly the lowest

with DBP (*1) and the highest with nDGBP (*2) with

P < 0.05. At 4 months, the reaction significantly decreased

for all tissues (* with P< 0.05) except for DDBP (P[NS) and

was not significantly different between DBP and DDBP (*3

P [ NS). The macrophagic reaction followed the same

kinetic with significant intensity reduction after 4 months

for all tissues except for DDBP, which showed significant

inflammation increase (# with P < 0.05). However, at

2 months, the CD68 reaction was similar with DBP, DGBP,

and DDBP and significantly lower thanwith nDGBP (#1 with
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Although some calcium deposit could be observed in the

nDGBP (von Kossa staining; Fig. 3C), the calcium quantifica-

tion did not show any difference between the groups (Fig. 3D).

The inflammatory reaction was predominantly localized

around the implants although the infiltration remained sig-

nificant in the DGBP tissues (Fig. 4A, C, E, and G).

The CD3 staining was significantly reduced between 2 and

4 months in all treated tissues except for DDBP, which

remained similarly infiltrated by lymphocytes (P < 0.05; * in

Fig. 4B).

At 2 months, the DBP led to the lowest CD3 infiltration

(P< 0.05), whereas the nDGBP led to a significantly higher CD3

staining (P < 0.05; *1 and *2 in Fig. 4B).

At 4 months, significant lower CD3 infiltration was quan-

tified with DBP than with nDGBP and DDBP, respectively

(1.08 � 1.07 cells/0.12 mm2 vs 9.08 � 4.38/8.24 � 6.13 cells/

0.12 mm2 with P < 0.05) and lower than with DGBP but not

significantly. The CD3 staining was similar between nDGBP,

DGBP, and DDBP (*3 in Fig. 4B).

Themacrophages (CD68) were localized essentially around

the implants, and the infiltration was more important after

2 months in nDGBP group (P < 0.05) in comparison to other

groups while there was no difference between other tissues

(#1 in Fig. 4B).

The CD68 staining was significantly reduced after

4 months for nDGBP, DGBP, and DBP (P < 0.05) but not with

DDBP leading to significant higher infiltration (16.08 � 1.91 vs

6.28 � 6.1 cells/0.12 mm2 with P < 0.05; # in Fig. 4B).

At 2 months, CD68 infiltration was more significant in the

nDGBP group (P< 0.05) in comparisonwith other groups while

there was no difference between other tissues (Fig. 4B: #1).

At 4 months, the CD68 reaction was similar with DBP and

DGBP tissues and was significantly lower for these tissues in

comparison with nDGBP and DDBP (3.56 � 1.91 positive cells/

0.12mm2 for DBP and 3.28� 3.03 with DGBP vs 8.44� 3.98 with

nDGBP and 16.08 � 9.12 with DDBP with P < 0.05) (Fig. 4B: #2).

However, the CD68 reaction at 4 months was significantly

the highest with DDBP in comparison with other tissues

(P < 0.05; #3 in Fig. 4B).
Vascular implantation

Implantation
DBP and DHP were the easiest to suture. Perfect hemostasis

was concomitant to vessel unclamping for these two tissues,

whereas it was delayed for DGBP (Fig. 5A:1).

Follow-up and macroscopic assessment
Three rodents in the groupDGBP died before 4months due to a

ruptured pseudo aneurysm, and one additional animal in this

group showed a similar pseudo aneurysm at 4 months. No

complications occurred with DBP or DHP. At 4 months, DHP

patches were similar to native aorta (Fig. 5A: 2).
P < 0.05). At 4 months, the nDGBP leads to significantly

greater reaction than DGBP and DBP (#2 with P < 0.05). The

highest macrophagic reaction was related to DDBP in

comparison to all tissues (#3 with P < 0.05).
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Fig. 5 e Vascular model: macroscopic view of DHP/tissues

integration/tissues calcification. (A) The two images from

left to right show (1) macroscopic view of implanted DHP

on rodent abdominal aorta with running suture at day

0 and (2) macroscopic view of rodent patched abdominal

aorta with DHP at 4 months. Note that a portion of the

patch looks similar to the native artery. (B) Histology

(hematoxylin eosin/Masson’s trichrome-upper image)

sample of patched abdominal aorta with DHP, DBP, and

DGBP at 4 months (5x magnification/scale bar 100 mm) to

illustrate patch integration. The interrupted black line

shows the limit between the native vessel and the new

artery wall/recellularized patch. Their respective thickness

is indicated with the black arrows. The yellow cross

indicates the implanted patch. The yellow arrow shows

the thickness of the patch and the red arrow the new

media thickness. The yellow circles surround the suture

passage. (C) von Kossa staining: (1) positive staining in the

reconstructed wall with DHP. (2) Positive staining in the

reconstructed wall with DBP. (3) and (4) Positive staining of

respectively DHP and DBP patches near the suture edge.
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Tissue remodeling/cell incorporation, calcification, and
inflammatory reaction
HE and Masson’s trichrome staining showed evidence of

patch recellularization with new vessels and cells in all

decellularized matrices (Fig. 5B).

Von Kossa staining was positive between the matrix and

the new intima/media for one DHP and one DBP (Fig. 5C: 1; 2).

Some calcium deposits can also be visualized near the sutures

in all groups (Fig. 5C: 3; 4).
The inflammatory reaction was essentially located in the

external part of the reconstructed wall and near the sutures

edges (Fig. 6A).

At 4 months, CD3 and CD68 infiltrations were signifi-

cantly higher for DGBP compared to DBP and DHP, respec-

tively, 65 � 35.95 versus 7.28 � 3.99 versus 6 � 4.2 cells/

0.12 mm2 with P < 0.05 for CD3 (* in Fig. 6B) and 26.5 � 13.87

vs 4.04 � 2.09 vs 7.64 � 4.64 cells/0.12 mm2 with P < 0.05 for

CD68 (* in Fig. 6C).

For the rodents that died before 4 months, with the

commercialized DGBP patches, we observed intense inflam-

matory reaction and patch resorption near the suture.

Arterial wall regeneration
The recellularization was limited to the external part of the

DGBP, deeper for the DBP patch and was complete for DHP

patch (Fig. 7A, D, G, and J: A/D/G/J).

Acquisition of an arterial identity was confirmed by Miller,

ASMA, and CD31 positive staining in all groups (Fig. 7A: B, E, H,

K and Fig. 7A: C, F, I and L). At 4 months, important medial

regeneration was observed in all groups, and the thickness

was similar in all groups and similar to natives (P < 0.05;

Fig. 7B).

The results of the study for the different products are

summarized in a table (Fig. 8).
Discussion

The aim of this study is to determine in vitro and in vivo,

in subcutaneous models, the biocompatibility of the

bovine pericardium treated with a physical and chemical

glutaraldehyde-free decellularization process (DBP) versus

(1) the conventional detergent method (DDBP) versus (2) the

Periguard method (DGBP), and (3) the Edwards non-

decellularization and glutaraldehyde-based method consid-

ered as a standard (nDGBP). Then, an in vivo study, was

conducted to compare, for arterial wall regeneration, the best

bovine performing tissues of the subcutaneous study (DBP and

DGBP) and the previously characterized human pericardium

treated with the physical and chemical process (DHP).11

Tissue decellularization tries to overcome the limitations

of current cardiovascular glutaraldehyde-fixed prosthesis2,5,14

and homografts.16,17 No standard process is well estab-

lished.13 Actually, following expert recommendations,

different prosthesis assessment criteria were proposed to

assess it before clinical use to avoid disastrous clinical

results.7,13,18,19

Following these recommendations, this in vitro study

showed that our processed BP (DBP) offers the best possibil-

ities compared to other products. In contrast, the DDBP was

not well decellularized unlike the study of Hulsmann despite

using the same protocol.14 In fact, despite long rinsing/

washes, DDBP showed some detergent remnants at the sur-

face that can also be at the root of lower biocompatibility.20

Concerning DGBP, although having comparable surface

properties to DBP, it showed in the depth some cells remnants

and lower desantigenization. As for DGBP treatment, the DBP

was also processed with NaOH 1 M for 1 hour. But as far as we

know, on the basis of the commercial data, the preparation of

https://doi.org/10.1016/j.jss.2017.09.043
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Fig. 6 e Biocompatibility assessment (CD3 and CD68 immunostaining) at 4 months with DBP, DHP, and DGBP

implantation as vascular patch on the rodent abdominal aorta. (A)Histologic (CD3 staining/scale bar 100 mm) image of

DGBP patch at 4 months illustrate inflammation is essentially located around the patch. The yellow cross indicates the

patch, and red cross indicates the vessel lumen. (B) CD3 staining: the cell counting showed significant higher number of

positive CD3 cells/0.12 mm2 with the DGBP patch (*: DGBP vs DHP and DBP with P < 0.05). The histologic images (20x

magnification/scale bar 100 mm) show the patch (yellow cross) surmounted by CD3 cells (black arrows) for the three

different tissues. (C) CD68 staining: the cell counting showed significant higher number of positive CD68 cells/0.12 mm2

with the DGBP patch (*: DGBP vs DHP and DBP with P < 0.05). The histologic images (20x magnification/scale bar

100 mm) show the patch (yellow cross) with CD68 cells (black arrows) at the periphery for the three different tissues.
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Fig. 7 eAssessment of arterial identity acquisition for the implanted DGBP, DBP, and DHP tissues in vascular position.

(A) Native tissues are represented in a, b, and c; DBP tissues in d, e, and f; DHP tissues in g, h, and i; and DGBP in

j, k, and l. The first column on the left (images a, d, g, and j): Hematoxylin eosin staining shows the patched aorta

for each tissue and shows the recellularization of each tissue (53 magnification/scale bar 100 mm). The added image

is the magnification of a patch area at the location indicated by the black rectangle. The black arrow indicates nuclei.

The recellularization goes deeper for DHP group. The second column (images b, e, h, and k): Miller staining shows

elastic fibers in the new media for each tissue. (203 magnification/scale bar 100 mm). The red double arrows delimit

the thickness of the new media. The third column (images c, f, i, and l): CD 31 and ASMA immunofluorescent

staining (CD31 and ASMA IHC) illustrates endothelialization of the patches (white arrows show red staining of

endothelial cells) with a new media with smooth muscle cells stained in white (203 magnification/scale bar 100 mm).

The black cross in the image l indicates the patch (DGBP). (B) The thickness of the new media is similar to native for

each tissue and there is no significant difference between the tissues (P [ NS).
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DGBP is not associated with similar chemical agents that we

used except ethanol for sterilization. In our protocol, however,

ethanol recognized to reduce phospholipid content and

known to play a role in calcification, is one step during the

entire process and owing to some repeated washes,3 the

cytotoxicity of ethanol is eliminated. In addition, our process

involved gamma irradiation, which is also recognized as a

decellularization agent.21
After 1 month, study of in vivo immune reaction against

bovine protein did not show differences between DBP and

DGBP. More surprisingly, anti-bovine immunization was not

evidenced with the nDGBP, whereas it is not at all decel-

lularized. After 4 months however, and unlike DBP, DGBP

and nDGBP evidenced an antibody response in one case.

Some authors suggested the possibilities of delayed im-

mune recognition with glutaraldehyde cross-linking:

https://doi.org/10.1016/j.jss.2017.09.043
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In Vitro NBP nDGBP DGBP DDBP DBP 

Decellularization - - +/- +/- + 

Antigen removal - - +/- +/- + 

Mechanical integrity +/- + + + 

In Vivo Subcutaneous nDGBP DGBP DDBP DBP 

Remodeling - +/- +/- + 

Low inflammation - +/- - + 

No calcifications +/- + + + 

In Vivo Vascular DHP DGBP DBP 

Post op.complications - + - 

Remodeling + +/- + 

Low inflammation + - + 

Arterial Identity + +/- + 

Prosthesis characterization : Study results

Fig. 8 e Tissue characteristics: study results. “D” signifies “yes” and “L” signifies “no”.
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glutaraldehyde should only avoid hyperacute or acute

rejection.13

Regarding subcutaneous biocompatibility and local

inflammation, at 2 months, our DBP offered the best results.

Surprisingly, although nDGBP and DDBP were responsible of

more inflammation, calcium quantifications were not

different in comparison to DBP and DGBP tissues. However,

our results are similar to a recent study of Griffith et al.,

which showed no difference in terms of calcification between

nondecellularized glutaraldehyde-fixed tissue and decellu-

larized tissues in a subcutaneous model.13 Similarly, we do

not have a clear explanation of this phenomenon knowing

that the subcutaneous model in the rodent is a recognized

and widely used model for the evaluation of calcifications

induced by cardiovascular prostheses.22,23 The abdominal

subcutaneous localization in comparison with the most

commonly used dorsal subcutaneous location cannot explain

this difference.24

After these in vitro and in vivo subcutaneous results, two

tissues were retained as the best candidates for vascular

regeneration: DBP and DGBP. In the vascular study, we

intentionally chose a longer follow-up (4 months) than our

previous study (1 month) to better assess vascular

regeneration.11

The better prosthesis recellularization, which is of major

concern for tissue regeneration, was achieved with DBP and

DHP, whereas DGBP showed high periimplant inflammation.

Furthermore, the results were marked with high mortality

rate for DGBP. However, the mortality for this tissue was

higher than in a similar study of Li et al.25 In the group of

DGBP, in early deaths, we observed intense inflammatory

reaction near the suture edges. One explanation is that our

suture line should be nearest/would be closer to the free edge
of the patch than in the experiment done by Li et al., in which

they used interrupted sutures/simple stitches on smaller

patches (3 mm per 1 mm). The inflammation should lead to

tissue resorption and suture leakage creating pseudo aneu-

rysm. However, this phenomenon did not occur with DBP

and DHP. In addition, the FDA recently addressed a letter to

healthcare providers relative to multiple adverse event re-

ports as intraoperative or postoperative bleeding and hema-

tomas associated with VascuGuard patch (Baxter

International Inc) (a bovine pericardium treated with a

similar process than PeriGuard [DGBP]) during carotid end-

arterectomy.26 Considering these risks and the similarity

with our results in the vascular model, our processed tissues

are safer.

There are, however, some limits in our study. Experimen-

tation on rodents does not allow us to implant large and long

tissue segments as in clinical use. Preclinical models such as

pigs or lambs will more accurately assess endothelialization

and the risk of aneurysm formation of implanted tissues

before clinical translation.27
Conclusion

In vitro, our combined physically and chemically processed

bovine pericardium offers superior results in terms of decel-

lularization than conventional detergent treated BP and the

two commercially available BP. In vivo, in a subcutaneous

model, our processed bovine pericardium (DBP) reached lower

immunogenic and inflammatory responses than other bovine

tissues. Eventually, in the intravascular rodent model, our

human and bovine pericardia are less inflammatory than

https://doi.org/10.1016/j.jss.2017.09.043
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Periguard pericardium and allow total arterial wall

regeneration.
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