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The aim of the study was to select the optimal method for creating surgical porcine dermis-based biomaterials and to assess their
biological safety.

Materials and Methods. To create xenodermal biomaterials, the native skin of a 4-month-old Landrace pig was used. The porcine
dermis was processed with saline (protocol No.1), peroxide-alkaline (protocol No.2), and alkaline (protocol No.3) solutions. The obtained
samples were stained with hematoxylin-eosin and a DAPI fluorescent dye. Quantitative DNA analysis and assessment of cytotoxicity by the
LIVE/DEAD assay were also performed. Samples were implanted/injected subcutaneously to 6-month-old male Wistar rats (n=30) weighing
260120 g and explanted on day 14 of the experiment. Histological sections were stained with hematoxylin-eosin. Computer morphometry
was performed using GraphPad Prism v. 6.04.

Results. Samples of surgical materials obtained according to the three protocols had different physical characteristics: dermis treated
according to protocol No.1 was dense and white in color after processing; samples processed by protocol No.2 were transparent and
dense, and samples treated according to protocol No.3 had transparent gel-like structures. Histological analysis has shown oxyphilicity and
extracellular matrix structure loss in all samples, and DAPI staining has revealed the destruction of cell nuclei. Nevertheless, DNA amount in
the samples processed according to protocol No.1 did not meet the established quality criterion for decellularization (50 ng/mg dry weight).
Further cytotoxicity assessment in vitro and in vivo was carried out only for samples fabricated according to protocols No.2 and No.3.
According to the LIVE/DEAD analysis, both samples were not cytotoxic. On day 14 after the subcutaneous sample implantation, no signs of
suppuration and immune rejection were found in the animals.

Conclusion. To obtain surgical materials in the form of bioplastic coatings, it is recommended to use alkaline-peroxide treatment of the
dermis, while hydrogel coatings are produced by alkaline hydrolysis.
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Introduction

Presently, the development of various reconstructive
materials used as wound coatings and surgical implants
in the diseases of different etiology remains urgent [1].
The existing standards in surgery imply application of
patient native tissues to replace the defects resulting
undoubtedly in better effect than xenogenic materials [2].
However, an additional volume of surgical intervention,
traumaticity, and difficulty in fixing the self-tissues restrict
the application of this method inspiring search for novel
biocompatible and biodegradable materials for solving a
wide spectrum of clinical tasks.

The modern pharmaceutical market offers different
forms of biomaterials depending on the specificity
of their application. For example, there are products
presented in the form of matrices, lyophilisates, powders,
films, hydrogels, sponge materials, and patches [3, 4].
The functional feature of many surgical materials is a
complex favorable effect on tissues: they may be carriers
of medicinal agents and deliver biologically active
substances, growth factors, and regeneration stimulators
to the damaged zone [4-6].

Surgical materials which are analogs to the
extracellular matrix (ECM) and imitating cellular
microenvironment are being actively investigated and
implemented into clinical practice: synthetic scaffolds
fabricated from polymer substrates (for example,
polycaprolactone, polyethylene glycol, and polyglycolic
acid); hydrogels synthesized from cross-linked hydrophilic
polymers (for example, polyacrylic acid, polyethylene
glycol, and polyvinyl alcohol); ceramic-based scaffolds
made from hydroxyapatite or tricalcium phosphate. There
are also materials based on the natural biopolymers
from animal and plant raw materials: alginates, chitosan,
chondroitin sulphates, cellulose, gelatin, dextrin, silk
fibroin, and collagen [7, 8]. The disadvantage of synthetic
materials is their inability to biodegradation and frequent
postoperative complications  (infilirates, abscesses,
fistulas,  pyoinflammatory  processes).  Biological
materials based on the connective tissue ECM produce
minimal local inflammatory reaction and provide natural
microenvironment for functional tissue regeneration [9].
It is worth mentioning that biocompatibility and structural
similarity of the biological materials with the native
ECM makes them eligible for using as supporting and
replacing implants as well as for acceleration of tissue

regeneration.
Biological materials can be produced by soft
lithography, electrospinning, 3D printing, or tissue

decellularization [8]. The most preferred method is a
decellularization technology which makes it possible to
preserve the histostructure of the collagen-containing
xeno- and allogenic tissues [10]. Chemical methods of
decellularization are the most optimal as they promote
maximal cell removal with minimal damage to ECM,
preservation of its three-dimensional ultrastructure,
spatial topology, and chemical composition. It should
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be also underlined that decellularization by means of
chemical agents is usually considered a cost-effective
technique, but a relatively long period of treatment
may be a substantial problem for optimization of
production time for these materials [11]. Decellularization
procedures based on collagen-containing tissue
processing with alkaline solutions are also popular
enough [12]. Decellularized matrices for medical
applications are most frequently fabricated from
xenogenic tissues [13]. Therefore, the procedure of
manufacturing purified ECM must provide absence
of xenotransplant rejection after its implantation into the
patient tissues.

Thus, with all the above said it may be concluded that
it is necessary to develop biological surgical materials
with tissue-specific compatible matrix capable of
biodegradation and optimizing wound regeneration.

The aim of the study was to select the optimal
method of creating surgical biomaterials and to assess
their biological safety.

Materials and Methods

Sampling and decellularization of dermis.
Xenodermal materials were derived from the native
skin of a 4-month-old Landrace pig. The animal was
injected with lethal doses of Zoletil and Xylazine. The
epidermis was removed from the donor area of the skin
using an electrodermatome with a 100-mm disc blade
diameter, thereafter, 0.50+0.05 mm-thick samples of
dermis weighing 0.50£0.03 g were obtained. Samples
underwent chemical decellularization using three
known techniques with the following modifications:
protocol No.1 — treatment with concentrated saline
solutions [14], protocol No.2 — treatment with alkaline
and hydrogen peroxide solutions [15], protocol No.3 —
treatment with an alkaline solution [15].

According to protocol No.1, the samples were in the
supersaturated solution containing 1.19 M KCI, 1.74 M
NaCl, and 0.86 M CaCl, (Reachem, Russia) for 96 h at
25°C, hydromodule (tissue:solution) 1:3. Excessive salts
were removed by successive washing in a 0.3% boric
acid solution (Reachem), deionized water, EDTA solution
(Thermo Fisher Scientific, USA), and finally, the samples
were washed in deionized water until pH stabilization.

In compliance with protocol No.2, the dermis
samples were processed with a mixture of 5% NaOH
solution (Vekton, Russia) and 3% H,0O, solution (lodine
Technologies and Marketing, Russia) in 1:1 ratio at 25°C
for 48 h (hydromodule 1:5). Then the samples were
washed in deionized water until pH was stabilized.

Following protocol No.3, the samples were treated
with 5% NaOH for 12 h (hydromodule 1:5). Stabilization
of pH was reached by washing the samples with
deionized water.

All dermis samples underwent a routine histological
analysis before and after the treatment to assess the
ECM structure preservation.
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Quantitative DNA analysis. After treatment of the
dermis, DNA quantity was determined by DNeasy
Blood & Tissue Kit (QIAGEN, Sweden) following the
manufacturer’s protocol using NanoDrop ND-1000
spectrophotometer (Thermo Fisher Scientific).

Assessment of cell nuclear destruction using
DAPI staining. DAPI staining was performed in the
following way: 4-5-u paraffin sections of the obtained
materials were fixed with 4% formaldehyde for 10 min.
Then DAPI (Sigma-Aldrich, USA) in 1:1000 dilution was
added to the samples and incubated for 5 min.

Assessment of the biomaterial cytotoxicity by
the LIVE/DEAD method. To perform the LIVE/DEAD
assay (LIVE/DEAD Cell Imaging Kit, Thermo Fisher
Scientific), a line of human dermal fibroblasts DF-1
received from the Russian collection of cell cultures
(Institute of Cytology, Russian Academy of Sciences,
Saint Petersburg, Russia) was used. The cells were
incubated in the DMEM medium (Gibco, England) with
the biomaterial samples for 24 h, then stained
with fluorescent dyes such as calcein-AM and ethidium
homodimer: the live cells exhibited green fluorescence
while the dead cells produced red fluorescence.
Olympus cellSens Entry software (Olympus, Japan)
provided visualization of the fluorescence.

Subcutaneous tests. Subcutaneous implantation/
injection of the biomaterial samples was made to the
6-month-old male Wistar rats (n=30) weighing 260+£20 g.
Animals were anaesthetized with 14 ml/kg Zoletil
100 solution and 1.2 ml/kg Sedamidin solution and then
the tested materials were injected under the skin in the
interscapular area. Antimedine solution (20 mg/kg) was
used to get out the rats from anaesthesia. On day 14
after the subcutaneous biomaterial tests, the samples
were explanted and morphologically and histologically
analyzed.

Microscopy. Microscopic, histological, and fluorescent
investigations were conducted in three visual fields/
sections for each sample using Olympus CX41
microscope (Olympus), data and images were processed
using Olympus cellSens Entry software.

The study was approved by the Independent
Ethical Committee of Kuban State Medical University.
All manipulations were done in compliance with the
requirements of Order No.708n of the Russian Ministry
of Health of August 23, 2010 “On the approval of the
rules of laboratory practice” and the Federal Law “On the
protection of animal cruelty” of December 1, 1999.

Statistical processing of data on morphometry of
biomaterial samples and quantitative DNA analysis was
performed using GraphPad Prism v. 6.04. To check
the character of value distribution, Shapiro-Wilk test
was applied. Since the distribution did not differ from
normal, the results were presented as MtS, where M is
arithmetic mean, S is standard deviation. Student’s t-test
was used to compare the DNA content in the samples
of different biomaterials. Differences were considered
significant at p<0.05.
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Results

The samples from biological material fabricated
according to protocol No.1 with a concentrated saline
solution were white in color, strong enough, did not
crush when pressed by forceps (Figure 1 (a), (b)). The
average thickness of the samples was 1.0£0.05 mm.
The samples treated according to protocols No.2 and
No.3 became semitransparent after pH stabilization
(Figure 1 (c)—(f)). The average thickness of the samples
processed according to protocol No.2 was 1.0+0.05 mm
as well. The dermis samples treated following protocol
No.3 formed a gel-like structure 12 h later (Figure 1 (g)).

The histological analysis has shown that the dermis
samples obtained in compliance with protocols
No.1 and No.2, in contrast to the native tissue
(Figure 2 (a)), looked like an oxyphilic mass presented
by multidirectional cords of collagen fiber bundles, the
structure of which was predominantly homogeneous
(Figure 2 (b), (c)). The material processed according to
protocol No.3 also represented an oxyphilic structure,
in which the most marked hydrolysis and swelling of the
polymers were observed (Figure 2 (d)).

The DAPI staining has shown absence of cell nuclei in
all samples proving the effectivity of the decellularization
procedures and perhaps better compatibility of the
materials when they are used (Figure 3).

A quantitative DNA analysis has been performed
to determine optimal conditions and effectivity of the
decellularization process (Figure 4). The investigation
has demonstrated that the amount of DNA in the
samples produced according to protocols No.2 and
No.3 decreased statistically significantly up to 25.51%
(47.95+2.03 ng/mg dry substance; p<0.05) and 20.57%
(38.66+1.64 ng/mg dry substance; p<0.05), respectively,
relative to the DNA content in the native dermis
(187.96+£5.21 ng/mg dry substance — 100%). While
the DNA content in the samples processed according to
protocol No.1 amounted to more than 50 ng per 1 mg
dry weight which did not satisfy the known criterion
of decellularization quality [16] and therefore these
samples did not undergo further investigations.

The analysis of data obtained by the LIVE/DEAD
method has demonstrated a large number of viable
cells after the co-cultivation of the samples fabricated
according to protocols No.2 and No.3 and dermal
fibroblasts indicating that there was no cytotoxic effect of
the tested matrix samples (Figure 5).

The results of the subcutaneous tests of the
experimental materials are presented in Figure 6.
All the animals did not have macroscopic signs of
inflammation on day 14 at the site of sample introduction
after the dermis treatment according to protocols No.2
and No.3, no suppuration and soft-tissue edema in the
implantation area were observed (Figure 6 (b), (e), (f)).
In animals with the subcutaneous implantation of the
biomaterial samples prepared according to protocol
No.2, a connective tissue capsule was formed though
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Figure 1. Appearance of samples before (a) and after (b) treatment according to protocol No.1; before (c) and
after (d) treatment according to protocol No.2; before (e) and after (f), (g) treatment according to protocol No.3

Figure 2. Histological analysis of native dermis samples (a), after treatment according
to protocol No.1 (b), protocol No.2 (c), and protocol No.3 (d); x100
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Figure 3. Results of DAPI staining of native dermis samples (a), after treatment according
to protocol No.1 (b), protocol No.2 (c), and protocol No.3 (d); X200
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Figure 5. Assessment of biomaterial cytotoxicity:
(a) protocol No.2; (b) protocol No.3; green staining — live cells, red staining — dead cells; x100

38 CTM I 2022 j vol. 14 I No.1 K.I. Melkonyan, Y.A. Kozmai, A.A. Verevkin, T.V. Rusinova, A.S. Asyakina, M.L. Zolotavina



BIOTECHNOLOGIES

Figure 6. Results of subcutaneous tests, day 14:

(a)—(c) protocol No.2; (d)—(f) protocol No.3

Figure 7. Staining with hematoxylin and eosin, day 14:
(a) protocol No.2; (b) protocol No.3. Green lines show the borders of the samples and surrounding
tissues; x100

no fixation of the implant to the surrounding tissues was
noted (Figure 6 (c)).

The histological assessment of the tissue reaction to
the implantation of the samples obtained in compliance
with protocols No.2 and No.3 has established that no
signs of inflammation and formation of connective
tissue capsules at the site of implantation of the
tested dermal samples were not observed on day 14
(Figure 7).

The dermal materials were characterized by partial
biodegradation, were insignificantly impregnated with
fibrous exudate which signifies the possibility of their
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application as a basis for regeneration and biointegration
into the tissues in surgical treatment.

Discussion

At present, there are data on the modern technologies
for tissue decellularization using alkaline hydrolysis
for cartilage tissue, amniotic membrane, and intestinal
submucosa; however, investigations on the porcine
dermis treatment by the alkaline technology are rather
scanty and contradictory [17, 18]. The authors of this
article have developed mono- and polycomponent
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methods of alkaline and saline processing of the primary
products for fabricating various forms of dermal ECM and
also performed a complex assessment of the biological
compatibility and safety of the obtained materials. There
are single issues devoted to the complex assessment
of biocompatibility and safety of the acellular dermal
materials for medical practice. For example, Li et al. [19]
conducted similar investigations but in relation to the fish
skin-based biological materials. Hoganson et al. [20]
proposed the method of obtaining acellular dermal matrix
on the basis of the porcine dermis possessing significant
biological activity and safety in relation to cellular cultures
which correlates with the data obtained by us.

Treatment with detergent solutions has been known
as one of the most effective methods of producing
decellularized ECM from dense fibrous connective
tissues [18]. However, most detergents (Triton X-100,
sodium deoxycholate, sodium dodecyl sulfate, CHAPS)
[16] are rather expensive, additional treatment with
enzymes (nucleases, trypsin, dispases, and others)
which increases production cost of the fabricated
material is required. The technology of derma processing
developed by us is based on the relatively inexpensive
chemical detergents such as hydrogen peroxide,
solutions of mineral salts and alkalis. The proposed
algorithms are simple to use as do not imply multi-step
treatment and allow the production of biologically safe
materials.

The quantitative analysis of the DNA content has
shown that despite a high extent of destruction of
the native dermis histoarchitectonics and similar
histomorphological picture for all samples of the created
biological materials, processing with concentrated
saline solutions does not fully remove the nuclear
material of the dermis cells (protocol No.1). A high DNA
content in the samples treated with the concentrated
saline solutions may be explained by the fact that
only impairment of cellular membranes with partial
destruction of the molecules integrated into the cells
occurs during this process causing the necessity of
additional enzymatic treatment [16]. To increase the
extent of dermis decellularization, it is necessary to
modify protocol No.1 either by adding detergents (Triton
X-100, sodium dodecyl sulfate, sodium deoxycholate,
etc.) or by increasing the time and number of cycles
for material handling. This conclusion is in line with the
investigations [20, 21], in which a multi-step processing
with organic solvents, detergents, saline solutions, and
enzymes was employed but DNA values in this case did
not exceed 50 ng/mg tissue.

Alkaline solutions cause effective hydrolysis and
solubilization of the cellular components as well as
proteins and ECM glycoproteins, the presence of which
in the matrix may lead to the undesirable response of the
recipient’s organism [22].

After alkaline peroxide treatment, samples
represented different structural materials: bioplastic
material and hydrogel. The difference in the form of
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the biomaterials is likely to be connected with swelling
of the collagen fiber bundles during treatment with
alkaline solutions. The process of swelling is caused by
ionization of the side groups of tropocollagen chains in
the solution with a high pH value as well as dissociation
of the glycosaminoglycan molecules bound to the
collagen. Swelling results in the increase of the distance
between the collagen fiber bundles, and the collagen
network loosens. However, a high extent of hydrogen
peroxide oxidizing capability also causes a definite
action. Rather a high concentration (3%) of hydrogen
peroxide enhances the strength characteristics of the
obtained bioplastic material not permitting a high degree
of collagen hydrolysis. This correlates with the literature
data: at relatively high concentrations of hydrogen
peroxide (>0.5%) collagen materials demonstrate the
increase of ultimate tensile strength [11, 23]. There
also may be processes of destruction and wash-out
of glycosaminoglycans composing  glycoproteins
participating in the packaging of collagen fibers into
bundles. Thickening and structural homogeneity of the
collagen bundles due to its swelling are likely to increase
its density. Nevertheless, matrices after peroxide-alkaline
treatment are supposed to promote better cell viability
for successful connective tissue regeneration due
to enlargement of the surface area connected with
loosening of the ECM fibrous network and may be used
as supporting implants and wound dressings. In the
known study by Schwarz et al. [24], human and porcine
cartilage tissue underwent decellularization using alkali
(1N NaOH solution) and hydrogen peroxide (5% H,0,
solution); guanidine hydrochloride and sodium acetate
were applied additionally. The samples looked like a
dense bioplastic material and had a characteristic white
color that disagrees with the data obtained by us.
Alkaline treatment without hydrogen peroxide
resulted in formation of hydrogel collagen-containing
material which may be explained by collagen structure
impairment, i.e. cleavage of the collagen fibrils and
destruction of unrestorable collagen cross-links. In
the analogous study [11], the dermis was treated with
0.06 M NaOH, however, the time of treatment became
much longer due to a low concentration of the alkali,
besides the produced material was almost similar to
the bioplastic material by its structure. In the other
investigation [25], bovine dermis was processed with
1 M NaOH solution for 20 h. The histological analysis did
not register cellular cultures, while the quantitative DNA
analysis showed 13.1 ng/mg tissue which correlates
with our results, however, the authors failed to obtain
a gel-like structure of the material. The development of
connective tissue-based hydrogels has been described
in several researches, but it implies a long-term and
labor-consuming technology including decellularization,
shock freezing, lyophilic drying, crushing in the
cryomill, and swelling [26, 27]. Our method is simple,
single-component, and the fabricated material
possesses satisfactory biocompatibility and biosafety.
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Conclusion

The proposed decellularization protocols allow
fabrication of various forms of biologically safe nontoxic
biomaterials which may be used for guided tissue
regeneration in surgical practice. To create bioplastic
coatings, it is recommended to use alkaline-peroxide
treatment which provides formation of a dense
semitransparent material convenient for use and
observation of the healing process. Application of
alkaline hydrolysis is considered optimal for creation
of hydrogel coatings and injection materials. However,
long-term investigations are needed to study the
interaction of biomaterials with the tissue in more detail.

Research funding. The work was financially
supported by the Kuban Scientific Foundation included
in research project No.MFI-P-20.1/11.

Conflicts of interest. The authors declare no evident
or potential conflicts of interest associated with the
publication of this article.

References

1. Brocke T., Barr J. The history of wound healing. Surg
Clin North Am 2020; 100(4): 787-806, https://doi.org/10.1016/j.
suc.2020.04.004.

2. Ushmarov D.l, Gumenyuk S.E., Gumenyuk A.S,
Gayvoronskaya T.V.,, Karablina S.Y.,, Pomortsev A.V,
Sotnichenko A.S., Melkonyan K.1., Grigoriev T.E. Comparative
evaluation of chitosan-based multifunctional wound dressings:
a multistage randomised controlled experimental ftrial.
Kubanskii nauchnyi meditsinskii vestnik 2021; 28(3): 78-96,
https://doi.org/10.25207/1608-6228-2021-28-3-78-96.

3. Chattopadhyay S., Raines R.T. Collagen-based
biomaterials for wound healing. Biopolymers 2014; 101(8):
821-833, https://doi.org/10.1002/bip.22486.

4. Choi J.S., Oh S.H., Kim Y.M., Lim J.Y. Hyaluronic acid/
alginate hydrogel containing hepatocyte growth factor and
promotion of vocal fold wound healing. Tissue Eng Regen Med
2020; 17(5): 651-658, https://doi.org/10.1007/s13770-020-
00280-6.

5. LiR, XuJ., Rao Z., Deng R., Xu Y., Qiu S., Long H.,
Zhu Q., Liu X., Bai Y., Quan D. Facilitate angiogenesis and
neurogenesis by growth factors integrated decellularized
matrix hydrogel. Tissue Eng Part A 2021; 27(11-12): 771-787,
https://doi.org/10.1089/ten.tea.2020.0227.

6. Kuznetsova T.A., Besednova N.N., Usov V.V,
Andryukov B.G. Biocompatible and biodegradable wound
dressings on the basis of seaweed polysaccharides (review
of literature). Vestnik khirurgii im. 1.I. Grekova 2020;
179(4): 109-115, https://doi.org/10.24884/0042-4625-2020-
179-4-109-115.

7. Shekhter A.B., Guller A.E., Istranov L.P., Istranova E.V.,
Butnaru D.V., Vinarov A.Z., Zakharkina O.L., Kurkov A.V.,
Kantimerov D.F., Antonov E.N., Marisov L.V., Glybochko P.V.
Morphology of collagen matrices for tissue engineering
(biocompatibility, biodegradation, tissue response). Arhiv
patologii  2015; 77(6): 29-38, https://doi.org/10.17116/
patol201577629-38.

8. Hussey G.S., Dziki J.L., Badylak S.F. Extracellular matrix-

Methods of Fabricating Biological Dermal Materials in Surgical Practice

BIOTECHNOLOGIES

based materials for regenerative medicine. Nat Rev Mater 2018;
3(7): 159-173, https://doi.org/10.1038/s41578-018-0023-x.

9. Keane TJ., Badylak S.F. The host response to
allogeneic and xenogeneic biological scaffold materials.
J Tissue Eng Regen Med 2015; 9(5): 504-511, https://doi.
org/10.1002/term.1874.

10. lvanov AN., Saveleva M.S., Kozadaev M.N.,
Matveeva O.V., Salkovskiy Yu.E., Lyubun G.P., Gorin D.A.,
Norkin I.LA. New approaches to scaffold biocompatibility
assessment. BioNanoScience 2019; 9(2): 395-405, https://doi.
org/10.1007/s12668-019-00613-3.

11. Terzini M., Bignardi C., Castagnoli C., Cambieri I.,
Zanetti E.M., Audenino A.L. Ex vivo dermis mechanical
behavior in relation to decellularization treatment length. Open
Biomed Eng J 2016; 10: 34-42, https://doi.org/10.2174/187412
0701610010034.

12. Saghizadeh M., Winkler M.A., Kramerov A.A,
Hemmati D.M., Ghiam C.A., Dimitrijevich S.D., Sareen D.,
Ornelas L., Ghiasi H., Brunken W.J., Maguen E.,
Rabinowitz Y.S., Svendsen C.N., Jirsova K., Ljubimov A.V.
A simple alkaline method for decellularizing human amniotic
membrane for cell culture. PloS One 2013; 8(11): 79632,
https://doi.org/10.1371/journal.pone.0079632.

13. Rieder E., Steinacher-Nigisch A., Weigel G. Human
immune-cell response towards diverse xenogeneic and
allogeneic decellularized biomaterials. Int J Surg 2016;
36(PtA): 347-351, https://doi.org/10.1016/j.ijsu.2016.06.042.

14. Rodrigues F.T., Martins V.C.A., Plepis A.M.G. Porcine
skin as a source of biodegradable matrices: alkaline treatment
and glutaraldehyde crosslinking. Polimeros 2010; 20(2): 92—
97, https://doi.org/10.1590/s0104-14282010005000013.

15. Antipova L.V., Storublevtsev S.A. Method for
producing collagen base with aseptic properties. Patent RU
2739396. 2020.

16. Crapo P.M., Gilbert T.W., Badylak S.F. An overview
of tissue and whole organ decellularization processes.
Biomaterials 2011,  32(12):  3233-3243, https://doi.
org/10.1016/j.biomaterials.2011.01.057.

17. Lange P.,, Greco K., Partington L., Carvalho C.,
Oliani S., Birchall M.A., Sibbons P.D., Lowdell M.W.,
Ansari T. Pilot study of a novel vacuum-assisted method for
decellularization of tracheae for clinical tissue engineering
applications. J Tissue Eng Regen Med 2017; 11(3): 800-811,
https://doi.org/10.1002/term.1979.

18. Keane T.J., Swinehart |., Badylak S.F. Methods of tissue
decellularization used for preparation of biologic scaffolds
and in vivo relevance. Methods 2015; 84: 25-34, https://doi.
org/10.1016/j.ymeth.2015.03.005.

19. LiD., Sun W.Q., Wang T., Gao Y., Wu J., Xie Z., Zhao J.,
He C., Zhu M., Zhang S., Wang P., Mo X. Evaluation of a
novel tilapia-skin acellular dermis matrix rationally processed
for enhanced wound healing. Mater Sci Eng C Mater Biol Appl
2021; 127: 112202, https://doi.org/10.1016/j.msec.2021.112202.

20. Hoganson D.M., O’Doherty E.M., Owens G.E.,
Harilal D.O., Goldman S.M., Bowley C.M., Neville C.M.,,
Kronengold R.T., Vacanti J.P. The retention of extracellular
matrix proteins and angiogenic and mitogenic cytokines in
a decellularized porcine dermis. Biomaterials 2010; 31(26):
6730-6737, https://doi.org/10.1016/j.biomaterials.2010.05.019.

21. Gilbert T.W., Freund J.M., Badylak S.F. Quantification of
DNA in biologic scaffold materials. J Surg Res 2009; 152(1):
135-139, https://doi.org/10.1016/j.jss.2008.02.013.

22. Leow-Dyke S.F., Rooney P., Kearney J.N. Evaluation

CTM | 2022 [ vol. 14 | No.1 41



BIOTECHNOLOGIES

of copper and hydrogen peroxide treatments on the biology,
biomechanics, and cytotoxicity of decellularized dermal
allografts. Tissue Eng Part C Methods 2016; 22(3): 290-300,
https://doi.org/10.1089/ten.tec.2015.0271.

23. Bishtakov R.B., Garifullina R.A., Sadykova G.U.,
Lomakin S.P. About collagen and hydrolysates of derma
collagen. Stolica nauki 2021; 2: 23-27. URL: https://ftp.
scientific-capital.ru/feb2021/0022021.pdf#tpage=24.

24. Schwarz S., Koerber L., Elsaesser A.F., Goldberg-
Bockhorn E., Seitz A.M., Durselen L., Ignatius A., Walther P.,
Breiter R., Rotter N. Decellularized cartilage matrix as a
novel biomatrix for cartilage tissue-engineering applications.
Tissue Eng Part A 2012; 18(21-22): 2195-2209, https://doi.
org/10.1089/ten.tea.2011.0705.

25. Kalmykova N.V., Demyanenko |.A., Shevlyagina N.V.,

42 CTM 2022 [ vol. 14 [ No.1

Andreevskaya S.G., Suslov AP. The comparative
efficiency analysis of simple and multicomponent alkaline
decellularization on the example of purification of the fibrous
extracellular matrix of the derma. Morfologicheskie vedomosti
2016; 24(4): 36-45.

26. Fernandez-Pérez J., Ahearne M. The impact of
decellularization methods on extracellular matrix derived
hydrogels. Sci Rep 2019; 9(1): 14933, https://doi.org/10.1038/
s41598-019-49575-2.

27. Bordbar S., Lotfi Bakhshaiesh N., Khanmohammadi M.,
Sayahpour F.A., Alini M., Baghaban Eslaminejad M. Production
and evaluation of decellularized extracellulear matrix hydrogel
for cartilage regeneration derived from knee cartilage.
J Biomed Mater Res A 2020; 108(4): 938-946, https://doi.
org/10.1002/jbm.a.36871.

K.I. Melkonyan, Y.A. Kozmai, A.A. Verevkin, T.V. Rusinova, A.S. Asyakina, M.L. Zolotavina



