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Abstract

Omentum-based matrices fabricated by decellularization have the potential to serve as
autologous scaffolds for tissue engineering. Transplantation of such scaffolds prepared from the
patient’s own biomaterial may reduce the immunogenic response after transplantation. Recently
we reported on the potential of the decellularized omentum to support the assembly of functional
vascularized cardiac patches. Here we compared five distinct protocols for omentum
decellularization, utilizing chemical, physical and biological processes. We analyzed the
efficiency of cell removal, scaffold macro and micro structure, biochemical composition and the
ability of seeded cells to attach and proliferate in the matrix. Moreover, we assessed the ability of

the distinct scaffolds to promote the organization of cardiac tissue.

Keywords: cardiac tissue engineering, decellularization, omentum, scaffolds

(Some figures may appear in colour only in the online journal)

Introduction

Organ transplantation holds the only hope of survival for
many individuals and promises the only possibility of a good
quality of life for many others [1]. Unfortunately the number
of organs available for transplantation is far exceeded by the
number of patients in the waiting list [2, 3]. Cellular therapies
rely on the basis of the concept that when isolated cells are
injected to the defected organ they can restore, maintain or
improve tissue function [4]. However, several drawbacks may
jeopardize the success of this approach, namely the lack of
control at the cell accumulation site and cell death by apop-
tosis due to lack of cell—cell or cell-matrix interactions [5-7].

In vivo, cells are supported by the extracellular matrix
(ECM), a self-assembled three-dimensional (3D) network of
biomolecules, which provides the cells with a wealth of
physical and biochemical signals inducing tissue structure and
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function [8-12]. In tissue engineering, one of the goals is to
synthetically design 3D biomaterials that closely mimic the
ECM and support the cells until they secrete their own matrix
proteins. However, the detailed structure and composition of
the natural matrix, which fosters such cellular organization,
are still not well understood and therefore it is extremely
complicated to precisely summarize the process [13—15].

In recent years, many groups have used decellularized
matrices as scaffolds for engineering functional tissues,
including heart valves, blood vessels, urinary bladders and
heart muscles [16-20]. In this approach tissues and organs are
usually harvested from animals and the cells are removed by
chemical, physical and biological techniques [13]. Thus the
underlying matrix, including most of the essential biomole-
cules such as collagen fibers and glycosaminoglycans
(GAGs), is preserved. After cell seeding, the obtained
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Table 1. Graphic description of the five distinct protocols for omentum decellularization.

Step Protocol#1 Protocol#2 Protocol#3 Protocol#4 Protocol#5
Hypotonic shock 10mM tris + SmM EDTA + 1luM  10mM tris + SmM EDTA + luM  10mM tris + SmM EDTA + luM  10mM tris + SmM EDTA + X
PMSF pH 8.0 — 1h PMSF pH 8.0 — 1h PMSF pH 8.0 — 1h X2 and 1uM PMSF pH 8.0 — 1h X2 and
overnight overnight
Freeze - thaw In hypotonic buffer, -80*C to In hypotonic buffer, -20*C to - X X X
37*C X3 80*C to 37*C
70% ethanol 70% ethanol 70% ethanol 70% ethanol 70% ethanol

Dehydration

Fat extraction

Rehydration

Cell extraction

Nucleic degradation

Continuing cell extraction
and washing

Lyophilization

100% ethanol X3

Acetone X3
40:60 acetone: hexane —
24h

100% ethanol
70% ethanol

Trypsin — overnight at RT

50mM tris + ImM MgCl12 pHS8.0
— 30 min

50mM tris + ImM MgCI12 +
0.1% BSA + 40U/ml benzonase
—20h at 37*C

50mM tris + 1% triton — 1h
50mM tris

PBS X3

Ddw X3

Freezing at -20*C
Lyophilizing

100%ethanol X3

Isopropanol X3
40:60 isopropanol: hexane — 24h

100% ethanol
70% ethanol

Trypsin 1h at 37*C
50mM tris+ 1mM MgCI2+ 1%
Triton pH8.0 — 1h

50mM tris + ImM MgCI2 pHS8.0
—30 min X2

50mM tris + ImM MgCI2 + 0.1%
BSA + 40U/ml benzonase — 20h
at 37*C

50mM tris + 1% triton — 1h
S50mM tris

PBS X3

Ddw X3

Freezing at -20*C
Lyophilizing

100% ethanol X3

Acetone — 24h

100% ethanol
70% ethanol

10mM tris + 5SmM EDTA — 2h
1% SDS in ddw — 24h
2.5mM Sodium deoxycholate in
PBS - 2h X2

skkok
50mM tris + ImM MgCl12 pHS8.0 —
30 min
50mM tris + ImM MgCI2 + 0.1%
BSA + 40U/ml benzonase — 20h
at 37*C

50mM tris + 1% triton — 1h
50mM tris

PBS X3

Ddw X3

Freezing at -20*C
Lyophilizing

100% ethanol X3

Acetone — 24h

100% ethanol
70% ethanol

10mM tris + 5SmM EDTA - 2h
1% SDS in ddw — 24h

2.5mM Sodium deoxycholate in
PBS - 2h X2

50mM tris + ImM MgCI2 pHS8.0
—30 min

50mM tris + ImM MgCI2 +
0.1% BSA + 40U/ml benzonase
—20h at 37*C

50mM tris + 1% triton — 1h
50mM tris

* Second fat extraction step:

. Dehydration

. Acetone X3

. 40:60 acetone:

hexane —
24h

. Rehydration
PBS X3
Ddw X3

Freezing at -20*C
Lyophilizing

100% ethanol X3

Acetone X3
50:50 acetone: hexane
20:80 acetone: hexane — 24h

100% ethanol
70% ethanol

50mM tris + 1% MgCI2 + 1%
triton pH7.4 — 30 min

50mM tris + 1% MgCI2 + 1%
triton pH7.4 + 41.8U/ml
benzonase — 20h

50mM tris + SmM MgCl12 + 1%
triton pH7.4 — 2h X2

IM NaCl + 20mM EDTA+ 0.2%
triton pH 7.0 — 1h

Ddw X4

*** Protocols#3-4: Repeat fat and cell extraction steps
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xenogeneic scaffolds can support the growth of the engi-
neered tissue [21].

Recently, we reported on the fabrication of an omentum
based 3D decellularized matrix for the engineering of cardiac
tissue [22]. The omentum is highly vascularized adipose tis-
sue that extends from the stomach overlying the abdomen
[23]. The regenerative properties of the omentum have long
been demonstrated [24, 25]. Here, we have optimized the
decellularization process of the omentum. We have tested 5
distinct protocols for cell and fat extraction from the tissue
and characterized the obtained scaffolds in terms of efficiency
of cell removal, macro and micro structure and biochemical
content. Moreover, we have investigated the potential of the
obtained scaffolds to maintain cell viability and support tissue
growth.

Materials and methods

All materials were purchased from Sigma (Rehovot, IL)
unless stated otherwise.

Decellularization

Two different omenta of healthy pigs were purchased from
the institute of animal research in Kibutz Lahav, Israel. The
fresh tissues were washed with phosphate buffered saline
(PBS) in order to deplete blood and debris. Each organ was
then cut into five 30-50 g pieces. Each piece from each pig
was treated with a different protocol for decellularization.
Overall, every decellularization protocol was conducted on
two different omenta. After weighing the decellularized tis-
sues, the samples were kept frozen for further analysis. All
steps of incubation and wash were obtained at room tem-
perature on an orbital shaker unless noted otherwise. A
summary of the distinct protocols appears in table 1.
Protocol#1. Fresh omentum was agitated for 1h in a
hypotonic buffer of 10 mM Tris 5 mM Ethylenediaminete-
traacetic acid (EDTA) and 1uM phenylmethanesulfonyl-
fluoride (PMSF) at pH 8.0. Next, the tissue went through
three cycles of freezing (—80 °C) and thawing (37 °C) using
the same buffer. After the last thawing the tissue was dehy-
drated by washing it once with 70% ethanol for 30 min and
three times in 100% ethanol for 30 min each. Then the polar
lipids of the tissue were extracted by three 30 min washes of
100% acetone. Finely the apolar lipids were extracted by 24 h
incubation in a 60/40 (v/v) hexane:acetone solution (with 3
changes). The defatted tissue was rehydrated by one 30 min
wash in 100% ethanol and overnight incubation in 70%
ethanol at 4 °C. Then the tissue was washed four times with
PBS at pH 7.4 and was incubated in 0.25% Trypsin-EDTA
(Biological Industries, Kibbutz Beit-Haemek, Israel) solution
overnight. The tissue was then washed thoroughly with PBS
and then with 50 mM Tris buffer with 1 mM MgCl, at pH 8.0
for 30 min Following this, the tissue was gently agitated in a
nucleic degradation solution of 50 mM Tris, 1 mM MgCl,,
0.1% bovine serum albumin (BSA) and 40 units/mL Benzo-
nase® nuclease (Novagen, Madison, WI) at pH 8.0 for 20 h at

37 °C. Finally the tissue was washed with 50 mM Tris 1%
triton-X100 solution at pH8.0 for 1h. The decellularized
tissue was washed once with 50 mM Tris at pH 8.0, three
times with PBS and three times with double distilled water.
The decellularized tissue was frozen (-20°C) and
lyophilized.

Protocol #2. Fresh omentum was agitated for 1 h in a
hypotonic buffer of 10mM Tris 5SmM EDTA and 1uM
PMSF at pH 8.0. Then the tissue went through one cycle of
freezing (—80 °C) and thawing (37 °C) using the same buffer.
The tissue was dehydrated by washing it once with 70%
ethanol for 30 min and three times in 100% ethanol for 30 min
each. Then the polar lipids of the tissue were extracted by
three 30 min washes of 100% isopropanol. Finely the apolar
lipids were extracted by 24 h incubation in a 60/40 (v/v)
hexane:isopropanol solution (with three changes). The
defatted tissue was rehydrated by one 30 min wash in 100%
ethanol and overnight incubation in 70% ethanol at 4 °C.
Then the tissue was washed four times with PBS at pH 7.4
and incubated in 0.25% Trypsin-EDTA solution for 1 h at
37 °C. The tissue was then washed thoroughly with PBS and
then with 50 mM Tris buffer with 1 mM MgCl, and 1% tri-
ton-X100 at pH 8.0 for 1 h. The tissue was washed twice in a
50 mM Tris-1 mM MgCl, at pH 8.0 for 30 min each. Then the
tissue was gently agitated in a nucleic degradation solution of
50 mM Tris 1 mM MgCl, 0.1% BSA and 40 units/mL Ben-
zonase® nuclease at pH 8.0 for 20h at 37 °C. Finally the
tissue was washed with 50 mM Tris 1% triton-X100 solution
at pH 8.0 for 1 h. The decellularized tissue was washed once
with 50 mM Tris at pH 8.0, three times with PBS and three
times with double distilled water. The decellularized tissue
was frozen (—20 °C) and lyophilized.

Protocol #3. Fresh omentum was agitated for 24 h in a
hypotonic buffer of 10mM Tris 5SmM EDTA and 1uM
PMSF at pH8.0 (with 3 changes). The tissue was dehydrated
by washing it once with 70% ethanol for 30 min and 3 washes
of 100% ethanol for 30 min each. Then the tissue was incu-
bated for 24 h in 100% acetone (with 3 changes) for lipid
extraction. The tissue was rehydrated with one 30 min wash
in 100% ethanol and overnight incubation in 70% ethanol at
4 °C. Then the tissue was washed four times with PBS at
pH 7.4 and then incubated for 2 h in the hypotonic solution.
The tissue was further processed with 1% sodium dodecyl
sulphate (SDS) solution for 24 h (with 2 changes) following
two 2 h incubations in 2.5 mM sodium deoxycholate in PBS.
The tissue was dehydrated again, incubated for 24 h in 100%
acetone and rehydrated. Then the tissue was treated again
with the hypotonic buffer for 2 h followed by 24 h in 1% SDS
and two 2 h incubations in 2.5 mM sodium deoxycholate. The
tissue was then washed thoroughly with PBS and then with
50 mM Tris-1 mM MgCl, at pH 8.0 for 1 h. The tissue was
gently agitated in a nucleic degradation solution of 50 mM
Tris 1 mM MgCl, 0.1% BSA and 40 units/mL Benzonase®
nuclease at pH 8.0 for 20 h at 37 °C. Finally the tissue was
washed twice with 50 mM Tris at pH 8.0 (1 h each), three
times with PBS and three times with double distilled water.
The decellularized tissue was frozen (-20°C) and
lyophilized.
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Protocol #4. Fresh omentum was first treated exactly as
in protocol #3, only with one cycle of fat extraction with
100% acetone. After the nucleic degradation step the tissue
was dehydrated by washing it once with 70% ethanol for
30 min and 3 washes of 100% ethanol for 30 min each. Fol-
lowing, the tissue was washed 3 times in 100% acetone.
Finely the apolar lipids were extracted by 24 h incubation in a
60/40 (v/v) hexane:acetone solution (with 3 changes). The
defatted tissue was rehydrated by one 30 min wash in 100%
ethanol and 30 min wash in 70% ethanol at 4 °C. The pro-
cessed tissue was then washed three times with PBS and three
times with double distilled water. The decellularized tissue
was frozen (—20 °C) and lyophilized.

Protocol #5. Fresh omentum was dehydrated by washing
it once with 70% ethanol for 30 min and three washes of
100% ethanol for 30 min each. Then the tissue was washed
three times with 100% acetone for 1 h and once with 50/50 (v/
v) acetone:hexane solution. The tissue was incubated for 24 h
in 20/80 (v/v) acetone:hexane solution (with three changes)
for lipid extraction. The tissue was rehydrated by one 30 min
wash in 100% ethanol and overnight incubation in 70%
ethanol at 4 °C. The defatted tissue was washed with 50 mM
Tris buffer with 1 mM MgCl, and 1% triton-X100 at pH 7.4
for 30 min and then was incubated for 20 h in a fresh solution
that contains 40 units/mL Benzonase® nuclease. Next the
tissue was washed twice with 50 mM Tris 5 mM MgCl, and
1% Triton-X100 at pH 7.4 for 2 h, and then for 1h in 1M
NaCl 20 mM EDTA and 0.2% Triton-X100 at pH7.0. Finally
the tissue was washed with double distilled water and was
stored in 70% ethanol at 4 °C.

Assessing lipids remains

Dried samples (20 mg) from the native tissue or from the
decellularized matrices that were processed by each protocol
were digested in 1mL digestion solution containing
1.7mgmL™" papain for 4h at 65°C. The digested samples
were centrifuged at 10000 g for 5 min After centrifugation
the lipids that remained in the digested tissues became visible
as an upper phase.

DNA staining and quantification

For nucleic acid detection, small pieces from the native and
the processed tissues were stained with 5 ugmL™" Hoechst
33258 for 3 min followed by washes with PBS. The samples
were visualized using an inverted fluorescence microscope
(Nikon Eclipse TI).

DNA was extracted from three random dry samples
(25-30mg) of the native and decellularized tissues using
DNeasy Blood & Tissue Kit (Qiagen, Hilden, Germany)
according to the manual guide. The obtained DNA was
quantified by measurements of the O.D at 260 nm wavelength
using a spectrophotometer (Nanodrop 1000, Thermo
Scientific).

Sulfated glycosaminoglycan quantification

The sulfated glycosaminoglycans (GAGs) in the native and
processed tissues were quantified using the Blyscan sulfated
GAG assay kit (Biocolor Ltd, Carrickfergus, UK) according
to the manufacturer instructions. Briefly, the tissues were
digested with papain. The digested solutions were centrifuged
and the supernatants were examined with dimethylmethylene
blue. Overall, four samples were used for each assay.

Histology

Samples from the native and the processed tissues (of the
same animal) were fixed in formalin and embedded in par-
affin. Sections of 5 ym were obtained and affixed to X-tra®
adhesive glass slides (Leica Biosystems, Wetzler, Germany).
The slides were stained with hematoxylin and eosin (H&E;
Merck, Geneva, Switzerland) in order to confirm decellular-
ization, and with Alcian-blue and Fast-red (Merck) for GAG
imaging.

Scanning electron microscopy

For scanning electron microscopy (SEM) imaging, punches
from each scaffold that contained both translucid and fatted
areas were selected. Processed tissues from the same animal
were fixed with 2.5% glutaraldehyde in 0.2M phosphate
buffer at pH 7.4 for 2h. Then the tissues were dehydrated
using a graded series of ethanol-water solutions (50%—-100%).
Finally the samples were critical point dried and sputter
coated with gold and then observed under SEM (Jeol
JSM840A). The properties of the fibers and pores from 5
different photos that contained both areas of each scaffold
were measured with ImageJ program (NIH).

Fibroblasts viability assessment

In order to assess the biocompatibility of the processed tis-
sues, scaffolds (8 mm in diameter) were obtained from each
protocol for incubation with NIH-3T3 mouse fibroblasts that
were manipulated to express the enhanced green fluorescent
protein (EGFP). First, the scaffolds were sterilized by UV
light for 2 h. Next, cells (105 ) were seeded on each scaffold in
triplicates for each time point. Three hours after seeding, the
scaffolds were washed once and then incubated in Dulbecco’s
modified Eagle’s medium (DMEM; Biological Industries)
supplemented with 10% (v/v) fetal bovine serum and 1% (v/
v) solution of 10000 units ml™" penicillin and 10 mg ml™
streptomycin (Biological industries) at 37 °C. The scaffolds
were observed on days 2 and 8 using an inverted fluorescence
microscope (Nikon Eclipse TI). The viability of the cells was
measured using an XTT cell proliferation assay kit (Biolo-
gical industries) according to the manufacturer’s instructions.
Briefly, the cells containing scaffolds were incubated with the
XTT reagent for 20h at 37 °C. The optical density of the
medium was measured at 450 nm and 630 nm. All the scaf-
folds were the products of the same omentum.
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Cardiomyocytes culture

The procedure for cell isolation employed in this study was
approved by the Animal Care and Use Committee of Tel Aviv
University, Israel,research authority L-11-053. Neonatal
ventricle myocytes (taken from 1- to 3-day-old Sprague-
Dawley rats) were isolated using 6—7 cycles of enzyme
digestion, as previously described in [26]. Briefly, left ven-
tricles were harvested and minced, and cells were isolated
using enzymatic digestion with collagenase type II
950 mL 7% Worthington, Lakewood, NJ) and pancreatin
(0.6 mg mL™") in DMEM. After each round of digestion cells
were centrifuged (600 g, 4 °C, 5 min) and re-suspended in the
culture medium composed of M-199 supplemented with
0.6mM CuSO,-5H,0, 0.5mM ZnSO,-7H,0, 1.5mM
vitamin B12, 500 UmL™" penicillin (Biological Industries)
and 100mgml™" streptomycin (Biological Industries), and
0.5% (v/v) FBS. To enrich the cardiomyocytes population,
cells were suspended in the culture medium with 5% FBS and
pre-plated twice for 30 mins. Cell number and viability was
determined by a hemocytometer and trypan blue exclusion
assay. Cardiac cells (5 - 105) were seeded onto 5 mm diameter
scaffolds by adding 10 ul of the suspended cells, followed by
a 40 min incubation period (37 °C, 5% CO,). Following this,
cell constructs were supplemented with the culture medium
(with 5% FBS) for further incubation.

Immunostaining

Immunostaining was performed as previously described [26].
Cardiac cell constructs were fixed and permeabilized in 100%
cold methanol for 10 min, washed three times in a DMEM-
based buffer and then blocked for 1 h at room temperature in
DMEM-based buffer containing 2% FBS, after which the
samples were washed three times with PBS. The samples
were then incubated with primary antibodies to detect o-sar-
comeric actinin (1:750, Sigma), washed three times and
incubated for 1 h with Alexa Fluor 647 conjugated goat anti-
mouse antibody (1:500; Jackson, West Grove, PA, USA). For
nuclei detection, the cells were incubated for 3 min with
5ugml™" Hoechst 33258 and washed three times. Samples
were visualized using an inverted fluorescence microscope
(Nikon Eclipse TI). All the scaffolds were the products of the
same omentum.

Statistical analysis

Statistical analysis data are presented as average + standard
error. Differences between the groups were assessed with a
one way ANOVA followed by Tukey post hoc test. All
analyses were performed using a GraphPad Prism version
5.00 for Windows (GraphPad Software). P<0.05 was con-
sidered significant. NS denotes P>0.05, * denotes P<0.05,
** denotes P<0.01, *** denotes p<0.001.

Results and discussion

In order to obtain decellularized scaffolds which are suitable
for engineering functional tissues, two main conditions must
be kept. First, it is crucial that cells and DNA fragments are
removed from the matrix to prevent both toxicity in vitro and
any immune response after transplantation. The second goal
is preservation of the essential biomolecules of the ECM,
including collagen fibers, GAGs and adhesion proteins.

The omentum is a highly vascularized, double sheet of
peritoneum that extends from the greater curvature of the
stomach overlying most abdominal organs [23, 27]. It has a
unique cellular and extracellular composition, containing
adipocytes that are embedded in a well vascularized con-
nective tissue and a translucent region that includes meso-
thelial cells and collagen [28].

After processing the tissue with five protocols, we sought
to evaluate the effect of the different protocols on cell removal
and ECM preservation (see table 1 and materials and
methods).

Rationale

The five protocols were developed using previously described
decellularization  and  tissue  processing  methods
[17, 21, 29-33]. The first protocol was developed in order to
maximize elimination of cellular components without con-
sidering the preservation of the ECM and therefore was the
most aggressive. The protocol combined mechanical, physi-
cal, chemical and biological approaches for decellularization.
Protocol 2 was designed to reduce the damages to the ECM
obtained by protocol 1. It constituted the same steps of pro-
tocol 1, however several of the steps were less aggressive. For
example, the trypsin digestion step was shorter and the fat
extraction step was conducted with isopropanol which is less
reactive than the acetone used in protocol 1. Protocols 3 and 4
were based mostly on detergent and osmotic pressure for
decellularization in order to further reduce the damages to the
ECM, and differ from each other by the fat extraction step.
For the fat extraction step in protocol 4 we have added the use
of the apolar solvent hexane in order to also dissolve the
apolar lipids in the tissue, whereas on protocol 3 we have
used only the polar solvent acetone. Finally, in protocol 5 the
decellularization started with fat extraction that was followed
by nucleic acids degradation and a short exposure to a
hypertonic environment and ionic detergent that are meant to
disrupt cellular membranes.

Macroscopic structure

The effect of the different protocols was immediately detected
in a macroscopic view (figure 1). Protocol 1, which involved
3 cycles of freezing and thawing and a long protease diges-
tion, led to the disruption of the omental macrostructure
(figure 1(A)). Protocol 2 involved only one cycle of freezing
and thawing and 1h of protease digestion. As shown, this
protocol resulted in a less disrupted macrostructure. Protocol
3 involved a longer hypotonic treatment and use of the
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Figure 1. Decellularized matrices. A: Macroscopic images of the native omentum and the decellularized matrices obtained by the different
protocols. B: A centrifuged digestion solution of 20 mg of each scaffold and the native tissue. The lipids that remained in the scaffolds are
visible as an upper phase. C: Mass loss after decellularization. (I) Percentages of the wet remaining masses of the tissues during and after the
decellularization processes. (II) Percentages of the remaining dry mass after decellularization. (III) The relation between the wet mass and the
dry mass of the native and decellularized tissues at the end of the process, as an indication of the water absorbance property of the scaffolds.

anionic surfactant SDS which lyses cells. As shown in
figure 1(A) the natural structure was conserved and the blood
vessel infrastracture could be easily detected. However, fatty
tissue could still be observed around the blood vessels. To
efficiently remove the fat from the tissues we added hexane,
an apolar solvent (protocol 4). As shown, the addition of this
step resulted in better removal of the fatty tissue. The cell
extraction steps in protocol 5 mainly relied on the use of the
nonionic detergent triton X-100 and a short exposure to a
hypertonic environment which causes cell lysis due to water
flow out. The obtained structure resembled the structure of the
native tissue. However, the yellow color of the tissue sug-
gested the existence of cell components at the end of the
process.

Lipid extraction

Another indication for the efficiency of fat extraction was the
visual detection of lipids that are extracted from the tissues
after enzymatic digestion (figure 1(B)). As shown in
figure 1(B) a lipid phase was not detected in the tissues that

were processed by protocols 1, 4 and 5. The omentum con-
tains many adipocytes that are loaded with apolar lipids, such
as triglycerides. Therefore, as expected, high lipid content
was detected in the tissue that was processed by the polar
solvent alone (protocol 3). Since the tissue was only treated
with acetone for fat extraction the apolar lipids were not
dissolved. Although a previously published paper has repor-
ted complete fat removal from the omentum by a polar sol-
vent alone [34], our samples required the addition of an apolar
solvent for fat elimination. Furthermore we have found a
relatively high lipid content after treating the tissue with
protocol 2, indicating that the combination of acetone and
hexane (protocols 1, 4, 5) is more efficient than the use of
isopropanol and hexane (protocol 2). That observation may be
attributed to the fact that the ketone group in acetone is more
reactive than the hydroxyl in isopropanol.

Mass reduction

We next sought to evaluate the efficiency of the decellular-
ization process by tissue mass reduction. As shown in
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figure 1(C)-I all decellularization protocols yielded a sig-
nificant reduction in tissue mass, which occurred after the fat
depletion step. Protocols 1, 2, and 5 combined the use of a
polar solvent (i.e. acetone or isopropanol) with the apolar
solvent hexane. The percentages of the remaining wet masses
after the fat depletion step for those protocols were 37.4 +2.6,
35.8+2.5 and 36.0+£0.32 of the initial mass, respectively.
The first fat extraction step in protocol 3 and 4 was conducted
with acetone only, therefore the apolar lipids did not dissolve
and the remaining mass percentages were 58.9+7.7 and
55.3£8.7 respectively. The second fat extraction process in
protocol 4 involved hexane and therefore resulted in an effi-
cient extraction of the remaining lipids and a further 36.8%
wet mass reduction from the initial mass. However, in pro-
tocol 3, the last decellularization steps (detergent treatments
and nucleic digestion by nuclease) yielded only a 12.7%
reduction in wet mass. In protocols 1, 2 and 4 the steps fol-
lowing the fat extraction yielded further significant mass
reduction, indicating that more components were removed
from the tissues. The lack of mass reduction in protocol 5
indicated that the processes that followed the fat extraction
step (triton X-100 processing and a short hypertonic treat-
ment) had minimal contribution to the decellularization
process.

While investigating the dry masses of the processed tis-
sues we have expected to obtain similar percentages of mass
reduction compared with the wet mass loss. However, the dry
mass assessments revealed that all protocols induced higher
mass reduction than the observed wet mass loss. This phe-
nomenon can be attributed to the increase in water absorbance
of the processed tissues. The remaining wet masses after
treating the tissues with protocols 1-5 were 19.83+1.37,
16.91+£0.73, 46.19+2.29, 18.5+1.5 and 35.15+1.22.
However, as shown in figure 1(C)-II, the remaining dry
masses after treating the tissues with protocols 1-5 were only
2.74% +0.19, 4.75%+0.21, 13.08% +0.649, 5.28% +0.43
and 4.74+0.164 respectively. Interestingly, the results
revealed that protocol 1 resulted in a higher dry mass
reduction than protocols 2 and 4, although the wet mass
reduction of these protocols was similar. That observation
indicated that protocol 1 eliminated more components from
the tissue, while resulting in a more water absorbing matrix.

The ratio between the wet mass and the dry mass of the
scaffold indicated its ability to absorb water. As shown in
figure 1(C)-IIT all protocols resulted in an increase of water
absorbance compared with the native tissue, however a sig-
nificantly higher absorption was found after treating the tis-
sues with protocols 1 and 5. This can be attributed to a
decrease in hydrophobic components such as lipids and an
increase in the concentration of water absorbing ECM com-
ponents, such as GAGs and collagens.

Cell removal

We next turned to evaluate the efficiency of cell and nucleic
acid removal. The decellularized matrices were stained for
nucleic acids by Hoechst 33258 or nuclei and cytoplasm by
H&E (figures 2(A) and 3, respectively). Furthermore, the

residual DNA in the matrices has been quantified
(figure 2(B)). As shown in figure 2(A) a neglectable Hoechst
staining was detected after processing the tissues with pro-
tocols 1, 3 and 4. Treating the tissues with protocols 2 and 5
resulted in no intact nuclei; however, the nucleic acids were
not completely removed, indicating that the nucleases could
not efficiently access the cells. As shown in figure 2(B),
residual DNA quantification has revealed a significant
reduction in DNA by all of the protocols (less than 100 ng
DNA per mg dry tissue). Protocols 1-3 resulted in less than
50ng DNA per mg dry tissue, which is considered as a
completely decellularized scaffold [35]. Protocols 4 and 5
resulted in higher DNA content. Comparing the staining
results of the scaffolds that were obtained by protocols 4 and
5 suggests that the remaining DNA was probably more
degraded in protocol 4 than the DNA that remained with
protocol 5, and therefore it could not be detected under the
microscope.

Accordingly, H&E staining (figure 3) revealed the pre-
sence of cells and nuclei in the matrix processed by protocol
5, further supporting the assumption that the DNA was not
efficiently degraded by that protocol. H&E staining of the
matrices processed by protocols 1-4 revealed no cell debris.

The histological sections have also revealed differences
in the morphologies of the processed tissues. The morphology
of the native adipose tissue resembles a honeycomb structure
due to the large adipocytes loaded with fat. In all of the
processed tissues that underwent a fat extraction with apolar
and polar solvents (i.e., protocols 1, 2, 4 and 5), the absence
of lipids resulted in morphology changes. The fact that the
structure of the matrix obtained by protocol 3 is still similar to
that of the native tissue further supports the claim that a polar
solvent alone is not sufficient for fat removal. Examination of
the morphologies obtained by protocols 1, 2 and 4 revealed
that protocol 1 was indeed more destructive to the ECM then
protocol 2. This observation suggests that shorter trypsin
digestion or less freezing and thawing cycles are less dis-
ruptive to the ECM. In addition, both protocols resulted in
more ECM damage than protocol 4. This suggests that a
treatment that includes freezing and thawing and trypsin
digestion is more disruptive to the ECM than decellularization
with tonicity and mild detergents.

GAG content

GAGs are long unbranched polysaccharides that are major
components of the ECM. GAGs have numerous biological
activities, namely they promote cell adhesion, control and
regulate cell growth, and induce proliferation [36]. The high
negative charge of the sulfated GAGs promotes electrostatic
interactions with many growth factors and cytokines, pro-
viding their preservation and controlled release into the cel-
lular microenvironment [12]. Therefore, the preservation of
GAG content within the matrix may be beneficial for engi-
neering complex tissues [13, 21]. To qualitatively assess
GAG content at the end of the decellularization process,
Alcian blue staining was used. Figure 4(A) revealed that all
the treatments preserved GAGs to some extent, however
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Figure 2. Nuclei elimination. A: Hoechst staining of the native tissue and the decellularized matrices obtained by the different protocols for
the demonstration of the remaining DNA (scale bar=100 ym). B: DNA quantification from 25-30 mg of the native tissue and the

decellularized matrices obtained by the different protocols (n=3).

massive Alciane blue staining was detected after processing
the tissue with protocol 5. That observation suggested that fat
extraction with hexane and acetone followed by nuclease
treatment and mild detergents and hypertonic treatments has
led to less damage to the GAGs than the other cell extracting
steps such as trypsin digestion, continuous agitation in
detergents, or freezing and thawing. However, these processes
resulted in more efficient cell removal. Overall we have
noticed that the GAGs were better preserved by the processes
that did not involve trypsin digestion (i.e. protocols 3-5). We
have noticed that cell removal and lipid extraction steps
condensed the decellularized tissues. Therefore, the processed
tissues exhibited stronger staining as compared to the native
omentum.

We next sought to quantify the remaining sulfated GAGs
(figure 4(B)). Using Blyscan assay we have found that prior
to decellularization the native tissue contained 0.59 ug+0.13
sulfated GAGs per mg dry tissue. As a result of the

decellularization and fat extraction, the ECM content per mg
tissue has increased. Consequently, the content of the sulfated
GAGs in the processed tissues was higher than in the native
tissue. Figure 4(B) revealed the amount of sulfated GAGs per
mg after processing by protocols 1-5. The amount of sulfated
GAGs per mg dry tissue in the matrix obtained by protocol 3
was significantly lower than in the matrix obtained by pro-
tocol 4 due to the high lipid content, which diluted other ECM
components. The sulfated GAG contents in protocols 4 and 5
were significantly higher than in protocols 1 and 2. Overall,
these results may suggest that the combination of detergents
and tonicity is less destructive for GAGs in the ECM as
compared to trypsin digestion and freezing and thawing.

Matrix morphology

The internal morphology of the matrix can dictate the growth
and assembly of the engineered tissue [37]. Therefore, we
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next sought to evaluate the morphology of the matrices
by SEM.

As shown in figure 5, the different decellularization
processes resulted in a distinct matrix morphology. The
matrix obtained by protocol 1 had on average a relatively
small fiber diameter (1.1 ym+0.087) and the mean pore area
of that matrix was significantly the largest
(975.6 ymz +112.5, P<0.05). While protocols 2—4 resulted in
an average fiber diameter at the same range, protocol 5
resulted in  significantly  higher  diameter fibers
(2.464 ym £ 0.104; P <0.0005). Since not all cell components
were efficiently removed by protocol 5, the obtained pores
were smaller (389.6 um”+41.63). Protocols 2 and 3 have
yielded matrices with two regions, similar to the native tissue.
Due to the poor fat removal, the fatty area was covered with
lipids and therefore was not porous; however the translucent
area was more fibrous and therefore had more open space.
Overall the mean pore area of the matrices obtained by pro-
tocols 2 and 3 were relatively small (184.3 ym?+22.14 and
260.3 um” +68.6, P <0.05 respectively). The matrix obtained
by protocol 4 had a pore area of 619.1 yum*+107.2, sig-
nificantly higher than the pore area obtained by protocols 2
and 3. Overall, the average pore size was significantly smaller
than the values obtained with protocol 1.

Recent studies have shown that the fiber diameter and the
pore area of the scaffolds may affect cells attachment, infil-
tration and even differentiation or proliferation [38—41]. All
the decellularized matrices exhibited a fiber diameter of about
1-2 pm, similar to that of collagen fibers that are abundant in
the ECM of the omentum [38, 42, 43]. Therefore we assumed
that all cells that are surrounded by collagen in their natural

niche, such as fibroblasts, cardiomyocytes, mesenchymal
stem cells etc, will benefit from those scaffold fibers. Fur-
thermore some studies have revealed that large pore areas
(larger than 350 um?) are more suitable for cell infiltration and
adhesion [40, 41]. Protocols 1, 4 and 5 have resulted in
scaffolds with large pores and therefore are assumed to be
more appropriate for tissue engineering.

Cell adhesion and viability

Cell-matrix interactions are essential for engineering homo-
genous tissues. We next sought to evaluate the ability of cells
to adhere to the different scaffolds. NIH 3T3 cells were mixed
with a culture medium and seeded on the scaffolds with a
single droplet. Three hours post-seeding (defined as day 0) the
cell constructs were washed carefully and the existence of
viable cells in the scaffolds was assessed using an XTT
metabolic assay. As shown in figure 6, a significantly higher
number of viable cells was detected within the scaffolds
obtained by protocol 1 as compared to scaffolds obtained by
all other protocols. A neglectable number of viable cells was
detected in scaffolds obtained by protocol 5. This may be
attributed to the inefficient decellularization process and the
existence of toxic cellular materials that remained within the
scaffold.

We next evaluated the proliferation of EGFP expressing
fibroblasts in the different scaffolds. Figure 7(A) shows
fluorescence images of fibroblasts in the different scaffolds on
day 2 (upper panel) and day 8 (lower panel). As shown,
higher cell concentrations were observed in the scaffolds
obtained by protocols 1, 2 and 4, as compared to scaffolds
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Figure 4. Glycosaminoglycan (GAG) content. A: Alcian blue and fast red stained sections of the native tissue and the decellularized matrices
obtained by the different protocols. GAGs stained light blue, nuclei stained red and proteins stained pale pink (scale bar =100 ym). B:
Measurement of sulfated GAGs in the decellularized matrices obtained by the different protocols. Results are presented as mean ug sulfated

GAGs per mg dry mass (n=4).

prepared by protocols 3 and 5. To quantify cell growth over
the culture period we used an XTT assay. We noticed a sig-
nificant increase by day 8 in the average O.D at 450 nm in
scaffolds obtained by protocols 1, 2 and 4, while a limited
expansion rate was observed in scaffolds obtained by proto-
cols 3 and 5 (figure 7(B)). Although a similar O.D was
observed at day 8 in protocols 1, 2 and 4, considering the
initial low number of attached cells in protocol 4, the pro-
liferation rate in these scaffolds was higher than that of
scaffolds obtained by protocols 1 and 2. Similarly, the limited
proliferation rate observed in scaffolds obtained by protocol 5
may be attributed to the initial lower cell attachment. There-
fore we concluded that scaffolds obtained by protocol 5 are
not appropriate for tissue engineering. We believe that the
high water absorbance of scaffolds obtained by protocol 1 is
related to the high capacity of cell attachment. We further
state that due to the high adhesion that has been observed,
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these scaffolds may be suitable for culturing cells with a
limited or nonexistent proliferation potential, such as
cardiomyocytes.

Cell organization and tissue assembly

The omentum is highly vascularized and its fibrillar ECM is
rich with collagens, adhesive proteins and GAGs [44]. Fur-
thermore the omentum has regenerative properties [9, 13].
Taken together, these properties have previously led us to
explore the potential of the omental matrix to support cardiac
tissue assembly [22]. We next sought to assess the potential of
the decellularized matrices to serve as scaffolds directing
functional assembly of cardiac tissues. Recently, it was shown
that various topographies within the scaffold may affect car-
diac cell behavior and tissue organization in a distinct manner
[6]. Therefore, we hypothesized that the diverse morphologies
of the scaffolds, including pore area and fiber diameter, may
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Figure 6. Cell attachment to the scaffolds. NIH-3T3 cells (10°) were
seeded on the scaffolds obtained by the different protocols. Cell
attachment to the scaffolds was measured by the O.D of the XTT

assay 3 h after seeding. Results are represented as the mean delta
between the optical densities (O.D) at 450 nm and at 630 nm (n=3).
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result in distinct cell morphologies. In cardiac tissue engi-
neering, an optimal scaffolding material should promote
elongation and alignment of the cultured cells, and direct their
organization into functional cardiac patches generating strong
contraction forces [45]. To assess cardiac cell organization
within the scaffolds, cells were isolated from ventricles of
neonatal rats and seeded on the different matrices as we
previously described [22]. Immunostaining of cardiomyo-
cytes with antibodies against sarcomeric actinin revealed
distinct morphologies within the different scaffolds. While
decellularization protocols 3—5 resulted in rounded cells with
limited actinin striation, cells seeded within scaffolds
obtained by protocols 1 and 2 showed an elongated mor-
phology. Furthermore, massive and organized actinin
expression was observed in these cultures. Analysis for car-
diomyocyte elongation revealed a significantly higher aspect
ratio in cells cultured on matrices obtained by protocol 1 and
2 as compared to matrices obtained by protocols 3-5
(figure 8(B)). A higher aspect ratio may lead to anisotropic
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Figure 8. Cardiomyocytes organization within the scaffolds. A: Bar=10 pym. Fluorescent images of stained cardiomyocytes on the scaffolds
obtained by the different protocols. Nuclei stained blue and actinin stained pink. B: Cardiomyocyte aspect ratio.

contraction of cardiac patches [7, 46, 47]. In contrast to our appearance on both scaffolds, we assumed that the cardio-
initial assumption, the topographies of the scaffolds that were myocyte organization depended on other parameters, such as
processed by protocols 1 and 2 are significantly different water absorbance or biochemical content.

(figure 5). Since cardiomyocytes acquired a natural
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Conclusions

A decellularized matrix of the omentum has the potential to
serve as a scaffold for the engineering of various tissues, as
recently reported [22].

Here, we have optimized the decellularization process
assessing cell removal efficiency, biochemical content and
matrix morphology. We have also evaluated the effect of the
different parameters on seeded cells’ viability and prolifera-
tion, and on the assembly of cardiac tissues. We have shown
that several of the investigated decellularization protocols
were not efficient. For example the use of acetone for fat
removal is not sufficient by itself (protocol 3), and a short
exposure to hypertonic tension and mild detergents for cell
removal is not efficient (protocol 5). We have concluded that
aggressive processing of the omentum, such as trypsin
digestion, freezing and thawing resulted in a complete acel-
lular matrix that is compatible for cell culture and tissue
assembly. Nevertheless, the tissues that were processed by
milder conditions such as detergents and osmotic pressure
resulted in scaffolds that better resemble the native tissue,
indicating that many ECM components were intact. Further-
more, we have deduced that all lipids must be extracted from
the tissue in order to induce cell attachment, maintain cell
viability and promote proper assembly of cells to tissues.

Although the decellularized matrix technology is already
in clinical settings, several studies reported on massive
inflammation, pain and graft rejection after transplantation
[32, 48-50]. A possible advantage of using decellularized
omentum as a scaffold for tissue engineering is the potential
autologous source of the matrix. Contrary to the widely used
xenogeneic matrices, the omentum can be easily and safely
harvested from the same patient and quickly manipulated to
obtain perhaps a more biocompatible scaffold [23, 27]. Such a
matrix, combined with the patient’s own cells, has the
potential to represent a new concept of engineering com-
pletely autologous tissues (figure 9) [22]. This unique
approach may allow, for the first time, to engineer a com-
pletely personalized tissue comprised of the patient’s own
cells and matrix.
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