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Shortage of donor organs for liver transplantation in the treatment of end-stage liver disease dictates the need to
develop alternative methods that include technologies on tissue engineering and regenerative medicine. Objecti-
ve: to study the ability of a tissue-specific matrix from decellularized human liver fragments (DHLF) to maintain
adhesion and proliferation of human adipose tissue-derived mesenchymal stem cells (hAT-MSCs) and HepG2
under static conditions and in a flow-through bioreactor. Materials and methods. Treatment with surfactants
(SAS) — sodium dodecyl sulfate, Triton X-100 — followed by exposure to DNase was used for decellularization of
human liver fragments (no more than 8 mm’). Biochemical screening included the determination of DNA quantity
in the test samples. Efficiency of surfactant washing was assessed by the cytotoxicity of the matrix in the NIH
3T3 fibroblast culture. Viability and metabolic activity of cells were assessed via vital staining with a complex
of fluorescent dyes LIVE/DEAD® and PrestoBlue™ (Invitrogen, USA). Morphological examination of the liver
cell-engineered constructs was carried out through histological staining and scanning electron microscopy with
lanthanide contrast. Results. It was shown that the liver decellularization method used allows to obtain a biocom-
patible matrix with a residual DNA quantity <1%, which is capable of maintaining adhesion and proliferation of
hAT-MSCs and HepG2. On day 7 of cultivation in the bioreactor, there was formation of a single conglomerate
of the DHLF matrix with numerous groups of viable cells with a high nuclear-cytoplasmic ratio. The urea con-
tent in the culture medium is 1.5 £ 0.1 mmol/L, exceeding that of samples obtained under static conditions. This
indicates the metabolic activity of HepG2 in the composition of the obtained culture systems. It was shown that
constant flow of the culture medium in the perfusion bioreactor increased the proliferative activity of HepG2 and
allowed to provide a more uniform colonization by matrix cells in comparison with static cultivation conditions.
Conclusion. The conditions for uniform colonization of DHLFs in a flow-through bioreactor with cell cultures
were established. The ability of the matrix to maintain adhesion and proliferation of hADSCs and HepG2 for
11 days indicates that it could be used in liver tissue engineering.

Keywords: liver, decellularization, mesenchymal stem cells, HepG2, cell-engineered construct, tissue
engineering, bioreactor.

INTRODUCTION

Shortage of donor organs for liver transplantation in
the treatment of terminal stages of liver failure dictates
the need to develop alternative methods, which inclu-
de technologies of tissue engineering and regenerative

removal of immunogenic factors (DNA, galactose-a-1,3-
galactose) and preservation of morphology that is largely
specific for organs and tissues and the natural extracel-
lular matrix (ECM), which includes the necessary sites
for adhesion, migration and proliferation of cells [3, 4].

medicine [1, 2].

Tissue decellularization is a promising method for
creating matrices for regenerative medicine due to the
removal of immunogenic factors (DNA, galactose-o-1,3-
galactose) and preservation of morphology that is largely
specific for organs and tissues and the natural extracel-
lular matrix (ECM), which includes the necessary sites
for adhesion, migration and proliferation of cells [3, 4].

Tissue decellularization is a promising method for
creating matrices for regenerative medicine due to the

Significant progress has now been achieved in decel-
lularization of the whole liver by perfusion with surface
acting agent (SAA) solutions [5, 6]. The attractiveness
of this method of decellularization lies in the potential
for obtaining whole organs when populated with cells
using perfusion and transplantation of the obtained
tissue-engineered structures in vivo by creating anasto-
moses with preserved vascular structures [7, 8]. How-
ever, decellularization of the whole liver has a number
of disadvantages: low efficiency of removal of cells and
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their fragments and recellularization due to microcircu-
lation disorders and the difficulty of transporting suf-
ficient amounts of oxygen and nutrients to cells in the
thickness of the organ. In this regard, the most rational
approach seems to be the decellularization of not the
whole organ, but its fragments. Earlier, we developed a
method for decellularization of human liver fragments,
which made it possible to obtain a matrix with a complete
absence of cellular debris and a preserved tissue structure
[9]. Note that the interaction of cells with the resulting
tissue-specific matrix has not been studied.

The inherent immunomodulatory properties of mes-
enchymal stromal cells (MSC), the ability to stimulate
regeneration, and the ability to differentiate into hepa-
tocyte-like cells indicate the possibility of their use for
creating cellular engineering structures (CES) of the liver
for the treatment of various liver diseases [10]. Due to
the complexity of expansion and low viability of primary
hepatocytes during in vitro cultivation, it is advisable to
use cell lines capable of performing functions characte-
ristic of liver cells to study the interaction of specialized
cells with fragments of decellularized liver [11]. Note
that although the metabolic functions of hepatocellular
carcinoma HepG?2 cells are limited compared to primary
hepatocytes, their use as an in vitro hepatocyte model
is due to the availability of HepG2, ease of handling,
almost unlimited lifespan and phenotype stability [12].

It is known that to create the conditions closest to
natural during in vitro cultivation, bioreactors are used,
which make it possible to improve cell nutrition, trans-
port gases to them, and excretion of metabolic products
due to constant circulation of the culture medium [13].
Nevertheless, the cultivation of cells in a flow is not
without drawbacks associated with mechanical damage
to cells, high consumption of culture media, and the
difficulty of maintaining aseptic conditions during long-
term experiments.

The purpose of the present study was to study the
ability of tissue-specific matrix from decellularized
fragments of human liver (DFHL) to maintain adhesion
and proliferation of MSC HGT and HepG2 under static
conditions and in a flow-through bioreactor.

MATERIALS AND METHODS

A donor human liver wasused, washed according to
the traditional method from blood elements with a Cus-
todiol solution (Dr. F. Koehler Chemie GmbH, Germa-
ny). The liver was not suitable for transplantation due
to severe fatty hepatosis (more than 40%). The washed
liver or part of it was placed in sterile saline, if steatosis
was detected before washing the vascular bed, or in the
preservative Custodiol, if the presence of pronounced
fatty infiltration was determined after removing blood
elements from the liver.

Fragments of the liver (no more than 2 x 2 X 2 mm)
were obtained using a scalpel and scissors. Decellulari-

zation of human liver fragments was carried out in three
changes of phosphate-buffered saline (PBS) (138 mM
NaCl, 2.67 mM KCl, 1.47 mM KH,PO,, 8.1 mM Na,H-
PO,, pH =7.4) containing 0.1 % sodium dodecyl sulfate
(SDS) and an increasing concentration of Triton X-100:
1%, 2% and 3% [9]. The total time of decellularization
was 72 hours — 24 hours for each change of SAA solution
with stirring on a magnetic stirrer.

Then, fragments of human liver were treated in a
solution of DNase I type (New England Biolabs Inc.,
USA). Matrix samples with a volume of 0.5 ml were
placed in 1.0 ml of 10 mM Tris-HCI buffer solution (pH
7.6) containing 2.5 mM MgCl,, 0.5 mM CaCl, and 50 U/
ml DNase I and incubated for 48 h at 37 °C.

Washing DFHL from SAA included an exposure of
the matrix in PBS containing an antibiotic (ampicillin,
20 pg/ml) and an antimycotic (amphotericin B, 2.0 pg/
ml) for 96 h, followed by sterilization of the samples by
y-irradiation (1.5 Mrad).

The residual DNA content was an indicator of the
cellular components preserved in the DFHL samples,
which carry the bulk of the antigens that cause the re-
action of the xenogenic matrix rejection. The DNeasy
Blood & Tissue Kit (QIAGEN, Germany) was used to
isolate DNA from the original and decellularized tissue
according to the manufacturer’s protocol. Samples of the
original human liver (n = 3) and DFHL (n = 3) weighing
10 mg were lysed using lysis buffer and proteinase K for
16 hours at +56 °C. For the quantitative determination
of DNA in the samples, the fluorescent dye ™Picogreen
Quant-iT (Invitrogen, USA) was chosen.

The source of MSC HGT was the subcutaneous adi-
pose tissue of a healthy donor taken from him with in-
formed voluntary consent. A sample of subcutaneous
adipose tissue was crushed with a scalpel, washed twice
with cold (+4 ... +6 °C) Hanks solution, and then in-
cubated in a 0.1% type I collagenase solution (Gibco,
USA) at 37 °C for 20 min. Then the resulting suspension
was sequentially passed through cell sieves with a pore
diameter of 100 and 70 pm.

All cells were precipitated by centrifugation, resus-
pended in complete growth medium (ORS) of DMEM/
F12 composition (1:1) supplemented with 10% fetal
bovine serum, 100 U/ml penicillin, 100 pg/ml strepto-
mycin sulfate, and 2 mM L-glutamine (Gibco, USA) and
cultured until the formation of a monolayer, changing
the medium 2 times a week. The cells were transferred
into suspension by treatment with a Versene solution at
37 °C for 1 min, followed by the addition of TrypLe™
dissociating agent (Invitrogen, USA). For experiments,
cells of the 3rd passage were taken.

Human hepatocellular carcinoma cell culture HepG2
was obtained from the laboratory collection of cell cul-
tures of the Department of Biomedical Technologies
and Tissue Engineering of the Shumakov National Me-

104



REGENERATIVE MEDICINE AND CELL TECHNOLOGIES

dical Research Center of Transplantology and Artificial
Organs.

The cytotoxicity of the matrix samples was studied in
accordance with GOST ISO 10993-5-2011 [14] by the
method of direct contact of the samples with the culture
of mouse fibroblasts of the NIH 3T3 line obtained from
the collection of transplanted somatic vertebrate cells of
the D.I. Ivanovsky Research Institute of Virology.

Mouse fibroblasts were seeded in cultured flat-bottom
6-well plates and incubated for 24 hours at 37 °C under
standard conditions in a humid atmosphere containing
(5 £ 1)% CO,. The samples under study were placed
on the surface of the formed (80 = 10)% monolayer of
cells. After a day of incubation, the morphology and
lysis of cells were visually assessed according to a stan-
dard technique using a Nikon Eclipse TS100 biological
microscope (Nikon, Japan). The negative control was
general nutrient medium containing fetal bovine serum,
the positive control was a standard solution of zinc in
nitric acid (9.95 mg Zn in 1-2 wt.% HNO,, dilution 1:200
with 0.9% NaCl solution for injection).

HepG2 and MSC HGT were cultured according to the
standard method to a monolayer confluence of 70-80%,
after which they were washed off the plastic using Ver-
sene solution and TrypLe™ reagent (Invitrogen, USA)
and a working cell suspension was prepared in general
nutrient medium with a concentration of 1 x 105 cells/
ml. Cell counting and assessment of their viability were
performed on a TS20 cell counter (BioRad, USA) ac-
cording to the manufacturer’s method.

Matrix pellets (30 mg) were thawed and placed in
ORS for a day at room temperature. DFHL cells were
additionally washed twice with fresh ORS before pla-
ting. An aliquot of the cell suspension was added to each
DFHL tube to populate the matrix. The tubes were placed
in a rack and shaken on a MultiBio 3D laboratory shaker
(Biosan, Latvia) in a reciprocal platform rotation mode
at 80 rpm for 2 hours to evenly distribute the cells over
the matrix surface. Then the tubes were placed in an
incubator and cultured under standard conditions.

The viability and adhesion of cells were assessed by
the method of in vivo staining with a complex of LIVE/
DEAD" fluorescent dyes (Invitrogen, USA). This com-
plex includes two components: calcein AM gives green
fluorescence of living cells, recorded at a wavelength
of 515 nm, ethidium homodimer-1, penetrating through
the damaged cell membrane and binding to DNA, gives
red fluorescence at 635 nm. Microscopy was performed
on a Nikon Ti fluorescence microscope (Nikon, Japan).

Determination of the metabolic activity of cells was
performed by the test with a PrestoBlue™ reagent (In-
vitrogen, USA) according to the manufacturer’s inst-
ructions. Spectrophotometric analysis was performed
on a Tecan Spark10 plate reader (Tecan, Austria). In the
study of metabolic activity, 5 X 104 HepG2 cells or 2 x
104 MSC HGT were applied to each DFHL pellet. The

absorbance data were used to calculate the metabolic
activity coefficient (K) by the formula:

_ 117.216% Abssy —80.586 x Absgy,
155.677 x Absggp —14.652x Absgy,

Where Absg,, — absorption at 570 nm wavelength;
Absg,, — absorption at 600 nm wavelength.

When creating CES, 1 x 105 HepG2 cells or 1 x 105
MSC HGT were applied to 1 DFHL pellet. To carry out
experiments on the cultivation of HepG2 on DFHL un-
der flow conditions, a modified version of the perfusion
bioreactor was used [13]. The flow rate was 0.02 ml/
min. On the 7th day, the culture chamber with CES was
removed from the bioreactor.

The following types of samples were studied: a frag-
ment of a native human liver, a fragment of a decellu-
larized human liver, CES — MSC HGT, cultured on a
decellularized liver fragment.

The morphology of the surface and the nearest sub-
surface layer of the samples was studied jointly with
the staff of the Laboratory of Basic Research in Oph-
thalmology of the Research Institute of Eye Diseases by
scanning electron microscopy (SEM) using lanthanide
contrasting.

The preparation of water-containing samples for SEM
with deposition of a conductive layer requires their de-
hydration, which leads not only to structural changes
in such objects, but also poor visualization of cellular
elements. The lanthanide contrasting method makes it
possible to observe non-fixed biological samples in a low
vacuum mode after holding them in a saturated solution
of a rare earth metal. At the same time, the maximum
native state of the object under study is preserved, and
the image obtained in the backscattered electron detec-
tion mode carries extended information on the cellular
structures [15].

The processing protocol included initial washing,
holding for 45 min in a BioREE contrast solution (Glau-
con LLC, Russia) and final washing with distilled water.
After contrasting, excess moisture was removed from
the sample surface with an air brush and placed on the
stage of an EVO LS10 microscope (Zeiss, Germany).
The observations were carried out in a low vacuum mode
(EP, 70 Pa), at an accelerating voltage of 20 kV.

For morphohistological studies, the initial and de-
cellularized samples were prepared according to the
standard technique, stained with hematoxylin and eosin,
and according to Masson’s method. The analysis and
photography of the obtained preparations were perfor-
med using a Nikon eclipse microscope (Nikon, Japan)
equipped with a digital camera.

The concentration of glucose and urea was deter-
mined using a KonelabPrime 60i biochemical analyzer
(Thermo Fisher Scientific, Finland).

Statistical data processing was performed with a stan-
dard Microsoft Excel software.

x100%,
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RESULTS AND DISCUSSION

We have previously shown that decellularization of
human liver fragments using SAA allows removing cel-
lular debris and preserving the tissue structure [9]. How-
ever, when determining the amount of DNA in DFHL, it
was found that the process of chemical decellularization
led to the removal of only 69.5 + 3.6% of the DNA
(Fig. 1). Note that during liver decellularization, it is
recommended to keep no more than 10% of the amount
of DNA in the original tissue [16]. In this regard, an ad-
ditional stage was introduced into the decellularization
protocol after SAA treatment, which included exposure
of DFHL in DNase I solution. As can be seen from Fig. 6,
DNase treatment made it possible to reduce the residual
amount of DNA in the decellularized sample to 3.6 £
0.6 ng/mg tissue (less than 1%), which indicates good
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Fig. 1. Amount of DNA in the original and decellularized
fragments of the human liver

decellularization, and, accordingly, low immunogenicity
of the resulting matrix [17].

The study of cytotoxicity by the direct contact method
on mouse fibroblasts of the NIH/3T3 line did not reveal
manifestations of the cytotoxic effect of the hepatic ma-
trix during the study time of 24 hours. The dynamics
of cell growth did not practically differ in the experi-
mental and control variants. No areas of cell lysis were
observed under the sample or in the contact area of the
sample with cells. A trypan blue viability test performed
after 24 hours of cell contact with samples also showed
no cytotoxic effect. Based on the data obtained, it was
concluded that the protocol for washing the matrix from
SAA was effective and that DFHL was not cytotoxic.

The absence of matrix cytotoxicity made it possible
to proceed to the study of the viability and proliferative
activity of MSC HGT on the DFHL surface. It was shown
by the method of intravital fluorescence microscopy that
although some of the cells are in a suspension state in
the culture medium, most of the cells successfully attach
to the matrix surface and proliferate already on the 3rd
day of the experiment (Fig. 2, a). At the beginning of the
experiment, cells are unevenly distributed over the sur-
face of the matrix — first of all, active collonization of the
DFHL marginal zones occurs. Then the cells migrate into
the volume of the matrix, forming a cellular network, and
then continuous sections of dense cell layers (Fig. 2, b).

Fig. 3 shows the results of SEM studies of native and
decellularized human liver, as well as CES, including
MSC HGT, cultured on decellularized fragments of hu-
man liver for 7 days.

As seen in micrographs (Fig. 3, a, b), the native tis-
sue significantly differed in surface structure from the
decellularized one. The original fabric had a continuous
relief surface. After removing the cells, the matrix ac-
quired a porous structure. The pore boundaries were an
interweaving of numerous micro- and nanofibers. The
pore size was heterogeneous: there were both small pores

Fig. 2. Viability of MSC HAT on the surface of the: a — 3 days of cultivation; b — 7 days of cultivation; 1 — the surface of the
DPHL; 2 — the MSC HAT. Coloring with Live/Dead fluorescent dyes. x40
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about 1-2 pm in size and large pores up to 20 um in size.
Light formations, which are determined on the surface
of decellularized tissue and CES, most likely represent
matrix-bound phosphorus-containing components of the
culture medium adsorbed on its surface. MSC HGT, at-
tached to the surface of the carrier, had a spread shape,

Fig. 3. Microphotographs of the surface structure of the na-
tive (a) and decellularized (b) human liver, CFC, including
MSC HAT cultured on decellularized fragments of the hu-

man liver (c). SAM using lantanoides contrasting BioREE.
K —cell

which indicates the biocompatibility of the DFHL matrix
with respect to interaction with cells (Fig. 3, c).

The obtained SEM data were confirmed by histologi-
cal analysis. As seen in Fig. 4, cell morphology is spread
out, fibroblast-like, which is characteristic of MSC HGT
in the phase of active proliferation.

Fig. 4. Growth of MSC HAT on the tissue-specific matrix of the decellularized human liver. 1 — the matrix; 2 — MSC HAT.

Staining with hematoxylin and eosin; a — x40, b — x200
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The growth of fibroblast-like cells was observed at
the periphery of all matrix particles. Note that single
cells penetrated deep into the carrier, and pronounced
proliferation was observed on one of the fragments.

The obtained positive results on the cultivation of
MSC on the DFHL surface allowed us to switch to the
DFHL — HepG2 culture system.

60

Analysis of the metabolic activity of cells showed that
its growth occurs starting from the 3rd day of the experi-
ment and reaches a maximum by the 7th day (Fig. 5). The
data of the metabolic activity indicator are confirmed by
intravital fluorescence microscopy (Fig. 6, a, b).

When studying the colonization of DFHL by cells of
hepatocellular carcinoma HepG2, it was found that cells
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Fig. 5. Metabolic activity of HepG2 cells on a tissue-specific

matrix from decellularized human liver

Fig. 6. Adhesion of HepG2 cells on the surface of a tissue-
specific matrix from a decellularized human liver: a — 3 days
of cultivation; b — 7 days of cultivation; ¢ — 11 days of culti-
vation; 1 — the surface of the matrix; 2 — HepG2 cells. Colo-
ring with Live/Dead fluorescent dyes. x40
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selectively attach to the matrix surface. The micrographs
(Fig. 6, a, b) show that the cells mainly adhere to the
marginal regions of the matrix, followed by their acti-
ve proliferation. The central areas of the surface of the
matrix fragments are very poorly populated by cells. Ac-
cording to microscopy and assessment of the metabolic
activity of cells, its maximum falls on the 7th day. This
trend persists throughout the experiment for 11 days. By
the 11th day, proliferative activity decreases, which is
associated with aging of the culture. In Fig. 6, c, it can be
seen that by this time the marginal areas of the matrix are
completely covered in places by the formed cell clusters
and layers, while in the central zones the colonization of
the host cells did not occur.

Thus, the intravital microscopy of the samples de-
monstrates active proliferation of HepG2 cells and
uneven DFHL adhesion (Fig. 6).

On histological analysis, as seen in Fig. 7, the predo-
minant growth of epithelial-like cells with a high nuclear-
cytoplasmic ratio was observed on the surface of the
matrix by the third day of cultivation. In this case, the
cells united into numerous groups, and some of the cells

i
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formed small clusters in the volume of the matrix. Note
the presence of collagen in DFHL, which indicates the
preservation of the main structural component of ECM.
By the seventh day, a significant increase in cell mass
was observed, which was associated with active cell
proliferation. On the surface of the carrier, multi-layered
dense cell layers were found, and in the thickness of the
matrix, the formation of larger cell clusters than in the
previous period was observed.

The cells show a fine-grained cytoplasm with a few
small vacuoles, and also observed an atypical mitosis
characteristic of this cell line (Fig. 8).

Biochemical analysis of samples of the culture me-
dium on the third day of the experiment did not reveal
in the samples of urea at a level exceeding the detection
limit of 1.1 mmol/L. However, by the 7th day, the urea
content in the culture medium was 1.2 £ 0.1 mmol/L,
which proves the presence of functional activity of cells
in the CES composition.

It was suggested that the detected uneven colonizati-
on of matrix cells and insignificant cell penetration into
its volume during cultivation under static conditions can

Fig. 7. Growth of human hepatocellular carcinoma cells HepG2 on a tissue-specific matrix from a decellularized human liver.
x100. Staining with hematoxylin and eosin: a — 3 days of cultivation; b — 7 days of cultivation; 1 — matrix; 2 — HepG2 cells.
Masson staining for collagen. ¢ — 3 days of cultivation; d — 7 days of cultivation; 1 — HepG2 cells; 2 — collagen. X200

109



RUSSIAN JOURNAL OF TRANSPLANTOLOGY AND ARTIFICIAL ORGANS

Vol. XXII' N¢ 3-2020

Fig. 8. Morphology of human hepatocellular carcinoma
cells HepG2 when cultured on a tissue-specific matrix from
a decellularized human liver. 3 days of cultivation: 1 — ma-

be avoided by cultivating CES DFHL — HepG2 in a flow
bioreactor [13].

Indeed, on the 7th day of cultivation in the bioreactor,
the DFHL matrix with HepG2 formed a single conglo-
merate (Fig. 9). Most of the numerous groups of adhered
epithelial-like cells with a high nuclear-cytoplasmic ratio
of cells were viable and stained green. The bulk of cells
was concentrated on the surface of the matrix, but cells
forming small clusters were also detected in the volume
of the carrier. The morphology of the cells changed from
rounded to more elongated; some cells were in a state
of destruction.

The metabolic activity of cells during cultivation in a
bioreactor was also higher than in statics. In the cells, re-
actions of energy metabolism were actively taking place:
the glucose content in the culture medium by the seventh
day of the experiment significantly decreased — from

7.69 £ 0.38 to 4.69 £+ 0.23 mmol/L. The urea content in
the culture medium (1.5 £ 0.1 mmol/L) exceeded the

trix; 2 — HepG2 cells. x400. Staining with hematoxylin and
eosin

——— o
Z =

Fig. 9. Growth of human hepatocellular carcinoma cells HepG2 on a tissue-specific matrix from a decellularized human liver
in a flow bioreactor at a flow rate of 0.02 ml/min: a — overview photo; b — Live/Dead vital dye staining; 1 — matrix; 2 — HepG2
cells. Xx100; ¢ — staining with hematoxylin and eosin; 1 — matrix; 2 — HepG2 cells. X200; d — Masson staining for collagen;
1 — HepG2 cells; 2 — collagen. x200
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value for the samples obtained under static conditions
(1.2 + 0.1 mmol/L).

Thus, it has been shown that the cultivation of tissue-
specific matrix DFHL with hepatic HepG2 cells in a
bioreactor makes it possible to achieve a more uniform
recellularization of the matrix volume, increase meta-
bolic activity, and provide favorable conditions for cell
proliferation.

CONCLUSION

A protocol has been proposed for decellularization
of donor liver fragments, which makes it possible to
obtain a tissue-specific matrix free of cells and detritus,
with a low DNA content and preservation of the ECM
structure. The lack of cytotoxicity of DFHL and their
ability to maintain the adhesion and proliferation of MSC
HGT and tissue-specific HepG2 cells indicates the pos-
sibility of using the matrix in liver tissue engineering.
The advantage of DFHL matrix recellularization in a
flow-through bioreactor compared to DFHL cultivation
with HepG2 was shown.
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