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SUMMARY

This study proposes the use of isolated colonic
mucosa as a "scaffold" for cell cultures and poten-
tially for tissue reconstruction. The main goal of
this study was to obtain complete decellularization
of the specimens while preserving the superficial
basement membrane (BM) as a place for cell at-
tachment and growth. This decellularization tech-
niqgue uses a chelating agent in combination with
mechanical vibration, followed by detergents and
DNase. The grade of decellularization achieved is
assessed by counting the number of cell nuclei
stained with propidium iodide (Pl). BM marker pro-
teins such as collagen IV, laminin and perlecan
were detected by immunohistochemistry (ICC).
Transmission (TEM) and scanning electron mi-
croscopy (SEM) were used to examine the BM
ultrastructure and surface topography.

The results show that the protocol used is suita-
ble for rat colonic mucosa. During the process,
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material of the lamina lucida (LL) was partly re-
moved from the BM, whereas the lamina densa
(LD) seems to have remained unchanged. The BM
had become thinner than the control specimens.
The nano-topography of the BM surface is charac-
terized by globules of 34-60 nm in diameter. Hu-
man fetal fibroblasts were successfully cultured on
this substrate confirming that cells can adhere to
and grow on this substrate, at least for the particu-
lar cell line used. It can be said that the colonic
mucosa is an interesting substrate for in vitro stud-
ies with cells and presumably also for tissue recon-
struction.
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INTRODUCTION

Today "scaffolds" derived of extra-cellular matrix
(ECM), also called bio-scaffolds, enjoy wide ac-
ceptance in tissue repair and tissue reconstruction,
as numerous experimental and clinical studies
confirm (Crapo et al.,, 2011). So far a number of
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organs have been described from which suitable
ECM has been obtained after due preparation. The
inner surface of hollow organs such as the urinary
bladder (Garthwaite et al., 2014), the esophagus
(Ozeki et al., 2006), the small intestine (Badylak et
al.,, 1995), and the amnion (Wilshaw et al., 2006)
have all already been successfully used for tissue
engineering. Other organs such as skin (Yang et
al., 2009; Bondioli et al., 2014; Fini, 2012), pericar-
dium (Mirsadraee et al., 2007; Mendoza-Novelo et
al.,, 2011), cornea (Lynch and Ahearne, 2013) as
well as the inner surface of blood vessels
(Ketchedjian et al., 2005; Grauss et al., 2005) have
also been examined for their suitability.

The architecture and composition of bio-scaffolds
are organ-specific. Their structural and molecular
characteristics can affect the behavior of trans-
planted cells. Therefore, the selection of the sub-
strate or scaffold is of vital importance in order to
obtain tissue which develops the desired charac-
teristics. The examination and development of tis-
sues suitable for tissue engineering has become a
vast field of research.

Isolated colonic mucosa has already been pro-
posed as a scaffold for tissue repair (Mestres et
al., 2014). However, greater decellularization of
the mucosa specimens was required and this is
the main objective of the present study.

The antigenicity of scaffolds of biological origin
may cause problems when implanted into the ani-
mal. Also, in in vitro conditions where no immune
system is present cellular debris can exert unde-
sired effects on the implanted cells. In this connec-
tion, it is thought that decellularization decreases
immunogenicity as cellular components are re-
moved (Ozeki et al., 2006).

The tissue decellularization methods can be clas-
sified as physical, chemical and enzymatic. These
methods are often combined in order to obtain
greater decellularization than is the case with the
application of only one method. Many decellulari-
zation methods contemplated the use of deter-
gents or chelating agents combined with proteolyt-
ic enzymes or physical methods (Spurr and Gip-
son, 1985; McCarthy and Kaye, 1990; Mestres et
al., 1991, 2014; Carlson and Carlson, 1991; Rieder
et al., 2004; Gilbert et al., 2006; Hopkinson et al.,
2008; Lim et al., 2009).

Since any decellularization process will affect the
three-dimensional architecture of ECM, the pur-
pose of decellularization protocols is to remove the
cellular material while minimizing such adverse
effects. The BMs, which constitute a particular
ECM compartment, are particularly sensitive to the
effect of proteolytic enzymes (Janoff and Zeligs,
1968). Therefore, decellularization by means of
enzymatic agents, which might be suitable in the
case of certain ECM scaffolds, is not advisable if
the BM is to be retained.

The interest in preserving the BM in a scaffold is
due to the fact that this formation can influence the

migration of adherent cells, their proliferation and
cell interactions, for example between epithelia
and mesenchyme cells, and that it plays a particu-
lar role in the regeneration of epithelia (Bohme et
al., 1992; Simon-Assmann et al., 2009). In this
connection, BM analogues have repeatedly
demonstrated their usefulness in in vitro studies on
cell differentiation (Kleinman and Martin, 2005),
tumor cell growth (Fridman et al., 1991), stem cells
(Philp et al., 2005) and angiogenesis assays
(Nicosia and Ottinetti, 1990).

The decellularization protocol in this study uses
EDTA combined with mechanical vibration, fol-
lowed by two detergents applied sequentially, one
non ionic, namely Triton X-100 and one ionic,
SDS. To assess the grade of decellularization, the
cell nuclei were counterstained with PI (Riccardi
and Nicoletti, 2006). The persistence of BM was
assessed by ICC of specific BM proteins such as
collagen IV, laminin and perlecan (Timpl, 1996;
Mestres et al., 2014) and its thickness and struc-
ture by means of TEM (Jensen et al., 1979; Far-
quhar, 2006; Mestres et al., 2014), whereas its
surface nano-topography was investigated using
high resolution SEM (Mestres et al., 2014). As
chemical decellularization agents and process-
induced cellular debris can affect the cells cultured
on the scaffold created, it is of importance to con-
firm their biocompatibility. For this purpose, human
fibroblasts were seeded onto scaffolds of colonic
mucosa and cultured for several days. This is the
first time that isolated colonic mucosa has been
implemented in a cell culture study.

MATERIALS AND METHODS

Experimental design

Colon specimens were obtained from 40 adult
Wistar rats of both sexes (200-250 gr body
weight). The rats were kept and sacrificed accord-
ing to EU and national regulations for animal ex-
perimentation. This project has also been author-
ized by the Ethic Commission of the University
Rey Juan Carlos.

The initial preparation steps with removal of the
epithelial cells of the luminal colon surface have
already been described (Mestres et al., 2014).
Subsequent to this preparation the specimens
were treated with Triton X-100, SDS or with a com-
bined application of both detergents and, when
necessary, treated with DNase. Finally specimens
were thoroughly washed in a physiological solu-
tion.

After a comparison of the effects of single and
combined application of the detergents, it was con-
cluded that sequential application was the more
effective decellularization procedure. The assess-
ment of the effects covered structure, cellular con-
tent and substrate capacity for cell cultures.

Isolation of the colonic mucosa
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Cultures of fibroblasts on the new
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Fig 1. Decellularization procedures used in the present study.
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First of all, the rat's colon was removed and
washed with 50 ml of Parsons & Paterson solution
(1965) at 4°C. A cylindrical rod of 5 mm in diame-
ter was introduced through the lumen of the colon
and a circular incision was made at one end to
slightly lift the muscular layer and mechanically
separate it from the mucosa and submucosa
(Andres et al., 1985; Bridges et al., 1986). The tis-
sue left on the rod is mucosa with some attached
fragments of submucosa layer. With a lengthwise
cut the lining of the colonic lumen can be exposed.

Decellularization

The isolated mucosa sample was divided into
several squares of approx. 2 cm side length and
attached to plastic holders using the surgical glue
Histoacryl (Braun -Aesculap, Germany).

In a first decellularization step the holders with
the specimens were plunged into a Parsons & Pat-
erson solution containing 10 mM EDTA at pH 7.4
and without Ca?* and Mg** for 5 minutes and vi-
brated (frequency 50 Hz) for 15 seconds. This
treatment was repeated for 45 minutes, resulting in
the complete removal of surface mucosal epitheli-
um. To restore ion levels the tissue was washed
with Parsons & Paterson solution containing Ca*
and Mg®".

This was the basic material used in all further
procedures in the course of this study.

In a second decellularization step two detergents
were used: 0.5% Triton X-100 (polyethylene glycol
tert-octylphenyl ether, Sigma-Aldrich) and SDS
0.5% (sodium dodecylsulphate, Sigma-Aldrich).
They were applied separately for different incuba-
tion periods (1, 6 and 24 hours) at 4°C with con-
stant rotation. In combination the detergents were
applied according to the following time schedules,
the most effective being:

Short treatment: Triton X-100 (0.5 %) 30 minutes
followed by SDS (0.5%) 10 minutes, and 15
minutes DNase | (Invitrogen).

Long treatment: Triton X-100 (0.5%) 2 hours fol-
lowed by SDS (0.5%) 30 minutes and 15 minutes
DNase | (Invitrogen).

Both combined treatments were performed at 4°
C with constant stirring, followed by washing in
Parsons & Paterson. The treatment with DNase |
(Invitrogen) performed at 37°C was required partic-
ularly after SDS treatment in order to remove free-
spreading DNA. To eliminate remaining detergent
and restore ionic medium, the specimens were
washed in Parsons & Paterson solution.

For comparative purposes some specimens were
treated with trypsin (Treatment number 12). Sam-
ples attached to holders were incubated in 0.25%
Trypsin-EDTA (Sigma-Aldrich) in PBS (Dulbecco
Phosphate Buffered Saline, Sigma-Aldrich) pH 7.4
for 2h and 24h at 4°C with constant rotation. After
treatment samples were washed with Parsons &
Paterson solution to remove traces of protease
and restore the ionic composition.

The decellularization procedures used in the pre-
sent study are resumed in Fig. 1.

Evaluation of cellular content

The cellular content of isolated colonic mucosa
was determined by three criteria: 1) the non- ap-
pearance of cellular nuclear material on hematoxy-
line and eosin (H/E) stained paraffin sections, 2)
no detection of fluorescence of cell nuclei stained
with Pl and 3) SEM and TEM of decellularized iso-
lated colonic mucosa.

The number of independent experiments, i.e.,
samples, corresponding to this section (point 1 and
2 of this paragraph) was 27.

Light Microscopy

For light microscopy, decellularized colon sam-
ples were fixed with 10% formaldehyde in PBS,
dehydrated, embedded in paraffin (Panreac Quimi-
ca SA, MP 56-58°C) and 5 pm sections were
stained with H/E or Pl. The staining of nucleic ac-
ids with Pl was performed according to the proto-
col proposed by Molecular Probes (product infor-
mation 8-11-2003; Riccardi and Nicoletti, 2006).

To determine the persistence of BMs, ICC of
specific BM proteins (type IV collagen, laminin,
perlecan) was performed. The following antibodies
were used: anti-collagen IV (rabbit polyclonal,
Abcam, ab6586), anti-laminin (rabbit polyclonal
laminin 1 + 2, Abcam, ab7463) and anti-perlecan
(rabbit polyclonal, Santa Cruz Biotechnology, H-
300).

After de-waxing, the sections were rehydrated
and treated with pepsin (Pepsin crystalline, Sigma/
Aldrich, Germany, P6887) to unmask collagen IV
and laminin antigens, while for perlecan this pre-
treatment was unnecessary.

Endogenous peroxidase was inhibited with H,O,
for 15 minutes at room temperature, and specific
binding sites were blocked with 10% FCS in PBS
for 30 minutes in a humid chamber at room tem-
perature.

The primary antibodies against collagen IV
(dilution 1/1000), laminin (dilution 1/1500) or per-
lecan (1/1000 dilution) were incubated overnight in
a humidity chamber at 4°C. The binding of the pri-
mary antibodies was detected using Histofine Sim-
ple N-stain MAX PO (Universal Immune-
peroxidase anti-mouse polymer and anti-rabbit;
Nichirei Biosciences, Tokyo, Japan). The immune
reaction was visualized using the UNIVERSAL
VISION MAS kit (Master Diagnostic).

Samples were examined using an Axionplan 2
optical microscope (Zeiss) .The digital images
were made with an HCR Axiocam camera (Zeiss)
and stored in JPEG and TIFF format.

Electron Microscopy

Samples attached to plastic holders were fixed in
2.5% Glutaraldehyde (Fluka) in buffer cacodylate
0.12 M (Sigma), post-fixed in 1% buffered osmium
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tetroxide 2h at 4°C and dehydrated in an increas-
ing alcohol series.

For SEM, the specimens were transferred to
100% acetone and critically point-dried using CO2
as intermediary (Mestres and Rascher, 1981). The
samples were sputter-coated with platinum (layer
thickness 4-5 nm) (BALC SCD 005 sputter-coater
TEC). The examination of the samples was carried
out with a Nano-SEM 240 FEG FEI scanning elec-
tron microscope, operating at 3-10kV. The number
of independent experiments, i.e. samples, corre-
sponding to this section was 28.

For TEM, samples were dehydrated in an as-
cending alcohol series and embedded in epoxy
resin (TAAB resin embedding kit). Ultrathin sec-
tions, 80 nm thick and stained for 30 minutes with
1% uranyl acetate (Merck) followed by 20 minutes
lead citrate (Reynolds, 1963), were examined at
60 kV in a Jeol JEM 1010 transmission electron
microscope, equipped with a Mega View Soft Im-
aging System Il digital camera. The number of
independent experiments, i.e., samples, corre-
sponding to this section was 17.

Cell cultures

The BM of the isolated colonic mucosa served as
a substrate for primary cultures of human fetal fi-
broblasts (supplied by Dr. Fernando Serrano
Gobémez, University Hospital Alcorcén Foundation).
For these cultures the isolated mucosa was decel-
lularized using the short treatment procedure.

Before the cells were seeded, the mucosa was
incubated in culture medium with antibiotic (DMEM
without serum, 1% penicillin / streptomycin) at 4°C
and shaken overnight.

Histoacryl® was used to attach the colonic mu-
cosa to a sterile plastic ring (MACROLON®) with
the luminal side of the BM facing towards the in-
side of the ring. The rings were 1 cm high with an
inner diameter of 1cm and an outer diameter of 1.2
cm. They were sterilized using ethanol and UV
radiation.

The rings with the attached colonic mucosa were
placed on a Transwell plate (Falcon- Corning), the
membrane of which had been punctured with a
sterile needle to facilitate nutrient supply.

Fetal fibroblasts 6x10* were seeded in the cen-
tral hole of the ring and both ring and Transwell
plate were filled with culture medium (DMEM). As
the growth of cultured cells on the colonic mucosa
cannot be visualized with an inverted microscope,
cells were simultaneously cultured on Therman-
ox® coverslips in order to monitor the growth pro-
cess.

The cultures were kept in a culture incubator at
37°C and 5% CO2 for 5 to 7 days and the medium
was changed every 2 days.

For SEM the samples were fixed with 2.5% glu-
taraldehyde (Fluka) in 0.12 M cacodylate buffer
(Sigma-Aldrich) at pH 7.4 for 1 h at a temperature
of 30°C, post-fixed with osmium tetroxide 2% in

buffered with Na-cacodylate 0.12 M, washed in
buffer, then separated from the rings and prepared
for SEM (see section 2.2). Critical point dried spec-
imens were sputter-coated with Au (BALC-TEC
SCD 005) and examined under a scanning elec-
tron microscope ESEM XL (XL SERIES, PHILIPS).

For correlative SEM/TEM studies selected speci-
mens prepared for SEM were thereafter embed-
ded in epoxy resin as described above. Both, thick
(0.5um) and thin (80 nm) sections were obtained
and examined under light- and transmission elec-
tron microscope respectively. The number of inde-
pendent experiments, i.e., samples, corresponding
to this section was 8.

Image processing and measurements

Corel PHOTO-PAINT, version 15, was used to
improve the brightness and contrast ratio of the
SEM and TEM images. The SEM images were
analyzed with SPIP software, version 4. The thick-
ness of the BM in the TEM images was measured
using the Image J software. To determine the size
of the particles, the corresponding images were
processed using SCANDIUM (based on analySIS
FIVE Soft-lmaging System). As the particles are
not perfectly spherical in shape, these are approxi-
mate measurements obtained by measuring the
diameter of the major axis of the particle. In order
to detect and highlight the edges of the BMs in
cross section, the filter function of COREL PHOTO
PAINT X5 (v 15.2.0.686 (2010) was used.

Statistical analysis.

A descriptive statistical analysis has been per-
formed using Origin Pro 8. The data have been
presented as the mean values and included in the
text with standard deviation and in relevant cases
with percentage error. The total nhumber of inde-
pendent experiments (samples) is 80.

RESULTS

Histology

The wall of the rat colon is arranged in consecu-
tive concentric layers, from the inside to the out-
side of the lumen: mucosa, submucosa, muscular
and adventitia (Fig. 2 A).

In paraffin sections of samples treated according
to the EDTA/vibrationand H/E staining protocol, a
complete decellularization of the luminal surface
and crypts can be observed, leaving the epithelial
side of the BM exposed and free of cells (Fig. 2B).

However, after application of this treatment to the
lamina propria, numerous cell nuclei were still pre-
sent, indicating incomplete decellularization.

Cellular content

The cell nuclei counts are summarized in Figure
3. In untreated samples the number of cell nuclei
per area was 232 * 70 (Fig. 2 E, Fig. 3), whereas,
after EDTA / vibration treatment the number of nu-
clei was reduced by approx. 75%, (Percentage of
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Fig 2. Histology. A) Partial view of the colon wall (control). H/E staining. 1: Surface epithelium; 2: Lamina propria; 3:
Crypts in cross and length section; 4: Tunica muscularis mucosae; 5: Submucosa with a large blood vessel; 6: Par-
tial view of tunica muscularis. In the following light microscopy images, structural features are indicated as in Fig.
2A. B) Isolated colonic mucosa after decellularization after EDTA/vibration treatment. H/E staining. The surface epi-
thelium has been completely removed (arrow). C) Isolated colonic mucosa decellularized after the combined treat-
ment (see diagram on figure 1). H/E staining. The surface epithelium has been completely removed (arrow). D) Iso-
lated colonic mucosa after trypsin treatment. H/E staining. The surface epithelium has been completely removed
(arrow). E) Untreated colon wall stained with PI. Note the cell nuclei in red. F) Isolated colonic mucosa treated with
EDTA/vibration and stained with Pl. The surface epithelium has been completely removed (arrow). G) Isolated co-
lonic mucosa after combined short treatment (see Fig. 1) and stained with PI. Cell nuclei are no longer visible. H)
Isolated colonic mucosa after trypsin treatment. Particles stained with Pl are still visible and correspond to fragments
of cell nuclei trapped in the ECM structure. The surface epithelium has been completely removed (arrow).

Error=4%) which still represents a considerable
number of remaining cell nuclei (Fig. 2 F).

In the case of treatment of the isolated colonic
mucosa solely with Triton X-100, there was a re-
duction in the number of cell nuclei of 86%
(Percentage of Error=5.7%) compared to the un-
treated tissue.

There is no correlation between the extent of re-
duction in the number of cell nuclei caused by Tri-
ton X-100 and the action time of the detergent; a
similar reduction in cell nuclei numbers was ob-
served in all three time-varying applications (Fig.
3). SDS was more effective, with a reduction rate
in the number of nuclei of over 99% (Percentage of
Error=15.7%) in comparison with the untreated
samples; however this was only reached after a
longer exposure time (Fig. 3). The application of
SDS followed by DNAse proved to be the most
effective procedure, resulting in complete decellu-
larization (Fig. 3).

Furthermore, both short and long exposure treat-
ments, which combined the two above- mentioned
detergents with DNase, proved to be successful in
decellularizing colon mucosa samples. As it can be
seen from a comparison of both treatment proce-
dures that complete decellularization was already
achieved with the short-application treatment, it
was selected as the method of choice (Figs. 2 C
and G, Fig. 3).

In order to hydrolyze the BM and provide a nega-
tive control additional experiments were conducted
in which isolated colonic mucosa was treated with
trypsin. Although trypsin causes decellularization,
abundant fragments of cell nuclei still remained
trapped in the ECM, which in turn showed remark-
able alterations and lost its affinity for histological
stains (Figs. 2 D, H and Fig. 3).

COUNTS OF CELL NUCLEI AFTER DECELLULARIZATION

N
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7777778
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DECELLULARIZATION TREATMENT

-

Fig 3. Counts of cell nuclei after decellularization, X=
treatments (see graphical abstract in Fig. 1). Y= Counts
with standard deviation. (1) 234,2 £ 70,3; (2) 67,6 £ 16;
(3) 33,96 + 12,08; (4) 37,55 + 10,31; (5) 31,21 £ 11,72;
(6) 2,07 £2,23; (7) 1,51 £ 1,72; (8) 0; (9) 0; (10) O; (11)
0; (12) 0.
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20pm D 20pm

Fig 4. Immunohistochemistry of BM proteins after decellularization in accordance with the combined short treatment.
A) Collagen IV. The luminal side of the colonic mucosa appears cell free with a sharp line corresponding to the BM
(arrow). The BM is also clearly stained at the crypts (3) around blood vessels and smooth muscle of the muscularis
mucosae (4); B) Laminin. The BM membrane of the surface epithelium (arrow), blood vessels in the lamina propria and
in the smooth muscle of lamina muscularis mucosae, are well stained (arrow head). In contrast, the submucosa (5)
remains unstained; C) Perlecan. The BM membranes are stained but there is also a weak staining of extracellular ma-

trix structures in other regions of the colon wall; D) Negative control in which the primary antibody was omitted.

Persistence of basement membrane

ICC showed a normal location pattern for the
proteins collagen IV (Fig. 4 A), laminin (Fig. 4B)
and perlecan (Fig. 4 C), i.e. the immunoreaction
revealed the BMs of surface epithelium and crypts

Fig 5. TEM of the colonic mucosa untreated and decellu-
larized. A) Colonic mucosa untreated. The basal pole of
an enterocyte can be seen in contact with the BM mem-
brane, which shows the characteristic pattern of LL
(light) and LD (dark). Below the BM (on left-hand side of
picture) thin cell processes (*) and elements of the extra-
cellular matrix (arrow head) of the lamina propria are
visible. B) Colonic mucosa after cell removal in accord-
ance g with the short combined treatment. The gray line
corresponds to the BM membrane of the superficial epi-
thelium (arrow). On the left of the image connective tis-
sue of the lamina propria can be seen. Note the periodic-
ity of collagen micro-fibrils (arrow). C) The edges of the
BM membranes were digitally enhanced. The arrows
mark where the BM membrane thickness was meas-
ured.

as well as the blood vessels and the muscle cells
of the muscular layer of the mucosa. This location
pattern applies to all decellularization methods
used here, although, in comparison with the con-
trol samples, the immunochemical reaction be-
came somewhat weaker with increased treatment
duration.

The localization of perlecan immunoreaction dif-
fered from that of the other two proteins in as far
as it was observed not only at the BMs, but also in
the lamina propria and on the meshwork of the
submucosa and the muscular layer of the mucosa.
The various decellularization protocols applied in
this study basically had no effect on the localiza-
tion pattern of perlecan.

Thickness of basement membrane

The parameter thickness proved to be very use-
ful as a means of monitoring the effects of the vari-
ous decellularization methods on the BM. Meas-
urements were taken at locations at which the BM
appeared cross-sectioned and the edges were
digitally highlighted (Fig. 5 C).

TEM corroborated the ICC findings with regard to
the persistence of the BM after the experiments
with detergents. Fig. 5 A shows the BM of the su-
perficial epithelium of untreated colon. The charac-
teristic pattern is clearly recognizable: the LL is
attached to the basal poles of enterocytes and the
LD is in direct contact with the ECM of the lamina
propria of the colonic mucosa. While the LL ap-
pears bright, the LD presents a greater contrast
with a felt-like ultrastructure consisting of very thin
filamentous structures (Farquhar, 2006).

Fig. 5 B shows the superficial BM after short
combined treatment. The most notable change
after this treatment was that LL had disappeared
and only LD remained. SEM / TEM correlative mi-
croscopy of decellularized specimens confirmed
that the LL is no longer present. The metallic layer
of SEM coating is deposited directly on the bare
BM and does not reveal any clear zone (like an LL)
between it and the underlying LD of the BM (Fig. 6
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Fig 6. Correlative SEM/TEM microscopy of isolated and
decellularized colon mucosa with fibroblasts growing on
it. A) Thick section stained with toluidine blue. The cells
are stained dark. At the surface, very flat cells can be
observed (arrow). Some other cells have migrated into
deeper layers (thick arrow) and display a stellate shape
with thin processes penetrating into the neighboring
ECM. B) Thin section showing the edge of a fibroblast
attached to the BM. The coating appears as a very thin
dark layer both on the cell surface and on the parts of
the BM which are cell-free. a= cytoplasm at a cell edge
or lamellae; arrow= point of transition between cell (left)
and cell free BM surface (right); b= lamina propria. C)
Surface of luminal BM of colonic mucosa coated with Au
for SEM. Immediately below the metal layer, a thin gray
zone corresponding to BM (arrow) can be distinguished.
There is no gap between the coating and the remaining
BM.

C).

This observation is evidence of the disappear-
ance of LL.

After decellularization the BM is slightly inhomo-
geneous, displaying on the free surface a fine ir-
regular edge with a higher density of small parti-
cles than in the rest of the membrane. Although
similar changes in the BM were observed in all of
the decellularization methods used in this study,
there were notable differences in the thickness of
the BM.

The thickness of the BM was measured in un-
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Fig 7. Thickness of luminal colonic BM after decellulari-
zation. X= treatments (see graphical abstract in figure
1), Y= BM thickness in nm. Mean values with standard
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treated (control) and in treated specimens and the
results are summarized in Fig. 7.

In untreated specimens, the thickness of the BM
was approx. 98 nm. At the beginning of our experi-
ments, i.e. after EDTA/vibration treatment, the
thickness decreased by approx. 36% (Percentage
of Error=1.89%) (Fig. 8 A). Depending on the dura-
tion of treatment with Triton X-100 the BM became
increasingly thinner (Figs. 8 B, E, H).

SDS appears to have been more aggressive
than Triton X-100, resulting in a reduction in thick-
ness of the BM of up to 80% (Percentage of Er-
ror=4%) (Figs. 8 C, F, |, and Fig. 7).

The thickness of the BMs after combined treat-
ment with detergents was approx. 25 to 30 nm, i.e.
a decrease of approx. 70% (Percentage of Er-
ror=2.77%), in particular after the short-time proto-
col (Figs. 8 D,G and Fig. 7).

The BM was no longer visible in TEM images
after treatment with trypsin, i.e. it had disappeared
(not shown).

Nano-topography of the basement membrane
surface

The SEM image of the decellularized colon lu-
minal surface shows smooth areas, especially be-
tween the abundant mouths of the crypts (Fig. 9
A). These smooth areas correspond to the superfi-
cial BM. Crypts appear cell-free as well, showing a
surface pattern reminiscent of the folds of a bel-
lows, probably due to a certain flattening of the
sample at some point in the preparation.

At higher magnifications the surface of the BM is
characterized by the presence of small globules
with a diameter varying between 30-45 nm (Figs. 9
B, C and Fig.10).
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Fig 8. TEM of the BM membrane of the superficial epi-
thelium of the colonic mucosa after decellularization in
accordance with the methods used in this study. Arrow-
heads mark the edges of the BM membranes. Differ-
ences in thickness in the BM membrane were not ap-
parent to the naked eye, although there were slight
changes in the density of the same depending on the
treatment applied. A) EDTA/Vibration treatment. B)
EDTA/Vibration/1h Triton X-100. C) EDTA/Vibration/1h
SDS. D) Combined treatment (long-term). E) EDTA/
Vibration/6h Triton X-100. F) EDTA/Vibration/6h SDS.
G) Combined treatment (short-term). H) EDTA/
Vibration/24h Triton X-100. 1) EDTA/Vibration/24h SDS.

As shown in Fig. 9C, the globules are small
spheres with small openings or pores between
them of a diameter of 20 nm or more. The globules
are widely distributed throughout the surface of the
BM, like a surface covered with gravel. Sometimes
the globules have formed aggregates that almost
overpower the membrane, but also often appear
embedded in the membrane itself.

It is remarkable that, regardless of the treatment
applied, the size of the globules is similar in all
cases. The average diameters of the globules in
each decellularization treatment procedure are
summarized in Fig. 10.

In particular after SDS treatment a network of
filaments covering the sample was observed (Fig.
9 D). Such fibrillary networks were observed only
in specimens treated with SDS and proved to be
highly sensitive to DNase.

Experiments with trypsin served to demonstrate
the enzymatic degradation of the BM, possibly
providing an interesting substrate for cell cultures.
Histological sections stained with H/E (Fig. 2 D)
showed that, after a 24-hour treatment with trypsin,
the BM had disappeared completely. Accordingly,
ICC of the three BM-proteins, collagen IV, laminin
and perlecan, returned negative results.

SEM observations confirmed the effects of tryp-
sin on the BM, which was completely hydrolyzed,
exposing the underlying connective tissue, where
collagen bundles of the lamina propria could easily
be recognized (Figs. 9 E, F).

Cell cultures

Although it had been decellularized, the optical
qualities of the isolated colonic mucosa were poor.
This was due mainly to the thickness of these
specimens, which impeded microscopic monitoring
of the evolution of the cell cultures.

Parallel fibroblast cultures on Thermanox ® co-
verslips showed that approx. 4 hours after seed-
ing, the cells had adhered and, a further 24 hours
later, had begun to change their form into an elon-
gated shape (Figs. 11 A, B). Although the imaging
of cultures on the BM was very limited with the
invert microscope, it was possible to ascertain a
similar timing with regard to cell behavior
(adhesion, elongation and migration) as observed
with Thermanox®. Moreover, our observations
confirm the ability of these cultures to proliferate in
a normal way, achieving confluence after 5-7 days
of cultivation. At this stage the cells displayed a
flattened and elongated shape, forming a carpet,
which covered the BM and the mouths of the
crypts (Fig. 11 C). In addition to these areas with
flattened cells, other cells were observed which
appeared round in shape, with numerous microvilli
at the surface, forming pairs resembling young
post-mitotic cells. The presence of lamellipodia
and filopodia is an expression of cell membrane
activity and such surface profiles correlate well
with the phenotype of fibroblasts (Fig. 11 D).

Correlative SEM/TEM electron microscopy has
shown that, as seen in thick sections, the fibro-
blasts located on the surface were extremely flat
and closely adhered to the substrate, in this case
the BM, covered by a thin gold layer required for
SEM (Fig. 6 A). In thick sections it was possible to
see the deep layers of the sample, where many
cells with numerous extensions make contact with
the tissue, in that case the ECM of the mucosa
(Fig. 6 A). In thin sections the metal coating covers
both the bare BM and the flat surface cells (Fig. 6
B). This metal coating lies directly on the BM (Fig.
6 C) and on the upper cell membrane of the fibro-
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Fig 9. SEM of the luminal surface of the colonic mucosa after decellularization. A) Overview showing the cell-free BM
surface and the mouths of the crypts (*). B) Epithelial side of the BM membrane at higher magpnification. Note the pres-
ence of globules. C) Measurements of particle diameter or globules. Some globules rise to the surface, whereas others
appear embedded in the BM membrane. D) Surface of the BM membrane after SDS treatment. Note the presence of a
network of fibers which subsequently disappeared upon the application of the enzyme DNase. E) Insert showing the
surface of the mucosa after trypsin treatment. Note the regular distribution of the crypts (dark mouth). F) The enzymatic
action of trypsin has hydrolyzed the BM membrane rendering the collagen fibers underneath directly visible. G) Detail
of Fig. 9F. The collagen fibers do not appear to have been affected by the action of trypsin, indicating that only the BM
has been removed.
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DIAMETER OF BM GLOBULES AFTER DECELLULARIZATION
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Fig 10. Diameter of BM globules after decellularization.
X= treatments (see graphical abstract). Y= Diameter of
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blasts (Fig. 6 B) while underneath, the fibroblasts
appear to be tightly attached to the substrate, i.e.
BM (Fig. 6 B).

DISCUSSION

The present study has shown for the first time
that rat colon mucosa can be used as a substrate
for cell cultures, thus adding it to the long list of bio
-scaffolds derived from hollow organs.

The protocol developed for this purpose uses a
chelating agent (EDTA) and two detergents, name-
ly Triton X-100 and SDS. This procedure permits
complete decellularization of the specimen while,
at the same time, preserving the luminal BM. It
differs from other procedures in which detergents
are applied alone or in combination, for example,
with hypo- and hyper-osmotic factors and proteo-
lytic enzymes (Liao et al., 2007; Du and Wu, 2011;
Soto-Gutierrez et al.,, 2011; Keane et al., 2013;
Friedrich et al., 2014). In studies, which did use a
combination of the same detergents, the deter-
gents were more highly concentrated and the
treatment was of longer duration than in our study

Acc.V Spot Magn{WB

200kvV 5.0 6500x SE 108
7 >

Fig 11. SEM of fetal human fibroblasts cultures. A) Cultures on Thermanox® coverslips. The arrangement of the cells
with interconnected elongated forms (*) resembles that of a swarm of fish. B) Cultures on Thermanox® coverslips. At
higher magnifications, very characteristic surface profiles can be observed, such as filopodia of varying length (arrow)
as well as ruffled borders (thick arrows). C) Cultures on BM of decellularized colon mucosa. The cells show the same
arrangement pattern as described above. Note the presence of a cell nucleus (N) with its nucleoli (n), rising up below
the plasma membrane. D) Detail of a culture similar to the previous one (Fig. 11C). Area with low cell density in which
the surface of the BM membrane (*) can be seen. Round cells with numerous microvilli (arrow) are visible, probably
related with cell division. The cells appear to be well attached to the substrate and show branched processes (thick

arrow).
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(Rieder et al., 2004; Hudson et al., 2004). In our
study the application period of each agent was
reduced, thus minimizing damage to the ECM and
particularly to the BM.

In order to determine the degree of decellulariza-
tion a well-established procedure was selected,
namely the staining of nucleic acids with fluores-
cent dyes and H/E (Crapo et al.,, 2011). DNase
treatment was used to remove remaining DNA
from the surfaces and tissue structure (Narayanan
et al., 2009; Keane et al., 2013).

The BM constitutes a specific compartment of
the ECM, located between parenchymal cells and
connective tissue (Brown et al., 2006). Its thick-
ness is a parameter of considerable value in the
assessment of their status under both normal and
pathological conditions. Using this parameter dif-
ferences in the thickness of the BM were detected
in various organs of the rat (Osawa et al., 1984),
as well as modifications thereof with regard to the
process of reproduction and embryonic develop-
ment (Dockery et al., 1998). This parameter is
widely applied in the field of experimental patholo-
gy and medical diagnostics, for instance, in renal
pathology (Dische, 1992; Das et al., 1996), in in-
flammatory diseases of the colon (Gledhill et al.,
1984) and diabetes (Williamson et al., 1969; Carl-
son et al., 2003).

When measuring the thickness of the BM certain
features such as precise determination of the edg-
es of the BM and the cutting plane need to be tak-
en into account (Wu et al., 2010).

Generally in TEM images, the edges of a BM are
well defined by the staining of the structure with
heavy metals (Farquhar, 2006). We implemented
digital image processing in our study in order to
define the edges of the BMs with greater precision
(Carlson et al., 2003; Rangayyan et al., 2010). The
proper orientation of the specimens in the block
during embedding proved to be decisive in the min-
imization of errors with regard to the cutting plane.
Moreover, in our TEM images, zones in which the
BM had been cut obliquely could be easily recog-
nized with the help of neighboring structures.

Our results indicate that the decellularization pro-
cedures used in the present study cause altera-
tions in the structure of the BM, resulting in a mani-
fest thinning of this compartment of the ECM.
These changes can be attributed to the action
mechanisms of the agents, EDTA and also to
those of both detergents (Stanley et al., 2003;
Yurchenco, 2011; Faulk et al., 2014).

The effects of EDTA on the superficial BM of co-
lon have been already reported on in a previous
study (Mestres et al., 2014). In the present study,
new evidence for the loss of LL was obtained us-
ing correlative SEM / TEM microscopy. The effects
of both detergents, Triton X-100 and SDS, take
place mostly in the LL, mimicking those described
for EDTA. Both detergents are able to solubilize
proteins and other tissue components (Cebotari et

al., 2010). We can confirm the reports of other au-
thors that the observed effects of SDS were more
intense than those of Triton X-100 (Bhuyan et al.,
2010; Faulk et al., 2014). The reduction in thick-
ness of the BM is a phenomenon closely associat-
ed with the treatment applied in our experiments
and is definitely due to the extraction processes
exerted by the decellularizing agents (Patel et al.,
2008; Faulk et al., 2014).

Recent studies on the distribution of specific BM
proteins have shown that some of the proteins, for
example laminin, appear to be unevenly distributed
and are mostly located in the LL (see Menter and
Dubois, 2012, page 6, Fig. 3). This is also sup-
ported by the fact that, after standard tissue prepa-
ration for electron microscopy, the BM displays two
clearly visible layers or sheets, the LL and the LD
(Farquhar, 2006). Although tissue preparation with
cryo- techniques reveals a structurally homoge-
nous BM, this does not exclude the existence at
molecular level of an unequal distribution of specif-
ic molecules, with differences between ad- epitheli-
al and ab-epithelial sides of the BM. The ad-
epithelial side of the BM could be less stable than
the ab-epithelial, because in the former the links
with the epithelial cells seem to be easier to break
than those of the LD with the underlying ECM.
Nonetheless, after decellularization and although
the LL had completely disappeared, all three mark-
er proteins were detected in the remaining BM. As
it would seem that all three marker proteins are
distributed throughout the BM, the BM layout in the
laminae might be dependent on other molecular
and / or structural parameters.

Cells react to topographical features of the sub-
strate (ridges, sulci, protrusions different sizes etc.)
with remarkable changes in metabolism, in cell
alignment and orientation, motility, adhesion and
cell shape (Folkman and Moscona, 1978; Curtis
and Wilkinson, 1999; Kim et al., 2012).

The nanotopography of the BM surface, as seen
with SEM, is characterized by the presence of very
small globules, which are all similar in size, regard-
less of the decellularization treatment applied. This
seems to relate to the basic structure of BM
(Carlson and Carlson, 1991; Mestres et al., 2014).

Typical surface formations of BMs of the diges-
tive tract are so-called "fenestrae". These for-
mations are mostly related to the passage of cells
through the BM, but under the influence of me-
chanical stimuli their number can increase
(Mestres et al., 1991). The agents applied in decel-
lularization experiments can cause significant ex-
traction of materials from the BM, which renders
this structure weak and unstable. The decellulari-
zation protocol used in this study was configured
to ensure that, despite reduction in the thickness of
the BM layer, such a degree of structural weak-
ness was not reached.

Stiffness and mechanical properties can also
influence the behavior of cells. However, although
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the isolated colonic mucosa is rather thin and not
very rigid, these weaknesses can be compensated
by the fixation of the isolated mucosa to the Mak-
rolon® rings. In view of the fact that the fibroblasts
grown thereon display completely normal growth
and pattern formation (Emonard et al., 1987; Klein-
man and Martin, 2005), the new scaffold can be
considered biocompatible.

The question of biocompatibility is important in
several respects. First of all, the chemicals used
for decellularization have to be washed out of the
tissue as retention in the tissue structure can exert
undesired effects on the cells cultured on the scaf-
fold (Crapo et al.,, 2011; Friedrich et al., 2014).
Secondly, it is important to remember that in pri-
mary or cell line cultures, many products, particu-
larly bioactive substances such as growth factors
located in the BM (sponge effect), can be washed
out in the decellularization process. They are then
not available to the cells for growth and may, pos-
sibly, have to be replaced (Reing et al., 2010). Se-
rum, as a standard culture medium, was added to
our fibroblast cultures. Further studies with this
protocol are already underway to determine
whether this new scaffold can also be implement-
ed to culture other cell types and cell lines.

Conclusions

The goal of this study was to establish a method
by which to decellularize the isolated mucosa of
the colon while, at the same time, ensuring optimal
preservation of the BM.

The strategy chosen, namely the use of quelants,
two detergents applied sequentially and DNase,
produced the desired results: the BM is preserved
to a large extent and the mucosa ECM retains suf-
ficient mechanical stability to enable the obtaining
of cell cultures.

The sequential combination of two detergents
has proved to be greatly superior to the use of hy-
drolytic enzymes as these have a severe effect on
the structure and on the mechanical and probably
also on the chemical properties of the specimen.

In order to determine the biocompatibility of this
substrate, human fibroblasts were cultured on it.
These cells showed a normal behavior
(morphological appearance, substrate adhesion,
and migration with formation of a cell layer on the
surface as well as penetration inside the sub-
strate), comparable in all respects to that which
they present when grown on current substrates for
cell cultures (Emonard et al., 1987). Thus, the hy-
pothesis that cells can adhere to and grow on this
substrate has been confirmed, at least for the par-
ticular cell line used.

In conclusion, it can be said that the colonic mu-
cosa is an interesting substrate for in vitro studies
with cells and presumably also for tissue recon-
struction.
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