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Abstract

Aim: Extensive or irreversible damage to the skin often requires additional skin substitutes for reconstruction. Biomaterials
have become critical components in the development of effective new medical therapies for wound care.

Materials and Methods: Inthe present study, a cell matrix construct (bone marrow-derived cells (BMdc) seeded extracellular
matrix [ECM]) was used as a biological substitute for the repair of full-thickness skin wound. ECM was developed by
decellularizing fish swim bladder (FSB). Goat bone marrow-derived cells (G-BMdc) were seeded over this decellularized
matrix. Efficacy of this cell matrix construct in wound repair was tested by implanting it over 20 mm? x 20 mm? size full-
thickness skin wound created over the dorsum of rat. The study was conducted in 16 clinically healthy adult rats of either
sex. The animals were randomly divided into 2 equal groups of 8 animals each. In Group I, animal’s wounds were repaired
with a cellular FSB matrix. In Group II, wounds were repaired with G-BMdc seeded a cellular FSB matrix. Immune
response and efficacy of healing were analyzed.

Results: Quality of healing and immuno tolerance to the biological substitute was significantly better in Group Il than
Group .

Conclusion: Seeding with BMdc increases the wound healing potency and modulates the immune response to a significantly

negligible level. The BMdc seeded acellular FSB matrix was found to be a novel biomaterial for wound management.

Keywords: biomaterial, decellular, extra cellular matrix, wound.

Introduction

Many natural skin substitutes such as xenografts,
allografts, and autografts have been used for repair of
dermal defects. However, these naturally derived skin
substitutes cannot accomplish skin regeneration due to
limited donor sites, risk of infection, slow healing, and
association with the formation of scar [1]. In this con-
text, biomaterials have become critical components in
the development of effective new medical therapies
for wound care. Extracellular matrix (ECM) provided
as biomaterials/bio-scaffold to replicate the biological
and mechanical function of the native ECM found in
tissues. Common features of ECM-associated tissue
remodeling includes extensive angiogenesis, recruit-
ment of circulating progenitor cells, rapid scaffold
degradation, and constructive remodeling of dam-
aged or missing tissues and is distinctly different phe-
nomenon from that of scar tissue formation [2]. The
advantage of using these ECM based biomaterial is
that the repair mechanisms approach optimal condi-
tions, i.e., it can not only repair but can also regenerate

Copyright: The authors. This article is an open access article licensed
under the terms of the Creative Commons Attributin License (http://
creative commons.org/licenses/by/2.0) which permits unrestricted
use, distribution and reproduction in any medium, provided the
work is properly cited.

new tissue that is similar to that of the recipient [3].
However, there may also be inconveniences like graft
rejection [4]. One of the areas for improvement and
research is the control of graft rejection [5]. The his-
tocompatibility antigens present on the transplant-
ing cells is responsible for graft rejection in cellular
grafts [6]. Removal of cells (decellularization) from a
tissue or an organ leaves the complex mixture of struc-
tural and functional proteins that constitute the ECM.
Various kinds of extraction techniques are reported
for decellularization [7]. The goal of decellulariza-
tion is to ameliorate the antigenicity of the biologi-
cal graft by efficiently removing all its cellular and
nuclear material while minimizing any adverse effect
on the composition, biological activity, and mechani-
cal integrity of the remaining ECM [8]. The primary
structural framework for ECM is provided by colla-
gen. Collagen itself is excellent in its biocompatibil-
ity, biodegradability, and is weak in antigenicity [9].
Therefore, ECM has less immunogenicity and better
tolerance as a biological graft [10]. Decellularized
matrices have been widely used for engineering func-
tional tissues and organs such as cartilage, skin, bone,
bladder, blood vessels, heart, liver, and lung [11-16]
and have achieved impressive results. According to
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the literature, different types of ECM were used for
repair of dermal wounds [17,18].

Bovine Type | collagen is perhaps the most
widely used biologic scaffold for therapeutic applica-
tions due to its abundant source and its history of suc-
cessful use. Outbreak of bovine spongiform enceph-
alopathy and foot and mouth disease has caused
restrictions on use of collagen from bovine or porcine
origin. Collagens extracted from fish swim bladders
(FSB) may be good substitutes. The swim bladder is a
rich source of Type | collagen [19].

The role of bone marrow-derived cells (BMdc)
in regenerative therapy can be applied to enhance the
regenerative process. Moreover, immunomodulatory
property of these cells can be exploited to ameliorate
graft rejection hence to facilitate graft take [20].

The present study was undertaken to develop
novel cell matrix construct-based biomaterial for der-
mal wound management. Matrix of biomaterial was
developed from FSB after decellularization process.
BMdc isolates of goat origin were seeded over this
ECM to prepare cell matrix construct. Reparative and
regenerative potential of this newly developed bio-
material with emphasis on the immuno modulatory
potential of seeded BMdc against biological graft
rejection was evaluated on the full-thickness cutane-
ous wound created in the rat model.

Materials and Methods

Ethical approval

This study was in full compliance with
Institutional Animal Ethics Committee of the Indian
Veterinary Research Institute.

The study was carried out in two stages. In the
first stage, cell matrix construct was developed. FSB
ECM was prepared by decellularizing the native swim
bladder and, thereafter, this ECM was seeded with
BMdc of goat origin (G-BMdc). In the second stage,
efficacy of this cell matrix construct-based biomate-
rial was tested in full-thickness cutaneous wound in
the rat model.

Preparation of acellular FSB ECM

Swim bladders of the fresh water fish (Labeo
rohita) were decellularized as per the standardized
protocol with some modifications [21]. In brief,
fresh FSB was collected and immediately preserved
in ice-cold sterile phosphate buffered saline (PBS,
pH7.4) containing a broad spectrum antibiotic (ami-
kacin-1 mg/ml), and a proteolytic inhibitor (0.02%
ethylenediaminetetraacetic acid). In the laboratory
the samples were decellularized using 0.5% sodium
deoxycholate (SDC), an ionic detergent for 24 h. The
FSBs were subjected to continuous agitation in a hor-
izontal orbital shaker maintained at 37°C, at the rate
of 180 revolutions/min during decellularization pro-
cess to provide better contact of tissue with chemi-
cals. After decellularization, the prepared ECM was
washed 3 times (2 h each) with sterile PBS to remove
the residual chemicals. To confirm the acellularity and

collagen fiber’s architecture of the treated matrix light
microscopic and scanning electron microscopic exam-
ination was done. The tissues were stored at —20°C in
PBS solution containing 0.1% amikacin till use.

Collection and isolation of BMdc

Bone marrow was aspirated from the iliac crest
of a 6-month-old goat using bone marrow aspiration
needle under sterile condition (Figure-1). During the
entire procedure, the animal was maintained under
high epidural anesthesia. Isolation and in-vitro cul-
ture of G-BMdc were done with cell culture media
(Roswell Park Memorial Institute medium 1640
[RPMI]) inside biosafety cabinet as per standard pro-
tocol [22]. The cell isolates were purified and main-
tained by subculturing up to a third passage.

Preparation of cell matrix construct

Third passage cell isolates were used for prepar-
ing cell matrix construct. The cells were counted using
a light microscope and neubauer counting chamber.
Decellularized FSB matrix was maintained in RPMI
1640 culture media in six-well culture plates. The cells
were seeded at a concentration of 5 x 10° cells/10 ul.
After 10 min, scaffolds were flipped over to the other
side, and the same quantity of cells was seeded. Six
well plates were precoated with 2% agarose to prevent
cells from attaching or migrating to the culture dish.
This cell matrix construct was kept in a CO, incuba-
tor maintained at 37°C in a humidified atmosphere of
5% CO,. Morphological assessment of cells seeded
matrix was done by scanning electron microscopy
(SEM) at day 7.

Evaluation of healing potential of the cell matrix
construct

The in-vivo biocompatibility and healing poten-
tial of cell matrix construct were determined by
implantation cell-seeded acellular matrix over the sur-
gically created 20 mm? x20 mm? size full-thickness
skin wound on the dorsal thoracic area of the rats and
compared with acellular matrix (without G-BMdc
seeding) implanted wounds of the same size and site.
Experiment was conducted in two different groups

Figure-1: Aspiration of bone marrow from the iliac crest
of goat.
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of 8 animals each. Implant was protected from des-
iccation by double layer implantation technique. An
additional upper layer of acellular matrix was applied
in both the groups. Evaluation was done on the basis
of general behavioral changes, warmth of the graft,
gross, immunological and histopathological observa-
tions at different time intervals.

Gross appearance of healing was analyzed by
the digital photographs of the repair site taken from
a fixed distance. Analysis of shape, size, irregular-
ity, and color of the lesions determined. The param-
eters were recorded on days 0, 3, 7, 14, 21, and 28
post-operatively.

The ability of bioengineered implant (cell-seeded
acellular matrix in comparison with simple acellular
matrix) to stimulate the immune system of the host was
assessed by performing enzyme-linked immunosor-
bent assay (ELISA) and lymphocyte stimulation test
(LST). Evaluation of the humoral immune response
was done by indirect ELISA. The free protein contents
of native FSB was estimated and expressed in mg/ml
using bovine serum albumin (BSA) as a standard [23].
Serum samples were collected at days 0, 21, 28, and 35
post-operatively. The hyper immune serum (HIS) was
raised in adult rat to check the host immune response
against the antigen prepared from native FSB (with-
out decellularization). The immunization dose at the
rate of 200 pg/rat was given on day 0, 14, 21, and 28.
The HIS was extracted from the blood on day 28 and
was used as a positive control in ELISA and sera sam-
ples of day zero as a negative control. The intensity
of the color reaction was recorded at 492 nm using an
automatic ELISA reader. The cell-mediated immune
response was assessed by LST. For this, spleen was
collected aseptically from the implanted animals of
the two groups on day 45 post-operatively, and sple-
nocyte culture was performed [24].

For histopathological evaluation, the biopsy
specimens were collected on days 3, 7, 14, and 28
postimplantation. The biopsy specimens were fixed
in 10% formalin saline. The implants were then pro-
cessed for paraffin embedding technique to get 5 p
thick paraffin section. The sections were stained with
hematoxylin and eosin to evaluate the healing process.

Results

Native FSB matrix showed cellularity and a
compact fiber arrangement both in light microscopic
(Figure-2a) and SEM observations (Figure-2b).
Whereas decellularization with 0.5% SDC for 24 h
revealed a complete loss of cellularity and mild
derangement of the dense fiber architecture providing
adequate porosity for cellular and vascular prolifera-
tion without damaging the basic architecture of FSB
matrix (Figure-3a and b). The protocol adopted for iso-
lation and culture of G-BMdc was found optimum and
non-toxic for the cells as we could maintain the cells
up to third passage without affecting the survivability
and proliferative potential of the cells. Bone marrow

mononuclear cell fraction contains heterogeneous cell
population and G-BMdc was isolated on the basis of
plastic adherence property. The non-adherent cells
were discarded on 3 day after culture and adherent
cells grew as fibroblast-like cells by day 4 (Figure-4a),
which further formed symmetric colonies and attained
80-90% confluence by day 16 (Figure-4b). After the
first passage, there was a rapid proliferation of the
cells by the 3 week, we were able to collect the third
passage cells. Third passage cells were used for seed-
ing over the matrix. Morphological assessment of
the matrix by SEM on day 7 post seeding revealed
an enough amount of attachment and proliferation of
G-BMdc over acellular swim bladder (Figure-5).
Animals of both the groups started taking feed
and water partially within 24 h of surgery. However,
they were slightly dull for first 2 days of surgery. In
all the animals, feed and water intake became normal

Figure-2: (a) Microscopically native fish swim bladder
(FSB) showing cellularity and compact fiber arrangement
(hematoxylin and eosin stain, %x40), (b) native FSB showing
cellularity and compact fiber arrangement (scanning
electron microscopy observation, x500).

Figure-3: (a) Decellularized fish swim bladder showing
loss of cellularity and dense fiber architecture providing
adequate porosity (hematoxylin and eosin stain, x><40),
(b) scanning electron microscopy observation showing
loss of cellularity and dense fiber architecture providing
adequate porosity (<3000).

100U
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Figure-4: (a) Spindle-shaped fibroblastoid cells started
to attach on day 4, (b) goat bone marrow-derived cells
showing 80-90% confluence by day 16.
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by day 3 post-operative. Animals of both the groups
assumed a hunched back posture up to day 11 while
resting in their cages, instead of their natural resting
posture of dorsal recumbency. The temperature of
adjacent normal skin was found to be significantly
higher (p<0.001) in both the groups on day 3 when
compared to the temperature of the matrix. But graft

WD13mm S530 x2,000 10um

Figure-5: Attachment and proliferation of goat bone
marrow-derived cells over acellular swim bladder by day 7
(scanning electron microscopy observation, x2000).
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Figure-6: Mean = standard error temperature (°C) of the
graft and adjoining skin in different groups at different time
intervals.

temperature showed an increasing tendency by day 7
post-operative (Figure-6). No significant difference in
temperature was observed between the two groups.
Macroscopic observations show that in both the groups
the upper layer of matrix was dried on day 14 and
sutures were removed. This dried layer detached off,
and lower layer merged with newly formed ECM cov-
ering the remaining surface of the wound (Figure-7).
Epithelization and hair growth was already started at
the margins of the wound, reducing the total wound
area. In the healing period, we could grossly appre-
ciate a better rate of wound closure in Group Il than
Group |. By day 28, the wound healed almost com-
pletely in both the groups with no scar i.e., healing
was with minimum contraction, but mainly by regen-
eration and replacement.

There is a relative rise in antibody titer from day
0 to 28 post implantation in both the groups, but it
declined by day 35. A significant (p<0.001) increase
in antibody response (on days 21 and 28 post implan-
tation) was observed in Group I, as compared with
Group Il (Figure-8a). But when we compared the
humoral immune response of both, the groups with
respective negative controls (zero-day serum sam-
ple-before implantation) and positive control (HIS),
immune response in both the groups were signifi-
cantly (p<0.001) lower than that of hyper immune
sera (Figure-8b). The results of LST of both the two
groups, in comparison with stimulation index values
of Con A and PHA are presented in Figure-9. Group |
showed a significant (p<0.001) amount of stimulation
when compared to Group II.

The results of histological observations at dif-
ferent time interval are presented in Figure-10. In
both groups, the biomaterials were surrounded by an
intense inflammatory reaction on days 3 and 7, but in
latter stages of healing the inflammatory reaction sub-
sides. By day 14, in both groups the implanted matrix
disintegrated into the host tissue completely. However,
some neo collagen formation was more evident in
Group Il. By day 21, dense and haphazardly arranged

Figure-7: Macroscopic observations of healing at different time intervals.
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collagen fibers were observed in Group I. In Group I,
the neoformed collagen gets matured, and parallely
arranged collagen fibers with neovascularization were
seen. There was complete epithelization. By day 28, in
Group |, the arrangement of collagen fibers was regu-
lar in most of the wound area but not fully. In Group 11
collagen fiber arrangement and epithelization resem-
bled to normal skin with the appearance of some hair
follicle and optimum neovascularization.

Discussion

lonic detergents are effective for solubilizing
both cytoplasmic and nuclear cellular membranes [25].
SDC is one of the most commonly used ionic deter-
gents for decellularization [26]. The technique for
making biomaterials acellular was found successful
as complete acellularity and adequate porosity of the
swim bladder was obtained and was found non-toxic
for the BMdc to grow and proliferate.

It has been observed that rats generally rest in
dorsal recumbency. The animals of Group I and Il
started the resting on dorsal recumbency from day
11 onward. It indicates the normalcy and progressive
healing. Dullness, depression, and partial anorexia

observed in the immediate post-operative period
(1-2 days) may be attributed to surgical trauma (pain)
and inflammation at the site of reconstruction [27].
The warmth of the graft implanted at the surgically
created wounds was significantly (p<0.001) lower
than normal skin temperature up-to day 7 post-opera-
tively, as during this period the grafts remains avascu-
lar. Similar findings have been reported after the repair
of full-thickness skin defects with acellular matrix in
rabbits [21,28] and rats [29]. The graft temperature
increases on day 7 onward. The vasodilatation of the
local wound vessels beneath the grafted tissue leads
to increased blood flow resulted in an increase in the
temperature of the graft [28].

Complete healing took place in about 28 days
but was with minimum contraction in Group Il ani-
mals. Adult mammalian skin wounds close by a com-
bination of wound contraction, scar formation, and
induced regeneration. Wound contraction establishes
a plane tensile stress field in a skin wound which
appears to be required for scar formation. Blocking
of wound contraction by biologically active scaffolds
leads to induced regeneration. Scaffolds appear to
block contraction by interfering with the number and
organization of myofibroblasts [30].

The color of the implanted matrix changed from
white to dark brown in the course of healing and
finally dried up upper layer got detach on removal of
sutures. Lack of vascularization and continuous loss of
moisture contents of the upper layer graft led to this.
Similar findings have been reported after the repair of
full-thickness skin defects in rabbits [28]. But at the
same time it fulfilled our intention of protecting the
lower layer from desiccation. By the time of removal
of the upper layer, the lower target layer has got dis-
integrated and merged with the newly formed ECM/
neoformed collagen of wound site but by blocking the
contraction, thus served our purpose.
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Day 7

Day 14 Day 28

Figure-10: Histological appearance of cross section of wound area (hematoxylin and eosin stain, x<40), (a) Implanted
matrix, (b) disintegration of matrix in host tissue, (¢) neo collagen deposition, arrow - neovascularization.

The ECM represents nature’s scaffold for tissue
development and tissue repair. Collagen is the most
abundant protein within the normal ECM [2]. Abundant
collagen rich FSB matrix acting as a mimic of the nor-
mal ECM with the G-BMSc proliferating over it. In
G-BMdc seeded matrix, the epithelization, neovascu-
larization, and collagen fiber arrangement and its den-
sity resembled that of normal skin by day 28. However,
in Group I, healing was completed by day 28, it does
not attained that optimum quality of healing as exhib-
ited by Group Il in its histomorphological analysis. In
gross morphological analysis, it almost appeared sim-
ilar to Group Il in its performance with only a slight
lagging behind in the rate of wound closure.

In the present study, the animals of Group |
(acellular matrix implanted group) show signifi-
cantly higher immune response as compared to
Groups I both in terms of humoral and cell-mediated
immunity. The least immune response was in serum
samples of day zero, where no grafts were used.
Significantly (p<0.001) higher immune response in
Group | animals may be due to the implanted acellu-
lar matrix, but it was not significant, when compared
to the positive control (hyper immune sample). This
result clearly explains the antigenic roll of cellular
components and the effects of decellularization in
putting down the immune response. The immune
reaction elicited by these biomaterial even after
making it acellular is due proteins of native ECM.
Even if the cell matrix construct (G-BMdc seeded
matrix) of Group Il also have the same biomaterial
as matrix, surprisingly they elicited a negligible
immune response as compared to Group | animals.
This explains the immuno modulatory property of
BMdc. Adult bone-marrow-derived mesenchymal
stem cells are immunosuppressive and prolong the
rejection of mismatched skin grafts in animals [31].
Three broad mechanisms contribute to this effect.
First, mesenchymal stem cells itself are hypo immu-
nogenic, often lacking major histocompatibility

complex Il and costimulatory molecule expression.
Second, these stem cells prevent T cell responses
indirectly through modulation of dendritic cells and
directly by disrupting natural killer cells, as well as
CD?® and CD* T cell function. Third, mesenchymal
stem cells induce a suppressive local microenvi-
ronment through the production of prostaglandins
and interleukin-10 as well as by the expression of
indoleamine 2, 3,-dioxygenase, which depletes the
local milieu of tryptophan [32].

Conclusion

Our study shows that treatment with 0.5% SDC
for 24 h resulted in complete acellularity and adequate
porosity of FSB. Repeated washing with PBS resulted
in the removal of residual SDC, and the prepared
acellular matrix was found non-toxic for the BMdc to
grow and proliferate. Acellular FSB itself have wound
healing potency, restricting the rate of contraction to
minimum. However, seeding with BMdc increases the
wound healing potency as it modulated the immune
response to a significantly negligible level, thereby
enhancing the graft take and quality of healing, avoid-
ing immune-mediated inconveniences in the host. The
BMdc-seeded acellular FSB matrix was found to be a
novel biomaterial for wound management.
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