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Objective: to determine the optimal method for long-term wet storage of donor material (50 days after collection), 
with maximum ability to preserve the original mechanical characteristics. Materials and methods. Porcine aortic 
wall fragments were used as objects of study. Half of the original material underwent detergent-based decellulari-
zation. The entire material (native and processed) was placed for 50 days in biocidal solutions: complex alcohol 
solution; ethanol and glycerol mixture; antibiotics mixture. Then the tests for mechanical strength of native and 
decellularized samples were carried out by the method of uniaxial longitudinal and circumferential stress. 
Results. Storage of native material in all media resulted in a significant increase in tensile strength. In the 
“complex alcohol solution”, “ethanol and glycerol mixture”, and “antibiotic mixture” group, tensile strength 
increased by 1.38-, 1.72- and 1.62-fold compared to the native control in circumferential tension. Also, in the 
“complex alcohol solution” group, the decellularized material was 1.57-fold stronger than the native in 
circumferential tension. In the “antibiotic mixture” group, the decellularized material was 1.33-fold less strong 
than the native in longitudinal tension. According to elongation to rupture data, significantly greater plasticity 
was noted in the “ethanol-glycerol” storage group for the decellularized aortic wall compared to the control 
group (1.5-fold). Young’s modulus did not reliably differ from those of control in all experimental groups 
regardless of the stress direction. Notably, decellularized specimens clearly tended to be stiffer under 
circumferential stress. Conclusion. Detergent-based decellularization of the porcine aortic wall and subsequent 
storage of these samples in our chosen experimental solutions for 50 days does not significantly affect the 
elastic properties of the material. Our proposed treatment methods partially increase the stiffness of the 
material after storage in alcohol-containing solutions.
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inTrOducTiOn
Currently, one of the widely used methods of surgical 

treatment of valve and aortic trunk and pulmonary artery 
conditions is prosthetics with various valve-containing 
conduits [1–3] aAllogeneic donor material is the gold 
standard for replacing damaged elements of the cardio-
vascular system. It has similar hemodynamic characteris-
tics to native valves, low thrombogenicity and is resistant 
to potential infection [4, 5]. Besides, this type of implants 
makes re-intervention due to structural degradation less 
likely [1, 5–7].

Vascular conduits by tissue-engineering methods are 
widely used to solve allogeneic material deficiency is-
sues. The main types of vascular and valve scaffolds for 
tissue engineering are natural scaffolds (biologic decel-
lularized tissue and materials) and synthetic structures 
made of biodegradable polymers [5, 8]. Each type has 
both advantages and disadvantages. One of the main ad-
vantages of decellularized biological matrices is that they 

preserve the mechanical anisotropy of native valves and 
the vascular wall structure, can replace the connective 
tissue scaffold of the affected tissues and promote their 
recellularization by cells of the recipient itself later [6]. 
This approach makes it possible to restore the correct 
structure and adequate function of the replaced element 
of the cardiovascular system.

Modern approaches to the development of methods 
for extending the lifespan of donor valves are being im-
plemented in several directions. They include improving 
the structural characteristics, optimizing preimplantation 
treatment methods, studying the factors that influence 
preservation of structural organization of connective tis-
sue scaffold (CTS) and its initial physical and mechanical 
properties [6, 9].

At the preparatory stage (before implantation in the 
patient), the allograft is usually either cryopreserved 
or stored in a solution of antibacterial and fungicidal 
preparations. However, analysis of the current state of 
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Table
List of all experimental groups

S/N Abbreviation Storage method Subgroups
1

Contr
Control samples of porcine aorta, fresh 
material (to determine the basic mechanical 
properties)

Contr, N – native material without additional treatment

2 Contr, D – decellularized material without additional 
treatment

3 CAS Complex alcohol solution (50 days) CAS, N – CAS native form
4 CAS, D – decellularized form
5 AM Antibiotics mixture (50 days) AM, N – AM native form
6 AM, D – AM decellularized form
7 E-G Ethanol and glycerol mixture (50 days) E-G, N – E-G native form
8 E-G, D – decellularized form

the problem shows the lack of a unified approach to the 
method of long-term preservation of prosthetic mate-
rial. If the technique of freezing and/or thawing of the 
material is violated, zones of micro- and macro-damage 
to the allograft structure may appear, which can be de-
tected only at the surgical stage or will affect the rate 
of CTS degradation and graft calcification after it has 
been installed [10–12]. The use of wet storage in an 
antibiotic cocktail without cryopreservation avoids this 
type of damage, which helps to reduce the frequency 
of reoperation associated with early prosthesis damage 
[7]. However, in practice, wet storage of allografts in 
an antibiotic solution is used only for a short period of 
time – 2–14 days [13, 14]. It is also known that residual 
antibiotics in tissue allografts may be the cause of al-
lergic postimplantation reactions or mask contamination 
of the allograft by microorganisms in the postoperative 
period [15].

To date, a universal protocol for long-term storage of 
allografts has not yet been found. According to global 
trends, most developers prefer freezing the material [6, 
12]. However, coming up with a reliable long-term wet 
storage method would allow to avoid the negative ef-
fects of the processes associated with cryopreservation. 
As part of the study of this topic, we previously selected 
biocidal solutions suitable for long-term wet storage of 
experimental material [16].

The purpose of this work was to evaluate the effect 
of decellularization and subsequent long-term (50 days) 
storage in biocidal solutions of different composition on 
the mechanical properties of aortic tissues.

maTerialS and meThOdS
composition of test solutions:

I – Complex alcohol solution (CSR): mixture contain-
ing 1,2-octanediol, phenoxyethanol, sorbic acid (1%) and 
ethanol (20%) [17].

II – Antibiotics mixture (AM): culture medium 
RPMI-1640 (Biolot, Russia), metronidazole 0.27 mg/
ml, gentamicin 0.53 mg/mL, cefazolin 6.66 mg/mL, am-
picillin 2.22 mg/ml, oxacillin 1.11 mg/ml, fluconazole 
0.027 mg/mL. After the first 48 hours, the solution was 
replaced with a similar fresh solution.

III – Ethanol and glycerol mixture (E-G): ethanol 
(10%) and glycerol (20%) in RPMI-1640 culture me-
dium (BioloT, Russia).

deriving and decellularization of aortic 
tissues

Porcine aortic wall fragments (arch and descending 
section), 25–30 cm long, were taken in the slaughter-
house of a meat processing plant. The obtained samples 
were placed in cooled sterile 0.9% sodium chloride solu-
tion and transported to the laboratory.

The aortic wall was cleaned of the remaining sur-
rounding tissues and cut into several 6–7 cm long tubular 
fragments. Half of the obtained fragments were subjected 
to detergent-based decellularization.

The entire cycle of cell removal and subsequent wash-
ing was performed at 37 °C in an orbital thermoshaker 
(Heidolf, Germany). The biomaterial was immersed for 
24 hours in a sterile phosphate-buffered saline (pH = 
7.4) containing 0.5% sodium dodecyl sulfate and 0.5% 
sodium deoxycholate (Sigma, USA). This was followed 
by 6-fold washing of the samples for 12 hours in sterile 
phosphate-buffered saline (pH = 7.4), according to one of 
the common protocols [18]. The treatment and washing 
lasted for a total of 4 days, during which the second half 
of the samples (native samples) was stored at +4–8 °C in 
sterile 0.9% sodium chloride solution with the addition 
of an antimicrobial cocktail (metronidazole 0.27 mg/mL, 
gentamicin 0.53 mg/mL, cefazolin 6.66 mg/mL, ampi-
cillin 2.22 mg/mL, oxacillin 1.11 mg/mL, fluconazole 
0.027 mg/mL).

After decellularization, 20 native and decellularized 
aortic tubular fragments each were used for mechani-
cal tests under uniaxial longitudinal and circumferential 
stress. The remaining material from each series – native 
(n = 60) and decellularized (n = 60) – was randomly 
divided into three groups and stored in the test biocide 
solutions for 50 days in sterile conditions at +4–8 °C (in 
AM and E-G solutions), and in CAS solution at room 
temperature. Eight groups of specimens were examined 
(Table). Before mechanical testing, the specimens were 
washed in sterile 0.9% sodium chloride solution for 
20 minutes at room temperature.



76

RUSSIAN JOURNAL OF TRANSPLANTOLOGY AND ARTIFICIAL ORGANS Vol. XXIII   № 4–2021

Fig. 1. Thicknesses of the test specimens;
*, p < 0.05 in comparison with the corresponding control 
group; #, p < 0.05 in comparison between non-decellularized 
and decellularized samples within the same group

Study of mechanical properties
Mechanical tests were performed by subjecting the 

samples to uniaxial stress after 50 days of storage in the 
test biocidal solutions. To obtain control values, we used 
porcine aortic wall material from the native group (Contr, 
N) and decellularized material (Contr, D) before storage
in the appropriate solutions.

Tubular aortic fragments from each of the 8 sub-
groups were cut lengthwise and test specimens were 
carved using a standard cutting matrix in the longitudinal 
(n = 10) and circumferential (n = 10) directions. The 
width and length of the working part of the specimen cor-
responded to the matrix dimensions (9 mm and 28 mm, 
respectively). The sample thickness was measured three 
times with an electronic digital thickness gauge (Mitu-
toyo 547-500S, Japan).

The tests were performed on pull tester ESM301 
(MARK-10, USA). The tensile speed of the fabric was 
30 mm/min. If break occurred at the place where the 
specimens were fixed in the clamps, the corresponding 
measurement data was excluded from analysis.

The strength of the materials was evaluated by tensile 
stress (σ, MPa):

where F is the force at the moment of break (N), h is the 
average thickness of the specimen (mm), and w is the 
width (9 mm) of the specimen.

Deformability was determined by the maximum elon-
gation at break (ε, %):

where ΔL is the maximum elongation of the specimen 
(mm) and L is the initial length of the specimen (mm)
equal to the distance between the clamps (28 mm).

Stiffness was determined by the value of Young’s 
modulus (E, MPa):

where E is Young’s modulus (MPa), σ is the tensile 
stress; ε is the elongation of the fragment (mm) at the 
break of the specimen.

Statistical analysis
Results were processed by variation statistics using 

the Statistica 13.0 software (TIBCO Software, USA). 
Normality of distribution of the obtained data and ho-
mogeneity of variance were checked using the Shap-
iro–Wilk test. Mann–Whitney U Test was used to judge 
the significance of differences. Data on the graphs are 
presented as median and interquartile range (25th and 
75th percentiles).

reSulTS
Sample thickness

The thickness of fragments of decellularized aorta 
from the control group was 1.22 times higher than that of 
native aorta from the control group (p < 0.01). Among the 
decellularized specimens after storage, a lower thickness 
was found in the alcohol-containing “CAS, D” and “E-G, 
D” subgroups by 0.82 and 0.87 times, respectively, com-
pared to the corresponding controls (p < 0.05) (Fig. 1).

Stress-strain properties of the biomaterial
The tensile strength for non-decellularized (native) 

specimens increased significantly after storage in all the 
test solutions in comparison to the control (p < 0.05): 
1.38 times in the “CAS, N” subgroup, 1.72 times in the 
“E-G, N” subgroup and 1.62 times in the “AM, N” sub-
group. Among the decellularized samples, we observed 
an insignificant tendency towards increased tensile stress 
in the “CAS, D” subgroup compared to the control. In 
the “E-G, D” subgroup, there was a significant increase 
in tensile stress by 1.5 times (p < 0.05). When compar-
ing the strength of native and decellularized specimens, 
significant (p < 0.05) differences were found in the Con-
tr and CAS groups, where the decellularized material 
showed a 1.47- and 1.57-fold higher tensile strength, 
respectively (Fig. 2, a).

The longitudinal tensile strength for both native and 
decellularized specimens did not change after storage 
in all types of solutions compared to the control. When 
comparing within each experimental group between na-
tive and decellularized specimens, a significant differ-
ence was found only in the AM group (decellularized 
material was 1.33 times less strong than native (p < 0.05) 
(Fig. 2, b).

The elongation at break for both native and decel-
lularized samples did not change after storage in all types 
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Fig. 2. a) Circumferential tensile strength for the test specimens; b) Longitudinal tensile strength for the test specimens;
*, p < 0.05 in comparison with native control; **, p < 0.05 in comparison with decellularized control; #, p < 0.05 compared to 
non-decellularized and decellularized samples within the same group

а b

of solutions compared to the control, regardless of the 
tension direction (Fig. 3). The exception was the “E-G, 
D” subgroup, where the highest elongation was detected 
under circumferential stress compared to all other sub-
groups (“Contr, D”/“E-G, D“ by a factor of 1.5, p < 0.01) 
(Fig. 3, a).

Regardless of the tension direction, there were no 
significant differences between the Young’s modulus in 
native and decellularized tissues both within one group 
and when compared with the corresponding control val-
ues (Fig. 4).

diScuSSiOn
Currently, one of the common methods of long-term 

storage of allogeneic material is cryopreservation, as this 
method allows creating a bank of cardiac valve allografts 
for really long storage for subsequent implantation in 
humans. This method of preservation requires careful 

compliance with all freezing and thawing stages, in-
creased technical reliability of equipment, and, possibly, 
search for new cryopreservation media [12, 19].

As the review of specialized literature shows, fea-
tures and patterns of decellularization, preservation 
of allograft and xenograft tissues are of considerable 
research interest [20–22]. Of particular interest is the 
issue of sufficiently long-term wet storage of obtained 
donor tissues. In some works, where it was important to 
preserve cell viability, culture nutrient media were used 
[23, 24]. In other works, where the principal goal was to 
preserve connective tissue scaffold without taking into 
consideration the cellular component, the suitability of 
saline solution with modifications was investigated [25]. 
For instance, Wollmann et al. showed that preservation 
of mechanical and structural properties of the decellu-
larized tissue matrix is not significantly affected during 
long-term wet storage in sterile saline solution (up to 

Fig. 3. a) Elongation at break for the test specimens under circumferential stress; b) Elongation at break for the test specimens 
under stress;
*, p < 0.05 in comparison with control; #, p < 0.05 in comparison between non-decellularized and decellularized samples 
within the same group

а b
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Fig. 4. Young’s modulus for the test specimens. a, circumferential stress; b, longitudinal stress

а b

12 months) [26]. In this experimental work, we chose 
RPMI-1640 nutrient medium as the basis for storage 
media II (AM) and III (E-G). The excellent multicompo-
nent buffer medium ensured that the pH of the solutions 
was maintained throughout the experiment. Performing 
all manipulations in laminar boxes with abacterial air 
medium during preparation of working solutions and 
throughout the experiment allowed us to avoid contami-
nating the material with microbial and other negative 
agents.

The success of decellularized heart valve transplan-
tation largely depends on the components of the cell 
removal method itself (enzymatic, detergent, etc.) and 
the potential immune response after implantation [27, 
28]. The decellularization protocol we used [18] and 
its variations are also used by other researchers, which 
testifies to the adequacy of this method for further use in 
creation of tissue-engineered materials based on donor 
tissues [20, 21].

Our study found that the thickness of samples in 
the control group after decellularization increased by 
10–30% from the initial state of the native material. This 
may possibly be due to the appearance of a loosening 
of the intercellular spaces in the connective-tissue scaf-
fold when the cells were removed and small intercellu-
lar molecules (proteoglycans, glucosaminoglycans and 
other non-collagenous proteins) were partially washed 
out under the effect of detergents, which were replaced 
by water molecules [29].

An important property of a deformable material is 
strength, understood as the ability to resist destruction 
by external forces. Tensile strength is one of the main 
indicators characterizing the mechanical properties of 
a tissue, and a tissue is quantified using tensile stress 
[30]. We found that decellularization of the aortic mate-
rial significantly increases circumferential tensile stress. 
At the same time, the Young’s modulus also increases, 
but without a significant difference from those of the 
native control group. After long-term storage in alcohol-

containing (CAS and E-G) and alcohol-free (AM) solu-
tions, the main changes in the mechanical properties 
were also evident in the circumferential tensile strength 
of the aortic wall material. Almost all data on mechani-
cal properties in longitudinal stress remained at the level 
of the control values of the corresponding subgroups 
(decellularized and non-decellularized). Such anisot-
ropy of biomechanical properties in the connective tissue 
scaffold of the aortic wall is down to the peculiarities 
of three-dimensional orientation of CTS fibers, which 
provides effective compensation of intravascular fluid 
pressure for further active blood promotion. It was shown 
earlier that the main mass of elastin fibers in the aortic 
wall is located in the media as part of elastin lamellae, 
which are located predominantly in the circumferential 
direction. Orientation of collagen fibers in the media is 
directed to the vessel axis at about 45° angle; the direc-
tion is more longitudinal in the intima and adventitia 
[31–33].

In uniaxial tension tests, we obtained a stress-strain 
curve for each specimen. The graph of such a curve con-
sists of 3 parts: the low elastic modulus portion, the linear 
portion, and the yield or break portion. There is a biome-
chanical interpretation of this phenomenon. The portion 
with low elasticity modulus occurs due to straightening 
of spiral collagen fibers according to the direction of the 
applied force. The linear portion (consisting of two parts) 
appears as a result of direct stretching of collagen fibrils 
in the tissue. Breaking area of the stress-strain curve is 
connected with direct damage to the fibrils [33]. When 
determining the tensile strength, the maximum applied 
force, after which the specimen breaks, is initially fixed. 
In fact, it depends on how many and mainly of what qual-
ity collagen are the fibers present in the tissue.

Most likely, the significant increase in the strength 
of materials during storage in alcohol-containing solu-
tions is associated with a change in the structure of the 
main CTS proteins – collagen and elastin. It is known 
that the triple stranded structure of collagen, as well as 
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the ratio of hydrophilic and hydrophobic sites of protein 
molecules, change under the influence of alcohols [34].

The deformation capacity of the material is reflected 
in the indices of relative elongation during tensile strain. 
This index is influenced by the structure and fiber com-
position of the fabric [35]. In our study, it was shown that 
the circumferential tensile elongation in all experimental 
groups remains at the level of the control values except 
for the “E-G” subgroup. In this case, the deformation 
capacity index is 1.58-fold higher than that of the non-
decellularized counterpart (“E-G, N”). In this situation, 
we can assume the influence of E-G solution components 
(glycerol as a plasticizer) on the structural organization 
of CTS fibers of the aortic wall. Some researchers have 
noted similar changes in the biomechanics of materials 
stored in glycerol solutions [36].

Young’s modulus characterizes the stiffness of a ma-
terial [37]. Regardless of the stress direction, the Young’s 
modulus in all experimental groups after storage in the 
test solutions does not significantly differ from those of 
native tissue. At the same time, the values have a clear 
tendency to increase, which indicates increased stiffness. 
Comparison of Young’s modulus values in the circumfer-
ential and longitudinal direction within groups with the 
same type of tissue treatment demonstrates significant 
differences in average values. This fact is also explained 
by the specific location of different CTS fibers in the 
aortic wall [31].

cOncluSiOn
Detergent-based decellularization of porcine aortic 

wall followed by wet storage of the samples in the test 
solutions for 50 days does not significantly worsen the 
elastic properties of the material. There is a slight in-
crease in the circumferential tensile stiffness of the test 
material.

This work was performed within the framework of 
the state assignment of the Russian Ministry of Health 
(N: 121031300224-1).
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