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Abstract

Aim - to study the morphological structure of lyophilized amniotic membrane
preliminarily subjected to physical decellularization.

Material and methods. An experimental study of the preservation of the
anatomical structure of lyophilized amniotic membrane was performed on
four groups of amniotic membrane fragments. Group 1: AM impregnated
with glycerin and dried over silica gel; Group 2: AM impregnated with
glycerin, treated ultrasonically and lyophilized; Group 3: AM treated
ultrasonically and lyophilized; Group 4: native AM without preservation.
The biomaterial was studied using light microscopy and scanning electron
microscopy.

Results. Physical methods of influencing biological tissue have an expected
effect on cell viability and allow obtaining a completely decellularized
amniotic membrane. Additional treatment with glycerol before physical

action on biological tissue for the purpose of decellularization does not have
a significant effect on the preservation of cellular structures. It should only
be noted that in the amniotic membrane impregnated with glycerol, more
fragments of epithelial cell membranes are preserved and the basement
membrane is more preserved.

Conclusion. The decellularization method developed by us using physical
methods does not introduce any chemicals into the processed biomaterial
that can have an unpredictable effect on regenerating tissues. Preservation of
the amniotic membrane by lyophilization allows obtaining a morphologically
integral, elastic and durable biomaterial.

Keywords: amniotic membrane, decellularization, lyophilization, morphology
of lyophilized amniotic membrane.
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OueHka Mopdosiornyeckom CTpyKTypbl
Aeuennionapu3oBaHHOW YesrioBeYeckomn
aMHUOTUYECKON MeMbpaHblI

K.E. Kyuyk?, J1.T. Bonoga?, U.B. HoBukog!, E.C. Muntogun:
1IPIBOY BO «CaMapckuii rocygapcTBeHHbIM MeauUMHCKU yHuBepcuteT» MuHsgpasa Poccum
(Camapa, Poccuitckas Pepnepauns)
I'bY3 «COKOB nmenun T.U. Epowwesckoro» (Camapa, Poccuitckas Pegepauns)

AHHOTauusa

Lensb — u3yduTb MOPGOIOrHYecKyto CTPYKTYPY JTMOGUIM3UPOBAaHHON aMHH-
OTHYeCKOU MeMOpaHBl, TpeBapUTeIIbHO OIBePTHYTOH Jlelle/UTIOJISIPU3aIN
usHMUeCcKUM METOIOM.

Marepnasn 1 MeTofbl. JKCIIepUMeHTaJIbHOe UCCIIeIoBaHKe COXPAHHOCTU
AQHATOMHUYECKOH CTPYKTYPbI IMODUIM3UPOBAHHON AMHUOTHYECKOW MeMOpaHbI
(AM) 6bIIO BBIIOJIHEHO HA YeThIpex Ipymnax GpparMeHTOB aMHUOTHYECKOH
meM6pansl. [lepBas rpynna — AM, nponuTaHHasl [TIMIEPUHOM U BBICYIIIEH-
Hasl HaJ| CWIMKarejeM; Bropas rpynmna — AM, nponuTaHHas DIUNEPHHOM U
o6paboTaHHas YIbTPa3ByKOM, JIMOGUIM3UPOBAHHAS; TPeThs rpynmna — AM,
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o6paboTaHHask yabTPa3BYKOM M THOGHUIM3UPOBAHHAS; YeTBepTasi TpyIia —
HatuBHas AM, He KOHCEepBUPOBAaHHasL.

Beimonaeno n3ydeHue 6roMaTeprana C MOMOMILIO CBETOBOM MUKPOCKOIIHU
Y CKaHUPYIOIIEH 37IeKTPOHHOU MUKDOCKOIIHU.

Pesynbrarel. Pusuyueckre MeTObl BO3IEHCTBHS Ha GHOJIOTMYeCKYI0 TKaHb
0)XXM7IaeMO OKa3bIBAIOT BIIMSHYE HA JKM3HECIIOCOOHOCTD KJIETOK U IT03BOJIS-
0T TOJIYYUTDb HOJHOCTBIO HeleUIIO/SIPH30BAaHHYI0 aMHUOTHIECKYI0 MeM-
6pany. [lononuurenbHas obpabotka AM ruiiepuHoM repesi pyU3NIeCKUM
BO3MIEHCTBHEM C IeNbIO JeleUTIOSIPU3aiy JOCTOBepHO He CIIOCO6CTByeT
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COXPaHEeHHIO KIIETOYHBIX CTPYKTYP. IIpi 3TOM HEO6XOMMO OTMETHUTB, YTO B
AMHUOTHYEeCKOH MeMOpaHe, IPONUTaHHOH INIMIIEPHHOM, Hocile GpU3NIecKoro
BO3JECTBUS COXPaHSIeTCsl 3HAYMMO Goribllle pparMeHTOB MeMOpaH 3IUTeNu-
aJIbHBIX KJIETOK U Goslee coxpaHHa 6a3asibHast MeMOpaHa.

BeiBozbl. Pa3paboTaHHbIiT HAMH MeTOJ [IelieJUTIONISIPU3ALIMY C CIIOb30BaHAEM
¢bu3HYIeCcKUX METOIOB He IIOJ]pa3yMeBaeT BHeCeHUs B 06pabaTbiBaeMblii G10-
Marepuall KaKuX-JIMb0 XMMIYeCKHUX BEleCTB, KOTOpble BIIOCIIE[ICTBUM MOTYT

0OKa3aTh Hellpe/ICKazyeMoe BO3/IefICTBHe Ha OKPY KOl e NMIIIAHTHPOBAHHYIO
AM pereHepupytonye TkaHU. Takxe KoHcepBalys AM Ipe[yIoykeHHbIM CIIO-
co60M JIMOGUIH3ALNHN TT03BOJISIET TIOTYYUTh MOP(OIOrUYeCKH IIeJIOCTHBIH,
NTACTUYHBIN U IIPOYHbII OHOMaTepyar [yl pereHepaTHBHOM MeJIUIIMHBL.
KiioueBEIe cjI0Ba: aMHUOTHYeCKasi MeMOpaHa, Jiele/UIoiIsipusaliys, JIMo-
dunusanus, Mopgonorus TMoHIN3UPOBaHHON AMHUOTHYECKOi MeMOpaHBI.
KoHQnuKT HHTepecoB: He 3asiBJIeH.
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m INTRODUCTION
In regenerative medicine, one of unique biomaterials

is used widely: the amniotic membrane (AM). It is a
conglomeration of a monolayer of epithelial cells on the
basal membrane and the stroma consisting of three layers.
The biologically active substances present in all the layers
of the AM ensure activation of regenerative processes and
cell proliferation, and accelerate their migration [1-4].
Before being used, the donor biomaterial is subjected to
compulsory pre-treatment. First, the AM surface is washed
from blood and mucus clots. This is generally accepted
practice. The subsequent processing of the amniotic
membrane with various chemical agents for disinfection
(NB: disinfection in this case!), protection of the
biomaterial from excessive damage during preservation,
and subsequent preservation is differently assessed by
researchers in terms of necessity, effectiveness, and impact
on the preservation of biologically active substances in
the biomaterial [5]. Many specialists prefer using native
or cryopreserved AM, as in these cases, the cells remain
viable and the anatomical structure of the biomaterial
is practically undamaged [6—-9]. However, since native
AM cannot be stored and there is a risk of using infected
material, the method of choice for utilizing AM in
regenerative medicine is cryopreservation.

It should be noted that the use of chemical substances
during cryopreservation in glycerol-containing media, the
application of antibacterial agents for disinfection, as well
as freezing and thawing processes may significantly alter
both the structure and viability of cryopreserved AM [9].
Other common AM preservation methods (specifically
drying over silica gel or lyophilization) entail complete
loss of cellular viability, decellularization, and potential
disruption of morphological structure while maintaining
the biomaterial's anatomical integrity [10, 11], which many
authors consider a critical factor for successful application
in reconstructive surgeries [11-13].

When creating tissue-engineered constructs, researchers
prefer using decellularized AM as a biological scaffold
for cultured cells. Decellularization is a process aimed
at removing cells from tissue while preserving the
extracellular matrix and its three-dimensional structure
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[7, 14, 15], utilizing various cell-disruption methods. All
decellularization methods can be classified into three types
based on the primary disruptive factor: physical, chemical
and biological. Physical methods are found in the majority
of protocols of primary tissue treatment. They entail the
use of rotators, shakers or direct perfusion chambers that
provide accelerated fluid exchange with an effect on cell
membranes to break the cells and their nuclei. More often,
researchers use chemical agents: sodium dodecyl sulfate,
an anionic surfactant capable of protein denaturation and
dissolution of cell membranes. Organic acids are also
used, specifically, peracetic acid that decomposes and
removes nucleic acids. Decellularization of biomaterial
is also possible with the use of spirits and chelating agents
[16, 17].

The simplest physical method of decellularization is
the process of multiple alternating freezing and thawing,
under which cell membranes rupture by crystals of ice,
and the cells lose their viability. Immersion in hypertonic
solution resulting in osmotic stress and damage to cell
membranes is also regarded as a physical method [17,
18]. However, the most efficient physical method of
decellularization is ultrasonic impact, since the high
efficiency of cell structure destruction by sonic energy is
augmented by the mechanical purification of biomaterial
from cellular debris [14].

m AIM

Study the morphological structure of lyophilized
amniotic membrane preliminarily subjected to physical
decellularization.

m MATERIAL AND METHODS

An experimental study of the anatomical structure
preservation of lyophilized amniotic membrane was
conducted on four groups of amniotic membrane
fragments. The biomaterial, after washing in running water
to remove blood clots, was cut into 1x1 cm fragments
and divided into four groups. Group 1 (10 fragments):
the amniotic membrane was impregnated with glycerol,
placed in frames over silica gel and dried. Group 2 (12
fragments): the amniotic membrane was impregnated
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with glycerol and treated with low-frequency ultrasound
at 24—40 kHz in an ultrasonic bath “Sapfir” TTK (“Sapfir”
LLC, Moscow, Russia) with subsequent lyophilization.
Group 3(10 fragments): the amniotic membrane was
treated with low-frequency ultrasound at 24—-40 kHz in
an ultrasonic bath “Sapfir” TTK (“Sapfir” LLC, Moscow,
Russia) with subsequent lyophilization, without glycerol
impregnation. Group 4 (control group) consisted of 10
fragments of native amniotic membrane studied without
additional treatment and conservation.

The material was lyophilized (vacuum-dried by
sublimation) on the ALPHAZ2-4L.SC sublimation machine
(Martin Christ Gefriertrocknungsanlagen GmbH, Osterode
am Harz, Germany).

Morphological studies were conducted after fixing the
biomaterial in 12% neutral buffered formalin, processing
through an alcohol series, and embedding in celloidin.
No fewer than 500 sections were made from different
biomaterial samples. The sections were stained with
hematoxylin-eosin or picrofuchsin using Van Gieson’s
method. The images of stained preparations were analyzed
with the visualization system comprising an Olympus
BX41 research microscope (“Olympus”, Japan), digital
color camera “ProgRes CF” and a personal computer with
Morphology 5.2 software suite (“VideoTesT”, Russia).

Scanning electronic microscopy (SEM) of the
amniotic membrane after conservation were performed
with the raster electronic microscope JEOLJSM-6390 A
Analysis Station (Japan). For the purposes of this study,
the fragments of biomaterial were fixed with 2.5% water
solution of glutaric aldehyde and processed through
an alcohol series. After processing through an ethanol
solution of increasing concentration and drying at room
temperature for 24 hours, gold or carbon was sputter-
coated onto the biomaterial to enhance the required surface
conductivity for scanning electron microscopy.

The obtained results were processed with statistical
methods in the SPSS_ Statistics software suite.

The work was performed with the approval from the
Committee for Bioethics of the Samara State Medical
University (Excerpt from the Protocol No. 206 dated 18
March 2020).

m RESULTS

The active agent for decellularization was selected
based on the anatomic and histological structure and
dimensions of the biomaterial. The low-frequency
ultrasonic impact may remove particles of the blood,
and the wave effect and cavitation may likely damage
all cellular structures of the amniotic membrane since
the thickness of the native biomaterial is not more than
0.5 mm. Considering that the criteria of efficiency of
decellularization are not determined at present, we
prepared morphological preparations. We believe that
decellularized donor organs should not contain unaffected
cells and cellular components.

From the macroscopic perspective, the biomaterial
of all three experimental groups had the appearance of
tissue paper, elastic and velvety to the touch. The samples
from Group 3 of lyophilized amniotic membrane without
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Figure 1. Native amniotic membrane preparation. Stained with
picrofuchsin. Magnification x400.

PucyHok 1. [lpenapam HamuBHolU aMHuomuyeckoll MeMbpaHbi.
Okpacka nukpogyKkcuHoM. YB. x400.

glycerol impregnation turned out to have a more matte and
non-uniform surface than the samples from Groups 1 and
2 that had been impregnated with glycerol.

The morphological preparation of the native amniotic
membrane shows a completely preserved epithelial layer
with viable cells and a multitude of pinosomes (Fig. 1).
Adjacent to the basement membrane lies the compact
layer, composed of tightly interwoven collagen fibers,
followed by the fibroblast layer: a loose arrangement with
fibroblasts interspersed among reticular fiber networks.
The spongy layer consists of delicate, randomly oriented
reticular fibers.

In histological preparations of the first group (silica-
dried amniotic membrane after preliminary glycerol
impregnation), an almost homogeneous band is observed,
where distinguishing the epithelial and compact layers
becomes difficult (Fig. 2). Focal areas show severely
flattened cell nuclei. The stromal compact layer appears as
a homogeneous acellular oxyphilic band. Nuclear shadows
are frequently visible in the fibroblast layer. Persisting
fibroblast nuclei exhibit rod-shaped morphology. The
spongy layer is markedly flattened, identifiable by
multidirectional oxyphilic-stained fibers. Morphometric

Figure 2. Amniotic membrane preparation preserved by drying
over silica gel after preliminary treatment with glycerol. Stained with
hematoxylin and eosin. Magnification x400.

PucyHok 2. [Mpenapam aMHUomu4eckol MeMbpaHbl,
KOHCepBUPOBaHHOU NymeM BbICywUBaHUsI Had cunukazenem
nocne npedBapumensHol obpabomku anuyepuHoM. Okpacka
2emMamoKCUIUH-303UHoM. YB. x400.
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Figure 3. Electron microscopic image of the amniotic membrane in
a scanning electron microscope. Epithelial surface of the amniotic
membrane preparation dried with silica and pre-impregnated with
glycerol. Magnification x1000.

PucyHok 3. 3nekmpoHHO-MUKpPOCKONu4Yeckoe usobpaxeHue
aMHuomuyeckol MemMbpaHbl B CKaHUpyouweM 3/1eKmpOoHHOM
MUKpOCKone. SnumenuanbHasi NoBepXHOCMb npenapama
amMHuomuyeckol MeMbpaHbl CUTUKOBbICYWeHHOU C
npedBapumeJsibHbIM NPONUMbIBaHUEM 2iuyepuHoM. YB. x1000.

-

*okv

X400
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Figure 4. Electron microscopic image of the amniotic membrane

in a scanning electron microscope. Spongy layer of the amniotic
membrane preparation dried with silica and preliminary impregnation
with glycerin. Magnification x400.

PucyHok 4. 3nekmpoHHO-MUKPOCKONUYecKoe u3obpaxeHue
amMHuomuyeckol MeMbpaHb! B CKaHUPYIOWEM 3/1eKMPOHHOM
Mukpockone. CnoHzauo3Hbil cioll npenapama amHuomu4eckol
MeMbpaHb! CUIUKOBbLICYWeEHHOU ¢ npedBapumesibHbIM
nponumsiBaHUEM 2nuyepuHoM. YB. x400.

analysis of total graft thickness (n=55) in lyophilized
glycerol-impregnated amniotic membrane yielded a mean
measurement of 6.9184 pm.

Raster electronic microscopy confirmed preservation
of the epithelial layer in samples from Group 1 (Fig.
3). The epithelial layer represented by partially affected
cells adjoins the substratum on the entire surface of the
biomaterial. Individual defects are seen, restricted by cell
contours.

Raster electronic microscopy of the amniotic membrane
dried over silica gel from the side of the spongy layer
confirms that significant changes occur in the loose
connective tissue layer of the stroma, specifically, the
spongy layer becomes smoothed. It is important to note the
presence of homogeneous amorphous substrates forming
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Figure 5. Amniotic membrane preparation preserved by
lyophilization after preliminary treatment with glycerol. Stained
with hematoxylin and eosin. Magnification x400.

PucyHok 5. [penapam amHuomuyeckol MeMbpaHsl,
KOHCepBUPOBaHHOU nymeM nuoguiusayuu nocne
npedBapumesnbHol obpabomku anuuyepuHoM. Okpacka
2eMamoKCUIUH-303UHOM. YB. x400.

Figure 6. Electron microscopic image of amniotic membrane in a
scanning electron microscope. Epithelial surface of a lyophilized
amniotic membrane preparation with preliminary impregnation with
glycerol. Magnification x5

PucyHok 6. 31ekmpoHHO-MUKPOCKONU4YecKoe usobpaxeHue
aMHuomuyeckoll MeMbpaHbl B CKaHUPYOWeM 371eKMPOHHOM
MUKpOCKone. SnumernuanbHasi NoBepXHOCMb npenapama
nuogunuzupoBaHHoll aMHuUomuyeckol MeMbpaHbl C
npedBapumerbHbIM NPONUMbIBAHUEM 2auuepuHoM. YB. x50..

dendritic patterns along multidirectional reticular fibers
(Fig. 4).

The detailed study of the histological preparations of
Group 2 offers a clear view of the epithelial layer (Fig.
5). In isolated areas, focal destruction of epithelial cells
is observed. In preserved cells, nuclear pyknosis and
chromatin condensation into conglomerates are evident.
The basement membrane is damaged in regions of focal
epithelial cell destruction. The compact layer appears in
some areas as a homogeneous acellular oxyphilic band,
while in others fibers are visible. The spongy layer is
also preserved but compacted, with loss of structural
organization. The morphometry of the total thickness
of samples (n=48) of lyophilized amniotic membrane
impregnated with glycerol yielded a mean measurement
of 10.236 um.

Scanning electron microscopy revealed, in a clearer
way, the destruction of the epithelial layer, absence
of viable cellular structures, and damage with partial
desquamation of the basement membrane.
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Figure 7. Electron microscopic image of amniotic membrane in a
scanning electron microscope. Spongy layer of a lyophilized amniotic
membrane preparation with preliminary impregnation with glycerol.
Magnification x400.

PucyHok 7. 3n1ekmpoHHO-MUKPOCKoNu4Yeckoe usobpaxeHue
amMHuomuy4eckol MeMbpaHbl B CKaHUPYIOWEM 31eKMPOHHOM
Mukpockone. CnoHeuo3HbIl croti npenapama auogunu3upoBaHHol
amMHuomuyeckoll MembpaHbl ¢ npedBapumesibHbIM NPONUMbIBAHUEM
a2nuyepuHoM. YB. x400.

Figure 9. Electron microscopic image of amniotic membrane in a
scanning electron microscope. Epithelial surface of a lyophilized
amniotic membrane preparation without preliminary impregnation
with glycerol. Magnification x400.

PucyHok 9. 3nekmpoHHO-MUKpOCKonu4Yeckoe usobpaxeHue
aMHuomuyeckol MeMbpaHbl B CKaHUPYoWeM 3/1eKmMpPOHHOM
MUKpocKone. SnumenuanbHasi NOBepXHOCMb npenapama
nuogunusupoBaHHol amHuomuyeckol MeMbpaHb! be3
npedBapumesibH020 NPoNUMbIBaHUS 2nuyepuHoM. YB. x400.

Figure 8. Amniotic membrane preparation preserved by
lyophilization without glycerol treatment. Hematoxylin and eosin
staining. Magnification x400.

PucyHok 8. [penapam amHuomu4eckoli MembpaHsbl,
KOHCepBUpOBaHHOU nymeM nuogusnbHoll cywku 6e3 obpabomku
e2nuyepuHoM. Okpacka 2zeMamoKCcunuH-303uHOM. YB. x400.

The spongy layer is represented with denser connective
fibers, on which homogenous structure-less substrates are
visualized, attached in clusters (Fig. 7).

The epithelial layer in histological preparations of
Group 3 of samples appears as a flattened homogeneous
oxyphilic layer (Fig. 8). Isolated chromatin conglomerates
from destroyed epithelial cell nuclei are observed.

The basement membrane is uneven in thickness and
partially absent. The compact layer exhibits a dense
homogeneous structure. The fibroblast layer is nearly
devoid of cellular elements. Isolated nuclei of destroyed
fibroblasts appear as rod-shaped shadows. No chromatin
conglomerates are present. The spongy layer is flattened.
Morphometric analysis of total graft thickness (n=44) in
lyophilized non-glycerinated amniotic membrane yielded
a mean measurement of 10.026 ym.

Scanning electron microscopy of preserved amniotic
membrane samples from Group 3 revealed the
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Figure 10. Electron microscopic image of amniotic membrane in a
scanning electron microscope. Spongy layer of the preparation of
lyophilized amniotic membrane without preliminary impregnation with
glycerol. Magnification x1000.

PucyHok 10. OnekmpoHHO-MUKpOCKonuYeckoe usobpaxeHue
aMHuomuyeckol MeMbpaHbl B CKaHUPyoueM 3/1eKmpOoHHOM
Mukpockone. CnoHauo3HbIU cioll npenapama nuogunu3upoBaHHoU
amMHuomuyeckol MeMbpaHbl be3 npedBapumesnibHO20
nponumsiBaHus anuyepuHoM. YB. x1000.

following: the epithelial layer consists of minor cellular
membrane fragments and the basement membrane that
is desquamated across most of the examined surface. At
higher magnification, the basement membrane appears
as sparse fragments with curled edges, exposing the
underlying stromal layer (Fig. 9).

The spongy layer in this sample group shows the least
damage. Collagen fibers are thin, multidirectional, and
loosely arranged. This preparation clearly demonstrates
the end-to-end porosity of the biomaterial. The isolated
homogeneous formations attached to collagen fibers are
present (Fig. 10).

m DISCUSSION
The histological study of the amniotic membrane
showed significant differences of the morphological

www.innoscience.ru
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landscape depending on the preliminary (pre-conservation)
treatment of the biomaterial. In those cases where
decellularization was not performed and the silica gel
drying method was used without biomaterial freezing
stages, the epithelial layer with preserved nuclei and cell
membranes was visualized.

Studies of the amniotic membrane fragments subjected
to decellularization by low-frequency ultrasound in Groups
2 and 3 reveal complete destruction of cellular structures
and almost complete removal of cell components. In the
histological samples, complete destruction of epithelial
layer cells and partial destruction of the basement
membrane with exposure of the stroma and formation of
trabecular architectonic of the biomaterial are observed.
Such changes are more manifested in the preparations not
impregnated with glycerol before lyophillization.

In the decellularized tissue, the extracellular matrix
remained unchanged. No swelling or other pathological
changes in the structure, architectonic, fiber orientation,
and tinctorial properties of the connective tissue were
observed.

Thus, the methods of physical treatment of biological
tissue provide an expected impact on the cell viability
and allow production of a completely decellularized
amniotic membrane. Impregnation with glycerol before
physical treatment of the biological tissue with the aim
of decellularization has no significant effect on the
preservation of cellular structures. It remains to be noted
that the decellularized lyophilized amniotic membrane
impregnated with glycerol preserves more fragments of
membranes of epithelial cells, and the basement membrane
is also preserved to a greater extent.

m CONCLUSIONS

The decellularization method we developed using
physical approaches introduces no chemical substances
into the processed biomaterial that could unpredictably
affect regenerating tissues.

AM conservation through lyophilization yields
morphologically intact, elastic, and durable bioma-
terial.
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