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ABSTRACT. Background and Aims: Using decellularized scaffold to reengineer liver tissue is a
promising alternative therapy for end-stage liver diseases. Though the decellularized human liver
matrix is the ideal scaffold for reconstruction of the liver theoretically, the shortage of liver donors is
still an obstacle for potential clinical application. Therefore, an appropriate alternative scaffold is
needed. In the present study, we used a tissue engineering approach to prepare a rat decellularized
spleen matrix (DSM) and evaluate the effectiveness of this DSM for primary rat hepatocytes culture.
Methods: Rat decellularized spleen matrix (DSM) was prepared by perfusion of a series of detergents
through spleen vasculature. DSM was characterized by residual DNA and specific extracellular
matrix distribution. Thereafter, primary rat hepatocytes were cultured in the DSM in a 3-dimensional
dynamic culture system, and liver cell survival and biological functions were evaluated by
comparison with 3-dimensional sandwich culture and also with cultured in decellularized liver matrix
(DLM). Results: Our research found that DSM did not exhibit any cellular components, but preserved
the main extracellular matrix and the intact vasculature evaluated by DNA detection, histology,
immunohistochemical staining, vessel corrosion cast and upright metallurgical microscope.
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Moreover, the method of DSM preparation procedure was relatively simple with high success rate
(100%). After seeding primary hepatocytes in DSM, the cultured hepatocytes survived inside DSM
with albumin synthesis and urea secretion within 10 d. Additionally, hepatocytes in dynamic culture
medium had better biological functions at day 10 than that in sandwich culture. Albumin synthesis
was 85.67 £ 6.34 11g/10"cell/24h in dynamic culture in DSM compared to 62.43 + 4.59 1g/10"cell/
24h in sandwich culture (P < 0.01) and to 87.54 £+ 5.25 ug/ 10’cell/24h in DLM culture (P > 0.05);
urea release was 32.14 £ 8.62 ug/10’cell/24h in dynamic culture in DSM compared to 20.47 =+
4.98 ng/ 107 cell/24h in sandwich culture (P < 0.05) and to 37.38 + 7.29 ngl 107cell/24h cultured in
DLM (P > 0.05). Conclusion: The present study demonstrates that DSM can be prepared
successfully using a tissue engineering approach. The DSM is an appropriate scaffold for primary

hepatocytes culture.
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INTRODUCTION

End-stage liver diseases, such as fulminant
hepatitis, liver cirrhosis, and liver cancer, are
serious health problems with high mortality.
The most effective treatment for end-stage liver
diseases is orthotopic liver transplantation.
However, severe shortage of donor livers, high
expense, and potential side effects of immuno-
suppression largely limit the application of this
treatment.

In addition to organ transplantation, using a
decellularized biological scaffold material to
reconstruct a functional organ is a recent prom-
ising approach in the area of tissue engineering.
The scaffold, which has good biocompatibility
and reservation of the natural vascular network
and extracellular matrix (ECM), is acquired by
removing parenchymal cells from tissue and
organ using decellular technology. A minimally
immunogenic scaffold with a native intact
structure for new tissue regeneration may be
produced in that the ECM proteins are the most
conserved proteins.” The initial applications of
the decellularization matrix have been demon-
strated only for the hollow organs or thin layer
of tissues, such as bladder, artery, esophagus,
trachea, and skin.>” Ott et al. reported that
they constructed a heart by using a rat’s decel-
lularized heart scaffold.® This study became the
milestone in the field of reengineering whole
organs using a decellularized scaffold. Since
then, researchers have successfully constructed
the primary functional engineering tissue of

lung,”'° liver'""'? and kidney '® by using decel-

lularized scaffolds.

Theoretically, the decellularized liver ECM
matrix is the ideal scaffold for reconstruction
of a liver.!""'?> However, the potential clinical
application of the decellularized liver matrix is
limited because of the shortage of liver donors.
We intend to reconstruct functional liver tissue
by using decellularized spleen matrix on the
basis of theory analysis shown as below. Both
the spleen and liver are parenchymal organs,
and the hepatocytes, when seeded in spleen in
vivo, could proliferate and reconfigure,'* indi-
cating that the microenvironment of spleen,
especially the ECM and blood sinus, is suitable
for proliferation of hepatocytes. In addition, the
spleen can be obtained from patients with vari-
ous diseases leading to splenectomy, such as
splenic trauma, and immune thrombocytopenic
purpura, as well as some patients with hyper-
splenism in cirrhosis and portal hypertension,
who will undergo splenectomy. Moreover,
spleen from donation after cardiac or brain
death could also be used for scaffold preparing.
Therefore, the spleen matrix may provide an
appropriate alternative for a scaffold to culti-
vate hepatocytes with relatively easy
availability.

Thus, we hypothesize that the decellularized
splenic matrix (DSM) prepared in vitro may be
an ideal scaffold for cultivating hepatocyte.
However, the method by which a decellularized
spleen scaffold is prepared has not yet been
well established and the effectiveness of the
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FIGURE 1. Decellularization of rat spleens. (a—e) Representative images of rat spleen during
decellularization process at Oh (a), 1h (b), 3h (¢), 6h (d), and 9h (e). (f) Representative the residual
DNA content in the decellularized spleen matrix during the different time points.

time Chr)

DSM for hepatocyte cultures has not been eval- RESULTS

uated. Therefore, the purpose of this study was

to establish a simple and effective method to Structure and components of DSM
prepare the DSM, and then evaluate the sur-

vival and basic function of the hepatocytes cul- "l_“he color of the .spleen changed gradually
tured in DSM. during the preparation of the DSM. After
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perfusion with 0.1% SDS, the red color of the
spleen started to reduce as a result of the
removal of cell components. Three to 6 hours
later, the color changed to plaque-like and the
branching tube structure was generally visible.
The spleen showed a uniform white translu-
cence after 9 h of perfusion. Meanwhile, the
gross morphology was still intact (Fig. 1a—e).
These DSM were quite stretchable, which
could be easily compressed and quickly re-
expanded like sponges. When the spleen
became white translucence, while there is no
capsule breakage, precipitation or bubbles in
the DSM, we defined it a successful case.
Moreover, we had a 100% successful rate (40/
40) of DSM preparation after 5 pre-experiments
to optimize the procedures. Furthermore, the
quantification of DNA showed that residual
DNA was decreased with the prolongation of
perfusion. The DNA of native spleen is about
0.8690 £+ 0.0721 pug/mg. After 9 h of 0.1%
SDS perfusion, the DNA in the spleen was
about 0.0094 £ 0.0052 pg/mg, which was less
than 2% of the native spleen (P < 0.01)
(Fig. 1f).

Histological evaluation showed normal
splenic organ structure and cell nuclei in the
native isolated spleen (Fig. 2a). The cells and
the vessels can be seen clearly in the native
spleen. Compared with the native isolated
spleen, no cell nuclei and cytoplasm compo-
nents were observed in the DSM, indicating
that all the cellular components in the spleen
were cleared out (Fig. 2b). Many empty spaces,
legacy for the prolapse of the cells, appeared in
the matrix. In addition, the bases of the small
blood vessels were still visible in the matrix
components section (Fig. 2b).

Immunohistochemical staining revealed that
the presence of 4 major extracellular matrix
proteins (collagen type I, collagen type IV,
fibronectin, and laminin) in the DSM were
retained similarly to those of the native spleens.
It indicated that the structural and basement
membrane components of the ECM were pre-
served (Fig. 2c—j). The preservation of type I
collagen was mainly within the blood sinus
area (Fig. 2d). Type IV collagen and fibronectin
were observed mainly within the decellularized
tissues (Fig. 2f and h). The basement

membrane of the vascular structures stained
positive for laminin (Fig. 2j). The distribution
of these extracellular matrix proteins were
maintained during decellularization, and it was
quite close to that found in native spleen. Ultra-
structural characterization of the DSM was
evaluated by scanning electron microscopy
(SEM) images. We found that DSM exhibited
the complete spleen capsule (Fig. 3a), continu-
ous extracellular matrix, and the absence of
cells (Fig. 3b).

Red dye infusion through the splenic artery
was used to assess the intact structure of the
vascular network in the DSM. The main branch
of the vascular system was seen first. With the
advancement of the dye, the microvascular
structures were gradually revealed from the
larger vessels to small capillaries in the translu-
cent matrix. Finally, the dye flowed out through
the splenic vein. There was no leakage of red
dye through the vascular walls, suggesting the
maintenance of intact vasculature in DSM by
the decellularization method used (Fig. 4a and
b). After the corrosion cast of the DSM was
made, the structure and size of the splenic vas-
culature were evaluated by using upright metal-
lurgical microscope. We observed fine
branching structures, indicating that the archi-
tecture of micro-vasculature remained mostly
intact in the DSM (Fig. 4c and d). We found
continuous small vessels with 69.07 =+
11.55 pm in diameter at 40x magnification,
and also the smallest vessels with 7.63 £
1.36 um in diameter at 100x magnification
(Fig. 4 e and f).

Hepatocytes culture in DSM

We introduced 1x 107 primary adult rat hep-
atocytes into the DSM through the splenic
artery. The engraftment efficiency with our pro-
tocol was 90.7% + 4.2%.H-E staining of hepa-
tocytes in DSM in the dynamic culture group
clearly showed approximately 70% of normal
cellular morphology. The results of histological
examination indicated that the typical shape of
hepatocytes with round nucleus (blue), promi-
nent nucleoli, and polygonal cytoplasm (red)
was well maintained in day 1 (68.2% + 2.6%)
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FIGURE 2. Comparison of native spleen (left) and DSM (right). Top to bottom: H&E staining, immu-
nostaining of collagen I, collagen 1V, fibronectin and laminin. Scale bar: 50.m.

Normal spleen

Decellularized spleen

and day 5 (70.6% =+ 2.1%) in culture (Fig. Sa
and b). At day 1, the majority of the hepato-
cytes in the DSM was distributed in the net-
work of blood vessels and only 10.8% + 2.7%

of cells dispersed into the perivascular area in
the DSM. At day 5, about 83.7% £ 5.6% of the
cells were found to distribute throughout the
parenchymal space.
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FIGURE 3. The spleen capsule (a) and the spleen extracellular matrix (b) of the DSM by SEM.

Scale bars: 20um.

XJTU-YXYEMOO28

2010-11-05 1119

KITU-YXYEMAST1 2013-01-17 1614

Function of the hepatocytes

Albumin release in the dynamic culture in
both DSM and DLM peaked at day 7 and
slowly decreased thereafter. In the sandwich
culture, albumin release reached the peak at
day 5 (83.02 £ 4.1311g/10"cell/24hr), and then
slowly reduced. Albumin release from the
dynamic culture in DSM at day 7 (102.24 &+
5.12 ng/107cell/24hr) and day 10 (85.67 +
6.34 11g/10"cell/24hr) was significantly higher
than that from the sandwich culture (70.36 +
6.22 ug/10’cell/24hr at day 7 and 62.43 =+
4.59 ug/10’cell/24hr at day 10, both p < 0.01,
Fig. 6a), but there is no significant difference
from that cultured in DLM (106.37 & 8.26 ng/
107cell/24hr at day 7 and 87.54 &+ 5.25 ug/
107cell/24hr at day 10, both P > 0.05, Fig. 6a).

Urea release in the dynamic culture in DSM
peaked at day 5 (58.26 &+ 7.16 ug/10cell/
24hr), and then gradually declined through
50.73 + 3.57 pg/107cell/24hr at day 7 to
32.14 & 8 .62 pg/10"cell/24hr at day 10. Urea
release in the sandwich culture reached the
peak at day 5 (55.66 + 7.29 1g/10”cell/24hr),
then gradually declined through 33.29 =+
6.37 ng/107cell/24hr at day 7 to 2047 +
4.98 png/10’cell/24hr at day 10. Urea release
from the dynamic culture in DSM was signifi-
cantly higher than that from the sandwich cul-
ture at days 7 and 10 (both P < 0.05, Fig. 6b).
Urea release in the dynamic culture in DLM
peaked at day 5 (60.35 &+ 5.63 ug/10cell/

24hr), and then gradually declined through
5321 £ 6.57 pug/10’cell/24hr at day 7 to
37.38 & 7.29 ug/10"cell/24hr at day 10. There
was no significant difference in urea release
between cultured in DSM and in DLM (both P
> 0.05, Fig. 6b).

DISCUSSION

There were 4 major findings in this study.
Firstly, the procedure used to prepare DSM
could preserve spleen matrix components,
structure and intact vasculature. Secondly, iso-
lated hepatocytes could be successfully seeded
and dynamically cultured in the DSM prepared.
Thirdly, hepatocytes cultured in the DSM were
able to survive and secrete albumin and urea.
Fourthly, the hepatocytes cultured in the DSM
were functionally more active than those cul-
tured in the sandwich culture, but it was compa-
rable to that cultured in DLM assessed by
albumin and urea secretion.

Native decellularized matrix is more feasible
than the other bio- or synthetic scaffold for
hepatocyte growth and proliferation because of
its characteristics of retaining natural extracel-
lular matrix components (e.g., collagen, glyco-
protein, elastin, and a special 3-dimensional
space frame structure). Additionally, the origi-
nal vascular network in a decellularized matrix
can ensure the provision of cell nutrients and
removal of metabolites. However, the shortage
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FIGURE 4. The vascular tree of DSM. (a and b) Representative red dye infusion into the DSM at
initial stage (a) and the end stage (b). (¢ and d) Representative the entirety (¢) and partial (d) of
vascular tree cast. (e and f) Representative the vascular tree cast viewed by microscopy in 40x (e)
and 100x (f) magnification. Scale bars: 200m (e), 100m (f).
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of liver donors is still a big problem for liver
tissue regeneration in a native liver scaffold.
By contrast, the spleen exhibits a similar matrix
structure to that of the liver. Liver cells
implanted in the spleen in vivo have been
proved to be able to survive and prolifer-
ate.'"* This in vivo method, however, may
still cause severe problems, such as thrombo-
sis. Therefore, in this study, we focused on
the preparation of the DSM scaffold to deter-
mine if the decellularized procedure could

maintain the tissue matrix structure, the
microenvironment and the vascular network
for cell proliferation. Furthermore, the DSM
scaffold was used to see if hepatocytes could
survive in the DSM and exhibit some physi-
ological liver function.

The methodology of decellularization of an
organ could be physical, chemical, enzymatic,
or a combination of these.'> The main purpose
is to dissolve cell membranes and other compo-
nents in order to cause cell disintegration and
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FIGURE 5. H&E staining of hepatocytes in dynamic culture in DSM at day 1 (a) and day 5 (b).
Scale bar: 50m.

FIGURE 6. Comparison of hepatocytes function among in the DSM, in the DLM, and the sandwich
culture. (a) Representative albumin synthesis. (b) Representative urea release.* P < 0.05,
**P < 0.01.
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fragmentation for removal from the extracellu-
lar matrix. The decellular solution will signifi-
cantly affect the decellularization, shape, and
property of the scaffold. In the past, tissues
were immersed into the decellular detergents
for the removal of cells from the surface to the
inside of the organ. To accelerate tissue decel-
lularization, physical shock or stirring were
also performed. However, these methods are
ineffective for thicker tissues (>5 mm).'® By
contrast, enzymatic digestion disintegrates the
cell membrane, and also damages the extracel-
lular matrix of collagen and elastin, causing
disruption of the decellularized matrix struc-
ture,'”'® which is not beneficial for cell regen-
eration. Therefore, enzyme digestion was not
considered for DSM preparation in this study.

Perfusion of detergents for decellularization
of whole organ and tissue has been shown to
achieve good results.® Similarly, in our study,
ionic (0.1% SDS) and non-ionic (1% Triton X-
100) detergents were perfused into the isolated
spleen by a pump through the natural vascular
network. SDS is an ionic detergent and a hydro-
philic anionic surfactant with strong cellular
removal effect that destroys the protein-protein
interactions. Triton X-100, a non-ionic deter-
gent, provides better retention of the extracellu-
lar matrix by disrupting fat-fat and fat-protein
connections of cellular molecules.'® In the pro-
cedures, PBS, low concentration (0.1%) SDS,
deionized water, and 1% Triton X-100 were
sequentially perfused into the spleen through
the splenic artery to prepare the DSM scaffold.
Deionized water was applied after SDS in order
to rinse out residual SDS and cellular compo-
nents. Subsequently, 1% Triton X-100 was per-
fused to further dispel residual cellular
substances and SDS.

By macroscopic view, H-E staining, immu-
nohistochemical staining, and scanning elec-
tron microscopy, we consistently found that
spleen cells were completely removed in the
DSM preparation. The preserved collagen,
fibronectin, and laminin within the DSM
were similar to the nature spleen and is com-
parable with the proteins preserved in dellcel-
lularized liver matrix of other studies.'' It
showed that the process preserved the basic
extracellular 3-dimensional architecture, the

ultrastructure, and the native matrix compo-
nents of the spleen.

Furthermore, our DSM preparation kept the
intact vasculature structure. After red dye per-
fusion, splenic vessels were clearly shown in
the DSM, and the dye flew from large blood
vessels to the small vessels, and finally flew out
through the splenic vein. The dye perfusion and
vessel corrosion casts of the scaffold also sug-
gested that the spleen vascular network
remained intact. By microscopy measurement,
cross-sectional splenic vascular was 69.07 +
11.55 um in diameter, and exhibited vascular
continuity, and the minima vasculars observed
were 7.63 = 1.36 um in diameter. Naturally,
the diameter of the splenic vascular sinusoid is
approximately 40 um, and the capillaries is
approximately 6-9 um. When performing
decellularization, endothelial cells on the vessel
wall had been also destroyed; thus, the vessel
lumen was larger than the original lumen.

As the prepared DSM retained the extracel-
lular matrix, the 3-dimensional structure, and
intact vascular network, it laid the foundation
for the cultivation and long-term survival of the
hepatocytes, and could also be connected to the
blood vessels after implantation for oxygen and
nutritional supply.

Many researches showed that the multiple
step infusion was better than single step infu-
sion and continually infusion.'*'® In this study,
the engraftment efficiency with 2-step infusion
protocol was 90.7% =+ 4.2%. This perfusion
technique showed deposition of the primary
hepatocytes within the parenchymal space and
some in the vessels. The infusion speed of
1 ml/min and 10 min interval help to keep a
high engraftment rate of cells.

After we seeded the primary hepatocytes in
DSM, we found that these cells can survive
for as long as 10 d. Meanwhile, albumin and
urea can be detected from culture medium,
indicating that the cultured liver cells exhib-
ited basic hepatic function. DSM scaffolds
have been shown to exhibit several advan-
tages for hepatocyte cultivation: 1) the com-
ponent of DSM is similar to that of the DLM,
which can lead to hepatocyte adhesion and
interaction by providing mechanical and bio-
mechanical support; 2) the decellularized
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matrix maintains good biological and cellular
compatibility; 3) the 3-dimensional structure
in the DSM provides more adhesion and
growth area for cell exchange of nutrients
and oxygen and for formation of a spherical
body; 4) Native vessel system provide a path-
way for transportation of medium in thick tis-
sue; and 5) the clinical source of the spleen is
more widely available than that of the liver,
not only from the donor, but also from the
patients with splenectomy. Our findings pro-
vide novel evidence that DSM can be a
potential scaffold alternative for liver tissue
engineering.

The supply of oxygen and nutrients is espe-
cially important for hepatocyte survival. To
better understand DSM compatibility for liver
cell growth, we cultured hepatocytes in a
dynamic culture condition in this study. We
found that about 70% of cells maintained the
normal morphology, suggesting that most of
hepatocytes were survived in the SDM. Mean-
while, many hepatocytes were distributed in
the perivascular space in the dynamic culture at
day 5. The dynamic culture medium perfusion
could force the engrafting of hepatocytes into
the perivascular matrix, make hepatocytes to
have a larger contact surface area with the
splenic extracellular matrix, provide more oxy-
gen and nutrients to the cultured liver cell, and
remove metabolite waste faster.

Several protocols including plate cultivation,
sandwich culture and co-culture have been
attempted to acquire a more satisfying func-
tional results. A large number of researches
have come to a consensus that using sandwich
culture for hepatocytes could create a 3 dimen-
sion environment close to that in vivo, and sup-
port hepatocytes growth and their specific
function. So we choose the sandwich culture as
the control group. For the better understanding
of the influence of the DSM to the hepatocytes’
function, we also used the DLLM as another pos-
itive control group.

We demonstrated that the cultured primary
hepatocytes in the DSM can perform the
basic function. Albumin and urea were
detected in the culture medium, which serve
as specific indicators for the status of hepatic
synthesis function. Furthermore, we found

that albumin release peaked at day 5 in the
sandwich culture group and at day 7 in the
other 2 dynamic culture groups of DSM and
DLM, and then gradually decreased after-
ward. The urea released peaked at day 3 in
the sandwich culture group and at day 5 in
the other 2 dynamic groups of DSM and
DLM, and then gradually decreased after-
ward. There is no significant difference
among the 3 groups at days 1~5. At days
7~10 of cultivation, albumin and urea in the
2 dynamic cultures of DSM and DLM were
significantly higher than those in the sand-
wich culture, but there is no significant dif-
ference between cultured in DSM and in
DLM. The structure of DSM provided a
physical substratum for the attachment and
spatial organization of cells. Proteins and
other compositions preserved in scaffold
were critical to keep cell survival and main-
tain cell biological functions, leading to sig-
nificantly higher albumin and urea release
from day 7 to day 10 in the dynamic culture
than sandwich culture. Our data are consis-
tent with another study showing that 3-
dimensional cultures under constant perfu-
sion can maintain the hepatocytes function.?’
Our data also demonstrated that DSM pro-
vide comparable environment for hepatocytes
survive and function with DLM, since they
had the similar mechanism.

We did notice that the functions of hepato-
cytes gradually declined after day 7 in the
dynamic culture, which was also associated
with the reduction of hepatocytes. The hepa-
tocyte is the main cell type in the liver and
makes up ~80% of hepatic cells, and the
other 20% are non-parenchymal cells, includ-
ing endothelial cells, Kupffer cells, lympho-
cytes, and stellate cells. Studies have
demonstrated that the non-parenchymal cells
are important for maintaining the function of
hepatocytes.”' > Consequently, our subse-
quent work is to co-culture non-parenchymal
cells with hepatocytes to improve the hep-
atocytes’ growth and functions.

As conclusion, our study suggests that DSM
scaffold prepared by perfusion of detergents for
decellularization preserves the matrix environ-
ment and intact vasculature. Furthermore,
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compared with hepatocytes in Sandwich cul-
ture, hepatocytes cultivated in this DSM scaf-
fold had a significantly higher survival rate and
better biological function. And compared with
the hepatocytes cultured in DLM, there was no
significant difference between their function.
Therefore, it is suggested that the DSM may be
a potential scaffold alternative for liver tissue
regeneration.

MATERIALS AND METHODS

Animals

This study was carried out in strict accor-
dance with the recommendations in the
Guide for the Care and Use of Laboratory
Animals of Xi’an Jiaotong University Medi-
cal Center. The protocol was approved by
the Committee on the Ethics of Animal
Experiments of Xi’an Jiaotong University
(Permit Number: 2011-309). All animals
were housed in individual cages in a 12 h
light/dark cycle, and fed with standard rat
chow (Keaoxieli Inc.., Beijing, China). All
surgery was performed under sodium pento-
barbital anesthesia, and all efforts were made
to minimize suffering.

Preparation of DSM
Donor spleen harvest

Sprague-Dawley (SD) rats were anesthetized
with an intraperitoneal injection (i.p.) of 3%
pentobarbital sodium (45 mg/kg body weight)
and heparin 1000 U i.p. was performed to pre-
vent blood coagulation. After a midline laparot-
omy, the spleen and stomach were dissected to
isolate the splenic artery and vein. An intrave-
nous catheter (22 gauge) was inserted into the
splenic artery followed by transection of the
splenic vein. Thereafter, 100 U/ml heparinized
PBS was infused via the splenic artery until the
red blood cells were washed out completely.
Lastly, the dissected spleen was frozen at
—80°C to be used as a native spleen control or
to be further decellularized after 24 h.

Spleen decellularization

The frozen spleen (n = 40) was slowly
unfrozen in a chamber, and then the splenic
artery was connected to the peristaltic pump.
The isolated spleen was perfused with 100 U/
ml heparinized PBS at 1.5 ml/min for 15 min.
Subsequently, 0.1% SDS (Amresco, Solon, OH,
USA) was perfused at 1.0 ml/min for 9 h, and
the SDS solution was changed every 180 min.
Thereafter, the spleen was perfused with dis-
tilled H,O for 15 min following 1% Triton X-
100 (Solarbio, Beijing, China) for 30 min. Then
the spleen was continuously perfused with dis-
tilled H,O for 15 min followed by PBS for 1 h.
Finally, the DSM was sterilized in 0.1% perace-
tic acid PBS solution (Ruixing, Linyi, China)
for 3 h and perfused extensively with sterile
PBS for 48 h, then used to culture the hepato-
cytes following further process, or preserved in
penicillin-streptomycin PBS solution at —80 °C
if it was not used immediately (Table 1). The
DSM was observed for transparency change
under macroscopic observation during the
decellularization procedure.

DNA in decellularized spleen

In order to evaluate the efficiency of cell
removal by 0.1% SDS during the spleen decel-
lularization, the spleen (n=12 ) was collected at
1h, 3h, 6h, and 9h during 0.1% SDS perfusion
(n = 3 for each time point) for DNA measure-
ment. First, native spleen and DSM were
respectively cut into small pieces and lyophi-
lized after perfused with distilled H,O for
15 min followed by PBS for lhr. DNA was
extracted using a Genomic DNA kit (TIAN-
GEN Biotech, Beijing, China). Total DNA was
quantified using ultramicro ultraviolet spectro-
photometer (Quawell Technology, USA)
according to the manufacturer’s instructions.
The remnants’ base pair analysis of the DSM
was performed by gel electrophoresis.

Table 1. The decellularizing protocol of DSM

Spleen harvest—PBS 15min—0.1%SDS 9h (solution
change every 3h)—ddH,0 15min— 1%Triton X-100
30min— ddH»0 15min— PBS 1h— Sterilization
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Characterization of DSM

DSM (n = 6) and native isolated spleens (n
= 6) were fixed in 10% neutral buffered forma-
lin, embedded in paraffin, and cut into 4-um
sections for hematoxylin and eosin (H-E) stain-
ing in order to compare cellular composition
differences. Immunohistochemical staining for
collagen type I (Abcam, Cambridge, MA
USA), collagen type IV (Abcam, Cambridge,
MA USA), fibronectin (Abcam, Cambridge,
MA USA), and laminin (Abcam, Cambridge,
MA USA) was used to determine the ECM
distribution.

Allura Red dye (Marie’s, Shanghai, China,
20%) was perfused to the DSM (n = 4) to eval-
uate the integrity and the structure of the vascu-
lar bed. Moreover, the vessels’ corrosion casts
of the DSM were generated, by using the
methyl methacrylate (Kelong, Chengdu,
China), in order to display the intricate vascular
tree. The upright metallurgical microscope of
the vessels’ cast was used to evaluate the pres-
ervation of small vessel bed.

Hepatocyte culture in decellularized
spleen matrix

Rat hepatocytes were harvested from SD rats
by the Seglen 2-step perfusion method with
modification.?* Briefly, an intravenous catheter
(22 gauge) was inserted into the portal vein of
liver after anesthetization and midline laparot-
omy, and then the vena cava was sectioned.
The liver was perfused with calcium-free buffer
solution (37 °C, pH 7.4) at 25 ml/min for
10 min. Once the liver became pale, it was
excised and continuously perfused with 0.05%
collagenase and 5 mmol/l of calcium chloride
(37°C, pH 7.6). Thereafter, the liver capsule
was torn open, and the isolated hepatocytes
were resuspended in a 4 °C washing medium,
which contained Williams’E medium (Sigma,
USA), NaHCOj; 0.35 mg/ml, HEPES 2.38 mg/
ml, penicillin 100 U /ml, and streptomycin
100 U /ml. This cell suspension was filtered
through a nylon mesh (grid size: 100 pwm), and
a cell pellet was collected by centrifugation at
300 rpm for 3 min. After the second resuspen-
sion and wash, the cell viability was tested by

trypan blue exclusion; cells over 90% viability
yield were seeded into the scaffolds.

Before the cell seeding, the DSM was per-
fused and kept immersed in culture medium for
20 min. The Williams’E culture medium
(Sigma, USA) consisted of , 10% FBS (Sijig-
ing, Hangzhou, China), 0.5 U/ml insulin
(Sigma, USA), 14 ng/ml glucagons (Sigma,
USA), 0.5 pg/ml dexamethasone (Sigma,
USA), 100 U/ml penicillin, and 100 pg/ml
streptomycin  (Dingguo, Beijing, China).
Approximately a total of 1x10” primary adult
rat hepatocytes was suspended in 2 ml of cul-
ture medium and then infused into the DSM by
direct infusion into the splenic artery in 2 steps
at 10-min intervals. An injection bump was
used to infuse the cells at a rate of 1ml/min.
After 1ml hepatocytes were infused, the graft
would be let stand for 10min. At the end of
the 20 min, the cells that flowed out from the
splenic vein were collected and counted. The
total number of cells retained in DSM was
the difference between the initial number of
cells seeded and the number of cell flowed out.
The engraftment efficiency was defined as the
rate of cell retainance in DSM which was
obtained by the number of cells retained in
DSM being divided by the initial number of
cells infused.

After seeding, the recellularized spleen
matrix (n = 12) were cultured for 10 d by con-
tinuously perfusing the culture medium at
1.5 ml/min through the vascular network of the
DSM after statical culture for about 6 h. The
culture medium was changed every 24 h. The
perfusion culture system was composed of a
peristaltic pump, a perfusion chamber, and tub-
ing part. The system was then put into the car-
bon dioxide gas incubator. The chamber was a
flask containing 50 ml perfusion culture
medium. The tubing part was a long gas-perme-
able silicone tube. One end of the tube was pen-
etrated into the flask and connected to splenic
artery cannulation as the inlet. The other end of
the tube was penetrated into the perfusion
medium to suck the medium into the system.
The culture medium intravenously flowed out
from the spleen to the perfusion chamber.
Before the perfusion culture, the perfusion
medium was recirculated in the perfusion
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system. The DSM was kept immersed in the
medium in the perfusion chamber while it was
perfused through the splenic artery. The splenic
vein was left open for outlet. The whole perfus-
ing system was closed and changeable. The pri-
mary adult rat hepatocytes cultured in this
system was named dynamic culture group.

The primary adult rat hepatocytes cultured in
the sandwich configuration was used as control
group. Tissue culture dishes were coated with a
collagen solution that was composed of 9 por-
tions of type I rat tail collagen (1.25 mg/ml,
sigma, USA) and one portion of DMEM and
incubated for 1 h at 37 °C to form a collagen
gel. After gelation, cells were seeded at 1x10°
cells/well when using 6-well cell culture clus-
ter, in hepatocyte culture medium, and incu-
bated in 90% air and 10% CO, at 37 °C. The
medium was changed daily. At day 2, after
aspirating the culture medium from the dishes,
the second collagen gel layer was overlaid on
the hepatocytes and incubated for 1 h at 37°C
before culture medium was added.

The primary adult rat hepatocytes cultured in
the DLM was used as another control group. The
DLM was obtained according to the modified
protocol by Uygun, et al.'' (Table 2). One
hepatic lobule was used to culture the hepato-
cytes. The culture medium was infused from por-
tal vein, and the procedure of the hepatocytes
cultured in DLM is as same as in the DSM.

Functional studies of hepatocytes in DSM

At days 1, 5, 7, and 10 after seeding, the
grafts from the dynamic culture groups were
fixed in 10% neutral buffered formalin, embed-
ded in paraffin, and cut into 4-pum sections for
H-E staining, to evaluate the hepatocytes’ loca-
tion and survival. The cell number was counted
under 10 high fields, and the average values
were calculated.

To assess the function of the hepatocytes in
DSM, we quantified hepatocyte albumin

Table 2. The decellularizing protocol of DLM

Liver harvest—PBS 15min—0.1%SDS 12h (solution
change every 3h)—ddH,0 15min— 1%Triton X-100
30min— ddH,0 15min—PBS 1h— Sterilization

synthesis and urea release. The supernatants of
the culture medium were collected at days 1, 3,
5, 7, and 10. The rat albumin ELISA kit (R&D,
USA) and QuantiChrom Urea Assay kit (Jian
Cheng Biosciences, Nan Jing, China) were
respectively used to determine the albumin and
urea secreted into the culture medium. Com-
pare three different culture methods, a mathe-
matical formula shown as blow was utilized to
calculate albumin synthesis and urea release by
per unit cell.

m=« i; c: albumin or urea (ug/ml) quantifi-
cation; v: medium volume (ml); n: implantation
cell number; q: cell engraftment rate (%),
q = 100% when in sandwich culture system:;
m: albumin synthesis or urea release by per
unit cells (ug/ 107C611/24h).

Statistical analysis

The values were expressed as means + stan-
dard deviations. The data were analyzed by #-
test. A value of p < 0.05 was considered to be
statistically significant.
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