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ABSTrACT

Background: Liver transplantation is the gold standard treatment for end-stage liver failure, but the scar-
city of organ donors is the main limiting factor for performing liver transplant surgery.

Objective: The objective was to evaluate hepatocytes’ phenotype and functionalities after co-culturing 
with endothelial (HUVEC) and stellate cells (LX2) in the decellularized liver.

Methods: The livers were decellularized with 1% sodium lauryl ester sulfate (SLES). Cell removal and 
preservation of extracellular matrix (ECM) ultrastructure were studied by staining, scanning electron, 
and Raman confocal microscopy. The cell viability was evaluated by MTT, and the functions of cells were 
assessed on a decellularized scaffold with/without co-culturing with HUVEC and LX2 cell lines. The re-
sults were then compared to cells with the same condition on collagen scaffolds.

Results: The data confirmed that SLES prevented the destruction of the liver ECM ultrastructure along 
with nuclear material removal. Raman spectra confirmed DNA and cell debris removal. The decellularized 
liver was suitable for cell survival, but the proliferation rate was lower than those cultured in collagen. 
The tests showed that the function of individual cells on the decellularized scaffold was better than that 
in collagen scaffolds. Co-culturing with HUVEC and LX2 cell lines did not improve hepatocyte functions.

Conclusion: As a biocompatible scaffold, co-culturing hepatocytes with endothelial and stellate cells with-
in the decellularized liver improved liver-specific functions.
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InTrODuCTIOn

The liver is the largest organ in the hu-
man body, with a complex structure 
and various vital functions [1]. Liver 
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malfunction is the etiology of many diseases, 
sometimes leading to mortality. Over 500 mil-
lion people worldwide suffer from chronic liv-
er disease, which accounts for 2% of the total 
mortality rate. The global number of deaths 
from cirrhosis increased, but age-standard-
ized death rates (ASDRs) declined. However, 
the ASDR for cirrhosis increased over this pe-
riod. The number of deaths from cirrhosis is 
projected to increase in the next decade [2, 3].

Today, liver transplantation is the gold stan-
dard treatment for end-stage liver failure. 
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Still, the scarcity of organ donors is the main 
limiting factor for performing liver transplant 
surgery [4], and the growing incidence of 
hepatitis C and fatty liver reduces the number 
of eligible donors even further [5, 6]. On the 
other hand, increasing pressures for drug dis-
covery regulations, along with economic and 
practical reasons, lead to the development of 
novel and effective therapeutic methods, which 
also carry certain side effects in humans due 
to their chemical synthetic nature [7]. Also, 
variations in human and animal biology ren-
der most animal-based tests impractical [8, 
9]. All the mentioned issues call for urgent 
substitute strategies to overcome the existing 
limitations.

Today, with many sales and companies world-
wide, tissue engineering is a progressive field 
that offers innovative technologies to facilitate 
the reconstitution of vital organs and over-
come existing barriers such as organ shortage 
and end-stage organ failure [10, 11]. Regen-
erative medicine uses cells, scaffolds, growth 
factors, other signaling molecules, and/or ge-
netic manipulation to restore, regenerate, or 
replace cells, tissues, or organs in vivo and in 
vitro by restoring normal function through 
endogenous healing. It is an established field of 
medicine. Tissue engineering lies at the inter-
section of regenerative medicine and biomedi-
cal engineering [12]. Together, these fields 
focus on providing care for complex, chronic 
diseases rather than treatments to manage 
the disease [13, 14]. More recently, scientists 
have begun to recognize the importance of the 
extracellular matrix (ECM) in tissue forma-
tion and development, and thus, a potential 
for use in tissue engineering and regenerative 
medicine. In this regard, decellularized ECM 
(dECM) has the ability to stimulate a remod-
eling and repair response in vivo by inducing 
an M2 macrophage phenotype rather than an 
M1 macrophage response during inflamma-
tion and fibrosis [15, 16]. Researchers have 
also found that dECM can promote a more 
stable cell phenotype [17].

Liver regenerative medicine encompasses an 
array of diverse methods, including cell ther-
apy, immunomodulation therapy, and liver 

tissue engineering, which are intended to re-
place or reconstruct the liver or restore the 
function of failing hepatocytes. Remarkable 
achievements in liver tissue engineering have 
provided new opportunities for studying com-
plex physiological and pathological processes 
in vitro [8].

Developing three-dimentional (3D) liver or-
ganoids is one great accomplishment that 
has attracted much attention over the last ten 
years. Organoids are small, simple versions 
of real organs created in vitro by inserting 
the tissue-specific cells in an ECM [18]. The 
source of cells is from a wide range, including 
primary adult cells, stem cells, inducible plu-
ripotent stem cells, embryonic stem cells, and 
cell lines [9, 18]. Liver organoids have great 
potential for tissue engineering [18]; also, 
they can be used as a good tool for disease 
modeling [19, 20], pre-clinical drug screening 
[7, 21, 22], and personalized medicine [23]. 

The liver organoids have been shown to be 
successfully cultured on ECM derived from 
decellularized tissue [5], matrigel, and syn-
thetic or biological hydrogels [18]. Over the 
last decade, numerous studies have shown the 
suitability of applying natural ECM scaffolds 
derived from decellularized human or animal 
tissues in regenerative medicine and tissue en-
gineering strategies [24, 25]. Decellularized 
organ-specific ECM is also a bioink tool for 
3D bioprinting construction [26-28]. Besides, 
it would be a useful in vitro model for explor-
ing its potential roles due to its capabilities in 
maintaining a nearly intact ultrastructural 
architecture and composition [29]. So far, de-
cellularization techniques have been used suc-
cessfully for some organs such as the heart 
[30], kidney [31, 32], skeletal muscle [33], 
lung [34], liver [35], gastrointestinal tract 
[36], testis [37], and ovary [38].

Liver ECM plays a key role by providing a 
framework for liver cells to facilitate cellular 
attachment, migration, and control of differen-
tiation, repair, and cell growth [24, 39]. In ad-
dition, it forms an ideal microenvironment for 
the hepatocytes to sustain their phenotype and 
functionality [4]. An appropriate cell culture 
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system that can reflect a basic in vivo environ-
ment meets the prerequisites. It maintains the 
liver-specific functions of hepatocytes because 
liver cells quickly lose their original growth 
conditions during cell isolation [40].

There is compelling empirical evidence that 
decellularization-recellularization technology 
provides a valuable platform for liver bioen-
gineering through the reconstruction of the 
ECM scaffold of the liver with its parenchymal 
and non-parenchymal cells, which is at least 
part of the complexity of the natural texture. 
Therefore, the current study aimed to evaluate 
the hepatocytes’ phenotype and functionalities 
when co-culturing with the endothelial and 
stellate cells in the decellularized liver scaf-
fold.

MATErIALS AnD METHODS

Collagen Isolation and Scaffold Fabrication
As previously reported, collagen type I was 
extracted from the rat tail tendon and treated 
with 0.02 M acetic acid [41]. We initially ly-
ophilized the collagen solution overnight by 
freeze-drying (Christ Alpha 2–4 LD-plus, 
Osterode am Harz, Germany) to generate the 
scaffolds to obtain collagen powder. Next, 10 
mg/mL of the collagen powder was dissolved 
in 0.5 M acetic acid (1% w/v) on ice, and 1 
mL of the mixture was poured into a well of 
a 24-well plate culture dish (Jetbiofil, China). 
The plate was kept at -80°C overnight and 
subsequently frozen-dried to form a collagen 
sponge [42].

Decellularized Liver Scaffold Preparation
Healthy mice (10-12 weeks old) were sacrificed 
to obtain liver for decellularization. To prepare 
the decellularized scaffold, we first removed 
the livers from the bodies of adult mice, and 
then they were washed with distilled water and 
immersed in phosphate buffer saline (PBS) for 
30 min. The samples were then placed in dis-
tilled water for 16-18 h at 25°C on a magnetic 
stirrer at 200 RPM to allow the removal of 
the blood in the liver sample completely. After 
that, the specimens were decellularized with 
1% Sodium Lauryl Ester Sulfate (SLES, Kimia 

Sanaat Ataman Co., Tehran, Iran) for 16-18 
h at room temperature on a magnetic stirrer 
at 200 RPM. Next, the samples were placed 
in a 1% Triton X100 for 30 min. At the next 
stage, the specimens were rinsed several times 
in PBS to remove the cell remnants and traces 
of chemical reagents. Decellularized tissues 
were fixed in 10% neutral-buffered formalin 
and 2.5% glutaraldehyde, kept at -80°C, and 
freeze-dried until further use.

Chemical Crosslinking
Collagen sponges and freeze-dried decellular-
ized livers were chemically crosslinked within 
a sterile solution of 50 mM 2-N-morpholino 
ethanesulfonic (Sigma, USA) in 70% ethanol   
(pH 5.4) containing 5mM1-ethyl- 3-[3dimeth-
ylaminopropyl] carbodimide (Sigma, USA) 
and 2 mM of N-hydroxysulfosuccinimide 
(NHS, Sigma, USA) for 4 h at 37°C.

This solution was then removed, and the scaf-
folds were treated with 0.1 M Na2HPO4 for 
30 min to inhibit the crosslinking reaction. To 
prepare the samples for cell culture, we rinsed 
the scaffolds several times with sterile double 
distilled water, and the crosslinked scaffolds 
were frozen at -80°C and freeze-dried; then, 
they were sterilized by 70% ethanol and final-
ly washed several times with sterile PBS.

Raman Confocal Microscopy
To find DNA and cell debris depletion, we 
prepared decellularized and intact samples 
for Raman confocal microscopy. The samples 
were lyophilized (Christ, Alpha 1-2 LD, Ger-
many), and a powder was prepared. A laser at 
a wavelength of 633 nm was used, and the Ra-
man spectra were analyzed in the range of 500 
to 2500 cm-1.

Culture of HepG2, HUVECs and LX2
Hepatoblastoma (HepG2), human umbilical 
vein endothelial cells (HUVECs), and stellate 
cells (LX2) (purchased from Pasture Institute, 
Iran) were cultured in the complete Dulbecco's 
Modified Eagle's Medium/F12 (DMEM/F12) 
medium (Bio idea, Iran) supplemented with 
10% FBS, 100 U/mL penicillin, and 100 μg/
mL streptomycin and incubated at 37°C in 5% 
CO2 to reach confluence. HepG2 alone at a 
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density of 4×105 cells was loaded per well of a 
96-well plate or co-cultured with 1×105 HU-
VEC and 5×104 LX2 cell lines per well for 7 
days.

Experimental Design
To evaluate the effects of decellularized scaf-

fold and co-culturing on hepatocyte functions, 
four groups were considered including group 
1 (Collagen+HepG2), group 2 (Decellularized 
liver+HepG2), group 3 (Collagen scaffolds 
were loaded with HepG2, HUVECs, and LX2 
cells) and group 4 (Decellularized livers scaf-
folds were loaded with HepG2, HUVECs, and 
LX2 cells).
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Figure 2: Raman confocal microscopy showed DNA and cell debris depletion after decellularization.

Figure 1: Chronological macroscopic and microscopic changes of the mice liver during the SLES-based  
decellularization process. (A-C) The color of the liver samples turned from red to white, while the  
samples preserved their shape and homogeneity, (D) A lyophilized decellularized scaffold with visible pores,  
(E) Hematoxylin and eosin, and (F) Hoechst staining of the decellularized liver showed it was devoid of nucleic 
materials.
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Figure 3: Scanning electron microphotographs and light microscopy of decellularized liver and collagen  
scaffolds. (A) SEM image of decellularized liver scaffolds showed the efficient removal of cells and good  
preservation of three-dimensional structures and integrity after decellularization, (B) SEM microphotograph of 
three-dimensional collagen scaffold with interconnected pores, (C) Light microscopy of the decellularized liver 
scaffolds, and (D) Collagen scaffold stained with H&E shows a complex network of fibers and collagen bundles 
with well-defined integrity.

Histological Evaluation and Scanning 
Electron Microscopy
To study the histology and ultrastructure of 
the scaffolds, we loaded the collagen or decel-
lularized liver scaffolds with either HepG2 or 
co-culturing of the same number of HepG2 
cells with HUVEC and LX2 cells, as described 
in the experimental design section.

For ultrastructural assessment, the cell-seed-
ed and cell-free scaffolds were fixed with 2.5% 
glutaraldehyde, and then, the samples were 

dried in a freeze-dryer. In the next step, the 
samples were coated with a thin layer of gold 
using a Q150R-ES sputter coater (Quorum 
Technologies, London, UK) and imaged using 
a VEGA3 microscope (TESCAN, Brno, Czech 
Republic) at 10 kV accelerating voltage. 

The cell-seeded and decellularized scaffolds 
were fixed with 10% neutral buffered formalin 
(pH 7.4) and embedded in paraffin for histo-
logical assessments. The paraffinized blocks 
were sectioned at 5–10 μm thickness; the sec-
tions were stained with hematoxylin and  
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Figure 4: The three types of cells were loaded on the decellularized liver. (A) HepG2 cells (yellow arrow), 
detected by the glucose 6-phosphatase activity test, are brown in color. in addition, the cytoplasm of other 
types co-cultured with HepG2 was stained with eosin (arrowhead). The cells with elongated nuclei surround-
ing luminal structures seem to be endothelial cells (green arrow), (B) The cells within the collagenous part of 
the scaffolds show a fibroblast-like structure, which may represent the stellate cells (yellow arrow). The small 
square showed some glucose 6-phosphatase-positive cells, HepG2, and (C) Glucose 6-phosphatase-positive 
cells (arrows) along with the other cell types (arrowheads) in the collagen scaffold. (Aa) SEM microphotographs 
show that the cells are distributed on the decellularized liver and (Bb) Collagen scaffolds.

eosin (H&E) and Hoechst (Sigma-Aldrich) 
and examined by light (Olympus BX61, To-
kyo, Japan) or fluorescent (Olympus, BX51, 
Japan) microscopes equipped with a digital 
camera (Olympus DP73), respectively.

MTT Assay
The cell viability and proliferation capac-
ity were evaluated using 3-(4,5-dimethylthi-
azol-2-yl)-2, 5-diphenyl tetrazolium bromide 
(MTT, Sigma) assay. The cells were seeded at 
a density of 1×104/well of a 96-well plate for 
1, 3, and 5 days. The culture media were then 
replaced by 1 mg/mL of MTT in DMEM and 
incubated at 37°C in 5% CO2 in a dark envi-
ronment for 3h. The dye was then eluted with-

Dimethyl sulfoxide, and optical density was 
measured at 595 nm.

Attachment Assessment
HepG2 cell lines at a density of 2×105 cells 
were seeded on either collagen or decellular-
ized scaffolds for 1 h. Then, the medium was 
removed, the number of unattached cells was 
counted by hemocytometer slides, and the fi-
nal number was subtracted from the initial 
cell count.

Liver Functional Assessments
Indocyanine Green Clearance Assay
The culture media were replaced by 1 mg/mL 
of indocyanine green (ICG) (Sigma, USA) in 
DMEM for 15 minutes. Subsequently, the ICG 
solution was removed, and the ordinary 
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culture media were replaced for the next 3 h. 
The uptake and release of the dye were evalu-
ated by assessing the optical density of the 
media at 820 nm. Cell-free scaffolds were used 
as blank.

Glucose 6-Phosphatase Activity Assay
At first, HepG2 cells, at a density of 4×106 

cells per well of a 24-well plate, or the same 
cell number of HepG2 with 1×106 HUVECs 
and 5×105 LX2 cells per well, were seeded on 
the collagen or decellularized scaffolds. After 
7 days, the unfixed samples were embedded 
in an OCT compound (Optic Planet Tissue 
Tek). The OCT blocks were sectioned using a 
cryostat (Leica CM1850, Germany) at a thick-
ness of 15μm and then collected on gelatin-
coating microscope slides. Then, the fresh 
unfixed cryostat sections were placed into an 
incubating medium containing 0.125% glucose 
6-phosphate (Sigma-Aldrich) and 2% lead ni-
trate (Merck) in tris maleate buffer at pH 6.7 
at 37°C for 5-20 min. Then, the sections were 
washed twice for 2 min each in distilled water. 
In the next step, the samples were immersed 
in 1% ammonium sulfide and washed in dis-
tilled water. The sections were fixed in 10% 
formaldehyde for 15-30 min, rinsed with dis-
tilled water, and mounted. The intensity of the 
reaction was scored according to an arbitrary 
scoring system. 

Glycogen Detection Assay
We evaluated the glycogen storage capability 
by the hepatocytes; the frozen sections were 
immersed in 1% periodic acid for 5 min and 
then incubated in Shiff reagent for 15 min. 
Then, the sections were dehydrated in increas-
ing grades of ethanol, cleared on xylon, and 
mounted. The intensity of the reaction was 
scored according to an arbitrary scoring sys-
tem.

Urea Production Assay
The urea level of the culture medium was de-
termined using a quantitative detection kit of 
the Urea UV (Pars Azmoon), according to the 
manufacturer's instructions. The principle of 
this test is based on the enzymatic activity of 
Urease-Glutamate dehydrogenase.

Hepatocyte Co-culturing in Decellularized Scaffold 

A) HepG2 cells (yellow arrow), 
in addition, the cytoplasm of other 

-
B) The cells within the collagenous part of 

C) Glucose 6-phosphatase-positive 
Aa) SEM microphotographs 

Bb) Collagen scaffolds.

Figure 5: Evaluation of the cell attachment,  
viability, and function to decellularized liver and  
collagen scaffolds. (A) The statistical analysis 
showed no significant difference in the adhesion of 
HepG2 cells on the two scaffolds, (B) The compari-
son of the MTT test of the HepG2 cultured on the  
decellularized liver and collagen scaffolds with those 
cultured in two-dimensional conditions, and 
(C) Comparison of the optical density of the uptake and  
release of the iCG in decellularized liver and collagen  
scaffolds. There is no significant difference  
between the groups.
*Significant differences with the collagen and  
decellularized liver scaffolds of the same day and 
two-dimensional culture on the third day after  
culture (P<0.05).
**Significant difference with the cells cultured on 
the same scaffold on the third day (P<0.05).
***Significant difference with the cells cultured on 
the decellularized liver scaffold on the same day 
(P<0.05).
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Ethical Considerations
All stages of animal study, including anesthe-
sia, surgery, animal care, and euthanasia, were 
performed according to the ethics committee 
guidelines of Shiraz University of Medical Sci-
ences (IR.SUMS.REC.1395.S1173).

Statistical Analysis 
The analysis of variance (ANOVA) was used to 
analyze the data. Post-hoc analyses were per-
formed by Tukey and LSD test. The data were 
analyzed using SPSS software 25.0 for Win-
dows. The graphs were depicted by GraphPad 
Prism ver 9.0 software. A p-value of <0.05 
was considered as significant. All experiments 
were performed in triplicate.

rESuLTS

Decellularized Scaffold Assessments
During the mice liver decellularization pro-
cess, the liver color changed from red to white 
and became semi-transparent. The samples 
retained their shape and integrity during the 
process, and after the lyophilizing decellular-
ized liver, the pores of the scaffolds were pre-
served (Fig. 1A-1D, respectively). Both H&E 
and Hoechst staining showed that the scaf-
folds were devoid of nucleic materials (Fig. 1E, 
1F).

Raman Confocal Microscopy Results
We performed Raman confocal microscopy to 
characterize the decellularized tissue and find 
the DNA depletion. DNA removal was con-
firmed after the decellularization process. The 
peak at 678 cm-1 is assigned for ring breath-
ing modes in the DNA bases. Also, the peak 
at 1070-1090 cm-1 represents symmetric PO2 
stretching of DNA (represents more DNA in 
the cell) [43]. Vibration at 1345 cm-1 repre-
sents α-helical proteins and deoxy adenosine 
[44]. A peak at 1490 cm-1 was assigned to 
DNA as well. Cytosine and guanine Raman 
spectra are at 573 and 1608 cm-1 [43]. A de-
crease in the Raman intensity shows DNA 
depletion after decellularization.

A peak at 544 cm-1 represents bending in the 
α-glycosidic bond in sugar such as glucose 

[45], and at 1048 and 1155 cm-1 is assigned to 
glycogen. Glycogen is the main storage par-
ticle in hepatocytes. After decellularization, 
nearly all glycogen is washed out. This also 
confirms the efficiency of the decellularization 
protocol. 

A peak at 596 cm-1 represents phosphati-
dylinositol present in the cell membrane. Also, 
668 and 1070 cm-1 bonds are assigned to lipid 
and triglyceride (fatty acid). A peak at 1100 
cm-1 represents the C-C vibration mode [43]. 
CH2 stretching mode and C-H vibration in 
protein and lipids were also assigned to 1399 
and 1449 cm-1 [43, 46, 47]. Lipids and phos-
pholipids are the most important components 
of cell membranes. They also showed a sig-
nificant decline after decellularization, which 
indicated cell debris removal. 

Peaks at 755, 823, 873, and 1000 cm-1 were as-
signed to symmetric breathing of tryptophan 
and tyrosine, hydroxyproline, and phenylala-
nine, respectively (protein assignment). Be-
sides, a peak at 1583 cm-1 was assigned to the 
C-C bending mode of phenylalanine [43]. In 
the liver, most of the protein composition ex-
ists in the cytoplasm of the hepatocytes. The 
decline in the protein content indicated cell ly-
ses as well. The liver is a cell-rich tissue with 
a low amount of ECM. 

The peaks at 662 cm-1 were assigned to the 
C-S stretching mode of cystine; at 873, they 
were assigned to hydroxyproline; at 1554 cm-
1, they represented Amide I (collagen type 
I). Although histological sections showed the 
presence of collagen fibers in ECM, Raman 
confocal microscopy revealed extensive wash-
ing out of collagen by the decellularization 
process (Fig. 2).

Histological and SEM Assessments
SEM assessment showed that the integrity of 
the microarchitecture was preserved well, and 
the cells were removed with high efficiency af-
ter decellularization. The SEM image of the 
decellularized liver scaffolds represented a 
complex network of fibers with porous struc-
tures once filled with cells. Moreover, the in-
vestigation of the shape and structure of the 
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decellularized liver and the collagen scaffolds 
by light microscope showed a complex net-
work of fibers with good integrity (Fig. 3).

Cell Morphology Assessments
The cell morphology was studied on colla-
gen and decellularized liver scaffold by H&E 
staining. In this staining, HepG2 cells were 
well distributed and bound to collagen strands 
in both collagen and decellularized liver scaf-
folds. However, the number of cells in the col-
lagen scaffold seemed much higher (data was 
not shown).

In the other experiment set, the HepG2 cell 
lines were detected by assessment of glucose 
6-phosphatase activity along with H& E stain-
ing of HUVEC and LX2 cell lines. In these 
sections, the HepG2 cells were stained brown, 
and it was revealed that the hepatocytes, along 
with other cell types, could be alive in differ-
ent scaffolds (Fig. 4A-4C). In addition, SEM 
revealed the cells expanded on both scaffolds 
properly (Fig. 4Aa, 4Bb).

Attachment Evaluation
The cell attachment assay showed that 
89.08%±3.95% of the cells were attached 
to the decellularized liver scaffold, and 
90.83%±3.253% were attached to the colla-
gen scaffolds. The adhesion property of the 
two types of scaffolds was statistically similar 
(P<0.05) (Fig. 5A).

Cell Viability Assay
To determine the cytocompatibility of decellu-
larized scaffolds, the viability and proliferation 
of HepG2 on decellularized liver and collagen 
scaffolds were assessed and compared with 
two-dimensional (2D) culture conditions. On 
the first day, the cell viability in the 2D cul-
ture condition was significantly higher than 
the other groups in the three-dimensional cul-
tures on the same day (P<0.0001). On the third 
day, the number of viable cells on the collagen 
scaffolds significantly increased compared 
with those on the corresponding cultures on 
the first day (P=0.014). On the fifth day, the 
highest number of viable cells presented on 
the 2D culture condition (P<0.0001). Also, 
on the third day, the number of viable cells 

on the collagen scaffolds showed a significant 
increase compared to those cultured on the 
decellularized scaffold (P=0.027). MTT test 
showed that the seeded HepG2 on the decellu-
larized scaffolds were viable, and the number 
of live cells on this scaffold was equal statisti-
cally to those on collagen scaffold at day 5th 
(Fig. 5B).

Functional Evaluations
The data from ICG analysis showed that the 
cell cultures on both decellularized liver and 
collagen scaffolds could be functional, and the 
HepG2 on decellularized liver showed insig-
nificantly higher releasing amounts of the dye. 
The data showed that the release of indocya-
nine green from the HepG2 cells was simi-
lar in all conditions, regardless of the type of 
scaffolds or co-culturing system (Fig. 5C).
The brown color in the light microscope im-
ages reflects the glucose 6-phosphatase activ-
ity. According to an arbitrary scoring system, 
a vigorous color intensity was observed in de-
cellularized liver scaffolds containing HepG2 
compared to that on the collagen scaffold, and 
the cultures contained three types of cells on 
decellularized liver scaffolds. This suggests 
that a decellularized liver scaffold is a more 
suitable substrate for glucose 6-phosphatase 
activity by HepG2 cells. Still, co-culturing of 
the cells did not positively increase the activ-
ity of this enzyme in both scaffolds (Fig. 6).

Although the ability to produce and store gly-
cogen was observed in all culture conditions, 
HepG2 in decellularized liver scaffolds 
showed a "higher" color intensity than the 
other conditions. HepG2 cells in the collagen
scaffold, with a much larger number of cells, 

 stored a lower amount of glycogen, and the
co-culture systems in both decellularized 
and collagen scaffolds showed "moderate" 
staining intensity (Fig. 7).

After 7 days of cell culture, HepG2 cells 
produced a statistically similar amount of urea 
in all culture conditions (Fig. 8).

Hepatocyte Co-culturing in Decellularized Scaffold 
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Figure 6: Comparison of the glucose-6 phosphatase activity by HepG2 cells in each culture condition.  
(A) The HepG2 cells in the decellularized liver scaffolds show the "highest" staining intensity, (B) The HepG2 
cells in the collagen scaffold show "moderate" enzyme activity, (C) The enzyme activity in HepG2 in the co-
culture condition on the decellularized scaffold showed a "moderate" intensity, and (D) The enzyme activity of 
the HepG2 cells in the co-culturing system with HUVEC and LX2 cell lines on the collagen scaffold shows "weak" 
intensity.

DISCuSSIOn

In the first step of liver organoid fabrication, 
a scaffold from the decellularized mice liver 
using SLES was prepared, demonstrating the 
ability to recellularize and boost some hepa-
tocyte functions in vitro. It has been reported 
that the cells in a 3D condition revealed higher lev-
els of desirable physiological functions, includ-
ing survival, morphology, proliferation, differ-
entiation, response to stimulation, migration, 
angiogenesis, drug metabolism, gene expres-
sion, protein synthesis, and cellular function 
[48]. The liver ECM constitutions provide the 
liver cells with a framework that facilitates cell 
functions, tissue growth, and repair [19, 49, 
50]. Due to its chemical composition, biophys-
ical properties, and interaction with the cul-
tured liver cells, the ECM framework also af-

fects the expression of liver-specific genes and 
cellular responses to the peripheral signals [7, 
8]; it creates an optimal microenvironment in 
which the liver cells’ phenotype and function 
are maintained [4]. Our data also indicated a 
higher hepatocyte function in the decellular-
ized scaffold. 

Devising a standard protocol to sustain the 
chemical nature and architecture of a cell-free 
ECM was one of the goals of the present study. 
Even though SDS is a routine substance in 
many decellularization protocols, its consider-
able degradation effects on essential ligands 
and ECM proteins have resulted in the use of 
mild detergents such as SLES and other an-
ionic detergents such as Triton X100 [4, 51, 
52], which maintain the ECM structure and 
composition [51, 52]. Our SEM, H&E, and 
Hoechst data confirmed that SLES prevented 
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the removal of both the liver ECM ultrastruc-
ture along nuclear material removal. 

Biocompatibility of the decellularized scaffolds 
is another concerning issue, as the cellular 
debris and detergent trace inside the scaffold 
may cause cell damage during the cell culture. 
In our study, HepG2 remained alive on the de-
cellularized liver scaffolds. The cell viability 
index on this scaffold was statistically simi-
lar over time, and functional tests, SEM, and 
light microscopy showed that decellularized 
liver scaffolds were non-toxic and compatible 

with cell survival and functions. In addition, 
it was observed that despite the increased ac-
tivity of proper cells, the proliferation rate 
decreased compared to those cultured in the 
collagen scaffolds. This might be because they 
were located in a microenvironment similar to 
their intact niche. In the intact niche, hepato-
cyte proliferation is limited, while cell division 
increases after tissue damage; therefore, it is 
likely that this environment can restrict cell 
proliferation in the same way as in the physi-
ological niche inside the body.

Hepatocyte Co-culturing in Decellularized Scaffold 

Figure 7: Comparison of the amount of glycogen production and storage by HepG2 cultured in various 
conditions. The purple and dark red color indicates the glycogen accumulation in the HepG2 cytoplasm.  
(A) The HepG2 cells cultured on the decellularized liver scaffolds show the "highest" PAS reaction intensity 
compared with the other conditions. (B) HepG2 cells cultured on the collagen scaffold exhibit "weaker" intensity,  
(C) The HepG2 cells show a "moderate" intensity of the reaction of glycogen when they cultures on the  
decellularized scaffold along with HUVEC and LX2 cell lines, and (D) HepG2 cells cultured on collagen scaffold 
with other cell types show a "moderate" staining intensity.
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Figure 8: The total amount of urea production by 
HepG2 cells in various conditions

ECM's 3D scaffold can serve as an ideal envi-
ronment that supports the growth and func-
tion of various liver cell types [53, 54]. Evi-
dence indicates that the utilization of ECM as 
a bioink in 3D printing develops a scaffold on 
which the hepatocyte can survive and function 
[55]. Following that, Mazza et al., suggested 
that the decellularized liver scaffold could be 
an essential step forward in making artificial 
liver [56].

Lower viable cell numbers on decellularized 
scaffolds may be attributable to fewer primary 
cell attachments on the decellularized scaffold. 
To test the hypothesis, the HepG2 cell attach-
ment to decellularized and collagen scaffolds 
was assessed, which revealed that cell attach-
ment on both scaffolds was about 90% with 
no significant statistical difference. The cell 
attachment and MTT assay data indicated 
that cell proliferation on the decellularized 
liver scaffold was less than on the collagen 
scaffold. Still, the cell function improved in 
the decellularized liver environment. Previous 
studies have also shown that cells can adhere 
to 2D and 3D decellularized liver scaffolds 
[57]. Also, light microscopy images in this 
study showed that all three types of cells, i.e., 
HepG2, HUVECs, and LX2, could grow on 
the decellularized liver scaffolds.

Although microscopic images and MTT assay 
revealed higher numbers of cells on the col-
lagen scaffold, the results of functional tests 
such as glycogen storage and glucose 6-phos-
phatase activity showed that the performance 
of each HepG2 cell on a decellularized liver 
scaffold was better than its function on the 
collagen scaffolding as indicated by the inten-
sity of the reaction for each cell. Also, based on 
these data, the activity of HepG2 cells alone on 
decellularized liver scaffolds was higher than 
when co-cultured with HUVECs and LX2. 
According to previous studies, the hepatocytes 
differentiated from human embryonic and in-
duced pluripotent stem cells on a 3D scaffold 
of the mouse decellularized liver showed high-
er lipid synthesis, glycogen production, albu-
min expression as an adult hepatocytic mark-
er, and a reduction in Alpha-fetoprotein (AFP) 
expression, as a marker of embryonic hepato-
cytes, compared with that differentiated in the 
2D culture system [58]. In another study, hu-
man umbilical mesenchymal stem cells were 
induced to differentiate on the decellularized 
liver (3D), and the functions of newly differen-
tiated hepatocytes were compared with those 
on the monolayer culture (2D), monolayer on 
the decellularized liver (2D), and cell aggre-
gate (3D) conditions. They showed that the 
cells on the 3D decellularized liver scaffold 
produced higher levels of albumin, CK-18, 
glycogen storage, and ammonia conversion to 
urea. In addition, decellularized liver scaffolds 
also impact the differentiation competence of 
the umbilical-derived stem cells into hepato-
cytes and their phenotype improvement [59]. 
The results of this study confirmed the previ-
ous studies and showed that glycogen storage 
by each cell on the decellularized liver scaf-
folds was higher.

The current study findings revealed that the 
urea production/uptake and release of in-
docyanine green were statistically similar 
in all conditions. These activities depend on 
the increase in the function of each cell. Since 
the number of cells in the collagen was more 
than that in the decellularized liver scaffold, it 
would be expected that the amount of urea and 
indocyanine green clearance would be better 
in the collagen. In contrast, we found that the 
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data were similar in all conditions. Therefore, 
it can be concluded that HepG2 cells showed a 
higher urea production or indocyanine green 
clearance on the decellularized liver scaffolds 
than on the collagen scaffold regarding their 
number. A similar study also showed that urea 
production was higher in the porcine hepa-
tocyte cultured on the porcine decellularized 
liver scaffolds than those on the collagen scaf-
folds [60]. 

Hepatocytes cultured on porcine liver ECM-
derived scaffold have been reported to yield 
improved functional results for albumin syn-
thesis, urea production, and P450 IA1 activity 
compared to the collagen type I sandwich or 
monolayer culture on the collagen type I film 
[61]. An increase in the production of urea has 
also been detected by HepG2 cell lines when 
they have grown on the decellularized rat liver 
scaffolds [62]. These reports are in line with 
the results of the present study.

Several reports demonstrated the impact of 
the co-culturing system on the hepatocytes' 
function [63-67]. In this study, the hepato-
cytes alone showed higher function than the 
co-culturing system on the decellularized liv-
er scaffolds. A hybrid co-culture system was 
designed to show the influence of an overlay-
ing single layer of the endothelial cells on the 
embedded HepG2 in a 3D scaffold, and it was 
revealed that the hepatocyte growth declined 
in the short term (day 3); however, in the long 
term, the cell growth increased by paracrine 
secretions of the endothelial cells, while the 
liver cell-specific activities, such as albumin 
secretion and liver-specific gene expression, 
were significantly increased after 5 days [63]. 
Contrary to the findings of a previous study, 
our data showed that the activity of the hepa-
tocytes was not influenced by the co-cultur-
ing system after the seventh day. Therefore, it 
may be concluded that the effect of endothelial 
cells co-culturing on hepatocyte functions is 
time-dependent [63]. Modulating inflamma-
tory responses has been reported by co-cul-
turing the hepatocyte with non-parenchymal 
rat liver cells. In addition, co-culture methods 
have been suggested as a stable platform for 
in vitro hepatic models [64]. In another study, 

a hybrid co-culturing system of the hepato-
cytes and endothelial cells was introduced as 
a valuable system for prolonging the hepato-
cyte function[65]. It has also been reported 
that survival and liver function in the co-cul-
ture system with 3T3 fibroblast over 18 days 
was better than that of the hepatocyte culture 
alone [66].

Further evidence showed the co-culturing of 
the hepatocytes and hepatic stellate cells facili-
tated the spheroid formation and affected its 
structure, suggesting it was a way to maintain 
some functions of the hepatocytes in the early 
stages of culture [67]. The results of the two 
recent studies pointed out the maintenance 
but not the hepatocyte function improvement 
for the hepatocyte in the natural niche [66, 
67]. In our study, it was also indicated that the 
functions of hepatocytes were maintained, but 
not improved, in the co-culture system.

In conclusion, the current study showed that 
decellularized liver scaffolds based on the 
SLES improved the function of individual 
liver cells, including the uptake and release of 
the indocyanine green, production of the urea, 
glycogen, and glucose 6-phosphatase activity 
compared to the collagen scaffolds; however, 
the proliferation cell rate was higher in the 
collagen-based scaffolds. The decellularized 
liver can be considered a potential scaffold for 
fabricating the liver organoids for different 
purposes, such as pre-clinical drug screening, 
disease modeling, and genetic defects.
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