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Abstract

The basement membrane complex (BMC) is a critical component of the extracellular matrix
(ECM) that supports and facilitates the growth of cells. This study investigates four detergents
commonly used in the process of tissue decellularization and their effect upon the BMC. The
BMC of porcine urinary bladder was subjected to either 3% Triton-X 100, 8 mM 3-[(3-
cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS), 4% sodium deoxycholate, or
1% sodium dodecyl sulfate (SDS) for 24 hours. The BMC structure for each treatment group was
assessed by immunolabeling, scanning electron microscopy (SEM), and second harmonic
generation (SHG) imaging of the fiber network. The composition was assessed by quantification
of dsDNA, glycosaminoglycans (GAGSs), and collagen content. Results showed that collagen
fibers within samples treated with 1% SDS and 8 mM CHAPS were denatured and the ECM
contained less GAGs compared to samples treated with 3% Triton X-100 or 4% sodium
deoxycholate. Human microvascular endothelial cells (HMECSs) were seeded onto each BMC and
cultured for 7 days. Cell-ECM interactions were investigated by immunolabeling for integrin -1,
SEM imaging, and semi-quantitative assessment of cellular infiltration, phenotype, and
confluence. HMECs cultured on a BMC treated with 3% Triton X-100 were more confluent and
had a normal phenotype compared to HMECs cultured on a BMC treated with 4% sodium
deoxycholate, 8 mM CHAPS, and 1% SDS. Both 8 mM CHAPS and 1% SDS damaged the BMC
to the extent that seeded HMECs were able to infiltrate the damaged sub-basement membrane
tissue, showed decreased confluence, and an atypical phenotype. The choice of detergents used for
tissue decellularization can have a marked effect upon the integrity of the BMC of the resultant
bioscaffold.
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1. Introduction

The decellularization of tissues for the purpose of utilizing the extracellular matrix (ECM) as
a bioscaffold for reconstructive surgical procedures or whole organ engineering involves the
use of various enzymes, detergents and mechanical/physical methods[1-3]. During the
process of decellularization, parenchymal cells within the source tissues and organs such as
the dermis, small intestine, urinary bladder, liver and lung are destroyed and/or removed[1,
2, 4-T7]. However, the less abundant but equally important non-parenchymal cells are also
removed in the process. Such cells include the endothelial cells of the resident vascular
network structures and any site appropriate epithelial cell populations. The remaining
vascular network, devoid of endothelial cells, has been proposed as a potential guide and
substrate for revascularization[8-11]. Therefore, the effects of decellularization methods
upon the structure and composition of the basement membrane complex (BMC) are critical
for subsequent in-vitro or in-vivo recellularization.

There have been several published methods for decellularizing tissues and generating
biologic scaffolds composed of ECM, each of which describes a unique and specific recipe
of enzymes and detergents. Commonly used detergents include Triton X-100[11, 12], 3-[(3-
cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS)[18], sodium
deoxycholate[13], and sodium dodecyl sulfate (SDS)[8, 14-17]. Detergents are able to
solubilize cell membranes and dissociate DNA from proteins, making such agents attractive
for the decellularization process. Studies have shown that ionic detergents can be more
effective for cellular removal than non-ionic and zwitterionic detergents[18]. However,
subjecting tissue to harsh detergents, such as SDS, can disrupt the ECM structure[19],
eliminate growth factors[20], and/or denature essential proteins[21].

The present study compared the effects of four commonly used decellularization agents
upon the BMC and its ability to support endothelial cells in vitro. The findings have
relevance for decellularization strategies used in the production of ECM derived biologic
scaffolds and whole organ engineering.

2. Materials and Methods

2.1. Scaffold Preparation and Decellularization

Porcine urinary bladders were obtained from animals (~120 kg) at a local abattoir (Thoma's
Meat Market, Saxonburg, PA).

Bladders were frozen (>16 h at —80 °C) and thawed completely before use. The BMC and
underlying lamina propria were isolated and harvested from the bladders as previously
described [7, 22, 23]. The tissue was then placed in 0.02% Trypsin/0.05% EGTA solution
for two hours at 37°C with physical agitation to detach cells from the extracellular matrix.
Tissue samples were then subjected to either, 3% Triton-X 100 (Sigma-Aldrich), 8 mM
CHAPS (Sigma-Aldrich), 4% sodium deoxycholate (Sigma-Aldrich), 1% SDS (Bio-Rad), or
Type | water (non-detergent control) for 24 hours with physical agitation (300 rpm on an
orbital shaker). Scaffolds were next rinsed with 1X PBS for 15 min followed by water for 15
min and each repeated. A 24 hour 1X PBS wash followed. Scaffolds were subsequently
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rinsed with 1X PBS followed by water for 15 min each and repeated. Lastly, scaffolds were
sterilized via gamma irradiation at a dose of 2 x 106 RADS.

2.2. dsDNA Quantification

Scaffolds were digested in 0.6% Proteinase K solution for at least 24 hours at 50°C until no
visible tissue remained. Phenol/Chloroform/Isoamyl alcohol was added and samples were
centrifuged at 10,000xg for 10 min at 4°C. The top aqueous phase containing the DNA was
transferred into a new tube. Sodium acetate and ethanol was added to each sample and the
solution was mixed and placed at —80°C overnight. While still frozen, the samples were
centrifuged at 4°C for 10 min at 10,000xg. Supernatant was discarded and all residual
alcohol was removed. Pellet was suspended in TE buffer. Double stranded DNA was
quantified using Quant-iT PicoGreen Reagent (Invitrogen Corp., Carlshad, CA, USA)
according to the manufacturer’s instructions. The dsDNA assay was performed in duplicate,
and was performed two times.

2.3. Preparation of Urea-Heparin Extracts for Growth Factor Assays

Three hundred (300) mg of ECM powder was suspended in 4.5 ml of urea-heparin
extraction buffer. The extraction buffer consisted of 2 M urea and 5 mg/ml heparin in 50
mM Tris with protease inhibitors [ImM Phenylmethylsulfonyl Fluoride (PMSF), 5 mM
Benzamidine, and 10 mM N-Ethylmaleimide (NEM)] at pH 7.4. The extraction mixture was
rocked at 4°C for 24 hours and then centrifuged at 3,000 g for 30 minutes at 4°C.
Supernatants were collected and 4.5 ml of freshly prepared urea-heparin extraction buffer
was added to each pellet. Pellets with extraction buffer were again rocked at 4°C for 24
hours, centrifuged at 3,000 g for 30 minutes at 4°C, and supernatants were collected.
Supernatants from first and second extractions were dialyzed against Barnstead filtered
water (three changes, 80 to 100 volumes per change) in Slide-A-Lyzer Dialysis Cassettes,
3500 MWCO (Pierce, Rockford, IL). The concentration of total protein in each dialyzed
extract was determined by the bicinchoninic acid (BCA) Protein Assay (Pierce, Rockford,
IL) following the manufacturer’s protocol, and extracts were frozen in aliquots until time of
assay.

2.4 Growth Factor Assays

Concentrations of basic fibroblast growth factor (bFGF),and vascular endothelial growth
factor (VEGF) in urea-heparin extracts of dermis samples were determined with the
Quantikine Human FGF basic Immunoassay (R&D Systems, Minneapolis, MN), and the
Quantikine Human VEGF Immunoassay (R&D Systems). Manufacturer’s instructions were
followed for both growth factor assays. Each assay for bFGF and VEGF was performed in
duplicate, and each growth factor assay was performed two times. Results are reported as
mean + standard error. It should be noted that growth factor assays measured the
concentration of each growth factor and did not measure growth factor activity.

2.5. Soluble Collagen and Sulfated GAG Quantification

10 mg ECM/ml (dry weight) were enzymatically digested in a solution of 1 mg/ml porcine
pepsin (SigmaeAldrich, St. Louis, MO) in 0.01 N HCI under a constant stir rate for 72 h at
room temperature. The pH neutralized pepsin digests were diluted and assayed for soluble,
triple helical collagen content using the Sircol Collagen Assay (Biocolor Ltd., Carrickfergus,
United Kingdom) per the manufacturer’s instructions. The pH neutralized pepsin digest
were also analyzed for total protein recovered using the BCA protein assay (Pierce). A
pepsin buffer solution was used as the negative control and subtracted from the signal.
Similarly, 50 mg/ml of powdered ECM in 100 mM Tris (pH 7.5) was digested with 0.1 mg/
ml proteinase K (Sigma) at 50 °C for 24 h with gentle agitation. The proteinase K digests
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were then assayed for sulfated GAG concentration using the Blyscan Sulfated
Glycosaminoglycan Assay (Biocolor Ltd.) per the manufacturer’s instructions. All results
were normalized to dry weight tissue. Assays were performed in duplicate on three
independent samples for each treatment group.

2.6. Histologic Staining and Immunolabeling of the BMC

Fixed scaffolds were embedded in paraffin and cut into 5um sections. Sections were either
stained with Hematoxylin and Eosin (H&E), Movat’s Pentachrome, or used for
immunolabeling. For immunolabeling, slides were manually deparaffinized, placed in
Citrate Antigen Retrieval Buffer (10 mM, pH 6), and heated to 95°C for 20 min. Slides were
then cooled to room temperature, rinsed in 1X PBS three times for 3 min, placed in humidity
chamber to incubate for 1 hr with blocking solution (2% Goat Serum, 1% BSA 0.1% Triton
X-100 0.1% Tween) at room temperature, then incubated overnight at 4°C with anti-
collagen I antibody (Sigma-Aldrich, C2456, 1:1000) in blocking solution. Slides were then
rinsed with 1X PBS as above, treated with 3% hydrogen peroxide in methanol solution for
30 min, and re-rinsed. Biotinylated secondary antibody Horse Anti-Mouse 1gG (Vector
Labs, 1:100) was then applied for 30 min. Slides were rinsed as above, ABC solution
applied for 30 min in humidity chamber at 37°C, re-rinsed, and 3,3'-diaminobenzidine
(DAB, Vector Labs) was applied under microscope. To stain collagen 1V (ab6586, Abcam,
1:500), laminin (L9393, Sigma-Aldrich, 1:100), and Collagen VII (C6805, Sigma-Aldrich,
1:10) the same protocol as used for collagen | was applied with an added 0.05% pepsin in
0.01 mM hydrochloric acid for 15 minutes in humidity chamber at 37°C following citrate
acid buffer antigen retrieval. Staining for collagen VI also used a blocking solution that
contained 4% goat serum and 2% BSA, and a 1 hour hydrogen peroxide incubation time.
After DAB staining, all slides were counterstained with hematoxylin, dehydrated and
manually coverslipped using standard mounting medium. Images were taken at the luminal
interface of the tissue.

2.7. Analysis of the ECM Fiber Network of the BMC Luminal Surface

A complete set of fiber network descriptors was collected from SEM images of each BMC
including: pore size distribution, node density (number of fibers intersections per um2), and
fiber diameter. Porosity was described by the mean of the pore size (um?) histogram.
Automated extraction of these fiber architectural features was achieved with an algorithm,
which has been previously described in detail [24]. Briefly, the SEM image was digitally
processed by a cascade of steps including equalization with a 3x3 median filter, local
thresholding through the Otsu method, thinning, smoothing, morphological operators,
skeletonization, binary filtering for Delaunay network refinement, and ultimately the
detection of fiber network architecture and its descriptors. For each treatment group ten
images were analyzed.

2.8. Quantification of Collagen Fiber Denaturation via SHG

To both visualize and quantify the integrity of the collagen fiber network of the basement
membrane, intact samples were imaged enface from the surface of the BMC with an
Olympus FV1000 multiphoton system (MPM). The Olympus FVV1000 MPM system was
operated with Olympus Fluroview software, and was equipped with a Chameleon ultra
diode-pumped laser, and a 25x XL Plan N objective with a N.A. of 1.05 and a field of view
of 500 um. The excitation wavelength was chosen at 800 nm at a 5% laser transmissivity.
The photomultiplier voltage was maintained at 400 V across all samples for subsequent
signal intensity analysis. The emission wavelength was received by a filter set to
400£100nm for second harmonic generation signal of collagen. Image scans were performed
at a depth of 25 um, 50 pm, 75 pm, and 100 um to encompass the BMC with a sampling
speed set to 2 ps/pixel with a 2 line Kalman filter. Image sections were then imported into
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ImagelJ for intensity analysis through a background subtraction, and then applying the
integrated density function whereby area*intensity. This parameter provides a relative
measurement of the SHG signal. It has previously been found that denaturation of collagen
fibers results in the destruction of the SHG due to the loss of the noncentrosymmetric
crystalline structure at the molecular level[25]. Additional image stacks were acquired for
select samples with an incremental z-step of 0.5 pm to a depth of 100 pm for 3D
reconstruction and visualization using Imaris software.

2.9. Endothelial Cell Seeding and Culture

Sterilized scaffolds were placed with the BMC luminal surface facing up in a 6 well plate.
HMECs (a gift from Francisco Candal, Center for Disease Control and Prevention, Atlanta,
GA) were cultivated in MCDB-131 medium containing 10% fetal bovine serum, 2 mM L-
glutamine, 100 U/mL penicillin and 100 ug/mL streptomycin. MCDB-131 medium was
from Invitrogen (Carlshad, CA); all other reagents for cell growth were from Thermo Fisher
Hyclone (Logan, Utah). Cells were grown at 37°C in 5% CO, and were harvested for
seeding when they were approximately 100% confluent. HMECs were seeded on the BMC
surface of each treatment group in triplicate. A total of 1 x 106 cells were cultured on each
scaffold within a 2cm diameter stainless steel culture ring containing 5 ml of culture
medium. Scaffolds were then placed in an incubator at 37°C in 5% CO, for 24 hrs of
culture, at which time the culture rings were removed and the seeded scaffolds were
transferred to a new 6 well plate with fresh media. Culture media was then replaced on day 2
and day 5. After 7 days of culture, seeded scaffolds were fixed in 10% neutral buffered
formalin, gluteraldehyde, or liquid nitrogen for subsequent analysis.

2.10. Immunolabeling of Seeded HMECs

After 7 days of culture samples were fixed in formalin for at least 24 hours, embedded in
paraffin and cut into 5 um transverse sections. Sections were either stained with
Hematoxylin and Eosin (H&E), or used for Ki67 and integrin -1 immunolabeling. Slides
for immunolabeling were deparaffinized and rehydrated with decreasing concentration of
alcohol and water. Antigen retrieval was performed with Citrate Antigen Retrieval Buffer
(10mM, pH®6). Retrieval buffer was heated until a boiling point was reached, slides were
immersed, removed from heat, and cooled for 20 min. Slides were washed with 1X PBS 3x
for 3 min each. 0.05% Pepsin digest was applied to samples for 15 min minutes in humidity
chamber at 37°C. Blocking solution was applied (2% Goat serum 1% BSA 0.1% Triton
0.1% Tween) for 1hr at room temp. Slides were washed with 1X PBS as above. Rabbit anti-
integrin p-1 (Abcam, AB52971, 1:1000) in blocking buffer was applied to each sample.
Rabbit anti-Ki67 (Abcam, AB15580, 1:100) in blocking was applied to each sample on a
separate slide. The samples were then incubated at 4°C overnight. Slides were washed with
1X PBS as above. Alexa-Flour 594 goat anti rabbit (Invitrogen, 1:200) was applied for 1 hr
at room temperature for the anti-integrin 3-1sample. Alexa-Flour 488 goat anti rabbit
(Invitrogen, 1:200) was applied for 1 hr at room temperature for the anti-Ki67 samples.
Slides were washed with 1X PBS as above. Coverslips were added with anti-FADE
containing DAPI (Invitrogen, P36931). Analysis of apoptosis in tissue sections was
performed with a DeadEnd™ Colorimetric TUNEL System (Promega Corp. PR-G7130)
according to the manufacturer’s specifications.

2.11. Semi-Quantitative Scoring of HMECs

Fixed seeded scaffolds were embedded in paraffin and cut into 5um sections. Sections were
stained with H&E and images were taken of the HMECs. The images were then evaluated
by five blinded investigators using a standardized system as previously described [20].
Criteria included cellular infiltration, confluence, and cell phenotype. Associated
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descriptions of these metrics can be found in Table 1 and graphical examples in
supplementary Fig. 3 All aspects were evaluated on a scale of 0 to 100.

2.12. Scanning Electron Microscopy

SEM was used to examine the surface topology of urinary bladders treated with each
detergent. Scanning electron micrographs were also taken of the HMEC seeded scaffolds
after 7 days of culture on each sample. Samples were fixed in 2.5% glutaraldehyde in 1X
PBS, cut into blocks of approximately 8mm3and washed thoroughly in 1X PBS for three
times at 15 minutes each. Samples were then fixed in 1% OsOg4 in 1X PBS for 15 minutes
each, dehydrated in graded series of alcohol (30%—-100%) baths for 15 minutes each.
Samples were then critically point dried with hexamethyldisiloxane mounted on studs,
sputter coated, and stored in a desiccator until imaged. SEM images were captured using a
JEOL 6335F Field Emission SEM with backscatter detector.

2.13. Statistical Analysis

Results are shown as averages * standard error. A one-way analysis of variance was
performed to determine whether a particular detergent group was significantly different,
followed by a post-hoc Dunnets test to determine whether any detergent treatment was
different from the non-detergent control group (p<0.05).

3. Results

3.1. dsDNA Content

No visible nuclei were observed by imaging of Hematoxylin and Eosin stained sections for
any of the detergent groups (Figure 1C-G). Double stranded DNA quantification of the
scaffolds showed that each detergent caused markedly greater removal of the dSDNA
compared to treatment with Type | water (Figure 1B). Scaffolds treated with 1% SDS
contained less dsDNA than those treated with 8 mM CHAPS (P<0.05) or 4% sodium
deoxycholate (P<0.05). 1% SDS was the only detergent able to meet a previously
established decellularization criterion of 50 ng dsDNA/mg tissue (Figure 1F) [1].

3.2. Collagen and sulfated GAG Content

While scaffolds treated with 3% Triton X-100, 8 MM CHAPS, and 4% sodium deoxycholate
retained a soluble collagen content similar to that of the water control, treatment with 1%
SDS resulted in a significant loss of detectable soluble collagen (Figure 2B). The assay used
detected only soluble collagen, therefore non-soluble remnant collagen may still be present.
This finding suggests that detergent treatment with SDS resulted in either a decrease in
soluble collagen present or modification of the molecular structure of this collagen to the
point of insolubility. The greater amount of soluble collagen for Triton X-100 compared to
the water control is an artifact of the normalization to dry weight. More specifically, the
relative density of ECM to total weight is increased after decellularization for Triton X-100
after removal of cellular content compared to the water control. Scaffolds treated with 3%
Triton X-100, 4% sodium deoxycholate, and 8mM CHAPS retained GAGs similar to that of
the water control, while scaffolds treated with 1% SDS retained a lesser amount of
detectable GAGs than the water control (Figure 2C).

3.3. Immunolabeling

The no detergent control showed positive staining at the basement membrane surface of
collagen I, collagen 1V, collagen VII, and laminin (Figure 3A) as previously reported[26].
All scaffold treatments were positive for collagen | staining (Figure 3A). No treated
scaffolds stained positive for collagen IV, VII, or laminin except for Triton X-100 and
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sodium deoxycholate treated scaffolds, both of which had positive expression of collagen 1V
(Figure 3A). However, this positive staining was not localized to the surface as would be
expected for an intact basement membrane.

3.4. Movats Stain

Scaffolds treated with Triton X-100 and sodium deoxycholate retained elastin fibers,
whereas CHAPS had no visible elastin fibers and SDS had only a small amount of thin
fragmented fibers. GAGs were visible in both Triton X-100 and CHAPS while not visible
for sodium deoxycholate and SDS confirming the observations from sulfated GAG
quantification (Figure 3B).

3.5. Analysis of the BMC Fiber Network

Quantitative assessment of the SEM of the BMC luminal surface showed that treatment
without a detergent, with 3% Triton X-100, or with 4% sodium deoxycholate retained an
intricate fiber network (Figure 4 B, C& E). However, treatment with 8 mM CHAPS and 1%
SDS resulted in an amorphous structure lacking distinct fibers (Figure 4 D&F). The fiber
diameter was not different with treatment of Triton X-100 or sodium deoxycholate
compared to the no detergent control (Figure 41). While there was a slightly smaller pore
size for Triton X-100 and sodium deoxycholate compared to the no detergent control(Figure
4J), and a higher node density for Triton X-100 these changes were small compared to
previously published variations(Figure 4K) [4, 24]. Thus, treatment with Triton X-100 and
sodium deoxycholate were able to retain the original configuration of the fiber network.
Multiphoton imaging confirmed a loss of a distinct fiber network for SDS compared to
Triton X-100 beneath the surface of the sample (Figure 5A-C). The lower collagen signal
intensity for SDS indicates fiber denaturation (Figure 5D). The higher signal intensity value
for triton x-100 and sodium deoxycholate compared to the water control may be due an
increase in the density of ECM constituents due to loss of cellular material. These values
provide a relative comparison of the effects of detergent treatments that are consistent in
finding with visual observations of both SHG volumes and SEM images.

3.6. Semi-quantitative HMEC scoring

HMECs cultured on the BMC prepared with 3% Triton X-100 had a similar level of
confluence, infiltration depth, and phenotype compared to cells cultured on scaffolds treated
with type | water (control). These HMECs were characterized by a flat morphology (Figure
6B). HMECs cultured on the BMC prepared with 8 mM CHAPS were less confluent, had a
greater infiltration depth, and an atypical phenotype compared to HMECs cultured on the
control (Figure 6). HMECs cultured on scaffolds prepared with 4% sodium deoxycholate
were less confluent, had a similar infiltration depth, and an atypical phenotype compared to
cells cultured on a no detergent control (Figure 6). HMECs cultured on scaffolds prepared
with 1% SDS had a similar percentage of confluence, similar infiltration depth, but a less
normal phenotype compared to cell cultured on a no detergent control (Figure 6).

3.7. Integrin B-1 Expression, Ki67, and TUNEL

HMECs cultured on the BMC prepared with 8 mM CHAPS and 1% SDS had a lower
number of cells stain positive for integrin -1 compared to HMECs cultured on the BMC not
subjected to a detergent (Figure 7). HMECs cultured on the BMC prepared with 3% Triton
X-100 and 4% sodium deoxycholate had a similar percentage of cells expressing integrin
-1 compared to cells cultured on the no detergent control tissue (Figure 7). The percent of
cells positive for Ki67 was below 3% for all groups and no significant differences were seen
when comparing to the control (Supplemental Figure 1). Minimal TUNEL-positive cells
were found on the BMC prepared with 3% Triton X-100 (Supplemental Figure 5).
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3.8. SEM of Seeded Endothelial Cells

SEM images of HMECs cultured on the BMC prepared with 3% Triton X-100 are similar to
the no detergent control in terms of cell morphology and coverage of the BMC. SEM images
of seeded scaffolds prepared with 4% sodium deoxycholate showed areas of endothelial cell
coverage as well as exposed ECM. 8 mM CHAPS and 1% SDS, however, showed greater
area of exposed ECM and less endothelial cell coverage (Figure 8).

4. Discussion

Thorough decellularization of tissues and organs is essential for promoting a constructive
remodeling host response when such decellularized structures are used as therapeutic
bioscaffolds [27]. If a tissue is not thoroughly decellularized and residual cellular material is
present, the in-vivo remodeling response is characterized by chronic inflammation, fibrotic
encapsulation, and scar tissue formation [27-29]. The basement membrane is one of the first
extracellular matrix structures made by the developing embryo with its major constituent
laminin-111 synthesized at the eight cell stage[30]. This basement membrane is the first
matrix structure with which embryonic stem cells interact and represents a key biosignal for
separating endoderm from ectoderm; thus, it is logical that the BMC can represent an
important structure in a bioscaffold composed of ECM. Scaffolds containing a BMC are
used in a variety of pre-clinical and clinical applications[31-40]. Some of these scaffolds are
seeded with cells before use[41-43]. Examples of ECM scaffolds with a BMC structure
include several dermal ECM products such as Alloderm™ and Strattice®, urinary bladder
matrix such as MatriStem™, and virtually all three dimensional whole organ scaffolds such
as liver[10, 12, 14, 44-46], lung[6, 15, 17] and kidney[16, 47-50]. Therefore, the results of
the present study have relevance for a variety of biomaterial applications involving the use
of ECM scaffold materials.

Four detergents commonly used for decellularization of tissues and organs were
systematically evaluated and compared for their effect on the BMC and the ability of the
resulting BMC to support human microvascular endothelial cells in vitro. The detergents
investigated were 3% Triton X-100, 4% sodium deoxycholate, 8 mM CHAPS, and 1% SDS.
The detergents and their respective concentrations were selected because of their frequent
use as decellularization agents and their different chemical characteristics [1]. All detergents
facilitate cell lysis and solubilize the released hydrophobic proteins through the formation of
micelles. Triton X-100 is non-ionic containing an uncharged hydrophilic head group and
disrupts lipid—lipid and lipid—protein interactions, while leaving protein—protein interactions
intact. Non-ionic detergents are considered a non-denaturant and are widely used in the
proteomics field for isolating membrane proteins in their biologically active form [51-53].
In contrast, sodium deoxycholate and SDS are anionic detergents containing a net negatively
charged hydrophilic head group that can solubilize cytoplasmic and nuclear membranes,
denature ECM proteins, and disrupt native tissue structure. SDS contains a straight
hydrocarbon chain whereas sodium deoxycholate contains a more complicated rigid
steroidal structure. CHAPS is zwitterionic, contains a rigid steroid ring structure, and has
properties of both non-ionic and anionic detergents while containing a net charge of zero.
Therefore, it is not surprising that these detergents each have distinctly different effects on
the BMC. Results of the present study show that these detergent specific effects change not
only the ultrastructure and composition of the BMC, but also the behavior of seeded
endothelial cells.

In its native state, the BMC defines the spatial relationships among various populations of
cells, and influences cell behavior. For ECM scaffold materials that have a BMC on one
surface but not the opposite surface (i.e., the material has a “sidedness”), it has been shown
HMECs seeded on the non-BMC side invade below the surface of the material and populate
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the underlying connective tissues. In contrast, HMECs seeded on the BMC will form
confluent layers on, but will not invade, the intact surface of the BMC[22]. Results of the
present study are consistent with these previous findings. Of note however, the present study
also shows that tissue exposed to SDS and CHAPS as part of the decellularization process is
left with a BMC upon which the HMECs are less confluent, can migrate through the BMC
into the subjacent tissue, and show an atypical phenotype compared to those seeded on an
undamaged BMC. These findings, combined with the SEM results, altered collagen fiber
organization, and loss of GAGs lead to the unavoidable conclusion that the ultrastructure
and composition of the BMC are negatively affected when exposed to SDS and CHAPS.
This conclusion, however, must be limited to the specific concentrations and exposure times
investigated in the present study. These timeframes and concentrations were chosen because
of their relatively common use. It is also unknown whether these findings will apply to
tissues with a BMC other than the urinary bladder.

The compositional and structural complexity of the BMC is noteworthy [22]. The BMC
contains laminin-111, collagen IV, heparan sulfate proteoglycan, entactin/nidogen, and
several growth factors arranged in a three dimensional ultrastructure which promotes cell
adhesion, growth, migration, and invasion. This complexity provides a rational explanation
for the potent biological activity of the BMC, and a plausible explanation, in fact
expectation, for the finding that decellularization processes such as detergent exposure affect
cell:matrix interactions. It is likely that cells interact with multiple components within the
matrix. Components such as laminin-111, collagen IV, heparan sulfate proteoglycan, and
entactin interact with adjacent cells via integrin receptors and in particular with integrins
containing the 1 subunit. Exposure of the BMC to 8 mM CHAPS and 1% SDS decreased
the number of cells staining positive for integrins containing the f1 subunit. These receptors
regulate the cellular cytoskeleton and cell behavior. Furthermore, many of the major
components, such as laminin-111, have multiple active sites for binding to cell surface
receptors or other ECM components. Integrins are critical for cellular adhesion to the matrix
and can induce either proliferative or differentiation responses. These factors emphasize the
importance of understanding the effects of variables such as detergent exposure upon the
subsequent biologic activity of materials composed of ECM derived by decellularization of
source tissues, particularly when the resultant ECM has a BMC component.

Differences in scaffold surface fiber organization and evidence of collagen fiber
denaturation were apparent from both SEM inspection and the results of automated image
algorithms. SDS and CHAPS caused marked alterations of collagen fiber architecture while
Triton X-100 and sodium deoxycholate were better tolerated and showed the surface of the
BMC maintained an appearance that more closely resembled that of the no detergent
control. These structural changes and the associated changes in the ligand landscape provide
insight into the results of the cell seeding experiments. When HMECs were cultured on
porcine urinary bladder basement membrane exposed to the chosen detergents, clear
differences were seen in cell morphology, confluence, infiltration depth, and integrin -1
expression. Findings of the present study provide useful information for the rational design
of decellularization protocols for various tissues and organs.

5. Conclusions

The choice of detergent used for the decellularization of a tissue or organ is an important
factor in the preparation of an ECM scaffold for therapeutic applications. Each detergent,
depending on its chemical characteristics, has unique and distinct effects on ECM
composition and structure. Less disruptive detergents, such as Triton X-100 or other non-
ionic detergents are preferred for maintaining the native BMC structure and composition
compared to more harsh detergents, such as SDS, which can denature essential ligands and
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proteins within the BMC. The disruption or denaturing of the native BMC architecture can

ne
in

gatively impact the interaction of cells with the scaffold. The results of this study can aid
the formulation of tissue and organ decellularization protocols such that the native

biological activity of the resulting extracellular matrix scaffold is maximally preserved.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Overview of the process used to prepare the BMC scaffolds (A). Double stranded DNA
quantification of the scaffolds treated with each detergent showed significant removal
compared to those treated with Type | water (B). Hematoxylin and eosin stained sections of
BMC scaffolds prepared with no detergent (C), Triton X-100 (D), CHAPS (E), sodium
deoxycholate (F), and SDS (G). No signs of nuclear material are visible for any of the

detergent groups. Scale bar represents 200um.
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Figure 2.

Biochemical assays to quantify soluble protein from pepsin extract (A), collagen (B), and
sulfated GAGs (C) normalized to dry weight tissue. Graph shows mean * standard error, and

* indicates significance at p<0.05 when compared to the water control group.

Acta Biomater. Author manuscript; available in PMC 2015 January 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Faulk et al.

A

Control

Sodium .
Deoxycholate CHAPS Triton X-100

SDS

Page 15

Coll Col IV Col VII Laminin B

s

Figure 3.

Immunolabeling of Collagen I, Collagen IV, Collagen VII, and laminin for BMC scaffolds
prepared with water, Triton X-100, CHAPS, sodium deoxycholate, and SDS (A). Movats
Pentachrome stains for Triton X-100 (B), sodium deoxycholate (C), CHAPS (D), and SDS
(E) where yellow, blue, and purple represents collagen, proteoglycans and GAGs, and
elastin, respectively. Scale bar represents 100pm.
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Figure4.

SEM of the BMC fiber network for scaffolds prepared with water as a no detergent control
(A), Triton X-100 (B), CHAPS (C), sodium deoxycholate (D), and SDS (E). Scare bar
represents 1um. An automated algorithm (F,G) was applied to quantify fiber network
parameters of fiber diameter (H), pore size (1), and node density (J)[24]. Graph shows mean
+ standard error, and * indicates significance at p<0.05 when compared to the water control
group. C, T, and D denote the water control, Triton X-100, and sodium deoxycholate,
respectively.
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Figure5.

3 dimensional rendering of collagen fiber network from second harmonic generation (SHG)
signal with two photon microscopy (TPM) for BMC scaffolds prepared with water (A),
Triton X-100 (B), and SDS (C). Major tick represents 50 um, whereby the total length and
depth is 500 um and 100 pum, respectively. An integrated density integrity was applied and
normalized to the no detergent control (D). Graph shows mean + standard error, and *
indicates significance at p<0.05.
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Figure6.

Hemoxylin and eosin stained sections of endothelial cells cultured on the BMC of porcine
urinary bladders subjected to water (A), Triton X-100 (B), CHAPS (C), sodium
deoxycholate (D), and SDS (E) for 24hrs. Semi-quantitative analysis of cellular infiltration
(F), phenotype (G), and level of confluence (H) was performed by five blinded scores. Scale
bar represents 50um. Graph shows mean = standard error, and * indicates significance at

p<0.05.
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Figure?7.

Immunofluorescent images of integrin -1 (red) and DAPI (blue) of HMECs cultured on the
BMC of porcine urinary bladders exposed to water (A), Triton X-100 (B), CHAPS (C),
sodium deoxycholate (D), and SDS (E) for 24hrs. Percentage of cells positive for integrin
-1 was determined for each group (F). Scale bar represents 50 pm. Graph shows mean +
standard error, and * indicates significance at p<0.05.
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Figure 8.

SEM images (2,000x) of HMECs cultured for 7 days BMC scaffolds prepared with water
(A), Triton X-100 (B), CHAPS (C), sodium deoxycholate (D), and SDS (E). Scale bar
represents 10 pm. SEM images (10,000%) of HMECs cultured for 7 days BMC scaffolds
prepared with water (F), Triton X-100 (G), CHAPS (H), sodium deoxycholate (1), and SDS
(J). Scale bar represents 1 pm.
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