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ABSTRACT

The aim of the research is to study the possibility of using track-etched membrane, including track-etched
membranes modified with cold plasma, followed by layering prenatal stem cells (PSC) on the material
surface in surgical treatment of bullous keratopathy (BK).

Materials and methods. The track membranes made of polyethylene terephthalate were obtained by
irradiating the polymeric film with the ®Ar**ion beams and by chemical etching. The study was conducted
on 16 rabbits (Sylvilagus bachmani), which after BK modelling were divided into 4 groups: the 1* group
was a control group of 4 animals (4 eyes); the 2 group was a group of 4 animals (4 eyes) into which were
implanted TM; the 3 group was a group of 4 animals (4 eyes) into which were implanted TM with PSC;
the 4" group was a group of 4 animals (4 eyes) into which were implanted plasma modified TM with PSC.
TM was obtained by irradiating the PET film with “Ar *3ions and subsequent chemical etching. The eyes
were enucleated for histological examination after 8§ weeks from the start of the experiment.

Results. As a result of the research, it was found that the implantation of TM with a preliminary layering
of human PSC promotes the growth of the fibroblast population in the cornea stroma and intensifies
leukocyte (lymphocytes and eosinophilic granulocytes) infiltration as opposed to the implantation of
PET TM without a cellular component. In addition, the implantation of TM contributes to a twofold
decrease in the cornea edema induced by BK. Modification of TM with cold plasma did not affect
the studied histomorphometric parameters. Conclusion. The implantation of TM based on PET during
bullous keratopathy contributed to the development of the productive phase of infiltrative inflammation
in the cornea of the eye. Pre-layering of human PSC reduced the severity of destructive changes in the
rabbit cornea after BK modeling. The modification of TM by cold plasma did not affect the studied
histomorphometric parameters.
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PE3IOME

Ileas paGotsr. IIpoBecTn uccaepoBanue npumeHenns Tpekosbix mem6pan (TM) Ha OCHOBe MOAM3THAEH-
tepedprarata (IIDTO), B Tom umcre MOAMDULUPOBAHHBIX XOAOAHON NAA3MOM C HACAOEHMEM Ha UX IO-
BEPXHOCTh KYABTYPBI MpeHaTaAbHbIX cTpoMarbHbIXx KAeTOK (IICK) yeroBeka B XMpPypruuecKoM AedeHUM
IHAOTEAMAABHO-3NMUTEANAABHON AucTpodun (DIA) poroeursl.

Marepuaast u metoAs. TM moaygaan nyrem o6aydenus [IDT® nonamu “Ar*® u xummudeckoro TpaBareHus.
DDA poroeuubl MoAeAMpoBaiu Ha 16 kpoamkax mopoast Sylvilagus bachmani, paszaerenHsix Ha deTspe
rpynnet. I'pymna 1 — 39/ porosunpr Ge3 aedenns; rpymna 2 — DDA ¢ umnaaHTanueir B COGCTBEHHOE
BELIECTBO POTOBUIBI HeMOAMuLupoBaHHoi naazmoit TM; rpynna 3 — 99/ ¢ umnaanTanmeit B porosumy
Hemoanduumposanuoit maazmont TM u macaoennont kyabtypoit IICK denroseka; rpymma 4 — DDA
¢ uMnAaHranmeit moAudunuposanHoit naa3moit TM u Hacroennoit kyaprypoit IICK genrosexka. Cnycrs
8 Hea OT Hayana IKCIEPUMEHTA IPOU3BOAUAM IUCTOAOTHIECKOE UCCAEAOBAHME POTOBUIIbI KPOAUKOB.

OcHosuble pesyabratsl. Mimnaauragus TM B crpomy porosunpst npu 3DA porosoit 060A0YKM CIOCOGCTBYET
ymenpwennio (B 1,5 pasza) oreka ee coGCTBeHHOrO BemiecTBa u Goaee mHTeHCMBHOMy (B 1,7 pasa)
HakomAeHno ¢ubpobractos B6Am3n TM 1O cpaBHEHMIO C COCTOSHMEM POTOBMIBI B TPYIIE MOAEAK
3a6oneBanna Ge3 aevenus. Haamume IICK genroBeka Ha nosepxuocTt TM He3aBMCMMO OT MCXOAHOTO
COCTOSHMA MOAMMEPHOTO MaTepyaia IOCAe MHTPACTPOMAABHONM MMIAAHTALIMI MHAYLUPYeET npoAndepanuo
¢dubpobaracros B 1,5-1,8 pas u HeoBackyAspuzanuio cTpomsl porosuusl B 1,8—2,0 pasza mo cpaBHeHuIO ¢
nmranragyeir TM Ge3 kyabTypsl kKaeTok. CreneHb ruppatanuyu cOGCTBEHHOTO BeLECTBAa POroBoil 060-
AOYKM mpu 9ToM ymenpmaerca B 1,3—1,5 pasa. Moandmukanua TM X0AOAHOJ Aa3MOi He OKa3bBaeT
BAMAHMA HA M3YYeHHbIe MOP(OMETPUIeCKIe TOKA3aTeAN POTOBHIbL

3akarouenne. Vmnaanranus TM us IIDTO® npu DDA criocobeTByeT pa3sBuTuio pOAYKTUBHOM (a3sl MHOUAD-
TPaTMBHOTO BOCIIAAEHMA B POTOBUIlE I'Aa3a Kpoaukos. IIpeaBapureasnasn in vitro apresua IICK yeaosexa
Ha TM yMeHbIIaeT BbIPasKEHHOCTb AGCTPYKTMBHBIX M3MEHEHNI POTOBMI[BI KPOAMKA [OCAE MOAEAVPOBAHUA
9BA. Moanduranua TM x0A0AHON NAA3MOI HE BAMAET Ha M3yYEHHbIE MOP(OMETpUIECKUe IOKa3aTEAN
POTOBMIIBL.

KaroueBsie cAoBa: pOroBuija, 9HAOTEAMAABHO-IMUTEAMAABHASA AUCTPOMNA, TPEKOBble MeMOpPaHbI, IpeHa-
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INTRODUCTION

Bullous keratopathy (BK) is one of the leading
causes of a chronic corneal edema and visual
loss among corneal diseases. The main reason
for bullous keratopathy development is the loss
of pump function and/or barrier function in the
corneal endothelium. There are different methods
of bullous keratopathy treatment such as surgical
methods and drugs, however, they do not always
provide high and stable clinical and functional
results. One of the promising treatments of BK is the
use of permeable membranes which can normalize
the fluid movement in the cornea and ensure its
transparency [1-3]. Therefore, the search for and
creation of biocompatible materials capable of
maintaining the cornea in a weakly dehydrated
state is a topical task. A track-etched membrane
(TM) based on polyethylene terephthalate
polymer (PET) is attractive material for bullous
keratopathy treatment. In addition, the layering
of stem cells on the material surface can stabilize
the pathological process and significantly increase
regeneration.

However, the amount of the surface energy of
the TM based on PET is fairly low (~32 MJ/m2)
[4]. It results in the fact that surface properties
of the material, such as hydrophilicity, do not
always meet the requirements, which is critical
for using the membrane as a corneal implant
and for cells adhesion. The exposure to low-
temperature plasma is one of the most promising
and innovative methods of modifying the surface
of polymer materials. The advantage of the
exposure to plasma is low penetration depth of
its particles into the material and the change of
properties only in the surface layer of the material,
without any significant heat input [5]. In addition,

according to studies [6],plasma modification of
polymeric materials increases the wettability of
materials and the adhesion of fibroblasts, does not
affect cell proliferation and makes this type of
modification more attractive for cell cultivation
on artificial thin films.

The aim of the research was to study the
possibility of using track-etched membranes,
including track-etched membranes modified with
cold plasma, followed by layering prenatal stem
cells on the material surface in surgical treatment
of bullous keratopathy.

MATERIALS AND METHODS

The track membranes made of polyethylene
terephthalate were obtained by irradiating the
polymeric film with the “Ar*® ion beams and
by the chemical etching. The modification of
the track membranes surface was conducted
using the atmospheric low-temperature plasma
experimental device, based on the charge barrier
(Tomsk Polytechnic University). The time of
plasma exposure on the surface of each membrane
comprised 30 seconds. TM was sterilized by
gamma radiation of the radionuclide “Co with the
dosages of 1 kGy (Si).

The 7n vivo study of TM biocompatibility was
carried out on 16 Sylvilagus bachmani rabbits
weighing 3.5-4.0 kg. Each animal under the
operating conditions was modelled with BK by
mechanical damage and removal of the corneal
endothelium as described previously. The rabbits
were divided into 4 groups 2 weeks after the
development of the pathological process in the
cornea: the 1% group was a control group of 4
animals (4 eyes); the 2" group was a group of 4
animals (4 eyes) into which were implanted TM;
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the 3 group was a group of 4 animals (4 eyes)
into which were implanted TM with cells; the 4t
group was a group of 4 animals (4 eyes) into which
were implanted plasma modified TM with cells.

The prenatal stromal cells (PSC) culture
originally isolated from the light 11-week human
embryo maintained ex vivo (line FL-42, Stem cell
bank, Tomsk) was layered on TM. TM (samples
with the linear size of 10 4 10 mm? and the length
of up to 10 pm) was put in 24-well culture plates
(Orange Scientific, Belgium) into which cell
suspension was added at a concentration of 3 x
10* viable karyocytes in 1 ml of complete culture.
The membranes were removed with tweezers after
72 hours (3 days) of cultivation at 37°C and 100%
humidity in the open air.

The method of implantation of TM was the
following. In the cornea of the animals with pre-
induced BK we formed 2 tunnel (to the deep layers
of the stroma) incisions, 1.5 mm from the limbus,
1.2 mm wide with orientation at 3 and 9 o’clock.
All manipulations were made in the operating room
after anaesthesia having been administered to the
animals (intravenous administration of Zoletil) and
all asepsis and antisepsis rules having been followed.
An intrastromal pocket was formed in the layers
of the cornea’s stroma by a spatula. Then a collet
tweezer was inserted into one of the tunnel cuts.
It passed through a layered stroma and was taken
out through the opposite tunnel incision, where
the branches of the tweezer captured TM. During
the reverse movement of the forceps, the TM was
implanted in the intrastromal corneal pocket. The
TM was gently straightened using the spatula. The
edges of the tunnel cuts were hydrated.

The eyes were enucleated for histological
examination 8 weeks after the start of the
experiment. The sections of tissues were stained
with hematoxylin and eosin, according to Van
Gieson’s method, and with polychloric dye
according to Mallory. LOMO Biolam AU-12 light
microscope (47, 440, Y90, microscope’s own
magnification Y1.5) and Avtandilov’s eyepiece
grid of 50 points were used for counting various
structural components, specific volumes and cell
infiltration. Digital photographs of the histological
sections were subjected to morphometric
examination using the Image] 1.46 software.

The results of the experiment were processed
with IBM SPSS Statistics 20. The following
statistical parameters were calculated: values

of mean M, standard deviation §D, ¢ and the
standard error of the mean m, median Me,
25% quartile Q, and 75% quartile Q.. To assess
the initial comparability of the formed groups,
Kruskal — Wallis test was used for quantitative
data, Fisher’s F-test was used for nominal data.
Analysis of the dynamics of the indicators was
performed using the Wilcoxon paired test, which
is used to verify the equality of the average
values in two related samples. A parametric
Mann — Whitney test (U-test) was used to assess
the statistical significance. The differences were
considered statistically significant if p was < 0.05.

RESULTS AND DISCUSSIONS

According to the results of light microscopy of
the histological sections, the anterior epithelium
was represented by a layer of stratified squamous
non-squaring epithelium in the animals of the
1t group. The anterior marginal membrane was
unchanged. Edema was observed in the cornea
stroma (sp. vol. (28.3 = 10.1)%). There were newly
formed vessels (sp. vol. (2.5 = 1.9)%) and leukocyte
infiltration in the anterior third of the stroma
(fig. 1, table). Collagen fibers were hydrated and
looked swollen with loss of orientation and stained
with pikrofuksin. Its tinctorial properties were
impaired. The Descemet’s membrane was well
visualized and was represented by a homogeneous
strip. The endothelium was partially absent and
was replaced by process-shaped cells.

More pronounced changes of the cornea after
TM implantation in the 2" group of animals
were noted. The edema (sp. vol. (18.83 = 5.8)%),
loosening and violation of tinctorial properties of
collagen fibers, thin-walled newly formed vessels
with a specific volume of (3.2 = 2.3)% were observed
around TM (fig. 2, table). According to histological
analysis, the edema of the cornea stroma was
more pronounced at the site of TM implantation.
The collagen fibers were packed more compactly
and retained their normal ability to stain in the
anterior segment (between the epithelium and
TM). The granulation tissue with full blood vessels
was identified near TM. The anterior squamous
stratified epithelium was represented by 4-5 layers
of cells with normochromic nuclei. The Bowman’s
membrane was intact. The Descemet’s membrane
was represented by a homogeneous evenly colored
strip. The endothelium was partially absent and
was partially replaced by a layer of process cells.
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Fig. 1. Anterior (a) and posterior (b) epithelium of the cornea of the 1st group: edema (o), hydrated collagen fibers
(horizontal arrows), newly formed vessels (c), cellular infiltration (inf), process-shaped cells (slanting arrows). Stained

with hematoxylin and eosin, x200

Puc. 1. ®parment porosunsl Kkpoanka 1-it rpymmsr: nepeannit (a) n 3apumit (b) oTA€ABI, OTEK (0), TMAPATUPOBAHHbIE
KOAAAQreHOBble BOAOKHA (TOPM30HTAABHBIE CTPEAKM), HOBOOGPA30BaHHbIE COCYABI (¢), KAeTOUHAA uHPUAbTpaLus (MHD),
OTpOCTYaThie KAETKM (KOChIe CTpeAKN) Ha MecTe 3apHero anuteansa (30m), IT9n — nepeannit sanureanii. Oxpacka rema-
TOKCUAMHOM M 303uHOM, %200

Ta6auma

Table

MopdomeTpudeckue moKa3aTeAr NOCTTPABMATUIECKON PEAKLMU POTOBMIbI CIYCTS 6 HEA OT Ha4aAa MOAEAMPOBAHMS
3HAOTEAMAABHO-3MUTEAUAABHOI AMCTPODUM POTOBUIIHI,
Morphometric indicators of the posttraumatic reaction of the cornea 6 weeks after the start of modelling endothelial
epithelial dystrophy, Me (Q,—-Q,)

Cocyapr,

Aeiixogurapaas nHUABTPALN,

N Toamuna Orex, YA Dubpobaacre, 9MCAO KAETOK B IOAe 3peHus, X200
° I'pynna porosunpl, | yA. 06beM, | 06beM, KACTOK anzcz)/(\)e Leukocyte infiltration,
rpyn- SKUBOTHBIX Mxm % % spennd, number of cells per vision field, x200
B! Fibroblasts,
Group Group of Corneal Edema, Vessels, number of Amado- | Momo- | BDosuuo- Baso-
No nimals thickness, specific pecific cells per vision LUTHI LMATHI duabl duamr
mcm volume, % | volume, field. x200 Lympho- | Mono- Eosino- Baso-
Yo ’ cytes cytes phils phils
) S?QOE;’rgf\’z;”" 650 28,3 2,5 54,3 10,8 4,6 0,2 0
Contrgl BK (645-655) | (26-30) | (2,3-2,7) (51-58) (9-11,8) | (3-5,3) | (0,1-0,3)
99/ porosumpl + 628* 18,83* 3.2 90,1%* 37,3* 8.3 11,6% 1,1*
2 ™ (622-634) | (16-19,3) 3 1i5 5) (86,3-93,7) | (35,6—38,1) (7_’9 9) (9,8-12,3) | (0,9-1,3)
BK + TM P, <005 | p <005 N P, < 0,05 P, < 0,05 ’ P, <005 | p, <0,05
599* 14,4+ 132,8* % 34,3* 3,0
O9A porosumst | (597 coay | (12,9°15,8)| 652 | (129,8-134) |, 253 36 1(30,1-36,4) | (2,6-3,4)
3 TM ¢ IICK (26,8-29,9)| (3,5—
BK + TM with pSC | 21= 005 | 2= 0,05 | (6=6,8) |, <0,05 <005 | 38 | A=00 1A<005
£,< 0,05 p,.0,05 p,< 0,05 b= 0, ’ $,<0,05 | p,<0,05
DDA porosuisr + " " 159,9* " 6,1*
MOAUUIMPOBAHHAA (60630—5607) (101;’_5?3 5) 5.35 (155,9-163,1) 23,3* 6,0 (:69l353) (5,7-6,5)
4 naasmont TM ¢ IICK ’ ’ ’ p, < 0,05 (20,8-27,1)| (5,7— p,< 0,05
| 2< 0,05 | p,<0,05 | (51-5,5) p, < 0,05
BK + plasma modi <005 <005 p,< 0,05 p,< 0,05 6,3) <005 »,< 0,05
fied TM with PSC | 2200 | 2= 0» b, < 0,05 =005 1" 005

Ilpumedanne. DDA — MOAeAb IHAOTEAMAABHO-IMUTEAMAABHONM AucTpoduu porosuus;; TM — rtpekosas mem6pana; IICK —
[peHaTaAbHblE CTPOMAAbHBIE KAETKH.
* p,_, — CTATMCTUMYECKM 3HAYMMBIE PA3AMYNMA IO CPABHEHMIO C COOTBETCTBYIOWMMM Ipymmamu nccaepoBannsa (U-kpurepmit Manna —

Vuran).

Note. BK — the model of bullous keratopathy; TM — track etched-membrane.
* p,_,— statistically significant differences compared to the groups 1-3 according to the U-test.
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Fig. 2. The corneal fragment of the rabbit from the 2"
group: granulation tissue (g), irregularly pronounced
edema (o), full-blooded newly-formed vessels (c), cellu-
lar infiltration (inf) at the site of implantation of the TM
(M). Stained with hematoxylin and eosin, x200

Puc. 2. ®parmeHT pOTOBMIBI KPOAMKA 2-i TPYIIIBL:
TPaHyASIMOHHAS TKaHb (Tp), HEPABHOMEPHO BbIPASKEH-
HBIJl MHTEPCTULMAABHBIN OTeK (0), IOAHOKPOBME HOBO-
006pa30BaHHBIX COCYAOB (C), KA€TOYHAsA UH(MPUABTPALUA
(nud) B Mecre mMmAaHTAUMKU TPEKOBON mMeMmOpaHsl (M).
Oxkpacka reMaTOKCUAMHOM 1 303uHOM, X200

The anterior squamous stratified epithelium
was preserved throughout the 3 group of animals.
The Bowman’s membrane was barely visible. A
cluster of fibroblasts ((132.8 + 26.2) cells in sight,
x200), which had an elongated spindle-shaped
or process shaped and oval nuclei, was observed
directly under the Bowman’s membrane in the
cornea stroma (fig. 3, table). Individual cells of

Anternor

-5y

the fibroblastis were observed on the TM surface.
The irregular edema (sp. vol. (14.4 = 6.3)%),
newly formed blood vessels (sp. vol. (6.52 = 3.9)%)
and leukocyte infiltration represented mainly by
lymphocytes and eosinophils were developed in
the cornea in the remaining fields of view (fig. 3,
table). The collagen fibers looked swollen and had
unclear orientation. The Descemet’s membrane
was represented by a homogeneous strip evenly
colored throughout. The endothelium was
partially absent and was partially replaced by a
layer of process-shaped cells.

The anterior squamous stratified epithelium
was represented by 4-5 layers of cells with
normochromic nuclei in the 4% group. The
Bowman’s membrane was intact and unclear. The
fibroblasts ((159.9 = 35) cells, Y200) and leukocytes
accumulated under the Bowman’s membrane in
the 4 group of animals. Single fibroblasts and
leukocytes were detected on the TM surface (fig.
4, table). The newly formed vessels (sp. vol. (5.35
=+ 1.15)%), corneal edema (sp. vol. (12.58 = 5.1)%)
and leukocyte infiltration, represented mainly by
eosinophils and lymphocytes, were encountered in
the stroma (fig. 4, table). The collagen fibers lost
a clear orientation and their tinctorial properties.
The Descemet’s membrane was visualized well
and was represented by a homogeneous strip
evenly colored throughout. The endothelium was
partially absent and was partially replaced by a
layer of process-shaped cells.

As a result of the research, it was found
that the implantation of TM with preliminary

Fig. 3. The corneal fragment of the rabbit from 3" group: irregular edema (o), new blood vessels (c), single leukocytes
(1), cellular infiltration (inf) of corneal stroma and fibroblasts (arrows) on the surface of TM (M) in the 3 group.
Stained with hematoxylin and eosin (2) and Mallory polychrome dye (), 200

Puc. 3. @parmenT porosunpl KPOAMKA 3-if TPYIIBI: BRIPAKEHHBIN OTEK (0), HOBOOGPA30BAHHbBIE COCYABI (C), €AMHMYIHBIE

AeikouuThl (A), KAeToyHaA MHPUAbTpanua (uMHG) COGCTBEHHOTO BeljecTBa POrOBuUIbI M PuOpoGAacTbl (CTpeAKy) Ha

IOBEPXHOCTH TpekoBoit memOpansl (M). Okpacka reMaTOKCHAMHOM M 303MHOM (4), IOAMXPOMHBIM KPacUTEAEM IO
Maanopu (), x200
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Fig. 4. Fibroblasts (arrows) in the cornea stroma, TM (M), leukocyte infiltration (inf), edema (o) in the 4" group.
Stained with hematoxylin and eosin (2) and Mallory polychrome dye (4), x200

Puc. 4. ®parmenT porosunsl KpoAuka 4-i rpymmsi: GubGpo6AACTh (CTPEAKM) B COGCTBEHHOM BEN[ECTBE POTOBUIBI M HA
IIOBEPXHOCTH TpeKoBoyi mMemOpansr (M), nudmaprpanusa (nud), orer (0). Okpacka reMaTOKCHAMHOM ¥ 903UMHOM (4) U
HOAMXPOMHBIM Kpacuteaem no Maaropu (b), x200

layering of human PSC promotes the growth of
the fibroblast population in the cornea stroma
and intensifies leukocyte (lymphocytes and
eosinophilic granulocytes) infiltration as opposed
to the implantation of PET TM without a cellular
component. In addition, the implantation of
TM contributes to a twofold decrease in the
cornea edema induced by BK. Modification of
TM with cold plasma did not affect the studied
histomorphometric parameters (table).

CONCLUSION

1) Implantation of TM based on PET in bullous
keratopathy contributed to the development of
the productive phase of infiltrative inflammation
in the cornea of the eye.

2) Pre-layering of human PSC reduced the
severity of destructive changes in the rabbit
cornea after BK modeling.

3) The modification of TM by cold plasma
did not affect the studied histomorphometric
parameters.
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