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Calcification of biomaterials used in prosthetic heart valves has been a challenging issue in cardiovascular sur-
gery. The objective of this work is to compare the efficiency of polyvinyl alcohol (PVA) and tannic acid (TA) 
modification of xenomaterials, pre-stabilized with glutaraldehyde (GA) and ethylene glycol diglycidyl ether 
(EGDE), in reducing calcification. Analysis of mechanical properties evaluated under uniaxial tension, showed a 
significant increase in the tensile strength of the test samples compared to the control (unmodified) samples (p < 
0.05). Additional treatment of GA-fixed tissue with PVA and TA significantly reduced the amount of calcium 
in the samples implanted into rats for a 60-day follow-up (p < 0.05). The level of calcification of samples pre-
stabilized with EGDE and treated with PVA and TA did not differ from the control group (p = 0.063). Cumulative 
analysis of the study results demonstrated that the GA-fixed biomaterial modified with PVA and TA can reduce 
calcium-binding activity and increase strength. This indicates the prospects for clinical application of the proposed 
treatment methods. This being said, the issue of long-term body response requires further study of the long-term 
stability of the modified biomaterial under physiologic blood flow conditions.
Keywords:  xenopericardium,  polyvinyl  alcohol,  tannic  acid,  ethylene glycol  diglycidyl  ether, 
glutaraldehyde,  calcification.

Corresponding author: Maria Rezvova. Address: 6, Sosnovy Boulevard, Kemerovo, 650002, Russian Federation.
Phone: (913) 079-61-40. E-mail: rezvovama@gmail.com

inTrOducTiOn
At present, valvular heart disease is tackled by re-

placing the failed valve with a mechanical or biological 
prosthesis [1, 2]. Biological substitutes made from ani-
mal xenotissues, in contrast to mechanical devices, are 
characterized by hemodynamics comparable to the native 
valve and high hemocompatibility [3]. At the same time, 
xenogeneic material is prone to degradation under enzy-
matic, chemical and physical effects of the human body 
environment (both blood and surrounding tissues). For 
this reason, biological tissue is pretreated with chemical 
agents that stabilize the structure in order to minimize the 
body’s immune response [4]. The principle of action of 
chemical stabilizers lies in their interaction with amino 
groups of collagen, the main protein of the extracellular 
matrix of the biomaterial, and, as a consequence, forma-
tion of additional cross-links in the collagen molecular 
structure [5, 6]. The most common stabilizing agent in 
world practice is glutaraldehyde (GA) [7]; however, the-
re are also alternative preservative compounds, such as 
ethylene glycol diglycidyl ether (EGDE) [8]. Despite the 
complex treatment of biological prosthesis xenomateri-
al and the use of modern post-treatments (anticalcium, 
antithrombotic), it is not possible to achieve complete 
freedom from dysfunctions comparable to mechanical 
prostheses – 20–30 years in most cases. In this regard, 
such valves require replacement after a certain time – 

their service life is limited, first of all, by the calcification 
and structural degradation of the biological tissue. There 
are several hypotheses in publications explaining the 
mechanism of this process, among which a preservative 
plays an important role [9]. However, mineralization 
(calcification) is most likely caused by a complex of 
events, representing a multifactorial process [10]. To 
combat the calcification of biological heart valve pros-
theses, various methods have been proposed, including 
the use of a new preservative [11], “masking” of free 
aldehyde groups of glutaraldehyde [12], surface mo-
dification with aminodiphosphonates [13], preliminary 
tissue decellularization to remove alpha-galactose re-
sidues, as an element provoking the immune response 
and calcification [12], filling voids in the collagen space 
to eliminate potential sites for development of passive 
mineralization [14], etc. Some of the proposed solutions 
have already been put into industrial practice, but the 
problem of calcification has not yet been completely 
eliminated.

Having analyzed the literature data, we identified a 
promising area of research – modification of stabilized 
xenogeneic tissues with bulk polyhydroxy compounds. 
Such treatment is expected to reduce the calcium-binding 
activity of the material due to formation of an additional 
hydrophilic layer, masking of the active groups of the 
preservative (GA), and filling of voids in the xenotissue 
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structure [14, 15]. Two polyhydroxy compounds were 
chosen as modifying agents: polyvinyl alcohol (PVA, 
linear structure) and tannic acid (TA, bulky, branched 
structure).

reSearch meThOdOlOGY
The object of the study was bovine (cattle) pericar-

dium preserved according to standard methods – 5% 
EGDE and 0.625% GA. Tannic acid (ACS reagent, Sig-
ma Aldrich, USA) and polyvinyl alcohol Mw 67,000, 
88% degree of hydrolysis of acetate group (Sigma-
Aldrich, USA) were used as reagents for modifying the 
xenopericardium in order to reduce calcium-binding 
activity. The material was modified in two ways: in 5% 
PVA solution in isotonic saline solution and in 3% TA 
solution in isotonic saline solution. Exposure lasted for 
24 hours at 37 °C and constant stirring in hydrochloric 
acid as a reaction catalyst.

To confirm the presence of additional hydroxyl groups 
introduced by the described method in the structure of 
modified materials, tissue samples (n = 2, for each group) 
were dried and examined by infrared spectroscopy on 
an Infralum FT-801 IR Fourier spectrometer (Russia). 
The analysis was carried out using diffuse reflectance 
infrared spectra.

Changes in its mechanical properties – ultimate tensi-
le strength, elongation to rupture, and Young’s modulus – 
were used as a criterion for the effectiveness of these 
xenopericardium treatment methods. For this purpose, 
samples of the original and modified biomaterial (n = 
5, for each study group) were evaluated under uniaxial 
tension on universal testing machine Zwick/Roell (Zwick 
GmbH, Germany). Samples were prepared using a spe-
cially shaped knife (B083, corresponding to ISO 37: 
2017) on a ZCP 020 punch press (Zwick GmbH & Co. 
KG, Germany). The ultimate tensile strength of biologi-
cal tissue was determined by the maximum tensile stress 
before the onset of destruction of the sample (MPa). 
Elastic-deformation properties were assessed by relative 
elongation, corrected taking into account the nature of 
destruction of the samples (%) and Young’s modulus 
(MPa), which was determined in the ranges of small 
deformations corresponding to the range of physiological 
load. To measure the thickness of the samples, we used a 
thickness gauge, TR (ZAO Krasny Instrumentalshchik, 
Russia) with a ±0.01 mm margin of error (clamping force 
≤1.5 N) was used.

The effectiveness of reducing calcium-binding acti-
vity was assessed by in vitro and in vivo tests. To deter-
mine in vitro the resistance of the original and modified 
material to calcification, biotissue samples were kept in 
a solution simulating the physiological environment of 
the human body. For this purpose, 5 × 5 mm pericardial 
flaps (n = 5) were placed individually in a 2 mL solu-
tion containing sterile medium for growing human and 
animal cell cultures (DMEM, Sigma-Aldrich, USA), 

fetal bovine serum (FBS, Sigma-Aldrich, USA), cal-
cium chloride and sodium monohydrogen phosphate. 
Calcification level was determined after week 2 and 3 of 
incubation at 37 °C in a CO2 incubator, the carbon dioxi-
de concentration being 5%. Cryosections of incubated 
samples, pre-stained with alizarin red S, were examined 
by light microscopy on an AXIO Imager A1 device (Carl 
Zeiss, Germany).

Material resistance to calcification was also evaluated 
in vivo by subcutaneous implantation in male Wistar 
rats (n = 5) (weight 55–70 g). The follow-up period was 
2 months. All interventions were performed under ge-
neral anesthesia in compliance with the European Con-
vention for the Protection of Vertebrate Animals used 
for Experimental and other Scientific Purposes (ETS N 
123), with the Russian Ministry of Health order No. 199n 
dated April 1, 2016 “On Approval of the Rules of Good 
Laboratory Practice” and with Interstate Standard GOST 
33044-2014. After the prescribed period, the animals 
were withdrawn from the study by an overdose of anes-
thesia. Samples of the biomaterial were explanted, the 
surrounding tissues were removed and dried to constant 
weight, after which they were exposed to 50% perchloric 
acid under heating in order to complete hydrolysis until 
a clear solution was obtained. Samples diluted with di-
stilled water were examined for calcium content on an 
icap 6300 atomic emission spectrometer with inductively 
coupled plasma (Thermo Scientific, USA).

Quantitative data was analyzed using statistical me-
thods in medical and biological information processing 
software STATISTICA 6.0 (StatSoft, Inc., USA). Using 
the Kolmogorov–Smirnov test, the distribution model 
in the samples was determined as nonparametric, as a 
result of which the results цуку presented as medians 
(M), quartiles (25% and 75%), minimum and maximum 
values. The Mann–Whitney U test was used to assess the 
statistical significance of the differences between the two 
independent groups; the significance of differences was 
recorded at a p < 0.05 significance level.

reSulTS
evaluation of mechanical properties

The experiment showed that the ultimate tensile 
strength of the modified samples in both studied parallels 
(EGDE- and GA-preserved xenopericardium) was signi-
ficantly higher than the control values (p < 0.05) (Table). 
In the case of PVA modification, this indicator exceeded 
the control value by 2.7 and 1.6 times for the EGDE and 
GA pericardium, respectively. The tensile strength of the 
TA-treated xenopericardium was 2.4 times higher for 
EGDE-conditioned material and 1.8 times higher for 
GA-stabilized material.

In terms of elongation and Young’s modulus, no si-
gnificant differences were found between the groups, 
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Fig. 1. Diffuse reflectance IR spectra of biomaterial stabilized with EDGE and GA, and modified with PVA and TA: a) com-
parison of the spectra of GA-pericardium treated with PVA with the control; b) comparison of the spectra of GA-pericardium 
treated with TA with the control; c) comparison of the spectra of EDGE pericardium treated with PVA with the control; 
d) comparison of the spectra of EDGE pericardium treated with TA with the control

а b

c d

except for the Young’s modulus of the EGDE-prefixed 
and polyvinyl alcohol-modified specimens.

infrared spectroscopy
The diffuse reflectance spectra obtained for the modi-

fied samples (PVA- and TA-treated xenopericardium) re-
vealed changes in the character (width and shape) of the 
band caused by stretching vibrations of the interacting 
O–H– bonds in the 3200–3600 cm–1 range [16] (Fig. 1). 
The region of the spectrum obtained for each of the stu-
died samples up to 1800 cm–1 contains characteristic 

bands related to the protein structures of the pericardial 
tissue, in particular, collagen. As a rule, amide I bands 
(~1700 cm–1) arise from C=O stretching vibrations as-
sociated with N–H bending vibrations. Amide II bands 
(~1575 cm–1) arise from N–H bending vibrations with 
C–N stretching vibrations [17]. The bands of C–O–C 
vibrations caused by the presence of epoxy groups, lie 
in the 800–900 cm–1 range [18]. According to reports, the 
presence of a carbonyl group determines the appearance 
of a band in the infrared spectrum of the compound in 

Table
Mechanical properties of modified and control materials

Name Strength, MPa Relative elongation, % Young’s modulus, МPа
Control (GA) 12.34 (7.75; 9.38; 14.00; 14.63)# 54.12 (45.73; 48.30; 58.75; 60.83) 1.69 (1.12; 1.25; 2.01; 2.13)
Control (EGDE) 3.48 (3.12; 3.14; 4.06; 4.96)* 54.51 (47.38; 47.98; 64.16; 65.79) 1.720 (1.67; 1.68; 1.80; 1.82)
GA + TA 21.67 (20.64; 20.92; 23.11; 23.79)* 61.18 (57.94; 58.78; 64.72; 65.89) 1.66 (1.47; 1.49; 1.72; 1.76)
EGDE + TA 8.48 (4.40; 6.23; 8.75; 9.00)# 48.23 (39.89; 43.35; 62.26; 62.89) 1.63 (1.47; 1.53; 2.00; 2.04)
GA + PVA 19.35 (16.04; 16.36; 24.58; 26.72)* 57.00 (47.87; 49.29; 65.38; 73.25) 1.56 (1.06; 1.29; 1.60; 1.63)
EGDE + PVA 9.55 (5.07; 6.89; 10.50; 10.65)# 58.34 (42.49; 48.80; 65.06; 66.81) 2.04 (1.94; 1.97; 2.38; 2.50)#

* – statistically significantly different from the GA control (p < 0.05), # – statistically significantly different from the EGDE 
control (p < 0.05).
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Fig. 3. Calcium content in samples implanted in rats for 60 days
* – statistically significantly different from the GA control group.

Fig. 2. Histological sections of biomaterial samples, stabilized with EDGE and GA, and modified with PVA and TA. Evalua-
tion of in vitro calcification. 200× magnification
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the 1660–1770 cm–1 region [19]. In our case, this band 
obviously overlaps with the amide I band.

In vitro calcification assessment
Microscopic analysis of slices stained for the pre-

sence of calcium and obtained after incubation of sam-
ples in solution to simulate accelerated calcification in 
vitro showed an increase in the resistance to minerali-
zation in all PVA- and TA-modified materials compared 
with the control groups (Fig. 2). There were no visual 
differences in the amount of calcium in the PVA- and 
TA-treated samples. However, a greater propensity to 

form calcifications was noted for the entire parallel of 
GA pre-stabilized tissues (Fig. 2).

In vivo calcification
Assessment of calcium content in xenopericardium 

samples implanted in rats revealed, first of all, a statis-
tically significantly higher level of calcification for the 
GA pre-stabilized material, p < 0.05 (Fig. 3). At the same 
time, additional treatment of GA-fixed tissue with poly-
hydroxy compounds (PVA and TA) made it possible to 
significantly reduce calcium content in the samples, p < 
0.05. The level of calcification of samples pre-stabilized 
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Fig. 4. Interaction between epoxy groups in EDGE-stabilized xenopericardium and hydroxyl groups in polyvinyl alcohol

with EGDE and treated with PVA and TA did not differ 
from the control group (p = 0.063).

diScuSSiOn Of reSulTS
Modification of xenopericardium with polyhydroxy 

compounds, pre-stabilized with chemical agents, is based 
on the principle of interaction of free groups of the pre-
servative with the hydroxyl groups of the modifier. In 
addition to covalent chemical bonds, polyvinyl alcohol 
(I) and tannic acid (II) can form less stable hydrogen 
bonds with amino acid functional groups of collagen 
molecules, and can be physically absorbed in the voids of 

the biomaterial and on its surface. Fig. 4 and 5 illustrate 
the chemical processes occurring during modification 
using a reaction with polyvinyl alcohol as an example.

Due to the peculiarities of the chemical structure of 
the main chain and the presence of hydroxyl groups, 
PVA is a non-toxic and highly hydrophilic compound. 
Films and hydrogels made on its basis are used, inter alia, 
in experiments to create a polymeric heart valve [20]. 
Tannic acid, in turn, has been studied earlier as an indi-
vidual substance that stabilizes biological tissue [21] and 
as an additional component in pericardial fixation with 
glutaric aldehyde [22]. Works performed established a 
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Fig. 5. Hemiacetal formation as a result of interaction between the aldehyde group in glutaraldehyde and two nearest hydroxyl 
groups in polyvinyl alcohol

reduced body’s immune response (experiment with rats) 
and reduced calcium-binding activity of the biomaterial, 
as well as preserved collagen fibers of biological tissue 
[21, 22].

mechanical properties
The experimentally obtained strength values of the 

samples of the control groups are generally similar to the 
literature data [23], where, among other things, a high-
er strength of materials stabilized with glutaraldehyde 
compared to EGDE was noted, which correlates with the 
results obtained by us earlier.

Increased strength characteristics of PVA- and TA-
modified pericardium may indicate the formation of 
additional interfibrillar cross-links in collagen [24]. At 
the same time, the absence of statistically significant 
differences in strengths between the TA and PVA groups, 
although it does not allow us to state unequivocally, in-
dicates that these compounds are chemically equivalent. 
However, the presented chemical interaction scheme 
reflects only the assumed reaction mechanism; probably, 
in addition to the proposed explanation, other paths are 
possible, which is associated with the complexity of the 
systems under study. Notwithstanding, in the absence 
of a critical effect on Young’s modulus and elasticity of 
the material modification, one can assert that there is no 
negative effect on the pericardial structure of the reagents 
used and the reaction conditions.

infrared spectroscopy
The change in the nature of the band in the spectral 

region caused by the O−H stretching vibrations of the 
interacting hydroxyl groups may be due to the breaking 
of bonds of unreacted epoxy groups of the preservati-
ve, resulting in the formation of new hydroxyl groups, 
new covalent and hydrogen bonds in the case of EG-
DE-preserved samples. In this case, direct grafting of 
polyhydroxyl compounds (PVA and TA) to the surface 

of the biological tissue makes the main contribution to 
increased band width. The ambiguity in interpretation 
of IR spectra is due to the complexity of the compo-
sition and structure of the biological structures of the 
material under study. At the same time, the absence of 
significant changes in the location of the characteristic 
bands of the spectrum indicates the preservation of the 
tissue structure, in particular, tertiary collagen and elastin 
molecules. Based on the foregoing, it can be argued that 
modification has no negative effect on the architectonics 
of biological material.

In vitro calcification
The amount of calcium phosphate precipitate in the 

in vitro model system is limited and depends on the ini-
tial concentrations of the working solution. In this case, 
a relatively unlimited amount of salt is formed on the 
implant surface in the blood stream. Moreover, calcium 
phosphate precipitation in the in vitro system is random 
compared to pathological calcification. Consequently, 
the nature of the crystalline mineral phase in the in vitro 
system is hardly predictable and may differ from in vivo. 
Besides, there is strong evidence supporting the role of 
cells in calcification [25]. However, the proposed in vitro 
model can be used to explain the formation of passive 
deposits that do not imply cellular involvement [26].

Polyhydroxyl coating formed on the surface of bio-
logical materials modified with polyvinyl alcohol and 
tannic acid is a highly hydrophilic surface, which, un-
der physiological conditions, has a neutral reaction in 
the case of PVA and weakly acidic for TA. Due to the 
neutralization of free groups of preservatives capable of 
provoking calcium accumulation in the tissue, and also 
due to the filling of voids in the structure of the material 
[27], such a modification probably partially limits the 
penetration of calcium and phosphate ions into the tis-
sue, since the existing spaces are potential calcification 
nucleation centers [14].



68

RUSSIAN JOURNAL OF TRANSPLANTOLOGY AND ARTIFICIAL ORGANS Vol. XXIII   № 1–2021

In vivo calcification
A decrease in the level of GA-preserved pericardium 

calcification as a result of PVA and TA modification is 
probably associated with decreased toxicity of the alde-
hyde groups of the preservative, and, as a consequence, 
with reduced inflammatory response. Inflammation is 
known to precede the development of implanted tissue 
mineralization [28]. In addition, tannic acid has been 
reported to be able to bind elastin, which is also a promo-
ting factor in calcification [29]. No similar information 
about polyvinyl alcohol has been found in publications; 
so, this issue requires experimental confirmation. Mean-
while, the calcium content in the EGDE group was lower 
than the same value for the GA control group. However, 
the presented implantation model for rats does not give 
a complete picture, since long-term clinical outcomes 
indicate calcification of biological prostheses of the heart 
valve preserved by EGDE [8]. For this reason, modifica-
tion is necessary, and the methods we have proposed in 
this work may be quite promising as they demonstrate 
the calcium-binding resistance of the treated tissues.

cOncluSiOn
A cumulative analysis of the study results demons-

trated the ability of the modified PVA and TA tissues, 
pre-preserved with GA and EGDE, to reduce calcium-
binding activity and increase strength, which indicates 
the prospects for clinical application of the proposed 
treatment methods. At the same time, the issue of long-
term body response requires further study of the long-
term stability of the modified biomaterial under physio-
logical blood flow conditions.

This work was supported by the comprehensive pro-
gram of fundamental scientific research of the Siberian 
Branch of the Russian Academy of Sciences within the 
framework of  the fundamental theme No. 0546-2015-
0011 of the Research Institute for Complex Issues of Car-
diovascular Diseases, “Pathogenetic substantiation of 
the development of implants for cardiovascular surgery 
based on biocompatible materials, with the implementa-
tion of a patient-centered approach using mathematical 
modeling, tissue engineering and genomic predictors”.

The authors declare no conflict of interest.

referenceS
1. Hoerstrup  SP,  Weber  B. Biological heart valves. Eur 

Heart  J. 2015; 36: 325–332. doi: 10.1093/eurheartj/
ehu483.

2. Chambers  J. Prosthetic heart valves. Int  J  Clin  Pract. 
2014; 68: 1227–1230. doi: 10.1111/ijcp.12309.

3. Li  KYC. Bioprosthetic Heart Valves: Upgrading a 50-
Year Old Technology. Front Cardiovasc Med. 2019; 6: 
47. doi: 10.3389/fcvm.2019.00047.

4. Mirsadraee S, Wilcox HE, Watterson KG, Kearney JN, 
Hunt J, Fisher J, Ingham E. Biocompatibility of acellu-
lar human pericardium. J Surg Res. 2007; 143: 407–414. 
doi: 10.1016/j.jss.2007.01.026.

5. Sadowski J, Bartus K, Kapelak B, Chung A, Stąpor M, 
Bochenek M. Aortic valve replacement with a novel anti-
calcification technology platform. Kardiologia  Polska. 
2015; 73: 317–322. doi: 10.5603/KP.a2014.0214.

6. Barbarash O, Rutkovskaya N, Hryachkova O, Gruzde-
va O, Uchasova E, Ponasenko A et al. Impact of reci-
pient-related factors on structural dysfunction of xenoa-
ortic bioprosthetic heart valves. J  Patient  Preference 
and  Adherence. 2015; 9: 389–399. doi: 10.2147/PPA.
S76001.

7. Migneault I, Dartiguenave C, Bertrand MJ, Waldron KC. 
Glutaraldehyde: behavior in aqueous solution, reaction 
with proteins, and application to enzyme crosslinking. 
Biotechniques. 2004; 37: 790–796, 798–802.

8. Kozlov  BN,  Petlin  KA,  Pryakhin  AS,  Seredkina  EB, 
Panfilov DS, Shipulin VM. Neposredstvennye i otdalen-
nye rezul’taty primeneniya bioprotezov “YuniLayn” v 
aortal’noy pozitsii. Klinicheskaya  i eksperimental’naya 
khirurgiya. 2017; 5: 37–42. doi: 10.24411/2308-1198-
2017-00005.

9. Shang H, Claessens SM, Tian B, Wright GA. Aldehyde 
reduction in a novel pericardial tissue reduces calcifica-
tion using rabbit intramuscular model. J Mater Sci Mater 
Med. 2016; 28: 16. doi: 10.1007/s10856-016-5829-8.

10. Bre  LP, McCarthy  R, Wang W. Prevention of biopros-
thetic heart valve calcification: strategies and outcomes. 
Curr Med Chem. 2014; 21: 2553–2564. doi: 10.2174/09
29867321666131212151216.

11. Tam H, Zhang W, Feaver KR, Parchment N, Sacks MS, 
Vyavahare N. A novel crosslinking method for improved 
tear resistance and biocompatibility of tissue based bio-
materials. Biomaterials. 2015; 66: 83–91. doi: 10.1016/j.
biomaterials.2015.07.011.

12. Lim HG,  Kim GB,  Jeong  S,  Kim  YJ. Development of 
a next-generation tissue valve using a glutaraldehyde-
fixed porcine aortic valve treated with decellularization, 
α-galactosidase, space filler, organic solvent and detoxi-
fication. Eur J Cardiothorac Surg. 2015; 48: 104–113. 
doi: 10.1093/ejcts/ezu385.

13. Rapoport  HS,  Connolly  JM,  Fulmer  J,  Dai  N,  Mur-
ti  BH,  Gorman  RC,  Gorman  JH,  Alferiev  I,  Levy  RJ. 
Mechanisms of the in vivo inhibition of calcification of 
bioprosthetic porcine aortic valve cusps and aortic wall 
with triglycidylamine/mercapto bisphosphonate. Bio-
materials. 2007; 28: 690–699. doi: 10.1016/j.biomateri-
als.2006.09.029.

14. Jeong S, Yoon EJ, Lim HG, Sung SC, Kim YJ. The effect 
of space fillers in the cross-linking processes of biopros-
thesis. BioResearch Open Access. 2013; 2: 98–106. doi: 
10.1089/biores.2012.0289.

15. Lopez-Moya M, Melgar-Lesmes P, Kolandaivelu K,  de 
la Torre Hernández JM, Edelman ER, Balcells M. Opti-
mizing Glutaraldehyde-Fixed Tissue Heart Valves with 
Chondroitin Sulfate Hydrogel for Endothelialization and 
Shielding against Deterioration. Biomacromolecules. 
2018; 19: 1234–1244. doi: 10.1021/acs.biomac.8b00077.



69

REGENERATIVE MEDICINE AND CELL TECHNOLOGIES

16. Chen  Y-N,  Peng  L,  Liu  T,  Wang  Y,  Shi  S,  Wang  H. 
Poly(vinyl alcohol)–Tannic Acid Hydrogels with Excel-
lent Mechanical Properties and Shape Memory Behavi-
ors. ACS Appl Mater Interfaces. 2016; 8: 27199–27206. 
doi: 10.1021/acsami.6b08374.

17. Suchý T, Šupová M, Sauerová P, Verdánová M, Suchar-
da Z, Rýglová Š, Žaloudková M, Sedláček R, Kal bá čo-
vá MH. The effects of different cross-linking conditions 
on collagen-based nanocomposite scaffolds-an in  vitro 
evaluation using mesenchymal stem cells. Biomed Mater. 
2015; 10: 065008. doi: 10.1088/1748-6041/10/6/065008.

18. Mallard I, Landy D, Fourmentin S. Evaluation of Poly-
ethylene Glycol Crosslinked β-CD Polymers for the Re-
moval of Methylene Blue. Appl Sci. 2020; 10: 4679. doi: 
10.3390/app10134679.

19. Gao S,  Yuan Z, Guo W, Chen M, Liu  S, Xi  T, Guo Q. 
Comparison of glutaraldehyde and carbodiimides to 
crosslink tissue engineering scaffolds fabricated by de-
cellularized porcine menisci. Mater Sci Eng C. 2017; 71: 
891–900. doi: 10.1016/j.msec.2016.10.074.

20. Muppalaneni S, Omidian H. Polyvinyl Alcohol in Me-
dicine and Pharmacy: A Perspective. J Develop Drugs. 
2013; 2: 112. doi: 10.4172/2329-6631.1000112.

21. Cwalina  B,  Turek  A,  Nozynski  J,  Jastrzebska  M,  Na-
wrat Z. Structural Changes in Pericardium Tissue Modi-
fied with Tannic Acid. Int J Artif Organs. 2005; 28 (6): 
648–653. doi: 10.1177/039139880502800614.

22. Wang D, Jiang H, Li J, Zhou JY, Hu SS. Mitigated cal-
cification of glutaraldehyde-fixed bovine pericardium 
by tannic acid in rats. Chin Med  J  (Engl). 2008; 121: 
1675–1679. doi: 10.1097/00029330-200809010-00017.

23. Ovcharenko  EA,  Klyshnikov  KU,  Yuzhalin  AE,  Savra-
sov GV, Glushkova TV, Vasukov GU et al. Comparison 

of xenopericardial patches of different origin and type of 
fixation implemented for TAVI. International Journal of 
Biomedical Engineering and Technology. 2017; 25 (1): 
44–59. doi: 10.1504/IJBET.2017.086551.

24. Gu L, Shan T, Ma Y, Tay FR, Niu L. Novel Biomedical Ap-
plications of Crosslinked Collagen. Trends Biotechnol. 
2018; 37: 464–491. doi: 10.1016/j.tibtech.2018.10.007.

25. D’Alessandro  CC,  Komninou  MA,  Badria  AF,  Koros-
sis  S,  Koutsoukos  P, Mavrilas  D. Calcification assess-
ment of bioprosthetic heart valve tissues using an impro-
ved in vitro model. IEEE Trans Biomed Eng. 2020; 67: 
2453–2461. doi: 10.1109/tbme.2019.2963043.

26. Vasudev SC, Moses LR, Sharma CP. Covalently bonded 
heparin to alter the pericardial calcification. Artif Cells 
Blood Substit  Immobil Biotechnol. 2000; 28: 241–253. 
doi: 10.3109/10731190009119355.

27. Vasudev SC, Chandy T. Polyethylene glycol-grafted bo-
vine pericardium: a novel hybrid tissue resistant to cal-
cification. J Mater Sci: Mater. 1999; 10: 121–128. doi: 
10.1023/a:1008925204988.

28. Hulin A, Hego A, Lancellotti P, Oury C. Advances in Pa-
thophysiology of Calcific Aortic Valve Disease Propose 
Novel Molecular Therapeutic Targets. Front Cardiovasc 
Med. 2018; 5: 21. doi: 10.3389/fcvm.2018.00021.

29. Isenburg  JC,  Karamchandani  NV,  Simionescu DT,  Vy-
avahare  NR. Structural requirements for stabilization 
of vascular elastin by polyphenolic tannins. Biomate-
rials. 2006; 27: 3645–3651. doi: 10.1016/j.biomateri-
als.2006.02.016.

The article was submitted to the journal on 17.11.2020


