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Abstract

Over 300,000 heart valve replacements are performed annually to replace stenotic and regurgitant 

heart valves. Bioprosthetic heart valves (BHVs), derived from glutaraldehyde crosslinked (GLUT) 

porcine aortic valve leaflets or bovine pericardium are often used. However, valve failure can 

occur within 12–15 years due to calcification and/or progressive degeneration. In this study, we 

have developed a novel fabrication method that utilizes carbodiimide, neomycin trisulfate, and 

pentagalloyl glucose crosslinking chemistry (TRI) to better stabilize the extracellular matrix of 

porcine aortic valve leaflets. We demonstrate that TRI treated leaflets show similar biomechanics 

to GLUT crosslinked leaflets. TRI treated leaflets had better resistance to enzymatic degradation 

in vitro and demonstrated better tearing toughness after challenged with enzymatic degradation. 

When implanted subcutaneously in rats for up to 90 days, GLUT control leaflets calcified heavily 

while TRI treated leaflets resisted calcification, retained more ECM components, and showed 

better biocompatibility.
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INTRODUCTION

Bioprosthetic heart valves (BHVs) are used to replace stenotic and regurgitant heart valves 

[1–3]. BHVs do not require long-term anticoagulant therapy and also have more optimal 

hemodynamics, thus making it the preferred option for valve replacements. BHVs are 

fabricated out of two types of xenogeneic tissues: (1) Porcine aortic valve (PAV) leaflets or 
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(2) bovine pericardium sheet. Commercially available BHVs fail due to structural 

degradation and/or calcification.

PAV leaflets resemble human heart valve leaflet three layered structure. The fibrosa faces 

the aortic side of the leaflet and contains circumferentially aligned type I collagen that 

provides strength to withstand high cyclic pressure environment [3–5]. Facing the opposite 

side towards the ventricle, the ventricularis contains radially aligned elastin along with 

collagen. Elastic fibers are coupled with collagen bundles and brings the collagen fiber 

structure back to a resting configuration between loading cycles, thus the ventricularis 

provides elasticity and recoil to the leaflet [6–9]. Between the fibrosa and ventricularis lies 

the spongiosa that primarily contains glycosaminoglycans (GAGs). This layer is assumed to 

mechanically function as a shearing medium between the two other layers as the GAGs 

absorb water and form a hydrogel-like layer [7, 10, 11].

PAV’s are crosslinked with glutaraldehyde (GLUT) to fabricate BHV implants to make 

them resistant against enzymatic degradation and less-immunogenic [1, 12, 13]. GLUT 

crosslinked BHVs tear and calcify after implantation, causing valve failure within 12–15 

years of use [1–3, 12, 14]. Furthermore, calcification and structural degradation seem to 

accelerate in younger patients most likely due to a more competent immune system/

increased metabolism and increased physical activity [1, 15]. Therefore, BHVs are less 

frequently used for patients under 65 years of age. It should also be noted that degeneration 

and calcification are not mutually exclusive and one can lead to the other. GLUT 

crosslinking does not stabilize components such as elastin and GAGs of the heart valve. 

Therefore, these major ECM components are lost from the tissue due to enzymatic 

degradation [10, 16–18]. We have recently shown that GAGs in BHVs are strongly 

connected with fiber-fiber and fiber-matrix interactions at low force levels and that they may 

be important in providing a damping mechanism to reduce leaflet flutter when the leaflet is 

not under high tensile stress [7]. Thus, the degradation of the essential ECM components 

leads to the compromised mechanical function of the leaflet and this could be a major 

contributor to degenerative tears of BHVs.

Here we have developed a novel tissue fixative method that utilizes carbodiimide, neomycin 

trisulfate, and pentagalloyl glucose (PGG) crosslinking chemistry to stabilize all ECM 

components. We name this new method TRI as three crosslinkers were used. We 

demonstrate that PAV leaflets treated with TRI improve tear toughness, resist in vivo 

calcification, structural degradation, and are more biocompatible than GLUT treated leaflets.

METHODS

Heart Valve biomaterial crosslinking

Porcine aortic heart valves (PAVs) were harvested fresh from a local slaughter house and 

transported on 0.9% saline and ice to the laboratory. Whole PAVs were washed in 0.9% 

saline for 15 minutes. The leaflets were then cut from the aortic root and washed in 0.9% 

saline for 3 to 5 minutes. These leaflets were then treated with two different chemical 

treatment techniques: (1) GLUT – control and (2) TRI – newly proposed crosslinking 

technique.
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GLUT—Fresh leaflets were treated with 0.6% glutaraldehyde in 50 mM 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffered saline (pH 7.4) at room 

temperature with gentle shaking for 24 hours, solution decanted, and replaced with 0.2% 

glutaraldehyde in 50 mM HEPES buffered saline (pH 7.4) and the crosslinking was 

continued for at least six days [6].

TRI—Fresh leaflets were treated with 0.5 mM neomycin trisulfate solution in 2-(N-

morpholino) ethanesulfonic acid (MES) buffer for 1 hour. The solution was decanted and 

leaflets were then incubated in a 30 mM 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 

(EDC) and 6 mM N-hydroxysuccinimide (NHS) / 0.05% PGG solution in 50 mM MES 

buffered saline (pH 5.5) for twenty-four hours. The solution was decanted and then the 

leaflets were crosslinked further in 30 mM EDC and 6 mM NHS solution in 50mM MES 

buffered saline (pH 5.5) for 24 hours. Following fixation, valves were placed in 20% 

isopropanol in 50 mM HEPES buffer (pH 7.4) for at least six days.

Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) was used to measure the thermal denaturation 

temperature (Td) of collagen. Samples (3–8 mg) from each of the TRI and GLUT groups 

were carefully cut from generally the same region of the leaflet, blotted dry, and placed flat 

in hermetically sealed pans. Samples were tested using a DSC 2920 (TA Instruments, 

Newcastle, DE). A pilot run verified the Td range for GLUT compared to previous results, 

and the remainder of samples were equilibrated at 20 °C, and heated at 10 °C/min. The 

denaturation temperature was recorded as the maximum value of the endotherm peak.

In vitro enzymatic challenge studies

Resistance to collagenase and elastase—PAV leaflets were cut in half 

symmetrically, rinsed in nanofiltered water, blotted dry, frozen, lyophilized, and weighed. 

Half leaflets were incubated in 1.2 mL of 5 U/mL porcine pancreatic elastase (Elastin 

Products Co. Inc., Owensville, MO) in 100 mM Tris, 1mM CaCl2, 0.02% NaN3 (pH 7.8) for 

24 hours, or 75 U/mL collagenase (Type I, Sigma, St. Louis, MO) in 50 mM Tris, 10 mM 

CaCl2, 0.02% NaN3 (pH 8.0) for 48 hours at 37°C while shaking at 650 RPM while other 

half was incubated with buffer only. Enzyme liquid was saved for further studies, digested 

cusps rinsed in nanofiltered water, blotted dry, frozen, lyophilized, and weighed. Percent 

weight loss was calculated. For storage studies, samples were stored for 21, 60, or 180 days 

in 0.2% glutaraldehyde solution (GLUT samples) or 20% isopropanol in HEPES buffer (TRI 

samples), taken out of storage, washed in saline 3x for 15 minute, and challenged with the 

aforementioned protocol with collagenase or elastase and percent weight loss calculated.

Resistance to GAGases—PAV leaflets were carefully excised from the aortic wall, and 

washed thoroughly in 100 mM ammonium acetate buffer (AAB) at pH 7.0 3x for 5 minutes. 

Leaflets were cut symmetrically, one half incubated in 1.2 mL GAG degrading enzyme 

solution (5 U/mL hyaluronidase (Sigma, St. Louis, MO), 0.1 U/mL chondroitinase (Sigma, 

St. Louis, MO) in 100 mM AAB, pH 7.0) while the other half incubated in AAB. Samples 

were shaken vigorously for 24 hours at 37°C. Following 24 hours incubation, leaflets were 

washed in distilled water 3x for 5 min, frozen, and lyophilized. Total hexosamine content 
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was measured using the hexosamine assay as previously reported [6]. Elson and Morgan’s 

modified hexosamine assay was used to measure GAG-related hexosamines [18]. 

Lyophilized GAG digested samples were weighed, digested in 2 mL 6 N HCl (24 hours, 96 

degrees C), and dried under nitrogen gas. Samples were resuspended in 2 mL 1M sodium 

chloride and reacted with 2 mL of 3% acetyl acetone in 1.25 M sodium carbonate. 4 mL 

ethanol and 2 ml of Ehrlich’s reagent (0.18M p-dimethylaminobenzaldehyde in 50% ethanol 

containing 3N HCl) were added, and solutions left for 45 min to allow the color to develop. 

A pinkish-red color is indicative of tissue hexosamine quantities, and the absorbance was 

read at 540 nm. A set of D(+)-glucosamine standards were used. For storage studies, 

samples were stored for 21, 60, or 180 days in 0.2% glutaraldehyde solution (GLUT 

samples) or 20% isopropanol in HEPES buffer (TRI samples) taken out of storage, washed 

in saline 3x for 15 minute, and challenged with the aforementioned protocol with 

collagenase or elastase and percent weight loss calculated.

Mechanical Testing

Tissue specimens (n = 7 per group) were tested under biaxial tension using a custom-built 

biaxial device [19, 20]. Roughly 1 cm by 1 cm sections were taken from the central belly 

region of the leaflets and mounted to the device with the circumferential and radial 

directions along the device axes. The specimens were then loaded to a maximum membrane 

tension of 60 N/m over a period of 15s following a preconditioning step [21, 22]. The strain 

was determined via four fiducial markers were glued to the central region of the specimen 

[22]. All mechanical testing were performed in PBS at room temperature.

Suture Pull-out Test

PAV leaflets were evaluated for structural integrity and its ability to resist tearing. Fresh, 

GLUT, and TRI, leaflets were cut with a die in rectangular 40mm × 4.0mm sections and 

were then treated with GAGase, porcine pancreatic elastases, or no enzyme treatment (n = 

10, 9 groups total). For suture pull-out test, half of the samples were oriented 

circumferentially (with collagen alignment) and half samples were aligned radially 

(perpendicular collagen alignment). One side of tissue samples was attached to a bottom 

clamp in a tensile tester (MTS, Minneapolis, MN). A single suture (Polypropylene blue 

monofilament 4-0 P-3 Ethicon™, San Lorenzo, Puerto Rico) was pierced through the 

sample a third of the way down the sample and was clamped to the top clamp. Samples were 

tensile tested at 12 mm/min to determine the amount force (N) it took to pull the suture out 

of the sample. The peak load, thickness of the sample, and width were used to calculate 

cross sectional area to determine stress. Tested samples were embedded in paraffin blocks 

and sectioned for alcian blue staining and movat’s pentachrome staining to visualize ECM 

components.

In Vivo Calcification Model

Following fixation, all tissues were rinsed thoroughly three times in 30 minute washes of 

sterile saline, and remained in sterile saline until implantation. Male juvenile Sprague-

Dawley rats were anesthetized by inhalation of 3% isoflurane gas. A dorsal surgical incision 

was made, and two subdermal pockets created on either side of the sagittal plane. Cusps 

were blotted and positioned to lie as flat as possible in the pocket. One cusp was placed per 
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pocket. Incisions were closed with surgical staples and samples with fibrous capsule still 

intact were retrieved after 30 or 90 days implantation. Blood (2 mL) was drawn from the rats 

before euthanasia with CO2 asphyxiation. The leaflets with surrounding capsule were 

removed from the subdermal sites. The middle section was saved for histological analysis. 

The remaining sections were placed immediately on dry ice, and frozen at −80°C as soon as 

possible.

Mineral analyses—Half cusps (without the capsule) from subdermal implantation studies 

were frozen, lyophilized, weighed, and acid hydrolyzed in 2 mL 6N Ultrex II HCl for 20 

hours at 96°C. Samples were dried under nitrogen gas, resuspended in 1 mL 6N Ultrex II 

HCl, and centrifuged at high speeds to separate any remaining particles. Samples were 

diluted 1:50 in nanofiltered water, Calcium and phosphorous content in samples were 

analyzed using the Spectro Acros ICP Spectrometer (SPECTRO Analytical Instruments, 

Kleve, Germany) at Clemson University Agricultural Service Laboratory. Dilution ratios 

were used to calculate element content of the sample, and values were normalized to dry 

sample weight.

Histology

Radial cross sections were taken from the center of cusps, stored in formaldehyde, 

processed, embedded in paraffin, and sectioned at 6 µm for light microscopy analysis. 

Movat’s pentachrome and alcian blue stains were utilized to visualize and assess ECM 

content. Dahl’s alizarin red stain with light green counterstain was used to visualize calcium 

deposition in implanted samples; calcium deposits appear red. Hematoxylin and eosin 

staining was used to visualize and assess the cellular response to implants.

RESULTS

We determined the thermal denaturation temperatures (Td) of the tissue with DSC. Td has 

been shown to effectively correlate with tissue collagen stabilization [6]. Both GLUT and 

TRI treated leaflets showed adequate increase in Td (88 ± 1.2°C or 89 ± 0.9°C, respectively 

compared to fresh tissue 56± 3.2 °C [6]), suggesting complete collagen stabilization (Figure 

1A).

Enzyme Stability Studies

When GLUT or TRI treated leaflets were challenged with type I collagenase, 1.52% ± 1.07 

or 0.42% ± 0.42 mass loss, respectively, was exhibited while fresh leaflet, with no 

stabilization by crosslinking lost almost 70% of its weight as expected (Figure 1B). No 

significant difference was detected between GLUT and TRI treated leaflets indicating that 

collagen within the PAV leaflets was adequately protected from simulated enzymatic 

degradation in both crosslinking methods.

When GLUT or TRI treated leaflets were challenged with porcine pancreatic elastase, 

elastin within the PAV leaflets was not protected in GLUT treated leaflets but was protected 

in TRI treated leaflets from simulated enzymatic degradation (16.89% ± 2.14 vs. 4.60% ± 

1.87 mass loss, respectively, p < 0.0001) Figure 1C). When GLUT treated leaflets were 
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challenged with GAGase enzyme cocktail, 54% loss of GAGs was found as compared to 

control buffer treatment (110.50 ± 11.14 vs. 241.71± 10.22 µg sulfated GAGs/10 mg tissue 

respectively, p < 0.0001, Figure 1D). However, TRI treated leaflets did not lose significant 

amounts of GAGs when challenged with GAGase (265.19 ± 16.91 vs. 286.32± 19.05 µg 

sulfated GAGs/10 mg tissue respectively, p > 0.05, Figure 1D). This clearly suggested that 

TRI treatment stabilizes GAGs within the leaflets.

We next determined the storage stability of the leaflet stored in 0.2% GLUT or 20% 

ispropanol for 21, 60, or 180 days. Weight retention after challenging with collagenase or 

elastase after storage illustrated the biochemical stability of GLUT or TRI treated leaflets 

(Figure 2A and 2B, respectively). No significant change in weight was found with reference 

to t = 0 days in GLUT and TRI samples when challenged with collagenase (Figure 2A); 

however, GLUT treated tissues exhibited a significant decrease in weight after elastase 

treatment at each time point (Figure 2B) and lost GAGs (Figure 2C). Significantly lower 

weight loss after elastase was found in TRI treated samples (Figure 2B). No decrease in 

GAG content was detected at any time point as compared to t = 0 in TRI tissues (Figure 2C). 

This data demonstrates the efficacy of our storage solution to maintain ECM stability during 

storage of TRI treated BHVs.

Planar biaxial Biomechanics

Both GLUT and TRI exhibited a nonlinear anisotropic response under equibiaxial tension 

typical of valvular tissue (Figure 3A). We found a significant difference in the overall 

compliance between the two groups (areal stretch of 1.699 ± 0.082 and 1.465 ± 0.048 for 

GLUT and TRI respectively (p < 0.036), Figure 3B). The difference in radial stretch itself 

was not statistically significant (p < 0.678). There was no statistical difference in thickness 

measured, 0.846 ± 0.069 and 0.904 ± 0.066 respectively (Figure 3C), and general 

differences in leaflet shape and geometry was not observed.

Resistance to tearing

A suture pull-out test was used to evaluate the biomaterial’s ability to resist tearing. Before 

enzymatic treatment with GAGase or elastase, Fresh samples required 583.0 ± 59.1 MPa of 

peak stress to cause the suture to pull out of the tissue (Figure 4A). After treatment with 

GAGase, the peak stress required to cause suture pull out was reduced to 429.5 ± 21.1 MPa 

(p < 0.019) (Figure 4A). After treatement with elastase, the peak stress required to cause 

suture pull out was 505.9 ± 33.5 MPa; however, was not significantly reduced (p < 0.141) 

(Figure 4A). Post treatment with GAGase and elastase resulted in loss of GAGs (Figure 4C) 

and elastin (Figure 4I) as evident by significant reduction in alcian blue staining for GAGs 

and fragmentation/absence of an extensive black fibrous network of elastin fibers in VVG 

stain when compared to controls (Figures 4B and 4H, respectively). GLUT samples required 

528.1 ± 35.0 MPa of peak stress to cause the suture to pull out of the tissue (Figure 4A). 

After treatment with GAGase, the peak stress was reduced to 303.4 ± 13.7 MPa (p < 0.0002) 

(Figure 4A). After treatement with elastase, the peak stress was reduced to 377.0 ± 24.9 

MPa (p < 0.004) (Figure 4A). Post treatment with GAGase and elastase resulted in loss of 

GAGs (Figure 4E) and elastin (Figure 4K) and as evident with histological stains when 

compared to controls (Figures 4D and 4J, respectively). Before enzymatic treatment with 
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GAGase or elastase, TRI samples required 667.3 ± 57.7 MPa of peak stress to cause the 

suture to pull out of the tissue (Figure 4A). After treatment with GAGase or elastase, the 

peak stress was not significantly reduced (565.5 ± 37.9 MPa, p < 0.106 and 612.2 ± 36.9 

MPa, p < 0.243 respectively, Figure 4A). GAGase and elastase did not digest GAGs (Figure 

4G) and elastin (Figure 4M) and their presence was evident in alcian blue staining for GAGs 

and extensive network of elastin fibers in VVG stain when compared to controls (Figures 4F 

and 4L, respectively). This suggests an increased resistance to tearing was possibly due to 

the protection of the integrity of ECM components for the TRI crosslinking protocol.

Calcification and Biocompatibility of crosslinked leaflets

Leaflets were implanted subdermally in rats for 90 days to study calcification tendancy and 

biocompatibility. After implantation, GLUT treated leaflets presented with a thick fibrous 

capsule formation surrounding the implant with persistance of host cellular activity 

indicative of a moderate to high inflammatory response (Figure 5B). TRI treated tissues 

presented with minimal fibrous capsule formation (Figure 5D) and no persistance of host 

celluar response indicative of more biocompatible implant (Figure 5D). Unimplanted leaflet 

histology is depicted in Fig. 5 A and C.

Movat’s pentachrome staining and Alcian Blue staining on GLUT leaflets indicated a loss in 

ECM specifically in elastin and GAG content during implantation as compared to 

unimplanted leaflets (Figure 5F and Figure 5J, respectively). Note that the elastin fibrous 

network in the postimplant in GLUT leaflets demonstrate chopped and feathered rather than 

the long continuous networks indicative of loss of functional elastin (Figure 5F). 

Furthermore, note that the GLUT leaflets were so heavily calcified that the section suffered 

from much fretting on the microtome and did not effectively take up the Alcian Blue stain 

(Figure 5J). TRI treated tissues retained ECM components such as elastin and GAGs much 

more robustly after implantation (Figures 5H and 5L, respectively). Unimplanted samples 

are depicted in Figure 5 E, G, I, and K for comparison.

Alizarin red staining on GLUT treated leaflets showed no calcification before implantation 

and heavy calcification after 90 days implantation (Figure 6A and 6B, respectively). 

Alizarin red staining on TRI treated leaflets showed no calcification before implantation and 

no calcification after implantation (Figure 6C and 6D, respectively). This was further 

confirmed with quantitative calcium and phosphorus analyses with ICP (Figure 6E). Pre 

implant samples exhibited non detectable amounts of mineralization. At 90 days, GLUT 

samples were found to contain 106.0±3.68 µg/mg of dry tissue of calcium and 48.40±1.6 

µg/mg of dry tissue of phosphorus. TRI samples were found to contain 9.00±1.71 µg/mg of 

dry tissue of calcium and 2.48±0.83 µg/mg of dry tissue of phosphorus. Significant 

differences between explanted GLUT and TRI leaflets in calcium and phosphorus content (p 

< 0.0001 and p < 0.0001, respectively) were found after 90 days implantation.
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DISCUSSION

Pitfalls of GLUT crosslinking of BHVs

For the past forty years, GLUT has been used to crosslink tissues to render them stable and 

less immunognic for implantation into the human body. By crosslinking neighboring amine 

groups through a Schiff-base reaction, highly immunogenic epipitotes are masked from the 

immune system [23, 24]. GLUT crosslinked tissues are shown to calcify and degenerate and 

fail within 12 – 15 years after implantation [1–3, 12]. BHV failure related to calcification 

and tissue tearing can occur simultenously or separately. For example, more than fifty 

percent of failed valves show degeneration and tears but no calcification while fifty percent 

failed valves show heavy calcification making valves stiff and incompetent but without 

tissue tears [5, 25].

Thus, to improve durability of BHVs, both calcification and structural degeneration needs to 

be prevented. Several anti-calcification strategies such as treatments with surfactants, 

chelation reagents, and alcohols have shown prevention of calcification of BHVs in animal 

models and few of them are now used commercially in clinical settings [26–28]. Due to 

short time span of valve implants with anti-calcification treatments in humans (5–7 years), it 

is still awaited if such treatments make valves more durable. Even if anti-calcification 

treatments work to prevent calcification, structural degeneration also needs to be prevented 

as many valves fail clinically due to degenerative tissue tears without calcification.

Previous research has indicated that glutaraldehyde crosslinking itself may increase 

propensity of tissue calcification [29, 30]. Schiff-base crosslinking [24, 31] is shown to be 

reversible and susceptible to hydrolysis [31, 32]. Though the reaction can be made more 

irreversible by using reducing agents such as sodium tetraborate [33]; such treatments are 

not used for clinical BHVs. Inability of GLUT crosslinking to stop degradation of the 

integrity of the collagen triple helix during cyclic fatigue loading was shown by shifts in 

amine peaks in FT-IR experiments [34]. Same studies also showed that in vitro cyclic 

fatigue casues change in bending stiffness GLUT treated PAVs indicating a degradation of 

the ECM structure [34]. Glutaraldehyde only actively crosslinks collagen and leaves other 

key ECM components such as GAGs and elastin unstabilized in the overall tissue composite 

[24]. Elastin and GAGs that play crucial roles in the biomechanics of the native heart valve 

tissue are left open to proteolytic degradation by both host and endogenous enzymes as well 

as constant mechanical fatiguing of the tissue [6, 9, 16, 18, 35, 36]. Slow depletion of these 

ECM components compounded with constant cyclic loading may lead to microtears after 

valve implantation. This early degeneration may then lead to calcification nodule 

development and/or visible tears within a few years. Our current data clearly showed that 

GLUT crosslinking did not stabilize GAGs and elastin in the tissue and caused more 

inflammatory response after implantation and heavy tissue calcification after implantation. 

Perhaps retaining these other ECM components by using them as active substrates for 

crosslinking chemistry will enable more prolonged stabilization and promote a better 

functional, more durable biomaterial in the long term to enable extended implant life. We 

show here that by using the novel crosslinking technique (TRI), a more robust and durable 

BHV could be obtained.
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TRI, a new crosslinking method for ECM stability

TRI uses a combination of carbodiimide crosslinking chemistry, neomyocin, and PGG. 

Carbodiimide chemistry has been used previously to attach functional groups to surfaces of 

polymers [37–39]. Carbodiimide is a zero length crosslinker meaning it allows linking 

neighboring carboxyl and amine groups in proteins to create amide bonds [37]. 

Carbodiimide has previously been used alone to stabilize heart valve prosthetics with the 

intent of decreasing calcification [40]; however, carbodiimide crosslinking treatments 

pertaining to heart valve biomaterial fabrication was not clinically pursued. This was 

probably due to degenerative failures of these valves during early development due to 

insufficient crosslinks.

Neomycin historically has been used as an antibacterial agent; however, neomycin is also an 

effective hyalaronidase inhibitor [16]. Hyaluronic acid serves as the backbone of the 

aggrecan molecules of GAGs that make up much of the spongiosa in PAVs. GAGs are 

highly hydrated and are important to valve function as they mediate low force tension and 

fiber-fiber orientation [7]. If this backbone is stabilized, GAGases are unable to hydrolyze 

proteoglycans thus increasing the retention of GAGs in the ECM. By using neomycin in 

conjunction with a crosslinker that utilizes amine groups for crosslinking such as 

glutaraldehyde or carbodiimide, neomycin can be incorporated into the crosslinking scheme 

sustained protective effect to prevent GAG loss [6, 11, 16, 35, 36]. This protective ability for 

neomycin towards GAGs has been previously demonstrated in our laboratory in which 

tissues treated with neomycin combined with glutaraldehyde reduced GAG loss during 

enzymatic treatment and this retention in GAGs reduced the tissue’s propensity to buckle 

compared to glutaraldehyde only treated tissue [11]. Furthermore, tissues treated with 

neomycin and carbodiimide chemistry has previously been demonstrated to prevent GAG 

loss during enzymatic treatment and this retention has shown similar biomechanics to GLUT 

valves [36]. However, neomycin treatment was unable to stabilize elastin, another important 

component of the ECM [6, 11].

Veseley et al demonstrated the key biomechanical roles that elastin plays in the heart valve 

leaflet [8, 9, 41]. A large deviation and a loss of elasticity particularly in compliance of the 

valves were noted in tissues that were depleted of elastin [9]. PGG is a tannic acid derivative 

that has been shown previously to stabilize elastin in aortic root [6, 17, 42, 43]. PGG is 

believed to physically interact with the hydrophobic domains of elastin thus blocking 

cleavage sites for elastases such as matrix metalloproteinases (MMPs) and cathapsins [17, 

42–44]. This interaction is also believed to block deposition sites for calcification [42, 45]. 

Tripi et al combined PGG with neomycine treatment and noted a retention of GAGs and 

elastin when challenged enzymes; however, due to gluratarldehyde crosslinking calcification 

of the valve was not prevented [6].

In present work, we combined neomycine, PGG, and carbodimide chemistries to create TRI 

crosslinking. Carbodiimide was used to replace GLUT, neomycin was used to protect 

GAGs, and PGG was used to protect elastin. Collectively, this novel treatment technique 

created a more robust stabilization of the entire composite through an irreversible meshwork 

of crosslinks. We show the improved efficacy of tissue composite stabilization at the 

biochemical level of this combination of stabilizing agents using enzymatic challenges. 
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Collagen, GAGs, and elastin were all stabilized with this crosslinking chemistry when 

challenged with enzymes specifically targeting these ECM components (Figure 1). We also 

demonstrated this ECM stability over an extended period of storage time of up to six months 

(Figure 2). This is important as tissue heart valve implants need to have prolonged storage 

life. GLUT treated BHVs showed no protection of elastin or GAGs during storage and this 

may be one of the reasons for BHV failure within few years found for currently clincally 

used GLUT treated valves.

TRI vs. GLUT biomechanics

Our biomechanical results for GLUT treated leaflets match closely to prior results [35, 46] 

with the maximum areal stretch being ~1.7 for both directions. Subtle differences may arise 

due to slight variations in tissue preparation. We do however note that there is a significant 

difference between TRI and GLUT. This was expected considering that TRI leaflets have a 

higher level of crosslinking. We also note that the main differences in strain occur in the low 

stress region of the leaflet (T < 10 N/m) similar to Friebe et al.’s study on neomycin-

glutaraldehyde crosslinked valves [35]. Based on conventional theories involving 

collagenous tissue [19, 20, 22], collagen fibers are crimped structures that bear nearly no 

load until straightened. Thus, in this region collagen is mostly undulated and the load 

bearing contribution comes from remaining ECM structures such as elastin, proteoglycans 

and GAGs. Thus increase in strain at lower stress region in TRI leaflets may be a result of a 

more extensive ECM stabilization. The exact contribution from each ECM component is not 

known and requires rigorious analysis via constitutive modeling. However, we do note that 

the nonlinear/exponential like behavior and anisotropy of the leaflet remain similar to GLUT 

treated tissues. Furthermore, there is no statistical difference in thickness measured after the 

treatments (Figure 3C) which suggests that TRI does not produce a drastic change in leaflet 

geometry. This suggests that the leaflets will experience similar stress during physiological 

loading. We also note from observation that there is no visible difference between the 

leaflets at a tissue level, except slight discoloration in GLUT leaflets as compared to white 

TRI leaflets. As such, the mechanical differences are a result of the mechanism at the fiber 

(elastin and collgen fiber composition) and molecular (crosslinking bounds) scale. Long-

term cyclic fatigue results are underway to see if TRI treatment makes tissue more fatigue 

resistant.

TRI vs GLUT tear stress test

It is important to note that treatment crosslinkers although make tissues an order of 

magnitude stiffer than fresh tissues, crosslinking does not have a statistically significant 

effect on the suture pull out stress, clearly suggesting tearing between collagen bundles. The 

suture pull out study suggests that retaining key ECM components such as GAGs or 

utilizing a more extensive crosslinking chemistry in lieu of glutaraldehyde may enable a 

biomaterial to resist tear formations by preventing shunting between collagen fibers and thus 

resist the process of structural degradation, one of the main failure modes of BHVs to date. 

The data suggested that losing GAGs within the tissue composite decreases the biomaterial’s 

resistance to tearing demonstrated by the reduction of peak stress to cause tearing in both 

Fresh and GLUT leaflets after treatment with GAGase enzyme. However when GAGs are 

actively retained in the material using the TRI treatment, treatment with GAGase produced 
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no significantly reduction in peak stress to cause suture pull out (Figure 4). This may be due 

to GAGs playing a roll in ECM-ECM component coordination and acting as articulation 

points between ECM components such as collagen-collagen interactions [7]. Retaining this 

structure may provide for a more robust biomaterial that resists tearing.

In the GLUT samples, treatment with elastase significantly reduced the peak stress required 

to cause suture pull out. Therefore, elastin loss may shunt stress more quickly along collagen 

bundles in GLUT crosslinked tissues as comapred to fresh uncrosslinked leaflets. Fresh 

tissues did show reduction in peak stress for suture pull out after elastase but it did not reach 

statistical significance. TRI on the other hand demonstrated no statistical significat reduction 

in peak stress required to cause suture pull out due to elastin stabilization again showing 

elastin stabilization can also aid in preventing tissue tearing. To our knowledge, this is the 

first time anyone has tested for tear resistance of bioprosthetic heart valve biomaterials and 

its dependence on ECM crosslinking.

TRI vs. GLUT stabilization: in vivo study

Research indicates that glutaraldehyde may not be as tolerable long-term to the body [13, 

23, 47, 48]. As Schiff base bonds are degraded, free aldehyde molecules created could be 

released that could activate additional host cellular response [48–51]. We evaluated the 

retention of key ECM components (collagen, elastin, and GAGs) and biocompatibility after 

subcutaneous implantation into a rat model (Figure 5). GLUT treated leaflets experienced 

complete fragmentation of the elastin fibers and complete depletion of GAGs. This depletion 

of ECM could be a large contributing factor to structural degradation of GLUT treated 

valves. On the other hand, TRI treated leaflets showed retention of collagen, elastin, and 

GAGs. In addition, TRI treatment effectively curbed calcification of BHV tissue compared 

to glutaraldehyde treated tissues after subcutaneous implantation for ninty days. No signs of 

calcification were found in the alizarin red staining in TRI treated valves (Figure 6). GLUT 

samples presented with intense red staining with Alizarin stain indicative of precipitous 

calcification in all layers of the leaflet. This accumulation of calcification deposition in the 

subcutaneous rat model corresponds to over 10 years of clinical implantation [15].

When implanted subdermally, GLUT tissues showed thick fibrous capsule formation around 

the implant with many inflammatory cells. TRI presented with minimal fibrous capsule 

formation with minimal cellular activation present. This data clearly suggests that due to 

stable crosslinks in TRI, ECM compoments and unstable crosslinkers do not leach out and 

cause inflammatory response as seen in GLUT tissues.

Limitations of Study

Although we show improved crosslinking and stability of TRI treated leaflets to enzymatic 

degradation in vitro and complete resistance towards calcification after subdermal 

implantation, more studies are needed establish the viability and functionality in vivo under 

long term cyclic strain. This includes demonstrating the efficacy of the this novel 

biomaterial via accelerated in vitro fatigue testing. Furthermore, these valves need to be 

examined in large animal studies by implanting as heart valve replacements to assertain their 

function and resistance to degeneration and calcification under blood contact. By gaining 
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more insight into this novel technique and optimizing the treatment to produce superior 

durability and biomechanical behavior, a more robust BHV can become commercially 

viable.

CONCLUSIONS

A novel treatment technique for BHV fabrication, TRI, has been shown to produce a 

biomaterial that is less susceptible to enzymatic structural degradation, tearing, and 

calcification. Furthermore, the data suggest that TRI produces a more biocompatible 

material than glutaraldehyde treated tissues. Such newly developed biomaterial may provide 

more durable heart valve implants in future.
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Figure 1. 
Initial ECM stability of crosslinked porcine aortic valve leaflets. (A) DSC analysis 

determining denaturing temperature of GLUT or TRI™ treated leaflets. Fresh, GLUT, or 

TRI samples were challenged with (B) collagenase or (C) elastase and percent mass loss was 

determined for ECM stability (n = 6). (D) GLUT or TRI treated leaflets were challenged 

with GAGase or buffer solution and hexosamine content of the leaflet was quantified to 

determine GAG stability. *Indicates significant difference (p<0.05) from GLUT.
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Figure 2. 
Long-term ECM stability of crosslinked porcine aortic valve leaflets. GLUT or TRI treated 

leaflets were stored for upto 180 days in storage solution and then challenged with (A) 

collagenase or (B) elastase and percent mass lost was utilized to determine ECM stability (n 

= 6). (C) hexosamine content of leaflets was quatified to determine GAG stability after 

GAGase treatment (n = 8). *Indicates significant difference (p<0.05) from GLUT.
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Figure 3. 
Equibiaxial mechanical testing on GLUT and TRI treated leaflets (n = 7). (A) The mean 

equibiaxial mechanical response is shown with the standard error of the mean. (B) The areal 

stretch at 60 N/m show compliance in GLUT and TRI treated leaflets. (C) Thickness of the 

specimens after crosslinking.
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Figure 4. 
Resistance to tearing as determined by suture pullout test for Fresh, GLUT, or TRI treated 

leaflets subjected to no enzymatic treatment, GAGase, or elastase (6 groups, n = 8 for each 

group). (A) Peak stress required to cause tearing. (B – G) alcian blue staining on Fresh, 

GLUT, or TRI treated leaflets subjected to no enzymatic treatment or GAGase. GAGs are 

stained blue and nuclei are counterstained red. (H – M) Movat’s pentachrome staining on 

Fresh, GLUT, or TRI treated leaflets subjected to no enzymatic treatment or elastase. 
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Collagen and elastin are stained yellow and black, respectively. *Indicates significant 

difference.
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Figure 5. 
Histological characterization of host cellular response and ECM integrity of GLUT or TRI 

treated porcine aortic valve leaflets pre or post in vivo implantation into male juvenile rats 

for 90 days. (A – D) Hematoxylin and Eosin staining. Nuclei are stained purple and 

cytoplasm is stained pink. Calcification nodules are granular and stained deep purple. Black 

bar indicates 200 µm and 50 µm in insets, respectively. (E – H) Movat’s Pentachrome 

staining. Fibrous elastin is stained black or dark purple. Black bar indicates 50 µm. (I – L) 

Alcian blue staining. GAGs are stained blue and nuclei are counterstained red. Black bar 

indicates 200 µm.
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Figure 6. 
Characterization of calcification of crosslinked porcine aortic valve leaflets pre or post 

subdermal implantation into male juvenile rats for 90 days. (A – D) Alizarin red staining for 

calcification deposits (red) counterstained with light green. Black bar indicates 200 µm. (A) 

Preimplantation GLUT. (B) Preimplantation TRI. (C) Postimplantation GLUT. (D) 

Postimplantation TRI. (E) ICP quantification of calcium and phosphorus content in GLUT 

or TRI treated PAV leaflets (n = 6). *Unimplanted leaflets had no detectable amount of 

calcification. *Indicates significant difference.

Tam et al. Page 22

Biomaterials. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


