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An intact extracellular matrix (ECM) with a mesh-like architecture has been identified in the peri-muscular sub-
serosal connective tissue (PSCT) of cholecyst (gallbladder). The PSCT layer of cholecyst wall is isolated by
mechanical delamination of other layers and decellularized with a treatment with peracetic acid and ethanol solution
(PES) in water to obtain the final matrix, which is referred to as cholecyst-derived ECM (CEM). CEM is cross-
linked with different concentrations of glutaraldehyde (GA) to demonstrate that the susceptibility of CEM to
degradation can be controlled. Quantitative and qualitative macromolecular composition assessments revealed
that collagen is the primary structural component of CEM. Elastin is also present. In addition, the ultra-structural
studies on CEM reveal the presence of a three-dimensional fibrous mesh-like network structure with similar
nanoscale architecture on both mucosal and serosal surfaces. In vitro cell culture studies show that CEM provides
a supporting structure for the attachment and proliferation of murine fibroblasts (3T3) and human umbilical vein
endothelial cells (HUVEC). CEM is also shown to support the attachment and differentiation of rat adrenal
pheochromocytoma cells (PC12).

Introduction been reported to disinfect as well as decellularize thin intact
ECM matrices, while preserving most of the ECM compo-
The bioactive nature of intact ECM has been the main reason nents®2 Histological methods were used to check the extent of
for its use in regenerative applicatiohdThe sources for intact ~ decellularization.
ECM explored so far include the dermis of the skifithe smalll The use of natural materials for tissue engineering applications
intestinal submucosa (SI8);? the urinary bladder mucosa  has two main concerns: low biomechanical stiffness and rapid
(UBM) and submucosa (UBSY,® the pericardiunt® 8 the biodegradatiod® CEM has been shown to be a weakly
basement membrane and stroma of decellularized ##&ithe anisotropic matrix that has strength and compliance in the range
decellularized tendoff, 24 and the amniotic membrare.2° of physiological stresses and strafdn addition, CEM has
Depending on the location, structure, and function of their source also been reported to exhibit a consistent and wider range of
organs, the respective ECM are varied in structure and m0|eCU|arco|lagen fiber orientations, which is thought to increase its
composition®® In an effort to identify an intact ECM with  suitability as a material for multi-axial loading applicatiois.
homogeneous structural and compositional properties, the choleRapid biodegradation, the second concern regarding natural
cyst was chosen as a source. The current study reports thematerials, is commonly overcome by cross-linking. The
identification, isolation, decellularization, cross-linking, degrada- degradation behavior of CEM has not been reported to date. In
tion, structural, and in vitro characterization of porcine cholecyst- the current study, CEM was cross-linked with different
derived intact ECM. concentrations of glutaraldehyde (GA), primarily to establish
The characterization of principal material axis, collagen fiber the possible range of degradation profiles for CEM. GA was
orientation, and mechanical properties of CEM has been reportedused because it is the most commonly used and efficient cross-
earlier3! However, the source tissue for intact ECM in the linker known for collagenous materiag#The degree of cross-
cholecyst wall has not been defined so far. To define the tissuelinking was characterized using differential scanning calorimetry
(or layer) of interest, the histological structure of porcine (DSC) and degradation profiles using collagenase susceptibility
cholecyst wall was investigated in this study. CEM being a assay.
xenogenic material, the presence of host cells is a case of The primary structural framework for ECM is provided by
immunological concern. A peracetic acid treatment method was collagen3® The presence of elastin adds to the elasticity of
hence used to decellularize CEM. Peracetic acid treatment hass CM 30 The amount and distribution of collagen and elastin in
CEM were evaluated in this study, using quantitative calori-
* To whom correspondence should be addressed. F&63 91 563991. metric assays and qualitative histological staining. Another
E-mail: abhay.pandit@nuigalway.ie. important parameter for a tissue engineering scaffold is its
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versity of Ireland. topography features of CEM were hence quantified using
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Finally, the in vitro ability of porcine CEM to support the  Europe Ltd., Duisburg, Germany). CEM and GAXCEM matrices,
attachment and proliferation of murine 3T3 fibroblasts and weighing about 5t 2 mg, were immersed in deionized water G
HUVEC cell lines and the attachment and differentiation of rat for 1 h. The wet samples were wiped with filter paper to remove excess
PC12 cell line was tested. SEM and fluorescence microscopyWwater and hermetically sealed in aluminum pans. Heating was
were used to show the morphology of cells on CEM. Alamar- m'aintained at a rate qf BC/min in the temperature range—2510°c_:
Blue cell metabolic activity assa§*®was used to demonstrate With an empty aluminum pan as the reference probe. Shrinkage

the viability and proliferation of 3T3 fibroblasts on CEM. temperature ) was determined as the onset value of the occurring
endothermic peak. The mean value and standard deviation of three

independent measurement runs per matrix type and degree of cross-
Experimental Section linking were determined.
Bacterial collagenase Type Il fronClostridium histolyticum
All reagents unless otherwise stated were purchased from Sigma(Sigma: C6885, EC 3.4.24.3), with activity of 277 U mgwas used
Ireland Ltd., Dublin, Ireland. Fresh cholecysts taken from market-weight for the enzymatic degradation of CEM and GAXCEM. The enzyme
farm-reared pigs (Sean Duffy Exports Ltd., Gort, Ireland) were was dissolved in a 0.1 M Tris-HCI buffer (pH 7.4) containing 0.005
transported to the laboratory on ice and processedmi#ihi ofsacrifice. M CaCl and 0.05 mg mEt! NaNs. A concentration of 10 U of
Histology of Cholecyst Wall.Cholecyst wall samples for histology  collagenase per mg of CEM/GAXCEM sample was used. At desired
were processed using standard histopathology processing and stainingime intervals, the collagenase degradation was arrested by snap
protocols. Paraffin sections of am thickness were cut, stained, and  freezing. After centrifugation at £C, the remaining pellet was
examined under a light microscope (BX51 microscope equipped with repeatedly washed with distilled water, freeze-dried, and weighed.
DP-70 photography system, Olympus Europe, Hamburg, Germany).  Structural Characterization of CEM. Quantitative and qualitative
Mayer’s hematoxylin and eosin (H&E) and Masson’s trichrome (MT)  structural protein assessment was done using calorimetric assays and
stains were used to study the general histological structure of cholecysthistology, respectively. Collagen content in CEM was quantified using
wall. a colorimetric assay by hydroxyproline content estimation as previously
Isolation and Decellularization of CEM. The residual liver tissue  reported Elastin content was also determined using an elastin detection
attached to the cholecyst was trimmed, and bile was drained throughkit (Biocolor Fastin Assay kit, Biocolor Ltd., Newtownabbey, Northern
a single transverse incision in the neck of the cholecyst. The neck andreland)#! For the qualitative protein analysis, histology sections of
fundus were trimmed, and the hollow cylindrical body of the cholecyst CEM were stained with MT and Verhoeff's van Geison (VVG) stains,
wall was flattened into a sheet using a single longitudinal incision. and the distribution of collagen and elastin in the cross-section of CEM
The sheets were rinsed free of bile and soaked in three changes ofwas studied.
phosphate buffered saline (pH 7.4) (PBS). The mucosa, lamina propria, The surface topography of CEM was investigated using SEM.
and part of muscularis were peeled off as a single unit. The remaining Samples for SEM were fixed in 3% GA for 24 h followed by
layers of muscularis were removed by mechanical delamination. The dehydration in graded alcohol and chemical drying in hexamethyld-
serosal mesothelium and its underlying connective tissue were thenisilazane. The dried samples were gold coated (Emitech K-550X Sputter
peeled off. Any residual elements were removed by further mechanical Coater, Emitech Ltd., Ashford, Kent, UK). A low-voltage, high-
delamination. A yellowish translucent sheet, the isolated PSCT, resolution SEM (S-4700 Hitachi Scientific Instruments, Berkshire, UK)
remained. was used to capture photomicrographs of both the mucosal (luminal)
The isolated PSCT was rinsed in PBS to remove any adsorbed bodyand the serosal (abluminal) surfaces of CEM at a magnification of
fluids. Thereafter, repeated distilled water washings with continuous 15 000«. Three stereo pairs were captured from random locations on
agitation were used to lyse the remaining resident cells. The xenogeniceach surface of each CEM sample=t 5) at 15 00. Angles of G
tissue was disinfected as well as decellularized by treatment with 0.15% and 5 were used to create virtual three-dimensional images of the
peracetic acid in 4.8% ethanol solution (PES) in deionized water under surface topography. Elevation height, a three-dimensional feature, was
constant stirring for 30 min. The samples were washed in PBS to quantified by viewing the stereo pairs under a stereoscope and using
remove residual peracetic acid and cell debris followed by distilled the following formula:
water to remove the buffer salts. The resulting white colored sheet
consisted of an intact ECM, which henceforth will be referred to as 7= P
CEM. 2 sin@/2)
Stereological volume fraction estimations of cell nuclei were made
using the point counting method, with the aid of image analysis software whereZ is feature heighte. is one-half of the angle of the stereo pair,
(Image Pro, Media Cybernetics, Berkshire, UK) using a method andP is the parallax (measured with stereoscope). One of the images
described earlie® Digital images of histological cross-sections of from each pair was then used to measure pore and fiber diameters on
isolated PSCT and final CEM were acquired at 120@agnification. the surface with image analysis software (Image Pro, Media Cybernet-
A point counting test grid (2& 20xm per square) containing 35 grid ics, Berkshire, UK). Because of the nonuniform, non-circular shape of
intersections was superimposed on the digital image. The volume pores on the material surface, pore diameter measurements were taken
fraction of cell nuclei was calculated as the ratio of intersections falling at the widest part of the pore and in a vertical direction. In all cases,
on nuclei to the total number of intersections of the test system falling 10 features were measured per photomicrograph or stereo pair, and
on the PSCT/CEM cross-section. The stereological estimations pre-the location of particular features measured was chosen by superimpos-
sented are averages of counts taken on five fields of view per section,ing a numbered grid on the photomicrograph and using statistical tables
on three sections per block, and a total of five cholecysts. of random numbers.
Cross-linking of CEM. Freeze-dried sheets of CEM weighing about In Vitro Cell Culture. Three cell types, 3T3 fibroblasts, HUVEC,
0.4 g were immersed in 30 mL of GA solutions at different concentra- and PC12 cells, were separately cultured on CEM. GAXCEM cross-
tions from 0.0065% to 0.625% (w/v) in phosphate buffer (pH 7.4) for linked with 0.625% GA was used as a negative control for these studies.
4 h at room temperature. The GA cross-linked CEM (GAXCEM) Freeze-dried CEM and GAXCEM samples were cut to disks of 12 mm
samples were then repeatedly washed with PBS followed by distilled diameter and placed in the wells of a 24-well plate. Before cell seeding,
water and freeze-dried (Virtis Advantage Freeze Dryer, Gardiner, NY). the samples were sterilized with a 10 min treatment with 0.15%
Characterization of Cross-linking. Cross-linking of CEM was peracetic acid and washed thoroughly with sterile Hank’s Balanced
determined by measuring the shrink temperature and collagenaseSalt Solution (HBSS). For 3T3 fibroblast culture, Dulbecco’s Modified
degradation. The shrinkage temperature was determined using DSCEagle’s Medium (DMEM) was supplemented with 10% fetal bovine
Calorimetric measurements were performed using a DSC-60 (Shimadzuserum (FBS), 1% (v/v) penicillinstreptomycin (p/s), and 1%- CDV
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glutamine 200 mM. Endothelial cell growth medium-2 (EGM-2) bullet

kit (Cambrex Bio Science Wokingham, Ltd., Berkshire, UK) was used
for HUVEC cells. In the case of PC12 cells, prior to seeding, the cells
were grown overnight in DMEM supplemented with 10% horse serum,
5% FBS, and 1% p/s. The PC12 cells were then suspended in DMEM [
with 1% horse serum and used for seeding. PC12 cells were seede
both in the presence and in the absence of neuronal growth factor |
(NGF). NGF treatment was administered by adding 50 ng/mL NGF in
1% serum to the culture medium at the time of cell seeding. For 3T3
and HUVEC cells, the cell seeding density was 50 000 cells per well,
while for PC12 it was 30 000 cells per well. The culture media were
changed at 1, 3, 5, 6, and 7 days.

The viability and proliferation of 3T3 fibroblasts on CEM were
studied by monitoring their metabolic activity using AlamarBlue assay. g
At 1, 3, and 8 days after seeding, cell-seeded CEM/GAXCEM samples fraeg
were rinsed with Hank’s Balanced Salt Solution (HBSS) and immersed gge
in 500 uL of HBSS containing 10% (v/v) AlamarBlue reagent
(Biosource International, CA). Aftel h of incubation, fluorescence
was measured, using excitation and emission wavelengths of 528 and
590 nm in microplate fluorescence reader (FLx800, Bio-Tek Instru- ; p e
ments, Inc., Vermont). A standard curve was used to extrapolate cell 4 5,‘*"-;; i Ry '
numbers from fluorescence values. . I

(N e

The morphology of the cells on CEM/GAXCEM was studied using ¥ Py SN
SEM and fluorescent staining. At 3 and 6 days after seeding, the cell- t y 3 Bl -4
seeded and non-cell-seeded control scaffolds were washed with HBSS; ‘-’El ar vy b '&*“-‘i..a,r =
and processed for SEM using the protocol described above. For + "\%’ _"""-- ~
fluorescent staining, the scaffolds were fixed in 4% paraformaldehyde ‘ X ;" | oo

for 15 min. The cells were permeabilized with 0.2% Triton X-100 and i
stained with rhodamine phalloidin (Molecular Probes, Bio Sciences Ltd.,
Dublin, Ireland) using 1:100 dilution fdl h atroom temperature. The
stained cells on scaffolds were examined under light microscope (BX51 wg
inverted microscope equipped with DP-70 photography system, Olym-
pus Europe, Hamburg, Germany). For NGF-treated PC12 cells, the
length of the longest neurite of each cell was measured using digital

images and image analysis software (Volocity, Improvision Ltd., Figure 1. Light micrograph showing the histological appearance of
Coventry, England) a Masson's trichrome stained cross-section of porcine cholecyst wall;

L . - . . LP, lamina propria; SM, smooth muscle; PSCT, perimuscular sub-
Stafistical Analysis. Statistical analysis was performed using serosal connective tissue; S, serosa. Inset: hematoxylin and eosin

statistical software (SPSS 14.0 for windows). Statistical variance giained section showing the columnar epithelium (CE) on basement
between groups was determined by one-way analysis of variance membrane (BM).
(ANOVA). Tukey’s honestly significant difference test was used for

post hoc multiple comparisons. fvalue of <0.05 was considered to Isolation and Decellularization of CEM. The isolated PSCT
be statistically significant. Data are reported as the mea8D. layer appears as a semi-transparent yellowish membrane without
any remarkable surface features. After decellularization with
Results PES treatment, the CEM samples are white in color. Figure 2a
and b shows the histology of the cross-sections of isolated PSCT
Histology of Cholecyst Wall. The histological structure of ~ and final CEM, respectively. The section of PES-treated CEM
porcine cholecyst wall is shown in Figure 1. On its luminal 1S devoid of qells. Stereological estimation demonstrated that
Surface, the Ch0|ecyst wall is lined with a Sing|e |ayer of the Celll nuclei account for a volume fraction of 0&7015%
Co'umnar ep|thel|um (CE) The epﬂhe“um rests on a basement Of the ISO|ated PSCT and OQB 000% f0r the dece||u|al’lsed
membrane (BM), which is continuous with the lamina propria CEM (p < 0.05).
(LP). The epithelial lining, lamina propria, and muscularis Characterization of Cross-linking. The shrink temperatures
mucosae are collectively referred to as “mucosa”. The layer for CEM and GAXCEM matrices are shown in Figure 3. The
muscularis mucosae of mucosa and “submucosa” are absent irfesults indicate differences in the hydrothermal stability of
cholecyst. Instead, adjacent to lamina propria is “muscularis scaffolds depending on the degree of cross-linking. The shrink
externa”. This layer consists of loosely arranged smooth muscletemperature increased with increasing GA cross-linking. Sig-
(SM) bundles, interlaced with collagenous fibers, running in nhificant differences were observed between the different samples
circular, longitudinal, and circumferential directions of the (p < 0.05), except between the CEM samples cross-linked with
cholecyst wall. External to the muscularis externa is a thick 0.313% and 0.625% GAp(= 0.81).
layer of connective tissue (PSCT). The PSCT is mainly  Figure 4 illustrates the percentage weight remaining of CEM/
composed of ECM and has low cell content. Fibroblasts are GAXCEM sample in the presence of collagenase enzyme as a
the primary resident cells in this layer. Adipocytes and blood function of time. The rate of weight loss decreased with
vessels are also present and anchored on its abluminal side. Otincreasing GA cross-linking. Cross-linking with GA concentra-
the peritoneal side of the PSCT is “serosa”, which consists of tion of 0.052% was sufficient for 100% inhibition of degradation
thin connective tissue and peritoneal mesothelium. At the of CEM by collagenase enzyme. The weight remaining for non-
cholecyst-liver interface, the PSCT is in direct contact with cross-linked CEM was significantly lowep (< 0.05) when
the liver tissue. compared to all of the GAXCEM samples at all time poir&%v
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Figure 4. Collagenase degradation of CEM as a function of GA
cross-linking (n = 4).
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Figure 2. Light micrographs showing the histological appearance of |
the cross-section of CEM. (a) Non-decellularized and (b) decellular- (b)
ized (hematoxylin and eosin staining).
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Shrink Temperature (°C) Figure 5. Light micrographs showing the histological appearance of

the cross-section of CEM. (a) Masson'’s trichrome and (b) Verhoeff

Figure 3. Shrink temperature (Ts) of non-cross-linked and cross- van Geison.

linked CEM matrices as a function of GA cross-linking concentration.
Ts is determined as the onset value of the occurring endothermic peak
in DSC-calorimetric measurements (n = 3). * indicates statistical
difference (p < 0.05).

with the exception of 0.0065% GAXCEM at 48 h. For GAXCEM
samples, no significant differences were observed between .
samples cross-linked with 0.052% and higher concentrations and elastin assay results.

of GA at all time points. In contrast, for each of the samples ~ Qualitative assessments using histology reveal the distribution
cross-linked with 0.0065% and 0.013% of GA, a significant of collagen and elastin in the cross-section of CEM (Figure 5a

PSCT is collagen and elastin, respectively. After PES treatment,
the CEM is 81.2+ 6.5% collagen and 7.4 1.0% elastin. No
statistical significance was observed between non-decellularized
(n = 4) and decellularized samples € 4) for both collagen

difference was observeg (< 0.05) when compared to all other
GAXCEM samples at all time points.
Structural Characterization of CEM. Quantitative assess-

and b). Collagen, the primary structural component of CEM, is
indicated by the blue staining as illustrated in Figure 5a. The
irregularly oriented collagen bundles are uniformly distributed

ments using hydroxyproline and Biocolor Fastin assays reveal throughout the cross-section of CEM. The black staining in

that 75.5+ 15.1% and 13.3 4.4% of the dry weight of isolated

Figure 5b illustrates the distribution of elastin in CEM. Elasa'BV
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Table 1. Surface Features Measured through Scanning Electron
Microscopy Photomicrographs, Including Stereo Pairs, on Both the
Mucosal and the Serosal Surfaces of CEM (n = 6, Data
Expressed as Mean + SD)

mucosal surface serosal surface
pore diameter
mean + SD (nm) 216 + 24 264 + 48
range (nm) 13-617 26—846
fiber diameter
mean £ SD (nm) 74+ 4 80+5
range (nm) 29—-155 37-219
elevation height
mean + SD (nm) 316 + 47 295 + 38
range (nm) 67—1003 67—-902
400 £
b
350 ]
5] ” E1 Day
g 300 - 2 33 Days
= 2 38 Days
2 %%
£ 250 * B
3 c 445%
3 200 a
o
‘%' 150
8 #
o
ir 100 *
) b —_—
& 5 | a
o I

CEM GAXCEM
Figure 7. Number of viable cells on 3T3 fibroblast seeded CEM/
GAXCEM scaffolds as a function of time, as determined using
Alamarblue assay. a, b, c, *, and # indicate significant difference (p
< 0.05).

in Figure 7. The number of viable cells on CEM increased with
time. Significant differencep( < 0.05) was observed among
the time points 1, 3, and 8 days for the viable cell numbers on
CEM. In the case of GAXCEM, the number of viable 3T3 cells
was low, and no statistical difference was observed between
time points. Significant difference was observed for cells on

&y % AR < ¥ o ) CEM and GAXCEM at 3 and 8 days.
Figure 6. Scanning electron micrographs of CEM showing (a) the The phenotype of 3T3 fibroblasts cultured in the free-floating
mesh-like network structure of CEM and its porous (b) mucosal CEM scaffolds differed markedly from the flattened, lamellar
(luminal side) and (c) serosal (abluminal side) surfaces. appearance characteristic of fibroblasts on planar surfaces on
fibers appear to be associated with and running parallel to theculture plates. Figure 8a and b illustrates the SEM and
longitudinal axis of collagen bundles. fluorescence light micrographs of 3T3 fibroblasts on CEM at 6

SEM photomicrographs reveal the 3-D fibrous structure of days. The fibroblasts showed a dendritic phenotype. The main
CEM. The fibers are randomly arranged in a loose, mesh-like body of the cells was rounded or elongated. Extended from the
network (Figure 6a). High-resolution scanning electron micro- main body are multiple dendritic processes for attachment with

graphs were captured, allowing accurate topographical measurefibers on CEM and neighboring cells (Figure 8a). The three-
ments of the mucosal (Figure 6b) and serosal (Figure 6c) dimensional dendritic network of extensions of fibroblasts in

surfaces of the CEM. The mean fiber diameters were-74 CEM scaffold can be visualized by phalloidin staining for actin
nm on the mucosal surface and 805 nm on the serosal  (Figure 8b).
surface, and the mean pore diameters were218! and 264 The attachment and proliferation of HUVECs on CEM was

+ 48 nm, respectively (Table 1). Using a stereological method, also studied to evaluate any possible negative effects due to
mean pore elevation heights were calculated on the mucosalCEM. Figure 9a and b illustrates the phalloidin staining for actin
and serosal sides of CEM and were 31647 and 295+ 38 filaments in HUVECs cultured on the free-floating CEM
nm, respectively (Table 1). No statistical differences in the scaffold at 3 and 6 days, respectively. The endothelial cells were
analyzed feature sizes were observed between those taken owell spread on CEM, and the number of cells increased with
the mucosal and serosal sides of the CEM. time (Figure 9a and b). Furthermore, it was observed that the
In Vitro Cell Culture. 3T3 fibroblasts were seeded on CEM/ actin filaments were organized into predominantly dense bands
GAXCEM scaffolds to determine cell proliferation, morphology, at the cell periphery.
and cel-matrix interactions. The results of the AlamarBlue cell For both 3T3 and HUVECS, at both 3 and 6 day time points,
viability and proliferation assay on 3T3 fibroblasts are presented the SEM pictures revealed that the morphology of the sur@fﬁ/
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Figure 8. Photomicrographs of 3T3 fibroblasts on CEM at 6 days. 32um
(a) SEM and (b) rhodamine phalloidin staining. - v

Figure 9. Rhodamine phalloidin stained HUVECs on CEM (a) at 3
of GAXCEM scaffolds seeded with cells was similar to that days and (b) at 6 days.
observed with non-cell-seeded CEM controls. No cell attachment
could be detected on the surface of any of the GAXCEM intact ECM. The porcine cholecyst is a common byproduct of

scaffolds seeded with cells. abattoir industry and can be used as a renewable source for intact
PC12 cells were cultured on free-floating CEM scaffolds to ECM.
study the attachment and differentiation behaviors. Figure-&0a Peracetic acid treatment has been reported to not only

illustrates the attachment and differentiation of PC12 cells on decellularizé but also disinfed®44thin intact ECM matrices.
CEM. The undifferentiated PC12 cells were rounded (Figure The PES treatment is the choice for this study because it was
10a), while differentiated cells (Figure 10b and c) showed the demonstrated that most of the bioactive components of ECM
typical morphology for a neuronal cell. Multiple neurites were are retained in the final matr&Current study further confirms
observed for the differentiated cells. The length of the longest that a short treatment with PES is sufficient to decellularize
neurite of each cell was determined on digital images of the intact ECM derived from cholecyst. Stereological estimations
phalloidin stained cells. The neurite length increased signifi- 0N histology sections demonstrated a 100% disruption of cells
cantly with time from 32.6+ 2.4 um at 3 days to 81.% 4.7 with PES treatment (Figure 2a and b). However, no decellu-
um at 6 days @ < 0.05). larization is 100% efficient in removal of cellular components
from isolated xenogenic tissues, and residual DNA can be
present in decellularized tissu&She residual amounts of DNA
Discussion in decellularized CEM are not quantified in this study. The
amounts of collagen and elastin in CEM were quantified. The
In the current study, an evaluation of the porcine cholecyst amount of collagen increased, while that of elastin decreased
as a potential source for intact ECM was done. The histological after decellularization. However, no statistical difference was
structure of porcine cholecyst wall shown in Figure 1 is similar observed for the amounts of both collagen and elastin between
to that reported for human cholecy$t'? Unlike other hollow the decellularized and non-decellularized CEM samples. The
organs including oesophagus, small intestine, and urinary removal of cellular content of the PSCT tissue could result in
bladder, cholecyst is a thin-walled organ, whose muscularis layerthe relative increase in the amount of insoluble collagen in CEM.
is composed of loose smooth muscle bundles interlaced with The relative reduction in the quantity of elastin in CEM could
abundant collagenous connective tissue, instead of a well-be due to the extraction of low molecular weight components
organized thick smooth muscle tissue. Submucosa, which isof elastin by peracetic acid and ethanol.
commonly used as a source for intact ECM, is absent in GA cross-linking of collagenous matrices involves the
cholecyst®#? Instead, the PSCT of cholecyst can be isolated reaction of free amino groups of lysine or hydroxylysine amino
as an intact ECM. The current study reports the isolation and acid residues of the polypeptide chains with the aldehyde groups
characterization of the PSCT layer of porcine cholecyst as an of GA.*>46 This reaction is highly efficient in the stabilizatioeDV
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reported®49As the degree of cross-linking increases, the ability
of enzymes to penetrate the matrix decreases and the introduc-
tion of cross-links into the matrix would also mean that more
chains have to be cleaved before a degraded fragment can be
solubilized?®4° The results presented in Figure 4 suggest the
degradation profiles possible for CEM.

The amount and distribution of collagen and elastin in the
ECM are probably an adaptation to suit the function of the
cholecyst. In the absence of a well-organized muscularis externa,
the ECM of PSCT could be the principal structural component
maintaining the shape and size of the cholecyst. The mesh-like
organization (Figure 5) of CEM having a wide and consistent
distribution of collagen fiber orientatiofisalong with elastin
in PSCT could be responsible for the strength of the cholecyst
wall. The adequate strength and stiffness of isolated CEM
reported by Coburn et 8ksupport this hypothesis. In situ, this
loosely organized ECM anchors the smooth muscle layer on
the mucosal side and blood vessels and adipose tissue on the
serosal side. When these layers are removed to obtain the CEM,
both mucosal and serosal surfaces have similar macroscopic
appearance. The fibrous network on both surfaces is less densely
organized. In this respect, CEM is different from ECM derived
from submucosa of small intestinal and urinary bladder, which
have a dense mucosal surface and a less densely organized
serosal surfac®.

CEM topography resembles that of previously studied
anatomical layers, which facilitate the growth of cells in
vivo.35:36 Quantification of surface topography features for
CEM revealed no statistically significant difference in the
measured features between the mucosal and serosal surfaces
(Table 1). All surface features (mean fiber diameter, mean pore
diameter, and pore elevation) are in the nanoscale range, and
high standard deviations indicate roughness of both CEM
surfaces. Nanoscale biological length topographic features have
been shown to strongly modulate a variety of fundamental cell
behaviors in diverse cell typé%:52 For instance, recent studies
on the response of epithelial cells to a ridge-and-groove-type
substratum with pitches ranging from 400 to 4000 nm indicated
that at a pitch of 400 nm cells are aligned and elongated with
the ridges, while at a pitch of 4000 nm the effects of topography
are lost® Therefore, the incorporation of biologic length scale
features is a critical parameter in characterizing a biomaterial

Figure 10. Photomicrographs of PC12 cells at 6 days on CEM (a) for regenerative applications. CEM demonstrates a wide range
in the absence of NGF (SEM), (b) in the presence of NGF (SEM), of surface pore sizes ranging between 13 and 846 nm, averaging
and (c) in the presence of NGF (rhodamine phalloidin staining). between 200 and 300 nm (Table 1). This wide range of pore

of collagenous materials. The extent of intra- and intermolecular sizes, in addition to the bioactive nature of the intact ECM, can

cross-linking is proportional to the degree of cross-linking, facilita'ge 'ghe _attachment and migration of a variety of cells
which is reflected in the hydrothermal stability of the cross- essential in vivo.

linked matrix (Figure 3). CEM has a shrink temperature of 59.6 ~ ECM has been shown to contain receptors and other bioactive
+ 1.7°C, which increased to 7022 0.7 °C when cross-linked agents that aid in cell attachment, migration, proliferation, and
with 0.0065% GA, indicating the efficiency of GA cross-linking.  differentiation and in regulatory functioft:>° The results of
The shrink temperature further increased to about 84.1 the current Study, discussed belOW, Suggest that the intact ECM
0.58°C with a cross-linking concentration of 0.313% GA and derived from the porcine cholecyst, CEM, has the ability not
plateaus thereafter (no significant difference was observed for ©nly to support the attachment and proliferation of different cells
shrink temperature between 0.313% and 0.625% GA cross-but also to promote differentiation on providing the right
linking), indicating a maximal cross-linking. stimulus.

Collagenase digestion assays have been used to evaluate the 3T3 fibroblasts attached and proliferated on CEM. The 3T3
resistance of collagen-based scaffoldsto enzymaticdegrad@atidn.  fibroblasts proliferated to near confluence on CEM by 6 days
A maximum weight loss of 89% of the dry weight is observed, of culture (Figure 7). The fibroblasts cultured on CEM
indicating the high content of collagen in CEM. The susceptibil- developed an in-situ-like morphology as compared to cells on
ity of CEM to collagenase could be controlled by varying the planar surfaces. A similar phenotype has been reported for
degree of cross-linking with GA (Figure 4). The influence of fibroblasts grown on collagen matric&sThe dendritic exten-

GA and other chemical cross-linking treatments on collagenasesions of the fibroblasts cross-linked the fibers of CEM to form
degradation of collagen-based materials has been previouslya three-dimensional network (Figure 8a and b). Cross-linl&?’&/
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behavior has also been reported for fibroblasts cultured on on both its mucosal side and its serosal side surfaces, which is
synthetic biodegradable electrospun membr&hEsrthermore, conducive for cell attachment, migration, and differentiation.
the dendritic extensions of the fibroblasts on CEM also contained 3T3 fibroblasts differentiated on CEM to a phenotype similar
actin filaments concentrated at their tips (Figure 8b). Such to that observed in situ. Cells on CEM showed behavior similar
concentration of actin filaments could also indicate a role in to that observed on collagen matrices. No apparent cytotoxicity
focal adhesion with surrounding fibers and céfidntercon- to HUVECSs could be observed due to CEM. CEM, in its native
nections between cells on CEM can also be visualized in Figure non-cross-linked form, supported the differentiation of PC12
8a. These connections between cells may have a role incells. Considering its adequate mechanical propettiesntrol-
homeostatic regulation through metabolic coupling similar to lable degradation, mesh-like architecture, nanoscale topography,
that reported for fibroblasts on collagen matriées. and ability to support the attachment and proliferation of a
Glutaraldehyde cross-linking has been shown to cause cellvariety of cells, CEM is a promising candidate biomaterial for
death in vitrof2 At both 3 and 6 day time points, the topography @ variety of tissue engineering applications including peripheral
of cell seeded GAXCEM was similar to that of non-seed control Nerve regeneration.
CEM. Even after thorough washings, GAXCEM samples failed ) .
to support cell attachment and proliferation (Figure 7). The Acknowledgment. K.B. and A.T. contributed equally to this
failure of cell attachment on GAXCEM can be attributed to the WOrk.- We thank Enterprise Ireland, European FP6-Marie Curie
residual toxicity of GA. Capping of the aldehyde residues of T1OK Award, and the Irish Council for Science, Engineering,
GA could reduce its toxicit§? Alternatively, less toxic methods ~ @nd Technology (IRCSET), which is funded under the National
such as carbodiimid and transglutamina&e4 cross-linking Development Plan, for supporting this research.
methods can be used, if a prolonged in vivo shelf life is desired.
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