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Abstract

Congenital heart diseases (CHD) are one of the most frequently diagnosed congenital disorders, 

affecting approximately 40,000 live births annually in the United States. Out of the new 

patients diagnosed with CHD yearly, an estimated 2,500 patients require a substitute, non-

native conduit artery to replace structures congenitally absent or hypoplastic. Devices used for 

conduit replacement encounter limitations exhibiting varying degrees of stiffness, calcification, 

susceptibility to infection, thrombosis, and a lack of implant growth capacity. Here, we report 

the functionality of pentagalloyl glucose (PGG) stabilized decellularized valved bovine jugular 

vein conduit (PGG-DBJVC). The PGG-DBJVC tissues demonstrated mechanical properties 

comparable to native tissues while exhibiting more resistance to enzymatic degradation. 

Subcutaneous implantation of tissues established their biocompatibility and resistance to 

calcification, while implantation in sheep in the pulmonary position demonstrated adequate 

implant functionality, and repopulation of host cells, without excessive inflammation.

In conclusion, this PGG-DBJVC device could be a favorable replacement option for pediatric 

patients, reducing the need for reoperations required with current devices.
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1. Introduction:

Pediatric CHD patients often require pulmonary conduit replacements to correct critical 

congenital conditions like pulmonary stenosis, tetralogy of Fallot, pulmonary atresia, truncus 

arteriosus, and transposition of the great arteries along with ventricular septal defects 

[1–4]. Currently used homografts, glutaraldehyde crosslinked xenografts (Contegra), or 

synthetic grafts are suboptimal. Calcification, thrombosis, and the inability to remodel 

require multiple replacement surgeries [5–8]. Data reviewed from ~300 pediatric patients 

who underwent placement of the right ventricle-to-pulmonary artery valved conduit using 

glutaraldehyde-treated tissues concluded that stenosis leading to the xenograft conduit 

failure was present in all types of implants [9]. A CDRH (Center for Devices and 

Radiological Health, FDA) report for Contegra grafts showed 44% stenosis, 42% device 

replacement, and a subsequent valved conduit or valve replacement required in 79 out of 84 

pediatric patients undergoing implantation [10]. One of the main reasons for calcification, 

stenosis, and immune response in glutaraldehyde-fixed xenografts may be related to the 

remnant bovine cellular material, such as membrane phospholipids since these conduits 

are not decellularized before glutaraldehyde treatment. Efforts have been made to develop 

pulmonary valve conduits from decellularized xenograft tissues, but results are mixed. The 

initial iteration of the SynerGraft® valve (CryoLife, Inc., Kennesaw, GA, USA.), a porcine 

xenograft, showed promising preliminary results in adults but elicited a severe immune 

response and catastrophic failures in children, primarily due to incomplete decellularization 

[11]. Pulmonary conduits were also developed with decellularized porcine small intestinal 

submucosa. A recent publication showed that such valved conduits failed due to thrombosis 

and calcification and demonstrated little, if any, remodeling when implanted in sheep 
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[12]. Matrix P® decellularized porcine tissue scaffolds were tried as pulmonary conduits; 

however, they showed unfavorable results with a high rate of reoperation/reintervention for 

structural pulmonary valve failure and aneurysms [13]. Another approach that has shown 

promise utilizes polymer-based scaffolds that allow host cell repopulation, developed by 

XELTIS, a European-based company that initiated a ten-patient clinical trial for pulmonary 

valve conduit in children in 2019 [14, 15].

With the limited success of these different strategies, there is still a need to develop an 

optimal replacement conduit for pediatric patients that can last for several decades. Such 

a conduit should provide optimum mechanical strength on implantation, allow cellular 

infiltration, and be able to remodel over time, thereby displaying a potential to grow along 

with the patient [16]. To develop such a conduit, we used decellularized bovine jugular vein 

that was stabilized with pentagalloyl glucose (PGG) (PGG-DBJVC). Bovine jugular veins 

have a tri-leaflet valvular apparatus, making it an attractive option as a pulmonary conduit 

replacement. Decellularization removes the scaffold’s immunogenic cellular components 

while preserving the extracellular matrix structure.

Decellularization might lead to the loss of ECM integrity, increased degenerative structural 

failure, and calcification after implantation [17, 18]. To optimize the biodegradation process 

and maintain ECM integrity, crosslinking or stabilization of decellularized ECM is utilized. 

PGG is a non-cytotoxic polyphenolic tannin composed of a hydrophobic inner core and 

numerous external hydroxyl groups, which specifically binds to hydrophobic regions of 

proteins and form several hydrogen bonds [19, 20]. NMR studies have shown that PGG 

has a strong affinity for proline-rich proteins like elastin and collagen, binding through 

the hydrophobic stacking of the polyphenol ring against the pro-S surface of proline [21, 

22]. The addition of PGG in vitro has been shown to increase the rate of coacervation 

and self-assembly of tropoelastin, a precursor to elastin fibers within the ECM [23]. While 

glutaraldehyde fixation crosslinks only the collagen fibers, PGG binds to both collagen and 

elastin [24]. Since ~50% of the dry weight of vascular tissues is composed of elastin [25], 

stabilization of elastin is essential in maintaining the structure and mechanical behavior of 

native vascular tissues.

Furthermore, PGG is one of the most potent antioxidant within the tannin group and is 

also known for its antimicrobial, antiviral, anti-diabetic, anti-inflammatory, and anti-tumor 

properties[26–28]. PGG-treated elastin-rich tubular vascular grafts (ETVGs) have shown 

good mechanical and biological properties in multiple in vivo subdermal implantation 

models, reducing rapid biodegradation and calcification of the implants [29, 30]. This 

study aimed to create a replacement conduit that is easy to suture, compliant, resistant to 

thrombosis, aneurysmal degradation, and calcification, and allows host cell repopulation and 

remodeling.

2. Materials and Methods:

2.1 Fabrication of decellularized bovine jugular vein scaffolds:

Fresh bovine jugular vein tissues, collected from UDSA-certified slaughterhouses, were 

obtained from Animal Technologies, Inc (Tyler, TX). After the removal of blood and 
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trimming of fats and adventitious tissue, the native tissues were incubated with 0.05 M 

sodium hydroxide (NaOH) for one hour at room temperature, followed by treatment with 

a decellularizing solution composed of 0.25% sodium dodecyl sulfate (SDS) (Fisher BP349–

100), 0.5% sodium Deoxycholate (DOC) (Carolina Biological 858740), 0.5% Triton X 

100 (Alfa Aesar A16046), and 0.2% Ethylene Diamine Tetra-Acetic acid (EDTA) (Sigma 

Aldrich E6511) in 50 mM TRIS (tris (hydroxymethyl) amino-methane) (Bio-Rad 1610716) 

buffer (pH 7.4 ± 0.05) for six days. The decellularization solution was replaced every 

two days. To remove traces of detergents and remnant nuclear material, decellularized 

tissues were washed with 70% ethanol, followed by incubation with 360 U/mL DNase 

(Worthington, LS002139) and 360 U/mL RNase (Fisher, BP25392501) solutions for four 

days at 37°C, with solution replacement every 24 hours [31]. Sterilization of scaffolds was 

performed with filter sterilized 0.1% Peracetic acid (pH 7.4 ± 0.05) at room temperature 

for 2 hours, and the final sterile, decellularized scaffolds (DBJVC) were either lyophilized, 

processed for histology, or treated with PGG as described below.

2.2 DNA Quantification:

Native and DBJVC tissues (5–10 mg) (wall and leaflet portions of BJV) were lyophilized, 

and their initial dry weight was recorded. DNA extraction was performed using Qiagen 

Dneasy Blood and Tissue Kit (Cat. No. 69504) as per the manufacturer’s instructions. The 

extracted DNA was quantified with the Quant-It Pico Green dsDNA Reagent kit (Fisher, 

P11496), according to the manufacturer’s instructions. Concentration was calculated from 

the standard curve, and the total amount of DNA was normalized to the initial dry weight of 

the tissue and expressed as ng DNA/ mg dry weight.

2.3 Treatment with Pentagalloyl Glucose (PGG):

PGG solutions were prepared in 20% Isopropanol in 50 mM 2-[4-(2-hydroxyethyl) 

piperazin-1-yl] ethane sulfonic acid (HEPES) buffer at pH 5.5. Decellularized valved Bovine 

Jugular Vein (DBJV) conduits were treated with PGG concentrations ranging from 0.05% 

to 3.33% to determine the concentration at which tissue stabilization was maximal. PGG 

treatment was conducted for 20 ± 2 hours at room temperature, protected from light, 

followed by extensive washing with PBS (6 cycles of 30 minutes) to remove any excess 

PGG. Subsequently, PGG-treated tissues were lyophilized, processed for histology, or stored 

in sterile PBS with 1% Penicillin Streptomycin at 4°C for up to 24 months for long-term 

storage analysis.

2.4 Glutaraldehyde fixation of native tissues:

Native BJV tissues, after removal of blood and adventitia, were treated with 0.6% 

glutaraldehyde in 50 mM HEPES buffered saline (pH 7.4) at room temperature. After 24 

hours, the solution was replaced with 0.2% glutaraldehyde in 50 mM HEPES (pH 7.4), and 

crosslinking was allowed for up to 6 days [32]. Glutaraldehyde-fixed native tissues were 

subsequently used as controls for comparison of PGG-DBJVC tissues.
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2.5 PGG extraction and quantification:

PGG-DBJVC samples were lyophilized, and their initial dry weights were recorded. 

Extraction of PGG from the lyophilized tissues (15–20 mg) was conducted in 1 ml of 

80% methanol at room temperature by shaking for a total of 30 minutes. The methanol 

extract was quantified using Folin-Ciocalteu (F-C) Regent (Sigma-Aldrich, 47641) based on 

a method adapted from literature as described previously [33–35]. Briefly, 800 μl of F-C 

reagent, diluted 1:10 with DI water, was added to 200 μl of extract, vortexed, and incubated 

at 37°C for 5 minutes; following which, 600 μl of 7.5% sodium carbonate (Alfa Aesar, 

L13098.36) was added, vortexed, and incubated at 37°C for 30 minutes. At the end of the 

assay, absorption was read at 760 nm. The PGG concentration of the methanolic extract was 

calculated from the plotted PGG standard curve. The total amount of PGG extracted for each 

tissue sample was normalized to the initial weight of the sample.

2.6 Resistance to Elastase and Collagenase enzyme activity:

Approximately 15–30 mg of lyophilized native, glutaraldehyde fixed native, DBJVC, or 

PGG-DBJVC tissues were weighed and subjected to treatment with elastase and collagenase 

to determine the ability of scaffolds to resist rapid degradation by these enzymes. For 

the elastase challenge, tissues were placed in 1.2 mL of 10 U/mL Elastase (EPC Elastin 

Products, EC134) with 1 mM Calcium Chloride (Sigma, C7902), 0.02% Sodium Azide 

(Sigma, S2002) in 100 mM TRIS (Bio-Rad, 161–0716) buffer (pH 7.8 ± 0.05) for 24 

hours. For the collagenase treatment, 1.2 mL of 75 U/mL Collagenase type 1 (Worthington, 

LS004194) was used with 10 mM Calcium Chloride and 0.02% Sodium Azide in 50 mM 

TRIS buffer (pH 8 ± 0.05) for 48 hours. Both assays were conducted at 37°C under 

continuous shaking. At the end of the respective time periods, the enzyme solution was 

removed, the remaining tissues were lyophilized, and their final weights were recorded. The 

weight loss was calculated and expressed as a percentage of the initial weight loss (%).

2.7 Long-Term Storage Analysis:

PGG-DBJVC samples were stored in sterile PBS with 1% Penicillin Streptomycin at 4°C, 

30–50% humidity conditions, for up to 24 months for long-term storage analysis. Samples 

retrieved after intervals of 6 months, 9 months, 13 months, 16 months, and 24 months from 

initial preparation were lyophilized and subjected to PGG extraction and Collagenase and 

Elastase enzyme assays as described earlier. The PGG content of the tissues after storage 

and their resistance to enzyme degradation was compared to freshly prepared PGG-DBJVC 

(0 months storage) to determine the stability of the PGG-crosslinking of the tissues.

2.8 Histological Analysis:

Tissue samples were fixed in 10% neutral buffered formalin for 24 hours at room 

temperature, embedded in paraffin, and sectioned at 5 μm thickness. The sections 

were deparaffinized, rehydrated, and stained separately with DAPI (4’, 6- diamidino- 2-

phenylindole) and Hematoxylin-Eosin (H&E) to determine the cellular component of the 

tissues and various stains such as Masson Trichrome for collagen, Verhoeff Van Gieson 

(VVG) for elastin fibers, and Alizarin Red for calcium deposits were used. Images were 
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captured with an Axiovert 40 CFL (Zeiss) inverted microscope with a MicroFire (Optronics) 

digital camera.

2.9 Suture retention testing:

The suture retention test was performed based on a method adapted from ISO 7198: 2016 

Cardiovascular implants-Tubular vascular prostheses [36–38]. Rectangular strips of 3 cm x 1 

cm were excised from native, decellularized, PGG-DBJVC, and glutaraldehyde-fixed native 

BJV conduit walls in both circumferential and longitudinal directions. The bottom 1 cm of 

each strip was secured in the lower clamp of a uniaxial tester, Instron 5944, equipped with 

50 N load cell (Norwood, Massachusetts, USA). A 4–0 coated Vicryl suture (Ethicon) was 

inserted through the tissue at 0.2 cm from the opposite end of the strip and secured into the 

upper clamp of the uniaxial tester. Samples were pre-loaded to 0.01 N and stretched at a rate 

of 1 mm/sec until tissue failure. Samples thickness (averaged from 3 different locations), 

maximum displacement, and the maximum force at failure were recorded. The stretch 

ratio, defined as maximum displacement/ initial length, as well as compliance, defined as 

maximum force at failure/ stretch ratio, of the tissue was calculated.

2.10 Biaxial tensile testing:

For the mechanical characterization of bovine jugular vein conduits, a biaxial tensile testing 

procedure was used as described in literature [39]. Tissue samples (1 cm x 1 cm) were 

excised from native, decellularized, PGG-DBJVC, and glutaraldehyde-fixed native BJV 

conduit walls. A biaxial tester, the BioTester 5000 (CellScale, Waterloo, Canada), equipped 

with a load cell of 23 N load capacity, was used to perform the testing. Each edge of the 

sample was gripped using a Cell Scale Bio Rake system to mount the samples, with five 

rigid tungsten “tines,” restricting sample shear deformation [40]. Samples were preloaded 

to 10 mN and stretched to 100% displacement at a rate of 5% displacement/second. During 

the testing, displacement, and force data were collected and based on the sample dimensions 

and output data, corresponding nominal stress (i.e., engineering stress), true strain values 

were calculated, and stress-strain curves were plotted within the ranges of 0% - 100% strain. 

Young’s modulus for the samples were calculated at the physiologically relevant region of 

the stress-strain curves between 10% and 20% strain.

2.11 Cytotoxicity in in vitro cell cultures:

The potential biological reactivity of L929 mouse fibroblast cells in response to exposure 

to PGG-DBJVC extract was examined. The cytotoxicity study was conducted at Toxikon, 

Bedford, MA, in compliance with FDA 21 CFR, part 58 GLP conditions for Nonclinical 

Laboratory Studies. The cytotoxicity results of the extracts were analyzed according to ISO 

10993–5 guidelines.

2.12 Intracutaneous Injection:

PGG-DBJVC extracts were evaluated for their potential to produce irritation after 

intracutaneous injection in New Zealand White rabbits (n=3). This study was conducted 

at Toxikon, Bedford, MA, in compliance with FDA 21 CFR, part 58 GLP conditions 
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for Nonclinical Laboratory Studies, and based upon ISO 10993–10, ISO 10993–12, and 

ISO/IEC 17025.

2.13 Sensitization:

Extracts of PGG-DBJVC were analyzed for potential allergenic or sensitization capacity by 

the Kligman Maximization test in Hartley guinea pigs (n=35). This study was conducted 

at Toxikon, Bedford, MA, in compliance with FDA 21 CFR, part 58 GLP conditions for 

Nonclinical Laboratory Studies. The evaluation of skin reactions used the four-point scale 

described in Figure S2. Any animal showing a skin reaction score of 1 or greater (at any 

time point) was considered positive. Based on ISO 10993–10 guidelines, a sensitizer was 

defined as an article with a positive response observed in at least 10% of the test animals.

2.14 Subcutaneous Implantation in rats:

PGG-DBJVC and glutaraldehyde fixed native BJV leaflets and walls were implanted 

subcutaneously in 3–4-week-old Sprague Dawley (SD) rats to assess the biocompatibility 

of the scaffolds. Forty-two rats were used, 21 were implanted with the conduit wall, and 21 

had leaflet samples implanted.

Each rat received a glutaraldehyde-fixed (leaflet/wall) and a PGG-treated (leaflet/wall) 

sample at separate sites. For the surgical procedure, the rats were anesthetized by inhalation 

of isoflurane. A 1 cm incision was made, and subcutaneous pockets were created below each 

shoulder of the rats under an aseptic technique. Pre-prepared sterile implants (PGG-treated 

decellularized or glutaraldehyde-fixed native leaflets or walls) were placed into separate 

pockets, and the wounds were closed with surgical staples. The animals were allowed 

to recover and housed in animal quarters for 1 and 3 months follow-up periods. At the 

designated time intervals (30- or 90-days post-implant), rats were euthanized, and implants 

were retrieved. All retrieved implants were examined macroscopically and processed for 

histological examination or ICP (Inductively Coupled Plasma) elemental analysis. Major 

organs (spleen, liver, kidney) were also collected and processed for histological analysis 

to evaluate general cytotoxicity. All surgeries and animal handling were done under an 

Institutional Animal Care and Use Committee (IACUC) approved animal use protocol.

2.15 Inductively Coupled Plasma (ICP) Spectroscopy Calcium and Phosphorous mineral 
analysis:

Upon retrieval, the subcutaneous implant samples were frozen, lyophilized, weighed, and 

acid hydrolyzed in 2 mL of 6 N hydrochloric acid (HCl) overnight at 37°C. Acid hydrolyzed 

samples were dried under nitrogen gas at 96°C, and the residue was resuspended in 

0.1 N HCl. Resuspended samples were filtered to remove any solid particles. Calcium 

and phosphorous content within these samples were analyzed using the Spectro Acros 

I.C.P. Spectrometer (SPECTRO Analytical Instruments, Kiev, Germany) [41]. Elemental 

concentrations were normalized to the initial dry sample weights.

2.16 Immunofluorescence (IF) analysis:

Histological tissue sections were deparaffinized, rehydrated, followed by heat-mediated 

antigen retrieval with corresponding buffers (citrate or TRIS/EDTA). Sections were 
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permeabilized with 0.1% Triton and incubated for 1 hour with Background Buster for 

specific and non-specific blocking (Innovex Biosciences NB306). Glutaraldehyde fixed 

samples were treated with 0.01M Glycine for aldehyde blocking before primary antibody 

incubation. Incubation with the primary antibodies was performed overnight at 4°C. 

Infiltration of fibroblast/myofibroblast cells were characterized using mouse anti-α-Smooth 

Muscle Actin (αSMA) (1:200, Novus Biologicals NBP2–33006), mouse anti-Vimentin 

(1:100, Novus Biologicals NBP2–44832) and mouse anti-HSP47 (1:100, Enzo Life Science 

ADI-SPA 470). Immune cell infiltration was characterized using mouse anti-CD68 (1:100, 

Abcam ab630), mouse anti-CD163 (1:100, Bio-Rad M.C.A. 342GA), mouse anti-CD80 

(1:100, B.D. Biosciences 555012), mouse anti-CD3 (1:100, B.D. Biosciences 556970), 

and mouse anti-CD11c (1:100, Bio-Rad) primary antibodies. Cy3 conjugated donkey 

anti-mouse (Jackson Laboratories, 715–165-150) secondary antibody incubation was done 

for 1 hour at room temperature, protected from light. After intensive washing, sections 

were counterstained with DAPI nuclear staining, cover-slipped with water-based mounting 

solution (FluoroGel), imaged using Keyence BZ-X810 all in one microscope, and analyzed 

using ImageJ Fiji software [42]. All images were captured at the same intensity and 

exposure settings. The expression of the specific antigens was semi-quantified using a 

protocol adapted from the literature [43]. The DAPI and Cy3 images were analyzed 

separately after threshold adjustment to determine the mean grey value of positive staining. 

The mean grey value calculated from the Cy3 image was divided by the nuclear area 

obtained from the DAPI image to quantify the positive IHC staining semi-quantitatively. The 

staining procedure without the primary antibody served as a negative control.

2.17 Implantation of PGG-treated Bovine Jugular Vein conduits as pulmonary conduit 
replacement unit in sheep:

Three PGG-DBJV tricuspid conduits were implanted in sheep: one for a month and 

two for three months of the follow-up period. Under cardiopulmonary bypass, the native 

pulmonary valve leaflets and pulmonary artery were resected and replaced with a PGG-

treated decellularized bovine jugular vein valved conduit by end-to-end anastomosis. After 

the surgery, sheep were allowed to recover and housed for one or three months. During 

this period, they were monitored by ultrasound for the general cardiopulmonary function to 

determine the evolution of the graft (potential growth) or identify potential complications 

of the surgery (bleeding, stenosis, regurgitation, dilatation). At the end of the follow-up 

period, animals were heparinized to prevent post-mortem thrombosis and euthanized with 

pentobarbital sodium (80–100 mg/kg, IV). The implants were excised, examined for their 

gross appearance, and subsequently processed for histological and immunohistochemical 

analysis. All animal surgeries were done in compliance with Institutional Animal Care and 

Use Committee (IACUC) approved guidance.

2.18 Statistical Analysis:

All in vitro experiments were done in replicates of four or more. The data are reported as the 

Mean ± Standard Deviation. Data from different groups were analyzed by one-way analysis 

of variance (ANOVA) followed by Tukey’s HSD. All statistical analysis was done using 

JMP® Pro 15.2.0. Statistical significance and their corresponding significance levels (p<0.1, 

p<0.05 or p<0.01) were reported for each result.
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3. Results:

3.1 Preparation of decellularized scaffolds:

Native bovine jugular veins (BJV) subjected to decellularization maintained their shape, 

general appearance, and patency of their tri-leaflet valvular apparatus (Figure 1(A)). The 

effectiveness of the decellularization procedure was analyzed by measuring the amount of 

DNA in tissues before and after the process. Native walls (n=5) had a DNA concentration of 

983.5 ± 131.8 ng/mg dry weight of tissue, while their decellularized counterpart showed 3.0 

± 0.8 ng of DNA/mg dry weight, demonstrating a statistically significant 99.6% reduction 

in DNA content. Leaflets (n=5) showed a similar significant 99.2% reduction in DNA 

content, decreasing from 1681.2 ± 84.9 ng DNA/mg dry weight in the native leaflets to 

12.3 ± 0.2 ng DNA/mg dry weight in the decellularized samples (Figure 1(B)). Removal 

of the cellular component was further validated by histological analysis (Figure 1(C)) and 

agarose gel electrophoresis (Figure S1). DAPI staining of native and decellularized wall and 

leaflet sections showed the absence of any nuclear staining in the decellularized samples 

compared to the native tissues. H&E and Masson’s trichrome staining did not reveal any 

difference in the general arrangement and structure of the extracellular matrix before and 

after the decellularization. In particular, the distribution and arrangement of elastin fibers 

were similar, as determined by VVG staining (Figure 1(D)).

3.2 Stability of tissues against enzyme degradation:

Since the PGG stabilized BJV conduits are intended to be used as alternatives for the 

currently used glutaraldehyde fixed conduit replacements, glutaraldehyde fixed native BJV 

were included as controls in the enzyme challenge assays. During the collagenase challenge 

assay (n=5), glutaraldehyde-treated samples showed weight loss (6.4 ± 3.6%) significantly 

lower than the native and decellularized samples (72–96% weight loss). Decellularized 

0.05% PGG treated samples, which demonstrated a weight loss of 41.4 ± 28.3%, were 

significantly less than the native and decellularized samples but significantly more than the 

glutaraldehyde samples. With an increase in the PGG concentration to 0.15%, the weight 

loss values significantly decreased, reaching the level of the glutaraldehyde samples. Further 

increase in PGG concentration, up to 3.33%, did not show statistically significant changes in 

weight loss compared to the 0.15% PGG treated samples (Figure 2(A)).

The Elastase challenge (n=5) showed a similar trend in the PGG-treated sample groups. The 

0.05% PGG-treated samples registered a 25.7 ± 3.3% weight loss, which was significantly 

lower than values in the native samples. Increasing the PGG concentration to 0.15% 

significantly reduced the weight loss, reaching a 12.1 ± 3.4% level. A further increase 

in PGG concentration in the 0.25% −3.33% range did not result in a further significant 

decrease in weight loss. The glutaraldehyde-fixed samples, with a weight loss of 24.2%, lost 

significantly less weight compared to the native samples but significantly more compared 

to the PGG-treated samples within the 0.15%−3.33% concentration range (Figure 2(B)). 

Increased resistance of the 0.15% PGG-treated samples to elastase enzyme during the 

digestion process was validated by VVG staining. When comparing the staining pattern 

before and after elastase treatment, only the PGG-treated samples showed preservation of 

the elastin fibers present before the treatment (Figure 2(C)).
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To evaluate long-term storage potential, 0.15% PGG-treated BJV were stored in PBS for 0, 

6, 9, 13, 16, and 24 months and assessed for PGG content and enzyme resistance. After the 

storage periods, the extraction and quantification of PGG from the samples revealed a PGG 

content in the range of 28.8 μg/ mg to 55.5 μg/ mg. These values were significantly higher 

compared to the decellularized tissues; however, no statistically significant difference was 

observed between the freshly prepared PGG-DBJVC and the stored PGG-treated groups, 

suggesting that PGG remained bound to the tissue after stabilization for up to 24 months 

(Figure 2(D)). There was no significant difference between the % dry weight losses among 

the freshly prepared PGG-treated BJV and those stored for up to 24 months in sterile PBS 

with Pen/Strep at 4°C, suggesting that the protective effect of the PGG over the extracellular 

matrix is stable for up to two years of storage (Figure 2(E)).

3.3 Biomechanical characterization of PGG-treated decellularized BJV conduits:

Native, glutaraldehyde fixed native, DBJVC, and PGG-DBJVC wall segments were assessed 

for their mechanical properties by suture pull out test and biaxial tensile testing.

Maximum force in the longitudinal direction during the suture retention test for 

glutaraldehyde-fixed, decellularized and PGG treated samples demonstrated statistically 

comparable levels of average force for failure as the native tissues. Similar force values 

were registered in the circumferential direction, showing no significant difference between 

the groups (Figure 3(A)). For the sample elongation during the test, the only statistically 

significant difference was recorded between native and PGG-treated samples in the 

circumferential direction (Figure 3(B)). The compliance was calculated and expressed as 

the maximum force/stretch ratio. A similar trend was observed in the compliance; the 

glutaraldehyde-fixed, decellularized, and PGG-treated samples were comparable to the 

native tissues without any statistically significant differences (Figure 3(C)).

During biaxial tensile testing, PGG-DBJVC wall tissues were found to have comparable 

biomechanical strength as clinically used glutaraldehyde-fixed conduits in both directions. 

Like the suture retention test, decellularized, PGG-treated, and glutaraldehyde-fixed samples 

demonstrated comparable stress values at 100% strain as the native tissues without 

any statistically significant difference (Figure 3(D)). PGG-treated decellularized samples 

demonstrated a slight stiffening in both directions, recorded in the first half of stretching 

(Figure 3(I)). The Young’s modulus values, calculated within the physiologically relevant 

range of 10–20% strain, did not show any statistically significant difference between the 

native, glutaraldehyde-fixed, decellularized, and PGG-treated decellularized tissues (Figure 

3(E)).

3.4 Biocompatibility testing:

3.4.1 Cytotoxicity: There was mild biological reactivity (Grade 2) of the cells exposed 

to the PGG-DBJVC extract (Figure S3). The response obtained from the positive and 

negative control article extracts confirmed the suitability of the test system. Based on the 

protocol criteria and the ISO 10993–5 guidelines, the test article met the test requirements 

and was not considered to have a cytotoxic effect.
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3.4.2 Intracutaneous Injection: None of the animals exhibited overt signs of toxicity 

at any of the observation points. The sites injected with the PGG-DBJVC extract did not 

show a significantly greater biological reaction than those treated with the control article 

(Figure S4). The difference in the overall mean score between the test and control articles 

was 0.0. Based on the criteria of the protocol, the PGG-DBJVC met the requirements of the 

ISO 10993–10 guidelines.

3.4.3 Sensitization: No systemic signs of toxicity were observed in treated or control 

animals. None of the treated (NaCl or CSO extracts) or negative control animals exhibited 

any reaction at the challenge (0% sensitized) (Figure S5). The positive control article 

elicited discrete reactions in all animals (100% sensitized). The USP 0.9% Sodium Chloride 

for Injection (NaCl) and Cottonseed Oil (CSO) extracts of the test article, Decell PGG 

BJV, elicited no reaction at the challenge (0% sensitization) following an induction phase. 

Therefore, as defined by the grading scale of the USP, the PGG-DBJVC was classified as a 

non-sensitizer.

3.4.4 Subcutaneous Implantation: Out of the 42 rats implanted subcutaneously 

with glutaraldehyde-fixed and PGG-treated wall and leaflet samples, two died during the 

surgeries (due to anesthetic complications). The remaining 40 rats recovered completely, 

resulting in 5 samples (replicates) per group for every testing (histology and ICP) at both 

time points. The rats showed no signs of distress, general or local infection, or irritation 

during the follow-up periods. At both explant time points, the wall and leaflet samples were 

recovered with ease without any adhesion formation with the underlying muscular layer.

Masson’s Trichrome staining was chosen for the general characterization of the explants 

due to its ability to distinguish the old, darker blue collagen fibers from the newly 

synthesized, thinner, lighter blue fibers [44]. Two major differences were identified between 

the glutaraldehyde-fixed and PGG-treated samples: encapsulation and cellular infiltration. 

At both time points, glutaraldehyde-fixed implants (wall and leaflets) demonstrated a thick 

capsule composed of compact collagen fibers surrounding the implanted tissues. Moreover, 

a very intense cellular infiltration was observed in the subcapsular region at the edge of the 

tissue. Some degree of cellular infiltration into the tissues might have occurred, although 

it was difficult to distinguish newly invading cells from the initial cellular components of 

the tissue in the non-decellularized glutaraldehyde fixed samples (Figure 4(A)). PGG-treated 

samples, on the other hand, showed minimal capsule formation around the tissues; the 

newly formed collagen fibers were loose and easy to separate from the implants. Minimal 

infiltration of inflammatory cells was observed in the capsular region, while infiltration of 

cells was observed within the tissue (Figure 4(B)). The PGG-treated samples were analyzed 

through immunofluorescence to determine the type of cells invading the scaffolds. The 

sections stained positive for CD68 pan-macrophage marker at 30- and 90-day time points. 

These macrophages proved to be of anti-inflammatory (M2) type, as they showed the 

presence of a CD163 marker. No CD80 pro-inflammatory macrophage marker presence was 

observed in the scaffolds.

Additionally, no significant positive staining was observed for CD3 T-cell or CD11c 

dendritic cell markers at either time points (Figure 5). The semi-quantification of the 
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immune cell staining has been demonstrated in Figure 5(B). Only CD68 and CD163 staining 

was significantly higher than the negative staining. Positive staining for CD68, CD163, 

CD80, CD3, and CD11c antibodies were observed in the capsular region of glutaraldehyde-

fixed subcutaneously implanted tissues at 30- and 90-days (Figure S6). The glutaraldehyde 

explants were not quantified since it was difficult to distinguish between the infiltrating cells 

and the remnant cellular material within the non-decellularized samples.

Alizarin red staining of the PGG-treated decellularized wall and leaflets portions 

demonstrated no calcification within the implanted scaffolds, whereas all the glutaraldehyde-

fixed tissues had heavy calcification within both the leaflet and wall regions (Figure 4(C)). 

This finding was confirmed by ICP analysis, where glutaraldehyde implants demonstrated 

elevated levels of elemental calcium and phosphorous within the tissues, with a progressive 

increase in calcification. Mineral concentration in the PGG-treated implants did not differ 

significantly before and after implantation (Figure 4(D)).

3.5 Pulmonary conduit replacement in sheep:

As proof of concept, PGG-treated BJV conduits were implanted in 3 sheep as pulmonary 

conduit replacement units for a 1–3month follow-up period. There were no surgical 

complications during or after the surgeries. Echocardiography demonstrated minimal or 

no regurgitation during the 1–3 months (Figure S7). There were no signs of thrombus 

formation, tissue overgrowth, or leaflet thickening within the implanted conduit walls or 

leaflets. These findings were confirmed by the gross view of the explanted scaffolds (Figure 

6(A)). Size measurements on the PGG-treated conduits performed before and after the 

3-month implants demonstrated an increase in the size of the outer diameter and length by 

10%.

Histological analysis of the explanted conduits demonstrated repopulation of the leaflets 

and wall segments with cells (Figure 6(B)-(H)). Immunofluorescence analysis of the 

grafts revealed positive staining for the endothelial marker VWF, demonstrating active 

reendothelization of the lumen and leaflet surface during the implant period (Figure 

6(C)). Sections from the conduit wall showed positive staining for fibroblast/myofibroblast 

markers, including alpha-SMA (Figure 6(F)) and Vimentin (Figure 6(G)), and for HSP-47, 

a chaperone molecule for collagen synthesis, indicating active collagen synthesis within the 

tissue (Figure 6(E)). Von Kossa staining revealed no calcification within the conduit wall or 

leaflets at either time point (Figure 6(D)).

4. Discussion:

Bioprosthetic pulmonary conduit replacements have been traditionally produced from native 

tissues such as pericardium, sub-intestinal submucosa (SIS), or jugular veins [45]. The main 

advantages of bovine jugular vein valved conduits are the continuity between the valves 

and conduits and their ‘off the shelf’ availability in pediatric sizes from 12 to 22 mm in 

diameter [46]. The valved conduits have a structure similar to typical vein tissues, making 

them adequate to function in a low-pressure system [47]. Moreover, the distal and proximal 

ends of the conduits allow for extended reconstructive procedures [48].
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An ideal replacement conduit must be strong and supple enough upon implantation, resist 

rapid degradation, allow cellular infiltration, and display remodeling and growth tendency 

without causing immunologic or thrombotic complications upon implantation. It has been 

shown that incomplete graft decellularization may result in severe foreign body reactions 

directed toward graft leaflets [49]. Three criteria were established to determine sufficient 

decellularization: less than 50 ng of residual DNA/mg dry weight of the tissue, length of 

DNA fragments smaller than 200 base pairs (bp), and absence of visible nuclear material on 

histological sections [50]. With residual DNA contents of 3.0 ± 0.8 ng/mg weight in walls, 

12.3 ± 0.2 ng/mg in the leaflets, and the absence of any nuclear material by DAPI or H&E 

staining, the BJV scaffolds obtained through the protocol presented in this work complied 

with the above criteria that aim to reduce the antigenic burden of the native tissue and 

thereby overcome adaptive immune response, demonstrating that optimal decellularization 

of BJV tissues had been achieved. It should, however, be acknowledged that many antigens 

are not associated with DNA. Antigens like galactose-alpha-1,3-galactose (α-gal), and 

Sda found within the ECM [51, 52], pose a major threat to immune response if not 

properly removed, and must be evaluated. The decellularization process might also damage 

ECM ultrastructure and deplete favorable entities for scaffold functional and regenerative 

properties [53, 54]. Collagen damage during decellularization might expose cryptic antigenic 

sites triggering antibody production [55]. Elastin denaturation during decellularization might 

also produce elastin particles with significant antigenicity [56]. Crosslinking strategies 

are thereby utilized to reduce the immunogenicity after decellularization by restoring the 

structural distortions that might have occurred during the process [18]. Although the PGG-

DBJVC utilized in this study showed no signs of an elevated inflammatory response, ECM-

associated antigen removal needs to be evaluated in future studies.

When implanting a replacement graft, it is desirable for the mechanical properties of the 

implanted graft to closely approximate those of the native tissue being replaced [45]. 

The tensile strength of the human pulmonary artery ranges 0.95 ± 0.37 MPa, while the 

strain at failure is reported to be at 1.61 ± 0.52 mm/mm [57]. The parameters recorded 

during the suture retention and biaxial tensile testing of the PGG-treated decellularized BJV 

satisfy these criteria. No statistically significant difference was observed in maximum stress 

or strain at failure when comparing PGG-treated samples with native and glutaraldehyde-

fixed samples. It is important to note that the ultimate stress or strength is not the 

only characteristic of a replacement graft. A non-linear behavior under load characterizes 

vascular tissues. Elastin extends at minimal load at lower pressures, while collagen uncrimps 

and loses its corrugations. As the pressure increases, the load-bearing capability shifts from 

elastin to collagen, which then becomes the main rigid structural element to resist force [58]. 

The stress-strain curve computed during the biaxial tensile testing revealed a slight stiffening 

of the PGG-DBJVC samples during the initial elastic phase of the curve, where slightly 

higher stress values were recorded at a similar strain compared to the other tested samples. 

This stiffening was probably due to the PGG’s binding to the elastin fibers, fixing them 

in their wavy state and making them harder to unfold and stretch. Although this stiffening 

did not reach statistically significant levels during the biaxial testing, significant changes 

to this non-linear response might alter conduit performance, resulting in life-threatening 

complications [58, 59]. Since the discussed PGG-DBJVC conduit is a tissue-engineered 
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conduit, shown to allow cellular infiltration and signs of remodeling at an early stage, further 

in vitro dynamic testing, modeling, and in-vivo implantation experiments are required to 

determine the clinical relevance of these changes and the exact extent of its influence 

on the hydrodynamic performance of these conduits under physiological conditions. If 

such stiffening causes significant changes to the hemodynamics of the conduit, the PGG 

concentration for crosslinking need to be optimized. The glutaraldehyde-fixed samples 

showed similar elastic behavior to the native samples since glutaraldehyde does not have 

a cross-linking effect on the elastin fibers but only on the collagen fibers.

In addition to mechanical behavior, the stability of the extracellular matrix elements, 

particularly elastin, and collagen, and their resistance to enzymatic degradation are essential 

for the long-term durability of the graft after implantation. Particularly for tissue-engineered 

grafts, the equilibrium between scaffold degradation and neo-tissue formation is required 

to render the graft a true regenerative growth potential. The current biomechanical studies 

on native and glutaraldehyde-fixed samples showed similar mechanical properties, with 

varying susceptibilities to elastase and collagenase degradation. While no-degradation in 

glutaraldehyde-treated scaffolds renders them incapable of remodeling, rapid degradation 

might lead to failure and adverse events after implantation [12, 60]. Different enzyme 

challenge experiments demonstrated that treatment with PGG of concentrations ≥ 0.15% 

provided sufficient stabilization of the ECM components, making them resistant to rapid 

degradation by collagenase and elastase. Future studies will investigate the in vivo 

degradation rate with different concentrations and evaluate it with the rate of formation 

of neo-tissue formed after implantation.

When comparing all the examined tissue types in this study, the glutaraldehyde-fixed 

BJV tissues demonstrated optimal resistance to collagenase digestion but failed to resist 

rapid degradation by elastase. This finding demonstrates the selective collagen crosslinking 

capability of glutaraldehyde and provides another insight into the failure of glutaraldehyde-

fixed grafts over time [61].

In order to be used as an easily accessible, off-the-shelf device, it is important for the 

replacement conduits to maintain their properties after extended periods of storage. The 

long-term storage experiment from this study indicated that even after storage for up to 2 

years, the protective effect of the PGG on the extracellular matrix was stable. There was no 

significant loss of PGG from the scaffolds, and the extracted amount of PGG from tissues 

did not differ significantly between the freshly prepared samples and those stored for up to 2 

years. Moreover, the elastase enzyme challenge of PGG-treated samples from different time 

points of the 2-year storage period did not show significantly different results between the 

samples.

Calcification and stenosis in implanted pulmonary valved conduits constitute a substantial 

concern for pediatric patients. Glutaraldehyde-fixed xenografts and allograft tissues are 

prone to failure due to calcification and accelerated immune response upon implantation, 

particularly in pediatric patients [62–66]. Many studies have looked at the anti-calcification 

treatment of glutaraldehyde-fixed tissues to reduce calcification after implantation [60, 67]. 

However, the long-term results of these treatments remain to be seen. Decellularization 
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has been shown to reduce calcification in both homograft and xenograft tissues [68]. 

Subcutaneous implantation in rats is an established procedure to determine biocompatibility 

and susceptibility to the calcification of biomaterials [60, 69–70]. Biocompatibility is 

assessed by the formation of a capsule around the implant, the invasion of cells into 

the implant, and the characteristics of these invading cells. PGG-DBJVC samples were 

biocompatible, as demonstrated by the absence of extensive capsule formation and 

inflammatory cell infiltration around the implants. Cells infiltrating the implants did not 

show acute or chronic inflammatory cell characteristics. They stained positive for the CD68 

pan macrophage marker, and when analyzed further for macrophage subtype, there was 

much higher levels of CD163 signal, an anti-inflammatory (M2) type macrophage marker 

compared to CD80, a marker for pro-inflammatory (M1) macrophages. No significant 

numbers of other inflammatory cell types were seen by 90 days of implantation. Sections 

showed a virtual absence of positive staining for CD3 T-cell and CD11c dendritic 

cell markers within the implants. By 90 days post-implantation, some neo-vasculature 

formation was observed, indicating active remodeling. No signs of calcification were 

seen in any type (wall or leaflet) of PGG-treated samples at any time. Studies have 

shown that decellularization prevents the calcification of porcine aortic leaflet tissues, 

while calcification of decellularized porcine carotid arterial walls has been observed 

in subcutaneous implantations [71]. This study showed that PGG treatment of the 

decellularized tissues was shown to resist calcification in the leaflet and wall samples.

Compared to PGG-treated samples, glutaraldehyde-fixed BJV samples showed inferior 

biocompatibility with extensive calcification that intensified from 1-month to 3-month 

post-implantation. It has been suggested that the principal regions of calcification are the 

native cells present within the implanted tissues [72]. Previous studies with PGG treated 

non-decellularized tissues have shown the potential of PGG treatment to reduce calcification 

in subcutaneously implanted tissues, including calcification reduction when combined with 

glutaraldehyde treatment [24, 73]. The PGG-DBJVC tissues in this study were shown to 

completely resist calcification for up to 3 months, further demonstrating the ability of 

PGG to protect the implants after implantation. It should, however, be acknowledged that 

the glutaraldehyde treatment process used in this study was adapted from literature and is 

not identical to that used in current clinically implanted devices. For a further evaluation 

of the anti-calcification potential of the PGG-DBJVC, they need to be compared to the 

commercially available products that are currently available.

Our proof-of-concept sheep implant studies demonstrated the feasibility of PGG-treated 

decellularized BJV scaffolds for replacement conduits in the pulmonary position. At both 

time points, the conduits remained patent with normal hemodynamical parameters. There 

were no signs of stenosis or regurgitation, and the leaflets functioned normally. Histological 

analysis showed infiltration of cellular components within the decellularized PGG-DBJVC. 

Most of these infiltrated cells were determined to be fibroblast and myofibroblast-like cells 

with little inflammatory cells.

Additionally, the explanted tissues demonstrated the presence of HSP-47 within the grafts. 

HSP-47 is a chaperon molecule implicated in collagen synthesis and, together with the 

fibroblast/myofibroblast characteristics of the infiltrating cells, a strong indicator of active 
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remodeling within the scaffolds [74–76]. Cellular infiltration and remodeling of the implants 

is an essential feature of the scaffolds’ capacity to grow with the patients. Cardiovascular 

devices that lack an endothelial lining or fail to get reendothelized upon implantation are 

prone to platelet aggregation and thrombus formation [77, 78], and patients receiving such 

a device require lifelong anticoagulant therapy, diminishing the quality of life of a pediatric 

patient. In the sheep implantation model, the PGG-DBJVC showed an endothelial cell 

lining along their luminal side, potentially protecting thrombotic events after implantation. 

Enlargement of the graft by ten percent was observed, but with the small number of animals 

used in this study, it cannot be claimed with certainty that this enlargement represented the 

actual regenerative growth of the device.

Additionally, although the sheep implant studies demonstrated repopulation of the implants 

with non-inflammatory cells and the presence of HSP-47, further analysis needs to be 

conducted to evaluate collagen turnover, neo-collagen formation, and the TIMP and MMP 

profiles within the implants to demonstrate implant remodeling. Future large-animal studies 

will aim to increase the number of animals with an extended follow-up period at each 

time point, along with clinically used controls to evaluate the performance of the conduit. 

Biomechanical data will be collected in vivo and computationally modeled to monitor 

in-vivo growth of the conduit after implantation. Additionally, analysis of the proteomic 

distribution within the PGG-DBJVC, before and after implantation, will reveal vital 

information on the remodeling potential of these grafts.

5. Conclusions:

We have successfully demonstrated the feasibility of the unique combinatory method 

for developing an improved replacement conduit using decellularized bovine jugular 

veins stabilized with PGG. The PGG-treated conduits met all the criteria for an optimal 

replacement conduit, including adequate biomechanical strength, resistance to degradation, 

remodeling, and absence of adverse inflammatory responses, calcification, or thrombotic 

events. We focused on developing an ideal valved conduit that is durable and grows 

with the patient is particularly promising, as this could reduce or eliminate the need for 

reinterventions in pediatric patients. This work represents a significant step forward in tissue 

engineering and could have major implications for treating patients requiring replacement 

conduits. However, it should be noted that further research will be necessary to evaluate 

fully the safety and efficacy of this approach and to determine the long-term outcomes for 

patients who receive PGG-treated decellularized conduits.
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Abbreviations:

ANOVA Analysis of Variance

BJV Bovine Jugular Vein

CD Cluster of Differentiation

CDRH Center for Devices and Radiological Health

CFR Code of Federal Regulation

CHD Congenital Heart Disease

CSO Cotton Seed Oil

DAPI 4’, 6- diamidino- 2-phenylindole

DBJVC Decellularized Bovine Jugular Vein Conduit

DNA Deoxyribonucleic acid

DOC sodium Deoxycholate

dsDNA double stranded Deoxyribonucleic acid

ECM Extra cellular matrix

EDTA Ethylene Diamine Tetra-Acetic acid

ETVGs Elastin-rich tubular vascular grafts

F-C Reagent Folin-Ciocalteu

FDA U.S. Food and Drug Administration

GLP Good Laboratory Practice

Glut Glutaraldehyde

H&E Hematoxylin and Eosin

HCL Hydrochloric Acid

HEPES 2-[4-(2-hydroxyethyl) piperazin-1-yl] ethane sulfonic acid

HSD Honestly Significant Difference

HSP-47 Heat Shock Protein-47

IACUC institutional animal care and use committee
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ICP Inductively Coupled Plasma

IHC Immuno-Histo Chemistry

ISO International Organization of Standards

NaOH Sodium hydroxide

NIH National Institute of Health

NMR Nuclear Magnetic Resonance

PBS Phosphate Buffered Saline

PGG Pentagalloyl Glucose

PGG-DBJVC PGG treated decellularized bovine jugular vein conduit

RNA Ribonucleic Acid

RVOT Right Ventricular Outflow Tract

SD Sprague Dawley

SIS Small Intestinal Submucosa

SMA Smooth Muscle Actin

STTR Small Business Technology Transfer

TRIS tris (hydroxymethyl) amino-methane

USDA United States Department of Agriculture

USP United States Pharmacopeia

VWF von Willebrand factor

VVG Verhoeff-Van Gieson
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Statement of Significance

Congenital Heart Disease (CHD) is a common congenital disorder affecting many 

newborns in the United States each year. The use of substitute conduit arteries is 

necessary for some patients with CHD who have missing or underdeveloped structures. 

Current conduit replacement devices have limitations, including stiffness, susceptibility 

to infection and thrombosis, and lack of implant growth capacity. Pentagalloyl glucose-

stabilized bovine jugular vein valved tissue (PGG-DBJVC) offers a promising solution 

as it is resistant to calcification, and biocompatible. When implanted in rats and 

as pulmonary conduit replacement in sheep, the PGG-DBJVC demonstrated cellular 

infiltration without excessive inflammation, which could lead to remodeling and 

integration with host tissue and eliminate the need for replacement as the child grows.
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Figure 1: 
Preparation of decellularized PGG-treated BJV conduits: (A) Macroscopic view of 

decellularized PGG-treated bovine jugular vein conduit, with a patent tri-leaflet valve; (B) 

Residual DNA quantification in native and decellularized (Decell) walls and leaflets, N=5, 

ng DNA/ mg dry weight expressed as a Log10 function; *p<0.001; (C) DAPI staining of 

native and decellularized walls and leaflets, showing complete absence of nuclear material 

in the decellularized samples (scale bar: 100 μm) (D) H&E and VVG staining of native 

and decellularized BJV walls showing preservation of extracellular matrix (ECM) after 

decellularization (scale bar: 100 μm).
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Figure 2: 
Stabilization of extracellular matrix in the prepared grafts: (A) % weight loss during 

collagenase treatment; N=5; *p<0.001, significantly reduced compared to native and 

decellularized (decell) groups; **p<0.001, significantly reduced compared to native, decell, 

and PGG 0.05% group; (B) % weight loss during elastase treatment; N=5; *p<0.001, 

significantly reduced compared to native group; **p<0.001, significantly reduced compared 

to native, glutaraldehyde (glut), decellularized (decell), and PGG 0.05% groups (C) VVG 

staining of native, decellularized, glutaraldehyde treated native (Glut), and PGG-treated 

decellularized (PGG.) BJV before and after treatment with elastase enzyme, showing 

preservation of elastin only in PGG treated samples (scale bar: 200 μm). (D) PGG content, 

expressed as μg PGG/ mg dry weight, of 0.15% PGG treated bovine jugular vein (BJV) 
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samples stored for up-to 24-months (0, 6, 9, 13, and 24 months); *p<0.001 Statistically 

significant difference in PGG concentration compared to decellularized (decell) tissues. No 

significant difference among groups of different storage time, N=8; (E) % weight loss 

during elastase treatment of 0.15% PGG-treated B.J.V. tissues stored for up-to 24-months 

(0, 6, 9, 13, and 24 months),* p<0.001, Statistically significant difference compared to 

decellularized (decell) BJV, No significant difference among groups of different storage 

time, N=8 to decellularized (decell) BJV, No significant difference among groups of 

different storage time, N=8
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Figure 3: 
Mechanical testing of PGG-treated decellularized BJV: (A) Maximum load at failure 

recorded during suture retention testing, N=6, no significant difference registered between 

native, glutaraldehyde (glut) treated, decellularized (decell), and PGG treated (PGG) 

samples in either direction; (B) Maximum elongation recorded during suture retention 

testing, N=6; only significant difference (**p<0.05) was registered between native and 

PGG treated (PGG) samples in circumferential direction; (C) Compliance (max. Force/

Stretch ratio) for native, glutaraldehyde (Glut), decellularized (decell), and PGG treated 

(PGG.) BJV, calculated from parameters recorded during suture retention testing, N=6, 

(D) Maximum stress during biaxial testing of native, glutaraldehyde treated fresh (Glut), 

decellularized (decell), and PGG-treated decellularized (PGG) BJV walls, no significant 

difference between different orientation of the same sample or same orientation of 

different samples, N=8; (E) Young’s modulus of native, glutaraldehyde treated fresh (Glut), 
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decellularized (decell), and PGG treated decellularized (PGG) BJV walls, no statistically 

significant difference between the individual samples, N=8; Stress-strain curves of (F) 

native, (G) glutaraldehyde treated fresh (Glut), (H) decellularized (decell), and (I) PGG 

treated decellularized (PGG) BJV, plotted from parameters registered during biaxial testing.
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Figure 4: 
Biocompatibility assay of glutaraldehyde treated native (Glut) and PGG treated 

decellularized (PGG) BJV walls and leaflets: (A) Gross view of the implants at 30 days 

post implantation, red arrow: implant at the inner surface of the skin (B) Masson’s staining 

of explanted leaflet and wall segments after 30 days of implantation showing thick capsule 

formation (yellow arrow) around Glut implants with dense cellular infiltration in the 

capsular area. PGG implants show a loose, capsular area with minimal cell invasion around 

the implant (scale bar: 200 μm) (C) Alizarin red staining showing extensive calcification 

in Glut walls and leaflets 30 and 90 days after implantation, no calcification observed in 

PGG scaffolds (scale bar: 200 μm); (D) ICP calcium (right) and phosphorous (left) analysis 

of explanted Glut and PGG tissues, increased levels of minerals in Glut tissues compared 

to pre-implant and PGG groups. PGG treated tissues did not show elevated calcium or 

phosphorous levels post implantation; * Significant difference compared to pre-implant and 
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PGG treated explants, p<0.001; ** Significant difference compared to pre-implant, 30-day 

explant, and PGG treated explants, p<0.001 (N=5).

Sinha et al. Page 31

Acta Biomater. Author manuscript; available in PMC 2024 October 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5: 
Immunofluorescence analysis of subcutaneously implanted PGG treated BJV walls and 

leaflets: (A) Representative images of 30-days and 90-days post implant showing 

positive staining for CD68 pan-macrophage marker, and CD163 anti-inflammatory (M2) 

macrophages. No CD80, CD3, or CD11c cells observed (scale bar: 200 μm); Red: positive 

staining; Blue: DAPI; area within gray line indicates tissue implant; -ve images represent 

negative controls without primary antibody incubation; (B) Semi-quantification of IHC 
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images, *p<0.001, significant difference from negative mean grey value/ nuclear expression, 

N=5.
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Figure 6: 
PGG treated-BJV valved conduits implanted in sheep as pulmonary conduit replacements: 

(A) Macroscopic view of the explanted leafleted segment of the BJV implant; no tissue 

overgrowth or thrombosis observed on the walls or leaflets; (B) H&E staining of the 

implant section, showing cellular infiltration inside the wall region (scale bar: 500 μm); 

(C) Immunostaining of leaflet section with VWF endothelial marker; leaflets show positive 

staining, demonstrating luminal reendothelization (scale bar: 1000 μm); (D) Von Kossa 

staining of BJV section; no calcification present on the wall or leaflet area (scale bar: 500 

μm); (E) Immunostaining for HSP-47 antibody, positive staining showing active collagen 

synthesis in the wall area (scale bar: 200 μm); Immunostaining for α-SMA (scale bar: 

200 μm) (F) and Vimentin (scale bar: 200 μm) (G); positive staining showing infiltration 

of myofibroblast-like cells in the walls; (H) H&E staining of an isolated leaflet, showing 

cellular infiltration and no thickening.
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