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Abstract: The effectiveness of ethanol pretreatment on pre-
venting calcification of glutaraldehyde-fixed porcine aortic
bioprosthetic heart valve (BPHV) cusps was previously
demonstrated, and the mechanism of action of ethanol was
attributed in part to both lipid removal and a specific colla-
gen conformational change. In the present work, the effect of
ethanol pretreatment on BPHV aortic wall calcification was
investigated using both rat subdermal and sheep circulatory
implants. Ethanol pretreatment significantly inhibited calci-
fication of BPHV aortic wall, but with less than complete
inhibition. The maximum inhibition of calcification of BPHV
aortic wall was achieved using an 80% ethanol pretreatment;
calcium levels were 71.80 ± 8.45 mg/mg with 80% ethanol
pretreatment compared to the control calcium level of 129.90
± 7.24 mg/mg (p = 0.001). Increasing the duration of ethanol
exposure did not significantly improve the inhibitory effect
of ethanol on aortic wall calcification. In the sheep circula-
tory implants, ethanol pretreatment partly prevented BPHV
aortic wall calcification with a calcium level of 28.02 ± 4.42
mg/mg compared to the control calcium level of 56.35 ± 6.14

mg/mg (p = 0.004). Infrared spectroscopy (ATR-FTIR) stud-
ies of ethanol-pretreated BPHV aortic wall (vs. control) dem-
onstrated a significant change in protein structure due to
ethanol pretreatment. The water content of the aortic wall
tissue and the spin-lattice relaxation times (T1) as assessed
by proton nuclear magnetic resonance spectroscopy did not
change significantly owing to ethanol pretreatment. The op-
timum condition of 80% ethanol pretreatment almost com-
pletely extracted both phospholipids and cholesterol from
the aortic wall; despite this, significant calcification oc-
curred. In conclusion, these results clearly demonstrate that
ethanol pretreatment is significantly but only partially effec-
tive for inhibition of calcification of BPHV aortic wall and
this effect may be due in part to lipid extraction and protein
structure changes caused by ethanol. It is hypothesized that
ethanol pretreatment may be of benefit for preventing bio-
prosthetic aortic wall calcification only in synergistic com-
bination with another agent. © 1998 John Wiley & Sons, Inc.
J Biomed Mater Res, 42, 30–37, 1998.

INTRODUCTION

Calcification is the most frequent cause of the clini-
cal failure of bioprosthetic heart valve (BPHV) replace-
ments fabricated from porcine aortic valves

crosslinked with glutaraldehyde.1 Calcification refers
to the deposition of calcium phosphates and associ-
ated minerals in the BPHV tissues. This calcific degen-
eration is usually followed by stenosis or cuspal tear-
ing with regurgitation, and can result in prosthesis
failure. Although calcification is always pathological
in the cardiovascular system, calcium phosphate min-
eral deposition and resorption occur in the course of
normal bone and tooth development and metabolism.
Since cell-oriented calcification and collagen calcifica-
tion are prominent pathophysiologic features of bio-
prosthetic calcification, inhibition of both disease pro-
cesses is necessary for therapeutic efficacy.
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Recently, the calcification of the bioprosthetic aortic
wall has been studied owing to the increasing use of
the stentless BPHV,2 which has a relatively large seg-
ment of exposed aortic wall, compared to the stented
valve, in which virtually no aortic wall is exposed out-
side the stent. Thus, bioprosthetic aortic wall calcifica-
tion has the potential to compromise the clinical func-
tion of the stentless BPHV. The effectiveness of etha-
nol pretreatment on inhibition of BPHV cusp
calcification was previously demonstrated.3 However,
the effects of ethanol pretreatment on calcification of
BPHV aortic wall have not been investigated until the
present study.

Our objective was to study the inhibitory effect of
ethanol pretreatment on the calcification of biopros-
thetic aortic wall. Using rat subdermal implants and
sheep mitral valve replacement implants for assessing
ethanol inhibition of the calcification of BPHV aortic
wall, we studied the effects of various exposure con-
ditions (i.e., various ethanol concentrations and dura-
tions of pretreatment) for ethanol pretreatment on cal-
cification of bioprosthetic aortic wall. We also sought
to determine the mechanisms responsible for the inhi-
bition of calcification by ethanol pretreatment by com-
paring bioprosthetic aortic wall to cusp.

MATERIALS AND METHODS

Materials

Fresh porcine aortic valves, obtained at a slaughterhouse
and transported to the laboratory on ice within 24 h, were
provided by St. Jude Medical Co. (Minneapolis, MN). The
aortic root was dissected and rinsed with copious amounts
of sterile saline to remove adherent blood, and then dis-
sected free of extraneous tissue. Glutaraldehyde fixation
procedures and ethanol exposure conditions (see below)
were previously described.3 Aortic walls were crosslinked
with 0.6% glutaraldehyde (Polysciences, Warrington, PA)/
0.05M HEPES pH 7.4/0.14M NaCl at room temperature for
24 h, and subsequently stored in the same buffer with 0.2%
glutaraldehyde for at least 7 days to achieve complete fixa-
tion prior to use.

Ethanol pretreatment of the aortic wall

For the evaluation of concentration-dependent effects of
ethanol on calcification of bioprosthetic heart valves, glutar-
aldehyde-preserved porcine aortic wall samples were stored
in each of the graded ethanol solutions [0, 50, 70, 80, and 90
v/v in 0.05M HEPES buffer (pH 7.4) and 100% unbuffered]
(10 mL for each aortic wall sample, with a typical size of 1 ×
1 cm2) for 24 h at room temperature. Samples were rinsed
free of ethanol and stored in an excess of sterile saline for 24
h prior to implantation. For the control tissues, glutaralde-
hyde-preserved porcine aortic wall specimens were treated
with 0.05M HEPES buffer (pH 7.4) for 24 h at room tem-

perature and then rinsed with sterile saline for 24 h. An
ethanol solution (80%) was used for the time exposure ex-
periments (1, 3, and 7 days) under the same buffer condi-
tions as used in the concentration dependence study.

Rat subdermal implantation

Male Sprague–Dawley rats (about 1 month old) were
anesthetized by intramuscular injections of ketamine HCl
(Ketasett; Fort Dodge Lab, Fort Dodge, IA) and xylazine
(Rompunt; Miles, Shawnee Mission, KS). Samples were then
implanted into subcutaneous pouches dissected into the
dorsal scapular area. Each rat received two to four implants.
Aortic wall samples were explanted 8 weeks after implan-
tation. Animals were euthanized by CO2 asphyxiation be-
fore explantation.

Sheep mitral valve replacements

Clinical grade porcine aortic valve bioprostheses (St. Jude
Medical; size 25 mm) were implanted in the mitral position
of Dorset or Columbian crossbred female sheep (28–38 kg,
3–4 months old) as previously described.3 Samples were im-
planted into the mitral position under halothane/
isofluorane inhalation anesthesia via a standard left thora-
cotomy through the fourth intercostal space with the aid of
cardiopulmonary bypass, as previously described.4 Subcu-
taneous heparin sulfate (100 U) was given twice a day for 2
days; Proxicam (10 mg orally) was given once each day be-
ginning on postoperative day 1. Sheep (20 animals) used for
this study were fed diets containing the recommended daily
calcium intake for young developing sheep. Approximately
2 weeks after the operation, the sheep were transferred to a
farm. All implants lasted for 150 days and were terminated
by elective euthanasia with an overdose of pentobarbital.

Calcium analyses

Aortic wall samples explanted from either rats or sheep
were washed with an excess of saline followed by distilled
water. Samples were lyophilized and weighed. Each sample
(15–40 mg) was hydrolyzed in 1 mL of 6N HCl in a test tube
at 70°C for 6–8 h or until dissolution, as previously pub-
lished.3 The solution was then completely evaporated at
70°C with a continuous flow of nitrogen in the tube. The
residue in the test tube was dissolved in 1 mL of 0.01N HCl.
The calcium content of these samples was measured using
atomic absorption (AA) spectroscopy as previously de-
scribed.3

Phosphorus analyses

Inorganic phosphorus levels were determined on aliquots
of the same preparations as used for calcium analyses. The
phosphorous content of samples was determined using a
molybdate complexation method,5 and the phosphorous
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concentration as reflected by the molybdate complex was
measured at 820 nm using a Perkin Elmer Lambda 3B UV/
VIS Spectrophotometer (Perkin-Elmer Co., Norwalk, CT).
Standard curves were generated using a commercially avail-
able phosphorous standard (Sigma, St Louis, MO).

Infrared spectroscopy of aortic wall

Unimplanted BPHV aortic wall samples were used for
infrared spectroscopy studies. A Perkin Elmer FTIR spectro-
photometer (Model 1740) equipped with a horizontal at-
tenuated total reflectance (ATR) ZnSe cell (45°, ATR, Spectra
Tech) was used. The hydrated tissues were placed on the
ATR cell and compressed with a sponge to obtain good
surface contact. The hydrated tissues were scanned from
4000 to 450 cm−1 for 50 scans with a resolution of 4 cm−1.
Water was used as a reference and was subtracted from the
tissue spectra. The spectra were deconvoluted in the region
of 1800–1000 cm−1 with the Perkin Elmer software program
to resolve the spectrum.

Determination of equilibrium water content of the
aortic wall tissue

Glutaraldehyde-crosslinked aortic wall (control and etha-
nol pretreated) was weighed in the wet state after blotting
on filter paper to remove surface water, and then lyophi-
lized. The dry weight of the cusp samples was obtained after
lyophilization and the percent water content of the speci-
mens was calculated by the following formula:

% Water content = 100 × (Wet weight − Dry weight)
/ Wet weight.

Solid-state proton nuclear magnetic resonance
(NMR) study

Four to five aortic wall samples (0.5 × 0.5 cm) from each
group (control and ethanol pretreated) that were equili-
brated in distilled water were taken out and blotted on filter
paper to remove surface water. These tissue samples were
then placed in an NMR tube (10 mm in diameter). The
samples were analyzed with NMR at 40°C. A solid-state
NMR spectrometer [Bruker Minispec, PC20; Bruker Spectro-
spin (Canada) Ltd., Milton, Ontario, Canada] was used to
obtain spin-lattice relaxation times (T1).6,7 T1 values were
obtained from an inversion recovery pulse sequence (180-
TD-90), in which the amplitude of the free induction decay
(FID) was measured as a function of the interpulse distance
TD. TD was varied from 1 ms to at least five times T1. The
spectrometer was calibrated for each sample to assure an
accurate duration of 90° and 180° radiofrequency pulses.

Lipid analysis

Glutaraldehyde-fixed aortic wall samples were divided
into two groups. One group of samples was pretreated with

HEPES buffer for 24 h (control), while the other group of
samples was pretreated with 80% ethanol in HEPES buffer
for 24 h. After the pretreatment, samples were washed with
water and lyophilized. The weighed samples were then ex-
tracted with chloroform/methanol 2:1 (vol/vol).8 Total cho-
lesterol was determined enzymatically with fluorometric de-
tection.9 Total phospholipid phosphorus was determined by
the modified Fiske-Subbarow method10 with a Fiske-
Subbarow reagent obtained from Fisher Scientific Co. Total
cholesterol and phospholipids were expressed as nanomoles
per milligram of dry tissue.

Statistical analysis

In most cases (unless specified otherwise), at least 10 dif-
ferent samples were used for each group. Data were ex-
pressed as the mean ± standard error of mean (SEM). Sta-
tistical significance was obtained by Student t test (un-
paired), and p values of 0.05 were termed significant.

RESULTS

Rat subdermal implants

A concentration-dependent effect of ethanol pre-
treatment in reducing the calcium and phosphorus
content of BPHV aortic wall specimens implanted for
8 weeks in the rat subcutaneous model is shown in
Figure 1. Ethanol pretreatment significantly (p = 0.001)

Figure 1. The effect of the concentration of the ethanol pre-
treatment solution on calcium and phosphorus content of
glutaraldehyde crosslinked porcine aortic wall; results of 8-
week rat subdermal implants.
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inhibited BPHV aortic wall calcification compared to
the controls, but with less than complete inhibition.
The maximum inhibition of calcification of glutaralde-
hyde-preserved porcine bioprosthetic aortic wall was
achieved using 80% ethanol solution with a resultant
calcium level of 71.80 ± 8.45 mg/mg for the tissue
compared to a calcium level of 129.90 ± 7.24 mg/mg of
the control tissues (Fig. 1). Ethanol pretreatment
caused a significant decrease in aortic wall phospho-
rous content versus control, with a phosphorous level
of 42.55 ± 5.01 mg/mg of the tissue treated with 80%
ethanol compared to the control tissues with a phos-
phorous level of 65.71 ± 7.65 mg/mg (Fig. 1). The in-
hibitory effects of calcification of aortic wall pretreated
with 90% and 100% ethanol were slightly less than
that with 80% ethanol, but were not significantly dif-
ferent. The relationship between molar ratio of [Ca]/
[P] in aortic wall implanted for 8 weeks and ethanol
concentrations is shown in Table I. The ratios were
relatively constant through the tested concentration
range of ethanol and were comparable to calcified con-
trol implants. The [Ca]/[P] ratio is consistent with hy-
droxyapatite as the predominant mineral phase.

There was no significant difference between long-
term (up to 1 week) exposure to ethanol solution (80%)
versus 24 h in terms of inhibition of calcification of
BPHV aortic wall (Fig. 2). Although the 80% ethanol
pretreatment for 7 days did reduce the calcium levels
as compared to 1-day pretreatment (from 71.8 ± 5.0 to
63.0 ± 6.15 mg/mg), the difference was not significant.

Sheep mitral valve replacements

As shown in Table II, ethanol pretreatment signifi-
cantly inhibited aortic wall calcification compared to
controls (Ca = 28.02 ± 4.42 vs. 56.65 ± 6.14 mg/mg), but
with less than complete inhibition. Calcium levels in
ethanol-pretreated aortic wall were also significantly
different from unimplanted aortic wall (Ca = 28.02 ±
4.42 vs. 0.72 ± 0.08 mg/mg).

Protein conformational changes as assessed by
attenuated total reflectance–Fourier transform
infrared spectroscopy (ATR-FTIR)

The overlay of deconvoluted ATR-FTIR spectra of
glutaraldehyde-crosslinked aortic wall (control) and
80% ethanol pretreated aortic wall is shown in Figure
3. For control BPHV aortic wall samples not exposed
to ethanol, the amide carbonyl stretching region (am-
ide I, 1700–1600 cm−1) was resolved into multiple
bands, including a 1651-cm−1 band with a shoulder at
1659, a 1636 band, and a 1619 band. After the ethanol
pretreatment, major changes were seen in the amide I
region. A prominent band at 1619 cm−1 seen in con-
trols was almost completely absent. There was a
downward shift in the other amide bands, with the
1651-cm−1 band shifted to 1645 cm−1 and the 1636
cm−1 band shifted to 1633 cm−1. Other major changes
in the spectra were seen in the 1100–1000-cm−1 region
(CO stretching region of the carbohydrate residues).11

TABLE II
Effect of Ethanol Pretreatment on Inhibition of

Bioprosthetic Calcification after Implantation in Sheep
for 150 Days

Group Calcium (mg/mg, mean ± SEM)

Control 56.65 ± 6.14*
Ethanol (80%) treated 28.02 ± 4.42*
Unimplanted 0.72 ± 0.08*

*p = 0.001.

TABLE I
Ca/P Molar Ratios Obtained for Ethanol-Pretreated

Bioprosthetic Aortic Wall after 8 Weeks of Rat
Subdermal Implantation (Pretreatment Time 24 h)

Pretreatment Condition Ca/P Molar Ratio

Control 1.58
50% ethanol 2.01
70% ethanol 1.47
80% ethanol 1.35
90% ethanol 1.35
100% ethanol 1.60

Figure 2. The effect of extended 80% ethanol pretreatments
(1, 3, and 7 days) on calcium and phosphorus content of
glutaraldehyde crosslinked porcine aortic wall; results of 8-
week rat subdermal implants.
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A new sharp band appeared at 1046 cm−1 after ethanol
pretreatment.

Proton NMR studies and lipid extraction results

The T1 values for aortic wall tissue were in the range
of 370–380 ms (Fig. 4). The T1 values did not differ
significantly after the various ethanol pretreatments.
Aortic wall water content ranged from 70% to 77%
and did not show any appreciable change after the
various ethanol pretreatments (Fig. 4). In contrast, a
marked decrease in the proton NMR relaxation time
(T1) associated with increasing concentrations of the

ethanol pretreatment solution was observed previ-
ously with bioprosthetic cusps3 (Fig. 5), indicating that
markedly different water interactions took place after
the ethanol pretreatments of cusps versus BPHV aortic
wall. As shown in Table III, the 80% ethanol pretreat-
ment extracted almost all phospholipids and choles-
terol from the aortic wall samples.

DISCUSSION

Previous work by our group demonstrated that pre-
treatment of bioprosthetic aortic cusps with ethanol
inhibited calcification in both subdermal implants and
sheep mitral valve replacements.3 The mechanism of
inhibition was attributed to an interaction of lipid ex-
traction with a specific collagen structural change evi-
dent by a permanent alteration in the amide I carbonyl
stretching region of the infrared spectra.3

Although ethanol pretreatment significantly inhib-
ited BPHV aortic wall calcification in the present stud-
ies, the effect was incomplete, unlike the complete in-
hibition of cusp calcification seen with ethanol pre-
treatment. Nevertheless, the effect was much better
than that observed with other anticalcification agents
currently of interest for clinical use. Specifically,
amino oleic acid pretreatment, while significantly in-
hibiting bioprosthetic cusp mineralization, had little
effect on inhibiting calcification of aortic wall in circu-
latory implants.2 However, previous rat implant stud-
ies by our group have demonstrated that aortic wall
calcification can be significantly inhibited through the
use of a number of agents of interest. For example,
pretreatment with aluminum chloride or bisphospho-
nates significantly inhibited bioprosthetic aortic wall

Figure 3. Overlay of deconvoluted Fourier transform in-
frared spectra for control (lower) and 80% ethanol-
pretreated (upper) porcine bioprosthetic aortic wall. Note
the changes in the amide I region (1680–1600 cm−1) and in
the lower region (1100–1000 cm−1) of the spectra after etha-
nol pretreatment for 24 h.

Figure 4. The effect of 80% ethanol pretreatment for 24 h
on proton NMR spin-lattice relaxation times (T1) and water
content of glutaraldehyde-crosslinked porcine aortic wall.

Figure 5. The effect of 80% ethanol pretreatment for 24 h
on proton NMR spin-lattice relaxation times (T1) and water
content of glutaraldehyde-crosslinked porcine cusps (data
from Vyavahare et al.29).
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calcification.12 Bisphosphonate and ferric chloride
(FeCl3) sustained release was also inhibitory.13 Chen
and coworkers, in fact, demonstrated that synergistic
inhibition of aortic wall calcification was possible by
combining amino oleic acid pretreatment with ferric
chloride pretreatment.14 Thus, ethanol pretreatment
could be combined with a synergistic approach such
as aluminum chloride pretreatment to inhibit both
bioprosthetic aortic cusp calcification and biopros-
thetic aortic wall calcification.

We have shown that ethanol pretreatment changes
the collagen conformation in BPHV cusps as demon-
strated by changes in the amide I region of the FTIR
spectra.3 The interpretation of the spectra was
straightforward due to the abundance of type I colla-
gen in cusps.15 In the present work, however, the in-
terpretation of changes in the amide I region is diffi-
cult because of the more complex nature of the aortic
wall tissue. BPHV aortic wall tissue contains abundant
elastin as well as collagen and other proteins exhibit-
ing IR absorption at approximately the same frequen-
cies. Structural changes in collagen have been exten-
sively studied by FTIR, circular dichroism, and Raman
spectroscopy, as reported in the literature.16–20 All the
peaks observed in the FTIR for collagen are well as-
signed,16,17,19 and type I collagen has been confirmed
to have a triple helical structure in the native state.16

However, elastin’s tertiary structure is still a matter
of investigation. Elastin has been postulated to have a
mixture of alpha-helical and beta-sheet structures.21–24

Various studies have been reported for elastin struc-
ture determination by FTIR.21–24 A recent paper dis-
cusses the amide I region of FT-Raman spectra for
elastin indicating the complex nature of this region.23

After deconvolution of the amide I band, the elastin’s
tertiary structure was determined to be a mixture of
10% alpha-helices, 45% beta-sheets, and 45% uniden-
tified (turn + coil) conformations.

In our studies with aortic wall, a band at 1619 cm−1

in the amide I region could be ascribed to a beta-sheet
structure for the elastin component.23 Disappearance
of this band after ethanol pretreatment suggests a re-
duction in the proportion of beta-sheet regions of elas-
tin as a consequence of ethanol pretreatment. A more
complete interpretation of these changes is beyond the
scope of the present studies, and will be the subject of

future work. Ethanolic solutions have also been
shown to increase the alpha-helical conformation of
elastin as assessed by circular dichroism studies.22

Similar structural changes in elastin might be possible
owing to our ethanol pretreatment protocol.

Proton NMR spin-lattice relaxation times (T1) have
been used in the past for water structure and moisture
content analysis,25 and have been applied to biomate-
rials to assess tissue–water interactions.6,7,26–28 In pre-
vious studies,29 we observed a marked decrease in the
proton NMR relaxation time (T1) for glutaraldehyde-
fixed cusps correlating with the concentration of the
ethanol pretreatment solution (Fig. 5). This change in
T1 strongly suggested altered water interactions after
the ethanol pretreatments. In comparison, the aortic
wall T1 values in the present study did not change
with the ethanol pretreatment. This significant differ-
ence between the T1 values for cusps and aortic wall
after ethanol pretreatment reflects a markedly differ-
ent water environment and may partly explain the
differences in the anticalcification effects of ethanol for
these two different tissues.

Lipid extraction data obtained in this study clearly
demonstrate that ethanol pretreatment was highly ef-
ficacious in extracting phospholipids and cholesterol
from the aortic wall tissue (Table III). Intrinsic phos-
pholipids have been considered to be donors of phos-
phorus in the initial stages of mineralization.30 Al-
though the lipid extraction efficiency of ethanol pre-
treatment was greater for aortic wall tissue than
cusps,3 the anticalcification effects were less than com-
plete for aortic wall (as shown in this study), while
ethanol pretreatment completely prevented cusp cal-
cification.3 This observation also supports our view
that lipid extraction is only part of the ethanol mecha-
nism.

While calcification of aortic wall has not been dem-
onstrated to cause prosthesis failure in the clinical set-
ting, this consideration is nevertheless of great con-
cern because of the emergence and widespread use of
stentless bioprosthetic heart valves.31 Stentless bio-
prostheses have advantages compared to stent-
mounted heterograft valves in terms of the ability to
implant bioprostheses in otherwise anatomically re-
strictive sites, as well as the ability to trim and tailor
bioprosthetic implants according to the anatomy at the
time of surgery.32 These considerations are particu-
larly important in congenital heart surgery. Stentless
valve replacements have also been viewed by many to
be more advantageous for aortic valve replacement
surgery, and even mitral valve replacement surgery.4

Although aortic wall calcification has not been ob-
served to be a factor as yet in stentless valve clinical
failure, aortic wall calcific deposits have been noted to
be a major cause of failure in the use of aortic valve
homografts.33 Excrescent calcific deposits on the aortic
wall significantly interfered with the function of hu-

TABLE III
BPHV Aortic Wall Lipid Content after 80% Ethanol

Pretreatment, Pretreatment Time 24 h

Pretreatment
Condition

Cholesterol
(nmol/mg

Dry Weight)

Phospholipids
(nmol/mg

Dry Weight)

HEPES buffer, control 8.97 ± 0.33 10.63 ± 1.03
80% Ethanol 0.13 ± 0.03 0.6 ± 0.0

All values are reported as average ± SEM (n = 3).
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man aortic homografts in clinical use for congenital
heart surgery,34 and thus, it is reasonable to expect
that the same pathophysiology in a stentless valve
could be of similar importance in valve replacement
surgery. Optimizing the ethanol inhibition of aortic
wall calcification or finding a synergistic solution for
complete inhibition could prove to be of great impor-
tance for using this general inhibitory approach in the
clinical setting for stentless valves.

CONCLUSIONS

Ethanol pretreatment significantly inhibits porcine
bioprosthetic aortic wall calcification in both subcuta-
neous BPHV implants and BPHV mitral valve replace-
ments. However, ethanol inhibition of aortic wall cal-
cification, while significant, is only partially effective.
The mechanism of ethanol inhibition of BPHV aortic
wall calcification is incompletely understood, but may
be caused in part by lipid extraction and protein struc-
tural changes. However, ethanol pretreatment had no
effect on proton NMR relaxation times for BPHV aor-
tic wall in contrast to BPHV cusps; this may explain
the less than complete inhibition of calcification.
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