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Abstract. Decellularized matrices of animal organs can serve as a promising platform for creating highly relevant three-
dimensional in vitro models of tumor growth. In this work, the applicability of two decellularization protocols for ob-
taining the extracellular matrices of various murine organs was examined. The resulting decellularized matrices were
characterized by visual integrity and preservation of the tissue architectonics. A high degree of the cellular component
elimination was demonstrated while maintaining the basic structures of the extracellular matrix. From the point of view
of convenience and ease of use, as well as the quality of the obtained matrices, the method based on the use of detergent
sodium dodecyl sulfate and trypsin-aprotinin complex has demonstrated the greatest suitability. In the future, the de-
veloped protocol will be used to study tumor-matrix interaction and tissue-specific characteristics of growth and mor-

phology of tumor cells.
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Introduction

Elucidation of the hallmarks and regulari-
ties of carcinogenesis and further tumor pro-
gression is among the key issues in modern
fundamental medicine. Establishment of the
molecular and cellular mechanisms underlying
carcinogenesis is the basis for the development
of practical methods for the treatment of onco-
logical diseases. Research in cancer biology
requires the creation of relevant models of tu-
mor growth, both in vivo (tumor-bearing ani-
mals) and in vitro. Obtaining of in vivo tumor
models using laboratory animals has limita-
tions due to the bioethical aspect; in addition,
the complexity of such models makes it diffi-
cult to interpret the results in relation to the
molecular mechanisms of the observed pro-
cesses. As a simpler and more humane alterna-
tive, many three-dimensional in vitro tumor

models are currently being developed. Such
models should ideally recapitulate the features
of the three-dimensional structure of the tu-
mor, including the presence of gradients of nu-
trients, gases and metabolites, as well as cell-
cell and cell-matrix interactions.

The extracellular matrix (ECM) is a complex
polymeric structure consisting of compounds
such as collagens, proteoglycans, glycosamino-
glycans, etc (Hoshiba et al., 2016). The func-
tions of the extracellular matrix include tissue
morphogenesis, differentiation of resident cells,
implementation of mechanical properties of tis-
sue and macromolecular filtration(Frantz et al.,
2010). The composition and structure of the ex-
tracellular matrix are specific for each type of
tissue and organ and determine the tissue-spec-
ificity of cellular functions (Hoshiba et al.,
2010). Importantly, the extracellular matrix
plays an active role in the development of tu-
mors (Leeetal., 2019; Luetal., 2012). The pro-
gression of tumors is greatly influenced by both
mechanical and chemical signals from the ex-
tracellular matrix, which complements the ge-
netic changes in malignant cells (Crotti et al.,
2017). For example, an increase in the rigidity
of the extracellular matrix can enhance integrin-
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mediated interactions between cells and the ex-
tracellular matrix, which leads to an increase in
the tension of the cytoskeleton and activation of
a number of internal transformations in the cell
(Canel et al., 2013).

To date, many different matrix-based 3D
models of tumor growth in vitro have been
proposed, in the overwhelming majority of
which artificial hydrogels from natural (colla-
gen, hyaluronic acid) or synthesized polymers
are used (Hashimoto et al., 2019; Piccoli et
al., 2018; Sokolova et al., 2019). Decellular-
ized (DCL) matrices of animal organs can
serve as a promising platform for creating
more relevant matrix-containing models.
Among their advantages are the authenticity
of the molecular composition characteristic of
a particular organ and the preservation of tis-
sue architectonics, which allows simulating
the processes of tumorigenesis with a high de-
gree of proximity (Erdogan & Webb, 2017,
Varol & Sagi, 2018).

There are a large number of decellularization
methods, including the treatment of the original
tissue with detergents, enzymes, or with the use
of physical impact. Most of the protocols are
based on the use of sodium dodecyl sulfate
(SDS) and Triton X-100 (Fernandez-Pérez &
Ahearne, 2019; Simsa et al., 2018). It should be
noted, that the choice of detergent, as well as
the time of decellularization, affect the residual
composition and structural integrity of the ex-
tracellular matrix proteins, as well as the cyto-
toxicity of the resulting matrix (Fu et al., 2014;
White et al., 2017). Thus, the creation of a tis-
sue construct that has a high degree of the nat-
ural microenvironment recapitulatuion, pre-
serves the appropriate spatial complexity and
the ability to maintain cell functionality, is of
great importance for further applicability of the
matrix.

It is worth noting that the vast majority of the
protocols reported are developed for either hu-
man organs or the organs of large mammals due
to the initial development of DCL matrices
technologies for regenerative medicine. In ex-
perimental oncology, small rodents (e.g. mice
and rats) are the classic objects of study. At the
same time, works concerning DCL techniques
for small animal’s organs are scarce, and the
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proposed procedures have been tested for indi-
vidual organs, i.e. no universal protocols were
still established. In this work, we demonstrated
the possibility of using chemical-enzymatic
protocols based on chemical detergents (SDS,
Triton-X100) in combination with the proteo-
Iytic enzyme trypsin or nucleases to obtain
DCL matrices of kidneys, liver, spleen, skin,
ovaries, and lungs of mice.

Materials and Methods

Laboratory animals

The work was carried out on BALB/C mice
(females, weight 20-23 g) obtained from the
SPF vivarium of the Lobachevsky State Uni-
versity of Nizhny Novgorod (UNN). The ani-
mals were housed under standard conditions (at
25-26 °C and 12 h light-dark cycle) supplied
with food and water ad libitum. All research
procedures were reviewed and approved by the
Bioethics Commitee of UNN (protocol Nol5
from 02.15.2018). Animals were exposed to
general anesthesia and euthanized by cervical
dislocation.

Organ harvesting

The euthanized animals were trimmed to re-
move hair and treated with 96% ethanol for an-
tiseptic purposes. Autopsy was performed in a
laminar flow cabinet with sterilized instruments
to maintain sterility of the tissue samples. Seg-
ments of skin, liver, kidney, ovaries, lungs and
spleen were collected from each animal. The
heart/lungs/thymus complex was extracted sim-
ultaneously and then separated. Each organ was
freed from fat adhesions. The collected organs
were rinsed with normal saline and were placed
into a primary decellularizing medium to obtain
an organ matrix. The scheme of the experi-
mental procedure is presented in Fig. 1.

Decellularization of the mouse organs

To maintain sterility, all decellularizing me-
dia and labware were autoclaved at 120 °C un-
der 1 atm for 1 h. Antibiotic-antimycotic
namely 1xpenicillin-streptomycin 80 mkg/ml +
amphotericin B 5 mkg/ml (PanEco, Russia) was
added to each type of the media. The entire de-
cellularization process was carried out on an or-
bital shaker with a rotation speed of 120 rpm.
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Fig. 1. Simplified scheme of decellularization. Segments of skin, liver, kidney, ovaries, lungs and spleen
were collected from each animal. Two different protocols of chemical-enzymatic decellularization were
applied to each of the organs: «Tr-Ap» — trypsin-aprotinin based protocol, «Nuc» — nuclease based proto-
col. To analyze the performance of the decellularization, hystomorphological analysis of the initial organs

and resulting matrices was performed

Two different protocols of chemical-enzy-
matic decellularization were applied to each of
the organs harvested.

Trypsin-aprotinin based decellularization.
The extracted organs were washed in sterile
distilled water. The organs were then proceeded
to a series of successive incubations in 1%
Triton X-100 (Helicon, Russia) with
I xantibiotic-antimicotic (2 h), distilled water
(1 h), 0.5% trypsin — 0.2% EDTA solution
(PanEco, Russia) (1 h). To neutralize the action
of trypsin on collagen fibers, the organs were
then incubated in 0.8 mg/ml solution of trypsin
inhibitor aprotinin (Thermo Fisher, USA) for 1
h. After that decellularization was continued by
the successive incubation of organs in 0.5%
SDS solution (Panreac, USA) (24 h) and 0.5%
Triton X-100 solution (12 h).

Nuclease based decellularization. The
organs were prepared as described above and
proceeded to successive incubations in 10 mM
Tris-HCI — 0.1 mM EDTA solution (PanEco,

Russia), pH 8.0 at 5°C (48 h), 3% Triton X-100
at room temperature (48 h) and 0.03 mg/ml
RNAse A (Thermo Fisher, USA) and 3.3 Ul/ml
DNAse 1 (Thermo Fisher, USA) for 24 h.

Hystomorphological analysis

Histological cassettes with organ samples or
DCL matrices were placed in a neutralized 10%
formalin solution for 24 h at room temperature.
Samples were washed from excess fixative, de-
hydrated and embedded in paraffin according to
the standard protocol. 7 pum-thick slices were
further dewaxed, stained with hematoxylin-eo-
sin (Biovitrum, Russia) (Mayer's hematoxylin;
eosin 1% aqueous solution) according to the
manufacturer’s instructions, and enclosed in
Canadian balsam (Panreac, USA). Alterna-
tively, the slices were stained with acridine or-
ange (PanEco, Russia) as follows: washed with
0.2 M sodium acetate buffered solution, pH 4.2,
stained with 0.1% acridine orange for 10 min in
the dark, washed with distilled water and 0.2 M
sodium acetate, and embedded in sodium ace-
tate buffered solution. Images were obtained
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Fig 2. Visual comparison of lungs (A), liver (B), spleen (C), skin (D), ovaries (E) and kidneys (F) of mouse
after decellularization based on «trypsin-aprotininy protocol. Bar size — 5 mm

using Axio Observer Z1 LSM 710 NLO/Duo
laser scanning microscope (Carl Zeiss, Ger-
many) with an EC Plan-Neofluar 20x/0.5 ob-
jective lens. The fluorescence of acridine or-
ange was excited with 458 nm laser and fluo-
rescent signal was detected in the range of 505—
552 nm.

Results

Most of the currently existing protocols for
obtaining DCL-matrices are based on the use of
sodium dodecyl sulfate (SDS). We have tested
a simple protocol based on 1% SDS in prelimi-
nary experiments, but extremely strong degra-
dation of the matrices microstructure (data not
shown) indicates its inapplicability for murine
organs.

To improve the matrices quality, we formu-
lated two original DCL protocols. The first one
implicates using SDS in a lower concentration
in combination with other decellularizing
agent, trypsin («trypsin-aprotinin» protocol).
According to the published reports it might fa-
cilitate cell debris removal from the depths of
dense tissues (DeQuach et al., 2010). Trypsin
was chosen due to its protease activity; it in-
duces constriction of matrix fibers, which facil-
itates cellular elimination (Brown et al., 2011).
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To neutralize the effect of trypsin on the com-
ponents of the extracellular matrix, its inhibitor,
aprotinin, was applied. For the second protocol,
Triton X-100 was chosen as the main detergent,
as it removes cell structures more gently than
SDS (Shupe et al., 2010); and for the final elim-
ination of the antigenic component RNAse A
and DNAse 1 were added (‘nucleases-based’
protocol) (Yang et al., 2009). Since the volume
of the selected murine organs does not exceed
cubic centimeter, we have chosen the technique
of organ incubation in a washing decellulariz-
ing solution.

Both of the developed protocols allowed us to
obtain DCL matrices of murine kidney, spleen,
skin, liver, lungs, and ovaries (Fig. 2). Initial vis-
ual assessment showed a strong decrease in the
volume of the resulting matrices relative to initial
organs. Samples were almost completely discol-
ored after application of both protocols, except
for dense organs such as kidney and liver, where
a dark core could be observed. It should be men-
tioned, that discoloration testifies a decrease in
cell abundance. To identify the difference be-
tween normal and decellularized organs and to
assess a degree of the ECM structure preserva-
tion in decellularized tissues, histomorphological
analysis has been performed.
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The main component of kidney tissue is the
nephron, which consists of the renal corpuscle
and the nephron canal. The renal corpuscle in-
cludes a capillary glomerulus and an epithelial
capsule; the nephron canal is an epithelial tube.
Thin connective tissue layers with blood ves-
sels are located between the elements of the
nephron (Fig. 3A). Decellularization of the kid-
ney by the trypsin-aprotinin complex leads to
significant tissue compression (Fig. 3B). The
cell component is not detectable. In the matrix,
structures characteristic of the kidney are dis-
tinguishable: renal corpuscles and the nephron
canal. After decellularization with nucleases, a
certain number of cells are retained in the kid-
ney tissue and found both under hematoxylin-
eosin (Fig. 3C) and acridine orange staining
(Fig. 4A). The integrity of the collagen fibers is
compromised.

The spleen consists of a parenchyma, repre-
sented by formed elements of blood, and a re-
ticular stroma. In the parenchyma, white and
red pulps are distinguished. White pulp, or
lymph nodules, are collections of lymphocytes.
All types of blood cells are present in the red
pulp, predominantly erythrocytes (Fig. 3D).
The spleen matrix after decellularization with
trypsin-aprotinin protocol is a cell-free ECM
mass lacking characteristic structures (Fig. 3E).
When stained with acridine orange, cells are not
detected. After decellularization with nucle-
ases, lymph nodules are visible on hematoxy-
lin-eosin stained samples, around which the
matrix is fragmented, which indicates the dis-
ruption of fibers integrity. The nodules have a
granular structure due to the accumulation of
eliminated cells (Fig. 3F).

Normally, the dermis of the skin is repre-
sented by dense connective tissue, the main
component of which is collagen fibers. Fibers
form bundles between which connective tissue
cells are located (fibroblasts, fibrocytes, etc.).
In addition, the dermis contains hair follicles,
which are a hair shaft surrounded by an epithe-
lial sheath. Sebaceous glands are located next to
the follicles (Fig. 3G). After decellularization,
cells were not detected in a skin sample treated
with trypsin-aprotinin protocol when stained
with hematoxylin-eosin. The structure of the

extracellular matrix is significantly disrupted,
no fibers are observed. Remaining hair follicle
structures are represented only by the hair shaft
(Fig. 3H). In a skin sample treated with nucle-
ases hematoxylin-eosin staining indicates all
structures characteristic of the dermis of the
skin, including cellular elements (nuclei of con-
nective tissue cells, epithelial cells, cells of the
sebaceous glands). Swelling of collagen fibers
is observed (Fig. 31).

The structural components of the liver are
lobules and interlobular structures — portal tri-
ads and collecting veins. The lobules consist of
hepatocytes, organized in the hepatic tracts, be-
tween which capillaries are located, collecting
in the center of the lobule into the central vein.
The connective tissue component of the liver is
poorly developed and is concentrated mainly
around the interlobular structures (Fig. 3J). In
the liver tissue after decellularization with the
trypsin-aprotinin complex, all characteristic
structures are visualized, including hepato-
cytes, some of which do not contain nuclei, and
the endothelium lining the interlobular vessels.
Inside the lobule, the radial organization is par-
tially broken due to the destruction of hepato-
cytes (Fig. 3K). Hematoxylin-eosin staining of
tissue decellularized with nucleases demon-
strates the absence of cells in the central region
of the sample, while small dark randomly lo-
cated rounded nuclei are observed along the pe-
riphery (Fig. 3L). Acridine orange staining also
demonstrates the presence of cell groups
(Fig. 4B).

Lung tissue is made up of numerous alveoli,
blood vessels of various sizes and airways, rep-
resented by bronchi and bronchioles. All of
these structures are lined with epithelial tissue,
under which connective tissue elements are pre-
sent in varying amounts (Fig. 3M). After decel-
lularization by the trypsin-aprotinin complex,
the cellular component of the lung tissue is
completely absent both in case of hematoxylin-
eosin (Fig. 3N) and acridine orange staining.
The structure of the matrix is significantly
changed due to the strong swelling of collagen
fibers, the alveoli are indistinguishable. During
decellularization by nucleases, the alveoli, pul-
monary passages and bronchioles are visualized
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Fig. 3. Hematoxylin-eosin staining of decellularized matrices of mu-
rine kidney, spleen, skin, liver, lung and ovary obtained by ‘trypsin-
aprotinin’ and ‘nucleases-based’ protocols compare to normal tissues.

Bar size — 100 pm

in the matrix of the lung tissue, which indicates
a high degree of its preservation. Staining both
with hematoxylin-eosin (Fig. 30) and acridine
orange, no cellular elements were observed.
The outside of the ovary is covered with a
dense connective tissue membrane. Underneath
is the cortex, which contains follicles at differ-
ent stages of maturation. The connective tissue
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between the follicles contains fibroblasts. Un-
der the cortical substance is the medulla, repre-
sented by loose connective tissue with blood
vessels (Fig. 3P). The matrix decellularized by
the trypsin-aprotinin complex is a heterogene-
ous network of fibers with an uneven fiber den-
sity. In place of a part of the follicles, voids are
observed, in the place of others — eliminated
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A

Fig. 4. Acridine orange staining of residual cells in the core of liver (A) and kidney (B) obtained by ‘nucleases-

based’ protocol. Bar size — 100 pm

Table 1

The comparison of main characteristics of decellularizing protocols

Simplicity Degree Visual Degree of matrix
Method Time needed of cell component | . : . .
of the method L integrity integrity
elimination
Trypsin-aprotinin 41 hrs medium high medium high
Nucleases-based 120 hrs easy medium high medium

cells of the follicular epithelium (Fig. 3Q).
Cells are not detectable with any of the staining
methods used. After decellularization with nu-
cleases, the matrix is represented by a dense
network of fibers with voids in place of follicles
(Fig. 3R). Cellular elements are not observed
with any of the staining protocols.

To compare the applicability of particular
method, each method was analyzed by a list of
factors, such as time consuming, practical sim-
plicity of method, degree of cell elimination and
matrix integrity (via histomorphological stain-
ing) and by visual integrity of decellularized or-
gans (Table 1).

Discussion

Using two original protocols of murine or-
gan decellularization, we obtained matrices of
six organs and analyzed their properties. The
choice of the organs was made for a number of
reasons. lungs, liver and spleen were chosen as
main targets for metastatic tumors formation
(Robinson et al., 2017; Roett & Evans, 2009);
the ovary was added to this list with a view to

follow-up study of ovarian cancer metastasis.
Kidneys and skin at the contrary were taken for
diversity of composition and structure of ECM.

Different organs demonstrated different in-
tegrity of the resulted matrix. It is can be ex-
plained by the different chemical composition
and architectonics of the matrices as well as dif-
ferent cells-to-matrix proportions (Kai et al.,
2019). For instance, skin, with a high concen-
tration of collagen fibers compare to the spleen,
showed less resistance to the SDS based proto-
col. At the same time, nuclease-based protocol
without SDS was inapplicable for washing out
the core cells in organs with a high cell density,
such as liver and kidneys (Fig 4.).

Changes in the structural features of native
matrix fibers can lead to changes in the rigidity
of the entire matrix. This variability in the stiff-
ness modulus has a high impact on subsequent
cell repopulation(Gilkes et al., 2014) (link).
Some researchers rise attention to the relation-
ship between the invasive potential of tumor
cells and the mechanical properties of matrix fi-
bers (Wullkopf et al., 2018) (link). Thus, it can
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be argued that the influence of the features of
the decellularization protocols on the properties
of the resulting matrix is of great importance for
subsequent work on recellularization.

The results of the study show that the proto-
col based on the use of the low-concentration
SDS and trypsin-aprotinin complex is more ap-
plicable, most correctly preserving the micro-
structure of the matrix (Table 1.). It should be
noted that in each individual case it was neces-
sary to seek a compromise between the com-
pleteness of cell elimination and the preserva-
tion of the structure and properties of the matrix
itself,

To conclude, two original protocols were ex-
perimentally compared, which made it possible

References

A.D. Pospelov, L.B. Timofeeva, E.l. Cherkasova, 1.V. Balalaeva

to obtain decellularized matrices of different
murine organs such as kidneys, liver, lungs,
spleen, skin and ovary. From the point of view
of convenience and ease of use, as well as the
quality of the obtained scaffolds, the method
based on the use of SDS and trypsin-aprotinin
complex has demonstrated the greatest suitabil-
ity. In the future, the developed protocol will
be used to study tumor-matrix interaction and
tissue-specific characteristics of growth and
morphology of tumor cells.
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