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We investigated a novel polyepoxide crosslinker that
was hypothesized to confer both material stabiliza-
tion and calcification resistance when used to prepare
bioprosthetic heart valves. Triglycidylamine (TGA)
was synthesized via reacting epichlorhydrin and NH3.
TGA was used to crosslink porcine aortic cusps, bo-
vine pericardium, and type I collagen. Control mate-
rials were crosslinked with glutaraldehyde (Glut).
TGA-pretreated materials had shrink temperatures
comparable to Glut fixation. However, TGA crosslink-
ing conferred significantly greater collagenase resis-
tance than Glut pretreatment, and significantly im-
proved biomechanical compliance. Sheep aortic valve
interstitial cells grown on TGA-pretreated collagen
did not calcify, whereas sheep aortic valve interstitial
cells grown on control substrates calcified exten-
sively. Rat subdermal implants (porcine aortic cusps/
bovine pericardium) pretreated with TGA demon-
strated significantly less calcification than Glut
pretreated implants. Investigations of extracellular

matrix proteins associated with calcification, matrix
metalloproteinases (MMPs) 2 and 9, tenascin-C, and
osteopontin, revealed that MMP-9 and tenascin-C
demonstrated reduced expression both in vitro and in
vivo with TGA crosslinking compared to controls,
whereas osteopontin and MMP-2 expression were not
affected. TGA pretreatment of heterograft biomateri-
als results in improved stability compared to Glut,
confers biomechanical properties superior to Glut
crosslinking, and demonstrates significant calcifica-
tion resistance. (Am J Pathol 2005, 166:1–13)

Heterograft valve bioprostheses fabricated from either
glutaraldehyde (Glut)-fixed porcine aortic valves or bo-
vine pericardium have been extensively used throughout
the past 30 years in cardiac valve replacement surgery
for valvular disease.1 Although these bioprostheses have
less risk of thromboembolic complications than mechan-
ical heart valve prostheses, their clinical course is fre-
quently complicated by pathological calcification of the
valve cusps. One of the mechanistic factors responsible
for bioprosthetic cuspal calcification is Glut fixation. Glut
pretreatment has been demonstrated to predispose bio-
prosthetic implants to calcification because of several
important mechanistic factors.2,3 For instance, Schiff
bases formed as a result of Glut crosslinking are unsta-
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ble, leading to the leaching of Glut with subsequent cy-
totoxic and inflammatory activity that can contribute to
calcification.4,5 Glut fixation of heterograft materials has
also been demonstrated to be associated with stabiliza-
tion of calcifiable cellular structures and extracellular ma-
trix components, such as collagen, that are involved in
the mechanisms of bioprosthetic calcification.2 The
present studies focused on an epoxy crosslinking strat-
egy, seeking a crosslinking agent that would form irre-
versible bonds with structural proteins, and at the same
time favorably alter collagen structure to mitigate patho-
logical calcification. Polyepoxy crosslinkers (that were
not tertiary-glycidyl amines) have been previously stud-
ied for fixation of bioprosthetic heart valves, with in gen-
eral unsatisfactory results.6–9 This may have been be-
cause of the relatively poor water solubility of the
polyepoxys studied, chemical heterogeneity, and con-
tamination with residual reactants, such as organo-chlo-
rides.6–9 The present studies investigated triglyci-
dylamine (TGA), a highly polar, water-soluble polyepoxy-
crosslinking agent. We investigated the hypothesis that
TGA confers calcification resistance because of its
unique reactions with extracellular matrix (ECM) proteins,
thereby favorably altering the mechanistic events asso-
ciated with pathological mineralization.

Our experiments pursued the following goals: 1) to
synthesize, purify, and chemically characterize TGA; 2)
to investigate TGA’s effectiveness as a crosslinking
agent; 3) using sheep aortic valve interstitial cells
(SAVICs) in vitro, to explore the effects of TGA crosslink-
ing of type I collagen cell culture substrates on cellular
viability and cell-mediated calcification, and the effects of
TGA crosslinking on ECM-related calcification mecha-
nisms; and 4) to investigate in vivo, using rat subdermal
implants, ECM-related mechanisms associated with TGA
crosslinking inhibiting the calcification of bioprosthetic
cusp implants.

Materials and Methods

Chemical Synthesis and Characterization

All chemicals were obtained reagent grade from Sigma-
Aldrich Chemicals, St. Louis, MO. TGA (Figure 1A, sche-
matic 2) was synthesized as follows. Aqueous ammonia
was reacted with an excess of epichlorohydrin and cat-
alytic amounts of ammonium triflate in isopropanol for 48
hours at 20 to 24°C, then for 3 hours at 30 to 35°C. The
solvents were distilled off at 30 to 40°C and 15 to 20 mm
Hg, the residual epichlorohydrin was removed by co-
evaporations with a mixture of toluene and tert-butanol at
the same vacuum and at 40 to 45°C. The resulting thick
colorless syrup consisting mostly of Tris-(3-chloro-2-hy-
droxypropyl)amine (Figure 1A, schematic 1) was dis-
solved in a mixture of toluene, tetrahydrofuran, and tert-
butanol. An excess of 50% aqueous NaOH solution was
added at 18 to 22°C under vigorous stirring. In 2 hours
the epoxy-ring closure was complete. Ice-cold water was
added to dissolve the precipitate of NaCl and the organic
layer was separated and then dried overnight over anhy-

drous potassium carbonate at 4°C. The desiccant was
filtered off, the filtrate was vacuum-concentrated at vac-
uum to 1 mm Hg and temperature up to 50°C. The resi-
due was vacuum-distilled at 0.08 to 0.10 mm Hg to give
pure TGA (Figure 1A, schematic 2) in a 72% yield as a
viscous liquid, Bp � 80 to 85°C, slowly solidifying at
�15°C, and then remaining solid at room temperature.
The product was characterized using TLC (silica gel,
CHCl3-MeOH, 92:8, spot detection in I2-chamber), which
showed a single spot with an Rf � 0.7, and by 1H-NMR
(Bruker Advance DMX 400 Spectrometer, Bruker Optics,
Inc., Billerica, MA 400MHz, CDCl3) (Figure 1B).

Implant Preparation

Fresh porcine aortic valve leaflets and bovine pericar-
dium were shipped overnight on ice from St. Jude Med-
ical (Minneapolis, MN). On arrival, all were rinsed exten-
sively in sterile normal saline solution, and fixed with
either Glut or with TGA as follows. Glut-fixed tissues were
prepared as previously published10 with 0.6% Glut (EM
grade; Polysciences, Inc., Warrington, PA) in 50 mmol/L
HEPES/0.9% NaCl buffer, pH 7.4, at room temperature for
7 days with one change, then stored in 0.2% buffered
Glut at room temperature until use. Tissues fixed with

Figure 1. Preparation and characterization of TGA. A: To produce TGA (2),
ammonia was reacted with an excess of epichlorohydrin in aqueous isopro-
panol in the presence of ammonium triflate as a catalyst to give Tris-(3-
chloro-2-hydroxypropyl)amine. (1) The latter was dehydrochlorinated to 2 in
a mixture of solvents (toluene, tetrahydrofuran, and tert-butanol) by addition
of concentrated aqueous NaOH. B: 1H-NMR (CDCl3) showing diasteriomers
1 and 2 of TGA; � 2.25 (a) (dd, 14, 7 Hz, 3H of minor isomer, diastereotopic
CH2N), 2.49 to 2.57 (b) (m, 3H of both isomers, oxirane CH2 � 2H of
principal diastereomer, diastereotopic CH2N with predominant chirality),
2.72 (c) (dd, 14, 7 Hz, 1H of principal isomer, diastereotopic CH2N with
subdominant chirality), 2.76 to 2.81 (d) (m, 3H of both isomers, oxirane
CH2), 3.04 (e) (dd, 14, 3 Hz, 1H of principal isomer, diastereotopic CH2N
with subdominant chirality), 3.11 to 3.17 (f) (m, 3H of both isomers, CH �
2H of principal diastereomer, diastereotopic CH2N with predominant chiral-
ity), 3.30 (g) (dd, 14, 2 Hz, 3H of minor isomer, diastereotopic CH2N).
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TGA were treated with 100 mmol/L TGA in borate man-
nitol buffer (25 mmol/L sodium tetraborate decahydrate,
pH 7.4) at room temperature with daily changes of the
TGA solution for 7 days. Before implantation, all materials
were rinsed three times for 1 hour in an excess of sterile
normal saline.

Differential Scanning Calorimetry Analysis

Porcine aortic valve cusps and bovine pericardium were
crosslinked with Glut or TGA as described above. Sam-
ple sets were removed at designated time points, rinsed
in sterile saline, and shrink temperature (Ts) determined
using a DSC7 (Perkin-Elmer, Inc., Wilson, CT) with tem-
perature ramping from 60°C to 100°C. Analyses were
typically performed in replicates of three.

Fourier Transform Infrared Spectroscopy (FTIR)
Analysis

Analyses were performed on untreated or Glut- or TGA-
treated porcine aortic valve cusps and on bovine peri-
cardium likewise prepared with the 7-day room temper-
ature crosslinking protocols described above. Untreated,
Glut-, and TGA-crosslinked porcine aortic valve leaflets
and bovine pericardium were embedded on dry-ice in
OCT (Sakura USA, Torrance, CA), and cryosectioned (4
�m thick). The sections were placed on reflective glass
slides (Kevley Technologies, Chesterland, OH) for reflec-
tance-transmission FTIR microspectroscopy measure-
ments (FTIR-RTM),11 The FTIR-RTM analyses were per-
formed using a Nicolet Magna-IR 550 FTIR
spectrophotometer (Nicolet Instrumentations Inc., Madi-
son, WI) interfaced with a Nic-Plan IR microscope (Spec-
tra-Tech, Inc., Shelton, CT). The spectral point-by-point
mapping of the porcine aortic valve cusp sections was
performed in a grid pattern with the use of the computer-
controlled microscope stage and Atlus (Nicolet) mapping
software. The sections were mapped with a spatial reso-
lution of 200 �m (total of 504 to 3360 spectra per map)
with 32 to 128 scans per acquired spectrum in the 650
cm�1 to 4000 cm�1 region and 8 cm�1 resolution. The
FTIR spectra were proportioned against the background
of the reflective slide. Six spectra were extracted from
each map from locations spread across the section. The
spectra were deconvoluted in the 1800 to 1300 cm�1

regions, and their peaks were identified by the Omnic
software (Nicolet). In addition, each set of six spectra was
processed to an averaged spectrum by the Ominc soft-
ware. These spectra were also deconvoluted and their
peaks were identified. Ten spectra were acquired from
various spots (200 �m � 200 �m) of four sections from
each treatment group of the bovine pericardium or
valves. The spectra were obtained with 64 scans in the
650 cm�1 to 4000 cm�1 region and 8 cm�1 resolution.
Each set of 10 spectra was signal-averaged and decon-
voluted as described above. In addition, type I collagen
gels were formulated on reflective slides as described for
cell culture experiments (protocol shown below) and sub-
jected to overnight incubation with either TGA, Glut, or

buffer before FTIR analysis, using the Nicolet Protégé 460
FTIR spectrophotometer equipped with a Nicolet Inspec-
tIR Microscope attachment. Fifty scans were obtained at
a resolution of 4 cm�1, and the spectra were deconvo-
luted with Omnic software in the 1800 to 1300 cm�1

regions after subtraction of a water reference.

Collagenase Digestibility

Porcine aortic valve leaflets were crosslinked for 7 days
as above at room temperature in either Glut or TGA. After
crosslinking, both sets were rinsed exhaustively with ster-
ile saline. Samples were placed into individual tared mi-
crofuge tubes, lyophilized, and weighed. Samples were
digested for 1 hour at 37°C using a solution of 0.1% type
I Collagenase (Sigma C-9722 IA-S) in phosphate-buff-
ered saline containing 0.1% bovine serum albumin
(Sigma). After 1 hour of digestion, samples were chilled
to 4°C, pelleted by centrifugation at 14,000 rpm, and
washed with sterile saline. Resulting washed pellets were
lyophilized and weighed. Data were calculated as a per-
cent loss from the original dry porcine aortic valve leaflet
weight.

Compliance and Stretch

Structurally consistent biaxial specimens from the chem-
ically modified bovine pericardium were selected using
small angle light scattering, and biaxial mechanical test-
ing was performed as previously described.12,13 Briefly,
testing was performed with the specimen immersed in
phosphate-buffered normal saline (pH 7.4) at room tem-
perature. A stress controlled test protocol was used,
wherein the ratio of the normal Lagrangian stresses
(force/original cross-sectional area) was kept constant.

Flexure response and rigidity were tested as previ-
ously described,14,15 using 10 TGA and 10 Glut speci-
mens that were selectively aligned along the preferred
(PD) and cross-preferred (XD) collagen fiber direction of
specimens originally used for the nondestructive biaxial
mechanical testing. To compute the effective modulus (E)
of the tissue specimen we used the generalized Ber-
noulli-Euler moment-curvature relation for beams under-
going large displacements:

M�EI��

where �� represents the change in specimen curvature
from the reference state, computed as the difference
between the initial specimen curvature and the deformed
curvature; I is the second moment of inertia computed
from the specimen geometry, and M is the applied bend-
ing moment. M is determined from the applied loads and
specimen geometry, I from the width and thickness of the
specimen (I � wt3/12, w � specimen width, t � specimen
thickness). The equation is analogous to Hooke’s law (ie,
� � E �, where � is stress, E is Young’s modulus, and � is
the strain) for a specimen subjected to flexure as op-
posed to uniaxial tension. Note that EI is known as the
flexural rigidity, representing the effective stiffness of the
specimen.
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Cells and Cell Culture

Rat arterial smooth muscle (A10) and human umbilical
vein endothelial cell (HUVEC) cell lines were obtained
from American Type Culture Collection (Rockville, MD).
SAVICs were isolated as previously described16 and
used between passages 2 and 10. Cells were routinely
cultured in M199 (Life Technologies, Inc., Grand Island,
NY) supplemented with 10% fetal bovine serum (Hy-
clone, Logan UT) and penicillin/streptomycin (Life Tech-
nologies, Inc.). In experiments involving the study of ma-
trix metalloproteinases (MMPs) and quantitation of
calcification, serum content was reduced to 0.5% fetal
bovine serum, and 10 mmol/L glycerophosphate and 1.5
mmol/L CaCl2 were added plus or minus 10 ng/ml of
transforming growth factor (TGF)-�1 (R&D Systems, Min-
neapolis, MN), as previously described.17 Collagen cul-
ture substrates were prepared in tissue culture plates by
gelation of neutralized native type I collagen (Cohesion
Technologies, Inc., Palo Alto, CA) according to manufac-
turer’s directions. The collagen volume of each cell cul-
ture plate’s collagen coating was normalized to 0.158
ml/cm2 of growth surface area, and stored under normal
saline at 37°C until use. For TGA collagen, after gelation
of collagen as just described, an equal volume of 100
mmol/L TGA in borate mannitol buffer was incubated
overnight at 37°C. The plates were then washed three
times with sterile normal saline, and residual epoxy
groups neutralized by subsequent overnight incubation
at 37°C with 0.1 mol/L sodium thiosulfate in borate man-
nitol buffer. After washing three times again with sterile
normal saline, plates were stored under normal saline
until use. Cells were plated at a density normalized to
5.3 � 104 cells/cm2.

Biocompatibility and Cell Viability

All experiments were performed in triplicate cultures.
Cells were plated as above in reduced serum (2% fetal
bovine serum) for 24 hours before assessment of their
condition. Biocompatibility was qualitatively assessed us-
ing the Live/Dead assay (Molecular Probes, Eugene, OR)
per the manufacturer’s directions, in which viability is
indicated by enzymatic metabolism of calcein (green
fluorescence) versus retention of EthD-1 by dead cells
(red fluorescence).

Calcification in Cell Culture

Cells (SAVICs) were qualitatively assessed for calcifica-
tion by alizarin red staining as previously described,17,18

and quantitatively in parallel cultures by a modification of
the o-cresolphthalein complexone method described by
Wada and colleagues.19 Briefly, at the end of each ex-
periment, cultures were rinsed with saline, followed by
decalcification with 0.6 N HCl for 24 hours. The calcium
content of the HCl supernatant was determined by addi-
tion of 2 ml of color reagent [160 mmol/L o-cresolphtha-
lein complexone (Sigma), 7 mmol/L 8-hydroxy-quinoline
(Sigma) in 0.72 N HCl] to 0.100 ml of sample, standard or

blank. The calcium concentration was determined by
absorbance measurements at 540 nm on a microplate
reader (Spectra Max 190; Molecular Devices, Sunnyvale,
CA) using a calcium standard curve, and subtracting
cell-free culture supernatant results as background con-
trols. Results were normalized to cellular protein and
reported as �mol Ca/mg protein. All experiments were
performed in triplicate cultures.

Western Blots

Western blots were performed on SAVIC lysates accord-
ing to established procedures using 10% sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis under de-
naturing conditions. Cells were harvested from either
collagen or TGA-collagen cultures by incubation at 37°C
with 1 mg/ml type II collagenase (Sigma), followed by
very gentle scraping to exclude substrate in the harvest.
Lysates were prepared using RIPA buffer containing
Complete protease inhibitor cocktail (Roche Biochemi-
cal, Indianapolis, IN). The protein concentration was de-
termined using the Micro BCA protein assay (Pierce,
Rockford, IL). Membranes were probed with dilutions of
either rabbit anti-chicken tenascin-C (TNC) (AB19013;
Chemicon, Temecula, CA) or rabbit anti-human os-
teopontin (OPN) (LF-166; supplied by Dr. L. Fisher, Na-
tional Institutes of Health, Bethesda, MD). After enhanced
chemiluminescence development of the signal (Amer-
sham, Piscataway, NJ), membranes were stripped and
reprobed with mouse anti-ERK2 (sc-154; Santa Cruz Bio-
technology, Santa Cruz, CA) to verify loading.

Cellular Digestion Resistance TGA-Crosslinked
Collagen

SAVICs were cultured in six-well plates on either collagen
or TGA-collagen as described above for 14 days. Me-
dium was aspirated and substrate carefully removed
from each well by scraping into tared microfuge tubes.
After lyophilization, weights of each were determined and
calculated as a percent weight lost compared to weights
of triplicate parallel wells incubated in medium without
cells for the same time period.

Zymography

Zymography was performed as previously described,16

using 10% polyacrylamide gel electrophoresis precast
zymograph gels (Bio-Rad, Richmond, CA). Conditioned
medium was harvested by aspiration from SAVIC cul-
tures, clarified by centrifugation, and concentrated 10-
fold using Centricon YM-30 microconcentrators (Milli-
pore). After protein determination using the Bradford dye
based assay (Bio-Rad), zymography was performed us-
ing 10 �g of conditioned medium protein per lane.

Rat Subdermal Implants

Male (21 to 25 days old) Sprague-Dawley rats were sub-
jected to subdermal implants of fixed heterograft materi-
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als (prepared as described above) under general anes-
thesia (ketamine and xylazine) as previously published,19

and as approved by the Institutional Committee for the
Use and Care of Animals of The Children’s Hospital of
Philadelphia. The implants were either porcine aortic
cusps or 1-cm2 portions of bovine pericardium prepared
as described above. For calcification studies, each indi-
vidual animal was implanted with one porcine aortic cusp
and one bovine pericardium specimen from each fixation
group, in groups of 10 animals. Thus, there were two
groups of 10 animals used for the calcification studies,
with a separate group for each fixation condition of inter-
est: Glut-fixed pericardium and Glut-fixed porcine aortic
cusps; and TGA-fixed bovine pericardium, and TGA-
fixed porcine aortic valve cusps. For RNA isolation and
reverse transcriptase (RT)-polymerase chain reaction
(PCR) studies (see below) groups of 10 animals with four
implants per animal were used so that specimens could
be pooled to obtain sufficient RNA. Only porcine aortic
cusps were used for these studies, and thus two groups
of 10 animals were used, TGA-fixed and Glut-fixed. In this
RT-PCR experiment, an additional three animals per
group were used for confirmatory morphology and con-
firmatory Ca analysis (data not shown).

Explant Investigations: Morphology and Ca
Analyses by Atomic Absorption Spectroscopy

On animal sacrifice, explants were rinsed in sterile saline,
and half of each either frozen in OCT compound or
placed in 10% neutral buffered formalin for later histolog-
ical processing, and half stored at 4°C for later process-
ing for Ca analyses. Explanted samples for quantitative
calcium analyses were processed by acid hydrolysis,
and Ca content determined using a Perkin-Elmer model
2380 atomic absorption spectrometer (Perkin-Elmer,
Inc.), as previously described.10

Histological Processing of Explants

Rat subdermal explants embedded in frozen OCT com-
pound or paraffin were cut to 5-�m cross sections and
stained with alizarin red18 or with hematoxylin and eosin.
Serial sections were also immunostained using peroxi-
dase methodology for either TNC, MMP-9, or OPN using
rabbit anti-chicken TNC (Chemicon), mouse anti-human
MMP-9 (IM37L; Oncogene Science, Boston, MA), or rab-
bit anti-human OPN (LF-166; Dr. L. Fisher) as primary
antibodies, respectively, and using standard avidin-biotin
amplification (Vectastain ABC; Vector Laboratories, Bur-
lingame, CA) according to manufacturer’s directions.
TNC immunostaining was developed with Vector Labora-
tories VIP Purple as the final chromogen, while MMP-9
and OPN were developed with diaminobenzidine (Vector
Laboratories) as the final chromogen. Visual scoring of
staining was performed in a blinded manner, assigning a
numerical rating of 1 to 5 based on the following criterion:
1 � negative, 2 � rare detection, 3 � sparse but consis-
tent, 4 � uniformly present, and 5 � intense and wide-
spread staining. TNC staining was evaluated in at least

three �50 fields per slide in six or eight explants from
TGA and Glut treatment groups, respectively, while
MMP-9 was evaluated in at least three sections per ani-
mal explant, using three animals per group.

RNA Isolation and Real-Time PCR (RT-PCR)
Analyses

Rat explant valve cusp specimens were immediately
snap-frozen in liquid nitrogen and stored at �80°C until
processed. Four explants from the same rat were pooled
(as above) and pulverized under liquid nitrogen, and
were extracted with TRIzol (Life Technologies, Rockville,
MD) according to manufacturer’s directions. Tissue ex-
tracts were further purified by DNAase treatment to re-
move genomic DNA, and the RNA concentration was
quantified by absorbance at 260 nm. Integrity and con-
centration were verified by electrophoresis on a 1%
SeaKem agarose gel and on a RNA 6000 LabChip on the
Agilent 2100 Bioanalyzer (Agilent Technologies, Palo
Alto, CA). Five samples per group (as above) yielded
sufficient high-quality RNA for RT-PCR analysis. RNA was
converted to single-strand cDNA using the Superscript II
kit (Life Technologies, Inc.) using 500 ng of RNA from
each sample. Primers designed specifically for rat
MMP-9 and TNC were: TNC (188) forward primer, ATGT-
TGAATGGCGACAC and reverse primer, CGGTCTC-
CAAACCCAG, and MMP-9 (129) forward primer,
ACAGCCTGTTTCTGGT and reverse primer GATGCTG-
GATGCCTTTTAT.

Gene-specific copy number standards for TNC and
MMP-9 were produced from amplicons generated by
RT-PCR using the respective above primers and rat ex-
plant cDNA. For TNC, an amplicon of 188 bp was excised
from a 1% agarose gel, and extracted using QIAex II Gel
extraction kit (Qiagen, Valencia, CA), whereas for MMP-9,
the process was repeated, producing an amplicon of 129
bp. For each, a TOPO TA cloning kit (Invitrogen, Carls-
bad, CA) was used with the pCR 2.1 A TOPO vector for
cloning of the amplicons. A Qiagen Plasmid MAXI kit
(Qiagen) was used to isolate plasmid DNAs. The DNA
concentration of each prep was quantified by absor-
bance at 260 nm and copy number was determined by
calculating the relative number of molecules/�l. Serial
dilutions were made from each, checked for linearity, and
stored in aliquots at �80°C.

Lightcycler analyses were optimized and performed
for TNC according to the manufacturer’s directions using
5 �l of cDNA per run in the Lightcycler system (Roche
Diagnostics, Inc., Indianapolis IN) using the Roche Light-
cycler FastStart DNA Master SYBR Green (3003230) re-
agent kit and each reaction was run for 45 cycles. Sam-
ples were run in parallel with positive controls consisting
of a serially diluted standard curve ranging from 1010 to
101 copies, from specific high concentration stocks gen-
erated for TNC as described above. After completion of
the Lightcycler reactions, melting curves were run to
ensure that the signal produced was specific to the target
sequence and then run on 1% SeaKem agarose gels with
a 100-bp ladder to ensure correct amplicon size. Calcu-
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lations of unknowns were performed according to stan-
dards generated by Lightcycler software.

For MMP-9 studies TaqMan analyses were optimized
and performed according to the manufacturer’s direc-
tions using 5 �l of cDNA per reaction in the ABI Prism
7000 sequence detection system (Roche Diagnostics,
Inc.) and Applied Biosystems (Foster City, CA) SYBR
green master mix. Samples were run for 40 cycles in
parallel with gene-specific positive controls consisting of
a serially diluted standard curve ranging from 1010 to 101

copies. Dissociation curves were checked using ABI
Prism 7000 SDS software to ensure that the signal pro-
duced was specific to target sequence, and data were
exported to spreadsheets for calculation of the copy
number in comparisons with standards.

Statistical Analysis

Data for all experiments were expressed as means
�SEM (SE). The significance of differences was as-
sessed using Student’s t-test or Mann-Whitney rank sum
test for sample sets failing a normal distribution test, and
was termed significant when P � 0.05.

Results

TGA Chemical and Material Characterization

Purified TGA (Figure 1A) was obtained by vacuum-distil-
lation at 0.08 to 0.10 mm Hg yielding a viscous liquid, with
a boiling point of 80 to 85°C, slowly solidifying at �15°C,
and then remaining solid at room temperature. TLC re-
vealed the preparation to be one pure spot, with an Rf �
0.73. Because of the presence of chiral glycidyl groups,
TGA was found to be a nonseparable mixture of two
diastereomers in a 3:1 ratio, that were easily distin-
guished using 1H-NMR (Figure 1B). These are postulated
to differ in configuration at the C2 chiral centers of the
glycidyl groups (RRR and SSS for the minor isomer; RRS
and SSR for the principal isomer). Such a suggestion is in
agreement with hypothetical considerations, that allow
only two variants of structure for the former diastereomer
(RRR and SSS), whereas for the latter one six variants
(RRS, RSR, SRR, SSR, SRS, and RSS) are possible.
Peaks are identified in Figure 1B, showing diasteriomers
1 and 2 of TGA; 1H-NMR (CDCl3) � 2.25 (Figure 1B, a)
(dd, 14, 7 Hz, 3H of minor isomer, diastereotopic CH2N),
2.49 to 2.57 (Figure 1B, b) (m, 3H of both isomers, ox-
irane CH2 � 2H of principal diastereomer, diastereotopic
CH2N with predominant chirality), 2.72 (Figure 1B, c) (dd,
14, 7 Hz, 1H of principal isomer, diastereotopic CH2N
with subdominant chirality), 2.76 to 2.81 (Figure 1B, d)
(m, 3H of both isomers, oxirane CH2), 3.04 (Figure 1B, e)
(dd, 14, 3 Hz, 1H of principal isomer, diastereotopic
CH2N with subdominant chirality), 3.11 to 3.17 (Figure
1B, f) (m, 3H of both isomers, CH � 2H of principal
diastereomer, diastereotopic CH2N with predominant
chirality), 3.30 (Figure 1B, g) (dd, 14, 2 Hz, 3H of minor
isomer, diastereotopic CH2N).

Differential Scanning Calorimetry and
Collagenase Resistance

TGA crosslinking of porcine aortic valve cusps and bo-
vine pericardium was assessed with differential scanning
calorimetry in comparison studies with Glut-crosslinked
porcine aortic valve cusps. TGA crosslinking at pH 7.4
and 25°C for 7 days attained the same Ts levels as
observed with Glut fixation (Figure 2A). The Ts of TGA-
treated bovine pericardium was 86.5 � 0.2°C after 7
days, again comparing favorably to Glut-fixed pericar-
dium (85.0 � 0.1°C).

Furthermore, TGA-crosslinked porcine valve cusps
were significantly more resistant to collagenase digestion
than were Glut-fixed cusps (Figure 2B, P � 0.003). In
parallel cell culture experiments, TGA-collagen proved
resistant to SAVIC-mediated matrix digestion. After 14
days of culture, there was only a 6.3 � 4.3% reduction in
weight of the TGA-treated collagen culture substrate gel,
compared to a 41.0 � 9.9% reduction of noncrosslinked
collagen (P � 0.009), a difference that may in part reflect
a combination of down-regulation of cellular proteinases
and TGA-crosslinked collagen demonstrating resistance

Figure 2. Crosslinking strength of TGA. A: Thermal denaturation tempera-
tures (Ts) of porcine aortic cusps. Seven days of room temperature treatment
with TGA results in Ts equal to that of the standard Glut crosslinking
procedure. B: TGA crosslinked porcine aortic cusps are more resistant to
collagenase digestion than are parallel gels crosslinked with Glut. (*, P �
0.003).

6 Connolly et al
AJP January 2005, Vol. 166, No. 1



to digestion (see below). It should be noted that these
studies were not performed on cells cultured on Glut-
fixed collagen substrates because of the cytotoxicity
noted when using Glut-fixed cell culture substrates (see
below).

FTIR Spectroscopy

FTIR microspectroscopy studies were performed on pu-
rified native and TGA-treated collagen gels, on untreated,
Glut-, and TGA-crosslinked porcine aortic valve leaflet
sections, and on untreated, Glut-, and TGA-crosslinked
bovine pericardial sections. FTIR surface analysis of type
I collagen gels that had been crosslinked with TGA at
37°C overnight revealed a shift in peak height ratios in the
amide I region at �1650 to 1660 and 1630 cm�1, com-
pared to native collagen or Glut-fixed collagen (Figure
3A; c, a, and b, respectively). The FTIR-RTM spectra
obtained from the sections of untreated, Glut-, and TGA-
crosslinked porcine aortic valve leaflets (Figure 3B; a, b,
and c, respectively) were relatively uniform throughout
the cross sections (data not shown). The deconvoluted
averaged spectra of six microscopic cross-sectional ar-
eas of the TGA-crosslinked aortic valve show also a
decrease in the peak height ratio of amide I peaks ap-
pearing at �1650 to 1660 and 1630 cm�1. However,
FTIR-RTM examination of untreated, Glut-, and TGA-
crosslinked bovine pericardium sections showed unifor-
mity across the sections and between different sections
of the same group, but did not show any discernable
peak rearrangements in the amides region (Figure 3C).

Biomechanical Testing

Small angle light scattering was used to orient bovine
pericardial (BP) samples for testing to obtain appropriate
orientation for this characteristically anisotropic biomate-
rial. Biaxial stress/strain studies demonstrated that TGA-
pretreated bovine pericardium had significantly greater
Lagrangian strain tolerance compared to Glut-pretreated
pericardium (Figure 4A). These results were documented
for both the preferred collagen fiber orientation as well as
for the cross-fiber orientation. Overall TGA-pretreated
pericardium was demonstrated to have superior compli-
ance properties compared to Glut-fixed pericardium (Fig-
ure 4, A and B) with �30% greater compliance demon-
strated for TGA-pretreated pericardium versus Glut-fixed
at 1 Mpa equibiaxial stress. The flexural rigidity (EI) of
TGA-treated (BP) (11.21 mN-mm2) was approximately
one-half of the Glut-treated BP specimens (23.09 mN-
mm2) and was significantly different (P � 0.002). The
tissue moduli E computed from the EI values were 281.82
kPa and 363.36 kPa for TGA- and Glut-treated bovine
pericardium, respectively (Figure 4B), and these data
were statistically significantly different (P � 0.03). Thus, it
can be concluded that TGA-treated tissue is more com-
pliant than Glut-treated.

Figure 3. Absorbance peaks of FTIR spectra. A: Representative deconvo-
luted FTIR spectra of type I bovine collagen gels. a, untreated; b, crosslinked
with Glut; c, crosslinked with TGA. A shift in the amide I spectral pattern was
caused by overnight, 37°C TGA pretreatment, with a reversal of relative peak
heights at �1630 and 1655 cm�1. B: Averaged deconvoluted FTIR-RTM
spectra of six microscopic cross-sectional areas of porcine aortic valve. a,
untreated; b, crosslinked with Glut; c, crosslinked with TGA. A shift in the
amide I spectral pattern and slight reversal of the relative peak heights (at
�1630 and 1655 cm�1) was caused by 7-day, 25°C TGA treatment. C:
Averaged deconvoluted FTIR-RTM spectra of 10 microscopic cross-sectional
areas of bovine pericardium. a, untreated; b, crosslinked with Glut; c,
crosslinked with TGA. No shift in the spectral pattern is observed in the
amide I or amide II regions.
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Cell Culture Biocompatibility Studies

SAVICs, A10 cells, and HUVECs were used to investigate
the biocompatibility of TGA-crosslinked collagen in com-
parison to Glut-fixed and noncrosslinked collagen using
live/dead assay staining as an endpoint. TGA-
crosslinked collagen was highly biocompatible with little
cellular death (Figure 5). Neither SAVICs, HUVECs, nor
A10 cells cultivated on TGA substrates (Figure 5; b, e,
and h, respectively) differed qualitatively from cells culti-
vated on tissue culture polystyrene (Figure 5; c, f, and i).
In contrast, SAVICs cultured on Glut-crosslinked collagen
demonstrated greater levels of cell death, and surviving
cells cultivated on Glut-pretreated collagen demon-
strated bizarre morphologies (fragmented, pyknotic,
rounded) (Figure 5; a, d, and g).

SAVICs cultivated on TGA-crosslinked collagen resist
calcification in cell culture. SAVICs cultivated on type I
collagen (not pretreated with TGA) demonstrated aggre-
gation and macroscopic calcific nodule formation by 72
hours of culture, with progressive severe calcification by
7 days documented by alizarin red staining (Figure 6, A
and C). However, SAVICs cultivated on type I collagen
pretreated with TGA did not demonstrate nodule forma-
tion, nor was there calcification detected by alizarin red
staining (Figure 6, B and D). Quantitation of calcium in

parallel day 7 cultures confirmed this visual observation.
Values obtained from replicate experimental set-ups
were 1.78 � 0.13 �mol Ca/mg protein versus 0.84 � 0.06
�mol Ca/mg protein in SAVICs grown on collagen versus
TGA-treated collagen, respectively (P � 0.013). It should
be noted that Glut-treated collagen substrates were not
studied because of their inherent cytotoxicity.

ECM Protein Expression: SAVIC Studies with
TGA-Collagen Substrates

To assess the mechanisms responsible for the calcifica-
tion resistance of TGA-collagen, we investigated the ex-

Figure 4. Biomechanical testing of TGA- and Glut-crosslinked pericardium.
A: The average equi-biaxial stress-strain curves for TGA and Glut specimens,
with the error bars indicating 1 SEM (n � 10 for TGA and n � 8 for Glut). B:
Mean flexural stiffness results for TGA- and Glut-treated pericardium. GLUT-
treated pericardial samples were �25% stiffer than TGA-treated tissues. *, P �
0.03 from the TGA value, and the error bars indicate 1 SEM.

Figure 5. TGA- and Glut-related biocompatability comparison studies. Live-
dead assays of three cell lines of SAVICs (a–c), HUVECs (d–f), and rat arterial
smooth muscle cells (A10) (g–i), Plated in parallel on either Glut-crosslinked
substrate (a, d, g), TGA-crosslinked substrate (b, e, h), or tissue-culture
polystyrene (c, f, i). After 24 hours in culture, cells plated on TGA-
crosslinked substrate (b, e, h) exhibit higher viability (fluorescent green cells
(live) versus fluorescent red cells that are dead) and healthier morphology
than those plated on Glut-crosslinked substrate (a, d, g). Cells grown on TGA
exhibit similar morphology to those grown on tissue culture plastic (c, f, i).
Merged fluorescent micrographs taken using FITC and Texas Red filters.
Original magnifications, �100.

Figure 6. Alizarin red staining of SAVICs after 7 days in culture on untreated
type I bovine collagen (A and C), or on TGA-crosslinked collagen (B and D).
Red stain indicates calcification. Calcific nodules (arrows) are macroscopic
in size (A), while a uniform confluent culture of noncalcified cells is main-
tained, under the same conditions, but on TGA (B). Fields, �100 (C and D)
show details of cell morphology and staining.
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pression of several important ECM proteins in SAVIC
cultures using our established model of SAVIC calcifica-
tion in culture.17 TNC, an ECM protein demonstrated to
be present in human heart valve calcific deposits,16 was
strongly present in SAVICs cultured on noncrosslinked
collagen substrates, but was barely detectable in cul-
tures grown on TGA-collagen (Figure 7). However, the
levels of OPN, an ECM protein with potent calcification-
resistance properties,20 were not changed in SAVICs culti-
vated on TGA-collagen (Figure 7) compared to control.

We also investigated the regulation of MMP-9 in
SAVICs cultivated on TGA-collagen versus non-
crosslinked collagen. Gel zymogram studies showed that
calcifying control cultures, grown on noncrosslinked col-
lagen substrates, produced increasing levels of MMP-9
throughout time in conditioned medium, but only when
TGF-�1 was added (Figure 8). However, MMP-9 was
barely detectable in all of the TGA-collagen SAVIC cul-
tures studied (Figure 8) regardless of the administration
of TGF-�1. No such differences were observed in MMP-2
per zymography (Figure 8). The fact that the digestion of
collagen substrate per well was significantly greater after
14 days of SAVIC culture on collagen than on TGA-
collagen (41.2 � 9.8% versus 6.3 � 4.3% weight loss,
collagen versus collagen-TGA respectively, P � 0.009)
reflects the importance of MMP-9 and other collagenases
in ECM remodeling by valvular interstitial cells. Thus,
these studies overall demonstrate profound effects of
TGA-crosslinking on ECM-mediated protein expression
and calcification related events.

TGA-Crosslinking Inhibits Bioprosthetic Leaflet
Calcification: Rat Subdermal Implant Results

TGA-crosslinking effects on calcification in vivo were in-
vestigated with rat subdermal implant studies of
crosslinked (TGA versus Glut) porcine aortic valve cusps
and bovine pericardium. Calcium analyses of 21-day
explants demonstrated significant inhibition of calcifica-
tion in both of the TGA-pretreated bioprosthetic materials,
compared to the severe mineralization occurring in Glut
pretreated explants (Figure 9A, P � 0.001). These quan-
titative results were corroborated by light microscopy
studies that showed extensive alizarin red-positive calci-
fications throughout both the Glut-pretreated porcine aor-
tic valve cusps (Figure 9B, a) and bovine pericardial
samples (data not shown). The intrinsic dystrophic calci-
fication observed in the morphology studies (Figure 9B)
did not differ from previous results with this model sys-
tem,2 and involved primarily the spongiosa layer of the
Glut-fixed bioprosthetic heterograft materials (Figure 9B,
a); alizarin detectable calcifications were conspicuously
absent in the TGA-fixed explants (Figure 9B, b). Routine
light microcopy studies revealed that the noncalcified
TGA-pretreated implants were not morphologically differ-
ent from unimplanted specimens (data not shown).

Immunostaining for TNC demonstrated that Glut-pre-
treated explants were strongly positive for TNC, while
TGA-pretreated explants were negative or only weakly
positive with staining most apparent in the most superfi-
cial regions of the explanted cusps (Figure 9C, b). This
difference was statistically significant in histological scor-
ing of TNC staining intensity on a scale of 1 to 5 (21-day
Glut versus TGA, 2.9 � 0.8 versus 1.4 � 0.1; P � 0.008).
These trends were apparent for both TGA-pretreated
porcine aortic valve cusp (Figure 9C, a and b) and bovine
pericardium explants (data not shown). Furthermore,
MMP-9 immunostaining was significantly weaker in TGA-
pretreated explants, which demonstrated only weak pe-
ripheral staining, than in Glut-pretreated explants, that
showed widespread intense immunostaining (Figure 9C,
c and d). Scoring of immunohistochemical intensity on
the same scale of 1 to 5 indicated a significant difference
in MMP-9 (21-day Glut versus TGA, 4.8 � 0.3 versus

Figure 7. TNC is down-regulated, while OPN is not significantly affected by
TGA crosslinking of collagen cell culture substrates. Representative Western
blots of cell lysates from 3-day cell cultures of SAVICs on either native type
I collagen or on TGA-crosslinked-collagen, with Erk 2 as a loading control
marker.

Figure 8. Gel zymography of conditioned medium (CM) from SAVICs cells
in vitro. Cells were plated on either native collagen (col) or on TGA-
crosslinked collagen (TGA-col), in the presence or absence of TGF-�1, and
CM harvested at the time points shown. Zymography showed that, unlike
cells grown on native collagen, cells grown on TGA-treated substrate se-
creted no detectable MMP-9 into the CM even in the presence of TGF-�1.
MMP-2 secretion did not differ between experimental conditions.
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2.6 � 0.3; P � 0.003). OPN was strongly present in both
the calcified Glut-pretreated bioprosthetic leaflet ex-
plants and in the TGA-pretreated explants (Figure 9C, e
and f).

TNC mRNA levels were determined in explanted aortic
valve extracts (Figure 10A). TNC mRNA expression was
significantly higher in Glut explants compared to TGA
explants (6.19 � 105 � 4.23 � 105 versus 1.30 � 104 �
1.29 � 104 transcripts, respectively, as determined from
gene-specific copy number standards, P � 0.016). RT-
PCR analysis for MMP-9 was performed on the same
sample sets of aortic valve extracts (Figure 10B). There
was considerable variation in MMP-9 transcript number in
both groups, with statistically insignificant but higher av-

erage copy numbers in Glut explants than in TGA ex-
plants (3.6 � 103� 3.5 � 103 versus 3.1 � 101� 2.5 �
101 transcripts, respectively, as determined from external
copy number standards).

Discussion

These studies report the synthesis and mechanistic stud-
ies of a novel biocompatible polyepoxy crosslinker, TGA,
that demonstrates a number of advantages compared to
Glut crosslinking of bioprosthetic heart valves. The rela-
tive reactivity of epoxides such as TGA with a series of
model compounds simulating amino acid functionalities
in proteins has been previously published by our
group,21 and revealed the most reactive groups to be
sulfur-containing amino acids, with methionine, for exam-
ple, showing a 20-fold higher reactivity with epoxy than
lysine. Thus, the results of both previous and present
studies have demonstrated that TGA has broader reac-
tivity than Glut for preparing bioprosthetic leaflet materi-
als in terms of amino acid reactions, and at the same time
results in significantly greater collagenase resistance. We

Figure 9. TGA inhibition of rat subdermal implant calcification and ECM
protein expression. A: Calcium content of 21-day rat subdermal explants,
showing reduced calcification in both porcine aortic valve cusp and bovine
pericardium treated with TGA versus Glut. **, P � 0.001. B: Alizarin red
staining (for imaging calcium phosphates) of 21-day cusp explants showing
a pattern of heavy calcification (red stain) in Glut-treated materials (a) versus
an absence of alizarin read staining in the TGA-pretreated explants (b). C:
Immunohistochemistry of Glut-pretreated (a, c, e) and TGA-pretreated (b, d,
f) 21-day cusp explants for TNC (VIP purple stain) showing lower TNC
expression with TGA pretreatment, for MMP-9 (diaminobenzidine brown
stain) showing lower expression with TGA pretreatment, and for OPN (dia-
minobenzidine brown stain) showing no difference between the two groups.
Original magnifications: �100 (B); �200 (C, c–f); �400 (a, b).

Figure 10. RT-PCR of 21-day rat subdermal explants. Amplification plots of
TNC (A) and MMP-9 (B) from real-time PCR studies for comparison of
TGA-pretreated implants (blue) versus Glut-pretreated implants (red) as
compared to gene-specific standards. The copy number in each sample was
calculated by comparison to the inflection point of each gene-specific copy
number standard (black square,104; black x,103; black triangle,102; black
diamond,101; black line, negative control). A: TNC expression is down-
regulated in vivo at the mRNA level in TGA-pretreated implants (blue) versus
Glut-pretreated implants (red), as demonstrated by the relative inflection
points and calculated copy numbers (see text, P � 0.016). Parallel RT-PCR
analyses for MMP-9 mRNA (B) showed a statistically insignificant trend for
down-regulation of MMP-9 per mRNA results from TGA-pretreated explants
(blue) per real-time PCR results compared to Glut-pretreated explants (red).
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have also demonstrated significant biomechanical com-
pliance advantages using TGA crosslinking compared to
Glut. Furthermore, TGA crosslinking promotes resistance
to intrinsic bioprosthetic cuspal calcification, which is the
most common clinical failure mode of bioprosthetic heart
valves.22,23 The present studies demonstrated anti-calci-
fication activity in 21-day subdermal implants. This im-
plant duration was chosen because a previous clinical
pathology study from our group that demonstrated that
the level of calcium accumulation seen during this rat
implant duration (�120 �g/mg) matched the median
level of calcium in bioprosthetic valves that failed be-
cause of calcification.24 Furthermore, anti-calcification ef-
ficacy in non-TGA studies by our group in 21-day rat
subdermal implants has correlated with inhibition of cal-
cification in 5-month sheep mitral valve replacements.19

TGA crosslinking also resulted in a significant change
in collagen structure as demonstrated by our FTIR stud-
ies of purified type I collagen and of aortic valve cusps,
which are principally comprised of collagen; however,
bovine pericardium did not demonstrate amide I changes
after TGA pretreatment. In particular, the change in the
amide I stretching region in porcine aortic cusps is com-
parable to the same structural change noted in Glut-fixed
porcine aortic cusps after ethanol pretreatment, which
also confers calcification resistance.10 It is possible that
this change may be masked in pericardium by a more
complex noncollagenous protein structure, or that TGA
confers resistance to calcification in a manner unrelated
to changes in the amide I region. The significant increase
in collagenase resistance as a result of TGA fixation is
very likely because of changes in collagen structure (as
above) resulting from TGA-related chemical reactions
that could hypothetically interfere with collagenase-sub-
strate interactions. Previous research from our group has
demonstrated that epoxy crosslinking (in contrast to Glut)
can involve reactions with not only amino groups, such as
the lysine amino side chains in collagen, but sulfur-con-
taining amino acids such as methionine and cysteine.21

Thus, the crosslinked connective tissue matrix resulting
from TGA-amino acid reactions will have a far more com-
plex structure involving collagen-collagen and collagen-
protein bonds that would also hypothetically reduce col-
lagenase digestibility.

The biological and ECM mechanisms responsible for
TGA’s activity both in terms of biocompatibility and cal-
cification resistance are also remarkable. Our cell culture
calcification model system is based on SAVICs, because
preclinical in vivo bioprosthetic valve replacement studies
are typically performed in sheep.10,25 Calcification, TNC,
and MMP-9 protein expression were all reduced both in
SAVICs grown in vitro on TGA-treated collagen and in
TGA-pretreated rat subdermal implants, an established in
vivo model of bioprosthetic calcification.2,26–30 We have
also confirmed TNC expression to be affected by quan-
titating mRNA using real time PCR. These data indicate
that the ECM signaling domains responsible for TNC
expression are likely modified by TGA crosslinking. TNC
up-regulation in a number of cell types, including arterial
smooth muscle cells, has been shown to be �3-integrin-
dependent,31 and thus �3 integrin ligands may be mod-

ified or blocked by TGA pretreatment, although other
mechanisms may be responsible for the reduction of TNC
both in SAVIC cultivated on TGA-crosslinked collagen
and in TGA-pretreated rat subdermal explants. Indeed, a
positive correlation has been described between TNC
expression and MMP activity in both arterial smooth mus-
cle cells and vascular organ cultures.31,32 Furthermore,
both calcification and TNC expression in rat subdermal
elastin explants were found to require MMP activity,18

independent of alkaline phosphatase levels. However,
OPN has been found to decrease hydroxyapatite crystal
growth33 and to reduce calcification in cell culture19 and
in vivo.20 Thus, our results suggest that TGA-mediated
inhibition of calcification is independent of the level of
OPN expression, because OPN was present in both cal-
cified (non-TGA) cell cultures and in vivo explants, as well
as in the noncalcified TGA samples.

SAVICs cultivated on TGA-pretreated collagen sub-
strates did not calcify or produce detectable (per zymog-
raphy) MMP-9, even with the administration of TGF-�1,
unlike control SAVIC cultures grown on type I collagen
substrates that calcified severely, showing enhanced
mineralization with the addition of TGF-�1 to the cultures
as previously reported.17 Previous studies have also de-
scribed the accumulation of TGF-�1 in human calcific
valves,17 a member of the same gene superfamily as the
BMPs, and a well-known mineralization inducer in bone
and soft tissue. Furthermore, MMPs including MMP-9
cleave LTBP1-bound latent TGF-�1 into the active form,34

thereby hypothetically promoting a vicious cycle of
events whereby interstitial cells are stimulated to produce
more MMP-9 by the TGF-�1 that is activated. MMP-9 has
been demonstrated by other investigators to be present
in clinical explants of both calcified human aortic
valves35,36 and calcified failed bioprosthetic heart
valves,37 and we have immunohistochemically demon-
strated its reduced presence in TGA-pretreated rat sub-
dermal explants, compared to increased MMP-9 in cal-
cified Glut-pretreated retrievals. Thus, there is clinical
and experimental evidence indicating a mechanistic role
for MMP-9 in heart valve calcification that is at this time
incompletely understood. The observation that MMP-9 is
down-regulated in association with inhibition of calcifica-
tion in the setting of a TGA-pretreated substrate both in
vitro and in vivo could be of major importance in terms of
therapeutic implications.

TGA crosslinking resulted in significant increases in
biomechanical compliance compared to Glut pretreat-
ment in our bovine pericardial studies. This implies that
the observed resistance of TGA-crosslinked materials to
collagenase is not the result of increased binding be-
tween the collagen fibrils, but more likely increased
masking of the � chain or triple helical structure. More-
over, we observed that TGA-crosslinked bovine pericar-
dium demonstrated stress-strain characteristics (Figure
4A) more similar to those observed by Sacks and
Chuong12 for native bovine pericardium tissues as com-
pared to Glut pretreatment. It can be speculated that
these native tissue-like properties result from microme-
chanical behaviors because of TGA, including an im-
proved ability for collagen fibers to straighten and rotate
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under mechanical loading. These results are of interest
because they support the hypothesis that TGA-pre-
treated bioprosthetic heart valves may demonstrate im-
proved durability throughout time compared to Glut-pre-
treated bioprostheses. Sacks and Schoen38 have shown
in a study of clinical explants that primary material failure
of Glut-crosslinked bioprosthetic heart valves can occur
in cuspal regions independently of sites of pathological
calcification. Their results strongly indicate that improved
bioprosthetic heart valve crosslinking formulations that
focus only on preventing calcification may not necessar-
ily improve the outcomes of these devices throughout
time. However, novel crosslinking strategies, such as the
use of TGA, that address both inhibition of calcification
and improving important aspects of bioprosthetic cusp
biomechanics such as the improved biomechanical com-
pliance because of TGA, may prove to be a more pro-
ductive and efficacious approach.

It is concluded that TGA pretreatment of collagenous
materials, either purified collagen or heterograft bioma-
terials, is associated with inhibition of dystrophic calcifi-
cation, both in cell culture and in vivo. The mechanisms
responsible for this are very likely related to modifications
of collagen structure, as well as structural changes in
other ECM components, that in turn lead to cellular-ECM
interactions resulting in the down-regulation of the ex-
pression of calcification-associated ECM proteins includ-
ing TNC and MMP-9. TGA pretreatment of bioprosthetic
heart valve cusps is also associated with improved bio-
compatibility and biomechanical performance that could
hypothetically be of additional therapeutic benefit.
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