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The use of implants of biological origin in clinical practice has led to the search for methods of long-term
storage of tissues without damaging their functional and structural characteristics. Xenografts (extracted from
pericardium of pigs, horses, bulls) are drawing more and more interest. The bovine pericardium is exposed to
chemical and physical factors providing complete purification of tissue from cells and their components.
Such scaffolds are protein (collagen) complexes that fully replicate the microstructure of the pericardial tis-
sue. Lyophilisation ensures long-term preservation of the extracellular matrix properties. The principle of the
method is in drying pre-frozen tissue, in which water is sublimated. The method is intended for storage,
transportation, and the subsequent use of the bioimplant in clinical practice. However, the lyophilization
process may be accompanied by various undesirable factors that can lead to denaturation of the matrix pro-
tein or loss of its functionality and structure. To preserve the natural microstructure, stabilizers or various
modifications (slow/fast freezing, reducing the degree of supercooling, etc.) of the lyophilization process are
applied to biological prostheses. In this review, the main processes of lyophilization of biological tissue are
described, which can affect the operation of a cardiac implant. A deep understanding of the parameters of
the lyophilization process is crucial for creation of stable tissue grafts and their subsequent long-term storage.

Keywords: scaffold; lyophilization; tissue engineering; bovine pericardium; extracellular matrix.

Introduction

Modern treatments for heart failure are aimed
at correcting (masking) symptoms and while the
latest research strategies are aimed at eliminating
the causes of their occurrence — repairing damaged
myocardium or regenerating it, often regenerative
medicine approaches are used. Despite recent ad-
vances in this field, few patients fully restore heart
function. Today, the most effective treatment for
patients with end-stage heart failure is cardiac al-
lotransplantation [1, 2]. However, the number of
patients requiring transplantation significantly ex-
ceeds the number of donor hearts [3]. Therefore,
the development of alternative treatments for heart
failure remains a top priority. One of the possible
methods is the use of xenograft-derived scaffolds
which is a decellularized matrix, these scaffolds are
used to replace or support damaged heart tissue.
The decellularized scaffold can be applied to the
surface of the heart to prevent, or even regress, the
spread of heart damage. Also, grafts that are to a
certain extent populated with cells and delivered to
the site of injury can help restore lost heart cells
and further recovery. An ideal scaffold should be
compatible with all types of heart cells, provide
mechanical strength in the right place, properly
order cells and transmit biochemical signals for the
proper functioning of cells in the heart [4]. Sources

of such scaffolds can be biological or synthetic ma-
terials, each of which has its own advantages and
disadvantages. Synthetic materials are not always
biodegradable and often do not meet the require-
ments for the attachment and infiltration of cells in
the vessels and parenchyma; however, it is conven-
ient to make grafts of almost any size and shape
from them [5].

Unlike synthetic scaffolds, biological ones,
which usually originate from the extracellular ma-
trix (ECM), support the transmission of biochemi-
cal signals necessary for cell migration, proper po-
sitioning, and differentiation. However, they can
be mechanically unstable when exposed to physical
conditions (sterilization, lyophilization, etc.).

One of the widely used methods for the pres-
ervation of donor tissues is lyophilization — a
method of drying pre-frozen tissue intended for
long-term storage and its further use (after rehy-
dration) in clinical practice. The peculiarity of this
method lies in the fact that drying occurs during
the transition of water from a solid state to steam,
bypassing the liquid phase [6]. Drying of tissues
during lyophilization leads to dehydration of the
amorphous matrix surrounding the collagen fibers.
As a result, certain structural transformations of
the biotechnologically transformed tissue matrix
occur [7]. For the first time, a systematic study of
the properties and qualities of lyophilized grafts
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took place in the 1950s of the last century. Some
of the first researches devoted to tissue lyophilisa-
tion belong to E.W. Flosdorf [8]. To date, a fairly
large number of studies have been devoted to com-
prehensive research of lyophilized graft architec-
tonics and biomechanical properties [9, 10]. Scien-
tists have proven that during lyophilisation tissues
acquire resistance to environmental factors and the
ability to maintain a complex of structural and bio-
chemical properties that are important for the
transplantation [11, 12]. In addition, lyophilisation
of xenograft is necessary prior to gamma-ray ster-
ilization to avoid substantial changes in the tissues
without dehydration that make impossible their
clinical use. The lyophilisation process does not
significantly affect the structure of tissues such as
bone, cartilage and pericardium [13].

Lyophilized bovine pericardial transplants trea-
ted with glutaraldehyde are used in surgery for
heart valve replacement. The use of such scaffolds
often leads to implant calcification. However,
some authors report that lyophilisation before
chemical treatment reduces inflammation and pre-
vents calcification, as well as not changing the me-
chanical characteristics of the biomaterial; it does
improve its immune properties, and allows the
graft to be preserved for future use [14].

Scientific advances in tissue engineering make
it possible to create grafts using various chemical
and physical methods. At the same time, the influ-
ence of the lyophilisation process on the properties
of new grafts requires further study, which deter-
mines the relevance of the selection of the optimal
parameters and reagents of the method (Figure).
The structure of the Iyophilisation process can have
a significant impact on tissue stability. To reduce
structural damage and preserve the natural proper-
ties of the fabric, it is necessary to analyse the
freezing rate and temperature, drying rate and
moisture content in stages. Therefore, the purpose
of this review was to consider the main processes
of lyophilization and its effect on biological tissues.
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Figure: Scheme of creating a lyophilized bioimplant

Modern approaches to long-term storage of
biological tissues

Lyophilisation is one of the most effective
techniques for the long-term storage of tissues
for surgical use. The peculiarity of this method is
that drying takes place during the transition of
water from a solid state to vapour without a li-
quid phase [15]. This phenomenon of evaporation
of a solid without melting is called freeze drying.
The displacement of moisture from a frozen state
of biological tissue is due to the property of water
to pass from the state of ice to the vapour state at
temperatures below zero, under the influence of
vacuum and at a pressure of less than 4.6 mm Hg,
that is, the solid passes into vapour without the
formation of an intermediate liquid state. It is im-
portant that during lyophilisation to create condi-
tions that regulate tissue temperature and water va-
pour pressure to ensure a continuous transition of
ice to steam. The crystallization temperature is
usually determined by measuring the conductivity
of an electric current [16, 17]. Dehydration is car-
ried out by maintaining the equilibrium of the
concentration of water vapour in the tissue and the
environment. If the space around the tissue is re-
leased from water vapour, their loss is compensated
by the sublimation of an appropriate amount of
water vapour from the frozen tissue [18].

Freeze drying of biological tissue (homo- or
heterograft) aims to create an implant bank for use
in modern cardiac surgery. Lyophilisation ensures
optimal preservation of all functional properties
and architectonics of the extracellular matrix
(ECM) of the cardiac implant. This method avoids
the problem of storing frozen tissues due to the
transition of the tissue into a dry form. Lyophilisa-
tion is used for storage of bio-prostheses and in tis-
sue engineering [19, 20].

The lyophilisation process includes the stages
of freezing, primary and secondary drying, taking
into consideration stability of the protein, the
characteristics of the inert filler, and the critical
temperatures of the structure [21].

Freezing is the initial stage using several such
freezing agents as liquid nitrogen, liquid oxygen
and dry ice. When freezing biological materials, the
cooling rate plays an important role, on which the
size of the ice crystals depends. With fast freezing,
a fine-crystalline structure of the frozen tissue is
formed, with slow freezing, a coarse-crystalline one
is formed. The formation of ice crystals and their
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size depends to a large extent on the degree of
hypothermia, the start point of crystallization tem-
perature and of cooling rate [22—24]. In order to
obtain frozen tissue without microscopically visible
crystals, the temperature must be reduced every
second by 10—20°C, since slow freezing allows
water to crystallize [25]. The cooling rate of bio-
logical tissue for conservation depends mainly on
the cooling temperature, the nature of the environ-
ment and the size of the tissue being processed [26].
Under optimal conditions, freezing forms large ice
crystals with minimal surface area.

Annealing is a stage of the freezing process
during which the product temperature is kept
higher than the final freezing temperature for a
sufficiently long time. Annealing promotes the
crystallization of inert fillers (mannitol and gly-
cine), which in turn prevents the breakdown of
matrix proteins and strengthens their storage stabi-
lity [27—29].

Primary dehumidification. The next stage is
the evaporation of the solution from the ice, which
occurs at an increasing product temperature, but
within the limits below the critical temperature
(glass transition temperature and collapse tempera-
ture). This process can be controlled by the pres-
sure in the lyophilisation chamber providing that
the pressure in the chamber is lower than the pres-
sure of saturated water vapour at the required tem-
perature [30]. The difference between the pressure
in the chamber and the vapour pressure serves as
the driving force for the sublimation reaction. Pa-
rameters of the primary drying process, such as
temperature and duration, heating intensity, pres-
sure in the chamber, can affect the quality of the
final product.

Secondary dehumidification. Residual mois-
ture is removed by secondary dehumidification
using desorption. Compared to the primary proc-
ess, the product temperature is higher and the
chamber pressure is lower [31]. When heating
during primary drying to the temperature at the
beginning of secondary drying, excessive increase
heating intensity should be avoided to prevent
both protein denaturation and product polymeri-
zation [32]. In general, it is recommended to set a
high temperature for a short period in order to
reduce the lyophilisation duration. The tempera-
ture, the pressure in the chamber and the dura-
tion of secondary drying must be optimized taking
into account the required moisture content of the
dried product, which is necessary to preserve the
protein structure [33].
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Unfavourable aspects during lyophilisation of
biological tissues

Biomaterials for implants in cardiac surgery
are an extracellular matrix (collagen protein) puri-
fied from cells and their components. The structure
of water around collagen was investigated by vari-
ous methods [18]. It has been shown that water
plays an important role in maintaining the micro-
structure of the collagen matrix and provides the
mechanical properties of collagen fibrils [34]. Wa-
ter can interact with collagen in three states: free,
bound, or structural. Free water fills the space be-
tween the microfibrils and the protein fibrils. At
the same time, the bound water stabilizes the col-
lagen double helix. Structural water is responsible
for the stabilization of the protein triple helix by
forming hydrogen bonds between the helix [26].
These differences lead to a significant effect on the
dynamics of water removal and the composition of
residual moisture in dry preparations. The amount
of bound water, as well as the strength of its bind-
ing to the substrate that is measured by the binding
energy in different preparations, can vary widely
depending on the type of tissue that is subjected to
conservation [18].

Water molecules coming out of tissue can be-
have in different ways. Very often, water molecules
from the inside of the tissue turn back into ice on
the surface of the tissue. In other cases, water
molecules freely leave the tissue and are retained
by the condenser of the lyophilizer. The resistance
that water molecules meet on their way is due to
the shape and size of the tissue and the thickness
of the dried layer. The thinner the tissue, the
smaller its size and the faster it cleans from the
water. An important factor in tissue dehydration is
its residual moisture, which affects the preservation
of the morphological structures of the tissue that is
being preserved. Residual moisture is defined as
the percentage between the weight of the native
and lyophilized biological tissue. The acceptable
degree of dehydration for vessels is a threshold
within 5% of residual free water [35].

At the end of the first drying period, when the
free water is completely removed, the temperature
rises to about 0 °C. The residual moisture of the
tissue, due to the presence of the bound water, re-
mains at 5—10% of the dry mass. This moisture
could not be removed under the physical condi-
tions that are characteristic of the first drying pe-
riod. In the second period, when the temperature
of the material rises to +30 — +40 °C, conditions
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are created for the water removal, which is bound
to the substrate by stronger bonds. Until the end of
the second period, the residual tissue moisture usu-
ally decreases to 1-2% [36].

Thus, the lyophilisation process can signifi-
cantly damage the microstructure of the ECM,
which is important for the effective operation of
the biological prosthesis. At this time, various
chemical and physical methods are used to pre-
serve the structure of the matrix after freeze drying.
One of the widely used methods is the use of glu-
taraldehyde (GA) as a crosslinking agent. GA sta-
bilizes the collagen structure, prevents the destruc-
tion of tissues by enzymes or bacteria, and also re-
duces the antigenicity of the material [37]. How-
ever, the use of GA may result in uneven collagen
linking (surface linking), which may result in the
formation of multilayer material and, as a conse-
quence, a limitation of the mechanical properties
of the valve leaflets under cyclic loads. M. Lopez-
Moya et al. mention that the main controversial
aspect of this method is the appearance of a pro-
gressive calcification process leading to deteriora-
tion in the structure of the bio-prosthesis and loss
of its function [38]. To eliminate the process of
calcification of bio-prostheses, several methods
have been proposed, such as: treatment with hepa-
rin, hyaluronic acid coatings and photochemical
crosslinking [39].

Complete rejection of GA is possible with
cross-linking using soluble carbodiimide (1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide) and an
organic substance derived from proline (N-hydroxy-
succinimide). Stabilization of the "cross-linking"
process is carried out in the MES buffer (2-(N-
morpholino) ethanesulfonic acid). The effectiveness
of this technique was positively assessed according
to the results of the biomechanical properties of
the implant [40].

However, the successful course of the lyo-
philisation process depends not only on the pres-
ence of a stabilizing agent, but also on factors such
as crystallization, pH shift, formation of ice crys-
tals and so on. A change in the chemical equilib-
rium in the system during lyophilisation can lead
to protein denaturation and loss of its biological
activity.

Freezing can cause structural and conforma-
tional changes in the protein, which are usually re-
versible. During lyophilisation, a two-phase matrix
is formed, consisting of ice and a frozen matrix,
containing solvent molecules and a fraction of wa-
ter that is not frozen. The solidification of the fro-
zen matrix leads to separation into a phase without
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ice and a phase with ice [41]. Protein products
may become unstable during freezing and crystalli-
zation. The cause of instability during lyophilisation
is incomplete crystallization of cryoprotectants.
Crystalline inert fillers such as mannitol and
glycine must be completely crystallized upon freeze-
drying because complete crystallization of mannitol
can result in further crystallization during storage,
which, in turn, can lead to loss of protein stabili-
ty [42]. Taking into account the properties of crys-
tallization and characteristics of metastable forms
during transformation is a prerequisite for the deve-
lopment of stable protein products [43]. A review of
previous publications suggests that crystallization with
cryoprotectants is one of the main protein destabi-
lizing factors. Thus, the choice of cryoprotectants
with a low tendency to crystallization can be a so-
lution to ensure stability and preserve the biological
activity of the protein in the frozen state [44, 45].
Protein products are stable at isoelectric pH
values between 6 and 7. At higher values, the re-
pulsion of the same charges of the protein mole-
cules occurs, which causes its denaturation or un-
folding. The change in pH in a frozen product can
be observed during freezing of components which
contain less soluble buffer components. During
freezing of a protein product with such buffer
components as sodium phosphate and succinate,
their possible crystallization results in a decrease in
pH by 3 units, which significantly destabilizes pro-
teins [46, 47]. When such salts as sodium or potas-
sium phosphates are used as buffering components,
the difference between the freezing point of mono-
ionized (salt) and non-ionized (free acid or base)
samples causes one component to freeze earlier
than the other, leading to destabilization of pro-
teins (denaturation or conformational changes) [48].
Thus, biological tissues dried by the freeze-
drying method differ significantly in their proper-
ties from similar tissues dried from a liquid state. A
characteristic feature of lyophilized tissues is their
almost complete keeping the original volume turn-
ing into a dry sponge. Before use, lyophilized tis-
sues are placed in sterile saline solution, which
may contain antibiotics (penicillin, streptomycin,
gentamicin) for further rehydration. The essence of
rehydration is that the lyophilized tissue absorbs
moisture and again acquires the properties charac-
teristic of the original state. With the correct rehy-
dration regimen, the physicochemical, plastic and
structural features of the pericardium can be re-
stored.
Lyophilized tissue when packed under vacu-
um, can be stored indefinitely both in a refrige-
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rated state and at room temperature. However, to-
day, according to the standards, freeze-dried xeno-
and allografts are recommended to be stored for no
more than 5 years. Transportation and storage of
such tissues are also carried out without any special
conditions and reservations [35].

Conclusions

According to the analytical review, it was de-
termined that today a large number of biocompati-
ble materials are used to create implants, but none
of them are ideal, therefore, the search for new
materials for plastic surgery of cardiovascular tissue
is relevant at the current stage of tissue engineering
development. Increasing preference is given to
natural matrices, in particular an extracellular ma-
trix based on the bovine pericardium, which has
advantages over synthetic analogues. The produc-
tion of xenograft-derived cardiac prostheses re-
quires guaranteed shelf life and transportation con-
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H.B. WoTkiHa
LleHTp autadoi kapgionorii Ta kapaioxipyprii, Knis, YkpanHa
MPUHUUNN NIO®GINI3ALIT BIONONYHUX KAPLIOIMMNIIAHTIB

BurikopucTaHHs B KNiHiYHIA NpakTuli iMnnaHTiB GionoriyHoro noxoaxeHHst 06yMOBMIO NOLLYK METOAIB AOBroTpuBanoro 36epiraHHs Tka-
HUH 6€e3 MOLLKOOXKEHHS X (PYHKUIOHANbHUX | CTPYKTYpHMX ocobnmBocTen. Yce Binblwinii iHTEPEC BUKMUKAOTL iMMANaHTU, BUTOTOBMEHI 3
KCEHOTKaHWH (nepvkapaa CBUHEN, KOHen, 6ukiB). buyaunn nepukapa niggatoTb Aii XiMiYHUX i i3UYHMX YMHHWMKIB, WO 3abe3neyyoTb
NOBHE OYMLLEHHSI TKAHUHU BIif, KMITUH Ta X KOMMNOHEHTIB. Taki ckachonam sSBnsoTe coboto GinkoBi (konareHoBi) KOMMMEKCH, L0 NMOBHICTO
BiATBOPIOIOTb MIKPOCTPYKTYpY MnepukapgianbHoi TkaHuHu. Jliodinisauis 3abesneyye 36epexeHHs BNacTUBOCTEN eKCTpaLentonsipHoro
MaTpuKCy MpPOTArom TpuBarnoro yacy. [puHUun mMeTody nonsrae y BUCYLLUYBaHHI nMonepeaHbO 3aMOPOXEHOI TKaHWHW, 3a SKoro BoAa
NOBHICTIO cybniMyeTbes. MeToa npusHayeHun onsi 36epiraHHs, TpaHCNOPTYBaHHSA Ta NOAAbLIOr0 BUKOPUCTaHHSA GioiMnnaHTa B KniHiy-
Hin npakTuui. OgHak npouec niodinizauii MoXe CynpoBOAKYBATUCH PiI3HUMU HECMIPUATAMBUMU YMHHUKAMMU, LLIO MOXYTb NPU3BOAUTY OO0
AeHatypadii 6inka maTtpukcy abo BTpaTh Moro dpyHKLiOHaNbHOCTI Ta CTPYKTYpHOCTI. [ns 36epexxeHHs MPUPOAHOI MIKPOCTYPKTYpu 6Gio-
npoTe3a BUKOPUCTOBYIOTb cTabinizatopu abo pi3Hi Mogudikauii (NoBiNbHE/LIBUAKE 3aMOPOXYBaHHS, 3MEHLLUEHHS! CTYMeHs Nepeoxoro-
[PKeHHs1 ToLo) npouecy niodinisauii. B HawwoMy ornsiai po3rnsiHyTo OCHOBHI npolecy nioginisauii 6ionoriYHoi TKaHWHK, Lo MOXYTb
BMNMBaTH Ha poboTy kapdioimnnaHTa. [nMuboke po3yMiHHA NapameTpiB npouecy niodinizauii Mae BupillanbHe 3HaYeHHS ONsi CTBOPEH-
HS1 CTabiNbHUX TKAHWHHMX TPaHCNaHTaTIB i3 NoAanbLWMM iX 4OBroTpMBanum 36epiraHHsM.

KntoyoBi cnoBa: ckadong; niodpinisauis; TKaHWHHA iHXeHepis; buyayunin nepukapa; No3akniTMHHUIA MaTpUKC.

H.B. WeTknHa
LleHTp AeTckon kapanonorumn n kapanoxmpypruu, Knes, YkpavHa
NPUHUUNBI TMOPUNNIALNUN BUONOITMYECKUX KAPOUOUMIITIAHTOB

Mcnonb3oBaHre B KNMHWYECKOW NpakTUKe MMMMaHTOB OMOMOrMiyeckoro NPoNCXoXaAeHUs NPUBENO K Hayany novucka MeToAoB AnuTenb-
HOro XpaHeHWs TKaHn 6e3 MoBpexXAEeHNS CTPYKTYPHbIX U (OYHKLMOHanNbHbLIX 0COBeHHOCTeh. BonbLUoi MHTepec Bbi3bIBAOT MMMMAHTI,
M3roTOBIEHHbIE U3 KCEHOTKaHel (nepukapaa CBUHeW, nowaaew, 6bikoB). Bblumii nepukapa noaBepraloT BO3OENCTBUIO XUMUYECKUX U
du3nyecknx dakTopo, obecneyrBaroLLmMX NOMHYI OYMCTKY TKaHW OT KIMETOK U X KOMMOHEHTOB. Takune ckaddonabl NpeacTaBnsioT co-
601 6enkoBble (KonnareHoBble) KOMMMEKChI, KOTOPbIE MOMIHOCTHLIO BOCMPOW3BOAST MUKPOCTPYKTYPY NepukapavanbHOn TkaHwu. Jinodu-
nusauus obecneynBaeT coOXpaHEHWe CBOMCTB IKCTpaLENIIONISIPHOrO MaTpukca B TeYeHve AnuTensHoro Bpemeru. MNpuHumn Metopa 3a-
KrnoY4aeTcs B BbICYLUMBaAHUN NpeaBapUTENbHO 3aMOPOXEHHOWN TKaHW, NpW KOTOPOM BOAA MOMHOCTBIO cybnumupyetcs. Metoa npeaHa-
3HayeH Ansa XpaHeHWUs, TPaHCMOPTUPOBKX M NocneaytowWwero UCNonb3oBaHust GuonmMnnaHTa B KNmMHUYeckon npaktuke. OgHako npolecc
nmounusaumm MoxeT CONPOBOXAATLCA Pa3fNUYHLIMU HebnaronpusTHeIMK hakTopamu, KOTOpble MOTYT MPUBOAMTL K AeHaTypauuv
6enka maTpukca unm notepe ero PyHKLMOHaNbHOCTU U CTPYKTYPHOCTU. [ANst coXxpaHeHWs NpYpOAHON MUKPOCTYPKTYpbl BronpoTesa nc-
nosnb3yloT CTabunNmu3aTopbl UNU pasnuyHble Moaudukaumum (MeaneHHoe/bbiICTpoe 3aMopaxuBaHe, yMeHbLUIEHNe CTEMNeHN nepeoxnax-
aeHus v T.4.) npouecca nuodunusaumun. B gaHHom 0630pe paccMOTpeHbl MPUHLMNGI Npouecca nuodunusaumum 6Uonormyeckon TkaHu,
KOTOpble MOTYyT BMUSATb Ha paboTy kapavoumMnnaHTa. mybokoe noHnMaHne napameTpoB npouecca nModunmsaumm MMeeT peluaoLlee
3HaYeHve ANs Co3aaHns CTabunbHbIX TKAHEBbLIX TPAHCMNAHTATOB C NOCNeAYWNM UX ANUTENbHBIM XPaHEHUEM.

KnioueBble cnoBa: CKaCbeOﬂLI,; J'IVIOd,’)I/IﬂI/I3aLWIﬂ; TKaHeBad UHXeHepud; Oblunii nepukapa, BHEKMETOYHbIV MaTpUKC.



