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Despite great progress in the field of biomaterials for tissue engineering and regenerative medicine, the high 
requirements placed on artificial matrices (matrices, carriers, scaffolds) are the reason for the ongoing search for 
natural or synthetic extracellular matrix mimetics. Among such materials, decellularized umbilical cord (UC) stroma 
appears to be very attractive – it has a high content of hyaluronic acid, cytokines, and growth factors, and there 
are no ethical restrictions for its production. Decellularized UC stroma has been found to promote cartilage, liver 
tissue and nerve tissue repair, as well as wound healing. The review critically analyzes and summarizes published 
data on the ability of decellularized UC stroma to maintain the necessary conditions for adhesion, migration, 
differentiation and functional activity of adherent cells, thus stimulating the internal (physiological) regenerative 
potential of tissues. Literature was searched for in the following electronic databases: Medline/PubMed (www/ncbi.
nlm.nih.gov/pubmed), Cochrane library (https://www.cochrane.org), and eLIBRARY/Russian Science Citation 
Index (https://www.elibrary.ru). Inclusion criteria were the presence of biomaterials obtained from decellularized 
human UC stroma. Exclusion criteria for papers included research objects as decellularized umbilical cord vessels 
(veins and arteries) and umbilical cord cell cultures. Twenty-five original articles in English and Russian were 
selected for analysis of the products obtained, their applications, decellularization methods and research results. 
The review also discusses the prospects for decellularized umbilical cord in medicine.
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The concept of tissue engineering is to create func-
tionally active cell-engineered constructs (CECs) to sti-
mulate physiological regeneration of damaged tissues or 
tissue-engineered constructs (TECs)/tissue equivalents 
formed in vitro or in vivo, intended for temporary/per-
manent replacement of irreversibly damaged organs and 
tissues [1–3].

The main components of CECs/TECs are: cells and 
a cell carrier (synonyms: scaffold, framework, matrix or 
artificial matrix) whose function is to deliver and retain 
cells in the implantation site [4]. The most interesting are 
extracellular matrix (ECM) mimetics that mimic the na-
tural ECM in composition and can maintain the viability 
and functional activity of cells for a long time, creating 
the necessary microenvironment for them [1, 5, 6].

When creating CECs/TECs in vitro, reproduction of 
not only biochemical but also biomechanical stimuli, 
which ensure the vital activity of cells in the body, is 
an important condition for achieving a high degree of 
resemblance to the natural tissue [7]. To simulate in vit­
ro biomechanical forces, such as compression, tension, 
shear force, and hydrostatic pressure, special devices – 

bioreactors – are used, and for each organ the complex 
of such influences is individual [6–8].

An alternative way is the formation of CECs/TECs 
in the body by implanting a cell-free artificial matrix 
into the body. The task is to ensure migration of the 
recipient’s own cells to it and stimulate their prolifera-
tion with subsequent replacement of the damage by a 
functionally active tissue [9]. Cell-free products created 
by decellularization from the biomaterial of animal or 
human organs and tissues have shown high bioactivity. In 
addition, such a product can be manufactured in advance 
and applied without prior preparation. This potentially 
accelerates its introduction into clinical practice and is 
of particular importance for military medicine [10–11].

Among them, decellularized umbilical cord stroma 
(Wharton’s jelly, WJ) seems promising [12]. The WJ is 
a connective tissue that forms the bulk of the umbilical 
cord in humans and other mammals. The ECM obtained 
from WJ-derived mesenchymal stem cells (MSCs) con-
tains structural components (collagens types I, II, III, IV, 
V, VI, XII, XIV, fibronectin, fibrillin and high-molecular-
weight hyaluronic acid and sulfated glycosaminoglycans 
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Fig. 1. Flow diagram of the literature search employed for this review

(GAGs) such as chondroitin sulfates, heparan sulfate, 
dermatan sulfate) and numerous growth factors such 
as insulin-like growth factor (IGF-1) and IGF-binding 
proteins (IGFBPs) 1, 2, 3, 4 and 6, transforming growth 
factor alpha (TGF-α) and platelet-derived growth fac-
tor (PDGF), fibroblast growth factors (αFGF, βFGF), 
epidermal growth factors (EGFs), various isoforms of 
transforming growth factor beta (TGF-β1, 2, 3), vascu-
lar endothelial growth factor (VEGF), cytokines (with 
predominance of anti-inflammatory), matrix metallopro-
teinases (MMPs) and matrix metalloproteinase inhibitors 
(TIMPs). Expression of several immunomodulatory cy-
tokines, such as RANTES (regulates activation, normal 
T-cell expression and secretion), interleukin receptor 6 
(IL-6R), interleukin 16 (IL-16) and interferon gamma 
(IFN-γ), and proinflammatory cytokines, such as mac-
rophage colony stimulating factor (MCSF), macrophage 
stimulating protein 1-alpha (MIP1a) were also found; 
tumor necrosis factor 1α and 1β receptor superfamily 
(TNF-RI and TNF-RII), interleukin 1 receptor antagonist 
(IL1RA), and wound healing-related cytokines including 
intercellular adhesion molecule 1 (ICAM-1), granulocyte 
stimulating factor (G-CSF) [13–17]. In addition, ECM 
derived from WJ-derived MSCs supposedly has immu-
nomodulatory and some bacteriostatic effects [16, 17]. 
It has been described that decellularized WJ promotes 
cartilage repair [17], liver tissue [19], nerve tissue [20] 
and wound healing [21–23].

However, to the best of the authors’ knowledge, no 
review has so far attempted to critically evaluate and 
summarize the evidence regarding the regenerative po-
tential of decellularized UC stroma.

reviewed daTaBaSeS and Search reSulTS
The literature search was conducted in electronic 

databases Medline/PubMed (www/ncbi.nlm.nih.gov/
pubmed), Cochrane library (https://www.cochrane.org), 
and eLIBRARY, Russian Science Citation Index (https://
www.elibrary.ru).

The following terms were used as a search query in 
Medline/PubMed: (umbil*[title] AND decell*[title]) OR 
(whart*[title] AND decell*[title]) OR (umbil*[title] AND 
acell*[title]) OR (whart*[title] AND acell*[title]) OR 
(umbil*[title] AND extracel*[title] AND matr*[title]) OR 
(whart*[title] AND extracel*[title] AND matr*[title]). 
Date of last search: March 19, 2023.

The following terms were used as a search query in 
Cochrane library: (extracell* AND umbil*) OR (decell* 
AND umbil*). Date of last search: March 25, 2023.

The following terms were used as a search query in 
eLIBRARY: decell* umbil* (search query 1), extracell* 
matrix* umbil* (search query 2), decellularization and 
umbilical cord (search query 3), “extracellular matrix” 
and umbilical cord (search query 4). Date of last search: 
March 25, 2023.

Inclusion criteria were: the presence of materials 
obtained from decellularized human UC stroma in the 
study. Full-text original articles in English and Russian 
were used in literature analysis. Exclusion criteria for 
articles were the use of decellularized vessels (veins and 
arteries) of the umbilical cord, as well as the study of 
umbilical cord cell cultures without using its ECM. In 
addition, conference proceedings, reviews, and preprints 
of articles were not included in the study.

The literature search process is shown in Fig. 1.
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The initial search resulted in 425 publications. First of 
all, the results of the search for publications in each of the 
selected databases manually excluded articles on decellu-
larization of umbilical cord vessels, the use of umbilical 
cord mesenchymal cells and their vesicles. Next, litera-
ture reviews and 2 clinical studies with no description of 
UC-derived products were excluded (decellularization 
was not confirmed). At the last stage, 4 repetitions were 
excluded: 3 publications were duplicated in the PubMed 
and eLIBRARY databases [17, 24, 25], one publication 
was reflected twice as a result of a PubMed search (pu-
blication [26] and its correction [27]). In 3 publications, 
the authors used only centrifugation as WJ processing. 
No quantitative control of genetic material content was 
presented. This was the reason for their exclusion from 
consideration in the review [10, 28, 29]. The results of 
another study were also decided not to be considered – 
the product obtained by the researchers was a fraction of 
the supernatant obtained after exposure of WJ to trypsin 
[30]. So, 25 articles were included in the study [11, 12, 
16–21, 24–26, 31–44]. Eight described only in vitro stu-
dies [18, 19, 24, 25, 31–33, 37], four described only in 
vivo (animal) studies [34, 41, 43, 44], and 10 included 
both types of preclinical trials [11, 16, 17, 20, 21, 26, 
35, 36, 38, 42]. No clinical studies meeting the inclusion 
criteria were found.

main ParameTerS and reSearch reSulTS 
Of included PuBlicaTiOnS

Results of the published works demonstrate that de-
cellularized WJ (dWJ) refers to a biocompatible material 
capable of stimulating cell proliferation and positively 
influencing the regeneration processes of damaged or-
gans and tissues (Table).

Gupta et al. when creating a matrix for vascular tissue 
engineering from silk fibroin, dWJ was functionalized 
to improve the remodeling properties and immunomo-
dulation of the recipient response to introduction of the 
polymeric material. Powder of lyophilized dWJ was 
mixed with silk fibroin (5 mg dWJ per 1 ml of silk so-
lution) before matrix molding. After lyophilization, the 
prosthetic porous vessel was coated with a nanofiber 
layer. The solution for obtaining the material by elec-
trospinning consisted of silk fibroin and polycaprolac-
tone in hexafluoro-2-propanol. After crosslinking using 
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide and 
N-hydroxysuccinimide in 80% ethanol for 12 hours, the 
scaffolds were washed in sterile water on a shaker for 
12 hours and stored at 4 °C until further use [11]. Basiri 
et al. added dWJ, obtained using a similar technique, to 
a silk fibroin hydrogel before gelation. The biomaterial 
thus obtained, exhibited mechanical properties similar 
to those of cartilage [31].

Li et al. used dWJ as a cell carrier supporting the 
phenotypes and differentiation potential of hematopoietic 

progenitor cells [24]. Kehtari et al. demonstrated the abi-
lity of such a matrix to provide a microenvironment that 
promotes hepatocyte differentiation of pluripotent cells 
by activating transcription factors [19]. Azarbarz et al. 
presented the results of dWJ conjugated with gelatin for a 
3D cell culture system. The differentiation of MSCs into 
insulin-producing cells was shown, confirmed by incre-
ased expression of insulin-specific genes and increased 
insulin release in response to glucose stimulation [32].

WJ is a reservoir of peptide growth factors involved 
in chondrogenesis. Xiao et al. showed that human dWJ 
can be a good alternative biomaterial for cartilage tissue 
engineering [33]. The biomechanical properties of dWJ 
and its homogeneous porous structure were sufficient to 
support rabbit chondrocytes cultured on them. Produc-
tion of GAGs, collagen types I and II, and aggrecan by 
the cells was demonstrated [33]. At the same time, in a 
study by Foltz et al., during tracheal defect replacement, 
no chondrocyte recruitment into biocompatible dWJ and 
chondrocyte-induced collagen production were found. At 
the same time, the structure and physical characteristics 
of the biomaterial provided the necessary maintenance 
of tracheal patency [34]. Penolazzi et al. showed the 
therapeutic potential of dWJ and its effect on the functio-
ning of degenerated intervertebral disc cells. The authors 
suggested that dWJ implantation may be sufficient for the 
functional repair of degenerated intervertebral discs [25].

A study by Jadalannagari et al. noted the migration 
of WJ-derived MSCs into the dWJ thickness on day 2. 
At the same time, the authors observed cell proliferation 
when cultured on dWJ, which, however, was lower than 
when cultured on the culture plate. Using a flat bone 
defect model, it was shown that human dWJ promoted 
adhesion and penetration of viable osteocytes into the 
biomaterial [26]. Yuan et al. used decellularized UC stro-
ma for tendon healing. After cell removal, dWJ retained a 
significant amount of GAGs and collagen, preserved mi-
crostructure and tensile strength. The three-dimensional 
porous structure of dWJ promoted tenocyte migration, 
attachment, and proliferation. In an in vivo study, the de-
cellularized product promoted tendon regeneration [35].

A study by Mann et al. established the stimulating 
effect of cryopreserved human dWJ on restoration of 
the integrity of a rat spine after intrauterine repair of 
spina bifida. The resulting biomimetic ECM improved 
organized cell growth and reduced acute inflammati-
on [36]. In another study, a tissue-engineered coating 
consisting of rat adipose tissue MSCs and human dWJ 
accelerated healing of a rat tail wound. Reduced tail 
volume, improved angiogenesis and lymphangiogenesis 
were recorded [21].

Some researchers emphasize the applicability of hu-
man umbilical cord products to stimulate regeneration of 
different tissues. Dubus et al. showed by mass spectro-
metry in prepared lyophilized dWJ the presence of struc-
tural and adhesive proteins involved in wound healing 
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Table
General characteristics and results of studies included in this review

Study
(last 

name, 
year)

Applica-
tion

Product 
descrip-

tion

Decellu-
larization 
methods

In vitro studies In vivo studies Results
Object Methods Object Methods

1 2 3 4 5 6 7 8 9

Basiri, 
2019
[31]

Cartilage 
repair and 
regenera-

tion

dWJ/silk 
fibroin 

hydrogel

WJ was 
mixed with 
deionized 
water for 
16 hours, 

centrifuged 
at 4 °C, the 
supernatant 

was stored at 
–80 °C

Human endo-
metrial stem 

cells
Cell viability – –

The product 
improved the 
viability of 

cells studied

Gupta, 
2021
[11]

Vascular 
tissue en-
gineering

Two-lay-
ered silk 
fibroin 
tubular 
scaffold 
seeded 
with 

freeze-
dried dWJ

WJ 1–2 cm 
in 4 °C dei-
onized water 
for 16 hours, 
>70 μm frag-
ments were 
removed, 

centrifuged 
at 5000 rpm 
for 10 mi-

nutes, 4 °C, 
freeze-dried

Human endo-
theliocytes, 

macrophages
Product cyto-

toxicity

Subcutane-
ous implan-

tation in 
rabbits (n = 
6), rabbit 

jugular vein 
implants 
(n = 3)

Histologi-
cal stu-

dies, gene 
expression 
analysis, 

Doppler ult-
rasound

The bio-
compatible 

product 
induced cell 
recruitment 

after a month 
of subcutane-
ous implan-
tation with 

expression of 
anti-inflamm-
atory genes. 

Vascular 
implant was 

permeable af-
ter 3 months

Li, 2019
[24]

Bone 
marrow 

transplan-
tation

3 mm 
thick frag-

ments

Umbilical 
cord ves-
sels were 
removed, 
umbilical 

cord stroma 
was decel-
lularized 
with SAA 
solutions, 

cryopreser-
ved

CD34+ cells
Flow cyto-
metry, gene 
expression 

analysis
– –

The product 
promotes 

megakaryo-
cytic diffe-
rentiation 

and supports 
primitive 

hematopoietic 
cell pheno-

types

Kehtari, 
2018
[19]

Liver 
tissue en-
gineering

Porous 
matrix

Umbilical 
cord in Tris-
EDTA buffer 

solution at 
4 °C for 
16 hours, 
decellula-
rized with 

0.03% SDS 
for 24 hours 
with shaking, 

washed, 
placed in a 
hypertonic 
saline at 
37 °C for 
3 hours, 
washed, 

cross-linked 
with acetic 

acid, freeze-
dried

Human plu-
ripotent stem 

cells

Viability, dif-
ferentiation 
into hepato-

cytes
– –

The cell-free 
product is 

able to sup-
port differen-
tiation into 
hepatocytes
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1 2 3 4 5 6 7 8 9

Azarbarz, 
2022
[32]

Differen-
tiation of 

MSCs into 
IPCs

Gelatin-
conjuga-

ted freeze-
dried dWJ

The umbili-
cal cord was 
incubated in 
NaCl (1 M) 
for 1 week, 
decellula-
rized with 

0.25% tryp-
sin-EDTA 

solution for 
24 hours, 1% 
Triton X-100 

for 5 days. 
24 hours, 

washed with 
PBS, freeze-
dried. dWJ 
was gelatin-
conjugated 
for 1 hour. 

37 °C

WJ-MSCs

WJ-MSCs 
were diffe-

rentiated into 
IPCs. IPCs 

were stained 
with dithizo-
ne. C-peptide 
secretion and 

expression 
of insulin-

related genes 
were exami-

ned

– –

Secretion of 
insulin by 

cells is higher 
than in the 

controls. The 
presence of 
the product 
is associa-
ted with an 
increase in 
dithizone-

positive cells 
and increased 

expression 
of PDX-1, 

GLUT-2 and 
INS genes in 

IPCs

Xiao, 
2017
[33]

Cartilage 
tissue en-
gineering

Cylinders 
8 mm in 
diameter, 

2 mm 
thick

Homoge-
nized WJ 

was frozen 
in water 

(4–5 times), 
centrifuged 
at 3000 rpm 
for 30 minu-
tes, 5000 rpm 
for 30 minu-
tes, 7000 rpm 
for 30 minu-
tes, super-
natant was 
withdrawn, 
centrifuged 
10,000 rpm 
for 30 minu-

tes, preci-
pitate was 

freeze-dried

Rabbit chon-
drocytes

Cell viability, 
gene expres-
sion analysis, 
production of 
glycosamino-
glycans and 

collagen

– –

The bio-
compatible, 

bioactive 
cell-free pro-
duct promo-
ted chondro-
cyte activity 
in vitro

Foltz, 
2022
[34]

Tracheal 
cartilage 
regenera-

tion

dWJ

Amniotic 
membrane 
was remo-

ved, washed 
with PBS, 
decellula-
rized with 

0.01% SDS 
and sodium 
deoxycho-
late, cen-
trifuged at 
100 rpm, 

washed with 
37 °C PBS 

for 24 hours, 
stored at 4 °C

– –

Rabbit 
tracheal 

defect 10 × 
20 mm, 
(n = 10)

Histological 
studies, de-
termination 
of the rela-
tive content 
of collagen 
types 1 and 
3, aggrecan

No product 
rejection re-
actions were 
detected. No 
induction of 
collagen pro-
duction and 
chondrocyte 
recruitment 
was found. 

No significant 
differences 

in the content 
of collagen 

types 1 and 3 
and aggrecan 
were obser-

ved at day 30

Continuation Table
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Continuation Table

1 2 3 4 5 6 7 8 9

Penolaz-
zi, 2020

[25]

Interver-
tebral disc 
regenera-

tion

dWJ

Umbilical 
cord was 
placed in 
4 °C deio-

nized water 
for 24 hours, 

decellula-
rized with 

4% sodium 
deoxycholate 
for 4 hours, 
treated with 
DNase for 

3 hours 
(three times)

MSCs, 
human 

degenerated 
intervertebral 

disc cells

Cell viability 
and prolife-
ration, gene 
expression 

analysis

– –

Support of 
viability of 
the cells of 

the degenera-
ted interverte-
bral disc and 
expression 
of critical 

homeostasis 
regulators

Jadalan-
nagari, 
2017
[26]

Tissue en-
gineering dWJ

Decellula-
rized with 

0.005% Tri-
ton X-100, 

SDS, sodium 
succinate, 

treated with 
DNase for 
16 hours, 

SAAs remo-
ved

WJ-MSCs,
HUVEC

Product 
cytotoxicity, 

PCR

Full-
thickness 
parietal 

bone defect 
(5.0 mm in 
diameter) in 
mice (n = 4)

Histological 
studies, 
live-cell 
imaging

A biocompa-
tible product 
that stimula-
tes osteocyte 

migration 
after 24 hours 

and after 
2 weeks in 
vivo

Yuan, 
2022
[35]

Tendon 
regenera-

tion

Freeze-
dried 
dWJ, 

20 × 10 × 
2 mm

Decellula-
rized with 

1% SDS for 
24 hours, 1% 
Triton X-100 
for 24 hours, 
treated with 
nuclease for 

12 hours, 
washed, 

freeze-dried

Rabbit teno-
cytes

Product 
cytotoxicity, 
proliferation, 
cell migration

Rabbit ten-
don defect 
(n = 54)

Histologi-
cal stu-

dies, gene 
expression 

analysis

Biocompa-
tibility with 

cells at day 7, 
stimulation 
of tendon 

maturation at 
week 12 after 

surgery

Mann, 
2020
[36]

Regenera-
tion after 
spina bifi-
da repair

dWJ patch –

Primary 
meningeal 

cells, human 
neonatal ke-
ratinocytes

Cell prolife-
ration

Retinoid-
induced 

spina bifida 
in fetal rats

Histological 
studies

The use of 
the patch 

reduced acute 
inflammation 
and cell apop-

tosis, and 
increased cell 
proliferation

Lu, 2023
[21]

Wound 
healing

dWJ, 3 × 
5–8 cm 

fragment

Decellula-
rized with 
0.1% SDS, 

washed with 
PBS and 

medium 199 
for 48 hours, 

100 rpm, 
37 °C

Rat adipose 
tissue MSCs

Cell viability 
and prolifera-

tion

Rats (n = 
15)

Histological 
studies, 

tail volume 
measure-

ments

The product 
stimulated 

cell prolifera-
tion at day 14 

and acce-
lerated the 

healing of rat 
tail wounds 

with reduced 
tail volume 

by week 5 of 
follow-up
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Continuation Table

1 2 3 4 5 6 7 8 9

Dubus, 
2022

[16, 17]

Rege-
nerative 
medicine

Freeze-
dried dWJ

Vessels and 
amniotic 

membrane 
were remo-
ved, decel-
lularized 
with 1% 

Triton X-100 
for 1 hour, 

treated with 
DNase for 
24 hours, 

37 °C with 
stirring, 
washed, 

freeze-dried

WJ-MSCs, 
human 

fibroblasts, 
osteocytes, 
neutrophils, 
and mono-

cytes

Cytotoxicity, 
proliferation, 
flow cytome-
try, cytokine 
production

Subcuta-
neous im-
plantation 
in rats (n = 
4), calvarial 

bone re-
generation 

(n = 2)

Histological 
studies

The bio-
compatible 
product did 
not activate 
neutrophil 

metabolic ac-
tivity, it pro-
moted anti-

inflammatory 
macrophage 
polarizati-
on in vitro, 
and did not 

improve bone 
regeneration

Converse, 
2017
[37]

Tissue en-
gineering

dWJ frag-
ments

Umbilical 
cord was 
placed in 
a hyperto-
nic saline 
for 1 hour, 
decellula-
rized with 

Triton X-100 
for 1 hour, 
placed in 

hypertonic 
saline for 

1 hour, deio-
nized water 
for 1 hour, 

treated with 
enzyme for 

12–16 hours, 
treated with 

N-lauroylsar-
cosine for 

2 hours, with 
ethanol for 
10 minutes, 
residual de-

tergents were 
removed, 

cryopreser-
ved

Bone marrow 
MSCs, 

umbilical 
cord hema-

topoietic and 
progenitor 

cells, human 
leukemia cell 
lines HL-60, 

Kasumi I, 
MV 411

Colonizati-
on of dWJ 

fragments by 
cells

– – Recellula-
rized product

Koci, 
2017
[20]

Nerve 
tissue 

repair and 
regenera-

tion

dWJ-
based 

hydrogel

Treated with 
0.02% tryp-
sin/0.05% 

EDTA soluti-
on, 0.1% pe-
racetic acid, 
4% ethanol, 
freeze-dried, 
solubilized 
with pepsin, 
and neutra-

lized

Human bone 
marrow 
MSCs

Cell proli-
feration and 
migration

Focal 
cerebral 

ischemia in 
rats (n = 4)

Histological 
studies

In vitro cyto-
compatibility, 
active colo-
nization of 
hydrogel by 

recipient cells 
was observed 
in vivo (anti-
inflammatory 
macrophages 
were the pre-
dominant cell 
population)
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End of Table

1 2 3 4 5 6 7 8 9

Ramzan, 
2022
[18]

Cartilage 
tissue en-
gineering

dWJ-
based 

hydrogel

Umbilical 
cord was 
subjected 
to osmotic 

shock, 
treated 

with 0.05% 
trypsin for 
2 hours at 
37 °C, 1% 

Triton X-100 
for 24 hours 
with stirring, 

washed, 
freeze-dried, 

crushed, 
solubilized 
with pepsin 
for 48 hours 
with stirring, 
neutralized, 
subjected to 

gelation

WJ-MSCs

Cell prolife-
ration and vi-
ability, gene 
expression 

analysis

– –

On day 7, the 
dWJ-based 
hydrogel 
provided 

scaffold sup-
port for cell 
proliferation 
and differen-
tiation in the 
chondrogenic 
direction on 

day 28 of 
cultivation

Výborný, 
2019
[38]

Nerve 
repair

Genipin-
cross-
linked 
dWJ-
based 

hydrogel

Umbilical 
cord was 

treated with 
0.02% tryp-
sin/0.05% 

EDTA, 0.1% 
peracetic 
acid, 4% 
ethanol, 

freeze-dried, 
solubilized 
with pepsin, 
neutralized, 
cross-linked 
with genipin

WJ-MSCs, 
human fetal 
neural stem 

cells

Cell viability, 
proliferation 
and differen-

tiation

Photo-
chemical 
lesion of 
the cortex

Histological 
studies

Genipin-
cross-linked 
dWJ-based 
hydrogel, 
retained in 
situ for up 
to 2 weeks 
without an 

adverse tissue 
response or 

inflammation

Kalyuz-
hnaya, 
2019; 
Bolg-
archuk 
2020; 

Chebota-
rev 2020; 

Kond-
ratenko 
2021
[12, 

39–44]

Re ge ne ra-
ti ve me di-

ci ne

dWJ and 
dWJ 

hydrogel 
lyophi-
lisates, 

hydrogel 
wet form

Vessel was 
removed, 

homogenates 
were de cel-

lu la ri zed 
with SDS, 
washed, 

freeze-dried, 
solubilized 
with pepsin, 
and a liquid 
form was 
obtained. 

Liquid form 
was freeze-

dried

Human, 
rat, mouse, 

porcine, and 
guinea pig 
fibroblasts

Viability

Full-
thickness 

skin 
wounds 
in mice 

and pigs, 
cartilage 
defect in 
rabbits

Histological 
studies

Biocompa-
tible products 

promote 
granulati-
on tissue 

formation and 
epithelializa-
tion and hya-
line cartilage 

healing

Note: SDS, sodium dodecyl sulfate; PBS, phosphate-buffered saline; HUVEC, human umbilical vein endothelial cells; WJ, 
Wharton’s Jelly; dWJ, decellularized Wharton’s jelly; IPCs, insulin-producing cells; MSCs, mesenchymal stem cells; SAAs, 
surface active agents; FBS, fetal bovine serum; EDTA, ethylenediaminetetraacetic acid.
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process, such as collagen, fibronectin, tenascin, lumican, 
periostin, types I and II keratin, fibulin and fibrinogen 
beta chain [16, 17]. High levels of growth factors were 
detected in the culture medium after incubation in dWJ. 
A similar effect was not detected for native umbilical 
cord. At the same time, the release of bioactive molecu-
les from the cell-free product did not lead to phagocyte 
activation and accumulation of reactive oxygen species. 
WJ-derived stromal cells and human fibroblasts that were 
cultured in dWJ maintained high viability. Subcutaneous 
implantation in rats showed no inflammatory reaction 
and formation of a connective tissue capsule or reaction 
to the foreign body with the presence of multinuclea-
ted giant cells. The implanted subcutaneous human UC 
product was completely remodeled within three weeks. 
Mouse macrophages produced significantly more anti-
inflammatory mediators after 72 hours of contact with 
dWJ compared to the control. The action of native human 
UC on mouse macrophages under similar conditions 
resulted in dominant secretion of proinflammatory me-
diators by them [16, 17]. The same works established the 
antibacterial activity of dWJ, manifested by the presence 
of a microbial growth inhibition zone and reduction of 
bacterial adhesion. Converse et al. described in detail 
the procedures for making TECs from dWJ in the form 
of plates followed by recellularization [37].

The fabrication and properties of solubilized forms 
of dWJ are described in 4 publications. Koci et al. solu-
bilized cell-free powdered WJ for hydrogel preparation 
with hydrochloric acid pepsin. The resulting product 
form contained higher amounts of sulfated GAGs com-
pared with the product prepared from pig bladder, spinal 
cord, and brain using similar techniques. The dWJ pro-
ducts exhibited a short gel time, indicating rapid self-
assembly of the structural molecules. They supported 
cell growth, proliferation and migration in vitro. And 
24 hours after introducing the injected form of dWJ into 
the focal ischemic lesion in the motor area of the rat 
cerebral cortex, a compact gel structure populated by 

a dense layer of endogenous cells was formed within 
the lesion site. Macrophages were the predominant cell 
type present within the defect, with the M2 macrophage 
phenotype (CD206) accounting for 77.1 ± 6.5% of all 
macrophages contained in the gel [20].

Ramzan et al. obtained the hydrogel form by enzyma-
tic digestion using pepsin in hydrochloric acid followed 
by gelation. The dWJ-derived gel thus obtained, func-
tioned as a three-dimensional matrix that provided the 
necessary microenvironment for adhesion, migration, 
proliferation and differentiation of MSCs into the chon-
drogenic lineage in vitro [18].

Vyborny et al. used a solubilized form of chemically 
cross-linked dWJ hydrogel to repair rat cortical lesions. 
In in vitro experiments, the resulting product was shown 
to have no cytotoxic properties, and in vivo experiments 
showed in situ gelation without adverse inflammatory 
reactions [38].

A group of researchers from Kirov Military Medical 
Academy, headed by I.K. Kalyuzhnaya, patented dWJ 
products/products in lyophilized and solubilized hyd-
rogel (which can be lyophilized) forms (Fig. 2). The 
decellularization procedure in this case can be performed 
using sodium dodecyl sulfate or 0.1 N sodium hydro-
xide [12, 39–44]. Biocompatible products have shown 
bioactivity regarding the healing of articular cartilage 
and skin defects [41–44].

Thus, the publications considered above show that 
dWJ-derived biocompatible and bioactive products can 
be used in various areas of regenerative medicine and cell 
technologies, such as a source of bioactive molecules in 
human cell culturing, in cellular immunotherapy, wound 
healing, hematopoietic cell transplantation, MSC diffe-
rentiation in insulin-producing cells, repair of cartilage, 
intervertebral discs, tendons and nerve tissue, tissue en-
gineering of vessels, liver and cartilage, and regeneration 
after spina bifida repair.

Fig. 2. View of various forms of decellularized human Wharton’s jelly (dWJ). a, lyophilized dWJ [42]; b, solubilized form of 
dWJ; c, lyophilized solubilized form of dWJ [45]

а b c1 см 1 cm
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PrOSPecTS and POSSiBle aPPlicaTiOnS 
Of decellulariZed umBilical cOrd 
STrOma in TiSSue enGineerinG 
and reGeneraTive medicine

The search for biomaterials for tissue engineering and 
regenerative medicine focuses mainly on the develop-
ment of biomimetics that are capable of inducing specific 
cellular responses and formation of tissue equivalents. 
For optimal reproduction of the natural cell niche, an 
ideal biomimetic should be biocompatible, i.e., it should 
easily integrate into the surrounding tissue and form 
a single whole with it, while its degradation products 
should also have high biocompatibility. The biomimetic 
should support cell adhesion, proliferation, differentia-
tion and secretion of its own ECM. The rate of matrix 
degradation should correspond to the regeneration rate 
of the recipient tissue. To integrate into the body, the 
biomaterial must have the ability to neovascularize and 
innervate [46]. In some cases, the biomaterial must with-
stand the mechanical stress characteristic of the area of 
its implantation, i.e., specific mechanical strength and 
plasticity are required [47]. In addition, sterilization and 
storage should not change the properties of the matrices, 
and use of the biomaterial should be as convenient as 
possible. Decellularized tissues have the most accurate 
reproduction of the cell niche, due to preservation of 
specific composition and morphology. Due to this, decel-
lularization is considered to be one of the most promising 
methods of creating ECM mimetics [1].

The nonimmunogenicity of the decellularized pro-
duct, as one of the main parameters of biocompatibility, 
is mainly due to the absence of genetic material of the 
original tissue [48]. The use of various decellulariza-
tion methods and protocols provides reliable purifica-
tion against the donor’s genetic material, but, at the 
same time, can lead to loss of bioactive components 
and change the structure of ECM proteins. Effective 
removal of cells while preserving the microstructure and 
composition of ECM makes the finished cell-free pro-
duct able to stimulate regeneration, as well as maintain 
cell activity [48]. Note that the publications studied do 
not compare the effectiveness of different UC stromal 
decellularization protocols. For example, optimization 
of the decellularization protocol improved the functional 
properties of cell-free blood vessels and articular carti-
lage and liver [49–51].

Allogeneic biomaterial for making cell-free products 
from it is often limitedly available and is not optimal for 
several reasons. The composition and structure of adult 
donor tissues are influenced by external and internal 
factors during the donor’s life. Birth defects, diseases, 
age-related changes, the effects of stress, medications, 
and exposure to unhealthy work or environmental con-
ditions significantly alter connective tissue components 
and architecture. Loss of ECM components along with 

increased cross-linking of collagen leads to deterioration 
of tissue biomechanical properties. Fibronectin levels 
change with age, impairing cell binding to ECM via inte-
grin receptors [52]. Age-related changes in donor tissues 
inevitably worsen the properties of cell-free mimetics 
made from them and reduce their regenerative potential.

ECM properties inevitably deteriorate with age, 
which has prompted many researchers to neglect the 
risks of using xenogeneic biomaterials for tissue enginee-
ring. Worldwide, research is underway to create cell-free 
products from animal organs and tissues, provided that 
protocols are developed to ensure complete removal of 
cells, including genetic material [49–51, 53].

For the needs of tissue engineering and regenerati-
ve medicine, there are currently offers of commercial 
products based on decellularized ECM of allogeneic 
and xenogeneic origin [54, 55]. Nevertheless, human 
biomaterial for creating such products is preferable to 
available xenogeneic materials due to the potential dan-
ger of undesirable immune response when implanted 
into the recipient. Carbohydrate residue galactose α-1,3-
galactose (α-Gal epitope), also called the major xenoan-
tigen, is a component of membrane glycoproteins and 
glycolipids of cells of many mammals, except humans 
and some monkey species. Human blood contains a high 
titer of anti-α-Gal antibodies. There is an assumption 
that the wall of Enterobacteriaceae bacteria of the nor-
mal intestinal microflora contains galactose residues and 
stimulates the human immune system to produce these 
antibodies [56].

It is impossible to completely avoid the recipient’s 
immune system response to the implantation of decellu-
larized tissue. However, the type of the emerging immune 
response that occurs during implantation determines the 
possibility of a favorable healing outcome [57]. Sikari et 
al. and Huleichel et al. showed the connection between 
the products of biomaterials degradation and macrophage 
tissue phenotype, their expression of anti-inflammatory 
genes and protein production [58, 59].

Collagen cross-linking technologies promote pro-
duct resistance to enzymatic degradation but reduce the 
moisture-absorbing properties of the material [60]. In 
addition, chemical cross-linking agents change the ul-
trastructure, composition and topology of the product 
surface [60]. However, the use of crosslinking agents 
seems to be necessary when there is a need for the artifi-
cial matrix to function in the body for the long-term. This 
points to the possibility of their use for decellularized 
UC stroma, given the rapid degradation (about 3 weeks) 
revealed in the study.

Interest in the use of extraembryonic tissues (inclu-
ding placenta, amniotic membrane and umbilical cord) 
as raw materials for use in regenerative medicine is due 
to their unique composition and properties [61]. The 
composition of embryonic and neonatal tissues is mar-
kedly different from that of adult tissues and has a greater 
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regenerative potential because it plays an important role 
in tissue morphogenesis [62]. In contrast to the adult, 
the mammalian foetus heals its wounds spontaneously 
by regeneration without associated scarring, provided 
that the injury has been inflicted at a sufficiently early 
stage of gestation, typically before the third trimester, 
after which there is a transition to the postnatal type of 
wound healing with a gentle elastic scar formation [63]. 
The unique feature of fetal phenotype tissues for wound 
healing without scarring may be associated with a higher 
content of antifibrotic isoform TGF-β3 in them, relative 
to TGF-β1 and TGF-β2 isoforms inherent in postnatal 
tissues [62].

While the clinical use of fetal membranes is well 
documented, the use of UC tissue is relatively new. The 
human UC is widely used for obtaining MSCs and endo-
thelial cells, and can also serve as a source of hyaluronic 
acid. At the same time, WJ consists mainly of collagen 
(>500 mg/g tissue), proteoglycans and GAGs, such as 
hyaluronic acid and heparan sulfate, immobilized and 
embedded in the collagen network. The proportional 
ratio of collagens in WJ is: 47% (type I), 40% (type 
III), and 12% (type V). Hyaluronic acid constitutes up 
to 70% of GAG content in UC (approximately 4 mg/ml), 
which gives the tissue a special hydrophilicity [61, 64, 
65]. Unique structural characteristics and the presence 
of growth factors make the UC an attractive source of 
biomaterial for the needs of regenerative medicine and 
tissue engineering.

It should be noted that among the publications found, 
to the surprise of the authors, no studies using xenogeneic 
UC were found. Given the property of low immunoge-
nicity of provisory organs and the admissible difficulties 
in ensuring a constant supply of biomaterial when trans-
ferring the technology to production, the use of this type 
of biomaterial may be justified.

As shown by analysis of publications, decellularized 
human UC stroma can be successfully used to stimulate 
regenerative processes of different organs and tissues. 
Cell-free UC stroma can be used as an independent pro-
duct; it can also be used to improve the biological proper-
ties of other materials. For ease of transport and storage, 
decellularized UC stroma is lyophilized. A variety of 
product forms can be made from WJ-derived ECM, in-
cluding porous matrices, hydrogel compositions, tubular 
scaffolds, etc. It is possible to supplement compositions 
with amniotic material or with mineralized or demine-
ralized bone ECM. Combinations of UC biomaterial 
with pharmaceutical carriers can be created. In some 
cases, injectable forms of WJ-derived ECM hydrogels 
with in situ polymerization abilities are considered more 
feasible because these materials can easily adjust to the 
surface topography and volume of the injured area, and 
osmotic forces contribute to the stretching of the hydro-
gel polymer network as it swells. For this purpose, the 
decellularized UC stroma is enzymatically solubilized.

In general, work in the field of obtaining biomaterial 
from decellularized UC began relatively recently: the 
first publication in the English-language literature ap-
peared in 2016. In Russia, studies devoted to the descri-
bed topic are carried out by only one group of scientists 
from Kirov Military Medical Academy in St. Petersburg 
[12, 39–44, 66]. This is probably the reason for the lack 
of clinical works that meet the review’s inclusion criteria. 
At the same time, two clinical trials were initiated in Iran 
in 2022, devoted to the treatment of wrinkles using UC 
[67, 68]. However, there is no information on whether 
the UC used in these studies is decellularized.

cOncluSiOn
Based on analysis of papers published in electronic 

databases, we can conclude that scientific research on 
the possibilities of dWJ application is a very promising 
area of regenerative medicine and tissue engineering. 
Researchers are using different methods to remove cells 
and create convenient forms for application of cell-free 
products from UC stroma. However, more conclusive 
evidence – additional studies, clinical and preclinical – is 
needed to finally determine the prognosis for the use of 
the technology in medicine.

The  study was  supported by  the Russian Science 
Foundation under grant No. 211500251, https://rscf.
ru/project/21­15­00251/.

The authors declare no conflict of interest.

referenceS
1. Sevast’yanov  VI.  Tekhnologii tkanevoy inzhenerii i 

regenerativnoy meditsiny. Vestnik  transplantologii  i 
iskusstvennykh  organov. 2014; 16 (3): 93–108. doi: 
10.15825/1995-1191-2014-3-93-108.

2. Meleshina  AV,  Bystrova  AS,  Rogovaya  OS,  Vorotel­
yak  YeA,  Vasil’yev  AV,  Zagaynova  YeV. Tkaneinzhe-
nernyye konstrukty kozhi i ispol’zovaniye stvolovykh 
kletok dlya sozdaniya kozhnykh ekvivalentov. Sovre­
mennyye tekhnologii v meditsine. 2017; 9 (1): 198–220. 
doi: 10.17691/stm2017.9.1.24.

3. Fominykh  YeM,  Mitrofanov  NV,  Zhivtsov  OP,  Struch­
kov AA,  Zubritskiy  VF,  Lebedeva  YuN  i  dr. Transplan-
tatsiya tkanevykh ekvivalentov v lechenii nekoto-
rykh povrezhdeniy kozhi. Vestnik  transplantologii  i 
iskusstvennykh  organov. 2020; 22 (1): 165–173. doi: 
10.15825/1995-2020-1-165-173.

4. Sevast’yanov VI, Gri gor’ yev AM, Basok YuB, Kirsano­
va LA, Vasilets NV, Malkova AP i dr. Biosovmestimyye 
i matriksnyye svoystva polilaktidnykh gubok. Vestnik 
transplantologii i iskusstvennykh organov. 2018; 20 (2): 
82–90. doi: 10.15825/1995-1191-2018-2-82-90.

5. Liu H, Gong Y, Zhang K, Ke S, Wang Y, Wang J, Wang H. 
Recent Advances in Decellularized Matrix-Derived Ma-
terials for Bioink and 3D Bioprinting. Gels. 2023; 9 (3): 
195. doi: 10.3390/gels9030195.



78

RUSSIAN JOURNAL OF TRANSPLANTOLOGY AND ARTIFICIAL ORGANS Vol. XXV   № 2–2023

6. Basok YuB, Sevast’yanov VI. Tekhnologii tkanevoy in-
zhenerii i regenerativnoy meditsiny v lechenii defektov 
khryashchevoy tkani sustavov. Vestnik  transplantologii 
i  iskusstvennykh  organov. 2016; 18 (4): 102–122. doi: 
10.15825/1995-1191-2016-4-102-122.

7. Sevastianov VI, Basok YB, Grigor’ev AM, Kirsanova LA, 
Vasilets VN. Formation of tissue-engineered construct of 
human cartilage tissue in a flow-through bioreactor. Bul­
letin of Experimental Biology and Medicine. 2017; 164: 
269–273. doi: 10.1007/s10517-017-3971-z.

8. Sevast’yanov VI, Basok YuB, Grigor’yev AM, Kirsanova 
LA, Vasilets NV. Perfuzionnyy bioreaktor dlya sozdaniya 
tkaneinzhenernykh konstruktsiy. Meditsinskaya  tekhni­
ka. 2017; 303 (3): 9–11.

9. Badylak  SF. Decellularized allogeneic and xenogeneic 
tissue as a bioscaffold for regenerative medicine: factors 
that influence the host response. Annals  of Biomedical 
Engineering. 2014; 42 (7): 1517–1527. doi: 10.1007/
s10439-013-0963-7. PMID: 24402648.

10. Bakhtyar N, Jeschke MG, Mainville L, Herer E, Amini­
Nik  S. Acellular gelatinous material of human umbili-
cal cord enhances wound healing: a candidate remedy 
for deficient wound healing. Frontiers  in  Physiology. 
2017; 8: 200. doi: 10.3389/fphys.2017.00200. PMID: 
28421003.

11. Gupta  P,  Chaudhuri  GR,  Janani  G,  Agarwala  M, 
Ghosh D, Nandi SK, Mandal BB. Functionalized silk va-
scular grafts with decellularized human Wharton’s jelly 
improves remodeling via immunomodulation in rabbit 
jugular vein. Advanced Healthcare Materials. 2021; 10 
(19): e2100750. doi: 10.1002/adhm.202100750. PMID: 
34378360.

12. Kalyuzh naya LI, Chernov VE, Frumkina AS, Chebotarev 
SV, Zemlyanoy DA, Tovpeko DV, Kosulin AV. Izgotovle-
niye tkaneinzhenernogo beskletochnogo matriksa pupo-
viny cheloveka. Vestnik  Rossiyskoy  voyenno­meditsin­
skoy  akademii. 2020; 69 (1): 124–130. doi: 10.17816/
brmma25980.

13. Sobolewski K, Małkowski A, Bańkowski E, Jaworski S. 
Wharton’s jelly as a reservoir of peptide growth factors. 
Placenta. 2005; 26 (10): 747–752. doi: 10.1016/j.placen-
ta.2004.10.008. PMID: 16226124.

14. Gupta  A,  El­Amin  SF,  Levy  HJ,  Sze­Tu  R,  Ibim  SE, 
Maffulli N. Umbilical cord-derived Wharton’s jelly for 
regenerative medicine applications. Journal of Orthopa­
edic Surgery. 2020; 15. doi: 10.1186/s13018-020-1553-
7. PMID: 32054483.

15. Fayon A, Helle D, Francius G. Characterization of an 
innovative biomaterial derived from human Wharton’s 
jelly as a new promising coating for tissue engineering 
applications. Frontiers in Bioengineering and Biotechno­
logy. 2022; 10: 884069. doi: 10.3389/fbioe.2022.884069. 
PMID: 35769101.

16. Dubus M, Scomazzon L, Chevrier  J, Ledouble C, Bal­
dit  A,  Braux  J  et  al. Antibacterial and immunomodu-
latory properties of acellular Wharton’s jelly matrix. 
Biomedicines. 2022; 10 (2): 227. doi: 10.3390/biomedi-
cines10020227. PMID: 35203437.

17. Dubus M, Scomazzon L, Chevrier J, Montanede A, Bal­
dit A, Terryn C et al. Decellularization of Wharton’s jel-

ly increases its bioactivity and antibacterial properties. 
Frontiers  in  Bioengineering  and  Biotechnology. 2022; 
10: 828424. doi: 10.3389/fbioe.2022.828424. PMID: 
35360386.

18. Ramzan F, Ekram S, Frazier T, Salim A, Mohiuddin OA, 
Khan  I. Decellularized human umbilical tissue derived 
hydrogels promote proliferation and chondrogenic dif-
ferentiation of mesenchymal stem cells. Bioengineering. 
2022; 9: 239. doi: 10.3390/bioengineering9060239.

19. Kehtari M, Beiki B, Zeynali B. Decellularized Wharton’s 
jelly extracellular matrix as a promising scaffold for pro-
moting hepatic differentiation of human induced pluripo-
tent stem cells. Journal of Cellular Biochemistry. 2019; 
120 (4): 6683–6697. doi: 10.1002/jcb.27965. PMID: 
30417406.

20. Kočí Z, Výborný K, Dubišová J. Extracellular matrix hy-
drogel derived from human umbilical cord as a scaffold 
for neural tissue repair and its comparison with extra-
cellular matrix from porcine tissues. Tissue Engineering 
Part C Methods. 2017; 23 (6): 333–345. doi: 10.1089/
ten.TEC.2017.0089. PMID: 28471271.

21. Lu  J­H,  Hsia  K,  Su  CK,  Pan  YH,  Ma  H,  Chiou  SH, 
Lin  CH.  A novel dressingcomposed of adipose stem 
cells and decellularized Wharton’s jelly facilitatedwound 
healing and relieved lymphedema by enhancing angioge-
nesis and lymphangiogenesis in a rat model. Journal of 
functional biomaterials. 2023; 14 (2): 104. doi: 10.3390/
jfb14020104. PMID: 36826903.

22. Beiki B, Zeynali B, Seyedjafari E. Fabrication of a three 
dimensional spongy scaffold using human Wharton’s 
jelly derived extra cellular matrix for wound healing. 
Materials Science and Engineering C­Materials for Bio­
logical Applications. 2017; 78: 627–638. doi: 10.1016/j.
msec.2017.04.074. PMID: 28576031.

23. Bullard  JD,  Lei  J,  Lim  JJ,  Massee  M,  Fallon  AM, 
Koob  TJ. Evaluation of dehydrated human umbilical 
cord biological properties for wound care and soft tissue 
healing. Journal of Biomedical Materials Research Part 
B Applied Biomaterials. 2019; 107 (4): 1035–1046. doi: 
10.1002/jbm.b.34196. PMID: 30199609.

24. Li D, Chiu G, Lipe B, Hopkins RA, Lillis J, Ashton JM 
et al. Decellularized Wharton jelly matrix: a biomime-
tic scaffold for ex vivo hematopoietic stem cell culture. 
Blood Advances. 2019; 3 (7): 1011–1026. doi: 10.1182/
bloodadvances.2018019315. PMID: 30940636.

25. Penolazzi L, Pozzobon M, Bergamin LS, D’Agostino S, 
Francescato R, Bonaccorsi G et al. Extracellular matrix 
from decellularized Wharton’s jelly improves the beha-
vior of cells from degenerated intervertebral disc. Fron­
tiers in Bioengineering and Biotechnology. 2020; 8: 262. 
doi: 10.3389/fbioe.2020.00262. PMID: 32292779.

26. Jadalannagari  S, Converse G, McFall C, Buse E, Fil­
la M, Villar MT et al. Decellularized Wharton’s jelly from 
human umbilical cord as a novel 3d scaffolding materi-
al for tissue engineering applications. PLoS One. 2017; 
12 (2): e0172098. doi: 10.1371/journal.pone.0172098. 
PMID: 28222169.

27. PLOS ONE Staff. Correction: Decellularized Wharton’s 
Jelly from human umbilical cord as a novel 3D scaffol-
ding material for tissue engineering applications. PLoS 



79

ReGeNeRATIVe MeDICINe AND CeLL TeCHNOLOGIeS

One. 2017 Mar 7; 12 (3): e0173827. doi: 10.1371/jour-
nal.pone.0173827. Erratum for: PLoS One. 2017 Feb 21; 
12 (2): e0172098. PMID: 28267774.

28. Jalili  Z,  Emamgolizadeh  B,  Abbaszadeh  H,  Jalili  S, 
Derakhshani M, Yousefi M et al. Effect of replacement 
of Wharton acellular jelly with fbs on the expressi-
on of megakaryocyte linear markers in hematopoie-
tic stem cells CD34. Asian  Pacific  Journal  of  Cancer 
Prevention. 2022; 23 (10): 3281–3286. doi: 10.31557/
APJCP.2022.23.10.3281. PMID: 36308350.

29. Talebi M, Nozad Charoudeh H, Movassaghpour Akba­
ri AA, Baradaran B, Kazemi T. Acellular Wharton’s jel-
ly, potentials in t-cell subtypes differentiation, activation 
and proliferation. Advanced  Pharmaceutical  Bulletin. 
2020; 10 (4): 617–622. doi: 10.34172/apb.2020.074. 
PMID: 33072540.

30. Dan P, Velot É, Francius G, Menu P, Decot V. Human-
derived extracellular matrix from Wharton’s jelly: 
An untapped substrate to build up a standardized and 
homogeneous coating for vascular engineering. Acta 
Biomaterialia. 2017; 48: 227–237. doi: 10.1016/j.act-
bio.2016.10.018. PMID: 27769940.

31. Basiri  A,  Farokhi  M,  Azami  M,  Ebrahimi­Barough  S, 
Mohamadnia A, Rashtbar M et al. A silk fibroin/decellu-
larized extract of Wharton’s jelly hydrogel intended for 
cartilage tissue engineering. Progress  in  Biomaterials. 
2019; 8 (1): 31–42. doi: 10.1007/s40204-019-0108-7. 
PMID: 30706299.

32. Azarbarz  N,  Khorsandi  L,  Nejaddehbashi  F,  Neisi  N, 
Nejad DB. Decellularized Wharton’s jelly scaffold en-
hances differentiation of mesenchymal stem cells to in-
sulin-secreting cells. Tissue Cell. 2022; 79: 101938. doi: 
10.1016/j.tice.2022.101938. PMID: 36152380.

33. Xiao  T,  Guo W,  Chen M,  Hao  C,  Gao  S,  Huang  J  et 
al. Fabrication and In Vitro study of tissue-engineered 
cartilage scaffold derived from Wharton’s jelly extra-
cellular matrix. BioMed  Research  International. 2017; 
2017: 5839071. doi: 10.1155/2017/5839071. PMID: 
29214173.

34. Foltz  KM,  Neto  AE,  Francisco  JC,  Simeoni  RB, Mig­
giolaro  AFRDS,  do  Nascimento  TG  et  al. Decellula-
rized Wharton jelly implants do not trigger collagen 
and cartilaginous tissue production in tracheal injury in 
rabbits. Life  (Basel). 2022; 12 (7): 942. doi: 10.3390/
life12070942. PMID: 35888031.

35. Yuan  Z,  Cao  F, Gao C,  Yang  Z, Guo Q, Wang  Y. De-
cellularized human umbilical cord Wharton jelly 
scaffold improves tendon regeneration in a rabbit ro-
tator cuff tendon defect model. The  American  Jour­
nal  of  Sports  Medicine. 2022; 50 (2): 371–383. doi: 
10.1177/03635465211055722. PMID: 34739346.

36. Mann LK, Won JH, Trenton NJ, Garnett  J,  Snowise S, 
Fletcher SA et al. Cryopreserved human umbilical cord 
versus acellular dermal matrix patches for in utero fe-
tal spina bifida repair in a pregnant rat model. Journal 
of  neurosurgery.  Spine. 2019; 32 (2): 321–331. doi: 
10.3171/2019.7.SPINE19468. PMID: 31675701.

37. Converse GL, Li D, Buse EE, Hopkins RA, Aljitawi OS. 
Wharton’s jelly matrix decellularization for tissue en-
gineering applications. Methods  in Molecular Biology. 

2018; 1577: 25–33. doi: 10.1007/7651_2017_61. PMID: 
28786033.

38. Výborný K, Vallová J, Kočí Z, Kekulová K, Jiráková K, 
Jendelová P et al. Genipin and EDC crosslinking of ex-
tracellular matrix hydrogel derived from human umbili-
cal cord for neural tissue repair. Scientific Reports. 2019; 
9 (1): 10674. doi: 10.1038/s41598-019-47059-x. PMID: 
31337821.

39. Bolgarchuk OO, Kalyuzhnaya LI, Chernov VE, Chebo­
tarev SV, Simanov AG, Chernutskiy AM. Optimizatsiya 
protsedury detsellyulyarizatsii soyedinitel’noy tkani 
pupoviny cheloveka dlya sozdaniya tkaneinzhenernogo 
ranevogo pokrytiya. Izvestiya  Rossiyskoy  voyenno­me­
ditsinskoy akademii. 2020; 39 (S3-1): 13–18.

40. Kondratenko AA, Kalyuzhnaya LI, Sokolova MO, Cher­
nov VE. Sokhrannost’ vazhneyshikh strukturnykh kom-
ponentov pupoviny cheloveka posle detsellyulyarizatsii 
kak etapa izgotovleniya vysokoregenerativnogo ranevo-
go pokrytiya. Biotekhnologiya. 2021; 37 (5): 61–65. doi: 
10.21519/0234-2758-2021-37-5-61-65.

41. Chebotarev SV, Kalyuzhnaya LI, Khominets VV, Chernov 
VE, Frumkina AS, Zemlyanoy DA i dr. Regenerativnyye 
effekty gidrogelya iz biomateriala pupoviny cheloveka 
v vosstanovlenii povrezhdeniy sustavnogo khryashcha. 
Klinicheskaya i eksperimental’naya khirurgiya. Zhurnal 
imeni  akademika  B.V.  Petrovskogo.  2020; 8 (4): 119–
125. doi: 10.33029/2308-1198-2020-8-4-119-125.

42. Kondratenko AA, Tovpeko DV, Kalyuzhnaya LI. Biolo-
gicheskiye effekty beskletochnogo tkaneinzhenernogo 
produkta iz pupoviny cheloveka. Patogenez. 2022; 20 
(4): 53–62. doi: 10.25557/2310-0435.2022.04.53-62.

43. Ka lyuzh naya LI, Chebotarev SV. Gidrogel’ iz pupoviny 
cheloveka v lechenii defektov sustavnogo khryashcha v 
eksperimente. Izvestiya  Rossiyskoy  voyenno­meditsins­
koy akademii. 2020; 39 (S3-1): 37–40.

44. Kalyuzhnaya LI, Khominets VV, Chebotarov SV, Kharke­
vich ON, Kudyashev AL, Chernov VE i dr. Primeneniye 
biomateriala iz pupoviny cheloveka dlya vosstanovle-
niya povrezhdeniy sustavnogo khryashcha. Profilakti­
cheskaya i klinicheskaya meditsina. 2019; 4 (73): 45–52.

45. Kondratenko AA, Kalyuzhnaya­Zemlyanaya  LI,  Tovpe­
ko DV, Sheveleva VS, Glushakov RI. Biologicheskiye i 
funktsional’nyye svoystva liofilizirovannykh form tkan-
einzhenernykh matriksov iz pupoviny cheloveka. Vestnik 
transplantologii i iskusstvennykh organov. 2023; 25 (1): 
113–122. doi: 10.15825/1995-1191-2023-1-113-122.

46. Shin H, Jo S, Mikos AG. Biomimetic materials for tis-
sue engineering. Biomaterials. 2003; 24 (24): 4353–
4364. doi: 10.1016/s0142-9612(03)00339-9. PMID: 
12922148.

47. Nemets  YeA,  Lazhko  AE,  Grigor’yev  AM,  Basok  YuB, 
Kirillova  AD,  Sevast’yanov  VI. Biosovmestimyye i 
funktsional’nyye svoystva tkanespetsificheskoy mel-
kodispersnoy 3D-matritsy iz detsellyulyarizovannogo 
khryashcha svin’i. Vestnik transplantologii i iskusstven­
nykh organov. 2022; 24 (4): 73–84. doi: 10.15825/1995-
1191-2022-4-73-84.

48. Crapo PM, Gilbert TW, Badylak SF. An overview of tis-
sue and whole organ decellularization processes. Bioma­



80

RUSSIAN JOURNAL OF TRANSPLANTOLOGY AND ARTIFICIAL ORGANS Vol. XXV   № 2–2023

terials. 2011; 32 (12): 3233–3243. doi: 10.1016/j.bioma-
terials.2011.01.057. PMID: 21296410.

49. Simsa R, Padma AM, Heher P, Hellström M, Teuschl A, 
Jenndahl L et al. Systematic in vitro comparison of decel-
lularization protocols for blood vessels. PLoS One. 2018; 
13 (12): e0209269. doi: 10.1371/journal.pone.0209269. 
PMID: 30557395.

50. Sevastianov VI, Basok YuB, Grigoriev AM, Nemets EA, 
Kirillova AD, Kirsanova LA et al. Decellularization of 
cartilage microparticles: Effects of temperature, super-
critical carbon dioxide and ultrasound on biochemical, 
mechanical, and biological properties. Journal of Biome­
dical Materials Research A. 2023; 111 (4): 543–555. doi: 
10.1002/jbm.a.37474. PMID: 36478378.

51. Kirillova  AD,  Basok  YuB,  Lazhko  AE,  Grigoryev  AM, 
Kirsanova  LA,  Nemets  EA,  Sevastianov  VI.  Creating 
a tissue-specific microdispersed matrix from a de-
cellularized porcine liver.  Inorganic Materials: Ap­
plied Research.  2021; 12 (3): 812–819.  doi: 10.1134/
S2075113321030199.

52. Tseluyko  SS,  Malyuk  YeA,  Korneyeva  LS,  Krasavina 
NP. Morfofunktsional’naya kharakteristika dermy kozhi 
i yeye izmeneniya pri starenii (obzor literatury). By­
ulleten’  fiziologii  i  patologii  dykhaniya. 2016; 60. doi: 
10.12737/20130.

53. Basok YuB, Kirillova AD, Grigoriev AM, Kirsanova LA, 
Nemets  EA,  Sevastianov  VI. Fabrication of microdis-
persed tissue-specific decellularized matrix from porci-
ne articular cartilage. Perspektivnye materialy. 2020; 5: 
51–60. doi: 10.30791/1028-978x-2020-5-51-60.

54. Potekayev NN, Frigo NV, Petersen YeV. Iskusstvennaya 
kozha: vidy, oblasti primeneniya. Klinicheskaya derma­
tologiya  i  venerologiya. 2017; 6: 7–15. doi: 10.17116/
klinderma20171667-15.

55. Cramer  MC,  Badylak  SF.  Extracellular Matrix-Based 
Biomaterials and Their Influence Upon Cell Behavi-
or. Annals  of  Biomedical  Engineering. 2020; 48 (7): 
2132–2153. doi: 10.1007/s10439-019-02408-9. PMID: 
31741227.

56. Galili U. Acceleration of wound healing by α-gal nano-
particles interacting with the natural anti-Gal antibody. 
Journal of Immunology Research. 2015; 2015: 589648. 
doi: 10.1155/2015/589648. PMID: 25922849.

57. Dziki  JL, Huleihel  L,  Scarritt ME,  Badylak  SF. Extra-
cellular matrix bioscaffolds as immunomodulatory bio-
materials. Tissue Engineering Part A. 2017; 23 (19–20): 
1152–1159. doi: 10.1089/ten.TEA.2016.0538. PMID: 
28457179.

58. Sicari BM,  Johnson SA,  Siu BF, Crapo PM, Daly KA, 
Jiang H et al. The effect of source animal age upon the in 
vivo remodeling characteristics of an extracellular matrix 
scaffold. Biomaterials. 2012; 33 (22): 5524–5533. doi: 
10.1016/j.biomaterials.2012.04.017. PMID: 22575834.

59. Huleihel L, Hussey GS, Naranjo JD, Zhang L, Dziki JL, 
Turner NJ et al. Matrix-bound nanovesicles within ECM 
bioscaffolds. Science Advances. 2016; 2 (6): e1600502. 
doi: 10.1126/sciadv.1600502. PMID: 27386584.

60. Delgado LM, Bayon Y, Pandit A, Zeugolis DI. To cross-
link or not to cross-link? Cross-linking associated for-
eign body response of collagen-based devices. Tissue 
Engineering Part B Reviews. 2015; 21 (3): 298–313. doi: 
10.1089/ten.TEB.2014.0290. PMID: 25517923.

61. Roy  A,  Mantay  M,  Brannan  C,  Griffiths  S. Placental 
Tissues as Biomaterials in Regenerative Medicine. Bio­
Med Research International. 2022; 2022: 6751456. doi: 
10.1155/2022/6751456. PMID: 35496035.

62. Lo DD, Zimmermann AS, Nauta A, Longaker MT, Lo­
renz  HP. Scarless fetal skin wound healing update. 
Birth Defects Research Part C Embryo Today Reviews. 
2012; 96 (3): 237–247. doi: 10.1002/bdrc.21018. PMID: 
23109319.

63. Yannas  IV. Similarities and differences between indu-
ced organ regeneration in adults and early foetal rege-
neration. Journal of  the Royal Society  Interface. 2005; 
2 (5): 403–417. doi: 10.1098/rsif.2005.0062. PMID: 
16849201.

64. Nanaev AK, Kohnen G, Milovanov AP, Domogatsky SP, 
Kaufmann P. Stromal differentiation and architecture of 
the human umbilical cord. Placenta. 1997; 18 (1): 53–64. 
doi: 10.1016/s0143-4004(97)90071-0. PMID: 9032810.

65. Franc S, Rousseau JC, Garrone R, van der Rest M, Mo­
radi­Améli  M. Microfibrillar composition of umbilical 
cord matrix: characterization of fibrillin, collagen VI and 
intact collagen V. Placenta. 1998; 19 (1): 95–104. doi: 
10.1016/s0143-4004(98)90104-7. PMID: 9481791.

66. Kalyuzhnaya LI, Sokolova MO, Chernov VE, Zemlyanoy 
DA, Chebotarev SV, Chalisova NI i dr. Vliyaniye beskle-
tochnogo matriksa pupoviny cheloveka na dinamiku ros-
ta i zhiznesposobnost’ kul’tiviruyemykh kletok chelove-
ka i zhivotnykh ex vivo. Geny i kletki. 2021; 3: 72–79. 
doi: 10.23868/202110010.

67. https://trialsearch.who.int/Trial2.aspx?TrialID=IRCT
20210612051545N3 [Internet]. World Health Organi-
zation: International Clinical Trials Registry Platform 
(ICTRP). [updated 2022 November 21; cited 2023 April 
03]. Available from: https://trialsearch.who.int/Trial2.as
px?TrialID=IRCT20210612051545N3.

68. https://trialsearch.who.int/Trial2.aspx?TrialID=IRCT
20210612051545N2 [Internet]. World Health Organi-
zation: International Clinical Trials Registry Platform 
(ICTRP). [updated 2022 November 21; cited 2023 April 
03]. Available from: https://trialsearch.who.int/Trial2.as
px?TrialID=IRCT20210612051545N2.

The article was submitted to the journal on 11.04.2023


