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Porcine cholecyst-derived scaffold
promotes full-thickness wound
healing in rabbit
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Abstract

Graft-assisted healing is an important strategy for treating full-thickness skin wounds. This study evaluated the properties
of porcine cholecyst—derived scaffold and its use for treating full-thickness skin wound in rabbit. The physical properties
of cholecyst-derived scaffold were congenial for skin-graft application. Compared to a commercially available skin-graft
substitute made of porcine small intestinal submucosa, the cholecyst-derived scaffold was rich in natural biomolecules
like elastin and glycosaminoglycans. When used as a xenograft, it promoted healing with excess cell proliferation at early

phases and acceptable collagen deposition in the later remodelling phases.
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Introduction

The use of acellular scaffolds of xenogenic origin, essentially
extracellular matrices of various organs/tissues resulting
after removal of cells, as skin substitute is an acceptable
modality for treating dermal wounds but there are several
drawbacks for such graft-assisted healing strategies.! Most
of these problems are associated with defective healing
process caused by ‘healing by repair’ that causes excess
scar tissue formation. Ideally, restoration of a fully func-
tional skin is desired,? but this is often restricted to ‘heal-
ing by regeneration’ that favours the replacement of
epithelial (epidermal) cells. Excess collagen deposition
may complicate the healing reaction. Therefore, those
acellular grafts that aid healing by regeneration and opti-
mal deposition of collagen are preferred over those pro-
moting scarring for clinical use. Furthermore, it should
also create a microenvironment favourable for migration
and infiltration of various cells such as keratinocytes,
fibroblasts, endothelial cells and immune cells which con-
tribute to the complex process of wound healing and
remodelling. It is obvious that a scaffold mimicking the
extracellular matrix (ECM) with adequate bioactive mol-
ecules, capable of supporting the growth of cells partici-
pating in regeneration, is an ideal graft suitable for wound
healing application.? Indeed, ECM isolated from certain

mammalian organs and tissues have been found to have
these essential bio-components that support cell prolifera-
tion, migration and differentiation.* These scaffolds are
naturally rich in collagen, elastin, glycosaminoglycans
(GAGs), laminin and fibronectin on which the cells can
migrate, attach and grow. In addition, many of the bioac-
tive degradation products released from the graft at the site
of the grafting mimic growth factors required for heal-
ing.*3 ECM is also known to aid angiogenesis by regulat-
ing the migration, proliferation and sustenance of
endothelial cells.® Hence, ECM is correctly termed as
nature’s ideal scaffold material.”

ECM isolated from submucosal layer of small intestine,
usually from jejunum, called as small intestinal submucosa
(SIS) is a popular and favourite scaffold because
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of its bio-inductive property that helps in constructive
remodelling of injured sites in many parts of the body,
including chronic wounds such as non-healing leg ulcers.?
Small intestine submucosa made into sponge and cross-
linked with 1-ethyl-3-(3-dimethylaminopropyl)carbodiim-
ide hydrochloride showed excellent fluid absorption
capability and is associated with enhanced healing of full-
thickness skin wounds in rats.® However, some studies
also reported that the SIS have no significant beneficial
effect in treating full-thickness skin wounds in dogs!® and
may elicit some adverse inflammatory response.!! There
are also reports of complications arising from the clinical
use of small intestine submucosa in other regenerative
medical applications.!? Hence, there is a quest for better
biological scaffolds for regenerative medical applications
in general and skin-graft substitutes in particular.

Cholecyst-derived scaffold (CDS) recovered from ECM
of porcine gall bladder has variable application in the field
of regenerative medicine.!? Cholecyst-derived ECM is
shown to act as reinforcing buttressing staples for gastroin-
testinal resection and anastomotic procedures.' It has a
micro-architecture similar to heart valves, supports prolif-
eration of valvular endothelial and interstitial cells'® and
has ability to withstand large strain.'® Obvious inflamma-
tory response has not been reported following deep-tissue
grafting studies in animal models.!” Studies have also
shown that properties of cholecyst-derived ECM can also
be functionalised and modified using chemicals.!819
However, the usefulness of CDS as a potential graft for
treating full-thickness skin wound has not been studied yet.

This study examines the use of CDS recovered by a
non-detergent/enzymatic treatment method as skin-graft
substitute for treating full-thickness skin wound and
whether it has the capability to promote healing. In order
to demonstrate the proof of concept, this study evaluated
the wound-healing properties of CDS as a skin graft in a
rabbit wound model.

Materials and methods

Scaffold preparation

CDS. ECM scaffolds for tissue engineering application
were isolated from porcine gall bladder by an in-house
procedure that involves mechanical recovery of lamina
propria after ex situ treatment with a stabilising agent
(10% buffered formalin), which resulted in controlled pre-
isolation in situ cross-linking of biomolecules in the scaf-
fold. It was washed thoroughly with water for at least 4 h,
lyophilised and sterilised by ethylene oxide treatment. The
resulting sheet of ECM was designated as CDS. No other
detergent or enzyme treatment was performed.

Reference scaffold. Wherever indicated, one-layer tissue
graft derived from SIS, marketed by Cook Surgisis® Bio-
design™ was used as the reference biomaterial.

Physical properties of the grafts

Moisture content in the grafts. The specimens were cut into
size of 1 cm?, and the initial weight was noted. The sam-
ples (N =4) were taken out, dried in an oven at 40°C for 24
h and the dried weight was noted down. Percentage of
moisture content was calculated as ((initial weight — dry
weight) x 100)/initial weight.

Fluid uptake. The specimens were cut into size of 1 cm?, and
the initial dry weight was noted. All the samples were soaked
in phosphate-buffered saline. The samples (N = 4) were
taken out, blotted and the wet weight was noted down after 1,
3,5, 12 and 24 h. Percentage of fluid uptake was calculated
as ((wet weight) — (dry weight) x 100)/(dry weight)).

Evaporative water loss. The specimens were cut into size of
1 cm?, and the initial weight was noted. All the samples (N
= 4) were soaked in water overnight, blotted and immedi-
ately weighed to get the wet weight of the scaffold. To
measure evaporative water loss (EWL), the fall in weight
was measured after 1, 3, 12 and 24 h and was expressed as
%EWL using the formula, percentage weight remaining =
((initial weight)/(wet weight)) x 100.

Water vapour transmission rate. A 15 mL tube with 10 mL
of water was sealed with the ECM scaffold, and the initial
weight was noted (N = 4). The samples were placed in an
incubator at 37°C for 24 h. The weight after evaporation of
water from the test tube after 24 h was noted. The water
vapour transmission rate (WVTR) was calculated as fol-
lows: WVTR = ((initial weight — weight after evaporation)
x 109)/A x 24, where ‘A’ is the area of bottle mouth (in
mm?). The WVTR was expressed in g/mm?2/h.20

Young’s modulus. To get the Young’s modulus, the scaffolds
(N = 8) were clamped at their cut ends in Universal Testing
Machine (Instron Model 3365, UK). The modulus (MPa)
as well as the maximum load (N) was measured using a 10
N maximum load cell with a cross-head speed of 1 mm/
min, and the test was stopped when the load decreased
after the onset of failure.

Flexural rigidity. The weight of 5-cm? rectangular scaffolds
(N = 8) was measured, and the moment of inertia of the
rectangular piece of the (5 cm x 1 cm) scaffolds was calcu-
lated using the formula M = m (h2 + w?)/12, where ‘M’ is
the moment of inertia, ‘m’ the mass of the scaffold, ‘h’ is
the height of the scaffold and ‘w’ the width of the scaffold.
The moment of inertia of each scaffold calculated was
multiplied with the Young’s modulus of each scaffold to
get the flexural rigidity of the scaffolds.?!

Suture retention strength. The maximum load at the stress—
strain curve during breakage was read as the suture reten-
tion strength (N = 8).
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Biomolecule and DNA content in the scaffold

Biomolecules in the scaffold. The amount of biomolecules
such as collagen, elastin and sulphated GAGs in the scaf-
fold was estimated biochemically using Sircol collagen
assay kit, Fastin elastin assay kit and Blyscan sulphated-
GAGs assay kit (Bicolor Life Science Assays, UK),
respectively, in both CDS and SIS using manufacturer’s
protocol. CHAMELEON Plate Reader with MikroWin
software (Hidex, Finland) was used to measure the spec-
trophotometric readings.

DNA content in the scaffold. ECM scaffolds were incu-
bated with lysis buffer 500 pL (proteinase K 20 mg/mL,
50 puL; 1M Tris-HCI solution 10 pL; 0.5M ethylenedi-
aminetetraacetic acid (EDTA) 2 pL, 10% sodium dode-
cyl sulphate (SDS), 100 pL; distilled water, 838 mL) for
48 h at 60°C followed by treatment with 500uL
phenol:chloroform:isopropanol alcohol at 25:24:1. The
supernatant obtained after centrifugation was treated
with equal volume of chloroform. Isopropanol alcohol
and 3M sodium acetate (in 10:1 ratio) were added after
removing the supernatant and incubated overnight at
—20°C. The precipitated DNA was centrifuged at 12,000
g at 4°C and supernatant discarded. The pellet was
washed in 75% ethanol, dried and was collected in 50 pL
water. The DNA content was measured using nano-drop
spectrophotometer.

In vivo wound healing experiment

A total of 12 healthy rabbits of more than 2 kg were ran-
domly assigned into four groups of three each. The animal
experiments were done with the approval and as per
requirements of the Institutional Animal Ethics Committee.
Prior to the experiment, fur on either side of the spine was
clipped off. Rabbits were anaesthetised using ketamine (80
mg/kg) and xylaxin (5 mg/kg body weight). The skin of
the anaesthetised rabbits were lightly swabbed using 70%
alcohol and air-dried. The CDS and SIS scaffolds were
grafted on full-thickness excision skin wounds of 1 cm?
made dorsally, which were created on either side of the
vertebra (N = 3). At the end of each experimental period
(3, 7, 14 and 30 days), three rabbits were euthanised in a
carbon dioxide chamber, and samples were collected from
the wound site for histomorphology and histomorphome-
try evaluations.

Histomorphology and histomorphometry

After the animal experiment, the skin graft along with the
surrounding normal skin was collected and fixed in 10%
buffered formalin: haematoxylin and eosin staining (H&E)
for routine histology, picro-sirius red staining for identify-
ing collagen, Van Gieson staining for identifying elastin
and Herovici staining for determining ratio of type I to

type III collagen and for immunohistochemistry (IHC).
Primary antibodies against proliferating cell nuclear anti-
gen (PCNA; Clone PC10; Santa Cruz Biotechnologies,
Inc., USA), alpha smooth muscle actin (ASMA; Clone 1A
4; Abcam, UK), vimentin (Clone V9; Dako, Denmark) and
cytokeratin-14 (CK-14; Clone CKB1; Abcam, UK) were
used for IHC by protocol used in this laboratory.??

Histomorphometry. The following wound-healing parame-
ters were quantified by histomorphometry, wherever
needed. Histology images were captured using an Olym-
pus (BX51) microscope loaded with a DP70 camera and
Image-Pro™ software. For each sample, more than six
high-power fields (40X objective) were captured, and all
other settings of the microscope and software were kept
constant to minimise errors. The images were further eval-
uated with the same software as described below.

Extent of re-epithelialisation. Re-epithelialisation was quan-
tified in images of H&E-stained sections. The length of the
original wound and non re-epithelialised wound were
measured, and percentage of re-epithelialisation was cal-
culated by the formula (percentage re-epithelialisation =
(length of re-epithelialised wound/length of total wound) x
100). The same was repeated for each wound site, and per-
centage of re-epithelialisation was determined.

Extent of collagen deposition. Images from picro-sirius red-
stained sections of wound tissue were used to quantify col-
lagen at the site of wound. The sirius red preferentially
stained the collagen, and the ‘red-stained’ area was quanti-
fied and expressed as percentage.

Extent of angiogenesis. Images from H&E-stained sections
were used to quantify angiogenesis in the vicinity of wound,
and the area occupied by ‘red’ colour of erythrocytes was
quantified and expressed as percentage angiogenesis.

Assessment of cell proliferation. This was quantified in [HC
slides following staining with PCNA antibodies. The num-
ber of PCNA-positive cells in the dermis and the total
number of cells in the dermis were counted in the field,
and the density of proliferating cells in dermis was calcu-
lated and represented as percentage proliferation using the
formula: (percentage proliferation in dermis = [(number of
PCNA-positive cells in the field/total number of cells on
the line) x 100].

Quantification of mesenchymal cell response. This was quan-
tified in IHC slides following staining with vimentin anti-
bodies. The area positive for vimentin was quantified and
expressed as percentage of vimentin-stained area/high-
power field.

Quantification of myofibroblast response. This was studied in
IHC slides following staining with ASMA. The area
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Figure |. Physical properties of the scaffold: (a) moisture content, (b) fluid uptake, (c) evaporative water loss (EWL), (d) water
vapour transmission rate (WVTR), (e) flexural rigidity and (f) suture retention strength. The CDSs have lower WVTR (p value =

0.001) and suture retention strength (p value = 0.003) than SIS.
CDS: cholecyst-derived scaffold; SIS: small intestinal submucosa.

positive for ASMA was quantified and expressed as per-
centage of ASMA-stained area/high-power field.

Relative distribution of type | and type Ill collagen. This was
quantified morphometrically in Herovici-stained tissue
sections.?? With this staining procedure, the type I collagen
stained red while the type III collagen stained blue in col-
our. Each of these was determined by area morphometry,
and the ratio of type I to type III collagen was calculated.

Extent of elastin deposition. Elastin at the wound site was
quantified in images of Van Gieson—stained sections of
wound tissue. The elastin fibres stained black were quanti-
fied for each wound site on 7th and 30th days and were
expressed as percentage of elastin.

Statistical analysis

Student’s t-test was used to determine the level of signifi-
cant difference between experimental groups. A p value
less than 0.05 was considered to be of significance.

Results

Physical properties of the scaffold

The moisture content (Figure 1(a)), the fluid uptake
(Figure 1(b)) and EWL (Figure 1(¢)) in CDS were similar
to that of SIS. But the WVTR (Figure 1(d)) of CDS was
significantly lower (p value = 0.001) compared to SIS.

The flexural rigidity of both CDS and SIS was similar
and sufficiently low as expected for a potential skin graft
(Figure 1(e)), but the suture retention strength of CDS was
relatively lower (p value = 0.003) compared to SIS (Figure

1(D).

Bio-molecule and DNA content in the scaffold

The amount of collagen content was similar in CDS and
SIS, but the elastin (p value = 0.0009) and GAG (p value =
0.006) contents in the CDS were significantly higher than
that in SIS (Figure 2(a)). However, the DNA content in
CDS was much lower (p value = 0.03) than in SIS (Figure

2(b)).

In vivo wound-healing animal experiment

The overall condition of all experimental animals remained
satisfactory throughout the experiment and all the animals
showed good healing response. There was no gross evi-
dence of infection or necrosis in the retrieved wound
tissue.

Histomorphology and histomorphometry

Histomorphologic signs of healing were present as early as
third day and progressed to complete healing by re-epitheli-
sation and granulation tissue formation in both CDS and SIS-
grafted wounds (Figure 3). Briefly, the changes appreciated
on earlier time points (3 and 7 days) were related to the
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Figure 2. (a) Content of biomolecules in the candidate skin graft: the CDSs have higher elastin (p value = 0.0009) and sulphated
GAG (p value = 0.006) than SIS. (b) DNA content in the scaffold: CDSs have lower DNA (p value = 0.03) compared to SIS.

CDS: cholecyst-derived scaffold; SIS: small intestinal submucosa.

proliferation (regeneration) phase, but later observations (14
and 30 days) were indicative of remodelling phase of the
wound healing process. Scattered inflammatory cells were
seen in histology slides made from early time points (3 and 7
days) but were minimal in later time points. The extent of
cell proliferation and the process of re-epithelialisation were
apparent with the abundance of PCNA-positive cells (Figure
4) and cytokeratin-positive cells in the epidermis (Figure 5).
There was also an increase in the number of proliferating
cells in the dermis (Figure 4), and the dermis was thickly
populated by mesenchymal cells (Figure 6) and myofibro-
blasts (Figure 7) as identified by IHC for vimentin and
ASMA intermediate filament proteins. The nature of angio-
genesis (Figure 3) and collagen deposition (Figure 8) con-
tributing for the granulation tissue formation were evident in
the dermis in all phases of healing. The Herovici staining
(Figure 9) and Van Gieson staining (Figure 10) reactions
revealed the relative proportion and distribution of type I and
type III collagen during the healing process. The quantitative
data (Figures 11 and 12) were used for objective evaluation
of the histomorphology results as described below.

Histomorphology with H&E staining. On the day 3, the CDS
and SIS grafts were present over the healing wound tissue,
but the neo-epithelium was not prominent. At this stage,
the granulation tissue included only scattered collagen
fibres and some newly forming blood vessels (Figure 3(a)
and (b)). On the seventh day, the newly formed keratino-
cyte was seen in both graft-induced healing reactions, and
the collagen fibres were further organised into thick bun-
dles (Figure 3(c) and (d)). Generally, the neo-epidermis
was thicker and the granulation tissue was very prominent
in the dermis (Figure 3(e) and (f)). But the re-epithelialisa-
tion was not complete in all samples studied (Figure 11(a)).
On the 14th day, the re-epithelialisation was almost com-
plete and the rete pegs and ridges (arrows) of the epidermis
were apparent in both groups. However, by the 30th day,
there was formation of complete epidermis with prominent

rete pegs and ridges. The dermis was also well developed
with newly formed blood vessels and well-organised col-
lagen fibres (Figure 3(g) and (h)). The process of remodel-
ling was evident on these samples with reorganisation and
disappearance of collagen; densely packed thick bundles
were replaced by loosely placed thin strands (Figure 8).
Similarly, there was no significant difference in the extent
of angiogenesis between SIS and CDS; both the grafts
showed similar pattern in angiogenesis (Figure 11(b)).

Extent of cell proliferation. On the third day (Figure 4(a) and
(b)), most of the basal cells in the newly forming epidermis
and the dermis immediately beneath were positive for
PCNA. During seventh day (Figure 4(c) and (d)), both the
basal and suprabasal cells in the epidermis were positive
for PCNA; however, the outer layers of epidermis remained
negative in all cases. By the 14th (Figure 4(e) and (f)) and
the 30th day (Figure 4(g) and (h)), only basal cells in epi-
dermis were positive for PCNA and suprabasal cells ceased
to show PCNA positivity. There was increase in number of
proliferating cells in CDS-grafted wound on 3rd and 14th
day (Figure 11(c)).

Pattern of cytokeratin immunostaining. On the third day,
keratinocytes were generally negative for CK-14 even on
the leading edge of the healing wound suggestive of
incomplete differentiation (Figure 5(a) and (b)). Simi-
larly, by the seventh day, although most of the suprabasal
keratinocytes of the epidermis were positive, both basal
and superficial layers of epidermis showed negative for
CK-14 in wounds treated by both the grafts (Figure 5(c)
and (d)). Later, by 14 (Figure 5(e) and (f)) and 30 days
(Figure 5(g) and (h)) of healing, the epidermis was com-
pletely formed, and CK-14 immunoreactivity was appar-
ent in all layers of epidermis in wounds treated by both
the grafts. Quantitatively (Figure 11(a)), both CDS and
SIS showed 100% re-epithelisation after 14 days of
grafting.
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Figure 3. Haematoxylin and eosin staining of (a, ¢, e and g) CDS-grafted wound and (b, d, f and h) SIS-grafted wound on 3rd, 7th,

14th and 30th day.

CDS: cholecyst-derived scaffold; SIS: small intestinal submucosa.

Pattern of vimentin immunostaining. On the third day (Fig-
ure 6(a) and (b)), both CDS and SIS showed heterogene-
ous distribution of vimentin throughout the wound area,
and they appeared like elongated spindles. On the 7th

(Figure 6(c) and (d)) and 14th day (Figure 6(e) and (f)), the
vimentin content increased showing further scattering and
abundance of spindle-shaped cells. In some slides, the den-
sity of these cells was higher immediately below the
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Figure 4. PCNA immuno staining of CDS-grafted wound (a,c,e and g) and SIS-grafted wound (b,d, f and h) on 3rd, 7th, |14th and
30th day. On third day (a and b), most of the basal cells of neo-epidermis (black arrow) and the dermis immediately beneath are
positive for PCNA. During 7th day (c and d), the outer layers of epidermis remained negative, but the basal and suprabasal cells in
the neo-epidermis show PCNA-positive in both grafts. By 14th (e and f) and 30th day (g and h), only basal cells (white arrow) in
epidermis were positive for PCNA. Please see Figure | I(c) for quantitative data.

CDS: cholecyst-derived scaffold; PCNA: proliferating cell nuclear antigen.

neo-epidermis. On the 30th day (Figure 6(g) and (h)), the CDS and SIS showed similar pattern in vimentin-positive
vimentin proteins were sparse, faint, thin and assumed the cells, and there was no significant difference in the vimen-
shape of an ‘elongated wavy thread’ like pattern. Both tin positivity at different time points (Figure 11(d)).
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Figure 5. CK-14 immuno staining of CDS-grafted wound (a,c,e and g) and SIS-grafted wound (b,d, f and h) on 3rd, 7th, 14th and
30th day. On 3rd (a and b) and 7th day (c and d), CK-14 deposition can be seen on the leading edge of re-epithelisation (arrow)
and the suprabasal keratinocytes of the epidermis (white star) in both CDS- and SIS-grafted wounds. On day 14 (e and f) and day
30 (g and h), the epidermis was completely formed and CK-14 deposition was seen in the middle layers of epidermis (black star) in

wounds treated by both the grafts.
CK-14: cytokeratin-14; CDS: cholecyst-derived scaffold; SIS: small intestinal submucosa.

Pattern of alpha-smooth-muscle-actin immunostaining. On the (Figure 7(c) and (d)), their numbers increased and were
third day (Figure 7(a) and (b)), ASMA-positive cells  uniformly distributed all over the healing wound. But by
were seen throughout wound bed. On the seventh day  the 14th day (Figure 7(e) and (f)), there were abundant
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Figure 6. Vimentin immuno staining of CDS-grafted wound (a,c,e and g) and SIS-grafted wound (b,d, f and h) on 3rd, 7th, [4th and
30th day. On third day (a and b), both CDS and SIS showed heterogeneous distribution of vimentin throughout the wound area and
they appeared like elongated spindles (star). On 7th (c and d) and 14th day (e and f), the vimentin concentrated below the neo-

epidermis showed further elongation and scattering. On 30th day (g and h), vimentin deposition was sparse, faint, thin and assumed

the shape of an ‘elongated wavy thread’ (arrow). Please see Figure | 1(d) for quantitative data.
CDS: cholecyst-derived scaffold; SIS: small intestinal submucosa.

ASMA-immunopositive cells immediately below the (h)), the density of ASMA-positive cells decreased consid-
newly formed neo-epidermis and at the wound-tissue erably. There was significantly higher number of these
interface in the dermis. On the 30th day (Figure 7(g) and  cells with contractile properties in the CDS-grafted wound



10 Journal of Tissue Engineering

Figure 7. ASMA immuno staining of CDS-grafted wound (a,c,e and g) and SIS-grafted wound (b,d, f and h) on 3rd, 7th, 14th and
30th day. On third day (a and b), ASMA was distributed throughout wound area and showed spindle, elongated and wavy pattern
(arrow). On 7th day (c and d) and |4th day (e and f) ASMA further increased (star) and was concentrated below the newly formed
epidermis and at the wound-tissue interface in the dermis. During day 30 (g and h), ASMA concentration decreased compared to

day 14. Please see Figure | I(e) for quantitative data.
CDS: cholecyst-derived scaffold; SIS: small intestinal submucosa; ASMA: anti-smooth muscle antibody.

(p value = 0.009) during early phases (third day) of wound Extent of collagen deposition and remodelling. The extent of col-
healing. However, the pattern of ASMA was similar in  lagen deposition also was similar in both CDS and SIS (Fig-
both CDS and SIS on later time points (Figure 11(e)). ures 8, 9 and 11(f)). There was an increase in the extent of
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Figure 8. Picro-sirius red staining of (a, c, e and g) CDS-grafted wound and (b, d, f and h) SIS-grafted wound on 3rd, 7th, |4th
and 30th day. Collagen deposition increased from 3 to 7 days. On 14th (e and f) and 30th day (g and h), the collagen fibres were
elongated and closely arranged (star) than 3rd (a and b) and 7th day (c and d) when collagen fibres are seen as bundles (arrow).

Please see Figure | I (f) for quantitative data.
CDS: cholecyst-derived scaffold; SIS: small intestinal submucosa.

collagen deposition by 7 days (about 20%) and 14 days (about
40%) (Figure 11(f)). The ratio of type I to type III was similar
during early time period in both grafts, but type I collagen
deposition increased during the late time points (Figure 12(a)).

Distribution of elastin in the healing wounds. There was no
significant difference in deposition of elastin in both
SIS and CDS during 7th day and 30th day (Figures 10
and 12(b)).
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Figure 9. Herovici staining of (a and b) CDS-grafted wound and (c and d) SIS-grafted wound on 7th and 30th day. The CDS-
grafted wound showed higher type | collagen deposition (red fibres) on 30 days (b and d) compared to SIS-grafted wounds. Please

see Figure 12(a) for quantitative data.
CDS: cholecyst-derived scaffold; SIS: small intestinal submucosa.

Discussion

Extracellular matrices derived from mammalian organs
and tissues have wide range of applications in regenerative
medicine. Here, we used CDS as a skin graft for treating
full-thickness skin wounds in rabbit with the objective of
evaluating its potential for promoting healing by
regeneration.

The clue for proposing the use of CDS for skin-graft
applications originated from its physical and biological
properties (Figures 1 and 2) as the biological and physical
properties of any scaffold can influence wound healing.?!
Additionally, certain biomarkers that occur at the wound
site can also predict the potential of a scaffold for cutane-
ous wound-healing applications.?* Here, we studied some
of these parameters like elastin and sulphated-GAG con-
tent of the scaffold (Figure 2(a)). An important physical
parameter often studied for evaluating healing potential is
the WVTR from the graft that indicates its ability to retain

absorbed water.>2¢ High WVTR rate might cause the
wound bed to become desiccated and consequently lead to
loss of integrity. It may also modulate various tissue
responses in the healing wound, for example, too much
water loss increases the possibility of tissue necrosis and
slowing of epithelial cell migration leading to impediment
of re-epithelisation and decreased oxygen availability for
bacterial killing leading to increased risk of infection and
impaired nutrient flow.?” These are all poor prognosis for
wound healing. The novel scaffold CDS we selected had
lower WVTR compared to the reference scaffold (Figure
1(d)). Adequate moisture is also required for satisfactory
activity of growth factors and proteolytic enzymes.
Furthermore, moisture also enhances fibroblast/endothe-
lial cell proliferation and is known to increase the immune
defence of wound surface.?® Epithelial cells need a moist
ground to migrate and re-epithelise faster.?” The other
hydration parameters such as percentage fluid uptake,
moisture content of the graft and EWL of the CDS graft
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Figure 10. Van Gieson staining of (a and b) CDS-grafted wound and (c and d) SIS-grafted wound on 7th (a and c) and 30th day (b
and d). Note that the elastin deposition (black fibres) increased on 30th day (b and d) in both CDS- and SIS-grafted wounds. Please

see Figure 12(b) for quantitative data.
CDS: cholecyst-derived scaffold; SIS: small intestinal submucosa.

were similar with that of the commercially available refer-
ence graft.

The flexural rigidity and suture retention efficiency are
two parameters that indicate the suitability of a scaffold as
skin graft and for better wound healing.?! Flexural rigidity
corresponds to the ability of a dressing or graft to drape
over the wound. It should be sufficiently low. On the other
hand, high flexural rigidity means a rigid scaffold that will
not be flexible to be in touch with the wound surface. In
the present instance, the flexural rigidity of CDS was simi-
lar to that of the reference product (Figure 1(e)). On the
other hand, CDS (2.3 + 9 N) had lower suture retention
ability than that of SIS (Figure 1(f)). But the actual meas-
ure of the suture efficiency was higher than 1.2 N as
expected for scaffold sheets commonly used in soft tissue
engineering applications.’® Hence, CDS can be considered
for skin-graft applications.

The CDS had higher content of macromolecules like
elastin and sulphated GAGs than SIS while the collagen
content was similar (Figure 2(a)). It was not sure whether
the higher elastin and sulphated-GAG content reflected the
natural content of these molecules in normal for CDS and

whether the processing and extraction techniques have
affected the values observed. Nevertheless, higher content
of these biomolecules in CDS made it a better scaffold
than SIS for skin-graft application. It is known that elastin
enhances angiogenesis,>! promotes proliferation of
endothelial cells®? and also supports proliferation of der-
mal fibroblasts.33 The GAGs facilitate specific interactions
to cytokines®* and chemotactic growth factors®S which are
important for wound healing as they can regulate the
release of growth factors in the healing environment. In
addition, GAGs can also trap water in the form of gel and
prevent loss of water. This corroborated the observations
made about WVTR in CDS (Figure 1(d)) as discussed
earlier.

The presence of excess cellular content, especially
nucleic acids, in a scaffold is known to cause inflamma-
tory reactions that are not congenial for a good scaf-
fold.3¢ In the present instance, however, the CDS scaffold
had contained lower DNA content compared to SIS
(Figure 2(b)). This is probably because gall bladder is
not a very cellular organ since its main function is stor-
age and release of bile, unlike the small intestine which
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is involved in digestion, peristalsis and secretion with
wide absorptive surface organised into primary and sec-
ondary folding. Thus, compared to the reference mate-
rial, the higher content of sulphated GAGs (Figure 2(a))
as well as elastin (Figure 2(a)) and lower content of
DNA (Figure 2(b)) in CDS make it a preferred biomate-
rial for graft-assisted healing.

To investigate the wound-healing potential of CDS in a
preclinical setting, we grafted full-thickness skin wound in
a rabbit model as in earlier studies.’” The healing reaction
was assessed by histomorphology and compared with
those caused by a clinically proven graft material (Figures
3-10). The histomorphology observations were cross-ver-
ified with histomorphometry data (Figures 11 and 12). The
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quantitative data on re-epithelisation (Figure 11(a)), angio-
genesis pattern (Figure 11(b)), cell proliferation (Figure
11(c)), the distribution of vimentin-positive mesenchymal
cells (Figure 11(d)), the distribution of ASMA-positive
myofibroblasts (Figure 11(e)) and the extent of collagen
deposition (Figure 11(f)) provided objective evidence on
the differential healing ability of CDS graft compared to a
commercial graft. The data on cell proliferation (Figures 4
and 11(c)) indicated healing by regeneration in the early
phase (up to 14 days) of the healing and later achieving a
balanced and equilibrated remodelling phase reaction (by
30 days) with that of the reference scaffold.

The distribution of CK-14 positive epidermal cells
(Figure 5) was evaluated by IHC for studying the wound-
closure ability and the distribution of newly formed
keratinocytes in the neo-epidermis, as suggested by exist-
ing literature.’® It is known that CK-14, expressed in divid-
ing basal keratinocytes, helps in maintaining epidermal
cell shape, provides resistance to mechanical stress and
acts as negative regulator of terminal differentiation of
keratinocytes.?? Both the grafts showed initiation of wound
closure by third day as evident from CK-14 positivity
(Figure 5(a) and (b)) at the leading edge of the neodermis
formed over the wound. As most of the suprabasal
keratinocytes of the epidermis were positive for CK-14
during seventh day (Figure 5(c) and (d)), it was concluded
that terminal differentiation of keratinocytes and their
migration were happening only by the seventh day in both
the scaffold-treated wounds. On the other hand, by the
14th and the 30th day, the CK-14 deposition was seen in
mid-epidermis, which indicated completion of wound clo-
sure and completion of re-epithelisation process in both
graft—treated wounds (Figure 5(e)—(h)). Significantly, the
proliferation of epidermal cells was higher in the epider-
mis (Figure 11(c)) in the CDS-treated wound compared to
SIS-treated wound in the proliferation phase (3 days) and
early remodelling phase (14 days). However, at the end of
the healing process (30 days), as desired, there was no sig-
nificant difference. The abundance of proliferating cells in
dermis was evaluated by IHC for PCNA (Figure 4). Higher
rates of proliferation and cell turnover were observed in
CDS compared to SIS during the initial (third day) phase
of healing (Figure 11(c)), and this suggested that CDS
stimulated regeneration of cells, presumably those cells
involved in better wound healing. Similarly, the cell turno-
ver at the later remodelling phases of wound healing (14th
day) was also higher in the CDS-grafted wound, suggest-
ing their active participation in the remodelling process.
The contributory roles of some of the important cell types,
especially epithelial (keratinocyte) and mesenchymal
(fibroblast), were apparent when studied objectively by
quantitative methods.

During the initial stages of the wound healing, fibro-
blasts from the surrounding normal area are known to
migrate and proliferate into the wound site and within 3—4

days get converted to myofibroblasts.*’ The main function
of myofibroblasts in a healing wound is contraction by
synthesising of ECM proteins, notably, collagen types
I-VI and XVIII, laminin, thrombospondin, glycoproteins
and proteoglycans for the dermal repair. The myofibro-
blasts usually go on increasing from the inflammatory
stage (3—4 days) till the end of proliferation phase (14—15
days), and by the remodelling phase (around 21-30 days),
these myofibroblasts undergo apoptosis*! and ASMA in
fibroblasts regulate the proteins responsible for motility
and contractility.*> To know the nature of this regulation,
we quantified the extent of ASMA immunoreactivity in
tissue section (Figure 7) and accessed the nature of wound
contraction. The presence of ASMA was highest during
14th day in both the groups and then decreased thereafter,
which was in accordance with previous literature.*?
However, there was significant increase in the ASMA-
positivity during the initial inflammatory stage of healing
in CDS scaffold compared to SIS (Figure 11(e)). This sug-
gested that CDS scaffold can bring about more organised
healing through better wound contraction and deposition
of ECM. It is remarkable to note that there has not been
any excess collagen deposition at any stage, and the
remodelling induced by CDS and SIS was similar at 14
and 30 days.

In normal healthy human skin, the type I/type III colla-
gen ratio is 3.5:1. In hypertrophic scarring, the ratio may
become 2:1 as the amount of type III is higher.** The type I
to type III collagen ratio in CDS (2.6 & 1.8:1) after 30 days
was near to that of normal skin than that of the SIS-induced
healing reaction (0.7 +£0.7:1, Figure 12(a)). During the
onset of healing, the proliferating fibroblast starts to syn-
thesise collagen, and the total collagen content increases
preferentially with excess of collagen type III over type L.
Hence, in the healing, reaction with respect to collagen
deposition (Figures 8 and 12(a)) was assumed normal.
However, type I collagen is ultimately responsible for the
tensile strength, continuity and function of skin. As remod-
elling and maturation occurs, the type III collagen is
expected to decrease in comparison with type I collagen,
trying to revert back to normal skin.* Moreover, decrease
in type I collagen and an increase in type III collagen are
associated with thinner and more flexible collagen fibres
leading to reduction in tensile strength.*¢ In this study, there
is significant increase in type I collagen (Figure 12(a)) in
CDS-grafted wound in 30 days compared to the SIS-grafted
wound. This implied that the tensile strength in CDS-
grafted skin was higher than SIS. However, the elastin dep-
osition in both CDS and SIS showed similar increase from
7 to 30 days of healing (Figure 12(b)), indicating uncompli-
cated wound contraction.

Thus, the nature of cell proliferation, infiltration and
collagen deposition indicated that the healing pattern
induced by CDS was different from that caused by SIS.
The former caused enhanced cell proliferation at
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the regenerative phase (early stage). There was excess
collagen-1I deposition that enhanced tensile strength but
without significant difference in elastin.

Conclusion

The potential of ECM scaffold isolated from cholecyst was
evaluated in vitro and in vivo for use as skin graft. The
results indicated that ECM scaffold isolated from chole-
cyst is a satisfactory skin graft for wound-healing applica-
tions. The CDS promoted a prominent healing reaction
with enhanced cell proliferation and adequate collagen
deposition.
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