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Abstract: This study demonstrates the possibility of tumor decellularization in living animals. Subcutaneous Ehrlich
tumor induced by isolated Ehrlich ascitic carcinoma cells in mice was used as a model. The study also presents
methods for ex vivo decellularization of human gastric adenocarcinoma (HGA) and hepatocellular carcinoma (HCC)
induced by diethylnitrosamine (DEN) in rat. Sodium dodecyl sulfate (SDS) and Triton X-100 were used as detergents
for tumor decellularization. The detergents for HGA and HCC were administered through organ vessels. For intravital
decellularization of Ehrlich’s subcutaneous tumor, detergents were injected directly into the tumor parenchyma.
The results of the study showed that the effectiveness of tumor decellularization using SDS and Triton X-100 de-
pended on the size, structure, stiffness and density of the tumor, as well as on the concentration, route and speed
of detergent administration. The study also showed that an hour after the initiation of decellularization, the central
part of Ehrlich’s tumor changed the color, and after three hours, it completely acquired a translucent white color.
Chemical contamination of tissues surrounding the tumor with the detergents was not observed. Histological stud-
ies showed the complete absence of all cellular components of Ehrlich’s tumor and a slightly deformed extracellular
matrix (ECM). There were no loco-regional recurrences or metastases of Ehrlich’s tumor within 150 days after decel-
lularization. The developed intravital decellularization method allows the effective removal of the cellular compo-
nents and the DNA content of Ehrlich’s subcutaneous tumor without compromising animal health. Additionally, this
method can destroy tumor ECM, which will significantly improve the delivery of anticancer drugs to the tumor cells.
However, more detailed and extensive studies are needed to develop an in vivo technique for isolated decellulariza-
tion of the tumor or a part of the organ with the tumor. It is also necessary to identify less toxic decellularization
agents and to develop the most efficient route for their delivery to the tumor cells.

Keywords: Decellularization of organs and tissues, in vivo tumor decellularization, tumor decellularization, tumor
extracellular matrix, tumor perfusion

Introduction and physical properties of nanomaterials used
as drug carriers, their biocompatibility, struc-
ture, size and shape. The effectiveness of LDDS
also depends on the ability of its components to
overcome barriers created by the tumor itself,

such as the dense and rigid extracellular matrix

Throughout recent years, local drug delivery
systems (LDDS) that deliver the drug directly to
the tumor have attracted great interest in
oncology. Compared to traditional chemothera-

py, these systems avoid the systemic circula-
tion of chemotherapy drugs, which leads to the
decrease of side effects [1, 2]. At the same
time, LDDSs are able to increase the intercel-
lular concentration of antitumor drugs and pro-
vide their prolonged release, which, in turn,
leads to an increase in the effectiveness of
cancer treatment. However, the effectiveness
of LDDS depends on many factors, including
the choice of effective anticancer drugs for the
treatment of a particular tumor, the chemical

(ECM) of the tumor, its unique chaotic vascula-
ture, and high tumor interstitial fluid pressure
(TIFP) [3, 4]. In the literature, various methods
of influencing these barriers are described,
including the use of anti-angiogenic agents that
prevent the formation of new blood vessels,
vascular disrupting agents (VDA), and agents
that restore altered tumor vessels [5-8]. Addi-
tionally, methods for destroying tumor ECM
using collagenase [9, 10] or pegylated hyalu-
ronidase [11, 12], methods for normalizing the
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integrity of tumor vessels using antibodies ag-
ainst vascular endothelial growth factor (VEGF)
in combination with cytotoxic therapy [1, 13,
14] are described as well. Unfortunately, all
these methods cannot fully satisfy clinicians’
needs. Our attention was drawn to chemother-
apy methods administered through isolated
organ perfusion as a new therapeutic alterna-
tive for patients with surgically unresectable
tumors. For example, pancreatic cancer is the
most common cause of death, and the only
opportunity for a cure is surgery [15]. However,
the authors point out that widespread loco-
regional disease is one of the causes of unre-
sectable cancer and that > 90% of anticancer
drugs (e.g. gemcitabine) are secreted in an
unchanged form, which affects toxicity but not
cancer per se. To achieve higher local drug
concentrations in the tumor without causing
side effects, the authors used Percutaneous
Isolated Pancreas Perfusion Chemotherapy
[16]. Others, on the contrary, believe that iso-
lated pancreatic perfusion should not be used
as a treatment for patients with unresectable
or recurrent pancreatic cancer [17]. In vivo clini-
cal trials of isolated lung perfusion (ILuP) have
been reported in four patients with unresect-
able metastatic lung sarcoma and four patients
with diffuse bronchioloalveolar carcinoma. The
treatment was conducted with doxorubicin and
cisplatin via ILUP and cardiopulmonary bypass
[18]. The authors note that ILUP was well toler-
ated by patients and it effectively delivered
high doses of doxorubicin to the lungs and
tumor tissues with minimal systemic toxicity.
There are also reports in the literature on iso-
lated limb perfusion (ILP) for locally advanc-
ed melanoma [19-22], isolated liver perfusion
[23], intravesical chemotherapy of the bladder
[24], embolization methods [25, 26] and meth-
ods of tumor ablation [27] using artery [28]
and vein [29-31] catheterization techniques.
However, one of the disadvantages of isolated
organ perfusion is that quite frequently the
efflux of anticancer drugs from the perfused
organ is not complete, and results in their entry
into the systemic circulation [32]. Moreover, in
most protocols that are currently under devel-
opment, perfusion is conducted four times per
patient with at least one month between each
perfusion [32]. It should also be noted that iso-
lated organ perfusion for cancer treatment is a
complex, expensive and time-consuming oper-
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ation and may be associated with an increased
risk of mortality.

Based on the above, we hypothesized that if
isolated organ perfusion is possible, then the
development of a method for in vivo isolated
decellularization of the tumor could also be
achievable. There are reports of the possibility
of creating a bioengineered liver in vivo through
decellularization and recellularization of a liver
lobe in live rats [33]. It is known that the de-
cellularization methods are effectively used in
regenerative medicine to create various bioen-
gineered organs and tissues [34-37]. Decellu-
larization is also used for obtaining a cell-free
matrix of various tumors, followed by their
recellularization with tumor cells ex-vivo. Such
models allow the reproduction of some fea-
tures of the tumor environment, study cellular
reactions, migration and proliferation of trans-
planted tumor cells, determine therapeutic tar-
gets of tested drugs, etc. [38-41]. An internet
search for published articles on tumor decellu-
larization in vivo was initiated using MEDLINE/
PubMed (from 1990 through 2023) with key-
words such as “tumor decellularization in vivo”,
“tumor decellularization ex vivo”, “tumor decel-
lularization”, “decellularization of organs and
tissues” and “methods of decellularization”.
Unfortunately, we did not find a single report on
the possibility of tumor decellularization in vivo.

The aim of this study was to demonstrate the
feasibility of intravital tumor decellularization
and to provoke a discussion among readers
about the advantages and possible disadvan-
tages of this method.

Materials and methods
Animals and experimental design

The studies were carried out on 25 eight-week-
old male Lewis rats and 50 outbred white labo-
ratory male mice. The animals were purchased
from the vivarium of the Thilisi State Medical
University (Tbilisi, Georgia), and kept under con-
trolled conditions at 24+2°C using a 12-hour
day-night cycle with rodent food pellet and
water ad libitum. All experiments were per-
formed in accordance with the Guidelines for
the Care and Use of Laboratory Animals. The
animals use protocol was reviewed and app-
roved by an independent ethics committee of
the Thilisi State Medical University (Georgia).
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Table 1. Methods of intravital decellularization and number of animals

of the tumor. The tumor

was frozen with a liquid ni-

Group Ehrlich subcutaneous tumor and intravital decellularization ofN:rrlTi]r?gs trogen probe, which was
Subcutaneous Ehrlich tumor model without treatment 10 inserted through the skin

Model + freezing/thawing of the tumor

o b~ WN P

10 incisions. The tumor was
frozen with a liquid nitro-

Model + tumor decellularization 10 be (B e USA
Model + freezing/thawing + decellularization of the tumor 10 ge.n probe (Brymile, )

with a method proposed
Controls 10

Ehrlich subcutaneous tumor model and intravi-
tal decellularization

Isolation of tumor cells from Ehrlich’s ascitic
carcinoma: Ascitic fluid was aspirated by ab-
dominal puncture to obtain tumor cells from
host mice with ascitic Ehrlich carcinoma. Then,
the ascitic fluid was washed with PBS (pH 7.4)
and centrifuged for 10 min at 200 g. After cen-
trifugation, part isolated tumor cells were
stained with Giemsa and hematoxylin-eosin
(H&E). Cell viability was determined using try-
pan blue in a Neubauer chamber. The animals
were injected subcutaneously into the back
area with 3.0 million isolated Ehrlich carcino-
ma cells.

Intravital decellularization of subcutaneous
Ehrlich tumor

18 days after inoculation, when the tumor vol-
ume reached 200+8 mm3, the animals were
divided into 4 groups. Animals of the fifth gr-
oup were controls. Table 1 presents the meth-
ods of intravital decellularization and the num-
ber of animals.

All procedures were performed under pro-
longed anesthesia, which was achieved with a
combination of medetomidine 0.3 mg/kg, mid-
azolam 5.0 mg/kg, and butorphanol 5.0 mg/kg
[45]. The preparations were diluted with steril-
ized saline (0.1 ml/10 g of body weight) and
administered to mice intraperitoneally. To pre-
vent hypothermia during anesthesia and after
the withdrawal of animals from it, thermal sup-
port was provided using external heating devic-
es [42].

Animals of the first group (n=10) with subcuta-
neous Ehrlich tumor were observed without
treatment. Animals of the second group (n=10)
underwent freezing/thawing of the tumor. For
this procedure, two small incisions (1-1.5 cm in
size) were made on the skin to the right and left
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by the authors [43]. The
surface area of the tip of
the probe was 3 mm. The tumor freezing pro-
cess was performed until the temperature at
the periphery of the tumor, which was mea-
sured with thermocouples, reached -40°C. The
freezing/thawing method was repeated twice.
The freezing period lasted for 3 minutes. Thirty
minutes after the thawing of tumor, the skin
wounds were sutured.

In the animals of the third group (n=10), two
small incisions were made on the skin to the
right and left of the tumor, as in the animals of
the second group. The tumor was perforated
through skin incisions from right to left with a
sharp metal rod (3.0 mm in diameter) with slow
rotational movements of the fingers. After that,
cannulas for intravenous injections (18 G) were
inserted into both edges of the tumor, and were
fixated to the surface of the tumor with cyano-
acrylate (PeriAcryl-90; Multi-Use Kit; Canada).
It should be noted that cyanoacrylate has her-
metically sealed the space between the can-
nula and the tumor tissue, which prevented the
penetration of detergents under the skin during
the decellularization procedure. For disaggre-
gation of tumor tissues, a warm PBS solution
(37.7°C) containing 1:800 IU of collagenase A
was injected through cannulas. The exposure
time of collagenase A in the tumor was 20 min.
Then, the tumor was washed with PBS solution
for 10 minutes, and the process of decellular-
ization was initiated. For this, 0.01%, 0.1%, and
1% sodium dodecyl sulfate (SDS; Sigma-Aldrich)
in distilled water was injected using a peristal-
tic pump at a flow rate of 1 ml/min for three
consecutive 1-hour periods each, as described
by us [44]. To remove SDS, the tumor was irri-
gated with PBS for 10 min, and only after this
step, the perfusion of the tumor was initiated
with a 1% solution of Triton X-100 in water for
30 min and in saline for 10 min. After comple-
tion of intravital decellularization of the tumor,
skin wounds were sutured.
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Table 2. HCC model, decellularization methods and number of ani-

mals

the liver was washed with
PBS for 10 minutes and

Group HCC and ex-vivo decellularization

HCC model without treatment
Model + freezing/thawing of the tumor
Model + tumor decellularization

o b WN PP

Controls

Model + freezing/thawing + decellularization of the tumor

Number the process of decellular-
of animals ization was started. To do
5 this, 0.01%, 0.1%, and 1%
5 SDS in distilled water was
5 injected through the por-
5 tal vein using a peristaltic
5 pump at a flow rate of 1

Animals of the fourth group (n=10) were sub-
jected to freezing/thawing of Ehrlich’s subcuta-
neous tumor and then proceeded to intravital
decellularization as well as in animals of the
third groups. Animals of the fifth group (n=10)
were controls.

Model and method of HCC ex-vivo decellular-
ization

To create HCC and develop an ex-vivo decellu-
larization method, animals of groups 1-4 were
injected intraperitoneally with 50 mg/kg dieth-
ylnitrosamine (DEN) once a week for 14 weeks,
which was diluted with pure olive oil according
to the method proposed by the authors [45].
Animals of the fifth group were controls. Table
2 presents the HCC model, decellularization
methods and number of animals. All animals
were observed under standard vivarium condi-
tions. The daily intake of food and water was
recorded and the body weight of the animals
was determined daily. Animals were sacrificed
at various times after simulation (12, 18 and
24 weeks) by intraperitoneal injection of a
lethal dose (100 mg/kg) of sodium pentobar-
bital.

At autopsy in animals of the first group (n=5)
hepatectomy was performed for subsequent
histopathological studies. Animals of the sec-
ond group (n=5) underwent ex-vivo freezing/
thawing of the liver. Animals of the third group
(n=b) for ex-vivo liver decellularization, venous
catheters (G 24) were inserted into the inferior
vena cava (IVC) and portal vein, and the supe-
rior vena cava (SVC) was occluded. The liver
was perfused through the portal vein with
saline containing one unit of heparin per ml. A
warm PBS solution (37.7°C) containing 1:800
IU of collagenase A was then injected to disag-
gregate the tumor tissues. The exposure time
of collagenase A in the liver was 30 min. Next,
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ml/min for three consecu-
tive 8-hour periods each.
To remove SDS, the liver was washed with PBS
for 20 min, 1% Triton X-100 in water for 1 h, and
saline for 20 min. The outflow of detergents
was carried out through a catheter inserted
into the inferior vena cava. After ex-vivo decel-
lularization of HCC, a hepatectomy was per-
formed for subsequent histopathological stud-
ies. In animals of the fourth group (n=5) at
autopsy, the liver was subjected to freezing/
thawing as described above, and then ex-vivo
decellularization was performed.

Ex-vivo human gastric adenocarcinoma decel-
lularization method

Gastric adenocarcinoma was obtained after
signing an informed consent from a 65-year-old
patient after gastrectomy. Immediately after
gastrectomy, the stomach was transferred to
the laboratory and washed in saline for 10 min-
utes. Next, polyethylene catheters were intro-
duced into the arteries and veins of the stom-
ach, and were fixated to the walls of the ve-
ssels. Heparin-containing saline solution was
injected through arterial catheters to wash out
the blood. After completing the perfusion, the
stomach was placed in a freezer for 12 hours at
a temperature of -80°C. Afterwards, the stom-
ach was thawed, and a warm PBS solution
(37.7°C) containing 1:800 IU of collagenase A
(Sigma-Aldrich) was injected through the arteri-
al catheters. The exposure time of collagenase
A in the tumor was 30 min. Then, the stomach
was washed with PBS solution for 10 minutes,
and the process of decellularization was initi-
ated. For this, 0.01%, 0.1%, and 1% SDS in dis-
tilled water was injected into the arteries of the
stomach using a peristaltic pump at a flow rate
of 1 ml/min for three consecutive 4-hour peri-
ods each. The stomach was irrigated with PBS
for 30 min, and only after this step, the perfu-
sion of the stomach was initiated with a 1%
solution of Triton X-100 in water for 1 hours and
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in saline for 30 min. The outflow of detergents
was carried out through a catheter inserted
into the veins of the stomach.

Postoperative care

All animals were maintained under standard
laboratory conditions on normal day and night
cycles with ad libitum rodent food pellets and
water. On days 7, 14, 30, 60, 90, and 150, the
animals were euthanized using a combination
of intraperitoneal administration of ketamine
and xylazine, followed by laparotomy, aortic
rupture, and exsanguination.

Tumor volume determination

The tumor volume was measured at autopsy
after sampling for histopathological analysis at
various time points. Tumor volume was calcu-
lated using the formula: volume = length x
width x height x (11/6).

Tumor tissue DNA measurement

DNA was isolated from 30 mg tissue samples
before and after decellularization of tumor with
a commercial kit (G-spin Total DNA Extraction
Mini kit; INtRON Biotechnology, Inc., Seongnam,
South Korea). Total DNA content was measured
by spectrophotometer at 260 nm (NanoDrop
1000; Thermo Fisher Scientific, Inc., Waltham,
MA, USA).

Measurement of tumor tissue density

Measurement of tissue density before and at
various times after decellularization of human
gastric adenocarcinoma, DEN-induced hepato-
cellular carcinoma in rats, and subcutaneous
Ehrlich tumor was performed by biopsy using a
1 mm glass tube. The height of the tumor tis-
sue column in the tube was measured and, on
its basis, the tumor volume was calculated
using the cylinder volume formula: V=nr2h,
where V is the volume of the obtained tumor
tissue; r is the tube inner radius; h is the height
of the tumor tissue column inside the tube.
After that, the contents of the tube were
weighed and the tumor tissue density was
determined by the formula p=m/V, where p is
the tissue density; mis the mass of the removed
tumor tissue.

Assessment of macroscopic decellularization

Macroscopic decellularization was also as-
sessed according to the method proposed by

4196

the authors [46]. This method is based on two
interrelated criteria: the distribution and extent
of tumor tissue remnants and the distribution
and extent of translucent areas.

Histopathological examination

For the histopathological examination, the
Ehrlich tumor and its surrounding tissues were
fixed in 10% neutral buffered formalin for 24
hours at a room temperature and were embed-
ded in paraffin. Tissue sections of 5-um thick-
ness were stained with H&E, 4’, 6-diamidino-
2-phenylindole (DAPI) and Masson’s trichrome
according the manufacturers’ protocols. Immu-
nostaining with anti-Ki67 (incubation time,
20 min; clone MM1; dilution 1:200; cat. no.
PAO118; Leica Biosystems Newcastle Ltd.), and
BSL-2 (incubation time, 20 min; Clone bcl-
2/100/D5; dilution 1:100 for 30 minutes at
25°C; Leica Biosystems Newcastle Ltd.) anti-
bodies was performed with the manual stain-
ing method using the Novolink DAB Polymer
Detection system (incubation time, 20 min; cat
no. RE7260-CE; Leica Biosystems Newcastle
Ltd.) in accordance with the manufacturer’s
recommendations. Endogenous peroxidase ac-
tivity was neutralized using the Peroxidase
Block reagent (3-4% (v/v) hydrogen peroxide;
Novolink DAB Polymer Detection system; cat.
no. RE7260-CE; Leica Biosystems Newcastle
Ltd.). To reduce non-specific binding of primary
antibody Novocastra Protein Block reagent
was used (0.4% casein in phosphate-buffered
saline, with stabilizers, surfactant and 0.2%
Bronidox L as a preservative; Novolink DAB
Polymer Detection system). As the secondary
antibody, rabbit anti-mouse IgG (< 10 ug/ml)
in 10% (v/v) animal serum in Tris-buffered
saline/0.1% ProClin™ 950 was used (Novolink
DAB Polymer Detection system). All reactions
for immunohistochemistry were performed at
room temperature. Images were acquired using
a Leica DMLB microscope (Leica Application
Suite v.3.6.0, Wetzlar, Germany).

Scanning electron microscopy

The collected tumors tissues were immersed in
a fixative solution containing 2.5% glutaralde-
hyde and 4% paraformaldehyde in 0.1 M phos-
phate buffer. After fixation, the samples were
dehydrated in ethanol of various concentra-
tions. The samples were then immersed in a
mixture of 95% ethanol and isoamyl acetate
(1:1) for 10 minutes and in pure isoamyl ace-
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P D

Figure 1. Various tumors before and after decellularization. A. Gross image of human gastric adenocarcinoma after
gastrectomy. B. Decellularization of a whole stomach. C. Gross image of decellularization of gastric adenocarcinoma
(3x4 cm). D. Stained liquid latex was injected into the gastric vessels to visualize the tumor vasculature. E. Normal
liver of the rat. F. Laparotomy. HCC of the rat liver is determined. G. Gross image of DEN-induced HCC in rat. H. Rat
HCC after decellularization. I. Subcutaneous Ehrlich tumor in mic. J. Gross image of subcutaneous Ehrlich tumor
after skin dissection (2x2 cm). K. Sagittal section of Ehrlich’s tumor. L. Decellularization process of subcutaneous

Ehrlich tumor.

tate for 15 minutes. After removing the isoa-
myl acetate, the samples were dried using a
Tousimis Samdri-780 critical point dryer (Tou-
simis Research Corporation). The tissues were
then lightly coated with gold sputtering and
visualized with a JEOL JSM-65 10 LW scanning
electron microscope (JEOL, Ltd.).

Statistical analysis

Data are presented as mean + standard error
of the mean. For paired comparisons, non-
parametric data or ploidy distributions, t-test,
Mann-Whitney test, and Wilcoxon rank-sum
test, respectively, were used using GraphPad
Prism7 (GraphPad Software Inc., La Jolla, CA)
and P < 0.05 was considered significant.

Results

The study showed that the effectiveness of
tumor decellularization using SDS and Triton
X-100 depended on the size, structure, stiff-
ness and density of the tumor, as well as on the
concentration, route and speed of detergent
administration. For example, HCC represented
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nodes that were separated from each other by
a dense and rigid connective tissue capsule
(Figure 1). This structure of the tumor signifi-
cantly complicates the process of washing out
cancer cells and, accordingly, requires a longer
exposure to decellularizing agents, in contrast
to gastric adenocarcinoma or subcutaneous
Ehrlich tumor. In the process of decellulariza-
tion, the liver gradually changed color and by
the end of the decellularization, it became a
whitish-translucent color. Examination under a
light microscope of decellularized HCC showed
incomplete removal of liver cells with preserva-
tion of the ECM. However, the capsule of the
dysplastic nodules was deformed and con-
tained hollow spaces in which unwashed single
tumor cells were found with few remaining cell
nuclei (Figure 2). DNA concentrations in the
liver of animals with the HCC model after de-
cellularization were 31.24+2.14 ng/ul. Dece-
llularization of human gastric adenocarcinoma
using SDS and Triton X-100 demonstrated
complete absence of cancer cells with slight
deformation of the tumor extracellular matrix
(not shown).
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Figure 2. Gross images and histopathological picture of the tumors before and after the decellularization. A, B. His-
tological image of HCC. Nodes separated from each other, covered with a dense and rigid connective tissue capsule.
Hematoxylin-eosin staining, x200. C. Cells with signs of HCC are clearly defined. Hematoxylin-eosin staining, x400.
D. Structure of the capsule of HCC nodes. Masson’s Trichrome Staining, x400. E, F. Histological picture of HCC after
decellularization. HCC washing for 8 hours. G, H. Decellularization of HCC after 24 hours. Dysplastic HCC nodules
are deformed and contain hollow spaces in which unwashed single tumor cells are defined with few remaining cell
nuclei. Hematoxylin-eosin staining, x400. |, J. Structural heterogeneity of Ehrlich’s tumor tissue, presence of areas
of necrosis and inflammatory cells. Hematoxylin-eosin and Masson’s trichrome staining, x200. K. Connective tis-
sue capsule of Ehrlich’s tumor with clear contours. Hematoxylin-eosin staining, x400. L. Invasion of tumor cells
into muscle fibers. Hematoxylin-eosin staining, x400. M, N. Ehrlich tumor extracellular matrix 1 month after decel-
lularization. Complete absence of tumor cells; Staining with hematoxylin-eosin and trichrome according to Mas-
son, x200. O. The structure of the extracellular matrix of Ehrlich’s tumor 2 months after decellularization. Masson
trichrome coloring x800. P. Scanning electron microscopy, structure of the tumor extracellular matrix without cells.

In our study, 20 days after inoculation of iso- differentiated cells. Ehrlich’s tumor was com-

lated Ehrlich carcinoma cells, a solid oval tumor
with a volume of 200+8 mm? was found under
the skin in all animals. The color of the coat and
skin around the tumor did not change. A study
under a light microscope of sections of Ehrlich’s
tumor and surrounding tissues stained with
hematoxylin-eosin revealed structural hetero-
geneity of the tumor tissue, the presence of
areas of necrosis and inflammatory cells. Ac-
cumulation of tumor cells was observed both in
the central and peripheral parts of the tumor,
which were represented by both anaplastic and
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pletely covered with a connective tissue cap-
sule with clear contours. Invasion of tumor cells
into the surrounding tissues and the abdominal
cavity was also observed. Scanning electron
microscopy of the tumor showed hard and
dense tissue with a large number of randomly
arranged tumor cells. Due to the progression
and invasion of the tumor into the surrounding
tissues, all animals of this group have died
within two months after modeling. In animals
of the second group, after the freezing/thaw-
ing procedure, histopathological examination
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of the tumor tissue showed that the arrange-
ment of cells in the tumor parenchyma did not
change. Cell morphology was homogeneous. In
most tumor cells, the nuclei were broken into
small clumps. Within 1.5-2 months after freez-
ing/thawing of the tumor, 78% of the animals
died from the progression and invasion of the
tumor into the surrounding tissues. In animals
of the third group, an hour after the start of
decellularization, the central part of the tumor
began to change color and after three hours it
completely acquired a translucent white color.
Cytological examination of the perfusate flow-
ing from the tumor showed the presence of
Ehrlich tumor cells. There was no leakage of
detergents from the surface of the tumor into
the surrounding tissues, which was due to reli-
able sealing of the cannulas with cyanoacry-
late. In animals of the fourth group, after freez-
ing/thawing and the beginning of decellulari-
zation, the liver completely acquired a translu-
cent white color within two hours. Staining of
decellularized tissues of Ehrlich’s tumor with
hematoxylin-eosin and Masson’s trichrome in
animals of the third and fourth groups, five
hours after decellularization, showed the ab-
sence of all cellular components of the tumor.
The DNA concentration was less than 2%. At
the same time, the ECM of a decellularized
tumor was a reticulate fibrous structure with
unevenly distributed holes (Figure 3). DAPI
staining of the tumor tissue showed a signifi-
cant decrease in the number of tumor cell
nuclei one hour after the onset of decellulariza-
tion. Approximately 3 hours after decellulariza-
tion, no luminescence of tumor cell nuclei was
detected. Histological studies also showed that
on days 5-8, a limited infiltrate consisting of
polymorphonuclear leukocytes, lymphocytes
and macrophages can be traced along the
edges of the decellularized tumor, which may
indicate a limited specific inflammatory res-
ponse. Animals of the third group had small
islands in the center of the tumor, consisting of
necrotic tumor cells, which were surrounded by
leukocytes, lymphocytes, and macrophages. In
animals of the fourth group, a month after
decellularization, a dense fibrous tissue with
newly formed blood vessels formed around the
acellular ECM of the tumor. Two months later,
macrophage-like and multinucleated giant ce-
lls were found in the decellularized tissue of
Ehrlich’s tumor. At the same time, the ECM of
the tumor was completely fragmented. Fibrous

4199

collagen tissue was located between the fibers.
Three months later, fibrous tissue was deter-
mined at the site of the decellularized ECM of
Ehrlich’'s tumor, and the matrix itself was
resorbed. Loco-regional recurrence or tumor
metastases in animals of the third and fourth
groups were not observed during the entire
observation period. Thus, the conducted stud-
ies have shown that a protocol based on the
freeze/thaw method, followed by in vivo tumor
decellularization with SDS and Triton X-100,
allows efficient removal of cellular components
and DNA content. Staining with DAPI, H&E, and
Masson trichrome confirmed the effective re-
moval of most of the tumor cells.

Discussion

Ehrlich’s tumor, also known as Ehrlich’s ascitic
carcinoma (EAC), is widely used as a model for
cancer research in laboratory animals [47-49].
The development of Ehrlich’s tumor in mice
begins immediately after the introduction of
tumor cells. These cells are usually obtained
from the original Ehrlich ascites carcinoma in a
donor mice and then expanded in culture to
create a suspension of tumor cells. Then the
tumor cells are injected either into the abdomi-
nal cavity or under the skin of experimental ani-
mals by injection. After injection, tumor cells
begin to grow and form tumor masses with
spread to surrounding tissues. The formed
Ehrlich tumor consists of cancer cells that are
usually round or irregular in shape. These tumor
cells exhibit pleomorphism, which means they
vary in size and shape, which is commonly seen
in malignant tumors. Cells may have large nu-
clei and prominent nucleoli [50]. Histological
analysis often shows a large number of mitotic
figures, indicating active division and prolifera-
tion of tumor cells. This feature is a hallmark of
fast-growing and aggressive tumors. It should
be noted that Ehrlich’s tumor is known for its
aggressive growth and high malignancy. This
model is widely used in cancer research be-
cause it shares similarities with some aspects
of human cancer.

The development of subcutaneous Ehrlich
tumor in mice can be conditionally divided into
several stages, which may vary depending on
the number of tumor cells injected and the indi-
vidual immune response of the mice. In the first
stage, or lag phase, isolated live Ehrlich carci-
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Figure 3. Gross images and histopathological picture of the Ehrlich tumor. A, B. Process of resorption of decellular-
ized ECM Ehrlich tumor. Observation period of 30 days. C, D. Fibrous tissue is around the decellularized extracellular
matrix. Hematoxylin-eosin staining, x200. E-G. There are small islands of necrotic tumor cells at various sites of the
tumor, surrounded by leukocytes, lymphocytes, and macrophages. Macrophage-like and multinucleated giant cells
were found. Hematoxylin-eosin staining, x800. H. Collagen fibers between necrotic tumor cells. One month after
decellularization. Masson'’s trichrome staining, x800. I, J. One hour after decellularization. DAPI staining of tumor
tissue fragments have shown a significant decrease in the number of tumor cell nuclei. K, L. 5 hours after decel-
lularization, no luminescence of tumor cell nuclei was detected. M. Increased expression of Ki-67. Before decel-
lularization. N. Low expression of Ki-67. One month after decellularization. O. Increased expression of Bcl-2. Before

decellularization. P. Low expression of Bcl-2. One month after decellularization.

noma cells inoculated into the subcutaneous
tissue adapt to the new environment, and the
mice’s immune system reacts to the foreign
cells. At this stage, tumor cells may not show
significant growth, and the immune system
tries to recognize and eliminate them. In the
second stage, when tumor cells overcome the
immune response and adapt to the subcutane-
ous environment, they enter the exponential
growth phase. Tumor cells rapidly divide and
multiply, resulting in the formation of a palpa-
ble tumor mass under the skin. The third stage
characterized by angiogenesis and vasculariza-
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tion. As the tumor grows, it needs more nutri-
ents and oxygen. The formed subcutaneous
tumor secretes factors that stimulate the
growth of new blood vessels from surrounding
tissues, providing its blood supply. This process
supports the further spread of the tumor. In the
fourth stage, the tumor continues to grow and
it may invade nearby tissues and structures,
including muscle and connective tissue. In
some cases, the tumor can even metastasize
to distant organs [51-54]. However, it should be
noted that Ehrlich’'s tumor in mice is not a di-
rect reflection of human cancer. Therefore, the
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Figure 4. Different organs and tissues before and after decellularization. A, B. Pig spleen. C, D. Pig intestine loops. E,
F. Human placenta. G, H. Pig kidney. I-M. Bovine placenta and placental vessels. N, O. Bull bone. P-S. Begonia plant.

results of studies of Ehrlich tumors must be
carefully extrapolated and confirmed by clinical
trials in humans. However, the Ehrlich tumor in
mice can be used to study various aspects of
cancer, such as tumor biology, metastasis, and
the development of new cancer therapies.

To develop a method for intravital decellulariza-
tion of Ehrlich’s subcutaneous tumor in mice, it
was initially necessary to solve a number of
problems: 1) Determine the detergents capa-
ble of completely removing cancer cells from a
tumor in a short period. 2) Determine the most
optimal ways to deliver detergents to the tumor.
3) Prevent chemical damage to the tissues sur-
rounding the tumor and minimize the percent-
age of detergents entering the systemic circula-
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tion. 4) Develop a protocol that maximally limits
the time of tumor decellularization in-vivo.

It should be noted that for several years we
have developed various protocols for the decel-
lularization of such organs and tissues as the
kidneys, spleen, intestines, lungs, human pla-
centa, amniotic membrane, bovine placenta,
umbilical cord vessels, bone, etc. (Figure 4)
[42, 55-58]. Studies have shown that the com-
bination of SDS and Triton X-100 most effec-
tively removed all the cellular elements of or-
gans and tissues without damaging their extra-
cellular matrix.

Depending on the purpose of the study, various
biological, chemical and mechanical methods
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Figure 5. Results of decellularization of subcutaneous Ehrlich tumor depending on time. A. 5 hours; B. 3 hours; C.
2 hours; D. 1 hour. DAPI staining of subcutaneous Ehrlich tumor and DEN-induced hepatocellular carcinoma before
and after decellularization. E. Presence of cellular nuclear material (DNA) prior to decellularization; F. absence of
any cells 5 hours after decellularization; G. presence of cellular nuclear material (DNA) prior to decellularization of
hepatocellular carcinoma; H. 12 hours after decellularization of hepatocellular carcinoma < 50% cellular nuclear

material is detected.

of decellularization of organs and tissues, as
well as their combination, are presented in the
literature. Chemical methods include the use
of detergents such as SDS, sodium deoxycho-
late, Triton X-100 [59-61], sulfobetaine-10 (SB-
10), SB-16, tri(n-butyl)phosphate (TnBP), and
3-butyl phosphate [(3-cholamidopropyl)dimeth-
ylammonio]-1-propanesulfonate (CHAPS) [62,
63]. Biological methods include enzymes, such
as trypsin, deoxyribonuclease (DNase), ribonu-
clease (RNase) [64-66], acids, and others [67].
Mechanical methods of decellularization of
organs and tissues include the use of high
hydrostatic pressure (HHP), supercritical car-
bon dioxide, the freeze-thaw method, etc. [68-
70]. Throughout recent years, decellularization
methods have been developed that are based
on the innate process of programmed cell
death or apoptosis. Ex vivo induction of apop-
tosis is reported to be a promising method for
tissue decellularization without the use of
aggressive reagents [71, 72].

Based on our experience, we used a combina-
tion of SDS and Triton X-100 for intravital decel-
lularization of Ehrlich’'s subcutaneous tumor.
For an efficient of intravital decellularization,
the tumor was previously subjected to the
freezing/thawing procedure, which is one of
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the methods of physical tissue decellulariza-
tion. Due to the presence of small caliber ves-
sels feeding the subcutaneous Ehrlich tumor,
the intratumoral route was used for the admin-
istration of detergents using catheter technol-
ogy. The catheters were fixated to the tumor
surface with cyanoacrylate (PeriAcryl-90), whi-
ch allowed to prevent chemical damage to the
tissues surrounding the tumor and to minimize
the percentage of detergents entering the sys-
temic circulation. For disaggregation of tumor
tissues, a warm PBS solution (37.7°C) contain-
ing 1:800 IU of collagenase A was injected,
which significantly improved the perfusion of
SDS and Triton X-100, and the rinsing of cancer
cells from the tumor. After decellularization of
the tumor, both cannulas were removed and
single sutures were applied to the wound. The
need for developing a protocol that limits the
time of tumor decellularization in vivo was
associated with the survival of animals. For
example, ex vivo decellularization of a whole
liver with the HCC model took > 24 hours, while
the time taken to decellularize human gastric
adenocarcinoma was < 12 hours, and the time
to decellularize in vivo subcutaneous Ehrlich
tumor (2x2 cm) was less than 5 hours. The
Figure 5 presents the assessment of the mac-
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roscopic decellularization of the Ehrlich tumor
depending on time. Decellularization score:
good decellularization result, defined by 100%
removal of both tumor cells and surrounding
tissue cells, resulting in completely transparent
tissue areas; Moderate decellularization result,
defined by > 90% cell removal. Limited decel-
lularization result, defined by > 50% cell re-
moval; Poor decellularization result (1 point),
defined by < 50% cell removal. Studies also
showed that the tissue density of DEN-induced
hepatocellular carcinoma was 0.85+0.09 cm?,
while the tissue density of human gastric ade-
nocarcinoma was 0.65+0.08 cm?, and the tis-
sue density of Ehrlich’'s tumor was 0.54+0.07
cm3,

It should be noted that, the maximum time to
anaesthetize animals with ketamine, xylazine,
and acepromazine is 90 minutes. Therefore,
for intravital decellularization of animals with a
subcutaneous Ehrlich tumor model, we used
prolonged, combined anesthesia (medetomi-
dine-midazolam-butorphanol) as recommend-
ed by the authors [73], who noted that butor-
phanol has an intermediate analgesic effect
and can last from 6 to 8 hours in rats and from
3 to 5 hours in mice.

Administering anticancer drugs directly to the
cancer parenchyma, known as intratumoral
drug delivery, has both advantages and disad-
vantages. For example, intratumoral delivery
allows the use of higher concentrations of
detergents in tumor tissue, with the maximum
effect of drugs on cancer cells with a minimum
effect on healthy tissues. It should be noted
that some tumors may have a limited blood
supply or a protective microenvironment that
prevents the delivery of detergents through the
vessels. Internally, tumor delivery can bypass
these barriers and increase the effectiveness
of detergents in decellularizing any tumors. The
disadvantages of intratumoral administration
include the difficulty of uniform distribution of
detergents throughout the tumor, which re-
quires a significant amount of time to wash out
tumor cells. Uneven distribution of detergent in
the tumor can lead to untreated areas, and as
a result, tumor recurrence. To prevent tumor
recurrence after decellularization, hydrogels
containing anti-cancer drugs can be adminis-
tered. Thus, the efficacy of in vivo decellula-
rization is highly dependent on tumor type and
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location and must be carefully evaluated on a
case-by-case basis.

In our studies, we combined the decellulariza-
tion method with cryodestruction and enzymes
to destroy the tumor parenchyma. Tumor cryo-
surgery is minimally invasive and can be used
for local treatment [74]. In addition, cryode-
struction can be used for various types of can-
cer. It also has fewer side effects compared to
radiation therapy or chemotherapy. However,
as our studies have shown, cryodestruction has
limited effectiveness in large tumors, which
manifests itself in the incomplete destruction
of tumor tissue, as well as in damage to nearby
healthy tissues. It is important to note that the
use of enzymes to destroy the cancer paren-
chyma is still at an experimental stage, and fur-
ther research is needed to determine their
safety, efficacy, and optimal methods of ad-
ministration.

Thus, we believe that intravital decellularization
of tumors may open exciting new prospects in
the treatment of cancerous tumors. The intra-
vital decellularization would be more effective
if detergents entered the tumor through the
arteries and were extracted through the tumor
veins. Unfortunately, this procedure was not
possible due to the small diameter of the ves-
sels of subcutaneous Ehrlich tumor in mice.

Conclusion

The intravital decellularization method makes it
possible to remove all cellular components and
DNA content from the subcutaneous Ehr-
lich tumor without compromising animal health.
In addition, this method can destroy the extra-
cellular matrix of the tumor, which will signifi-
cantly improve the delivery of anticancer drugs
to tumor cells. However, despite these results,
more detailed and extensive studies are need-
ed to develop a technique for isolated decellu-
larization of a tumor or part of an organ with a
tumor (e.g., segments of the liver) in vivo. It is
also necessary to identify less toxic decellular-
ization agents and develop the most effective
way to deliver them to tumor cells. The intravital
decellularization method can be combined with
chemotherapy and immunotherapy followed by
tumor resection.
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