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Cells in tissues are surrounded by the extracellular matrix (ECM), a gel-like material of proteins and polysac-
charides that are synthesized and secreted by cells. Here we propose that the ECM can be isolated from porcine
adipose tissue and holds great promise as a xenogeneic biomaterial for tissue engineering and regenerative
medicine. Porcine adipose tissue is easily obtained in large quantities from commonly discarded food waste.
Decellularization protocols have been developed for extracting an intact ECM while effectively eliminating
xenogeneic epitopes and minimally disrupting the ECM composition. Porcine adipose tissue was defatted by
homogenization and centrifugation. It was then decellularized via chemical (1.5M sodium chloride and 0.5%
sodium dodecyl sulfate) and enzymatic treatments (DNase and RNase) with temperature control. After decel-
lularization, immunogenic components such as nucleic acids and a-Gal were significantly reduced. However,
abundant ECM components, such as collagen (332.9 £12.1 ung/mg ECM dry weight), sulfated glycosaminoglycan
(GAG, 85£0.7 pg/mg ECM dry weight), and elastin (152.6 £4.5 pg/mg ECM dry weight), were well preserved
in the decellularized material. The biochemical and mechanical features of a decellularized ECM supported the
adhesion and growth of human cells in vitro. Moreover, the decellularized ECM exhibited biocompatibility, long-
term stability, and bioinductivity in vivo. The overall results suggest that the decellularized ECM derived from

porcine adipose tissue could be useful as an alternative biomaterial for xenograft tissue engineering.

Introduction

HE ACUTE SHORTAGE of human tissue and organs for the

use in surgical applications has prompted significant
research of alternatives. The use of animal tissue, particularly
porcine tissue, provides potential for resolving the critical
shortage of human tissue." Although several immune barri-
ers need to be overcome, many researchers have focused on
whole-porcine tissues or tissue derivatives, because their
biochemical profile is similar to that of human organs.z'3 For
successful use in clinical applications, these xenogeneic ma-
terials should be decellularized to remove xenogeneic anti-
gens, such as o-Gal epitopes (Galal-3, Galpl-4, GIcNAc-R),
DNA, and cellular components. These xenogeneic antigens
may contribute to both compatibility problems in vitro and
adverse host responses in vivo.* Typically, decellularization
involves a combination of physical, chemical, and enzymatic
treatments. Optimal decellularization protocols should con-
sider tissue characteristics such as thickness, density, cellu-
larity, and lipid content.” A number of decellularized porcine
matrices have been studied,®'? and some have received the
regulatory approval for use in human patients using tissues

from the dermis (Strattice”, Lifecell Corp.; Zimmer Collagen
Repair Patch™, Zimmer Inc.), small intestine submucosa
(SurgiSIS®, Cook Biotech, Inc.; Restore®, DePuyOrthopae-
dics, Inc.), urinary bladder (MatriStem®, ACell, Inc.), and
heart valves (Synergraft®, CryoLife, Inc.).">'*

Herein, we demonstrate that the decellularized porcine
extracellular matrix (ECM) derived from adipose tissue has a
great potential as a xenogeneic material for use in xenograft
tissue engineering. Porcine adipose tissue is one of the most
abundant animal tissues.'”> More than 6.8 million tons of
porcine adipose tissue are produced in the world, and sig-
nificant quantities of inedible adipose tissue are routinely
discarded as food industry waste.'® Recycling porcine adi-
pose tissue as a biomaterial may have economic benefits.

Adipose tissue contains various ECMs, including collagen
type I-VI, laminin, fibronectin, elastin, and glycosamino-
glycans (GAGs).'"" Tt secretes a variety of bioactive mole-
cules that regulate numerous cellular processes, including
inflammation, cell growth, and differentiation.’®?° Our
group reported that ECMs derived from human adipose
tissue could be useful as a scaffold material for the adhesion,
growth, and differentiation of human cells.zl’zsAlthough
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human adipose tissue may provide an ideal biomaterial,
there are some concerns about the limitation of tissue supply
and manufacturing scale-up for industrial production. In the
present study, we present porcine adipose tissue as an al-
ternative source of human tissue and focus on ECM extrac-
tion from porcine adipose tissue with the effective removal of
potential xenogeneic epitopes and composition preservation
for the ECM use in xenografts.

Materials and Methods
Extraction of ECM from porcine adipose tissue

The ECM was prepared from porcine adipose tissue, ac-
cording to a method* reported previously by our group
after a slight modification. Briefly, porcine adipose tissue
was obtained from a local slaughter house and processed.
After excising the skin and muscle, the resulting adipose
tissues were kept at —70°C until use. The ECM extraction
procedures were performed at 40°C to prevent congealability
of the oil components. Porcine adipose tissues were chopped
into 1x1x1-cm® pieces and washed thoroughly with dis-
tilled water. Distilled water (100mL) was added to the por-
cine adipose tissue (50 mg), which was homogenized for
5min using a houseware blender with pulsation. The tissue
suspension was then centrifuged at 1800 g for 5min, and the
upper layer of oil components was discarded. This process
was repeated several times until the complete removal of oil
components. For decellularization, the ECM suspension was
treated with a buffered 1.5M hyperosmolar solution of so-
dium chloride (NaCl; Sigma), 0.5% sodium dodecyl sulfate
(SDS; Sigma), and an enzymatic mixture of 0.2% DNase
(2000 U, Sigma) and 200 pg/mL RNase (Sigma) at 37°C for 1
day in a shaking water bath (Personal-11EX, TAITEC). The
ECM suspension was centrifuged and thoroughly washed
with distilled water at the end of each step to remove re-
sidual reagents. The final viscous ECM was either used im-
mediately or stored in sterile distilled water at 4°C until
further use.

Scanning electron microscopy

The porcine adipose tissue and ECM specimens were first
fixed in a 0.2-M cacodylate buffer (Sigma) containing 2%
paraformaldehyde and 2.5% glutaraldehyde for 1 week at
room temperature. They were then fixed in 1% osmium te-
troxide (Tokyo Chemical Industry) for 2 h. After dehydration
through a graded ethanol series (from 50% to 100%), the
samples were dried with an upper-critical-point CO, dryer
(HCP-2; Hitachi). The ECM scaffold seeded with cells was
fixed in 4% paraformaldehyde at 4°C for 24h, dehydrated,
frozen at —70°C, and freeze-dried. After coating with plati-
num, all samples were observed by scanning electron mi-
croscopy (SEM; VEGA-II SBH, TESCAN) by sputtering at an
accelerating voltage of 15kV.

DNA quantification

For DNA quantification, DNA was isolated with a com-
mercial extraction kit (G-spin Kit; iNtRON Biotechnology).
The total DNA content was measured by absorption at
260nm on a spectrophotometer (NanoDrop 1000; Thermo
Fisher Scientific). All samples were normalized to the ECM
dry weight.

Immunohistochemistry and histological
staining of ECM components

The decellularized ECM specimens were fixed in 4%
paraformaldehyde at 4°C for 1h. The specimens were em-
bedded in paraffin (Merck) and sectioned to 10-um thick-
ness. The sections were deparaffinized and dehydrated in
ethanol. To detect residual cellular components, sections
were stained with 4,6-diamidino-2-phenylindole (DAPI;
Thermo Scientific) and hematoxylin and eosin (H&E). Im-
munohistochemistry for the porcine antigenic epitope o-Gal
was performed using Griffoniasimplicifolialectin-I isolectin
B4 (Vector Laboratory) for 1h at room temperature. Subse-
quently, the sections were incubated with HRP-conjugated
streptavidin (Invitrogen, Life Technologies) for 30 min. To
visualize cell nuclei, the sections were counterstained with
hematoxylin. For collagen fiber staining, sections were first
stained by a rapid Gomori’s trichrome method. The samples
were fixed in the Bouin’s solution for 1h at 56°C and stained
with Weigert’s iron hematoxylin for 10 min. The samples
were washed and stained with the Gomori’s trichrome so-
lution for 20 min and then differentiated in a 0.5% acetic acid
solution. For sulfated GAG staining, sections were stained
with Weigert’s iron hematoxylin for 10 min and washed in
tap water for 5min. The sections were subsequently stained
with 0.001% fast green (Sigma) for 5min and 0.1% safranin O
(Sigma) for 5min. The Fullner and Lillie’s orcinol-new
fuchsin method was used to stain elastic fibers in the ECM.
Samples were stained with an orcinol-new fuchsin working
solution for 15min at 37°C. Stained sections were dehy-
drated in alcohol, cleared in xylene, mounted in Permount®
(Fisher Scientific), and then observed with a fluorescence
microscope (IX81; Olympus).

Acid-/pepsin-soluble collagen quantification

The acid-/pepsin-soluble collagen content in the decel-
lularized ECM was measured using a Sircol soluble collagen
assay kit (Biocolor). To extract acid-/pepsin-soluble collagen,
the ECM specimens were digested with 0.5M acetic acid
containing 1% (w/v) pepsin (P7012; Sigma) for 24h at room
temperature. The soluble collagen was incubated with 1 mL
Sircol dye reagent for 30 min at room temperature. The col-
lagen—-dye complex was precipitated by centrifugation at
10,000 g for 10 min, and the supernatant was removed. The
pellets were dissolved in 1 mL alkali reagent, and the relative
absorbance was measured in a 96-well plate at 540 nm using
a microplate reader (PowerWave XS, Bio-Tek Instruments).

Sulfated GAG quantification

The sulfated GAG content in the decellularized ECM was
measured using a Blyscan sulfated GAG assay kit (Biocolor).
To extract sulfated GAG, the ECMs were digested with a
0.1M phosphate buffer (pH 6.8) containing 125 ng/mL pa-
pain (Sigma), 10mM cysteine hydrochloride (Sigma), and
2mM EDTA (Sigma) for 48h at 60°C. The suspension was
centrifuged at 15,000 g for 30min. The supernatant was
collected and incubated with a 0.2M sodium citrate buffer
(pH 4.8) containing 0.2% (w/v) cetylpyridinium for 2h at
37°C. After centrifugation at 10,000 g for 10min, the pre-
cipitated sulfated GAG was dissolved in 2 M lithium chloride
and re-precipitated by mixing with cold ethanol. After
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centrifugation, the pellet was drained and resuspended in
distilled water. The extracted sulfated GAG was mixed with
1 mL Blyscan dye and shaken for 30 min. The precipitate was
collected by centrifugation for 5min and then dissolved in
1mL dissociation reagent. The absorbance was measured in
a 96-well plate at 656 nm using a microplate reader.

Soluble elastin quantification

The soluble elastin content in the decellularized ECM was
measured using a Fastin elastin assay kit (Biocolor). To ex-
tract soluble elastin, the ECM was hydrolyzed with 0.25M
oxalic acid (Sigma) at 100°C for 1h. The insoluble residues
were separated by centrifugation. The supernatant was col-
lected, and the sediment underwent an additional extraction
under the same conditions. The extracted soluble elastin was
mixed with 1mL Fastin dye and stirred for 30min. The
precipitate was collected by centrifugation for 10 min and
then dissolved in 250 pL dissociation reagent. The absor-
bance was measured in a 96-well plate at 513nm using a
microplate reader.

Fabrication and characterization of porcine
ECM scaffolds

To evaluate physicomechanical properties, the ECM was
fabricated into three-dimensional porous scaffolds. The de-
cellularized ECM was suspended with distilled water, gently
poured into a mold, frozen at —20°C, and lyophilized in a
freeze dryer. The pore size and porosity of an ECM scaffold
(20-mm diameter and 1-mm thickness) were determined
using an automated mercury porosimeter (Autopore IV
9500; Micromeritics). Tensile tests were conducted with a
universal tensile machine equipped with a 50-N static load
cell (Model 5565; Instron). A specimen (20 mm x5 mm x 1 mm,
length x width x thickness) was pulled at a rate of 2.54 mm/
min.”** Strains were calculated using cross-head displace-
ment, and stresses were calculated by dividing force data by
the cross-sectional area of the sample. Three specimens were
measured and averaged.

In vitro biocompatibility tests of decellularized
porcine ECM

For in vitro biocompatibility tests, human adipose-derived
stem cells (hASCs) and normal human dermal fibroblasts
(NHDFs) were cultured on the decellularized porcine ECM.
NHDFs were purchased from PromoCell GmbH, and hASCs
were obtained from the subcutaneous adipose tissue of
healthy human females using a method described previ-
ously.”*** Briefly, human adipose tissue was washed with
phosphate-buffered saline (PBS) containing 5% penicillin/
streptomycin (P/S; Gibco-BRL, Life Technologies). After re-
moving the red blood cells,* the tissue was digested in PBS
supplemented with 0.01% (w/v) collagenase type II (Gibco-
BRL) for 1h at 37°C. The digested tissue was filtered through
a 100-pm mesh to remove aggregated tissue and debris. The
filtered suspension was centrifuged at 200 g for 7min, and
the resulting stromal vascular fraction pellet was washed
several times in PBS. The hASCs and NHDFs were main-
tained in the Dulbecco’s modified Eagle’s medium (DMEM,
Gibco-BRL) supplemented with 10% fetal bovine serum
(FBS; Gibco-BRL) and 1% P/S at 37°C under 5% CO, until
passage 6.
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Porcine ECM scaffolds (5-mm diameter and 1-mm thick-
ness) were sterilized by ethanol, washed with PBS, and pre-
wetted with the serum-free DMEM medium in 24-well
plates. A suspension of hASCs and NHDFs containing 2 x 10*
cells/scaffold was seeded onto the ECM scaffolds in the
DMEM supplemented with 10% FBS and 1% P/S, and grown
for 5 days at 37°C with 5% CO,. The medium was replaced
by a fresh medium every 3 days. Cell attachment and pro-
liferation were analyzed using a WST-1 assay kit (Roche). For
cell attachment measurement, scaffolds were washed three
times with PBS to remove unattached cells at 6h after
seeding. The WST-1 reagent was added to each well con-
taining a cell-seeded porcine ECM scaffold, and the plates
were incubated for 1h at 37°C under 5% CO,. The optical
density was then measured at 440nm using a microplate
reader. The absorbance values of the initial total cells (C;) and
the attached cells into the scaffolds (C,) were measured.
The cell adhesion ratio was estimated using the following
equation:

Cell adhesion ratio (%)= % %100
t

The proliferation of cells in the ECM scaffolds was also
analyzed through the absorbance of attached cells. The via-
bility was performed using a commercially available Live/
Dead® viability assay kit (Molecular Probes®, Life Technol-
ogies). The porcine ECM scaffolds containing cells (1n=5)
were transferred to new 12-well plates, washed with PBS,
and stained for 20 min with 100 uL. of the combined Live/
Dead® reagents at 37°C under darkness. After staining, the
porcine ECM scaffolds were observed using a fluorescence
microscope equipped with a digital camera (IX81; Olympus).
Green fluorescence caused by the reaction of calcein with
intracellular esterase indicates live cells, whereas red fluo-
rescence caused by ethidium homodimers that are bound to
nucleic acids indicates dead cells.

In vivo animal experiments

Six-week-old female Slc/ICR mice were anaesthetized by
exposure to 97% CO, for 20s.>' After shaving the flanks
(about 1 cm each), a viscous suspension (10 mg/mL, 1mL) of
decellularized ECM was injected subcutaneously into both
flanks of female ICR mice using an 18-gauge needle. Animals
were housed individually and fed standard mouse chow. At
1 and 6 weeks after injections, the mice were sacrificed, and
the grafts were explanted. Immediately after harvest, the
grafts were placed in 10% neutral buffered formalin (Sigma)
for analysis. Eight mice per experimental group were
analyzed.

Grafts were fixed in 4% paraformaldehyde, embedded in
paraffin, and sliced at 6- to 10-um thicknesses using a mi-
crotome. Sections were deparaffinized, dehydrated, and then
stained with H&E for normal histological evaluation. To
detect macrophages, histological and immunofluorescence
staining was also performed using standardized protocols
for Prussian blue (Sigma), toluidine blue (Sigma), and
anti-CD68 (BioLegend). The sections for anti-CD68 were
counterstained with 1pg/mL DAPI for 1min. To detect
adipogenesis, grafts were fixed in 10% sucrose. After em-
bedding in optimum cutting temperature (OCT) compounds
(Tissue-Tek®, Miami, FL), samples were frozen at —70°C.
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The frozen samples were sliced into 10-um sections using a
cryostat, washed with distilled water and 30% isopropanol
to remove the OCT compounds, and then stained with oil
red O (Sigma) working solutions. The stained sections were
observed with a fluorescence microscope.

Reverse transcription-polymerase chain
reaction analysis

The total RNA was isolated from cells using an easy-
BLUE™ Total RNA Extraction Kit (iNtRON Biotechnology),
and RNA concentrations were quantified using a Nano-
drop® ND-1000 spectrophotometer (Nanodrop Technolo-
gies). The extracted RNA was reverse-transcribed using the
first-strand cDNA synthesis system with avian myelo-
blastosis virus (AMV) reverse transcriptase for polymerase
chain reaction (PCR; iNtRON Biotechnology). The cDNA
was used as a template for PCR analysis with primers spe-
cific for peroxisome-proliferative activated receptor gamma
(PPARy) (NMO011146, forward: 5-ACT GCC TAT GAG CAC
TTC AC-3’, reverse: 5-CAA TCG GAT GGT TCT TCG GA-
3’), adipocyte fatty acid-binding protein (aP2) (NM0014425,
forward: 5-TCC TGG CCC AGT ATG AAG GAA ATC-3,
reverse: 5-CTC TTT ATT GTG GTIC GAC TTT CCA-3),
leptin (NM008493, forward: 5-TGC TGC AGA TAG CCA
ATG AC-3, reverse:5-GAG TAG AGT GAG GCT TCC AGG
A-3’), adiponectin (NM009605, forward: 5-CAA GGG AAC
TTG TGC AGG-3’, reverse: 3-CGT GAT GTG GTA AGA
GAA GTA G-3’), and B-actin (NM007393, forward: 5-TGG
AAT CCT GTG GCA TCC ATG AAA C-3, reverse: 5-TAA
AAC GCA GCT CAG TAA CAG TCC G-3’). Conventional
PCR was performed using the TaKaRa PCR Thermal Cycler
Dice™ (TaKaRa Bio) instrument under the following reaction
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profile: initial denaturation at 95°C for 5min, 3540 cycles of
denaturation at 95°C for 1min, annealing at 55°C-65°C for
1min, polymerization at 72°C for 1min, and extension at
72°C for 7min. As an internal control, GAPDH expression
was assessed using primers designed for the housekeeping
gene. PCR products were electrophoresed in 1.5% agarose
gels and analyzed using a gel imaging system (Gel DocXR;
Bio-Rad Laboratories).

Statistical analysis

Experimental data were expressed as meansz+standard
deviation (SD). Student’s two-tailed t-test with SPSS 17.0
statistical software (SPSS) was used for comparison, and
statistical significance was accepted at *p<0.01.

Results
Extraction of ECM from porcine adipose tissue

Xenogeneic ECM was extracted from discarded porcine
adipose tissue and decellularized using a combined protocol
of mechanical, chemical, and enzymatic treatments. After
decellularization, a significant volume of viscous, white, fi-
brous matrix was collected (Fig. 1). Quantitatively, the ma-
trix reproducibly represented between 8%-10% of the
original tissue mass, depending on the specific tissue source.
Oily and dense porcine adipose tissue was crushed by ho-
mogenization before treatment with chemical detergents and
enzymes. In addition, extraction procedures were performed
at 40°C to prevent the lipid congealability of porcine adipose
tissue. As a result, the oil and cellular components were more
effectively eliminated.

FIG. 1. Macroscopic (A, B)
and scanning electron
microscopic (SEM) (C, D)
images of native porcine
adipose tissue (A, C) and
decellularized extracellular
matrix (ECM) (B, D). Scale
bars represent 50 pm. Color
images available online at
www.liebertpub.com/tec
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The goal of decellularization is to efficiently remove all
cellular and nuclear materials, because xenogeneic cellular
antigens may induce an inflammatory response or an im-
mune-mediated rejection of the host tissue.” To evaluate the
decellularization efficiency, the tissue was stained with
DAPI, H&E, and o-Gal before and after decellularization.
The presence of DNA in ECM was also analyzed using a
quantitative method. Compared to the native porcine adi-
pose tissue (1173 +175ng/mg ECM), the DNA content of the
decellularized ECM (43.2+3.23ng/mg ECM) was signifi-
cantly reduced, and the cellular components were effectively
eliminated (Fig. 2). Moreover, a-Gal epitopes, which are of
major clinical significance, were partially expressed in the
native adipose tissue, but were not expressed in the decel-
lularized ECM (Fig. 2E, F). The results demonstrate that
decellularization significantly reduced the potential immu-
nogenic components in the ECM.

Component analysis of decellularized porcine ECM

Representative biochemical and histological images of the
decellularized ECM are shown in Figure 3. A large amount

FIG. 2. Representative
microscopic images of native
porcine adipose tissue (A, C,
E) and decellularized ECM
(B, D, F). Residual cellular
components were stained by
4,6-diamidino-2-
phenylindole (blue) (A, B)
and hematoxylin and eosin
(H&E) (cell nuclei, black spot;
cytoplasm, pink) (C, D). The
porcine antigenic epitope, o-
Gal, was detected by
immunohistochemistry with
isolectin B4 (E, F, o-Gal;
brown). Scale bars represent
200 pm. Color images
available online at www
Jiebertpub.com/tec

CHOI ET AL.

of proteins were preserved in the decellularized ECM during
the decellularization process. The decellularized ECM was
rich in acid-/pepsin-soluble collagen (332.9+12.1ug/mg
ECM dry weight) and soluble elastin (152.6+4.5ug/mg
ECM dry weight). A small amount of sulfated GAG
(85%0.7 ng/mg ECM dry weight) was also found. The well-
preserved collagen, sulfated GAG, and elastin were con-
firmed using Gomori’s one-step trichrome, safranin-O, and
orcinol-new fuchsin staining. This indicates that the decel-
lularization protocol caused a minimal loss to the matrix.

In vitro biocompatibility of decellularized porcine ECM

After extraction and decellularization from porcine adi-
pose tissue, the xenogeneic ECM was lyophilized and fab-
ricated into porous scaffolds (Supplementary Fig. S1;
Supplementary Data are available online at www.liebert
pub.com/tec). The xenogeneic ECM scaffolds had highly
porous microstructures (mean pore size: 121.84+28.08 um,
porosity: 89.6%) and showed fair elasticity (tensile strength:
128.57 £13.15kPa) (Supplementary Fig. S2). From a physi-
comechanical viewpoint, the microstructures and mechanical
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strength are highly desirable in scaffolds used for tissue en-
gineering and regenerative medicine. In vitro biocompatibil-
ity studies of porcine ECM scaffolds were carried out using
hASCs and NHDFs. hASCs and NHDFs were cultured onto
the ECM scaffold for 5 days (Fig. 4). The WST-1 assay indi-
cated that both hASCs and NHDFs readily adhered to the

FIG. 3. Biochemical (A) and
histological (B—G) analysis of native
tissue and decellularized ECM,
including acidic-/pepsin-soluble
collagen, sulfate glycosaminoglycan
(GAG), and soluble elastin.
Histological observations of native (B,
D, F) and decellularized ECM (C, E, G)
for collagen (B, C), sulfated GAG (D,
E), and elastin (F, G). All samples were
normalized to ECM dry weight. Intact
ECM represents the ECM isolated by
physical treatments such as
homogenization, centrifugation, and
washing. Decellularized ECM
represents the ECM obtained through
the whole-decellularization procedure,
including physical, chemical, and
enzymatic treatments. Data are shown
as means + standard deviations and
are statistically significant at

***p <0.01. Scale bars represent

2, - 200 pm. Color images available online
at www.liebertpub.com/tec
—
\ ‘
A o
=Y v
|
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surface of the decellularized porcine ECM scaffold within 6 h
and continuously proliferated for 5 days (Fig. 4A, B). Fur-
thermore, hASCs and NHDFs in porcine ECM scaffolds
showed good viability and spreading, as confirmed by a
Live/Dead assay and SEM (Fig. 4C—F). Most cells attached
onto the ECM scaffolds stained green fluorescence,
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FIG. 4. In vitro
biocompatibility test of
decellularized porcine ECM
scaffolds. Cells were seeded
onto porcine ECM scaffolds
and cultured for 5 days. The
number of attached cells was
measured 6 h postseeding (A),

Cell attachment (%)
]

20 -

Absorbance (440 nm)

and grown cells were analyzed 0
using the WST-1 assay kit (B).
Data are shown as

means + standard deviations
and are statistically significant
at p<0.01. Fluorescence (C, E)
and SEM images (D, F) of
human adipose-derived stem
cells (hASCs) (C, D) and
normal human dermal
fibroblasts (NHDFs) (E, F)
grown on porcine ECM
scaffolds on day 5. Green
fluorescence caused by calcein
AM with intracellular esterase
indicated live cells, whereas
red fluorescence caused by
ethidium homodimers bound to
nucleic acids indicated dead
cells. Scale bars represent

100 pm (yellow) and 20 pm
(black). Color images available
online at www liebertpub.com/
tec

hASC

indicating that they were still viable 5 days postseeding. Red
fluorescence, which indicates dead cells, was hardly ob-
served (Fig. 4C, E). On day 5 after seeding, all cells were
spread out on the ECM scaffolds and integrated with ECM
scaffolds (Fig. 4D, F). These results imply that the xenogeneic
ECM derived from porcine adipose tissue can support and
promote cell growth.

In vivo animal study

To test cell infiltration, early inflammation, and bioin-
ductivity in the host tissue, an ECM suspension was injected
subcutaneously into the backs of Sle/ICR mice. The injected
ECM was easily identified throughout the experimental pe-
riod of 6 weeks. Two days after injection, the grafts had a
white-yellowish appearance (Fig. 5A). At 4 weeks, new yel-
low tissue and blood vessels were observed, and the graft
volume was virtually maintained (Fig. 5B). Overall, the ECM
grafts exhibited high stability and compatibility with the
surrounding tissues.

The H&E stain shows that host cells infiltrated into the
xenogeneic ECM grafts (Fig. 5C-F). A number of host cells

NHDF 0 1 2 3 4 5
Time (day)

found at the center of the ECM grafts had no signs of in-
flammatory response or tissue necrosis. The results of the
histological (Prussian blue and toluidine blue stain) and
immunofluorescence (CD68) evaluations concretely showed
that activated macrophages were hardly detected in the xe-
nogeneic ECM graft (Fig. 6). Interestingly, 6 weeks after in-
jection, newly formed adipose tissue was observed in the
grafts. Oil-red O staining showed mature adipocytes with
accumulated lipid droplets in the ECM grafts (Fig. 7A, B).
The mouse adipogenic genes, PPAR, aP2, leptin, and adi-
ponectin, were strongly expressed in the ECM grafts (Fig.
7C). Oil-red O staining and reverse transcription-PCR
analysis of the graft confirmed that the xenogeneic ECM
could provide biochemical cues for the promotion of spe-
cific differentiation in the host mouse cells, particularly
adipogenesis.

Discussion

Decellularized ECM functions not only as a supporting
material but also as a regulator of cellular behaviors, in-
cluding cell survival, proliferation, morphogenesis, and
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differentiation.””Decellularized ECM is a useful matrix for
tissue engineering, because it can mimic the compositions,
microstructure, and biomechanical properties of the native
ECM.'*33 Porcine tissues, including small intestine submu-
cosa (SIS), bladder, dermis, pulmonary valves, adipose tis-
sue, and tendons, have been used to overcome the supply

and manufacturing limitations of human sources.®"**

However, the ECM derived from porcine tissues may raise
some concerns associated with immune reaction, as well as
xenogeneic disease transmission. The residual xenogeneic
epitopes, such as cellular components and o-Gal epitopes,
may be a major obstacle to its utility as a surgical material for
tissue regeneration.35 Therefore, new and more efficient de-
cellularization techniques should be established to eliminate
xenogeneic epitopes.

A number of decellularization protocols have been de-
veloped to maximize the decellularization effect while min-
imizing any adverse effect on the composition, biological
activity, integrity, and biomechanical properties of the re-
maining ECM.'® Recently, other groups reported methods
for decellularization from human and porcine adipose tis-

FIG. 5. Macroscopic
appearance (A, B) and
histological examination (C-
F) of grafts in mice. An ECM
suspension (10 mg/mL,

1mL) was injected
subcutaneously into the
backs of female Slc/ICR mice
(6-week old, n=10). Two
days (A, C, E) and 4 weeks
(B, D, F) after injection, the
mice were sacrificed and the
grafts were carefully
explanted. The sections of the
ECM graft were stained with
H&E. Scale bars represent
0.5cm (blue), 200 pm (black),
and 100 pm (red),
respectively. Color images
available online at www
Jiebertpub.com/tec

sue.'®® They utilized solvents for lipid removal such as
isopropanol, in addition to physical, chemical, and enzy-
matic treatment. In this study, ECM was isolated from por-
cine adipose tissue by simple pulverization under high
temperature and effectively decellularized after a relatively
short exposure to NaCl, SDS, and enzymes. Unlike formless
human adipose tissue, porcine adipose tissue cannot be
easily decellularized, because it is thick and dense. In addi-
tion, at low temperatures, lipids trapped within the adipose
tissue may congeal, resulting in adverse effects on decel-
lularization and lyophilization. The complete disruption of
adipose tissue via homogenization at an appropriate tem-
perature can improve the efficiency of decellularization.
Chemical and enzymatic agents are required to remove cel-
lular remnants and xenogeneic epitopes that adhere to ECM
proteins.36 However, the use of chemical and enzymatic
agents raises some concerns, due to the potential for the
presence of residual cytotoxic agents in the decellularized
ECM. In addition, any combination of chemical and enzy-
matic agents may not be able to completely remove cell
components from a tissue or organ. Most commercially
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FIG. 6. Histological and immunofluorescence examinations
of decellularized ECM grafts 2 days after injection. Prussian
blue (A), toluidine blue (B), and anti-CD68 (C) stains were
used to detect activated macrophages. The denoted areas
show the magnified image. The scale bar represents 100 pm.
Color images available online at www .liebertpub.com/tec
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available biological scaffold materials contain a trace
amount of remnant DNA, despite their use in clinical treat-
ments.”’

The o-Gal epitope is found in high density as a cell surface
molecule in most species, with the notable exceptions of
humans and Old World monkeys. It is the primary cause of
rejection of xenogeneic organ transplants. In the present
study, the optimized decellularization protocol was highly
effective at removing DNA, cellular components, and the o-
Gal epitope (Fig. 2). Moreover, the fibrous structure of the
decellularized ECM was similar to that observed in intact
ECM surrounding adipocytes (Fig. 1). These results support
the finding that our decellularization protocol effectively
eliminates xenogeneic epitopes and preserves the fibrous
structure of the native ECM. Reducing the decellularization
agents and processing time could be beneficial in terms of the
costs and scalability of the approach.

Human and porcine adipose tissues have previously been
reported as containing many ECM components, including
collagen I, III, IV, and VII; elastin; laminin; fibronectin; and
various bioactive molecules.'”*** The retention of ECM
composition was a central goal during decellularization.
Biochemical and histological analysis clearly showed that
abundant ECM components, such as total collagen, sulfated
GAGs, and elastin, were preserved in the decellularized
porcine ECM (Fig. 3). In particular, sulfated GAGs, including
heparin, sequester various growth factors such as basic fi-
broblast growth factor, insulin-like growth factor, and
transforming growth factor-p, and also protect from dena-
turation.®” Thus, their presence in the decellularized ECM
may be important in the retention of naturally present cy-
tokines. The preserved ECM components would provide
important biochemical signals for cell adhesion, prolifera-
tion, migration, and differentiation, and thus would be fa-
vorable for tissue repair and remodeling.***!

After decellularization, the porcine ECM was fabricated
into three-dimensional scaffolds with a variety of shapes,
such as round dishes, sheets, microspheres, hollow tubes,
and gels, by lyophilization.23’24 This is a well-established
method used to stabilize the bioactivity of functional
proteins and to make the scaffold easier to handle in physi-
comechanical and cellular biological evaluations (Supple-
mentary Fig. S1). The scaffolds had highly porous structures
and exhibited an elastic behavior (Supplementary Fig. S2).
The results observed in physicomechanical testing suggest
that decellularized ECM has the mechanical integrity neces-
sary for use as an in vitro cell culture substrate. In vitro and
in vivo experiments were performed to assess the biocom-
patibility of decellularized ECM (Figs. 4-7). The biochemical
composition of the decellularized porcine ECM can support
the adhesion and proliferation of hASCs and NHDFs. In the
animal model, the macroscopic appearance of the decel-
lularized ECM grafts was well conserved, and host cells
infiltrated into grafts without an immune response. Histo-
logical staining and gene expression results 6 weeks after
injection clearly indicate that decellularized ECM provides a
favorable microenvironment for the adipogenic differentia-
tion of host cells. Several groups have reported controlling
adipogenesis using various chemical additives and paracrine
sig11als.42 On the basis of our results, we suggest that de-
cellularized ECM has a significant impact on cell fate and
tissue reconstruction.
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Conclusion

Porcine adipose tissue, which is easily obtained from food
waste, was successfully decellularized through a protocol
designed to extract an intact ECM. The xenogeneic epitopes,
such as nucleic acid, cellular components, and «-Gal epi-
topes, were effectively removed while preserving ECM
composition. Decellularized Xxenogeneic ECM provided a
suitable substrate for the adhesion and proliferation of hu-
man cells in vitro and also showed potential as a biocom-
patible material for in wvivo tissue reconstruction. The
decellularized ECM derived from porcine adipose tissue
could serve as a xenogeneic biomaterial and has a great
potential for use in regenerative medicine.
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