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AHHOTAUMS

PUBPUH KpanHe NepcnekTMBeH B TKaHeBOW uHxeHepun. OJHaKO OH MULIEH HEOBXOAMMBIX PU3NKO-MEXaHNYECKMX XapaKTe-
PUCTMK NPW CO3AAHWMN MaTepuanoB AN HYX[A CepAEYHO-COCYyAMCTON Xupypruum. MNonyyeHne rubpmaHoro ruaporens ¢ B3av-
MOMPOHMKAIOLLIEN CeTbIo Ha ocHoBe MBPMHa 1 NONMBMHUIIOBOIO CNUPTa MOXET YNyyLINTb CBOMCTBa hmbprHa, B 4aCTHOCTH,
NOBbLICUTb (PU3NKO-MEXAHNYECKNE XapPaKTEPUCTUKM U YMEHBLUNTL CKITOHHOCTb K ycaake.

Llenb — BbINONHUTL NocrnegoBaTtenbHyo nonvMepusaunto dubpuHa 1 NONMBUHMIOBOTO CNMPTa ANA NONny4YeHns rmépruaHoro
rmaporens u N3y4mTb ero CBOWCTBa B CPABHEHUN C MOHOKOMMOHEHTHLIMW MMAPOrensmMu.

Martepunan u metoabl. /13 nepundepunyeckon KpoBM NaLMEHTOB METOAOM 3TaHOMNOBOW NpeumnuTaLmm Bblaensanu onbpuHoreH,
K Hemy [06aBnANM NONMBUHUIOBBIN CNMPT, PaCTBOPEHHBIN B h3nonornyeckom pactsope. CHavyana nHmuuvposanv nonnve-
pusauuio dprbpuHa, fobasnsas B pacTBop xnopug kanbums. MNMocne cnegosan atan KPUOCTPYKTYPUPOBAHMS MNONMBUHUIIOBOIO
cnupTa LMKNaMu 3amMopo3ku, pasMOpPO3kM M OTTamBaHus. Takum obpasom, 6binn NpuroToBreHsbl rmbpuaHsbie rmaporenn Ha
ocHoBe (hubpuHa 1 NONMBUHUIIOBOIO cnMpTa U obpasLbl N3 YNCTOro hnbprHa U YUCTOro NONMBUHMIOBOTO cnupTa. M3yyanu
CTPYKTYpY rugporenew, (ou3nko-mexaHn4eckne CBONCTBA, ycaaKy 1 B1Monornyeckyro akTuBHocTb. Ctatuctnyeckyto o6pabotky
nposogunu B nporpamme GraphPad Prism 6.

Pesynbratbl. 3-D cTpykTypa rubpmaHoro ruaporens npeacrasneHa codeTaHMeM NONUIoHarnbHbIX NONOCTEN NONMBUHUIIOBOIO
cnupTa, OMNMETEHHbIX CETbIO TOHKMX (PMBPUMHOBLIX BOMOKOH. PacnpegeneHme KOMNOHEHTOB ObINO paBHOMEPHbLIM B TOrLLe
06pa3suoB., Toraa kak Ha MOBEPXHOCTW Npeobnaaan NonvBMHUNOBLIV CNUPT. YanuHeHue (247 (220,0; 293,2) %; p = 0,0005) 1
mogyne KOwra (0,09 (0,11; 0,13) mMa; p = 0,0001) rubpuagHoro rugporens 6binyM CTaTUCTUHECKN 3HAYMMO BblLLE OTHOCUTENBHO
3HadeHu hmnbpuHa. MBpuaHbLIA rMaporens He gan ycagky, B otnvume oT dubpurHa, koTopbiii ycen B 11 pas. Konmyectso
aares3vpoBaHHbIX 3HAOTeNManbHbIX KNEToK Ha MaTpuuax U3 rubpuaHoro rugporens 6bino B 8 pas Bbille, YeM Ha NOSIMBUHM-
noBom cnupTe, Ho B 10 pa3 MeHbLUe, Yem Ha nbpuHe. MponudepaTnBHas akTUBHOCTb KINETOK Ha MOMMBUMHUIIOBOM CNupTe
otcyTcTBOBana, Ha IPN-rugporene otmeuyeHo 13,6% nponvdepupytolmx KneTok, Ha ubpuHe 59,52%.

3akntoueHue. Cnocob nocnegosatenbHon nonumepusaummn IPN-rugporens pubprHa 1 NonnMBMHUNOBOIO CNUpTa AaeT paB-
HOMepHOe pacnpegerieHvie BOIOKOH B TOMLLE MaTepuarna 1 no3sonseT nony4atb rMgporenu ¢ ynyyweHHbIMU MexaHU4eCKUMu
CBOWCTBaMM, OTCYTCTBMEM CKITOHHOCTY K ycaake. Ho nepepacnpeneneHve KOMNOHEHTOB Ha NOBEPXHOCTU MMOpUAHOro ruapo-
rensi B Nonb3y NovBMHWUITOBOIO CNMPTa C NogaepXaHnem OTHOCUTENbHO HU3KOW afAre3voHHOCTU MaTtepuana AuKTyeT Heobxo-
AVMOCTb NPOBEAEHUS AaNbHENLLNX SKCMEPUMEHTOB MO CO34aHMI0 ONTUMAarbHbIX YCNOBUIA 4NN XN3He4eATENbHOCTU KIETOK.

KnioueBble cnoBa: UBPVH, MNONMBUHUNOBLIN CNMPT, GuomaTtepuansl, GMOCOBMECTUMOCTb, 3HAOTENUANbHbIE
KNeTKu.
KoHdnukT nHtepecos: aBTOpbl 3aaBNSAT 06 OTCYTCTBUM KOHPNMKTa UHTEPECOB.

MNpo3payHocTb hMHAHCOBOW  MCCriefoBaHWe BBIMOSIHEHO B paMKax dyHAaMeHTanbHoW Tembl HayyHo-uccnenoBaTenbCkoro

AeATeNbHOCTH: WMHCTUTYTa KOMMMEKCHbIX NpobrnemM cepaeyHo-cocyamnctbix 3abonesaHuin Ne 0419-2022-0001
«MonekynsipHble, KneToYHble 1 GroMexaHN4Yeckne MexaHn3Mbl NaToreHe3a cepaevHO-Cocyam-
CTbIX 3a6oneBaHuin B pa3paboTke HOBbIX METOAOB NevyeHUsi 3aboneBaHnin cepaevHO-Cocyam-
CTOW CUCTEMbI Ha OCHOBE MepCOHMMULIMPOBaHHOW hapmakoTepanuv, BHEAPEHUS ManonHBa-
3MBHbIX MEOULMHCKUX U3aenuii, BuomaTtepranos 1 TKaHeNHXEHEePHbIX MMMNIaHTaToBy.
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The first results of obtaining a hybrid hydrogel based
on fibrin and polyvinyl alcohol: comparison with
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Abstract

Fibrin displays promising characteristics for tissue engineering. However, it has suboptimal physical and mechanical
properties when used as a material for cardiovascular applications. Obtaining an interpenetrating polymer network (IPN)
hydrogel based on fibrin and polyvinyl alcohol (PVA) can improve the physical and mechanical characteristics and shrink
behavior of fibrin.

Aim: To perform sequential polymerization of fibrin and PVA to obtain IPN hydrogel and analyze its properties in comparison
with monocomponent hydrogels.

Material and Methods. Fibrinogen was isolated from the peripheral blood of patients using ethanol precipitation, then polyvinyl
alcohol dissolved in saline was added to it. First, fibrin polymerization was initiated by adding calcium chloride to the solution.
Then, it was followed by polyvinyl alcohol undergoing freeze—thaw cycles. Thus, a hydrogel based on fibrin and PVA, samples
from pure fibrin and pure polyvinyl alcohol were prepared. We studied the structure of hydrogels, their physical and mechanical
properties, shrink behavior and biological activity. Statistical data processing was carried out using the GraphPad Prism 6
software.

Results. 3D structure of the hydrogel is presented by polyvinyl alcohol polygonal cavities with a network of thin fibrin fibers. The
distribution of components was equal in the inside of the samples, while polyvinyl alcohol prevails on the surface. Elongation
(247 (220.0; 293.2)%; p = 0.0005) and Young’s modulus (0.09 (0.11; 0.13) mPa; p = 0.0001) of the hydrogel were statistically
significantly higher compared to fibrin values. The hydrogel did not shrink, unlike fibrin that shrunk (11-fold decrease in volume).
The number of adherent endothelial cells on the hydrogel matrices was 8 times higher than on polyvinyl alcohol, but 10 times
lower than on fibrin. There was no proliferative activity of cells on polyvinyl alcohol, but 13.6% of proliferating cells were noted
on the IPN hydrogel, and 59.52% on fibrin

Conclusion. Using sequential polymerization to obtain the IPN hydrogel based on fibrin and polyvinyl alcohol provides an
equal distribution of fibers in the thickness of the material, making it possible to obtain hydrogels with improved mechanical
properties and shrink behavior. However, the components on the surface of the IPN hydrogel need to be redistributed - more
polyvinyl alcohol should be added still maintaining a relatively low adhesiveness of the material. Therefore further research is
necessary to create the most optimal conditions for cell activity.
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BBegeHue

dnbpuH npeacTaBnsieT coboi NPUMPOAHLIA Monumep ¢
YHUKanbHbIMW AN TKAHEBOW WMHXeHepuu Gronornyecknmm
cBovictBamu. OH ABNSIETCS HE TOMbKO MAearnbHbIM KINeTou-
HbIM HOCUTENEM C BbICOKOW CMOCOOHOCTBIO K yAepXaHuto
KNeTok Ha noeepxHocTu [1-3], Ho, n Gnarogapsi cNoco6Ho-
CTU CBfI3blBaTb M [J03UPOBaAHHO BbICBOOOXOATb POCTOBbIE
(pakTopbl, aKTUBHO NOAAEPXKMBAET aHIMOTEHES 1 penapauuto
TkaHen [4, 5]. B otnuune ot gpyrux Guononumepos (konnare-
Hbl Pa3nNUYHbIX TUMNOB, (PUOPOHEKTMH, 3NacTUH), ayTonoruny-
HbI PUOPUH MOXHO NMPOCTO U B AOCTATOMHOM KONMMYECTBE
norny4aTb M3 cOGCTBEHHON KPOBY MaLMEHTa, YTO AeNaeT ero
BECbMa NpuBrekaTeribHblM MaTepuanoM Ansi nepcoHnguLm-
pOBaHHOW TKaHeBOW WHXeHepun [6]. OgHaKo HM3KMe npoy-
HOCTHbIE XapaKTEPUCTUKM N CKITOHHOCTb K yCaZike OrpaHuyu-
BalOT €ro MCMonb30BaHWE B KOHCTPYKUMSAX, NOABEPKEHHBLIM
3HAYUTENMbHLIM MEXaHWYEeCKUM Harpyskam u Tpebyrolmm
COXpaHeHusi hopMbl, TaKUX Kak MpoTe3bl COCYAOB Manoro
avametpa.

OpHuM 13 cnocoboB npeoaoneHust HeaocTaTkoB -
OpuHa MOXeT cTaTb Co3daHue rMbpuaHbIX ruaporenen c
B3aMMOMNpoHUKaroLen nonmmepHon cetbto (Interpenetrating
polymer network, IPN-rugporenu). IPN-rugporenu gatot Bo3-
MOXHOCTb CcoYeTaTb GraronpusiTHble CBOWCTBA KaXaoro u3
NONMUMEPHBIX KOMMOHEHTOB U UMWUTUPOBATbL CTPYKTYpY Ha-
TUBHOW TKaHu [7-9]. Mmaporenn Ha OCHOBE MONMBMHMUIIOBO-
ro cnupta (MBC) obnagatoT TpEXMEPHOW CTPYKTYPOW 1 [0-
CTaTOYHON MeXaHWU4eCcKol MPOYHOCTLIO, YTODOLI BbICTYNaTh B
KayeCcTBE HaOEXHbIX KapKacoB AN 3aMeLLEeHNsi OpraHoB U
TkaHen venoseka [10, 11]. MNMonumepunsaums MNBC metogom
KPUOCTPYKTYPMPOBaHUsI MO3BOMsieT m3beratb MCrNonb3oBa-
HME TOKCUYHBIX U XMMUYECKW arpeCCUBHbIX COEAUHEHWN, YTO
ABMSETCS HECOMHEHHbIM MPEUMYLLECTBOM MpWU CO34aHUU
TKaHenHxeHepHbIX NpoaykToB [12]. OgHako oTcyTCTBUE cau-
TOB Ans aare3un knetok Aenaet NBC 6ronHepTHbIM MaTe-
pvanom, HecnoCoBHbIM K YOEpXaHWIO KNEeTOK Ha NOBEPXHO-
ctu [13]. BHeaperue B cTpykTypy NBC 6enkoB, cnocobHbIX
obecneunTb KNETOYHYH aare3vito, yryywmnT Guornoruyeckue
XapakTtepucTukn matepuana. C apyro CTOPOHbI, BBEAEHUE
B cocTaB (hubpuHa KOMMOHEHTA, YCWUMMBAKLLENO KapKac-
HOCTb 1 MOBbILLIAIOLLETO NMPOYHOCTb, TAKXKE MOXET OKa3aTbCs
BecbMa nonesHbiM. CoyeTaHue cBoicTB hmbpuHa n MNBC B
cTpykType IPN-rugporenst noMoXeT npeoaoneTb HeoCTaTKu
KaXk[I0ro M3 KOMMOHEHTOB U MOMYYUTb YIYYLLIEHHbIA MaTepu-
an. BonokHa ¢unbpuHa nogaepxaT KNeTOYHYH >Xu3Henes-
TenbHOCTb, a ceTb NBC NOBLICMT NPOYHOCTb U CHU3UT ycaaKy
IPN-rugporens.

Mpennaraemasi Kk paspaboTke TEXHOMorus Mofy4YeHus
IPN-rupporensi nogpasymeBaeT paBHOMEPHOE MnepemeLln-
BaHWe W nocrnegoBaTenbHy MONUMMepU3auulo  cHavana
pubpuHa, a ganee kpuocTpykTypuposaHue MBC. B pesynb-
Tate JomkeH cdopMUpoBaTbLCA MAPOrefls C O4HOPOAHOWN
CTPYKTYpOW, npeacTaBnsioweri coboi nepennetaroLimecs
BorokHa cmbpuHa n cetn MNBC. B paboTte peanunsoBaH noa-
XOf, CBSI3aHHbIV C MOMyYeHUEM MOMHOCTLI ayTONOrMYHOro
dunbpuHa, 6e3 Ucnorb3oBaHKs 3K30reHHOro TpoMouHa [14].

Llenb: BbINONMHUTL NOCReAoBaTENbHYH NONMMMEPU3ALIMIO
pubpura n NBC ans nonyyvenus IPN-rugporens n nsyumtb
€ro CBONCTBA.

MaTtepunan n metoabl

Ons nonyveHns npeumnutata dubpuHoOreHa MCnonb3o-
Banu KpoBb, 3abpaHHyto ¢ 3,8% umTpaTtom HaTpus. 3 nnas-
Mbl BbIAENSNU MNpeumMnuTat MeTodOM 3TaHOMOBOW MNpeuu-

Introduction

Fibrin is a natural polymer with unique biological
properties useful for tissue engineering. It is an ideal cell
carrier with a high ability to retain cells on the surface [1-3],
to bind and dosed release of growth factors for supports
angiogenesis and tissue repair [4, 5]. Autologous fibrin can
be obtained simply and in sufficient quantities from the
patient’s own blood, making it a very attractive material for
personalized tissue engineering [6]. In contrast, sources of
other autologous human biopolymers (such as collagen,
fibronectin, elastin) have low availability. However, poor
mechanical properties of fibrin and tendency to shrink limit
its use in construction that carry significant mechanical
loads and require shape retention, such as small-diameter
vessel prostheses.

The formation of hybrid hydrogels with Interpenetrating
polymer network (IPN-hydrogels) may be one of the ways
to reduce fibrin disadvantages. IPN-hydrogels combine the
favorable properties of each of the polymeric components
and imitate the structure of native tissue [7-9]. Polyvinyl
alcohol (PVA) hydrogels have a 3D structure and sufficient
mechanical strength to actas reliable scaffolds forreplacing
human organs and tissues [10, 11]. PVA polymerization
by cryostructuring makes it possible to avoid the use of
toxic and chemically aggressive substances, which is an
advantage in the creation of tissue engineering products
[12]. However, the lack of sites for cell adhesion makes PVA
a bioinert material with impossible retention cells on the
surface [13]. The proteins incorporation into PVA structure
will improve cell adhesion and biological characteristics of
the material. On the other hand, the intercalation into fibrin
of a component that enhances the frame properties and
increases strength can also be very useful. Combining of
fibrin and PVA in a single IPN hydrogel structure will help
to obtain an improved material. Fibrin fibers will support
cell activity, and the PVA network will increase mechanical
strength and reduce shrinkage of the IPN hydrogel.

The proposed technology for the formation of an IPN
hydrogel includes thorough mixing of the components and,
sequential polymerization of fibrin first, then cryostructuring
of PVA. As a result, hydrogel with a homogeneous
structure, consisting of intertwining networks of fibrin and
PVA, should be formed. The work uses the method of
obtaining completely autologous fibrin, without the use of
exogenous thrombin [14].

Aim

To perform sequential polymerization of fibrin and PVA
to obtain an IPN hydrogel and study its properties.

Material and Methods

The study was approved by the Local Ethics Committee
No. 4/1 dated April 18, 2022.

We used donor blood taken with 3.8% sodium citrate.
The precipitate was isolated from plasma by ethanol
precipitation with low ethanol concentration. The fibrinogen
concentration in the precipitate was adjusted to 75 mg/ml.

PVA solution was prepared from a polymer with a
molecular weight of 89-98 kDa, the degree of hydrolysis of
acetate groups > 99% (Sigma-Aldrich, USA), which was
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nMTauMmn C HU3KUM codepxaHvem aTaHona. KoHueHTpauumio
pubprHoreHa B npeuunuTate JoBoguNM o 75 mr/mn.

Ons nonyyeHunsa pacteopa MNBC ncnonb3osanu nonmmep
mMonekynspHon maccel 89-98 k[la, cTeneHbio rmgponunsa
auetatHbix rpynn > 99% (Sigma-Aldrich, CLUA), koTopbin
pacteopsinu B NaCl 0,9% npu Temnepatype 90 °C go nony-
YeHMa NPO3PaYHOro pacTeBopa C KOHUeHTpauven 75 mr/mn.

MpuzomoeneHue 0bpasyos IPN-2udpozens cpubpuHa u MBC

B npeumnutat gombpuHoreHa BHocunu MNBC B cooTHOLLE-
HM 1 : 1 1 TwartensHo nepemMelwvBany. Ons 3anycka nonu-
mepusauun cmbpuHa k pacteopy npeuunutata n NBC gobas-
nanu CaCl, 0,4% B cooTHoLleHnn 1 : 4 1 anpoTUHWUH. [oToBYIO
CMecb 3anveanv B oopMy ¥ OCTaBnANY AN NonvMmepusaumm.
MToroBasi koHUeHTpauust mbpuHoreHa u MNBC B 0b6pasuax co-
ctasuna 30 mr/mn. Criegyrowm atanom ObIno KpUOCTPYKTYypU-
posaHue MBC B obpasue. [ina atoro o6pasupl oxnaxganu o
—40 °C B TeueHue CyTOK, Aarnee BbIMOMHANU rpagneHTHYI0 pas-
Mopo3ky npu —4 °C ¢ akcrnosuumen 8 4 n ottamBaHune npu +6 °C.
Livknbl 3amopaxuBaHus 1 oTTavBaHUs NOBTOPSANM TPUXAbI.

lMpu2omoeneHue KOHMPOAbHbIX 06pa3yos hubpuHa

KoHueHTpaumio ombpuHoreHa B npeuunutaTe 4oBOAUNN
Ao 60 mr/mn, nanee sHocunu pacteop CaCl, 0,2% B cooT-
HoweHun 1 : 1 U anpoTUHWUH, NepemelLvBanu, 3anveanv B
dopmy 1 ocTaBnAnNu Anga nonumepusauun. toroeas KoOH-
ueHTpauus dpubpuHoreHa B onbpurHe 30 mr/mn.

Mpu2omoeneHue KOHMpPobHbIX 06pa3yoe MNBC

PactBop nuHenHoro MBC rotoBunu, kak onucaHo Bhbille,
OOBOAUNN KOHLEeHTpauuto B pacteope Ao 30 mr/mn. Liuknbl 3a-
MOPaXMBAHMA 1 OTTanBaHWS KOHTPOSbHBLIX 06pasLoB punbpu-
Ha 1 MNMBC BbinonHanu Bmecte ¢ obpasuamu IPN-rugporenei.

U3yueHue cmpykmypeoi 2udpozeneli
CKaHupyrowas 3neKmpoHHas Mukpockonus (COM)

loToBble 06pasubl hukcmposanu B 1% pacTsope rnyTa-
poBoro anbaernaa (Sigma-Aldrich, CLLUA) B Te4yeHne cyTok 1
OoTMbIBanu B pactBope docgarHo-conesoro bydepa (PCB)
(Gibco, CWWA) n guctunnuposaHHon Boge. lNMocne atoro 06-
pasubl 3aMopaxvBanu U NMouUNU3NPoBann B YCTaHOBKE
Freezone 2.5 (Labconco, CLUA) npu Temnepatype —40 °C
n gaenexumn < 0,133 mbap. [Ina Bu3yanusaunm BHyTPEeHHeN
CTPYKTYpbl NNOnnnsnpoBaHHblie obpasLbl 3amopaxusanm
B XXMOKOM asoTe v nomanu. MeTogom MOHHOTO pacnblieHns
Ha MOBEPXHOCTb pasnoma HaHocunu TokonposoasLiee (Au/
Pd) nokpbiTve TonwmHon 7 HM. CTPyKTypy OLEHMBanu Ha
Mukpockone S-3400N (Hitachi, AnoHus) B ycnoBmsx BbICOKO-
ro Bakyyma npu yckopsiolem HanpsbkeHun 10 kB B pexvme
BTOPWYHbIX 3NIEKTPOHOB.

Tucmonoauyeckas oKpacKa cpe3o8 2eMamoKCcUMUHOM
U 303UHOM

Ons noarotoBkn cpe3oB obpasupl ukcuposanm B 10%
3abydepeHHom dopmanute (BioVitrum, Poccust) n B 2% rnto-
TapoBOM anbgernge, AernapaTmpoBany, NponuTbiBany u 3a-
nueanu napadgpuHom MCTOMUKC (BnoButpym, Poccus). U3
Nony4YeHHbIX 6r10KOB C NomoLLbio MyukpoToMa HM 325 (Thermo
Scientific, CLUA) n3rotaBnmBanu nonepeyHble cpesbl TOMNLim-
HOW 8 MKM KOTOopble AenapaduHU3npoBany 1 AerugpaTnpo-
Bann. OKpalunBaHWe NpPOBOAMIIM PacTBOPOM reMaToOKCUIMHa
[appuca (BioVitrum, Poccus) 15 muH 1 ganee pactBopom 30-
3uHa (brnoBuTtpym, Poccus) 30 cek. MNocne npombiBaHUsi BOAOW
obpa3subl AermapaTvpoBanu B CEpUM CnMpTOB, NMPOCBETNAMNM

dissolved in NaCl 0.9% at a temperature of 90°C to obtain
a clear solution with a concentration of 75 mg / ml.

Sample preparation of IPN hydrogel fibrin and PVA

PVA was added to the fibrinogen precipitate as 1:1
and thoroughly mixed. To start the polymerization of fibrin,
CaCl, 0.4% in a ratio of 1:4 and aprotinin were added to
the precipitate and PVA solution. Immediately poured into
a mold and left for polymerization. The final concentration
of fibrinogen and PVA in the samples was 30 mg/ml. The
next stage included cryostructuring of PVA in the sample.
The samples were cooled to —40 °C during the day.
Then gradient defrosting was performed at —4 °C with an
exposure of 8 hours and thawing at +6 °C. Freeze-thaw
cycles were repeated three times.

Preparation of fibrin control samples

The concentration of fibrinoge in the precipitate was
adjusted to 60 mg/ml. Then a 0.2% solution of CaCl, was
added in a ratio of 1:1 and aprotinin, mixed, poured into a
mold, and left for polymerization. The final concentration
of fibrinogen in fibrin is 30 mg/m

Preparation of PVA control samples

A solution of linear PVA was prepared as described
above; the concentration in the solution was adjusted
to 30 mg/mL. Freeze and thaw cycles of fibrin and PVA
control samples were performed together with IPN
hydrogel samples.

Studying the structure of hydrogels
Scanning electron microscopy (SEM)

The samples were fixed in 1% glutaraldehyde (Sigma-
Aldrich, USA) for 24 hours and washed in phosphate-
buffered saline (PBS) (Gibco, USA) and then in distilled
water. Next, the samples were frozen and lyophilized in
a Freezone 2.5 unit (Labconco, USA) at a temperature
of —40 °C and a pressure of < 0.133 mBar. To visualize
the internal structure, lyophilized samples were frozen
in liquid nitrogen and broken. A conductive (Au/Pd)
coating 7 nm thick was applied to the fracture surface
by ion sputtering. The structure was evaluated using an
S-3400N microscope (Hitachi, Japan) under high vacuum
conditions at an accelerating voltage of 10 kV in the
secondary electron mode.

Histological staining of sections with hematoxylin
and eosin

Sections were fixed in 10% buffered formalin
(BioVitrum, Russia) and 2% glutaraldehyde, then
dehydrated, impregnated and embedded in GISTOMIX
paraffi (BioVitrum, Russia). The paraffi blocks were cut
into transverse slices 8 ym using an HM 325 microtome
(Thermo Scientific, USA). Slices were deparaffinize and
dehydrated, stained with Harris’ hematoxylin solution
(BioVitrum, Russia) for 15 minutes and then with eosin
solution (BioVitrum, Russia) for 30 sec. Samples were
washed with water and dehydrated in alcohol series, cleared
by xylene and mounted in a mounting medium (BioVitrum,
Russia) under a coverslip. Samples were visualized by
AXIO Imager A1 microscope (Carl Zeiss, Germany).
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B KCWIOMe W 3aknovany B MOHTMpYtoLyto cpedy (BioVitrum,
Poccus) noa nokpoBHoe cTekno. Budyanusaumio npoBoaunm ¢
NMOMOLLbI0 CBETOBOW MUKPOCKOMNWM C UCMOMb30BaHNEM MUKPO-
ckona AXIO Imager A1 (Carl Zeiss, lepmaHus).

UHgpakpacHas cnekmpocKonus ¢ npeobpasoeaHuem
Pypobe (MK-cnekmpockonus)

XMMUYeCcKyto CTPYKTYpY MOMNyYeHHbIX rMaporenien xapak-
TepusoBanu ¢ nomowbio VK-cnektpockonum B AuanasoHe
400-4000 cm'. MpegBapuTenbHo 06Gpasubl IMOPUNU3NPO-
Banu. Ons IPN-rmgporenen nocne nvogunusalmm BbINom-
HSAMW pasfom B XWAKOM asoTe C MocneaylLLM nccrnegosa-
HMEM MOBEPXHOCTU M TONMLLM 0OpasLoB.

U3yyeHue mexaHu4veckux ceoiicme IPN-2udpozeneli

O6pasubl rotoBunu Ha BblpybHom npecce ZCP 020
(Zwick/Roell, TepmaHns) ¢ mMcnonb3oBaHWEM HOXa crneuu-
anbHow copMbl. MexaHn4eckne cBoMCTBa TECTUPOBanu Ha
YHUBEPCanbHON WCMbITaTeNbHON MalwvHe cepun Z (Zwick/
Roell, Ffepmanus) npu temnepatype 37 °C ¢ ncnonb3oBaHu-
eM gatyvka HoMmuHanbHon cunel 50 H. MNpegen npo4HocTn
onpeaensny no MakcMmanbHOMY HanpsXXeHWIo NPy pacTshke-
Hum (MMMa), ynpyro-aedopmaTtuBHbie CBOMCTBA — MO OTHOCU-
TeNbHOMY YANUHEHMIO A0 Havana pa3spyLwenns (%), mogynb
HOHra (MlMa) onpegensanu B npefenax Mansix gedopmaumn.
B kayecTBe rpynn cpaBHEeHUS TECTMPOBAIN MOHOKOMMOHEHT-
Hble renu Ha ocHoBe oubpuHa u MNBC.

OyeHKa ycadku obpasyos

O6pasupbl nonMmepusoBanu B 24-iyHOUYHOM MraHLUETe,
OTAENANN OT PopMbl U n3Mepsanu paguyc (r) n Boicoty (h)
obpasuos rugporenen (Mm) (n = 5). O6bem ruagporenen (V)
paccunTbiBany no opmyrne: V =m x r2 x h (mm3).

U3yueHue 6uonozuyeckux ceolicme

TecTupoBaHue G1ONOrMYECcKMX CBOWCTB rMaporenen npo-
BEeAEHO Ha KymnbType rmMopuvaoMbl 3HAOTENUAnNbHbIX KMETOK
nynoyYHol BeHbl YenoBeka EA hy 926. [Ins atoro o6pasubl
rMaporenen B CTEPUIbHBIX YCINOBUAX 3anuBanu B YyHKM
24-nyHouHoro nnaHweta (n = 6), dopmmpoBanu rmgporenmu
Kak onucaHo Beblle. [MOBepXHOCTb rugporenen 3acensnu
knetkamu no 20 TbIC. KNETOK/NYHKY U KyNbTUBUPOBanu 72 4 B
CO,-uHkybatope npu 5% CO,un Temnepartype 37,0 °C.

OyeHKa HCU3HecrnocobHoCmMu Knemok

KneTku okpawmBanu siaepHbiMu kpacutensamu Hoechst
33342 (10 mkr/mn, 14533, Sigma Aldrich, USA, St. Louis,
MO) B TeueHne 10 MuH, 1 aTuguym Gpomugom (30 Mkr/mn,
46067, Sigma Aldrich, Sigma Aldrich, USA, St. Louis, MO)
B TeyeHune 1 MuH. [NogcyeT MepTBbIX KNETOK (sApa okpalle-
Hbl 3TUANYM GpomMmnaomM) n obLlero KonM4ecTBa KneTok (sapa
okpawleHbl Hoechst) Ha obpasuax v KynsTypanbHOM nna-
CTWUKE MPOU3BOAMMN Ha UHBEPTUPOBAHHOM MUKpOckone Axio
Observer Z1 (Carl Zeiss, Germany) ¢ 5 cny4aiiHbIx noneu
3peHus ¢ kaxxaoro oyons.

KonnyectBo mepTBbIX knetok (%) = ABcontoTHoe Komnu-
4YeCcTBO MepTBbIX kneTok X 100% / ABcomntoTHOEe KONMYeCcTBO
BCEX aare3anmpoBaHHbIX KneTok. OTHOCUTENbHOE KONMUYECTBO
XKMBbIX KNETOK OMpeaensnu nyTem BbluMTaHUS JONU MepT-
BbIX knetok 13 100% aare3npoBaHHbIX KIETOK.

OuyeHKa nponugpepamueHoii aKMUBHOCMU KAemoK

Mcnonb3oBanu Habop Click-iT™ Plus EdU Cell
Proliferation Kit for Imaging (Thermo Fisher Scientific, USA).
KneTtkn nHkybuposanu ¢ EdU-peareHTom B TeueHune 16 u,

Fourier transform infrared spectroscopy (IR spectroscopy)

The chemical structure of hydrogels was characterized
by IR spectroscopy in the range of 400—-4000 cm™.
Samples were lyophilized beforehand. After lyophilization,
the IPN hydrogels were broken in liquid nitrogen; and the
surface and thickness were examined.

Studying of mechanical properties of IPN hydrogels

Samples were prepared on a ZCP 020 punching press
(Zwick/Roell, Germany) using a specially shaped knife.
The mechanical properties were tested on a Z-series
universal testing machine (Zwick/Roell, Germany)
at a temperature of 37 °C using a 50 N nominal force
probe. The tensile strength was determined by the
maximum tensile stress (MPa), the elastic-deformation
properties — by the relative elongation before the
onset of failure (%), the Young’s modulus (MPa) —
within small deformations. Monocomponent gels of fibrin
and PVA were tested as comparison groups.

Sample Shrinkage Assessment

The samples were polymerized in a 24-well plate,
removed from the mold. And the radius (r) and height (h)
of the hydrogel samples (mm) were measured (n=5). The
volume of hydrogels (V) was calculated by the formula:
V=mnxr?xh(mm?d).

The study of biological properties

The biological properties of hydrogels were tested
on a culture of Human Umbilical Vein Endothelial Cell
hybridoma EA. hy926. Samples of hydrogels were poured
under sterile conditions into the wells of a 24-well plate
(n = 6). Hydrogels were formed as described above. The
surface of the hydrogels was colonized with cells at 20
thousand cells/well and cultured for 72 hours in a CO,
incubator at 5% CO, and a temperature of 37°C.

Cell viability assessment

Cells were stained with Hoechst 33342 nuclear stains
(10 pg/mL, 14533, Sigma Aldrich, USA, St. Louis, MO)
for 10 minutes followed by ethidium bromide (30 pg/mL,
46067, Sigma Aldrich, Sigma Aldrich, USA, St. Louis,
MO) within 1 minute. The calculation of dead cells (nuclei
stained with ethidium bromide) and the total number
of cells (nuclei stained with Hoechst) on samples and
culture plastic was performed on an inverted microscope
Axio Observer Z1 (Carl Zeiss, Germany) with 5 random
fields of view from each take.

Relative number of dead cells (%) = Absolute number of
dead cells x 100% / Absolute number of all adhered cells. The
relative number of living cells was determined by subtracting
the proportion of dead cells from 100% adherent cells.

Assessment of cell proliferative activity

We used the Click-iT™ Plus EdU Cell Proliferation Kit
for Imaging (Thermo Fisher Scientific, USA). Cells were
incubated with the EdU reagent for 16 hours, and then
stained according to the manufacturer’s instructions. After
the procedure, the cell nuclei were counterstained with
DAPI 10 pg/ml (Sigma Aldrich, USA). The preparations
were analyzed using a scanning confocal microscope
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Aarnee okpalumBanu B COOTBETCTBUM C MHCTPYKLIMEN MPOM3BO-
avtens. [Nocne okoHYaHus npoueaypbl SApa KNeTok KoHTpa-
ctuposanu DAPI 10 mkr/mn (SigmaAldrich, USA). lMpenapatbl
aHanM3npoBanu ¢ NOMOLLbIO CKaHMPYOLLEro KOHoKanbHOro
mukpockona LSM700 (Carl Zeiss, Germany), oueHunsanu 10
CrnyyariHO BblOpaHHbIX NOMEeNn 3peHusa ANS Kax[ow rpynnbl
(n=3). KonnyecTBeHHbIN aHanu3 n3obpaxeHui ocyLLecTBns-
nu B nporpamme Imaged (National Institutes of Health, USA),
noagcymTbiBanu obliee KONMYeCcTBO KIETOK M KOMMYeCcTBO
nponudepupyoLwmnx KNeTok B none 3peHus. OTHocuTenb-
HOe KOMMYeCTBO NPOnuUeprpyoLLmnX KNeTok = KONM4ecTBO
nponudepupyoLwnx Knetok B none 3peHns x 100 / obuiee
KONMYEeCTBO KIETOK B Nnore 3peHus. [ina onpegeneHns Konm-
YeCcTBa aAre3aMpOBaHHbIX KIETOK BbIMOMHEH NEPECHET KNETOK
C nons 3peHusi Ha 1 MM2,

CmamucmuyecKaa o6pabomka 0aHHbIX

Cratuctuyeckyto n rpadmyeckyto obpaboTky pesynb-
TaToB BLIMOMHSANM B nporpamMme Prism 6. HopmanbHocTb
pacnpefeneHns KONMYecTBEHHbIX rNokasaTenen npoBepsinm
no kputeputo Konmoropoea — CmupHoBa. KonnmyecTBeHHble
[aHHble NpeacTaBneHbl B BUAe MeamaHbl 1 1-ro u 3-ro keap-
na (Me (Q,; Q,)). LlocToBepHOCTb pasnuunin Mexay rpyn-
namu oLeHnBanu ¢ nomoLbio kputepus Kpackena — Yonnu-
ca C nonpasBKoON pe3ynbTaToB C yY4ETOM MHOXECTBEHHOCTM
cpaBHeHuss Metogom FDR. CratucTuyeckasi 3Ha4MMoCTb
onpepeneHa kak p < 0,05 Bo Bcex TecTax.

PesynbraThl

Cmpykmypa 2udpozeneli

Ha dotorpadumax co COM BuaHbl pasnuyns B 3D-CTpyk-
Type o6pa3uos (puc 1A). PubpuH NpeacTaBneH CeTbio TOH-
KMX nepenneTarLLmxcs BonokoH, NMBC coctonT 13 TpybyaTbix
1 NONWIoHarnbHbIX NOMOCTEN, pa3geneHHbIX TOHKUMU CTeHKa-
MU, B KOTOpPbIX MMetoTcs nopbl. IPN-rugporens dmbpuHa 1
MBC BkntoyaeT oba anemeHTa: CTEHKM U TpybyaTble CTpyk-
TYpPbl NOKPbITbI CETbIO NEepenseTaoLLMXcsi BOMOKOH (puc. 1).
OpHako AaHHbIN MeTo He MO3BONSET JOCTOBEPHO OTNNYaTh
CTPYKTYpbl, OTHOCSLUMECS K pasnMyHbIM MUCTOYHMKaM (cpu-
6puH unu MBC).

Xopoulee Bu3yanbHoe pasgeneHue 2D cTpykTyp dounbpu-
Ha 1 [BC paet rucrtonornyeckas okpacka reMaToKCUIIMHOM U
9031HOM. [pun 3TOM PMOPUH OKPaLLUMBAETCS B PKO KPaCHbIN
uget, NBC B HexHo-cupeHeBbi (puc. 1B). Tonwa IPN-ru-
Aporerns COCTOUT U3 paBHOMEPHO pacrnpefeneHHbIX BONTOKOH
nbpuHa n nonocten MBC. MicTtonoruyeckne pesynsratbl
noaTeepxaatoT AaHHble COM 1 cBMAETENbCTBYIOT O TOM, YTO
AaHHbIN cnocob NO3BONSIET BbINOMNHATL NOCMNEAOBaTENbHYO
nonvMepusaumio ¢ paBHOMEPHbIM pacrnpefeneHmeM Kom-
noHeHToB B Tonuwe |IPN-rugporens. OgHako Bu3yanu3auusi
kpasi IPN-rugporensi nokasblBaeT, YTO Ha MOBEPXHOCTU U
HenocpeacTBeHHO BOMM3N kpaeBor 30HbI NpeBanupyeT MNBC
(puc. 1C).

Pesynomamoi MK cnekmpockonuu (Fourier Transform
Infrared Spectroscopy — FTIR)

FTIR cnekTp oubpurHa coaepxumT nonockl, TUNNYHbIE 4NN
amuaHoON cBA3W GenkoBOW CTPYKTYpbl, @ UMeHHo: 1635cm™
(amng |, obycnoeneHa pacTtsaxeHuem ces3n C-H kapboHunb-
Hom rpynnel), 1550cm™ (amug Il, obycnoeneHa pgedopma-
LUMOHHBIMKU Konebanusamu ceasm N-H n pactsbkeHmem cBsAsm
C-N) [15, 16]. XapakTepHble MUKW NOrMOLLEHNs1 BaneHTHbIX
konebaHun cBAsn O-H oT Mex- 1 BHYyTPUMONEKYNSPHbIX BO-

LSM700 (Carl Zeiss, Germany). 10 randomly selected
visual fields were evaluated for each group (n = 3).
Quantitative analysis of images was carried out using the
Imaged program (National Institutes of Health, USA), the
total number of cells and the number of proliferating cells
in the field of view were counted.

Relative number of proliferating cells = number of
proliferating cells in the visual field x 100 / total number
of cells in the visual field. To determine the number of
adherentcells, they were recalculated from the field of view
per 1 mm?2,

Statistics

Statistical and graphical processing of the results was
performed using the Prism 6 program. The normality of
the data distribution was evaluated using the Kolmogorov-
Smirnov test. Quantitative data are presented as median
and 1st and 3rd quartiles (Me (Q1; Q3)). Comparison
between groups was carried out by Kruskal —Wallis test
with correction of the results taking into account the
multiplicity of comparisons by the FDR method. Statistical
significance is defineda p <0.05in all tests.

Results
3D and 2D structure of hydrogels

The SEM images show differences in the 3D structure
of the samples (Fig. 1A). Fibrin is represented by a
network of thin intertwining fibers; PVA consists of tubular
and polygonal cavities separated by thin walls with pores.
The IPN hydrogel fibrin/P A includes both elements:
walls and tubular structures are covered with a network
of intertwining fibers (Fig. 1). However, this method does
not allow distinguishing structures belonging to different
sources (fibrin or P A).

Good visual separation of the 2D structures of
fibrin and PVA is obtained by histological staining with
hematoxylin and eosin. Wherein, fibrin colored in
red; and PVA colored in soft purple (Fig. 1B, 1C). IPN
hydrogel inside consists of evenly distributed fibrin
fibers and PVA cavities (Fig. 1B). The histological
results confirm the SEM images and indicate that
this method allows sequential polymerization with a
homogeneous distribution of components throughout
the IPN hydrogel (Fig. 1B). However, visualization of
IPN hydrogel edge shows the predominance of PVA
on the surface and immediately near the edge zone
(Fig. 1C).

IR spectroscopy (Fourier Transform Infrared Spectroscopy —
FTIR)

The FTIR spectrum of fibrin contains bands typical
of the amide bond of the protein structure, namely: 1635
cm-1 (amide |, due to the stretching of the C-H bond of
the carbonyl group), 1550 cm-1 (amide Il, due to bending
vibrations of the N-H bond and stretching of the C-N
bond) [15, 16] (Fig. 2).

Characteristic absorption peaks of stretching
vibrations of the O—H bond from inter- and intramolecular
hydrogen bonds are noted at 3300 cm™ in the spectra
of PVA, the bands are also duplicated in the spectra of
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[opoaHbIx cBsizelt oTmedeHbl npu 3300 cv' B cnekTpax MNBC,
nonocsl Ay6nmpytoTca n B cnektpax IPN-koMno3nTHom CTpyk-
Typbl. Takke B 06oumx cnektpax (MBC v IPN-rugporeneit) 06-
Hapy>XeHbl NOMnockl BaneHTHbIX kornebaHun C-H ankunbHbIX
rpynn B o6nactn 2930-2900 cm™' n pacTsbkeHust C-O-cBsisu
rMapokcunbHou rpynnel npu 1085 cm™ [17, 18] (puc. 2).

Mo cpaBHennto ¢ yncteim MNBC B cnektpax IPN-rugpo-
rens Habnioganu pocT MHTEHCMBHOCTW MONoc B obnactuy,
COOTBETCTBYHLLEN aMUOHON CBA3W, YTO OOYCrnoOBNEHO npu-
cyTcTBUEM pubprHa B COCTaBe KOMMO3UTHOrO matepuana.
OTmeyeHbl pa3nuymsa B cnektpax IPN rugporens ¢ noBepxHo-
CTV 1 Tonwm obpasua (pasnoma), KoTopble 4EMOHCTPUPYOT
npucyTcTBue Gonbluero konuyecTsa pubpuHa B TonLle no
CpPaBHEHMIO C MOBEPXHOCTbIO. JTN AaHHble NMOATBEPXAAoT
pesynbsTaTbl MMCTONOrMYECKOro NCCreaoBaHus.

Buonozuveckue ceolicmea 0bpasyoe

MepgunaHa konuuyecTBa afre3svMpoBaHHbIX KINETOK Ha Ma-
Tpuuax n3 IPN-rugporensa npumepHo B 8 pas Bblle, YeEM
ons MNMBC, Ho B 10 pa3 MeHbLUe, YeM Ha pubpuHe. Mponu-
depaTmBHasg akTUBHOCTb krneTok Ha [MBC otcyTtcTBOBana,
Ha IPN-rugporene otmeyeHo 13,6% nponudepupyroLmx
KINeToK, MakcMmarbHble nokasaTenv 3apermcTpupoBaHbl Ha
dunbpuHe (puc. 3). Mpu 3TOM XKM3HECNOCOOHOCTL MpUKpe-
NIEHHbIX KNETOK Obina BbICOKOM M He pasnunyanach B rpynnax
(Tabnuua 1).

Tabnuua 1. KnetouyHasa aaresus 1 Kn3HecnocobHOCTb

MapameTpbl PUbPUH nBC dv6pu-TBC-
rmaporenb
Kon-Bo kneTok, 294,90 3,13 * 25,10 *#
MMm? (247,9; 332,6) (0,00; 11,69) (15,69; 38,52)
:'Mp;;a‘;cbepa' 59,52 0,00* 13,63 * #
o (54,62; 67,69) (0,00; 0,00) (0,00; 33,33)
aKTUBHOCTb, %
XKuzne- 100,00 100,00 100,00
cnoco6HocTb, % | (100,00; 100,00) | (81,25; 100,00) | (100,00; 100,00)

Mpumeyanus: * — p < 0.05 no cpaBHeHmto ¢ pubprHom, # — p < 0.05 no
cpaBHeHuio ¢ MBC.

Fibrin

the IPN-composite structure (Fig. 2). Also, in both spectra
(PVA and IPN hydrogels), bands of C—H stretching
vibrations of alkyl groups in the region of 2930-2900 cm™'
and stretching of the C—O bond of the hydroxyl group at
1085 cm~" were found [17, 18]. There was an increase
of bands intensity in the amide spectra of IPN-hydrogel
region, compared with pure PVA, which is due to fibrin
in the composite material. Spectral differences of the
surface and the inside (fault) of IPN hydrogel were noted.
Greater amount of fibrin inside compared to the surface
was demonstrated. These data confirm the results of
histological examination.

Biological properties of samples

The median number of adherent cells on IPN
hydrogel matrices was about 8 times higher than for
PVA, but 10 times less than on fibrin (Table). There
was no proliferative activity of cells on PVA. 13.6% of
proliferating cells were noted on IPN hydrogel. The
maximum values were registered on fibrin (Fig. 3). At the
same time, the viability of attached cells was high and
did not differ in groups.

Table. Cell adhesion and viability

Options Fibrin PVA IPN Fibrin/PVA
Number of cells, 294,90 3,13* 25,10 *#
mm? (247,9; 332,6) (0,00; 11,69) | (15,69; 38,52)
Proliferative 59,52 0,00 * 13,63 * #
activity, % (54,62; 67,69) (0,00; 0,00) (0,00; 33,33)

100,00 100,00

- 100,00 y !
Viability, % _’ (81,25; (100,00;
(100,00; 100,00) 100,00) 100,00)

Note: *~ p < 0.05 compared to fibrin, # — p < 0.05 compared to PVA.

IPN fibrin/PVA

Puc. 1. CtpykTypa rugporenei. A. COM. JluHeiika
=50 um.; B, C. CBeToBasi mukpockonusi. B — tonwa
rupporenen; C — kpaw rugporenei. Jlunenka = 100
um

Fig. 1. The structure of hydrogels. A. SEM
(magnification x 1000); B, C. Light microscopy.

B — inside of hydrogels; C — edge of hydrogels.
Scale bar = 100 pm
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Fig. 2. IR absorption spectra for fibrin, P A, IPN Fibrin/PVA hydrogel from surface and inside

®Punb6puH (Fibrin)

MBC (PVA)

®unbpuH-NBC-rupporens (IPN Fibrin/PVA)

Ycadka mampuy

O6bem wabnoHa AnNa 3anvBKM rMApPOrenen CocTaBui
2318,3 (2254,8; 2365,8) Mm3. ®MOPUH nocne TpexkpaTHOro
3aMOpaxrBaHWs U OTTanBaHWS Aan 3Ha4YMTENbHYH ycaaky U1
ero o6bem ymeHbLuuncsa oo 204,3 (199,5; 216,4) mme (puc. 4).
IPN-rugporens n nonuvepusoaHHbivi NMBC npakTnyeckn He

Puc. 3. KoHdokanbHas MUKpOCKONUs nNponum-
depupyoLwmx KneTok Ha rugporensx. CuHee
CBeYeHne — siapa BCex afresnpoBaHHbIX KIETOK,
3eeHoe cBeYeHue — siapa NponudepupyoLLIMx
Knetok. JlnHenka = 50 pm.

Fig.3. Confocal microscopy of proliferating cells
on hydrogels. Blue, nuclei of all adherent cells,
green, nuclei of proliferating cells. Scale bar =
50 ym

Matrix shrinkage

The volume of the template for pouring hydrogels was
2318.3 (2254.8; 2365.8) mm3. Fibrin after three times
freezing and thawing showed a significant shrinkage and
its volume decreased to 204.3 (199.5; 216.4) mm? (Fig
4). IPN hydrogel and polymerized PVA practically did not
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noaBseprnuck ycagke, ux obbem coctasun 1683,1 (1640,7;
1789,3) mm® 1 1701 (1643,6; 1763,5) MM® COOTBETCTBEHHO.

MexaHu4vecKue xapakmepucmuKu 2udpozeneli

MpoYyHOCTb W yAnVHEeHMEe [0 paspylieHus ob6pasuoB
IPN-rugporens Obina Bbile MO CpaBHEHUO C PUOPUHOM U
Hwxe, yem MNBC (puc 5). Meananbl mogyns KOHra (ynpyroctu)
y IPN-rugporenen n MNMBC He pasnuyanucb mMexay cobon,
npv 3TOM ObINKY 3HAYNTENBHO BbILLE, YEM Y hrbpuHa.

shrink; their volume was 1683.1 (1640.7; 1789.3) mm?
and 1701 (1643.6; 1763.5) mm?, respectively.

Mechanical characteristics of hydrogels

The strength and elongation at break of the IPN hydrogel
samples were higher compared to fibrin and lower than
PVA (Fig. 5). The medians Young’s modules (elasticity) of
IPN hydrogels and PVA did not differ from each other, while
they were significantly higher than those of fibrin.
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Puc. 4. BHelwHwni BuA o6pasuos rugporeneit pubpuxa, NMBC n dubpuH-NBC-rugporens
Fig. 4. View of fibrin, PVA and IPN hydrogel samples of fibrin and PVA
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O6cyxaeHue Discussion

Mbl n3yunnn Hambonee BaHble CBOWCTBA rMOpMAHOro
IPN-rugporens ¢pmbpuna v NMBC 1 cpaBHWAM CO CBOMCTBaMMU
MOHOKOMIMOHEHTHbIX KOHTPOINbHbIX 00pasuoB. Busyanusa-
umnsa cTpykTypbl IPN-rugporenen nogreepauna, 4to npeasno-
)KEHHBIA METOZ, MO3BOMNSAET NPOBOAWTHL MOCNENOBATENbHYIO
nonumepusauunio ubprvHa n panee MNBC. B pesynbrate
dopmupyetca IPN-rugporenb, COCTOALLMN N3 CETU BOMOKOH
pnbpuHa, NoKpbIBaLWMX NONOCTHble CTPyKTypbl MNBC. Mpun
3TOM B TOrLLEe pacnpegeneHme KOMMNOHEHTOB MOXHO CcHMTaTb
paBHOMEPHbLIM, HO Ha MOBEPXHOCTM NpeobrnafalT CTPYKTY-
pbl MBC.

HecmoTps Ha yny4lieHne nokasatenen 6GMocoBMecTUMOo-
ctn IPN-rugporens no cpaBHeHuto ¢ MNBC, mMbl He nonyynnu
OXWOAeMOro BbICOKOr0 pocTa GUONOornyeckon akTUBHOCTU

We studied the most important properties of the
IPN hydrogel fibrin/PVA and compared with those of
monocomponent controls. IPN hydrogels structure
confirmed that the proposed method allows sequential
polymerization of fibrin and then PVA. As a result, IPN
hydrogel is formed by fibrin network and fibrin fibers
covering the PVA cavity structures. In this case, the
distribution of components inside the IPN hydrogel can
be considered homogeneous, but the surface mainly
includes PVA.

Despite the improvement in the biocompatibility of
the IPN hydrogel compared to PVA, we did not obtain
the expected high increase in the biological activity
of the IPN hydrogel. That may be due to the peculiarities
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IPN-rugporens, 4to MOXeT 6bITb CBSAI3aHO C OCOBEHHOCTAMMU
nepepacnpegeneHs KOMNOHEHTOB Ha MOBEPXHOCTN MaTpuL,
B nonb3y MNBC. MNMBC un3BecteH cBoen rMapoduUnbHON npu-
POAOW, K TOMY X€e He COOEPXWUT CanTbl ANS aare3vn KneTok,
YTO 3aTpyaHSET aares3nto 1 yaepxanue knetok [19, 20]. Tem
He MeHee, NPUCYTCTBME OTHOCUTENBHO HEOOMBLLIOTO KONNYe-
ctBa mbpuHa Ha noBepxHocTh IPN-rugporens nossonuno
co3gaTb yCrnoBusa Ans aare3un (KONM4YecTBO KINETOK) U XKn3-
HefeaTenbHOCTM (MponmdepaTuBHONM aKTUBHOCTM) KIETOK,
HO nokasaTenu Obinu CyLLEeCTBEHHO HXe, YeM Ha chnbpuHe.
Mpwn atom MNBC n IPN-rugporens He obnagany UUTOTOKCUY-
HOCTbI0, 06 3TOM CBUAETENbLCTBYET BbICOKAsA XM3HeCnocob-
HOCTb aAre3vpoBaHHbIX KINETOK.

OOHUM 13 CcyLeCcTBEHHbIX HeoCTaTKoB mnbpuHa aBng-
€TCs BblpaXeHHas CKINOHHOCTb K ycaake obpasLos nocne oT-
aeneHuns ot popmel (puc. 4). BeeaeHwue MNBC B cTpykTypy thu-
6puHa B chopme IPN-rugporens nossonuno cdopmmpoBaTb
PE3NCTEHTHbIN K ycaaKe Kapkac, 4To obrnerdyaert ncnornb3oBa-
HVe maTtepuana Ans co3faHus KOHCTPYKUMUA onpeaeneHHon
dopmbl B TKaHEBOWN MHXeHepun. Kak oxuaanock, BBeAeHNe
[MBC B coctas chnbpuHa n cosganue IPN-rugporens ynyywm-
10 NPOYHOCTb, ANACTUYHOCTL M YNPYrocTb Matepuana.

3akno4yeHue

Cnocob nocnegosaTtensHoi nonvMepusaumm IPN-rugpo-
rens ubpuHa n NBC paeT paBHOMepHoOe pacnpeaeneHve
BOJIOKOH B TOrILLIE MaTepuarna v No3BonsieT nony4vatb rmapo-
renn ¢ ynyyweHHbIMU MEeXaHUYeCKMMU CBOMCTBaMMW, OTCYT-
CTBMEM CKITOHHOCTM K ycaake. OgHako nepepacnpeneneHune
KOMMOHEeHTOB Ha nosepxHocTu IPN-rugporens B nonb3y NBC
C nogaepXXaHMem OTHOCUTENbHO HU3KOW aAre3aMoHHOCTU Ma-
Tepvana, AMKTYeT HeoOXOAMMOCTb MPOBEAEHUs OarbHEN-
LIMX 3KCMEPMMEHTOB MO CO3[4aHWI0 ONTUMAarlbHbIX YCrOBUNA
ANSs KN3HeOesATENbHOCTY KIETOK.
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