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Abstract—The purpose of this study was to determine the
impact of elevated temperature exposure in tissue banking on
soft tissues. A secondary objective was to determine the
relative ability of various assays to detect changes in soft
tissues due to temperature deviations. Porcine pulmonary
heart valve leaflets exposed to 37 �C were compared with
those incubated at 52 and 67 �C for 10, 30 and 100 min. The
analytical methods consisted of (1) viability assessment using
the resazurin assay, (2) collagen content using the Sircol
assay, and (3) permeability assessment using an electrical
conductivity assay. Additionally, histology and two photon
microscopy were used to reveal mechanisms of cell and tissue
damage. Viability, collagen content, and permeability all
decreased following heat treatment. In terms of statistical
significance with respect to treatment temperature, cell
viability was most affected (p< 0.0001), followed by perme-
ability (p< 0.0001), and then collagen content (p = 0.13).
After heat treatment, histology indicated increased apoptosis
and two photon microscopy revealed a decrease in collagen
fiber organization and an increase in elastin density. These
results suggest that measures of cell viability would be best
for assessing tissues where the cells are alive and that
permeability may be best where cell viability is not inten-
tionally maintained.
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INTRODUCTION

Transplant of soft tissue for reconstructive surgery
drives the need for processing methods that should
have minimal impact on tissue structure and viability.
Processing of cryopreserved tissue involves exposure to

various temperatures both before and after storage.
Furthermore, accidental exposure to elevated temper-
atures is possible in the donor before procurement,
after donation, as well as during graft processing, graft
thawing, and rinsing in the operating room. Successful
development of processing methods requires sensitive
tests to both understand and prevent potential damage
from heat exposure. We have previously examined the
sensitivity of various analytical tests following a col-
lagenase damage model on porcine pulmonary heart
valves.13 Here, we expose soft tissues to elevated tem-
perature and test the ability of various assays to detect
the change in the tissue. Porcine pulmonary heart valve
leaflets were employed as a target tissue, but the gen-
eral principles can be applied to all soft tissues.

Heart valve leaflets are organized in defined layers:
fibrosa, spongiosa and ventricularis, which are com-
posed of different ECM components such as collagen,
elastin and proteoglycans.14,23 The interplay of these
layers is responsible for the correct opening and clo-
sure of the leaflets and their biomechanical strength
and integrity. Modifications of the structure may
compromise the mechanical responsiveness of the
leaflet eventually leading to failure of aortic or pul-
monary valve function. The collagen and elastin exist
in a hydrated gel composed of proteoglycans. Collagen
and elastin are wavy fibers that can straighten under
small loads, allowing large extension of the tissue at
low stress. Hydrated elastin is viscoelastic, demon-
strated by creep or stress relaxation tests, due to the
interaction of elastin molecules with water molecules.
Stiffening of elastin occurs by loss of water content.8

High level tensile properties of leaflets are entirely
dominated by the functionally elastic behavior of the
collagen and elastin fiber networks. However, proteo-
glycans have a pronounced effect at low strains where
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the collagen is highly crimped.4 Since elastin has a
denaturation temperature of about 200 �C, which is
much higher than collagen’s denaturation temperature
of about 65 �C,6,7,21,24 this study focused on tempera-
ture effects on collagen.

In this study, the effects of heat treatment on por-
cine heart valves with a variety of analytical tests were
studied. The goal was both to reveal mechanisms in
which heat damage may compromise the function of
transplanted heart valves as well as measure the ability
of these tests to detect damage. Leaflet cell viability,
collagen content, and a tissue permeability assay based
upon electrical conductivity were assessed. Viability is
a traditional evaluation of cryopreservation methods
for human allograft heart valves. The collagen assay
employed in this study is a well-established method for
measuring collagen content in mammalian soft tissues.
We have previously used the electrical conductivity
technique to test the effect of mild enzyme damage on
heart valves.13 It was found that permeability was
impacted more significantly than biomechanics fol-
lowing collagenase exposure. In this study, the con-
ductivity method against cell viability and collagen
content were compared. It was hypothesized that the
conductivity method would be able to detect heat
damage and would offer insights into the mechanism
of damage. The mechanisms of cell death were also
examined through histology, and changes in collagen
and elastin structure were observed through two-pho-
ton microscopy.3,12

MATERIALS AND METHODS

Specimen Preparation

Porcine hearts were obtained from an abattoir. A
total of 40 pig hearts were procured from a local
slaughter house following the current standards of the
American Association of Tissue Banks for human
cardiac tissue recovery, ischemia and preservation.20

The hearts were rinsed and transported on ice in
Lactated Ringer’s solution. The pulmonary heart
valves were then dissected under aseptic conditions,
treated with antibiotics by means of Dulbecco’s mod-
ified Eagle medium containing 4.5 g/L glucose
(DMEM; Mediatech, Herndon, Va., USA), plus
100 U/mL Penicillin and 100 lg/mL Streptomycin
(Sigma, St. Louis, Mo., USA) at 4 �C overnight. The
valve leaflets with a section of artery connected by a
muscle band were dissected from each valve (Fig. 1).
Pulmonary heart valve leaflets were exposed to three
temperatures in DMEM: the physiological tempera-
ture of 37 �C, the possible temperature of accidental
exposure during graft processing of 52 �C,11 and the

temperature of 67 �C that is just above the denatura-
tion temperature of collagen and is expected to cause
significant damage. In addition, an untreated control
of fresh tissue was included for reference in the TU-
NEL assay. Various exposure times of 10, 30, and
100 min were also tested to reveal any danger in failing
to properly synchronize thawing procedures with sur-
gery. Bisected or intact individual leaflets were used
depending upon the amount of tissue needed for each
assay (Fig. 1). Cell viability, collagen content, and
permeability assays were then performed.

Viability Assay

Viability assessment employed the resazurin assay
to measure metabolic activity as previously
described.2,19 The resazurin assay incorporates a wa-
ter-soluble fluorometric viability oxidation–reduction
indicator which detects metabolic activity by both
fluorescing and changing color in response to chemical
reduction.19 Tissue samples were incubated for 3 h
with resazurin working solution at 37 �C, and aliquots
of medium were then placed in microtiter plate wells
and read on a microtiter plate spectrofluorometer at a
wavelength of 590 nm. The results were normalized as
relative fluorescent units (RFU)/mg dry weight after
subtraction of background florescence. Tissue was
lyophilized for 24 h for calculation of dry weight. A
total of 54 (6 samples for each of the 9 treatment
groups) bisected or intact individual leaflets were used
for the viability assay. Since the test is non-cytotoxic
and non-destructive, for each sample the assay was
performed on days 0, 1, 2, and 3 of culture.

TUNEL Assay

Tissue samples for histology were fixed, sectioned,
stained with hematoxylin and eosin (H&E) and by the
in situ terminal transferase mediated dUTP nick-end
labeling (TUNEL) method for detection of apoptotic
cells. Digital photographs were made using a light
microscope. Morphometric analysis of TUNEL
stained sections was performed by manual counting of
affected cells in representative photographs and nor-
malized by total cell count.

Sircol Collagen Assay

The Sircol Collagen Assay1 is a quantitative dye-
binding method designed for the analysis of acid-sol-
uble collagens extracted from mammalian tissues and
collagens released into culture medium by mammalian
cells during in vitro culture (Biocolor Ltd., Newtown-
abbey, Northern Ireland). The Sircol dye reagent
contains Sirius Red (Direct Red 80). Sirius Red is an
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anionic dye with sulphonic acid side chain groups that
react with the side chain groups of the basic amino
acids present in collagen. The specific affinity of the
dye for collagen, under the assay conditions, is due to
the elongated dye molecules becoming aligned parallel
to the long, rigid structure of native collagens that have
intact triple helix organization. Dye affinity is signifi-
cantly reduced when collagen is heat denatured to form
of random chains of gelatin and the triple helix un-
winds. The amount of acid-pepsin soluble collagen in
leaflet samples was quantified per manufacturer’s
instructions by measuring the binding and resultant
absorbance of Sirius Red at 555 nm. A total of N = 54
samples (6 samples for each of the 9 treatment groups)
were tested for collagen content.

Permeability Assay

For permeability assessment, 5 mm diameter punch
biopsies were taken from the central region of intact
leaflets. Measurements were performed in isotonic PBS
solution using an electrical conductivity assay as pre-
viously described.2 The electrical conductivity was
measured based on the principle of a four wire resis-

tance test using a Keithley Sourcemeter (Model 2400,
Keithley Instruments, Inc., Cleveland, OH) and a
custom designed conductivity chamber reported pre-
viously.2,9 Briefly, the conductivity apparatus consists
of two stainless steel current electrodes coaxial to two
Teflon-coated Ag/AgCl voltage electrodes placed on
the top and bottom of a cylindrical nonconductive
Plexiglass chamber (5 mm diameter). The specimen
was placed inside the chamber for measurement. The
resistance (R) values across the specimens were mea-
sured at a low, constant DC current density of
0.015 mA/cm.1 The height of the specimen was mea-
sured with an electrical current sensing micrometer.
The electrical conductivity (v) values of the specimens

were calculated by v ¼ h
R�A where h and A are the height

and cross-sectional area of the specimens, respectively.
The precision for the resistance measurements was 0.5
X while the height measured with an accuracy
of ± 1.0 lm. All electrical conductivity measurements
were performed at room temperature (22 �C). A total
of N = 54 samples (6 samples for each of the 9 treat-
ment groups) were used. For each sample, conductivity
was calculated in forward and reverse directions and
the average of these two was reported.

FIGURE 1. Schematic of sample preparation for each test. Artery is in red and the attached leaflets are in gray. (a) Leaflets were
exposed to 37, 52, and 67 �C for 10, 30, and 100 min. (b) Black dotted lines show how tissue was dissected for testing. For viability
and collagen assays, intact or bisected leaflets were used as shown. For the permeability assay, a 5 mm diameter punch was taken
from the central region of the leaflet.
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Two-Photon Imaging

The central region of the outflow (adventitia) side
of intact leaflets was imaged using second-harmonic
generation (SHG) and two-photon emission fluores-
cence (TPEF) following 10 min treatments at 37, 52,
and 67 �C. The leaflets were mounted on a 35 mm
glass bottom dish (MatTek, Ashland, MA). The
heart valves were never stained or sectioned prior to
imaging. Imaging was performed using an Olympus
Fluoview 1200 MPA (Olympus, Center Valley, PA),
with a 30 9 oil immersion objective lens (UPLSAPO,
30XSIR; Olympus, Center Valley, PA). For SHG,
the excitation laser was at a wavelength of 860 nm,
and the signal was collected in the 420–460 nm
range. For TPEF, the excitation laser was at a

wavelength of 780 nm and the signal was collected in
the 520–600 nm range. Image resolution was
1024 9 1024 with a field of view of 423 9

423 lm.28,30

Statistics

The samples for cell viability, collagen content,
permeability, and histology were blinded so that the
test operator could not discern between samples. The
data were statistically evaluated by analysis of variance
(ANOVA) and Tukey’s post hoc tests using SAS soft-
ware, version 9.2 for XP-Pro (Cary, NC, USA). Sta-
tistical differences were reported at p-values< 0.05.
The results were reported as mean ± standard error.

FIGURE 2. Metabolism assay for heart valves, with standard error bars, of different heat treatment temperatures and times
cultured for 0, 1, 2, and 3 days. N 5 6 for all groups. Two-way ANOVA: Temperature groups were significantly different for all days
of culture (p< 0.0001). Time groups were significantly different on day 0 of culture (p 5 0.01). Post-hoc Tukey: for day 0 and day 1,
the 37, 52, and 67 �C groups were all significantly different from each other (p< 0.01); for day 2 and day 3, the 52 and 67 �C groups
were significantly different from the 37 �C (p< 0.01); for day 0, the 30 min and 100 min groups were significantly different from the
10 min group (p< 0.05).
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RESULTS

Viability Assay

The general trends were a decrease in viability with
increasing incubation temperature, incubation time,
and day of culture (Fig. 2). At Day 0 of culture, for
10 min of incubation time, average viabilities for 37,
52, and 67 �C of incubation temperature were
2835 ± 318, 1371 ± 162, and 27 ± 3 RFU/mg of tis-
sue, respectively. For 30 min of incubation, viabilities
were 2550 ± 249, 457 ± 123, and 18 ± 2 RFU/mg of
tissue. For 100 min of incubation, viabilities were
3035 ± 274, 38 ± 26, and 17 ± 1 RFU/mg of tissue.
The difference between temperature groups were con-
sistently significant for each day of culture (p< 0.0001)
while the difference between time groups was only
significant on day 0 of culture (p = 0.01) by two-way
ANOVA. With respect to the effect of culture day on
viability, after elevated heat treatment (52 and 67 �C),

viability generally decreased with increased day of
culture. However, for the samples incubated at 37 �C,
viability seemed to either not change or increase with
increased day of culture. For all groups, N = 6.

TUNEL Assay

Percent of apoptotic cells increased in vitro during
100 min of 52 �C heat treatment (Table 1). The de-
creases in cell viability were associated with elevated
levels of apoptosis detected by the TUNEL stain
(Fig. 3). After 100 min at 52 �C, 64 ± 22% apoptotic
cells were observed compared with 6 ± 4% in samples
treated at 37 �C for 100 min. The group treated at
37 �C demonstrated no significant changes during
100 min of incubation in vitro when compared to un-
treated controls. No viable cells or TUNEL positive
cells were observed after ‡10 min of heat treatment at
67 �C. For each treatment group, two slides were

FIGURE 3. Hematoxylin and Eosin and TUNEL staining on heart valve leaflets. (a) Untreated control. (b) 37 �C for 100 min. (c)
52 �C for 100 min. (d) 67 �C for 10 min. Arrows point to TUNEL positive cells stained blue. No TUNEL positive cells were observed
at any time point for 67 �C because all the cells died by necrosis.
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prepared and three regions of interest were imaged for
each slide.

Sircol Collagen Assay

The trend was for a decrease in collagen content
with increasing incubation temperature and time
(Fig. 4). For example, for 10 min of incubation time,
average collagen contents for 37, 52, and 67 �C of
incubation temperature were 0.55 ± 0.12, 0.47 ± 0.08,
and 0.31 ± 0.07 lg/mg wet tissue, respectively. How-
ever, neither the difference between temperature
groups (p = 0.13) nor the difference between time
groups (p = 0.32) was statistically significant by two-
way ANOVA. For all groups, N = 6.

Permeability Assay

Permeability assessment using electrical conductiv-
ity, shown in Fig. 5, demonstrated decreased conduc-
tivity with increased incubation temperature. The
trend was also for decreased conductivity with
increased incubation time. For 10 min of incubation
time, average conductivities for 37, 52, and 67 �C of
incubation temperature were 8.56 ± 1.06, 6.91 ± 0.57,
and 5.62 ± 0.43 mS/cm, respectively. For 30 min,
conductivities were 6.72 ± 0.44, 6.51 ± 0.48, and
4.03 ± 0.47 mS/cm. For 100 min, conductivities were
7.74 ± 1.32, 6.23 ± 0.52, and 3.58 ± 0.31 mS/cm. The
difference between temperature groups were significant
by two-way ANOVA (p< 0.0001) while the difference

between time groups approached significance
(p = 0.05). The decrease in conductivity after incuba-
tion at 67 �C was statistically significant when com-
pared to the conductivity after incubation at 37 �C
(post hoc Tukey’s, p< 0.0001) as well as to the con-
ductivity after incubation at 52 �C (post hoc Tukey’s,
p = 0.001). For all groups, N = 6.

Two-Photon Imaging

Collagen structure revealed by second harmonic
generation is well organized and exhibits a high degree
of crimping or waviness of well-defined bundles in the
heart valve leaflets treated at 37 and 52 �C (Fig. 6). By
contrast, collagen structure of the leaflet treated at
67 �C exhibits much less organization or alignment.
The two-photon emission fluorescence shows long
interwoven strands of elastin in the leaflets treated at
37 and 52 �C. In the valve treated at 67 �C, the TPEF
signal is increased and the elastin appears denser
(Fig. 6).

DISCUSSION

Pulmonary allograft heart valves are the most
commonly transplanted allograft heart valve17,27 and
rely on an intricate collagen and elastin structure to
function properly. These transplants are particularly
important in pediatric patients that are still developing.
In this study, we evaluated the effect of heat damage
on porcine pulmonary valve leaflets with some com-

FIGURE 4. Collagen content for heart valves, with standard error bars, for all heat treatment temperatures and times. Two-way
ANOVA: No significant difference was found between temperature groups (p 5 0.13) or time groups (p 5 0.32).
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mon tests as well as a novel conductivity test. The heat
treatment model simulates damage that could occur
due to accidental exposure to heat during preparation
of allograft heart valves for implantation. The tissue
banking industry employs standard tests in developing
processing methods that minimize tissue damage.
There is a need to verify the sensitivity of these tests.
While we use pulmonary valves in this study, the heat
treatment could easily be applied to allograft aortic
valves or other soft tissues such as tendons and used in
experimental or process validation studies as con-
trolled tissue damage.

Our results showed that viability was most signifi-
cantly affected by heat damage. Viability is a tradi-
tional evaluation of cryopreserved human allograft
heart valves being used for transplant, as it is a marker
for overall valve biocompatibility. Viability may be
defined as the relative ability of cells or tissues to
perform their normal metabolic functions. Many
means of assessing cell viability have been described
for heart valve tissues including amino acid uptake,
protein synthesis, contractility, dye uptake, ribonucleic
acid synthesis, 2-deoxyglucose phosphorylation and
the resazurin metabolism assay.13 The metabolism-
based resazurin assay19 is non-cytotoxic and non-de-
structive. The same heart valve leaflet can be assayed
several times if it is maintained under physiological
tissue culture conditions. However, care should be ta-
ken interpreting the results of individual assays such as

the resazurin assay. In a previous study of heart valve
leaflets after collagenase treatment the resazurin assay
demonstrated increases in metabolic activity with
duration of mild collagenase treatment compared with
untreated controls.13 A likely hypothesis to explain the
observed increase was collagen damage leading to
higher water content and improved permeability and
diffusion of nutrients or viability assay reagent. An
observed increase in permeability via the electrical
conductivity method in this previous study supports
this hypothesis. On the other hand, multiple time point
assessment using the resazurin assay can identify pro-
cess effects on the tissue’s cells that can then be
assessed using more specific assays such as the TUNEL
stain for apoptotic cells. In this case, decreases in cell
viability (Fig. 2) were associated with elevated levels of
apoptosis (Table 1; Fig. 3). Cells in 67 �C treated tis-
sues were dead, demonstrating no delayed cell death.

The Sircol Assay is a dye-binding method designed
for the analysis of acid soluble collagen and pepsin
soluble collagen by absorbance readings within the
range 520–570 nm. This assay is a well-established
method for measuring collagen content of mammalian
soft tissues and has been employed for decades.1,22

While we observed a distinct trend of decreasing col-
lagen content with increasing incubation temperature
and time, the data failed to achieve statistical signifi-
cance (Fig. 4). Of all the methods evaluated in this
study, the collagen assay showed the least impact due

FIGURE 5. Conductivity and standard error bars of heart valves for all heat treatment temperatures and times. Two-way ANOVA:
The difference between temperature groups was significant (p< 0.0001) while the difference between time groups approached
significance (p 5 0.05). Post-hoc Tukey: the 37 �C (p< 0.0001) and 52 �C (p 5 0.001) groups were significantly different from the
67 �C group.
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to heat exposure. Collagen content appears to not be
as severely affected by heat exposure compared to cell
viability or permeability.

Electrical conductivity of biological tissues is related
to the diffusivity of small ions in the tissue, which de-

pends upon tissue composition and structure.5,18 The
effect of matrix composition on solute permeability has
previously been studied in hydrogels and cartilaginous
tissues using an electrical conductivity method.10,15,16

These studies demonstrated that electrical conductivity

TABLE 1. Average percentage of cells showing apoptosis via TUNEL staining with standard errors of the mean.

Treatment Untreated control 37 �C (100 min) 52 �C (10 min) 52 �C (100 min) 67 �C (10 min)

% Apoptotic cell 3 ± 3 6 ± 4 12 ± 8 64 ± 22 0 ± 0

For each treatment group, two slides were prepared and three regions of interest were imaged for each slide.

FIGURE 6. Second harmonic generation (SHG) and two-photon emission fluorescence (TPEF) of heart valves treated at 37, 52,
and 67 �C for 10 min. SHG shows collagen while TPEF shows elastin. In the merged file collagen is colored red and elastin green.
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is positively correlated with tissue porosity (i.e., water
volume fraction). Therefore, the decreased conductiv-
ity observed after heat treatment was likely due to
water loss and increased density of the tissue matrix
(Fig. 5). While we observed an insignificant trend of
decreasing collagen content (Fig. 4), the TPEF images
appear to show an increase in elastin density (Fig. 6).
This increased elastin density could contribute to the
overall decrease in conductivity, especially since we do
not expect elastin to denature at these temperatures.
Thus, the conductivity test appears to have detected an
important change in functional ECM structure that
was not detected with significance by the collagen as-
say. The mechanical response of tissues to external
loading is determined by the interaction between its
solid and fluid domains, which translates to the inter-
stitial fluid flow through the porous deformable solid
phase.26 During the normal cardiac cycle, valve leaflets
routinely withstand large deformations with changes in
area as high as 50%.25 Such observations indicate a
significant role of interstitial fluid flow in mechanical
function of the leaflet.29 Recently, we demonstrated
increased conductivity after collagenase treatment of
heart valve leaflets that was likely due to increased
water content.13 These observations using collagenase
combine with the present results using heat to suggest
that permeability assessment by measurement of con-
ductivity may be a useful tool for assessment of pro-
cessing steps on soft tissues that is independent of cell
viability. Permeability testing promises to provide a
sensitive quantitative test that can be employed for
validation of process changes for soft tissues.

In conclusion, our results indicate that, of the
properties we measured, cell viability would be most
affected by accidental exposure to elevated tempera-
tures, followed by permeability and collagen content.
The detected damages underscore the importance in
designing processing procedures for transplant tissue
that prevent accidental heat exposure. The parameters
may also be used in designing and testing new preser-
vation methods that minimize tissue damage. Mea-
sures of cell viability may be best for assessing tissues
where the cells are alive with permeability as an
assessment of non-vital tissues or relative to the in-
tended surgical use of the tissue. Furthermore, per-
meability may be best for tissue processing methods
where cell viability is not intentionally maintained such
as after tissue decellularization procedures or when
tissues are frozen without cryoprotectants. Permeabil-
ity may be an important indicator of tissue structure
and function, even, as seen here, when collagen content
does not significantly change. These results underscore
the need for comprehensive testing of a variety of
parameters in designing tissue processing methods.
Heat treatment promises to be an effective model for

demonstration that assays have adequate sensitivity to
detect changes. This could be of importance for
development of new or modified processes by tissue
banks.
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