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ABSTRACT

The bacteriostatic effects of human umbilical cord-derived matrices and hydrogels were examined. The use of biomimetics
based on the extracellular matrix of extraembryonic organs, including the human umbilical cord, is promising for regenerative
medicine and tissue engineering. Cell-free products from the extracellular matrix of various human organs and tissues are
resistant to intentional bacterial contamination. Two acellular scaffolds prepared using different human umbilical cord decel-
lularization protocols and two derived hydrogels were evaluated for their bacteriostatic properties. Two clinical cases of the
use of lyophilisates of umbilical cord-derived hydrogels were described. The compositions of human umbilical cord-derived
acellular matrices and hydrogels were studied using biochemical analysis techniques. The sensitivities of Staphylococcus
aureus and Escherichia coli to umbilical cord-derived matrices and hydrogels were assessed using culture techniques, and
metabolic activities of bacteria were also examined. Human umbilical cord-derived acellular matrices and hydrogels consist of
collagens and contain proteins and glycosaminoglycans. A significant bacteriostatic effect of hydrogels against Escherichia coli
was detected during the first 16 h of incubation, regardless of the type of detergents used for their preparation. The matrices
did not show a bacteriostatic effect, which indicates that the hydrolysis of structural components contributes to the release of
substances with bacteriostatic activities. The effect was presumed to be due to the influence on the level of metabolic activity
of microorganisms. The use of powdered lyophilized hydrogels derived from human umbilical cord as an adjunct to autodermal
graft in the treatment of infected deep wounds in two volunteer patients promoted healing without infections. In general, the
use of hydrogel lyophilisates from acellular human umbilical cord as an additional treatment allows for the engraftment of skin
autografts and promotes the healing of extensive deep wounds at risk of infection.

Keywords: tissue engineering: bacteriostatic effect; hydrogel; acellular matrix from human umbilical cord; extraembryonic
organs; lyophilisate; decellularization; autodermograft; regenerative medicine.
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AHHOTALMA

WccnepnoBaHbl bakTepuocTatieckue 3ddeKTbl MaTPUKCOB M rMAporesen U3 nynoBuHbI YenoBeKa. 3BecTHo, YTo UCnosb3o-
BaHMe OMOMMMETUKOB Ha OCHOBE BHEKJIETOYHOTO MaTPUKCa BHE3IMOPUOHAMbHBIX OPraHoB, B TOM YMCIIe NYMOBUHbI YeN0BEKa,
NEPCNEKTUBHO AN HYIKN, PEreHepaTUBHOM MeAULMHBI U TKAHEBOW MHXEHEpPUU. becKneTouHble NPOAYKTLI U3 BHEKIETOUHOTO
MaTpuMKCa pasHbIX OpraHOB W TKaHel YenoBeKa YCTOMYMBLI K NpefHaMepeHHOMy baKTepuanbHoMy 3apaxenuto. [lBa bec-
KNETOYHbIX MATPUKCa, U3rOTOBNEHHBIX C MCMOb30BaHWEM pasHbIX NMPOTOKOJIOB AELeNIoNApU3aLmMy nynoBuHbI YeN0BEKa,
W Ba T’MAPOreNs Ha UX OCHOBE ObNW OLEHEHb Ha NpeAMeT Hannuus bakTepuocTaTUyeckux cBoncTB. OnucaHbl ABa KIUHM-
YECKMX C/ly4as NpUMeHeHWs NIMoGUIN3aToB ruaporens U3 nynoBuHbl. MccnenoBaH cocTaB HECKIETOUYHbIX MATPUKCOB U M-
Aporeneii U3 nynoBuUHbI YENOBEKA C NOMOLLbI0 DUOXMMUYECKUX METOLAMK aHanu3a. YyscTeutenbHocTb Staphylococcus aureus
n Escherichia coli K MaTpuKcaM W TMApPOrensiM U3 MynoBWHbI OLLEHWBAMM, UCMOMb3YA KyNbTypanbHble METOAMKM, TaKXKEe UC-
cnefoBaHa MeTabonmyeckas akTUBHOCTb bakTepuin. 3aMeTUM, 4TO BECKNETOYHbIE MAaTPMKChI U TUAPOTeNv U3 NYNOBUHbI Yeo-
BEKa COCTOAT M3 KOJINAreHoB M cofiepkat benku 1 ranKko3aMuHornkaHbl. OBHapyeHo JocToBepHoe baKTepuocTaTuyeckoe
AencTBMe rMaporenieit B oTHowweHun Escherichia coli B Teuenue nepsbix 16 4 MHKybaLmMW, HE3aBMCMMO OT BUAA [ETEPreHTa,
UCMONb30BAHHOIO 1S UX NPUrOTOBNEHMS. MaTpuKcbl He NoKa3anu bakTepuocTaTuyeckoro addekTa, YTo No3BONISET Npeamno-
JIOXMTb, YTO UMEHHO TMAPONU3 CTPYKTYPHBIX KOMMOHEHTOB CMOCOBCTBYET BbICBODOKAEHMIO BELLECTB C HaKTEpUOCTaTUHECKON
aKTMBHOCTbH. 3P deKT 06yCnoBNeH, NPeANONOKUTENBHO, BIMAHUEM Ha YPOBEHb METabONMYECKOW aKTUBHOCTU MUKpOOpra-
HM3MOB. [TpuMeHeHne nopoLKoobpasHoro nModunmsata ruaporens U3 NyrnoBUHbI YeOBEKa B Ka4ecTBe AOMOSIHEHUS K ay-
TOZEPMOTPAHCNIAHTaTy NpU JIEYEHUN MHOULMPOBAHHBIX TNYOOKWUX paH y ABYX NaLMeHToB-A006poBO/bLEB CNOCOOCTBOBANO
3aXuBeHU0 6e3 MHOMLMPOBaHMA. B LenoM npuMeHeHne nModuU3aToB rMaporens U3 BeCKIETOYHON MyMNoBUHBI YeNloBEKa
B KauecTBe J0MNOJHUTESIbHOTO JIeYeHUs NO3BONISAET 06€CNeUnTb NPUMKMUBIEHME KOXHbIX ayTOTPAHCNIAHTATOB M CO3AaeT yCno-
BUA 4151 3aXKMBNEHNSA 0OLUMPHBIX FTYDOKMX, CKIOHHBIX K MHGULMPOBaHMIO, paH.

KnioueBble cnoBa: TKaHeBas WHXKeHepus: OaKTepuocTaTUYecKoe [EeWCTBUE; ruaporenb; OECKNeTOYHbIA MaTpUKC
M3 MYyNoBUHbI YENIOBEKA; BHE3IMOPWOHaNbHbIE OpraHbl; NUoduUAM3aT;, AeuUennionspu3aums; ayToAepMOTPaHCNIAaHTaT;
pereHepaTMBHas MeayLMHa.
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ORIGINAL STUDIES

INTRODUCTION

One of the main tasks of tissue engineering is the
construction of bioequivalents using extracellular materials,
cells, and growth factors to replace tissues and organs lost
caused by disease, tumor, or injury. Decellularized native
tissue products help create an optimal microenvironment
for recipient cells and are bioactive and biodegradable [1].
They are a source of growth factors and biologically active
molecules and can be used as the basis for repopulating cells
in vitro or for repopulating the recipient’s cells at the injury
site [1, 2]. The use of umbilical cord-derived extracellular
matrix for tissue engineering and regenerative medicine
has particular advantages caused by its composition,
homologous origin, and lack of undesired immune reactions
when implanted in the recipient [1-3].

The umbilical cord contains significant amounts
of extracellular matrix components such as collagen
types I, Ill, IV, and V, hyaluronic acid, and sulfated
glycosaminoglycans [1, 2-4]. Acidic and basic fibroblast
growth factors, insulin-like growth factor I, platelet-derived
growth factor, epidermal growth factor, and transforming
growth factors have been identified in the composition of
Warton’s jelly [2, 3, 5]. The biological characteristics of
the extracellular matrix, along with the noninvasive nature
of the procedure for obtaining the umbilical cord and the
absence of ethical restrictions, contribute to the feasibility
of utilizing the human umbilical cord to create a natural
three-dimensional product. This product cannot only fill
extensive defects mechanically but can also stimulate the
regeneration of damaged tissues [1, 6].

Studies have published encouraging results of the
treatment of infected wounds using biomaterials derived from
extraembryonic organs, such as the umbilical cord [2, 6-8].
One of the defining properties of a medical device for wound
treatment is its interaction with endogenous and exogenous
microflora and effective bacteriostatic action [9, 10]. The
nature of this phenomenon and specific candidates for the role
of antimicrobial agents are not yet fully understood. Several
simultaneous mechanisms are assumed to be involved. The
bactericidal and bacteriostatic actions of tissue-engineered
products against bacteria, microscopic fungi, and infected
cell lines in laboratory experiments conducted in vitro and in
vivo have been studied [11].

This study aimed to determine the bacteriostatic activity
of decellularized umbilical cord-derived matrices and
hydrogels and identify the influence of enzymatic hydrolysis
of the decellularized matrix on the bacteriostatic effect.

MATERIALS AND METHODS

All studies were conducted at the Research Center of
the Kirov Military Medical Academy (VMA) in 2020-2023
in accordance with the principles approved by the Ethics
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Committee of the VMA (Protocol No. 230 dated December 17,
2019) and after obtaining the ethical opinion on the possibility
of conducting a clinical trial from the Ethics Council of the
Clinical Research Center “Medical Technologies” (Protocol of
the first ethical review dated June 6, 2022). The statistical
significance of differences in quantitative indicators of
bacteriostatic activity in the experiment was considered an
inclusion criterion.

Preparation of human umbilical cord-derived
decellularized matrices and hydrogels. Previously, we [12]
produced decellularized products by decellularization and
additional enzymatic treatment. In this study, lyophilized
products made from decellularized Warton's jelly of the
human umbilical cord were used. With the informed consent
of the mothers, human umbilical cord samples were
obtained from healthy preterm infants. After the removal
of the vessels aseptically, the umbilical cords were minced
using a Bosch (Germany) blender and homogenized using
an automated tissue homogenization station (gentleMACS™
Dissociator, Miltenyi Biotec, Germany). Umbilical cord
tissues were decellularized in a thermostat orbital shaker
“ES-20/60" (Biosan, Latvia) at 180 rpm and 25°C by two methods:
1) in 0.05% sodium dodecyl sulfate (SDS) solution (Biolot,
Russia) or 2) in 0.1 N sodium hydroxide solution (NaOH) for
24 h and washed. If NaOH was used, neutralization was
performed with 0.1 M hydrochloric acid (HCL) solution to
pH 7.4. In this way, two types of decellularized matrix (SDS
and NaOH) were obtained, which were lyophilized using
a laboratory freeze dryer “VaCo 5 II" (Zirbus Technology,
Germany).

The matrices were enzymatically treated with pepsin
in an acidic medium at a ratio of 10 mg matrix per 1 mL
of pepsin solution to prepare hydrogels. One milligram of
pepsin (P/1120/46, Thermo Fisher Scientific, Germany) was
dissolved in T mL of 0.01 N HCl with pH 2.0. Fermentation
was carried out at 180 rpm for 72 h at room temperature.
The action of pepsin was stopped by adjusting the acidity of
the solution to pH 7.4 with 0.1 N NaOH. The products were
lyophilized. Two hydrogel types were prepared: SDS and
NaOH hydrogels (Fig. 1).

All products were stored, hermetically sealed at -20°C,
and sterilized in the microbiological safety box “Laminar-C”
(Lamsystems, Russia) for 15 min before use.

Agarose gel electrophoresis. Deoxyribonucleic acid (DNA)
was extracted from the matrix, hydrogel, and umbilical cord
samples (n = 15 0.002 g each) using the DNA-DU-250 kit
(Biolabmix, Russia). The size of residual DNA fragments was
analyzed by ethidium bromide staining. For this purpose,
10 pL of the extracted DNA and molecular weight standard
(100-1500 nucleotide pairs) (SibEnzyme, Russia) were
loaded into wells of 1% agarose gel (Sigma-Aldrich, USA)
with 5 pL of glycerol (Ekos, Russia). Electrophoresis was
performed in a 7 x 7 cm horizontal Mini-Sub Cell GT chamber
(Bio-Rad, USA) in a simple Tris-acetate buffer at 70 V for 1 h.
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The results were recorded by a gel visualization system with
ChemiDoc XRS+ software (Bio-Rad).

Protein concentration determination. Lyophilized samples
of matrices, hydrogels, and native umbilical cord (n = 9) were
dissolved in 8 M urea (Biolot, Russia). Colorimetric analysis
of protein content was performed by the Lowry method using
the KliniTest-BL kit (ECOservice, Russia) and Bradford method
using the Servicebio kit (China). Optical density measurements
were performed in 96-well plates (Rosmedbio, Russia) on
a FlexA-200 spectrophotometer (Allsheng, China) at the
wavelengths specified in the instructions.

Protein electrophoresis in a polyacrylamide gel
(100 x 80 mm, T mm thick) was performed in a Mini-
PROTEAN Tetra Vertical Electrophoresis Cell unit (Bio-Rad).
The solutions for the preparation of lower and upper gels were
prepared in accordance with the prescribed methodology.
The solutions were prepared using distilled water (5.9 and
3.4 mL), 30% acrylamide/bisacrylamide (5 and 0.83 mL,
Bio-Rad), 1.5 M Tris (pH 8.8 and 6.8, 3.8 and 0.63 mL), and
10% SDS (0.15 and 0.05 mL). A total of 0.15 and 0.05 mL
of 10% ammonium persulfate (Central Drug House, USA)
and 0.006 and 0.05 mL of tetramethylethylenediamine (Bio-
Rad) were used for polymerization, respectively. The matrix,
hydrogel, and umbilical cord samples were dissolved in
6 M urea, mixed with a 1:1 application buffer (Servicebio,
China), and incubated at 100°C for 3 min. Subsequently,
15 pL of the prepared samples were placed in the gel wells.
The uncolored Precision Plus Protein standards (Bio-Rad)
were used as reference samples to determine the molecular
weight. Electrophoresis was conducted at V per 1 cm? of gel.
After the migration of the samples into the lower gel, the
voltage was increased to 15 V/cm? After extraction, the gel
was stained for 1 h in a solution of Coomassie R-250 dye
(Diaem, Russia), followed by washing in a solution containing
10% ethanol and 5% glacial acetic acid. The results were
recorded using the ChemiDoc XRS+ gel visualization system
(Bio-Rad).

The amount of sulfated glycosaminoglycans was
determined using 0.5% Alcian Blue 8GX solution (Lenreactiv,
Russia) in 0.1 M HCL (pH 1.5). Then, 20 pL of the test
sample was added to 200 pL of the dye solution and
incubated overnight. After centrifugation, the supernatant
was removed using a Gyrozen Mini microcentrifuge (China).
The optical density of the extracted 250 uL of 6 M HCl was
determined on a FlexA-200 spectrophotometer (Allsheng,
China) at 620 nm in a 96-well plate. Glycosaminoglycan
concentrations were determined using a calibration curve
based on known concentrations of chondroitin sulfate
(Sigma-Aldrich).

The amount of collagen in matrices, hydrogels,
and native umbilical cord samples was determined
spectrophotometrically by oxidation of hydroxyproline after
hydrolysis (10 mg sample per 2 mL of 6 M HCl; 110°C,
48-72 h; n = 9). Concentrations were determined using
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a calibration curve constructed from known concentrations
of hydroxyproline (AppliChem, Germany). Hydroxyproline was
oxidized by adding 1 mL of chloramine T (Diaem, Russia).
Then, 1 mL of 3.15 M perchloric acid (HClO4, Lenreaktiv)
was added and shaken. Subsequently, 1 mL of 20% para-
dimethylaminobenzaldehyde (Diaem, Russia) was added
at 60°C for 20 min, cooled, and added with 5 mL of ethyl
Cellosolve (Lenreaktiv). The optical density was measured at
a wavelength of 550 nm using a UV-1800 spectrophotometer
(Shimadzu, Japan). The collagen content of the sample was
calculated by converting the measured hydroxyproline with
a coefficient of 0.135 [13].

Fourier transform infrared spectroscopy. The absorption
spectra of the lyophilized matrices, hydrogels, and umbilical
cord samples (n = 15) were recorded on a Bruker Alpha
spectrometer (Germany) with a spectral resolution of 2 cm™
for 45 scans each at different sections of the lyophilized
samples. Measurements were performed at 21 + 1°C in an
air-conditioned room.

Microbiological objects. Staphylococcus aureus, B-6646
(ATCC 6538P). and Escherichia coli K-12 B-3254 (KS-507)
were obtained from the National Bioresource Center, All-
Russian Collection of Industrial Microorganisms of the
Kurchatov Institute — State Research Institute of Genetics
and Breeding of Industrial Microorganisms. Lysogeny broth
(LB) according to Miller's method (Rosmedbio, Russia)
was prepared as per the manufacturer’s instructions.
Microorganism cultures in the logarithmic growth phase
were grown for 16-18 h in LB at 37°C in a dry-air TC-1/20
thermostat (Russia). Subsequently, 500 pL of the suspension
was transferred into 15 mL of LB and cultured for 2-3 h
more, with optical densities of 0.49 + 0.05 and 0.37 + 0.04
for S. aureus and E. coli, respectively. Before the experiment,
50 + 10 mg of lyophilized sterile samples of all four products
were rehydrated in 500 pL of sterile deionized water.

Moreover, 15 mL of sterile liquid LB medium was
supplemented with 500 mg of a hydrated sample and
500 pL of a bacterial suspension of microorganisms in
the logarithmic growth phase (n = 8). The tubes were not
supplemented with any samples to monitor bacterial growth,
and product sterility was not evaluated with the addition of
microorganisms. The growth of the bacterial suspension was
recorded at 16, 24, and 40 h after inoculation. Nephelometric
measurements of the optical density of the S. aureus
(570 nm) and E. coli (600 nm) suspensions were performed
on a UV-1800 spectrophotometer (Shimadzu, Japan).

The number of microorganisms at each time point was
determined using the serial dilution method. To this end,
bacterial suspensions were diluted in 1:2, 1:10, 1:100, and
1:1000 ratios in sterile nutrient medium LB. Then, 1 mL of
the corresponding bacterial suspension was plated on a Petri
dish containing dense sterile agar (agar concentration 10 g/L).
After 1 day, the number of colonies was counted, and the
colony-forming unit (CFU) content in 1 mL was recalculated.
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Resazurin was used to examine the effect of
decellularized human umbilical cord-derived matrices and
hydrogels on the metabolic activity of microorganisms. In
the presence of actively metabolizing living objects, blue
resazurin is reduced to pink and fluorescent resorufin.
The assay was conducted using bacteria in the stationary
growth phase. Thereafter, the microbial suspension was
cooled to 4°C after 16—18 h of cultivation. Cultivation was
conducted in sterile glass tubes at ratios of LB, hydrated
sample, and microorganisms in the stationary growth
phase (n = 8) comparable with those described above.
After incubations of 16, 24, and 40 h post-inoculation, 300
pL from each tube was transferred to the wells of a 96-
well flat-bottom plate (Rosmedbio, Russia). Subsequently,
20 uL of a 600 micromolar phosphate-buffered resazurin
solution (Biocompass-S, Russia) was added. After a 30-
min incubation period at 37°C with a shaking speed of 300
rpm on a PST-60 tablet thermoshaker (Biosan, Latvia),
the fluorescence intensity was quantified on a Victor X5

Decellularization

Umbilical cord Vascular removal

0.5% SDS

0.1 and NaOH
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multifunctional tablet analyzer (Perkin Elmer, USA) at
a wavelength of 595 nm and excitation of 560 nm.

For statistical data processing, the analysis of variance
(ANOVA) with Bonferroni post hoc analysis was performed in
Statistica 7.0. Quantitative data are presented as means (M)
and standard deviations (SD). Differences were considered
significant at p < 0.05.

RESULTS AND DISCUSSION

Lyophilized human umbilical cord-derived matrices
and hydrogels are porous sponges that can be crushed if
necessary (Fig. 1).

Matrices and hydrogels produced by different technologies
are decellularized as confirmed by agarose gel electrophoresis
(Fig. 2). Large amounts of DNA are visualized in the native
umbilical cord preparation (Fig. 2, e). Matrices and hydrogels
prepared with different detergents showed acceptable levels
of cell and DNA removal (Fig. 2, b, ¢, f, and g).

Lyophilization Lyophilization

Treatment
with hydrochloric
acid pepsin

SDS matrix SDS hydrogel

Treatment
with hydrochloric
acid pepsin

NaOH matrix NaOH hydrogel

Fig. 1. Manufacturing scheme and appearance of human umbilical cord-derived matrices and hydrogels
Puc. 1. CxeMa M3roToBNEHMS U BHELLHWIA BUL MaTPUKCOB 1 TMApOreneit U3 NynoBuHbI YeroBeKa

Fig. 2. Electrophoresis in agarose gel: a, d, h — DNA molecular weight marker; b — SDS matrix; c — NaOH matrix; e — native umbilical

cord; f — SDS hydrogel; g — NaOH hydrogel

Puc. 2. 3nektpodopes B rene araposbl: a, d, h — [HK-Mapkep MonekynspHoro Beca; b — Matpukc SDS; ¢ — Matpukc NaOH;
e — HaTMBHas nynosuHa; f — ruaporenb SDS; g — ruaporens NaOH
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Lyophilizates of decellularized matrices and hydrogels
and native umbilical cord biomaterials were examined by
Fourier transform infrared spectroscopy. The products were
predominantly collagen and contained glycosaminoglycans
(Fig. 3).

The Fourier transform infrared spectroscopy spectra
of decellularized matrices and hydrogels revealed the
main peaks in the spectral regions of 1685 and 1570 cm™
(amide | and amide II), respectively, which are inherent
to collagen [3]. The qualitative removal of cells and DNA
did not affect the structure of collagens. Furthermore,
it allowed the preservation of glycosaminoglycans
in the composition of matrices and hydrogels. The
spectra showed absorption bands between 1170 and
800 cm™', inherent to the absorption of the (C-0) and
(C-0-C) groups of carbohydrate fragments of collagen
and glycosaminoglycans [3]. For a more detailed
assessment of the composition of the matrices and
hydrogels, biochemical studies of the protein, collagen,
and glycosaminoglycan contents were performed in
comparison with native human umbilical cord (Table).

Because decellularized matrices and hydrogels contain
proteins with different compositions and properties, they
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were determined by two methods. The main mass of the
matrices and hydrogels consisted of collagens (see Table).
Given that the matrices were prepared by removing cells
from Warton's jelly, their collagen content was significantly
higher than that of the native umbilical cord. Owing to
the hydrolysis of collagens by pepsin during hydrogel
preparation, the collagen content was reduced compared
with that in matrices.

Among organs or tissues in the human body, the umbilical
cord contains the highest amounts of glycosaminoglycans [2, 3].
The umbilical cord is rich in sulfated glycosaminoglycans [14].
Sulfated glycosaminoglycans persisted and their amounts
even slightly increased after decellularization of the umbilical
cord (Table) [2, 3]. Their amount slightly decreased compared
with the matrix material during hydrogel production.

The main fibrous protein is collagen type I, and
collagen types Ill, IV, V, and VI, fibronectin, and growth
factors are also present in the umbilical cord [3]. The
results of the separation of protein mixtures obtained
by the dissolution of matrices and hydrogels and native
umbilical cord, according to their electrophoretic mobility
in polyacrylamide gel with subsequent Coomassie staining,
are shown in Figure 4.

Table. Quantitative indicators of the composition of the human umbilical cord and products made of cell-free umbilical cord using various

technologies

Taﬁnuua. KonmnuectBeHHble NOKa3aTesn COCTaBa MYNOBUHbI YeJslI0BEKA U NPOAYKTOB U3 DecKIeToYHOI MYNOBUHbI, U3roTOBJIEHHBIX MO pa3-

HbIM TEXHOJIOTUAM

Protein
campte — (i} eB pvr— Total collar?l(;n, mg/100 Sulfated g%c;t;g;mni‘l;oglycans, CFU/mL
mg/100 mg mg/100 mg
Human umbilical 3/.11£372 24544232 19.36 + 2.09 253043 0
SDS matrix 22.75 + 4.28 16.56 + 3.86 46.03 +3.21 3.68+0.88 0
NaOH matrix 9.83+2.35 5.96 + 4.21 50.10 + 4.29 387076 0
SDS hydrogel 32.54 + 456 12.08 + 1.25 39.21+ 4.67 2.08+0.85 0
NaOH hydrogel 35.50 + 4.32 9.66 + 3.56 37.63 £ 6.35 1.80 +0.38 0
1.5
1.3
‘g 11
5‘; 09
E 0.7
05 Wave number, cm™
500 1500 2500 3500 4500
NaOH hydrogel SDS matrix NaOH matrix SDS hydrogel Umbilical cord

Fig. 3. Fourier-transform infrared spectroscopy spectra of native u
using different technologies

mbilical cord lyophilisates and matrices and hydrogels manufactured

Puc. 3. CnekTpbl MHbpaKpacHoi cnekTpocKonuu ¢ Pypbe-npeobpasoBaHneM NMOGUAU3ATOB HATUBHOM MYMOBUHDI, @ TaKKe MaTpPUKCOB

n FVI)J,pOFEJ'IEVI, WU3roTOBJIEHHbIX MO pPa3HbIM TEXHOJIOTUAM
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Fig. 5. Dynamics of the cultivation of Escherichia coli KS-507 in the presence of human umbilical cord-derived acellular matrices and

hydrogels and in control (M + SD)

Puc. 5. nHamuka KynbtueupoBaHus Escherichia coli KS-507 B npucyTcTBUE BECKNETOYHBIX MaTPUKCOB M ruaporeneii U3 nynoBUHbI Ye-

noBeKa U B KoHTpone (M + SD)

Thus, decellularized human umbilical cord-derived
matrices and hydrogels prepared by different decellularization
protocols, with sufficient cell and DNA removal, contain
collagens and store glycosaminoglycans, including sulfated
ones, and various soluble and insoluble proteins.

Sterile samples of human umbilical cord-derived
matrices and hydrogels were used to evaluate bacteriostatic
properties (Table). The analysis of the changes in optical
density of nutrient media containing bacterial suspensions
and samples of different decellularized matrices and
hydrogels revealed that matrices produced by both
technologies did not inhibit bacterial growth, whereas
hydrogels had some bacteriostatic effect against E. coli
during the first 16 h of incubation (Fig. 5).

The optical density of suspensions cultured with SDS
hydrogels was lower than that of the control suspension;
however, the differences were not significant (p = 0.514).

DAl https://doiorg/10.17816/brmmaé29139

The differences in optical density values between suspensions
cultured with NaOH hydrogels and control were also lower;
however, the differences were not significant (p = 0.077). The
optical densities of S. aureus suspensions cultured with and
without decellularized umbilical cord-derived matrices and
hydrogels were not different (Fig. 6).

The CFU/mL count of suspensions also decreased in this
index when E. coli KS-507 was incubated with SDS hydrogels,
without significant differences (p = 0.304). Conversely, the
reduction in the CFU/mL count of suspensions incubated with
NaOH hydrogels exhibited significant differences (p = 0.024).
Furthermore, differences in this index were observed
exclusively during the initial 16 h of incubation (Fig. 5). The
CFU/mL count of S. aureus suspensions during incubation
with decellularized umbilical cord-derived matrices and
hydrogels was different when compared with the control
(Fig. 6).
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M. Dubus et al. [2], T.Z. Ramuta, and L. Tratnjek et al.
[6] revealed the presence of peptides with bacteriostatic
effect on matrices of decellularized extraembryonic organs
and tissues. Presumably, this phenomenon was realized
by the influence of such peptides on the surface structures
of microbes. The disruption of the integrity of the surface
structures of microorganisms is inevitably reflected in the
level of their metabolic activity. Thus, the fluorescence
intensity, which reflects the level of metabolic activity of
the bacterial culture, may be measured. Studies of resorufin
fluorescence levels of bacterial suspensions have shown
a significant (p = 0.000001) effect of hydrogels prepared
by both technologies on E. coli K-12 activity during the first
16 h (Fig. 5). No such effect of decellularized umbilical cord-
derived matrices and hydrogels was found for S. aureus
cultures (Fig. 6).

A lyophilized hydrogel prepared using 0.05% SDS solution
for cord decellularization was used as an adjunctive treatment
for extensive deep soft tissue injuries in two patients (clinical
cases 1 and 2).

Clinical case 1. Patient X1 (33 years old) was diagnosed
with a shrapnel blind wound of the upper third of the tibia
with extensive soft tissue defect and fracture of the inferior
pole of the patella, intra-articular fracture of the proximal
metaphysis of the left tibia with displacement of the
fragments, and bone defect (Fig. 7, a).

After surgical excision of nonviable tissues, a combined
musculocutaneous plasty of the gunshot wound of the lower
leg was performed with a non-free perforator muscle flap
from the medial head of the calf muscle and a free split
dermatome. The patient received a course of antibiotic
therapy based on the pathogen detected (Pseudomonas
aeruginosa, S. aureus, methicillin-resistant S. aureus,
E. coli, and Acinetobacter baumannii). Despite the ongoing
antibacterial therapy based on the sensitivity of the
identified bacterial colonies to the available antibiotics, the
healing of the defect was complicated by the development
of the infectious process. To increase the concentration of
biologically active factors stimulating collagen formation,
stem cell recruitment to the injury site, and vascularization
and vascular remodeling, lyophilized powdered matrices and
decellularized human umbilical cord-derived hydrogels were
applied (Fig. 7, b). On day 1 after the application of human
umbilical cord-derived hydrogels, eschar formation was
observed in up to two-thirds of the wound area. On day 10,
the exudate became serous (Fig. 7, c).

The application of human umbilical cord-derived hydrogels
resulted in a reduction in exudation and scab formation. In
cases of extensive infectious lesions, the survival of free skin
grafts can be ensured, which create conditions conducive to
healing tissue defects (Fig. 7, d).

Clinical case 2. Patient X2 (46 years old) was diagnosed
with a wound on the right tibia and foot with soft tissue defect
of the lower third of the tibia and splinter fractures (Fig. 8).
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The patient received surgical treatment with excision
of nonviable soft tissues. On day 25 after the wound was
sustained, the patient underwent skin grafting of the
anteromedial defect of the lower third of the right tibia with
a non-free sural flap (Fig. 8, b). On day 5 after the surgery,
pathological greenish discharge with an unpleasant odor
from the wound margins, increasing cyanosis, and dense
consistency of the flap were noted. On day 9, subtotal
necroectomy of the infected sural flap of the right tibia
was performed. The bacteriological examination detected
P. aeruginosa, methicillin-resistant S. aureus, and Klebsiella
pneumoniae. Over the subsequent 3-week period, the
patient received surgical treatment involving the excision of
necrotic tissues and administered antibiotic therapy. After the
results of a control microbiological study, a second surgical
procedure was performed to address the soft tissue defect in
the lower third of the right tibia using two split-skin autografts.
The wound was then covered with an aseptic dressing and
gauze swabs. On day 3 after repeated autotransplantations,
lyophilized powdered decellularized human umbilical cord-
derived hydrogels were applied to the defect area (Fig. 8, c).
By the next day, the foot edema was significantly reduced,
the wound surface was partially scabbed, and the pathologic
discharge was significantly decreased. On day 50 after tibial
osteosynthesis with the llizarov device, the wound was
repeatedly covered with decellularized lyophilized hydrogels.
One month after osteosynthesis, the condition of the defect
was satisfactory (Fig. 8, d).

This clinical observation demonstrates that the use
of decellularized lyophilized hydrogels as an adjunctive
treatment in autodermoplasty of extensive, deep, and
infection-prone soft tissue defects helps create optimal
conditions for graft engraftment.

Antibacterial activity may be an intrinsic property of native
mammalian tissues, particularly those that are regularly
exposed to bacterial populations, such as the skin, oral
cavity, and gut. Evolution and ontogeny occur in a close
relationship between the developing macroorganism with its
microbiota and the diversity of the microcosm as a whole.
This natural defense mechanism allows the host to limit or
prevent microbial growth soon after exposure to different
bacteria, before the immune system is stimulated. Peptides
with antibacterial activity are thought to interact directly with
the bacterial membrane, diffuse into the cytoplasm, and
interfere with protein synthesis [9].

Because decellularized matrices from human and animal
tissues are stroma with incorporated bioactive molecules,
the fragmentation of collagen molecules and appearance
of peptides with antimicrobial activity may determine the
bacteriostatic effect in their clinical use [10, 15]. E.P. Brennan
et al [9] showed that proteins released during the cleavage
of decellularized matrix from the submucosal layer of
porcine intestine and liver stroma exert variable antibacterial
activities against S. aureus and E. coli. Several authors have
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Fig. 6. Dynamics of Staphylococcus aureus culture in the presence of human umbilical cord-derived acellular matrices and hydrogels
and in control (M + SD)

Puc. 6. uHamuka KynbtuBMpoBaHUa Staphylococcus aureus B NpUCYTCTBUM BECKNETOYHBIX MAaTPUKCOB W ruaporenei U3 nynoBuHbI Ye-
noBeKa U B KoHTpone (M + SD)

a b c d

Fig. 7. Appearance of a shrapnel blind wound of the upper third of the leg with an extensive soft tissue defect and the fractures:
a — 16 day after injury; b — muscle—cutaneous plastic and acellular matrix from the human umbilical cord in the wound 30 days after
injury; c — appearance of the defect 2 months after injury with the replacement of Ilizarov apparatus; d — appearance of the defect 15
months after injury

Puc. 7. BHeLUHWIA BUA OCKOMOYHOTO CNEMOr0 paHEeHUs BEpXHEe! TPETU FONeHM C 0BLUIMPHLIM AedeKTOM MSTKUX TKaHelt 1 nepenoMamu:
a — 16-e CyTKM Nocne paHeHUs;; b — MBbILIEYHO-KOXKHasA NJaCcTUKa U BECKIETOUHbIA MaTPUKC U3 MyMOBMHbI YesioBeKa B paHe Ha 30-e cyTku
Mnocsie paHeHusi; ¢ — BHELUHWIA BUA, fedeKTa crycTs JBa Mecslla Nocie paHeHus € YCTaHOBKOI annapaTa Unu3apoBa; d — BHeLHWi BUL
nedekra cnycta 15 MecsiLeB nocne paHeHus

a b c d

Fig. 8. Right leg and foot wound with a soft tissue defect in the lower third of the leg and comminuted fractures: @ — appearance of
an irregularly shaped wound (20 x 8 cm) in the lower third of the right leg after repeated surgical treatments; b — 25 days after injury,
the sural flap on the vascular pedicle is fixed to the defect area; c — 38 days after injury, repeated autoplasty with free split skin grafts.
Crushed lyophilized hydrogels from the acellular human umbilical cord were applied on top of the grafts; d — appearance of the defect
area 80 days after injury

Puc. 8. PaHeHne npaBoi rofieHn 1 cTonbl ¢ AeeKTOM MATKWUX TKaHei HKHEeN TPETU roNleHn U OCKONbYaTbIMU NepenoMaMi: 0 — BHeLL-
HWI BUA paHbl (20 x 8 cM) HUXKHEN TPeTU NpaBOM rofieHu Noce XUpypruyeckux 0bpaboTok; b — 25-e cyTKU Nocnie paHeHus, cypasbHbIi
JIOCKYT Ha COCYAMCTON HOXKe (UKCMPOBaH K 30He AedekTa; ¢ — 38-e CyTKM nocne paHeHWs, MOBTOPHas ayTonnacTuka cBobOAHbIMM
pacLLensieHHbIMU KOXHBIMA TpaHCMaHTaTaMu. [1oBepx TPaHCMIaHTaToOB MPUMEHEH M3MESbYEHHDIA IMOGUNM3MPOBaHHBIA TMAPOreb
13 6eCKIIETOYHOI NYNOBMHBI Yes0BeKa; d — BHELLHWIA B, 30HbI AiedeKTa Ha 80-e CyTKM nocie paHeHus

DAl https://doiorg/10.17816/brmmaé29139




370

OPUTHATTEHBIE MCCIIELOBAHMA

identified candidate antimicrobial agents in products derived
from extraembryonic tissues, including the umbilical cord
[2, 6, 11]. Presumably, these agents inhibited the growth of
Gram-positive and Gram-negative bacteria at micromolar
concentrations and reduced endotoxin activity by hinding
to lipopolysaccharide [11]. M. Dubus et al. [2] used mass
spectrometric analysis and demonstrated that decellularized
Warton's jelly material of human umbilical cord released
antimicrobial molecules involved in the innate immune
response, as well as some molecules involved in bacterial
agglutination.

In this study, we used three techniques to determine
the sensitivity of bacterial suspensions to the action of
decellularized matrices and umbilical cord-derived hydrogels
during different growth periods of microbial cultures.
Spectrophotometric technique and CFU counting revealed the
bacteriostatic effect of hydrogels prepared by two techniques
against E. coli. Our results of analysis using hydrogels may
be a consequence of the greater fragmentation of collagen
molecules during manufacturing. The technique applied
using resazurin allowed us to reveal the effect of hydrogels
on the metabolic activity of microorganisms. Matrices,
unlike hydrogels, did not show a bacteriostatic effect, which
indicates that it is the hydrolysis of structural components in
vitro under the influence of pepsin that promotes the release
of active ingredients. Under in vivo conditions, the implanted
matrix is subjected to the action of peptidases that ensure
its biodegradation. In this context, it is not unreasonable to
assume a delayed release of antimicrobial agents from the
matrix placed on the wound bed [9].

More complex models used in the analysis of the
antimicrobial activity of decellularized matrices also
allow us to evaluate their anti-adhesive effect [6, 7, 11].
The preservation of glycosaminoglycans in umbilical cord-
derived decellularized products indirectly confirms the
assumption of a possible decrease in bacterial adhesion [2].

CONCLUSIONS

An in vitro experiment demonstrated the bacteriostatic
effect of decellularized human umbilical cord-derived
hydrogels against E. coli strain KS-507 during the first 16 h.
The bacteriostatic effect of the hydrogels did not depend on
the type of detergent used for their preparation. The effect is
attributed to the influence on the level of metabolic activity of
microorganisms. The use of lyophilized decellularized human
umbilical cord-derived hydrogels as an adjunctive treatment
in two patients ensured the engraftment of skin autografts
and created conditions for healing of infection-risk extensive
deep wounds.
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AOMO/THUTENIbHASA UHOOPMALIUA

Bknap aBTopoB. Bce aBTOpbl BHECNM CYLLECTBEHHbIN
BKJTaf B pa3paboTKy KOHLEeNLMK, NpoBEAEHME UCCeLoBaHMS
¥ MOArOTOBKY CTaTbyl, MPOYAM W 00bpUIM GUHambHyto Bep-
CUio nepeq nybnukaumen.

Bknap kaxporo asropa. A.A. KoHgpaTteHko — uccre-
[0BaHWe DeCcKNETOYHOCTH, COCTaBa M DaKTEPUOCTATUHECKMX
CBOJCTB NPOJYKTOB 13 MyNOBUHLI, CTaTUCTUYECKas 0bpaboTKa
pe3ynkTaToB, HanucaHuWe cTatbu; B.E. YepHoB — vccnepoBa-
HWe HaKTepMOoCTaTUYECKWX CBOWCTB NPOAYKTOB M3 MyNOBUHBI,
HammcaHue cTatbu; [1.B. ToBneko — M3roToBneHne v uccne-
[0BaHWe COCTaBa MPOAYKTOB M3 MyMOBWHbI YEN0BEKa, Hamw-
caHue cratbu; [J.A. Bonos — KamMHWYeckue mccnenosaHus,
HanucaHwe cTatbu; H.B. Benbil — nccnegosanue bakTepu-
0CTaTWYeCKMX CBOWCTB MPOAYKTOB W3 MYMOBWMHLI, Hammca-
Hue ctatbk; [.A. 3eMnaHoM — cTaTUCTMYecKas 0bpaboTka
pe3ynbTaToB, MaTepuasnbHoe obecrieveHne 3KCMepUMEHTOB,
HanucaHue ctatbu; J1W. KantoHas — pa3paboTka obulew
KOHLENUMW, AM3alH MUCCefoBaHus, MatepuanbHoe obecne-
YeHMe IKCMEPUMEHTOB, HanMCaHWe CTaTbi.

KoHtbnukT nHTepecos. ABTOpLI LEKapUpYIOT OTCYTCTBUE
ABHbIX M MOTEHLMANBHBIX KOHDIMKTOB MHTEPECOB, CBA3aHHbIX
C NybnMKaLpen HaCTOALLIEN CTaTbMy.

WUcTouHuk dmHaHcupoBaHus. ABTopsl 3asBnisioT 0b OT-
CYTCTBWW BHELLHEro GUHaHCMPOBaHKA MpU MPOBELEHUM WC-
CrefoBaHvA.
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