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Summary

Introduction: Cardiovascular diseases are responsible for significant morbidity and mortality in the population. Artificial vascular grafts are often
essential for surgical procedures in radical or palliative treatment. Many new biodegradable materials are currently under development. Preclinical
testing of each new material is imperative, both in vitro and in vivo, and therefore animal experiments are still a necessary part of the testing pro-
cess before any clinical use. The aim of this paper is to present the options of using various experimental animal models in the field of cardiovascular
surgery including their extrapolation to clinical medicine.

Methods: The authors present their general experience in the field of experimental surgery. They discuss the selection process of an optimal exper-
imental animal model to test foreign materials for cardiovascular surgery and of an optimal region for implantation.

Results: The authors present rat, rabbit and porcine models as optimal experimental animals for material hemocompatibility and degradability
testing. Intraperitoneal implantation in the rat is a simple and feasible procedure, as well as aortic banding in the rabbit or pig. The carotid arteries
can also be used, as well. Porcine pulmonary artery banding is slightly more difficult with potential complications. The banded vessels, explanted
after a defined time period, are suitable for further mechanical testing using biomechanical analyses, for example, the inflation-extension test.
Conclusion: An in vivo experiment cannot be avoided in the last phases of preclinical research of new materials. However, we try to strictly observe
the 3R concept - Replacement, Reduction and Refinement; in line with this concept, the potential of each animal should be used as much as pos-
sible to reduce the number of animals.
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Souhrn

Plivodni prace

Experimentalni chirurgie jako soucast vyvoje degradabilnich biomaterialt

v kardiovaskularni chirurgii
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Uvod: Kardiovaskularni choroby jsou zodpovédné za vyznamnou morbiditu i mortalitu ve spole¢nosti. UZiti umélych cévnich materiald je ¢asto
nezbytnou soucasti v rdmci chirurgické 1écby, at jiz je tato radikalni nebo paliativni. V souc¢asné dobé dochazi k vyvoji fady novych biodegrada-
bilnich materiald ur¢enych pro tyto ucely. Preklinické testovani kazdého nového materialu je naprosto nezbytné, je provadéno jak in vitro, tak in
vivo. Z tohoto dlvodu jsou zviteci experimentalni modely nadale nutnou soucasti testovéni pred klinickym uzitim. Cilem této prace je prezentovat
moznosti uziti riznych zvifecich modell na poli kardiovaskularni chirurgie a jejich extrapolace do klinické mediciny.

Metody: Autofi prezentuji jejich obecné zkusenosti s experimentalni chirurgii, na jejich podkladé diskutuji optimalni vybér zviteciho modelu pro
testovani novych material( pro kardiovaskuldrni chirurgii a stejné tak optimalni lokalitu implantace.

Vysledky: Jako optimalni experimentélni zvifeci modely pro testovani hemokompatibility a degradability novych materidld uvadéji autofi modely potkana,
krélika a prasete. Intraperitoneéiniimplantace u potkana je snadna a lehce proveditelna procedura, stejné tak jako arterialni bandaz na aorté kralika i prasete.
Rovnéz karotické tepny jsou dobre vyuzitelné. Bandaz na praseci pulmonalni tepné je jiz slozitéjsi zakrok s cetnéjsimi komplikacemi. Explantované banda-
Zované cévy po predem definované dobé jsou vhodné pro dalsi mechanické testovani ve smyslu biomechanickych analyz, napt. inflacné-extenzniho testu.
Zdver: \V poslednich fazich preklinického testovani novych materidld se nelze nadale obejit bez in-vivo experimentl. Nasi snahou je vsak striktné
dodrzovat koncept 3R - Replacement, Reduction a Refinement. V tomto smyslu je tieba vyuzit co nejvice potencial kazdého zvirete tak, abychom
mohli redukovat pocty zvifat.
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INTRODUCTION

Cardiovascular diseases (CVD) still remain one of ma-
jor causes of death worldwide. They are responsible
for significant morbidity and therefore both non-in-
vasive and especially invasive treatments continue to
be developed [1-3]. In the past, a significant change in
surgical treatment of vascular disorders was achieved
upon the introduction of artificial vascular grafts in
vascular surgery in the fifties and later in cardiac sur-
gery [4-6]. Since that time, foreign materials became
indispensable in cardiovascular surgery. Related to that
is the need for preclinical testing of each new material.
Hundreds of experiments both in vitro and in vivo have
to be performed before introducing a new material or
device to clinical practice.

Animal experiments are crucial in testing new de-
vices not only in cardiovascular surgery. Whatever is
to be implanted in the human body must go through
extensive testing processes. For many people, animal
experiments are still controversial, but the truth is
that current medical research of vascular pathology is
unimaginable without these experiments [7-11]. Of
course, many ethical aspects apply to animal experi-
ments. Even in the 21st century, the rules postulated by
zoologist William Russell and microbiologist Rex Burch
in the late fifties are valid [12]. They summarized them
as the 3Rs: Replacement, Reduction and Refinement. In
recent years, great emphasis has been placed on refine-
ment. Any procedures affecting the quality of life of ex-
perimental animals should be refined as much as possi-
ble. The goal is to avoid any painful and stressful stimuli
during the whole experiment. Only employees with
appropriate education and experience should work
with the animals. These are then usually supervised by
people with university education [13]. Very strict rules
apply to the use of experimental animals in the Czech
Republic as well as in the whole European Union.

We aim to develop a resorbable fabric based on
a composite material consisting of a synthetic poly(lac-
tide-co-caprolactone) copolymer (PLCL) nanofibrous
reinforcement combined with a collagen matrix for use
in different indications in cardiovascular surgery. The
point is to perform a comprehensive in vitro, in vivo and
ex vivo evaluation of the composite materials based on
their biodegradability and changes in their structural
and mechanical properties.

The aim of this paper is not to present our research
data; we would like to present the options of using
various experimental animal models in the field of car-
diovascular surgery including their extrapolation to
clinical medicine; additionally, to highlight their advan-
tages and disadvantages and to discuss optimal animal
models for various purposes, various vessel types and
sizes. Finally, potential options for the replacement of
animal models with an in vitro test are discussed.

Status quo
Cardiovascular surgery of the 21 century cannot
exist without artificial vascular grafts. They are used

for vascular bypasses, vascular patches, covered stent
grafts or external vessel support. There are several pro-
cedures in the field of cardiovascular surgery which are
based on the mechanical interaction of the arterial wall
and the external support. Pulmonary artery banding
(PAB) in infant patients can be mentioned as a typical
example. PAB is a palliative procedure which reduces
pulmonary over-circulation in neonates suffering from
certain congenital heart diseases and makes up the
first stage of intervention prior to complete repair of
the cardiac defects [14]. Wrapping, which is usually ac-
companied by clipping (clip-wrapping), is another ex-
ample. The clip-wrapping procedure is used to treat, for
example, blood blister-like aneurysms of the supracli-
noid internal carotid artery and fusiform aneurysms of
the anterior cerebral artery. The wrap tightly surrounds
the artery and prevents the aneurysm from expanding
even further. The wrapping also reinforces the arterial
wall and minimizes the risk of aneurysm rupture [15].
Other examples of the vascular banding indication
include the banding of an arteriovenous shunt for he-
modialysis to avoid the peripheral steal syndrome [16].
The banding of an abdominal aortic aneurysm after
endovascular aneurysm repair (EVAR) where the en-
doleak or endotension is a risky complication can also
be a potential indication for the use of an external vas-
cular support. Ramadan et al. reported successful use
of the aortic wrap in the treatment of retrograde aortic
dissection in the ascending aorta [17]. All these clini-
cal scenarios benefit from external banding of arterial
walls. In addition to above mentioned clinical cases, it
is worth noting that studies investigating the applica-
tion of an external support in arterialized vein grafts
have suggested that the reduction of the initial graft
over-distension by the external support leads to re-
duced intimal hyperplasia in the graft. We believe that
there will be other indications for the use of the resorb-
able material in cardiovascular surgery in the future.

Tested materials

Composite bandings were prepared from nanofi-
brous layers based on L-lactide/caprolactone ecopoly-
mer (PLCL; 70/30 mol/mol; Purasorb PLC 7015, Corbion,
The Netherlands) or polycaprolactone (PCL; Merck,
USA). The nanofibrous layers were prepared by needle-
less electrospinning (Production line NS 1S500U with
precisely controlled air conditioning unit NSAC150,
Elmarco, Czech Republic) under direct current from
10 wt% (PLCL) or from a 16 wt% (PCL) solution of chlo-
roform and ethanol (Penta, Czech Republic) in the 8:2
weight ratio. Both kinds of the layers were prepared in
two different surface densities, i.e. 15 or 30 g/m?, both
with an average fiber diameter of 50-1,000 nm (Fig. 1).
The matrix of the composite was composed of collagen
type | (calf skin, VUP Medical, Czech Republic). Five sep-
arate layers of nanofibrous reinforcement were impreg-
nated by 5 wt% of aqueous dispersion, placed in a form
and left for 36 hours at room temperature. The volume
fraction of all fibrous reinforcement in the composite
was 70+10 vol%. The stability of the collagen matrix
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Fig. 1: Representative scanning electron microscopy
(STEM Apreo S LoVac, ThermoFisher Scientific, USA)
image of composite banding (mag. 200x)

was further enhanced by cross-linking with a 95 wt%
ethanol solution containing EDC (N-(3-dimethylamino-
propyl)-N-ethylcarbodiimide hydrochloride) and NHS
(N-hydroxysuccinimide) (4/1 w/w, Sigma Aldrich, USA).
The final stage involved sterilization by gamma irradia-
tion (25 kGy, BIOSTER, a.s., Czech Republic).

Degradability in vitro

Verification of degradability of a material using ani-
mal models is very limited for various ethical or fi-
nancial reasons and is often one of the last stages of
material development. For these reasons, and also in
agreement with the 3R principles, in vitro laboratory
simulations are used to replace animal models. Most
often, this involves exposure to a certain type of me-
dium under certain conditions (temperature, atmo-
sphere, loading rate, etc.). A variety of solutions, cul-
ture media, body fluids, cell cultures or enzymes are
used for this purpose. The results of these in vitro simu-
lations should be able to be extrapolated to the in vivo
situation at some confidence level. The rate of this ex-
trapolation is the most problematic part. First, there is
virtually no comparison of the effects of the different
media with each other, and above all, there is almost
no possibility of comparison with animal models. It
is therefore not clear whether, for example, exposure
in physiological solution can answer the question of
what will happen to the material during implantation
into an animal model or even into a human organism.
Nevertheless, different solutions are widely used and
the results from these simulations are considered rele-
vant. Verification of the degradation properties of the
bandages is an important stage of our project. In our
degradation study we focused on the comparison of
several simulated environments, namely simple salt
solutions (phosphate buffer, physiological solution
and Kokub's SBF mimicking the ionic concentration of
the inorganic part of blood plasma), enzymatic media
(collagenase, proteinase K), protein-containing media
(blood plasma, cell culture medium and culture medi-
um with dermal fibroblasts) with in vivo environment
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(rat model, peritoneal implantation). Our aim is to se-
lect conditions that faithfully mimic the body environ-
ment, and in which extensive verification of the deg-
radation of all studied materials in terms of changes
in their mechanical and structural properties will be
further performed.

Hemocompatibility

In addition to in vitro biodegradation analysis, it is
necessary to apply hemocompatibility tests to analyze
materials coming into contact with blood (Fig. 2). In
our project, the materials are tested using the test of
hemolysis — interaction with human erythrocytes, the
thrombogenicity test — interaction with native plate-
lets, and the coagulation test — interaction of the ma-
terial with human plasma. Some materials can damage
the erythrocyte membrane, causing hemoglobin to be
released into the environment. Analysis of erythrocyte
hemolysis after the interaction of materials with dilut-
ed whole human blood is based on spectrophotomet-
ric detection of hemoglobin at 570 nm. Testing is gov-
erned by the standard CSN EN ISO 10993-4 (855220).
The standard states that the percentage of hemolysis
after contact of the material with blood must be up to
5%. Due to the contact of platelets with the materials,
their activation becomes more or less accelerated. The
degree of activation can be monitored by means of
a cell viability measurement test (viability then corre-
sponds to the rate of platelet activation). The interac-
tion of materials with native platelets was assessed by
measuring platelet viability with the CCK8 assay. Con-
tact of the material with blood plasma may also affect
the rate of coagulation. In the case of materials with an
anticoagulant effect, the coagulation time is prolonged
(the time when thrombin activation is detected).

SEM HV: 200 kW VEGAY TESCA

SEM MAG: 300 ke 1 | |
Wierw add: 523 prm Det SE 20

WD 1434 mm Drate{m/dly): S8R0 TUL FP KCH Boing

Fig. 2: Scanning electron microscope images of erythro-
cytes in contact with PLCL electrospun material
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Fig. 3: Scanning electron microscope images of electrospun materials PCL (3A) and PLCL (3B)

As part of the coagulation analysis, APTT (activated par-
tial thromboplastin time, internal coagulation pathway
monitoring) and PT (prothrombin time, also referred
to as QUICK test, external coagulation pathway moni-
toring) tests were performed. It is necessary to test not
only the composite bandages as a whole, but also their
individual components, thus electrospun nanofibrous
materials (Fig. 3) and the material forming the collagen
matrix.

Experimental animal models
1. Rat model (Rattus norvegicus)

The rat is a favored laboratory animal model be-
cause of its suitable size, availability, handling and
price. In this project, the rat strain Wistar (male, >6
months) is used as the model of a real body environ-
ment to analyze the degradation rates of developed
composite materials. Two bands (42x6 mm) are im-
planted in the intraperitoneal wall of each animal
and secured by nonabsorbable sutures. The bands
are explanted 1, 3 and 6 months after implantation

and submitted for histological, mechanical and struc-
tural analysis to monitor the interaction of the bands
with real tissue and to evaluate the effect of body
environment on degradation of the composite ma-
terials as reflected by their mechanical and structural
changes (Fig. 4). Moreover, the changes in mechanical
and structural properties of the composite materials
caused by the real body environment are compared
with those obtained in simulated body environments
as part of in vitro tests. This comparison shed light on
the application of simulated body environments with
respect to their degree of similarity with the real body
conditions.

2. Rabbit model (Oryctolagus cuniculus f. domesticus)

The strain New Zealand White is used as the rabbit
model (>4 months of age) to perform experimental
vascular surgery on a rodent model. Implantation of
the arterial band (cuff) made of a composite material
in the abdominal aorta of rabbits and their subsequent
60-day follow-up is a suitable model for safety and

Fig. 4: The composite material band before implantation (A), bands of composite material implanted intraperitoneally in
the rat abdomen (B), the band explanted after 1 month and submitted for subsequent analysis (C)
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Fig. 5: Arterial bands on rabbit subrenal aorta

functional study (Fig. 5). The rate of blood flow in the
banded aorta is monitored using a Doppler machine
(Fig. 6). After explantation the banded aorta (Fig. 7) is
subjected to biomechanical analysis by means of infla-
tion tests (see below) and the interactions of adventitia
with the band are analyzed by histological techniques.

3. Pig model (Sus scrofa f. domestica)

The function of arterial bands made of the final com-
posite material selected on the basis of previous tests
in rat and rabbit models is evaluated in the domestic
pig (approx. 25 kg). The size of the domestic pig and its
vascular system are suitable for experimental surgery.
The arterial bands are implanted in the pulmonary ar-
tery (Fig. 7), abdominal aorta (Fig. 8) and carotid artery
of the piglets, and subsequent 60-day follow-up pro-
vides results that can be extrapolated to clinical prac-
tice. Similarly as in the rabbit model, the blood flow is
monitored using a Doppler machine and the explanted
banded arteries undergo both histological analysis as
well as mechanical tensile and inflation tests.

Mechanical testing

The principle of banding consists in the mechanical
interaction between an arterial wall and a band. The
band is tightly wrapped around an artery, resulting in
narrowing of the arterial lumen. Blood flow and pres-
sure change this way, which is followed by a mech-
anobiological reaction that adapts the arterial walls
and the heart according to the new hemodynamical
conditions. Mechanical induction of the remodeling
process is the core of the treatment itself. From the bio-
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Fig. 6: Flow rate measurement on abdominal aorta of the
rabbit

Fig. 7: Pulmonary artery band in the pig model

mechanical point of view, development of such bands
must incorporate several steps. First, the properties
of the band itself, associated with handling, need to
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Fig. 8: Arterial band on subrenal aorta of the pig

be determined. The handling behavior of the band is
mainly determined by its bending stiffness and exten-
sibility. Second, the resorbability of the band must be
documented. Another thing we have to deal with in
the development of arterial bands is the remodeling of
the banded artery. It should be verified that long-term
mechanobiological interaction of the artery with the
band does not lead to arterial sclerosis or other adverse
reactions at the banding site.

The biomechanical evaluation conducted in our proj-
ect is based on two types of experiments. Uniaxial tensile
tests are carried out to study intact or partially, no matter
if in vitro or in vivo, resorbed materials for band fabrication.
The tensile test consists in uniaxial extension of a rectan-
gular sample that is loaded in an experimental setup up
to its failure. The measured loading force and deformation
are subsequently used to determine the stress and strain
at failure or to find out the constitutive model that gener-
ally describes the mechanical response of the material. In
this case, the results are compared with those obtained
with samples taken from sites not exposed to banding or
with samples obtained from non-banded subjects.

The second type of experiment is the inflation-ex-
tension test, which could be simplistically described
as a pressurization test. In this experiment, the sample
is a tubular segment of a blood vessel that is mounted
into an adjustable frame where it is subsequently loaded
with internal pressure (Fig. 10). During the experiment,
values of applied pressure are recorded on the PC and
the loaded geometry of the specimen is recorded by
cameras. Image analysis of the acquired digital photo-
graphs is used to determine the deformed dimensions
of the pressurized specimen. The results are pressure-de-

Fig. 9: Explanted rabbit abdominal aorta with the arterial
band

formation curves that can be used to compare banded
and nonbanded vessels with each other. The resulting
data can be used in regression analysis to determine ma-
terial models suitable to be used in computational sim-
ulations of mechanical behavior of the banded arteries.

Fig. 10: Inflation-extension test of explanted aorta
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DISCUSSION:

Our research group has extensive experience with
experimental surgery. We were engaged in abdominal
aortic aneurysm modeling in the past. Porcine aorta
was influenced by elastase infusion and increasing of
turbulent flow. We influenced these aneurysms phar-
macologically, as well [18,19]. In the field of transplant
medicine, we study the problem of organ perfusion. We
have focused on donors after cardiac death (DCD). DCD
organs suffer from warm ischemia and require some
type of reconditioning [20,21,22]. Both small and large
animals (rabbit/pig) were used for DCD modeling and
their kidneys were perfused using various approaches.
Our team focuses also on a different type of liver paren-
chyma damage in the porcine model [23,24].

Based on our experience, we have decided to use
definite animal models for testing new materials for
cardiovascular surgery. These models are adequate for
biocompatibility and degradability testing (all of them)
as well as for evaluation of mechanical interaction be-
tween the arterial wall and the band (rabbit, pig). Es-
pecially large animals, such as porcine models, have
a cardiovascular system that very well correlates with
human anatomy and physiology and obtained results
can be well extrapolated to human clinical practice.
That is why porcine models are very favored in surgical
experiments, not only for testing new materials and de-
vices, but also for training of new surgical procedures
[25—-29]. We have no experience with an alternative
option, the use of non-human primates, although this

is also a well-established model [30,31]. Precise proj-
ect planning and a search of recent literature data will
reduce unnecessary errors and complications. We be-
lieve that we have chosen optimal experimental ani-
mal models and that relevant data will be obtained. We
have not noticed any major technical problems or oth-
er difficulties so far. Sternotomy and pulmonary artery
band placement in the porcine model is slightly tech-
nically demanding and we are considering replacing it
with the carotid band.

Anyone who uses animal models must accept the
key rules already mentioned above; researchers must
understand how specific and challenging it is to carry
out experimental work on animals. Ethical aspects must
always come first and be considered at the beginning
of the whole study design. The first “R” (replacement)
must be considered. An in vivo experiment cannot be
avoided in the last phase of our preclinical research in
the field of new materials for cardiovascular surgery.
However, we do try to use each animal’s potential as
much as possible so that we can reduce the number
of animals.

Tato prdce vznikla za podpory grantu AZV NU20-02-
00368.
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