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Abstract

Purpose Artificial organs might serve as alternative solutions for whole organ transplantation. Decellularization of a liver
provides a non-immunogenic matrix with the advantage of three afferent systems, the portal vein, the hepatic artery and the
bile duct. This study aims to evaluate the recellularization of rat livers with islets of Langerhans via the bile duct and the
portal vein for the comparison of different perfusion routes.

Methods Rat livers were decellularized in a pressure-controlled perfusion manner and repopulated with intact isolated islets
of Langerhans via either the portal vein or the bile duct.

Results Repopulation via the portal vein showed islet clusters stuck within the vascular system demonstrated by ellipsoid
borders of thick reticular tissue around the islet cluster in Azan staining. After recellularization via the bile duct, islets were
distributed close to the vessels within the parenchymal space and without a surrounding reticular layer. Large clusters of
islets had a diameter of up to 1000 pm without clear shapes.

Conclusion We demonstrated the bile duct to be superior to the portal vein for repopulation of a decellularized rat liver
with islets of Langerhans. This technique may serve as a bioengineering platform to generate an implantable and functional
endocrine neo-pancreas and provide scaffolds with the anatomic benefit of three afferent systems to facilitate co-population
of cells.

Keywords Tissue engineering - Islets of Langerhans - Neo-organ - Extracellular matrix - Decellularization -
Recellularization

1 Introduction

Diabetes mellitus type 1 had a prevalence of 1.93 per 1000 in
the US 2009 and requires life-long treatment [1]. Exogenous
Benjamin Struecker and Eva M. Dobrindt have contributed equally insulin replacement helps to regulate blood glucose levels in
to the presented work. order to prevent vascular, renal and neurological complica-
tions. However, sufficient metabolic regulation cannot be
reached in some patients, and pancreas or islet transplanta-
tion may be indicated for further therapy [1-3].
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thrombosis and the instant blood-mediated inflammatory
reaction due to the intraportal access and the unphysiologi-
cal site of engraftment [6-9].

Modern tissue engineering techniques like the repopula-
tion of decellularized organs and bio-fabrication of so-called
neo-organs might provide a new perspective, while avoiding
the above-mentioned issues [3, 10]. The decellularization
process almost completely removes the antigenic material
from the tissue, leaving the most likely non-immunogenic
extracellular matrix (ECM) of the organ [3]. The ECM may
serve as a biochemically and geometrically perfect scaffold,
retaining basic components, such as proteins, growth fac-
tors. The complex branching architecture and basal lamina
of the former vascular system is also preserved after decel-
lularization [11, 12]. This decellularized organ matrix can be
recellularized with any kind of cell population [12—14]. This
technique enables the engineering of a solely endocrine neo-
pancreas without exocrine cells, which cause post-transplant
pancreatitis [3].

Former investigations of our group established the recel-
lularization of a decellularized rat pancreas with islets of
Langerhans [3]. However, islets are large cell clusters. The
application via the portal vein led to insufficient distribution
as the islet clusters mostly colonized the vascular lumen [3,
15]. to the islets did not cross the intact basal membrane ot
the vascular protein network into the decellularized paren-
chymal space [3, 16]. In contrast, former studies described
the recellularization of decellularized liver matrix with
islets of Langerhans or islets-like clusters via the portal
vein [15, 17]. The micro-structure of the liver provides the
great advantage of three afferent systems: the portal vein,
the arterial system as well as the biliary tract, which is not
surrounded by a endothelial and basal membrane boundary
at the terminal branches and might, thus serve as an alterna-
tive access to inner parenchymal space. In addition, the 3D
matrix and texture of the decellularized rat pancreas was soft
and fragile [3]. Therefore, a decellularized rat liver might
serve as an alternative scaffold, as its decellularization pro-
cess is well-described [16-31] anda first proof-of-concept
for engrafting islets of Langerhans in a decellularized rat
liver via the bile duct has been shown in our group [32].

To our knowledge there is no existing data about the com-
parison of the different afferent application ways of the liver.
The objective of this investigation was to compare the two
different cell application routes, the portal vein and the bile
duct, to recellularize a previously decellularized rat liver
with isolated islets of Langerhans in terms of cell distribu-
tion and feasibility (Fig. 1).

Secondly, in order to preserve as much of the ECM as
possible, we tried to optimize our established decellulariza-
tion protocol by controlling the perfusion pressure during
decellularization. Our group was able to establish a protocol
for rat liver decellularization via the hepatic artery under
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Fig. 1 Schematic display of the experimental setup for the recellulari-
zation process. Recellularization was performed via bile duct (left) or
portal vein (right). The infusion was performed by a syringe either
controlled by an infusion pump or manually

oscillating pressure conditions [22, 23]. As vascular resist-
ance changes during the decellularization process, the flow
rate increases until the end of the decellularization causing
damage to the basal membrane [33-35]. This damage can
be reduced by low or graduated flow rates in a pressure-
controlled approach [33, 36].

2 Materials and Methods

Twelve male and female rats (Lewis rats expressing green
fluorescent protein and female Wistar rats) weighing
between 300 and 450 g were used for the decellulariza-
tion evaluation experiments. Six decellularization experi-
ments were accomplished by using a pressure-controlled
setup, three according to the protocol of Struecker et al.,
and three untreated rats served as a control [22, 23]. Twelve
male Wistar rats (ENVIGO) served as liver graft donors for
the repopulation experiments. Three animals were assigned
to each of four groups: (I) Islet infusion through the portal
vein (PV) using an infusion pump; (II) islet infusion via
the bile duct (BD) using an infusion pump; (III) manual
islet infusion via the PV using a syringe; (IV) manual islet
infusion via the BD using a syringe (Fig. 1). Preliminary
experiments had shown that arterial reperfusion was not
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feasible due to the hepatic artery’s small lumen. Since islets
of Langerhans are not single cells but cell clusters with a
tendency to form even larger clots, the artery clogged irre-
versibly and almost immediately. The islets for the described
experiments were isolated from the pancreases of 72 female
Wistar ex-breeders.

2.1 Surgical Procedure of Rat Liver Explantation

For rat liver explantation we modified the protocol pub-
lished by Struecker et al. [22, 23]: Rats were anaesthetized
by inhalation of isoflurane (5% for narcosis induction and
2% for maintenance) and a subcutanaeous injection of keta-
mine (10 mg/kg), medetomidine hydrochloride (0.1 mg/kg)
and metamizol (100 mg/kg). The celiac trunk was prepared
to the aortic origin and the superior pancreaticoduodenal,
lienopancreatic and gastricolienal arteries as well as the
prepyloric vein were ligated and transected. For better access
to the right suprarenal vessels, the renal vein and artery were
ligated, transected, and the right kidney removed. The BD
was incised, and cannulated. 1 ml of saline with 500 I.U. of
heparin was infused into the infrahepatic vena cava inferior
and the animal finalized by dissection of the right atrium.
The PV was incised at the level of the lower mesenteric vein
and cannulated using an 18 G infusion catheter. The coe-
liac trunk was excised with an aortic patch to cannulate the
hepatic artery with a plastic tube prefilled with Ringer solu-
tion (Polythan Tubing, 0.58 mm i.d.; 0.96 mm i.d.; Smith
Portex Ltd., Kent, UK) and connected to an 18 G infusion
catheter. The infrahepatic vena cava inferior was cannulated
using a 12 G catheter. The liver was perfused via the portal
vein with 20 ml Ringer solution for complete exsanguina-
tion. After ligation and dissection of the vena cava between
liver and diaphragm, the liver was removed and stored in
100 ml Ringer solution and frozen at — 80 °C until further
use.

2.2 Perfusion Decellularization

Before starting each experiment, the liver was left at+4 °C
to thaw for 24 h. If the liver was designated for recellu-
larization, the median and the left lateral lobe were ligated
in order to reduce the volume of the matrix (recellulariz-
ing just the caudal and right lateral lobe). The cannulated
liver's artery was connected to a pressure-controlled perfu-
sion system, which was set to 100 mmHg, and placed into
a closed bioreactor with oscillating pressure conditions
as published before [31]. After an initial perfusion with
phosphate buffered saline (PBS; Biochrom, Berlin, Ger-
many) for 45 min the liver was perfused with 1% sodium
dodecyl sulfate (SDS; Carl Roth, Karlsruhe, Germany) for
12 h. This was followed by 45 min of perfusion with 1%
Triton X (Carl Roth, Karlsruhe, Germany) and finally 12 h

of flow-controlled perfusion with PBS supplemented with
Penicillin—Streptomycin (Biochrom, Berlin, Germany) at
0.7 ml/min. The decellularized livers were either prepared
for further analysis or used as grafts for repopulation experi-
ments immediately.

Livers that were exclusively used for comparative decel-
lularization were thawed at+4 °C for 24 h and placed into
a closed bioreactor with oscillating pressure conditions fol-
lowing the protocol of Struecker et al. [23]. The arterial can-
nula was connected to a flow-controlled perfusion system
set to 5 ml/min. The livers were perfused with 1% Triton
X for 90 min and subsequently with 1% SDS solution for
another 90 min. After the decellularization process, the liv-
ers were washed for 12 h with PBS supplemented with Peni-
cillin-Streptomycin (Biochrom, Berlin, Germany) at 0.7 ml/
min. Following this samples were immediately prepared for
further analysis.

2.3 Islet Isolation

Islet isolation was performed according to the protocol by
Schubert et al. [37]. The animals were sacrificed by exsan-
guination and a+4 °C enzyme solution containing Col-
lagenase from Clostridium histolyticum (Sigma-Aldrich
Darmstadt, Germany) and DNase I (F. Hoffmann-La Roche,
Basel, Switzerland) was infused through the common
bile duct into the pancreatic tissue. The pancreases were
removed and stored on ice under sterile conditions until fur-
ther preparation. Afterwards the pancreases were digested
at 37 °C for 15 min. The cell suspension was washed, and
islet purification was performed using a discontinuous Ficoll
gradient (Sigma-Aldrich/Merck, Darmstadt, Germany).
The obtained islets were cultured in RPMI 1640 medium
(Gibco® Thermo Fisher Scientific, Darmstadt, Germany)
with a Glucose concentration of 5.5 mM and supplemented
with 10% FCS (Biochrom, Berlin, Germany). The number
of islets was determined using dithizone staining (Sigma-
Aldrich/Merck, Darmstadt, Germany) and then immediately
used for recellularization experiments.

2.4 Recellularization

Depending on the route of cell infusion, which was either
the PV or the BD, all the other outflows were ligated. The
organ matrix was gently expanded by infusing 5-15 ml of
PBS (Biochrom, Berlin, Germany) using a 20 ml syringe.
10,000-20,000 islets in 10 ml of medium were infused per
organ either manually in about 30 s or using an infusion
pump with a perfusion rate of 99 ml/min. Another 3 ml of
PBS (Biochrom, Berlin, Germany) were infused in order to
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clear the infusion cannula. The livers were left for 15 min to
deflate and then prepared for histological analysis.

2.5 Main Measures

Decellularized livers were stained using Hematoxylin
(AppliChem, Darmstadt, Germany) Eosin (Morphisto,
Frankfurt am Main, Germany), Sirius Red (Sigma-Aldrich,
Hamburg, Germany) and Alcian Blue (Morphisto, Frank-
furt am Main, Germany). For immunohistochemical stain-
ings primary antibodies against collagen IV (Abcam, Cam-
bridge, United Kingdom, Cat: ab6586), laminin (Abcam,
Cambridge, United Kingdom, Cat: ab11575) and fibronectin
(Abcam, Cambridge, United Kingdom, Cat: ab23751) were
used.

The recellularized liver matrices were stained by Azan
(Morphisto, Frankfurt am Main, Germany), Hematoxylin
(AppliChem, Darmstadt, Germany) and Eosin (Morphisto,
Frankfurt am Main, Germany).

DNA content was measured using DNeasy Blood and
Tissue Kit (Quiagen, Hilden, Germany) according to the
manufacturer’s instructions. Photometric measurement was
performed using a NanoDrop™ 2000c spectrophotometer
(Thermo Fisher Scientific, Waltham, Massachusetts, USA).
Soluble gylcosaminoclycan (sSGAG) and SDS contents were
measured using dimethylene blue staining and quantification
in a NanoDrop™ 2000c spectrophotometer (Thermo Fisher
Scientific, Waltham, Massachusetts, USA) according to the
method described by Farndale et al. and Hayashi et al. [38,
39].

Statistical analysis was performed by IBM SPSS Statistic
Software (Version 22, Armonk, New York, USA). Signifi-
cances were calculated by Kruskal-Wallis-test and One-
Way-Anova. Significance level was p <0.05. Histological
images were taken by using ZEN microscope 2.3 pro (Carl
Zeiss Microscopy Deutschland GmbH, Oberkochen, Ger-
many). Images were created by Adobe Illustrator (Version
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22.0 for macOS, Adobe, San José, CA, USA) and graphs by
GraphPad Prism 7 Software (Statcon; La Jolla, CA, USA).

3 Results

3.1 Biochemical Evaluation of the Decellularization
Process

At the end of the decellularization procedure, both groups
showed a decline in DNA content compared to the control
group [flow-controlled: 2.5 pg/mg (0.7-4.2); pressure-
controlled: 4.0 pg/mg (0.6-57.7); control: 124.0 ng/mg
(107.8-188.5), Fig. 2]. There was no statistically signifi-
cant difference between the two groups (p=0.277). The
sGAG content in both groups was higher than in the con-
trol group [flow-controlled: 17.3 pg/mg (11.2-25.2); pres-
sure-controlled: 13.4 pg/mg (6.3-34.4); control: 3.3 pug/mg
(2.9-4.8), Fig. 2], again no significant difference between
the two decellularized groups could be found (p > 0.999).
The total SDS content showed no statistically significant
difference between the two groups [flow-controlled: 0.4 pg/
mg (0.2-1.1); pressure-controlled: 0.2 pg/mg (0.0-0.9);
p>0.999, Fig. 2].

3.2 Histological Evaluation of the Decellularization
Process

Hematoxylin and eosin staining revealed that in both groups
the decellularization process left the liver matrix free of
any residual cells while the ECM network appeared intact
(Fig. 3A1-3). In both groups Sirius Red staining showed
no residual parenchymal cells, which would have appeared
yellow, as only red stained collagenous fibers were seen
(Fig. 3B1-3). Alcian blue staining showed the presence
of Glycosaminoglycans (blue) and absence of nuclei or
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Fig.2 Content of DNA, sGAG and SDS in pg/mg after decellulari-
zation process for the three groups: native control, flow controlled
decellularization and pressure controlled decellularization. There was
a significantly different distribution between all three groups but not
between flow controlled decellularization and pressure controlled
decellularization for DNA (n=6). There was a significantly different

@ Springer

T
flow controlled
decell

T
pressure controlled flow controlled pressure controlled
decell decell decell

distribution between all three groups for sGAG but not between flow
controlled decellularization and pressure controlled decellularization
(n=6). There was a significantly different distribution between SDS
content of all three groups but not between flow controlled decellu-
larization and pressure controlled decellularization (n=6)
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Group 1 Group 2 Group 3
Flow controlled Pressure controlled Native control
decellularization decellularization

Fig.3 Histopathological stainings: A—Hematoxylin and eosin, B—Sirius Red, C—Alcian Blue, D—Collagen IV, E—Fibronectin, F—Laminin. Group

1—flow controlled decellularization (1), group 2—pressure controlled decellularization (2), native control (3). N=6. (Color figure online)
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cytoplasm (pink to red) in both groups (Fig. 3C1-3). Col-
lagen IV, Fibronectin and Laminin could also be detected in
both groups (Fig. 3D1-F3).

3.3 Histological Evaluation of the Recellularized
Grafts

In all four groups, hematoxylin and eosin staining showed
islets or islet clusters in the center and periphery of the
repopulated liver lobes. In groups I and III (recellulari-
zation via portal vein), cells predominantly appeared in
well-defined shapes with clear borderlines between cells
and matrix (Fig. 4). These shapes were either elliptic or
dendritic, thus reproducing the lumen of the portal vein’s
branches. No difference could be found between the meth-
ods of using a pump syringe and infusing the islets manu-
ally (Fig. 4). In groups II and IV (recellularization via
bile duct), the hematoxylin and eosin stains did not show
islets occurring in such well-defined shapes. Islets were
scattered across the decellularized tissue, neighboring

vascular branches. Large clusters of islets did occur, how-
ever, none of them had such clear borderlines as mentioned
above. Since they did not appear to be enclosed by a basal
membrane, some singular clusters reached sizes around
1000 um. No difference could be shown between groups
IT and IV.

Azan staining showed islets in red and collagenous and
reticular tissue in blue. The cell clusters in groups I and
IIT were bordered by a thick layer of reticular tissue, which
leads to the conclusion that the islets were largely caught
within the venous system. Cell clusters in groups II and IV
were not surrounded by such a layer. Smaller clusters pre-
dominantly appeared right next to such structures (Fig. 5).

4 Discussion

Donor shortage and postoperative complications after whole
organ transplantation provoked the field of pancreatic tis-
sue engineering. Engineering an artificial organ requires an
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Fig. 4 Hematoxylin and eosin staining: I Islet infusion through the portal vein using an infusion pump; II Islet infusion via the bile duct using an
infusion pump; III Manual Islet infusion via using a syringe; IV Manual islet infusion via using a syringe. n=6
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Fig.5 Azan staining: I Islet infusion through the portal vein using an infusion pump; II Islet infusion via the bile duct using an infusion pump;
IIT Manual Islet infusion via using a syringe; IV Manual islet infusion via using a syringe. n=6

adequate cell source and a suitable matrix architecture to
ensure survival of the cells, maturation of the organ and
successful implantation. Many studies investigated synthetic
scaffolds, especially, for islet transplantation to improve vas-
cularization and oxygen supply [40]. However, polymers
can cause unphysiological cell-biomaterial interactions and
remain a critical approach [40]. In comparison, a decellular-
ized organ matrix provides a more physiological environ-
ment and an immunogenically reduced, natural scaffold [23].

One part of this study was to advance our established pro-
tocol and preserve as much of the ECM as possible by con-
trolling the perfusion pressure during decellularization. The
previous described oscillating pressure is associated with an
increasing flow rate until the end of the procedure injuring
the basal membrane [33-35]. Low or graduated flow rates in
a pressure-controlled approach might reduce this injury [33,
36]. Therefore, we attempted to optimize our established
protocol by applying a constant pressure of 100 mmHg dur-
ing the perfusion process. Histopathological and biochemi-
cal evaluation showed comparable results of the previous

and the pressure-controlled method with satisfying results
concerning the decellularization of the matrix and no signifi-
cant biochemical differences between both groups. We were
unable to determine histopathological differences concern-
ing the basal membrane by regarding laminin, fibronectin
and collagen. However, damage to the basal membrane is
hard to identify. As the decellularization was comparable in
our studies, and the benefit of pressure-controlled perfusion
has already been confirmed by others, we decided to use the
pressure-controlled method for our recellularization experi-
ments [36, 41].

The main objective of this investigation was to examine
two different application routes of a decellularized rat liver
for recellularization with islets of Langerhans: the portal
vein and the bile duct. Former studies describe the usage of
both afferent ways but without an existing scientific founda-
tion [16, 17, 32]. Nevertheless, former investigations already
showed an insufficient distribution of islets after recellulari-
zation via the portal vein, as the islets clustered within the
vascular lumen [3, 36]. We could confirm these findings and
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underline, that islets were unable to cross the basal mem-
brane of the vessels. In contrast, the terminal branches of the
bile duct are not surrounded by a boundary and recellulariza-
tion via the bile duct showed a sufficient distribution. Islets
settled next to the arterial and portal system according to
the architectonic structure of the hepatic anatomy but stayed
within the decellularized parenchymal space. In addition,
the close neighborhood to the vascular system might be an
advantage of the bile duct as an application way to perform
re-endothelization. In the end, the re-colonization of the neo-
organ with endothelial cells or other co-populations will be
crucial for a successful in vivo implantation without throm-
bosis [28, 30, 33, 34, 36, 40-45].

However, the entire decellularized matrices could not be
repopulated as the number of islets in relation to the size of
the matrix was too low. To provide an adequate number of
islets, numerous animals would have to be sacrificed. This
discrepancy might be a problem of the small animal model
and will maybe be solved in large animal models or even
human transplantation. If the homogenous recellularization
of a decellularized liver matrix can be maintained techni-
cally, the cell source in case of for example xeno- or even
human auto-transplantation might enable a larger number of
islets per each single isolation.

5 Conclusion

We demonstrated the benefit of the bile duct instead of the
portal vein as a repopulation route for a decellularized rat
liver. The parenchymal space of a decellularized liver can
be engrafted with islets via the bile duct, despite their great
size. Secondly, the attempt to optimize our established pro-
tocol of Streucker et al. by applying a constant pressure of
100 mmHg during the perfusion process did show satisfy-
ing results concerning the decellularization of the rat liver.
There were comparable results without significant differ-
ences between the previous and the pressure-controlled
protocol.

The next steps towards a neo-pancreas will be the further
evaluation of survival and function of the islets in vitro as
well as gaining sufficient re-endothelialization in order to
initiate in vivo—i.e. implantation—experiments.
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