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Abstract

The utilization of cryopreserved human allografts is a recommended option in the septic vascular surgical field, if autologous
graft is not available. These grafts are subjected to deep freezing and stored at — 80 °C until further utilization. The goal
of our investigation was to determine the effect of cryopreservation on the structure of vessel wall as a function of stor-
age time, using freshly excised porcine aortic grafts. The samples were subjected to deep freezing and cryopreservation at
—80 °C. Following immediately, 1, 2, 4, 6, 8 and 12 weeks after cryopreservation, differential scanning calorimetry (DSC)
and routine histological examination were performed, comparing the structure of frozen grafts to fresh, native aortic wall.
Light microscopy evaluation did not show significant changes in the structure of aortic wall at different time points; however,
DSC measurements demonstrated a systematic decrease in the thermal stability up to the 6th week and then improvement
and stabilization regarding this parameter till the 12th week. Our histological data suggest that cryopreservation causes only
minor alteration in the microstructure of fibres in the first three months; thus, the utilization of deep-freeze biological grafts

with this short storage time could give favourable outcome.
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Introduction

Treatment of septic vascular prosthetic graft is still one of
the most difficult challenges in vascular surgery. In most
cases, complete healing can be assured only with successful
graft replacement. The gold standard at this field is the utili-
zation of autologous venous graft [1-6]. However, in about
20—-40% of all patients, appropriate autologous vein graft
is not available [1, 2, 6-11]. In these cases, impregnated
(antibiotics, silver) prosthetic grafts, xenografts, biosynthetic
grafts or cryopreserved vascular allografts (homograft)
can be used [1, 8]. The utilization of homograft could be a
favourable option [2, 8]. The advantage of these allografts
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is high resistance to infections and reinfections; however,
there is a potential risk of graft degeneration [1, 2, 12]. Their
production, storage and cryopreservation need special infra-
structure. Regarding to this issue, there is no uniformed or
preferred method in the literature. Different cryopreserva-
tion methodologies are in use [13]; however, according to
the best of our knowledge, the effect of storage time on
the microstructure of vascular tissue was not investigated
previously. Fresh freezing of the graft to —80 °C reduces
the immunogenicity; nevertheless, it can cause structural
changes within the extracellular matrix (ECM), which could
influence the quality of the allograft, and consequently the
long-term results of its utilization. Nagy et al. published the
benefit in graft patency and limb salvage of homograft stored
for less than 6 months following cryopreservation, but these
findings based only upon their clinical experiences [2].
Thermal analysis (e.g. DSC) is a very useful method
for monitoring early structural changes, as it is the only
measurement method that can directly measure the change
in the heat capacity (C,) of the test sample. Biological
samples are usually multi-subunit macromolecular systems
in which the structural change induced by thermal excita-
tion means a change in degrees of freedom, so C, will also
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change. We have many years of experience in biological
samples (cartilage, tendon, blood plasma, etc.) in DSC
studies, where the thermal parameters of samples with-
out visible structural change indicated non-physiological
behaviour (cartilage [14-16], tendon [17, 18], muscle [19,
20], plasma [21-24]).

In the recent paper our aim is to analyse the effect of
deep freezing and storage time on the structure of porcine
aortic wall with differential scanning calorimetric (DSC) and
histological examinations, to determine the optimal cryo-
preservation period for the routine clinical use of homograft.

Materials and methods
Surgical and laboratorial preparation

The present study conforms to the Guide for the Care
and Use of Laboratory Animals published by the US
National Institute of Health (NIH Publication No. 85-23,
revised 1996) and was approved by the local institutional
Committee on Animal Research, University of Pécs
(BA02/2000-29/2001).

Aortic segments were freshly excised under sterile surgi-
cal conditions from anesthetized Yorkshire pigs (mass from
23 to 27 kg), declared free of clinically evident diseases.
Following separation of the adhesive tissue, macroscopic
examination was performed to exclude any pathology. Lon-
gitudinal aortic segments (about 2 cm in length with 5-7 mm
diameter) were next washed in cold (4 °C), sterile Ringer
Lactate solution (B. Braun Melsungen AG, Melsungen,
Hessen, Germany) to remove residual traces of blood for
30 min. Thereafter, each aortic segment was placed sepa-
rately in 50 mL preservative solution containing, sterilized
Falcon tubes (Labsystem Kft., Budapest, Hungary) at room
temperature for 20 min. The preservative solution con-
tained: 1000 mL Ringer Lactate solution, 10v/v% dimethyl
sulfoxide (Sigma-Aldrich Chemie Gmbh, Steinheim, Ger-
many), 750 mg cefuroxime (GlaxoSmithKline plc., Brent-
ford, Middlesex, UK) and 200 mg fluconazole (Fresenius
Kabi Hungary Kft., Budapest, Hungary). Samples in Falcon
tubes were next cryopreserved to — 80 to 85 °C using liquid
nitrogen vapour (Messer Hungarogaz Kft., Budapest, Hun-
gary) and then stored at — 80 °C in a deep freezer for fur-
ther use. Cryopreserved aortic samples (5 samples in every
time point) were thawed at room temperature after 1, 2, 4,
6, 8, 12 weeks, and immediately following deep freezing,
thereafter light microscopy evaluation and digital scanning
calorimetry (DSC) analysis were performed. The results of
thermal denaturation are presented in Table 1. Data are aver-
age of 5 measurements +s.d. Statistical evaluation was made
by ¢ test at p <0.05.
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Light microscopy evaluation

Aortic samples were fixed for 24 h in 10% neutral buffered
formalin, in support of routine histological examination. Tis-
sue blocks were embedded using paraffin, and 2—4-um-thick
sections were sliced. Sections were stained applying haema-
toxylin—eosin (HE), analysed using Case Viewer software
(3DHistec Ltd.), and were evaluated by two independent
pathologists. Five samples were assessed in each time point,
before and after DSC analysis.

DSC measurements

The thermal denaturation of the samples was investigated
with a SETARAM Micro DSC-II calorimeter. Each analy-
sis was performed within the range of 0 and 100 °C with a
heating rate of 0.3 K min~!. Conventional Hastelloy batch
vessels (V=1 mL) were applied for the experiment with
an average sample mass of ~ 180 mg (range 110-400 mg).
Normal saline solution was used as a reference. The refer-
ence and sample vessels were equilibrated with a precision
of +0.1 mg, so heat capacity correction between the sample
and reference was not needed. The second scan of the dena-
tured samples was used to make the baseline correction. The
melting temperature of the samples (7,) was defined as the
peak of the heat transition curves (at this point the 50% of
sample turns from native into denatured state). AT stands
for the denaturation temperature range. The calorimetric
enthalpy change (AH_,) was calculated from the area under
the heat absorption curve with the SETARAM two points
setting software. The wet sample size in grams was used to
normalize the AH._; values (in J g~! unit).

Results and discussion

Septic complications play still an important role in vas-
cular surgery, with high morbidity and mortality rate. In
severe cases, the inflammation affects not only surgical
site but also the area of reconstruction. The incidence
of prosthetic graft infection ranges from 1 to 6% after
implantation [8]. It depends on many factors, for exam-
ple duration and region of the surgery, concomitant dis-
eases, medications and presence of a trophic wound or
ulcer [8]. If graft infection was developed, utilization of
autologous graft can give the best solution [1-6, 8]. How-
ever, 20-40% of patients do not have appropriate vein,
furthermore, the removal of veins prolongs the procedural
time and increases the perioperative morbidity and, thus,
this method is not suitable for all, especially for poor
risk patients [1, 2, 6-12]. In these cases, the usage of a
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Table 1 Ther modynamic . Week  Procedure Thermodynamic parameters
parameters of porcine aortic
grafts achieved by thermal T./°C ATy /°C AH, /Jg™! Ton/°C ATy/°C AH/Ig™!
denaturation after different
cryopreservation (from 0 to 0 Istheating  28.0+0.3 19.8+0.5 -0.10+0.005 588+0.1 29.0+0.6 —4.66+0.25
12 weeks) time Istcooling  20.1+0.6 27.9+03 +1.05+0.09
2nd heating  31.0+0.5 329+05 -1.17+0.04
2nd cooling  20.6+04 272+0.5 +0.85+0.05
1 Ist heating  28.1+0.9 193+06 -0.10+0.02 584+04 303+04 -—-3.70+0.10
Istcooling  20.7+0.7 253+04 +0.72+0.07
2nd heating  28.8+0.3 29.0+0.5 —0.98+0.06
2nd cooling 209+02 264+0.8 +0.80+0.03
2 Istheating  28.5+0.8 18.6+0.9 —-0.08+0.02 57.4+0.1 309+1.0 —2.67+0.09
Istcooling  20.6+04 21.1+0.6 +0.64+0.02
2nd heating 31.8+0.5 30.8+0.6 —0.77+0.03
2nd cooling  21.5+ 21.3+0.7 +0.38+0.04
4 Istheating  28.8+0.5 17.3+0.3 —0.08+0.01 584+05 283+0.6 —2.38+0.15
Istcooling  20.0+04 22.7+0.5 +0.46+0.03
2nd heating  28.3+0.3 31.0+04 -0.94+0.02
2nd cooling  204+0.7 242+0.6 +042+0.02
6 Istheating  22.3+03 17.3+0.5 -0.24+0.03 579403 28.0+0.7 —2.28+0.11
Istcooling  203+0.5 19.7+0.5 +0.64+0.03
2nd heating  29.2+0.2 21.5+02 -0.60+0.05
2nd cooling 19.6+0.4 19.8+03 +0.68+0.04
8 Istheating  28.5+04 114+03 -0.15+0.02 58.6+0.5 28.1+0.6 —3.21+0.17
Istcooling  20.3+04 263+0.7 +0.65+0.03
2nd heating 28.4+04 22.7+0.6 —0.52+0.03
2nd cooling 21.5+04 26.7+03 +0.63+0.03
12 Istheating  28.7+0.5 21.7+03 -0.31+0.01 59.1+04 234+04 —3.40+0.26
Istcooling  23.1+03 239+0.6 +0.50+0.05
2nd heating  29.9+0.3 247+04 -0.43+0.03
2nd cooling  22.5+0.7 26.4+03 +0.65+0.06

The data are averages and +s.d. of five independent samples (n=35, including up to 12 weeks, total =35;
bold refers to significant difference (¢ test) compared with the control at p<0.05. The values are rounded
to one decimal place for 7' and two decimal places for AH. Subscripts L and H refer to the low and higher
denaturation range). T,, denaturation temperature, AT denaturation temperature range and AH is the calori-
metric enthalpy normalized on the wet sample mass

cryopreserved vascular allograft can serve as an alternative
solution, with superb results in elimination of infection [1,
2, 8, 12]. The disadvantage of homograft utilization is late
graft degeneration and aneurysm formation, intimal hyper-
plasia and graft thrombosis [1, 2]. Cryopreservation of the
graft to — 80 °C with different methods [13] could dam-
age the structure of the vessel, which effect could influ-
ence the quality of the homograft. Moreover, the storage
time can also influence the biomechanical properties of
the grafts and can lead to less favourable outcome after
implantation. As far we know, there are only two publica-
tions in the literature regarding to this last topic. The first
one (Nagy et al.) published only the clinical experience,
as mentioned above [2], the second (Hidi et al.) found
retained haemostatic and reduced thrombogenic potential
of the homograft during the 6-month storage period [11].

In our investigations, differential scanning calorimetry
(DSC) and routine histological analysis were performed to
detect the changes in the microstructure of porcine aortic
wall after cryopreservation, in a time-dependent fashion.
DSC analysis is able to detect the structural alterations of
macromolecules, before the defect of the tissue is evident
[14-24]. Thus we tried to conclude the optimal storage time
frame for homograft, in which a favourable outcome can be
expected following utilization.

Haematoxylin—eosin (HE) staining was used for routine
histological examination comparing fresh aortic wall with
cryopreserved samples in different time points. After fast
freezing of the aortic wall, the damage of the endothelial
layer can be observed uniformly throughout all sections,
independently of the storage time. The structure of colla-
gen fibres shows minimal, not significant change in every
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Fig. 1 HE-stained section of the native aortic wall

samples. Apart from some fragmentation near the luminal
surface, collagen bundles are regular, preserved their origi-
nal structure, their staining pattern is regular and uniform,
and decreased eosinophilia cannot be detected. These find-
ings were also uniformed throughout all investigated sam-
ples, and duration of freezing does not influence this effect
(see Figs. 1 and 2).

We have performed histological test after each denatura-
tion too (see Fig. 3) with the same negligible differences
(both cases change was only in collagen structure) as in case
Fig. 2.

Fig. 2 HE-stained section of the
cryopreserved aortic samples in
different time points. 0: imme-
diately after deep freezing; 1:
after 1; 2: after 2; 6: after 6; 12:
after 12-week freezing

@ Springer

Looking on the denaturation scans (see Figs. 4-6) the
first striking impression is that in case of porcine aortic
samples there is a renaturation effect below 50 °C during
the first heating, but above this range the tissue undergone
to a full denaturation. In all cases the endotherm below
50 °C was significantly higher during the second heating
than in case of first one. The calorimetric enthalpy (AHy)
of the higher melting significantly decreased till the 6th-
week cold preservation comparing with the control sample
(see Table 1). The higher denaturation temperature range
(ATy) diminished from the storage time of 4th week, but
the melting point (T,;;) decreased up to the 6"-week cold
preservation. The main denaturation temperature (7,p)
from the 8th week went back to the control value, but AHy
increased compared with the 6™-week result (see Table 1).
These data can prove the thermal consequence of structural
change in porcine aorta evoked by the cold preservation up
to 6th week. Another sign of it is the change in the run of
the scans in the lower-temperature range during the 1st and
2nd heating, where we can distinguish at least two thermal
domains (see Fig. 5.). The shape of the denaturation curves
after 12 weeks’ of cryopreservation was similar to the con-
trol sample during both denaturation processes (see Fig. 6).
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Fig.3 HE-stained section of the
cryopreserved aortic samples
following DSC analysis in dif-
ferent time points. 0: imme-
diately after deep freezing; 1:
after 1; 2: after 2; 6: after 6; 12:
after 12-week freezing

Heat flow/mW Heat flow/mW
g . ] 6 weeks storage at — 80 °C
1st heating control sample 1st heating
0.0 - 0.00 -
/T~ 1st cooling
_05 2nd heating —0.05 1st cooling
/7 >\ 2nd cooling 2nd heating
10 -0.10 -
154 -0.15
2nd cooling
—0.20
—2.0
25 -026 4—17—"7-"-7"-—-"—"FT—"""TF—"—"7"—"""T"—"""—""
— e —r+ 1.~ 1 T 1T 1T r 1T °r T 10 20 30 40 50 60 70 80
10 20 30 40 50 60 70 80 T ture/°C
Temperature/°C emperature

Fig.5 DSC scans of the sample stored at —80 °C for 6 weeks per-
forming two (heating/cooling) runs. Reversibility (with double peaks)
was observed only in the lower-temperature range. Endotherm deflec-
tions directed downwards

Fig.4 DSC scans of the control sample after a two (heating/cooling)
runs. Reversibility was observed only in the lower-temperature range.
Endotherm deflections directed downwards
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Fig.6 DSC scans of the sample stored at — 80 °C for 12 weeks after
two (heating/cooling) runs. Reversibility was observed only in the
lower-temperature range (similar as in case of control sample). Endo-
therm deflections directed downwards

Conclusions

In order to improve the patient's condition in surgical prac-
tice, it is very important that the built-in devices (prosthe-
ses, grafts, etc.) used, during the operation, function reliably
in the long run. This avoids corrective surgeries caused by
infection or poor quality of the built-in material. Recogniz-
ing the importance of this in clinical practice, the so-called
banks were created (e.g. bone, cartilage, tendon, etc., bank).
The advantage of these is that the material required for cor-
rective surgery is available even in unexpected cases. They
are usually stored at — 80 °C, which in the case of long stor-
age times can cause structural changes that compromise safe
implantation.

These structural changes are not only detectable by the
eye, but often by histological examination in cases where
the use of this substance would later lead to complications.

Light microscopy evaluation did not show significant
changes in the structure of aortic wall at different time
points; however, DSC measurements demonstrated a system-
atic decrease in the thermal stability up to the 6th week and
then improvement and stabilization regarding this parameter
till the 12th week. Our histological data suggest that cryo-
preservation causes only minor alteration in the microstruc-
ture of fibres in the first three months; thus, the utilization
of deep-freeze biological grafts with this short storage time
could give favourable outcome.

In the recent paper we could prove the applicability of DSC
to demonstrate the early (e.g. by histology not detectable)
changes in aortic samples undergone to cryoprotection. This
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allows all surgeons to choose more safely from frozen grafts,
avoiding postoperative intervention following possible injury.
An additional follow-up study of at least one year is required
to more accurately determine the applicability of the grafts
over time, and other (e.g. biochemical) technique should be
involved to clarify the reason of the improvement of thermal
stability of frozen samples.
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