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Abstract: Most of the collagen scaffolds used in tissue engineering belongs to porcine or
bovine origin. Bovines are prone to different zoonotic diseases like bovine spongiform
encephalopathy or mad cow disease, transmissible spongiform encephalopathy and foot and
mouth disease. The collagen scaffolds developed from porcine origin has little clinical
acceptance in our country on cultural and religious grounds. More over the slaughtering of
cattle is illegal/ban in most of the part of India. So, we must look the other sources of the
collagen. The collagen scaffolds developed from bubaline (buffalo origin) allow greater
clinical acceptance on cultural and religious grounds in addition to presenting a low risk with
respect to viral pathogens and prions. Therefore, in the present study we developed collagen
scaffolds from bubaline (buffalo origin) species. The protocols for decellularization of
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collagen scaffolds from buffalo aorta, diaphragm, rumen, reticulum, omasum, skin, gall
bladder and pericardium have been optimized. The developed acellular collagen matrices
were preclinically tested in laboratory animals for their biocompatibility. Suitably found
matrices were treated clinically in different species of animals for reconstructive surgery. We
succeeded in preservation of the complex composition and three-dimensional ultrastructure
of the ECM. No methods of decellularization resulted in disruption of the architecture and
loss of surface structure and composition. The acellular ECM scaffolds can create a favorable
regenerative microenvironment, promote tissue-specific remodeling, and act as an inductive
template for the repair and functional reconstruction. In the current review, we will provide
a critical overview of the structure and function of various types of extracellular matrix
derived from bubaline (buffalo origin), the construction of three-dimensional extracellular
matrix scaffolds, and their tissue engineering applications, with a focus on translation of these
novel tissue engineered products to the human applications. We will also present an outlook
on future perspectives of the extracellular matrix derived from bubaline (buffalo origin), in
tissue engineering and regenerative medicine.

Keywords: Bubaline tissues; extracellular matrix; scaffolds; tissue regeneration; preclinical
evaluation; clinical evaluation

1. Introduction

Extracellular matrix (ECM) prepared after removing cellular components from native tissues
are currently being used to facilitate wound healing and tissue regeneration. These matrices
provide a native framework for cell adhesion at the site of a tissue defect and allow local cells
to migrate into the matrix, proliferation and adhere before undergoing differentiation. In
general, ECM-based biomaterials represent lipid-free, decellularized protein-based
derivatives and purified protein extracts of previously living tissues or organs. This final form
differentiates the extracted ECM as a biomaterial compared to its living tissue precursor
representing an organ or tissue graft for transplant [1-5]. As a completely natural material,
the ECM has been proposed to be immune-privileged in the sense that, as a natural material,
ECM may not succumb to the typical implant fate and series of host reactions to foreign
bodies [6—8]. The logic driving this idea is that naturally derived matrix materials represented
by the ECM present naturally derived biomolecular designs and architecture and biological
compositions to interrogating host cells after implantation that attenuate the foreign body reaction [9].

Extracellular matrices are slowly degraded by cellular proteases at the implantation site
and are replaced by new endogenous extracellular matrix proteins secreted by ingrowing
fibroblasts. Further, the matrices stimulate rapid neovascularization during tissue
regeneration [10], and are relatively immunologically inert [7]. They are resistant to
adhesions and encapsulation [11]. Infection rates of extra cellular matrices scaffolds are
relatively low [12], a feature that may be attributable to their inherent antimicrobial activity [13],
and/or their ability to rapidly vascularize and therefore clear bacteria. Preservation of the
native ultrastructure and composition of ECM during the process of tissue decellularization
is highly desirable [14—-16]. A biomaterial-based scaffold plays a fundamental role in tissue
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engineering because it provides mechanical property and structural support for cell
attachment and tissue development, creates a permissive environment for cell survival,
proliferation, and differentiation, and eventually promotes tissue regeneration [17,18].

Among various materials used in tissue reconstruction, acellular matrices have been
recently utilized [19]. Acellular matrices are the noncellular part of a tissue and consist of
proteins such as collagen and carbohydrate structures secreted by the resident cells. They can
be transplanted without rejection and provide a conductive environment for normal cellular
growth, differentiation, and angiogenesis and a framework for tissue regeneration because
they are completely replaced by the host tissue [19]. An ideal scaffold needs to have many
specific architectural, mechanical, physicochemical, and biological properties. Firstly, the
scaffold should have a porous spongy structure to facilitate cell adhesion and migration and
to stimulate angiogenesis and metabolic exchange. Secondly, the scaffold should have a
certain shape stability and intrinsic mechanical property that are like that of defect tissues.
Thirdly, the scaffold needs to be biocompatible to the body and biodegradable with a
controllable rate in the body. Fourthly, the scaffold needs to show no or low immunogenicity.
Finally, the scaffold needs to be able to include biological and/or physical cues that affect
cell phenotype and promote directed cellular regrowth [20,21]. More importantly, emerging
studies suggest that the extracellular matrix can itself function as an inductive scaffold or
modify a biomaterial-based scaffold for tissue and/or organ regeneration. Therefore, the extracellular
matrix is a critical element in the field of tissue engineering and regenerative medicine [22].

By presenting physically and biochemically “native” matrices to implants sites, ECM
biomaterials are proposed to rapidly re-establish healing cues and limit foreign body
reactions. Nonetheless, despite a significant history of ECM development, analysis and
implant use for decades, currently little consensus exists regarding its ultimate capabilities in
modulating host reactions. Certainly, host privilege with regards to minimizing the foreign
body reactions and improving implanted materials performance has not been unequivocally
demonstrated. The ECM biomaterial utility in implanted forms and its eventual progress in
biomedical applications will rely on improved knowledge of compositional identity of
decellularized natural materials and how these factors influence host recognition and ultimate
implant integration, regeneration and healing. The ECM materials have been traditionally
prepared from native tissues of porcine species. However, its biomedical uses are associated
with an ethno-cultural stigma [23]. Native tissues of bubaline origin such as aorta, diaphragm,
rumen, skin, reticulum, omasum, gall bladder and pericardium may serve as economical,
viable, and safer alternative for collagen-rich matrices to mammalian sources. Moreover, the
environmental issue related to pollution from these wastes can also be addressed [24-31].

This review examines methods to process tissue explants to yield various ECM materials
of bubaline origin, assess their composition and then validate their use as biomaterials in
preclinical implant models and finally clinical applications. Understanding the critical
performance issues has direct implications on efforts regarding translation of these materials
into commercial medical products.

2. Preparation of acellular aortic matrix scaffold
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Fresh aorta from deceased donor buffalo was decellularized by treatment with 1% sodium
dodecyl sulfate (SDS) detergent for 24 h followed by treatment with 0.25% trypsin enzyme
solution for 2 h and then again with same 1% SDS for again next 24 h showed complete
acellularity with normal thickness and arrangement of collagen fibers [32,33]. Native and
decellularized aortae were examined for residual cells, and collagen structure and integrity
by histological examination and scanning electron microscopy (SEM) [34]. Masson’s
trichrome and Weigert’s staining, DNA quantification, and Fourier transform infrared (FTIR)
spectroscopy were used for further characterization of the decellularized aorta [35].
Histologically, absence of cells and orderly arranged collagen fibers were observed in the
decellularized aorta (Figure 1a,b). The SEM observations confirmed preservation of collagen
structure and integrity in the decellularized aorta (Figure 2a—c). Residual DNA content was
significantly lower in the decellularized aorta as compared to the native aorta (Figure 3). The
DNA extracts from decellularized aorta showed marked removal of DNA material, with
absence of DNA band in agarose gel. The FTIR spectroscopy confirmed the presence of
organic collagen amide A, amide B, amide I, amide II and amide III functional groups within
decellularized aorta [35].
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Figure 2. (a) SEM images of native aorta (NA); (b) and (c) acellular buffalo aortic
matrix (BAM) [35].

Each layer of aorta contributes uniquely to the overall mechanical properties. Collagens
types I and III are major collagens in blood vessels. The great strength of collagen fibers,
however originates from the stable intermolecular covalent bonds between adjacent
tropocollagen molecules [36]. The goal of any decellularization protocol is to effectively
remove immunogenic cellular material while maintaining the biological activity and
mechanical integrity of the ECM. Through decellularization procedures vascular tissue can
be reduced to a sterilized scaffold and implanted with a low risk of rejection. The treatments
effectively reduce antigenicity while creating free volume spaces upon which the host’s
native cells can proliferate [37].
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Figure 3. DNA content (ng/mg of tissue) (mean + SE) in native aorta (NA) and buffalo
aortic matrix (BAM). *** P<0.001 versus other [35].
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2.1. Preclinical evaluation

Biocompatibility of native, acellular, 1,4-butanediol diglycidylether and 1-ethyl-3-(3-
dimethyl aminopropyl carbodiimide (EDC) cross-linked acellular aortic matrix scaffold of
bubaline origin was evaluated following subcutaneous implantation in Guinea pigs [34,38,39].
The biocompatibility was evaluated based on gross and histopathological observations and
immune responses elicited by the implanted scaffolds. Grossly, no abnormal cellular reaction
was observed at the host-scaffold junction in any of the implanted animals. Histopathological
observations revealed that the inflammatory response was mild during first 15 days post-
implantation and increased at 30 days post-implantation in acellular and cross-linked
scaffolds. By day 60, marked in growth of host tissue was observed in EDC cross-linked
acellular aortic matrix scaffold. The ELISA and lymphocyte proliferation assay revealed that
animals implanted with EDC grafts showed least immune response when compared to others.
Therefore, it was concluded that EDC cross-linked acellular aortic grafts were more
compatible and had better handling qualities than the other cross-linked grafts [34,38,39].
Native aorta of buffalo origin was decellularized using 1% ionic biological detergent for 48h.
The acellular aortic matrix was cross-linked with Glutaraldehyde (GA), 1,4-butanediol
diglycidylether (BDDGE) and 1-ethyl-3-(3-dimethyl aminopropyl carbodiimide) EDC for 12 h,
24 h, 48 h and 72 h time intervals. In vitro biocompatibility of acellular aortic matrix was
determined. Uncross-linked acellular aortic matrix graft was used as control. /n vitro studies
included enzymatic degradation, moisture content percentage, free amino group
determination, fixation index, molecular weight analysis and free protein content estimation.
Acellular aortic matrix graft cross-linked with 0.6% GA for 48 h and 72 h, 1% EDC and
BDDGE for 24 h were found promising [40].

2.2. Clinical evaluation

The decellularized aortic matrix scaffold of bubaline origin was used for repair of congenital
umbilical hernias (average size, 6.89 cm in diameter) in nine crossbred Murrah buffaloes
(average age, 7.44 months) [41]. After repositioning of the abdominal viscera, an
appropriately sized decellularized aortic matrix scaffold with preplaced horizontal mattress
natural non-absorbable sutures was introduced underneath the hernial ring. All the animals
had an uneventful recovery without clinical signs of wound dehiscence, infection, and
recurrence during 3-month follow-up period. Results indicated safe use of allogenic
decellularized aortic matrix scaffold in buffaloes for the repair of abdominal hernias with
adequate strength and minimal foreign body reaction [41].

The umbilical hernias were repaired in nine client-owned cow calves using bubaline
derived acellular aortic matrix (AAM). The calves were female and either crossbred Holstein-
Friesian (n=7) or undefined breed (n=2). Physical examination in each case revealed a
painless, reducible soft swelling with a discernible ring at the umbilicus diagnosed as
congenital umbilical hernia. The aortic matrix was prepared as per method described by
Devarathnam et al/ [33]. The acellularity of the prepared matrix was confirmed
microscopically using haematoxylin and eosin staining. To assess the integrity of the repair,
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clinical evaluation of calves was performed at 4-weekly intervals up to 6 months. The
technique of hernioplasty using AAM graft appears to be a satisfactory treatment regimen for
umbilical hernia repair in calves. The use of non-absorbable, synthetic mesh material has
been reported to cause complications such as mesh extrusion, bowel adherence, fistula
formation, wound infection, skin erosion and seroma development. To overcome the
disadvantages of synthetic meshes, biomaterials may be preferable for the surgical repair of hernias.

In another study successful umbilical hernia repair was done in four crossbred Holstein-
Friesian calves with an average age of 7 months and average weight of 60 kg. Average hernial
ring diameter was 8 cm. Acellular matrix from buffalo aorta was prepared as per
Devarathnam [34]. After proper anaesthesia an elliptical incision was made over the hernial
sac and fascia and muscles were separated from the hernial ring. All animals were having
slight to strong adhesions. The hernial contents were pushed back in cases where no
adhesions or slight adhesions were present. The adhesions were removed by blunt dissection.
The hernial ring was freed and repaired by acellular aortic graft using inlay technique The
graft was anchored in position by black braided silk No. 2 using horizontal mattress sutures
in all the animals. Finally, the skin was closed by black braided silk No.2. All the animals
recovered completely and no complication of wound healing was observed up to 10-14th
postoperative days [42].

The decellularized aortic matrix scaffold of bubaline origin was used for tracheal
segment replacement in a 5-year-old crossbred Holstein-Friesian cow with post anastomotic
tracheal stenosis [43]. Under xylazine sedation and local analgesia, through midline cervical
incision, the stenotic tracheal segment was exposed and resected. Defect was repaired with
the xenogenic decellularized aortic matrix scaffold of bubaline origin, supported by a plastic
stent to prevent airway collapse. Postoperative complications were not observed in this
animal during a 2.5-year available follow-up [43].

Decellularized aortic matrix of bubaline origin was used for repair of abdominal hernia
in six cattle clinically affected with abdominal hernias having mean body weight of 132.50
+21.86 kg and mean hernia size of 40.55 + 15.42 cm?. The aortic matrix was prepared as per
method described by Devarathnam et al [33]. Clinical, hematobiochemical and antioxidant
parameters were evaluated to assess biocompatibility of the xenogenic AAM. Cattle with the
decellularized aortic matrix implant recovered uneventfully and remained sound. Hemato-
biochemical and antioxidant findings were unremarkable. The xenogenic bubaline aortic
matrix shows excellent repair efficiency and biocompatibility for abdominal hernia repair in
cattle without complications [35].

The decellularized aortic matrix scaffolds of bubaline origin crosslinked with 1-ethyl-3-
3-dimethylaminopropyl carbodiimide hydrochloride (EDC) were used for the repair of
inguinal hernias in five horses [44]. The matrices were applied using an inlay technique. All
animals that underwent hernia repair demonstrated successful healing without clinical signs
of wound dehiscence, infection, or recurrence during a 6-month available follow-up. The
EDC-crosslinked decellularized aortic matrix could be used safely in horses for the repair of
the inguinal hernia with adequate strength and minimal foreign body reaction [44].
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In goats, the decellularized aortic matrix scaffolds of bubaline origin prepared as per
method described by Devrathnanam et al [33] was successfully used for the repair of large
ventral hernia (ring size, 12 cm in diameter) in a 35-kg 3-year-old Jamuna Pari buck. The buck
recovered completely without clinical signs of wound dehiscence or infection. Ventral hemia
repaired with decellularized aortic matrix result in no herniation up to 3-month after reconstruction [45].

3. Preparation of acellular diaphragmatic matrix scaffold

Fresh diaphragm (tendinous portion) of buffalo was collected from a local abattoir in chilled
(4 °C) sterile phosphate buffered saline (PBS, pH 7.4), containing 0.048% gentamicin,
0.0205% EDTA and 0.1% sodium azide, and processed immediately. After initial washing,
diaphragm tissue was subjected to 0.5%, 1%, 2%, 3% and 4% sodium dodecyl sulfate (SDS)
solution, respectively. The tissue was continuously agitated at the rate of 250 rpm in SDS
solutions on magnetic stirrer for 12 h, 24 h, 48 h, and 72 h at room temperature. They were
evaluated based on gross, histological, scanning electron microscopic observations, DNA
contents evaluation, fourier transform infrared spectroscopy, 4,6-Diamino-2-phenylindole
dihydrochloride staining, agarose gel electrophoresis and in-vitro study of matrix
metalloproteinases. Treatment of a diaphragm with 2% sodium dodecyl sulfate solution for
48h revealed orderly arranged collagen fibers. Prepared buffalo diaphragm matrix was
extensively rinsed with sterile PBS to remove residual detergent and stored in sterile PBS
containing 0.048% gentamicin at -20 °C till clinical use. Sterility test of stored sterile PBS
was performed to check any bacterial or fungal growth. The prepared matrices were later
tested in clinical cases of abdominal wall defects of different species of animals.

The prepared acellular diaphragm scaffold of bubaline origin grossly, showed good
tensile strength and elasticity. Histologically, native diaphragm showed cell nuclei and
acellular diaphragm showing no nuclei after H&E and Masson’s trichrome staining (Figure 4a,b).
Treatment of a diaphragm with 2% SDS solution for 48 h revealed orderly arranged collagen
fibers within bovine diaphragm matrix (BDM). Treatment of a diaphragm with 3% and 4%
SDS solutions at all incubation period resulted in extensive damage to collagen fibers with
increased porosity. The SEM examination of the native diaphragm revealed compact
collagen fibers with low porosity. Thickness of collagen fibers varied between 2.074 um and
4.818 um. The BDM showed intact collagen structure and integrity. Thickness of collagen
fibers was slightly lesser as compared to the native diaphragm, and varied between 1.454 um
and 4.154 um. Further, SEM examination also confirmed effective decellularization of the
bubaline diaphragm and preservation of collagen structure and integrity within BDM (Figure 5a—c).
Extracts from decellularized diaphragm tissue show considerable removal of DNA material,
with absence of DNA band. This is indicative of effective removal of remnant DNA from
developed BDM. The 4,6-Diamino-2-phenylindole dihydrochloride (DAPI) stained sections
showed resulted in loss of cellularity without affecting the three-dimensional structure of
collagen fibers. Fresh diaphragm from deceased donor buffalo was decellularized using 2%
sodium deoxycholate solution for 48 h [46].
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Figure 4. (a) Microscopic images of native buffalo diaphragm after hematoxylin-eosin
staining; (b) Masson’s trichrome staining (X 40; scale bar 200 pm).
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Figure 5. (a)-(b) SEM images of native diaphragm (ND); (¢) acellular buffalo
diaphragm matrix (BDM) [46].

The increasing use of bio scaffolds for tissue repair has prompted its development. They
are typically prepared after decellularization of source tissues. Carpo et al [47] have
suggested that no visible nuclei per histologic evaluation via eosin and hematoxylin is a part
of the minimum criteria for effective decellularization in terms of the DNA content remaining
in decellularized biological scaffolds. In the present study, xenogenic BDM scaffold was
developed from fresh diaphragm of buffalo origin using aqueous SDS solution. SDS was
used in the present study because it is readily available, cost effective and has been used for
decellularization of other biological tissues such as aorta [46] and skin [48,49].
Histologically, treatment of fresh diaphragm with 2% SDS solution for 48h resulted in
complete loss of cell nuclei, and retention of the distinctive, natural, three-dimensional
structures of the collagen within developed matrix. The SDS an ionic detergent, is effective
for solubilizing both cytoplasmic and nuclear cellular membranes [50]. It is typically more
effective for removing cell residues from tissue compared to other detergents [51]. Host tissue
response to subcutaneously implanted diaphragm matrices was studied. Extent of host
reaction was more in the native scaffolds as compared to acellular scaffolds [52]. A recent
method to assess effective decellularization of xenogenic tissue is by quantification of
remnant DNA [53]. DNA retained in decellularized tissues may induce an immune response
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and foreign body reaction by the host to scaffold implants. Carpo et al [47] have suggested
that 50 ng/mg dry weight is a part of the minimum criteria for effective decellularization in
terms of the DNA content remaining in decellularized biological matrices. This value was
approached with in the present study, DNA content was significantly (P<0.045) lesser in
BDM as compared to the native diaphragm. Treatment with 2% SDS solution for 48 h
resulted in almost complete reduction in DNA content, indicating effective acellularity.
Absence of DNA band on Ethidium Bromide-stained agarose gel further indicating loss of
DNA from the prepared matrix.

3.1. Preclinical evaluation

Healing potential on full thickness skin wounds of primary mouse embryonic fibroblasts (p-
MEF) seeded on bubaline acellular diaphragm matrix (ADM) was studied. A 20 x 20 mm?
sized full thickness skin defect was created on dorsum of forty-eight Sprague Dawley rats
and randomly divided into four equal groups. The defect in group I (control) was left open
whereas, groups II, III and IV were covered with autograft, ADM and p-MEF seeded ADM,
respectively. Wound healing was evaluated based on gross, immunologic, and
histopathologic observations. Gross healing observation with p-MEF seeded ADM group
showed significantly (P<0.05) higher wound contraction as compared to others. There was
higher B-cell response in animals with ADM and p-MEF seeded ADM implants. The p-MEF
seeded ADM implantation caused markedly fast wound closure with well-formed granulation
tissue dominated by fibroblast proliferation, collagen deposition, and complete early
regenerated epithelial layer. It was found that p-MEF seeded ADM has healing potential and
shown better healing of full thickness skin wounds in rats [54].

Remya et al [55] investigated the potential of mesenchymal stem cells tailored acellular
bubaline diaphragm for the repair of full-thickness abdominal wall defects in a rabbit model.
Tissues obtained from bubaline diaphragm were decellularized and bioengineered by seeding
with rabbit bone marrow derived mesenchymal stem cells (r-BMSC). Full-thickness
abdominal wall defects of 3 x 4 cm? size were created in a rabbit model and repaired. Seeding
with r-BMSC significantly increased (P<0.05) the collagen deposition and biomechanical
strength of the scaffold. The bioengineered r-BMSC seeded acellular bubaline diaphragm
showed superior biomechanical strength. Tailoring of the scaffolds with the r-BMSC also
resulted in significant reduction (P<0.01) in antibody and cell mediated immune reaction [55].

3.2. Clinical evaluation

Acellular diaphragm matrix (ADiaM) of bubaline origin were used to reconstruct the
abdominal wall defects. The ADiaM matrices were applied in eight clinical cases of
abdominal wall defects of different species of animals. Animals with ADiaM matrices
recovered uneventfully and remained sound at least up to 3 months. Hematological and
immunological findings were unremarkable. Bubaline diaphragm showed excellent repair
efficiency and biocompatibility for abdominal wall defects repair in animals without
complications [56]. In another study prepared ADiaM matrices were used for repair of
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abdominal wall defects in four different species of animals. The abdominal wall defects
repaired with ADM remained sound over a period of 3 months. All the defects repaired with
ADM healed completely without graft rejections. The present study suggested that ADM
may be used safely for repair of abdominal wall defects in different species (buffalo, cattle,
goat, and pig) of animals [57]. The buffalo diaphragm after decellularization with 2% sodium
deoxycholate for 48 h was used for umbilical hernioplasty in 12 crossbred Landrace pigs.
Treatment with 2% sodium deoxycholate leads to complete decellularization at 48 h. All the
hernias repaired with acellular diaphragm matrix healed completely without graft rejection
and remained sound over a period of 3 months [46].

Acellular diaphragm matrix of bubaline origin was successfully used in a pig and a dog
for the repair of umbilical and perineal hernia, respectively. The reconstructive surgery was
done using acellular diaphragm matrix scaffold. Post-operatively both animals showed
successful augmentation of reconstructive procedures with this newer approach. Remya et al [58]
performed reconstruction of umbilical hernia with acellular diaphragm matrix in a 7-month-
old crossbred calf using inlay technique. The animal completely recovered after 30 days
without postoperative complications. Perineal hernioplasty was performed in a male spitz
dog using acellular diaphragm matrix of bubaline origin. The animal had an uneventful
recovery [59]. Hysterocele in a Dachshund dog was surgically corrected with decellularised
diaphragm matrix of bubaline origin [60]. A large inguinal hernia in a horse was successfully
repaired using acellular diaphragm matrix [61]. Acellular diaphragm matrix of bubaline
origin was found to be a promising and immuno-tolerable prosthetic for hernioplasty [62].
Acellular diaphragm matrix was also used for the repair of umbilical hernia in two cow calves [63].

4. Preparation of acellular ruminal matrix scaffold

Fresh rumen tissue of water buffalo (Bubalus bubalis) was procured from the local abattoir
and immediately preserved in chilled 1x phosphate buffer saline (PBS), (pH 7.4) solution
containing 0.1% amikacin and 0.02% EDTA and was made acellular. Decellularization
protocols were optimized based on the principle of maximum removal of cellular contents
with minimum damage to basic tissue architecture [64,65].

Macroscopic observations showed that the keratinized mucosal layer was easily
scrubbed off and serosal layer was separated with slight mechanical assistance. The isolated
delaminated and decellularized bubaline rumen was kept in 70% ethanol for sterilization. The
bovine rumen tissue matrix after treatment with biological detergents appeared soft, white,
and slightly spongy in consistency then native tissue.

Microscopically, native bovine rumen showed keratinized epithelium on mucosal
surface. Lamina propria is the luminal portion of the propria-submucosa, which includes a
dense layer of extracellular matrix and serosal layer. The delaminated propria-submucosal
layer showed cellularity, tunica muscularis and thick collagen fibers. Native bovine rumen
showed dense compact arrangements of collagen fibers. The delaminated bovine rumen
matrix subjected to ionic, non-ionic, zwitterionic biological detergents and enzyme treatment
at 0.5% and 1% conc. for different time intervals. All the specimens treated for different time
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intervals were adequately decellularized, except enzyme treatment. Treatment with trypsin
enzyme was inefficient in decellularization during various time intervals. Complete
acellularity was achieved with 1% sodium deoxycholate at 72 h [65]. Masson’s trichrome
staining revealed thick, transversely, and longitudinally arranged collagen fibers. The
quantification was a direct measure to confirm the effectiveness of the processes, since the
DNA is present in the active nucleus of cell. In the native rumen matrix, abundant cell
components and nucleic acids were present. However, after the decellularization, cells and
nucleic acids were hardly observed in ECM. The DNA concentration in native bovine rumen
matrix was 48.09 ng/ul. After decellularization by different protocols, the DNA conc.
decreased and ranged from 12.27 £+ 0.07 ng/ul to 38.17 £ 0.05 ng/ul in different detergents
treatment groups [64,65]. Collagen based biomaterials from buffalo ruminal wall were
developed using sodium deoxycholate detergent for tissue engineering [66].

4.1. Preclinical evaluation

The efficacy of acellular rumen matrix and matrix seeded with r-BMSC:s for the repair of full
thickness skin wounds in diabetic rats was tested. The diabetes in rats was induced by intra-
peritoneal (i/p) administration of Streptozotocin (60 mg/kg body weight). The rats with blood
sugar level more than 280 mg/dl were considered diabetic. The rat bone marrow
mesenchymal stem cells were isolated as per as per standard protocols. After 3™ passage, the
stem cells were detached with 0.25% trypsin-EDTA solution and then were seeded on
acellular rumen matrices to prepare 3-D bioengineered scaffolds from bubaline rumen.

Forty-five rats of either sex was randomly divided into 3 groups having 15 rats in each
group. After surgical anesthesia, a full thickness 20 x 20 mm? skin defect was created on
dorsal thoracic area in all the rats. The defects of groups II and III were repaired immediately
with acellular rumen matrix and matrix seeded with r-BMSCs. Animals of group I were
treated as control and where wound was left open [64,65].

A significant decrease (P<0.05) in wound area was recorded in all the groups up to day
28, except in group III where complete healing was observed on day 28. Complete healing
was recorded on day 42 in other groups. A significant increase (P<0.05) in percent
contraction was observed in all the groups during the observation period. Computerized
planimetry showed that on day 14, the acellular rumen matrix was firmly adhered with the
underlying pinkish granulation tissue and on day 42, the wound healed up completely with
no scar. However, in group III where rumen matrix was seeded with r-BMSCs the wound
healed up completely on day 28. In control group on day 42 the wound healed completely by
severe contraction leaving a large scar. Based on the study, it can be concluded that acellular
rumen matrix developed from buffalo rumen was found biocompatible and biodegradable and
acellular rumen matrices seeded with r-BMSCs mimic the properties of skin and be considered as
novel biomaterials for the repair of full thickness diabetic dermal wounds [64,65].
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4.2. Clinical evaluation

A total of 26 buffalo calves aged between 3 and 27 months and weighing 50—115 kg were
treated with acellular rumen matrix of buffalo. The animals were having umbilical hernia
with an average diameter of hernial ring being 6—12.5 cm. Physical examination revealed
painless, reducible soft swelling at the umbilicus. Multiple loops of bowel could be palpated
traversing the hernial ring. At the time of presentation, the animals have normal temperature,
respiration, and pulse rate [67]. The calves were sedated using xylazine HCI @ 0.1 mg/kg
body weight and circular infiltration at the site using 2% lidocaine HCI. The animals were
controlled in lateral or dorsal recumbency as per the convenience. The rumen acellular matrix
of buffalo origin was prepared as per Singh et a/ [65]. Matrix was prepared according to the
size of the hernial ring. An elliptical skin incision was given to expose the hernial sac which
spanned the length of the hernia and extended 2 cm beyond the cranial and caudal margins
of the hernial ring. Underlay technique was used for the implantation of buffalo rumen
acellular matrix. The subcutaneous tissues were closed using number 2—0 polyglactin 910
placed in a simple continuous suture pattern. The skin incision was then closed with silk
sutures in a horizontal mattress suture pattern. Postoperatively, the animals were
administered with amoxicillin-cloxacillin antibiotic combination by intramuscular route for
5 days and analgesic meloxicam (0.5 mg/Kg) for 3 days. The skin wounds were dressed
routinely with 0.1% povidone iodine. Skin sutures were removed on postoperative day 12.
The operated animals were followed either by regular visits or calling the owner during one
year post surgery [67].

At the end of the first post-implantation week, a thick and slightly hard mass resembling
the size of implanted matrix was palpated at the site of the hernioplasty. The thick and hard
mass of tissue at the site of implantation was palpable until the end of the second post-
implantation week. These masses subsided by the end of the third post-implantation week.
After the fifth post-implantation week the masses become thinner and fibrous, and were
difficult to feel on palpation. The umbilical region looked normal on inspection. All the
animals recovered uneventfully. Clinical signs like wound dehiscence, infection, or hernial
recurrence were not recorded in any of the cases. All the animals were observed up to 12
months after hernioplasty. After decellularization rumen matrices were used for umbilical
hernioplasty in buffalo calves and the results demonstrated the uncomplicated healing of the
repaired area, without hernial recurrence or rejection [67].

5. Preparation of acellular dermal matrix scaffold

Buffalo skin is characterized by dermal papillae enclosing papillomatous epidermis. In
buffaloes, the average thickness of the skin, main epidermis, papillomatous epidermis, and
cornium is 6.5 mm, 50 mm, 115 mm, and 11 pum, respectively. The average number of hair
follicles per cm? of skin is 394. Each hair follicle is accompanied by two large lobulated
sebaceous glands in the buffalo [68]. Fresh ventral abdominal skin of buffalo was procured
from the local abattoir. The skin was preserved in cold physiological saline just after the
collection and later on rinsed with normal saline to remove the adhered blood. The maximum
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time between the retrieval and the initiation of protocols was less than 4 h. The skin samples were cut
into 2 x 2 cm? size pieces. This phase was divided into two parts. Firstly, the protocol for de-
epithelialization was optimized and then protocol to prepare acellular dermal matrix was
optimized [69].

For de-epithelialization trypsin and sodium chloride was used. Based on the gross
observations the desirable removal of epidermis in a single layer was not possible with trypsin
and NaCl solutions. The separation of the epidermis was done with the help of dermatome.
Histological observations also showed that removal of epidermis was not possible with
trypsin and NaCl solutions. Removal of epidermis with dermatome was achieved. The de-
epithelialized skin of buffalo was subjected to 2% trypsin for 24 h. Then 2%, 3%, 4% and 5%
SD solution was used for 12 h. Then the samples were again treated with 2% trypsin for 12 h.
The observations were recorded from upto 108 h of post treatment. The samples were
continuously agitated on shaker. In next step the samples were subjected to same time and
concentration of detergents treatment. The samples were washed thrice at every step to rinse
the residuals of previous steps. The samples were subjected to SDS, tritron-x100 and tween-
20 in the concentrations described above. All the solutions were filter sterilized and each
procedure was performed aseptically. The time intervals, concentration and pH of the
chemicals were modified to obtain the desired result [69].

Treatment with SD and SDS in 2% and 3% showed an 80% to 90% decrease in the
cellular contents. The collagen fibers were mildly thin in 2%, became mildly thick and loose
in 3% solution. In 2% triton X-100 detergent the scaffolds showed 80% to 90% decrease in
the cellular contents and in 3% solution scaffolds showed 90% to 100% decrease in the
cellular contents. The collagen fibres were mildly thick and mildly loose in architecture. In
2% tween-20 biological detergent the scaffold showed 80% to 90% decrease in the cellular
contents and 90% to 100% decrease in 3% solution. Mildly thick and moderately loose
collagen fibers were seen in both the concentration. In 4% and 5% concentration of SD the
scaffolds showed 90% to 100% decrease in the cellular contents. The collagen fibres were
mildly thick and mildly loose in 4% concentration and became moderately loose in 5%
concentration. In 4% and 5% concentration of SD the scaffolds also showed 90% to 100%
decrease in the cellular contents. Collagen fibers were mildly thin and loose in 4% and mildly
thick and moderately loose in 5% concentration. In both the concentration triton X-100 and
tween-20 scaffolds showed 90% to 100% decrease in the cellular contents with mildly thick
collagen fibers. The collagen fibers were mildly loose in 4% and moderately loose in 5%
concentration solution [69].

Decellularization techniques resulted in the removal of nucleus and cytoplasmic cellular
components, lipids, and its membranes along with soluble proteins and basement membrane
components of cellular material. We tried to optimize protocols for de-epithelialization of
buffalo skin using trypsin and sodium chloride. However, the skin of the buffalo was not
completely de-epithelialized by the trypsin and sodium chloride treatment. The epidermis of
buffalo skin was separated using dermatome. Trypsin attacks the desmosome complex
between the cells thus remove the epidermis in a single layer [70], but on increased time
intervals the partially digested epidermis came out due to partial digestion of the cells.
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However, NaCl was not found suitable to separate the epidermis in this species which was
effective in human skin.

The anionic biological detergent gives better results than non-ionic biological detergents.
Sodium dodecyl sulfate was found very effective for the removal of cellular components
from tissue. Compared to other detergents SDS yields complete removal of nuclear remnants
and cytoplasmic proteins. lonic detergents are effective for solubilizing both cytoplasmic and
nuclear cellular membranes, but tend to denature proteins by disrupting protein-protein
interactions [50]. In general, anionic detergents are used extensively in decellularization
protocols due to their mild effects on tissue structure. Non-ionic biological detergents
(TritronX-100) do not usually denature proteins. They are suited to investigate the subunits
structure of membrane proteins. It inhibits protein-protein and protein-lipid bonding. The
allogenic dermis is antigenic because donor cellular components evoke an immune reaction
following transplantation [71].

5.1. Clinical evaluation

Acellular dermal matrix scaffolds prepared from buffalo skin was successfully used for the
reconstruction of umbilical/ventral hernias in four buffalo calves. The animals were presented
with the history of swelling over the umbilical region. All these cases were diagnosed as
congenital umbilical hernias. In one buffalo calf, the swelling was present just behind the
10th rib and the swelling was developed due to gore injury. On clinical examination, the
costal cartilages were fractured but the diaphragm was intact. This case was diagnosed as ventral
hernia [72]. In all the cases acellular dermal matrix prepared using SD biological detergent [69].

The operation was performed in dorsal recumbency for treating the umbilical hernia and
in lateral recumbency for ventral hernia. After aseptic preparation of the site, Xylazine
(0.1 mg/kg intramuscularly) was administered and 2% lignocaine hydrochloride was
infiltrated at the site in all the animals, except in case of ventral hernia where intercostals
nerve block was also performed. After proper analgesia an elliptical incision was made over
the hernia sac and fascia and muscles were separated from the hernia ring. The hernial
contents were pushed back into the abdominal cavity. The adhesions were removed by blunt
dissection. The adhesions were very strong in the case of ventral hernia. The hernial ring was
separated and repaired by acellular graft as mentioned above using the inlay technique. The
grafts were anchored in position by black braided silk No. 2 using horizontal mattress sutures
in all the animals having an umbilical hernia. In the case of ventral hernia, the 10th rib was
clearly visible after reposition of the abdominal organs. No soft tissue was present anteriorly
to support the graft. The graft was anchored anteriorly on the intercostals muscles of the 9
intercostals space. The subcutaneous tissue was repaired using catgut No. 2. Finally, the skin
was closed by black braided silk No. 2. Post-operative treatment included intramuscular
injection of Enrofloxacin (5 mg/kg) for 7 days and Meloxicam (0.2 mg/kg) for 3 days. Daily
dressing of the suture line was performed with 5% Povidone iodine. The owner was advised
to give the concentrate diet. The skin sutures were removed on 10—14th postoperative days
as per wound healing status. To evaluate the long term results a telephonic survey was carried
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out. All the animals recovered completely and no complication of wound healing was
observed up to 10—14 post operative days. The present study revealed that acellular dermal
grafts of buffalo origin proved to be a good biocompatible biomaterial for the reconstruction
of hernia. It is easy to prepare and can be clinically practiced in other species of animals also [72].
Acellular dermal grafts have been used for the repair of abdominal wall defects in
experimental animals with excellent results [73,74].

6. Preparation of acellular reticulum extracellular matrix

The ECM scaffolds can be derived from the reticulum of the forestomach. Such ECM
scaffolds contain the lamina propria and submucosa (propria-submucosa) layers of the
forestomach wall. Bovine reticular matrix is selected for this study as histology shows that
the lamina propria is unusually dense, whereas the abluminal side of the FM scaffold is
structured as an open reticular matrix. These differences serve an important role in epithelial
regeneration, as the dense side acts as a barrier to cell migration, while the less dense side
does not present a barrier and therefore allows cell invasion. This structure makes the FM
well suited for encouraging epithelial regeneration on the dense luminal side of the matrix,
and fibroblast invasion on the less dense abluminal side of the matrix, when used as a medical
device for tissue regeneration. In contrast, submucosal tissue grafts derived from the
glandular stomach and the urinary bladder has a uniform density. The dense layer of ECM
from the lamina propria contributes to the increased thickness and strength of FM scaffolds
compared to those derived from other organs. The large surface area of the forestomach and
the increased thickness and strength of scaffolds derived from the forestomach allows the
isolation of larger ECM scaffolds from the forestomach than is possible from other organs [75].

Reticulum of buffalo was procured from the local abattoir. Immediately, after collection
the reticulum was be kept in cold physiological saline solution containing 0.02% EDTA and
antibiotic (Amikacin @ 1 mg/ml). Tissue was cut from sides to obtain a flat sheet and was
processed. Treatment with detergent was done up to 72 h and the solution was changed at
every 12 h time intervals and samples were collected at 12 h, 24 h, 48 h and 72 h time intervals
for histopathological, scanning electron microscopic evaluation and DNA quantification. The
bovine reticulum tissue treated with different biological detergents and enzymes at 0.5%
concentration appeared soft, whiter, and slightly spongy in consistency than native tissue at
different time intervals.

Microscopically, native bovine reticulum showed keratinized epithelium on mucosal
surface. Lamina propria is the luminal portion of the propria-submucosa, which includes a
dense layer of extracellular matrix and serosal layer. Microscopic examination also revealed
complete removal of keratinized epithelium and serosal layer. The delaminated propria-
submucosa, layer showed cellularity, tunica muscularis and thick collagen fibers. Native
bovine reticulum showed dense compact arrangement of collagen fibers clearly visible in
Masson’s trichrome staining (Figure 6a—c).
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Figure 6. (a) Native bovine reticulum showing keratinized epithelium on mucosal
surface); (b) delaminated propria-submucosa, showing cellularity, tunica muscularis and
thick collagen fibers) (H and E stain, X-100); (¢) native bovine reticulum showing
clearly dense compact arrangement of collagen fibers (Masson’s trichrome stain, x-100).

The delaminated reticulum treated with 0.5% SD for 12 h under constant agitation
showed 85% to 90% loss of cellularity along with presence of cellular debris. Treatment for
24 h showed slight increase in loss of cellularity i.e., more than 90% and cellular debris was
noted. At 48 h time interval sub mucosal layer was completely acellular. The collagen fibers
were compact with moderate porosity than the native tissue. No cellular debris was observed
between the spaces of thick collagen fibers. At 72 h time interval rECM showed thin, heavily
loose arranged collagen fibers with very high porosity. No cellular debris was evident.
Treatment with 0.5% Triton-x 100 for 12 h under constant agitation showed 50% to 60% loss
of cellularity with high cellular content, thick and compact collagen fiber arrangement with
least porosity. At 24 h no further loss of cellularity was observed. High cellular contents,
thick and compact collagen fiber arrangement with least porosity was observed. At 48 h time
interval loss of cellularity increased up to 80% with moderate cellular debris and porosity.
At 72 h time interval no further increase in cellularity and porosity was observed. Mild
cellular debris and damage in collagen fiber arrangement was observed at this stage (Figure 7a—d).

Treatment with 0.5% tri (n-butyl) phosphate for 12 h and 24 h showed no effect on loss
of cellularity. High cellular contents were noted at 12 h as compared to 24 h. At 48 h nearly
80% of decellularization was observed. At 72 h more than 80% decellularization and loss of
cellular debris was seen. Treatment with trypsin enzyme was inefficient in decellularization
during various time intervals. No loss in cellular content with any effect on collagen fibre
arrangement was observed at different time intervals. All the specimens treated for 12 h, 24 h,
48 h and 72 h were adequately decellularized, except enzyme treatment. However, the best
scaffold was prepared by treatment with 0.5% SD. On Masson’s trichrome staining thick,
transversely, and longitudinally arranged collagen fibers were observed.

Scanning electron microscopic observations revealed loss of cellularity. The native
bovine reticulum matrix consisted of dense and closely packed collagen fibers. Delaminated
reticulum showed uneven luminal surface and aggregated collagen bundles. Ultra structure
information revealed the events occurred during decellularization of delaminated bovine
reticulum. The fine filamentous non-collagenous content of the reticular ECM was also clear,
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forming a fine weave between the collagen bundles. Within the matrix detailed collagen
microarchitecture was evident containing numerous interlacing fibres of various thickness,
pores, and open channels [76]. The DNA concentration in native bovine reticulum was 47.08
+0.02 ng/ul. After decellularization by different protocols, the DNA concentration decreased
and ranged from 11.23 + 0.06 ng/ul to 37.13 + 0.04 ng/pl. Significant decrease (P<0.01) in
DNA contents showed the effectiveness of treatment for decellularization. Treatment with
SD showed effective removal of cells. Quantification of residual DNA in animal derived
biological scaffold materials is one of technical specifications for evaluating decellularization
process and immunogenicity risk [77]. Treatment with 0.5% SD for 48 h resulted in
completely acellualr matrix as evaluated by histology, scanning electron microscopy and
DNA quantification. Treatment with enzyme does po‘c_gh_ow any signifi

cant reduction in cellularity.
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Figure 7. Delaminated reticulum at 72 h with different treatments, (a) sodium

deoxycholate; (b) tritron x-100; (c) tri (n-butyl) phosphate; (d) trypsin (Masson’s
trichrome staining, X-100).

6.1. Preclinical evaluation

Thirty-six clinically healthy adult Wistar rats of either sex were used in the study and
randomly divided into three groups having twelve animals in each group. Under general
anesthesia, a full-thickness skin wound (20 x 20 mm?) was created on the dorsum of each rat.
The defect in group I was kept as open wound and was taken as control. In group II, the
defect was repaired with commercially available collagen sheet (b-CS). In group III, the
defect was repaired with reticulum derived extracellular matrix of bovine origin (b-REM).
All the wounds were dressed with standard dressing material. The wounds were
photographed on days 0, 3, 7, 14, 21 and 28 post-surgery and evaluated by independent
observer to assess the quality of wound healing and cosmetic outcome [78].

Healing was evaluated on the basis of wound contraction, gross, haematological,
immunological and histopathological observations. The surgical wounds appeared apparently
healthy in all the animals of different groups throughout the period of observation. None of
the wound showed any complication like infection or pus formation. A significant decrease
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(P<0.05) in wound area was recorded in all groups on day 28. Significant increase (P<0.05)
in percent contraction was observed in all groups during observation period. The humoral
response in rats elicited by applying of different types of materials was determined by indirect
ELISA. In all the treatment groups there were relative rise in antibody titer from day 0, 21 to
day 28 post-implantation. In histopathological observations biopsy samples were examined
with routine H&E staining and special staining for collagen with Masson’s trichrome Stain.
In terms of surface epithelium presence and thickness, the defect repaired with reticulum
derived extracellular matrix of bovine origin (b-REM) showed early epithelialization with an
early proliferation of fibroblast and angiogenesis to fill the defects. This group showed an
early resemblance to the normal skin without any contraction than other groups. On critical
analysis of the observed parameters, it was found that b-REM has healing potential and
shown better healing response than commercially available collagen sheet to reconstruct full
thickness skin wounds in rats [78].

7. Preparation of acellular matrix from omasum

Protocols for decellularizing the buffalo omasum were optimized. Omasum of buffalo was
procured from the local abattoir. Immediately, after collection the omasum was be kept in cold
physiological saline solution containing 0.02% EDTA and antibiotic (Amikacin @ 1 mg/ml).
After thorough cleaning of the bovine omasum, de-epithelialization was done in hypertonic
solution 2M NaCl for 6 h. The keratinized epithelium of omasum was easily scrubbed off by
blunt surface of BP-handle. The serosal layer was separated mechanically with forceps. The
omasum after de-epithelialization and delamination was cut into 4 x 4 cm? size pieces and
placed in biological detergent and enzymes to carry out decellularization protocols. The
omasum was made acellular using ionic detergent (sodium deoxycholate), non-ionic
detergent (triton x-100) zwitterionic detergent (tri (n-butyl) phosphate) and enzyme (trypsin)
in 0.5% concentration. Treatment with detergents was done up to 72 h and the solution was
changed at every 12 h time intervals and samples were collected at 12 h, 24 h, 48 h and 72 h
time intervals for gross, microscopic observations, DNA quantification and SDS-PAGE
analysis. The prepared acellular omasum matrix was stored in PBS solution containing
1 mg/ml amikacin at 4 °C until use [79].

Gross examination at 6h time interval revealed that the keratinized epithelium was easily
scrubbed off by blunt edge of BP handle while the serosal layer was delaminated by applying
mechanical assistance and results in complete de-epithelialization and delamination.

Microscopic examination revealed complete removal of keratinized epithelium and
serosal layer. Native bovine omasum showed keratinized epithelium on mucosal surface.
Lamina propria is the luminal portion of the propria-submucosa, which includes a dense layer
of extracellular matrix and serosal layer (Figure 8a,b). Delaminated omasum treated with 0.5%
SD for 12 h under constant agitation showed 85% to 90% loss of cellularity along with
presence of cellular debris. Treatment for 24 h showed slight increase in loss of cellularity
i.e. more than 90% and cellular debris. At 48 h time interval sub mucosal layer was
completely acellular. The collagen fibers were compact with moderate porosity than the
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native tissue. No debris was observed between the spaces of thick collagen fibers. At 72 h
time interval ECM showed thin, loosely arranged collagen fibres with very high porosity. No
cellular debris was evident at this stage (Figure 9a,b) [79].

The treatment with 0.5% triton x-100 for 12 h under constant agitation showed 30% to
40% loss of cellularity with high cellular content, thick and compact cellular fiber
arrangement with least porosity. At 24 h no further loss of cellularity was observed. High
cellular content, thick and compact collagen fiber arrangement with least porosity was
observed. At 48 h time interval loss of cellularity increased up to 60% with moderate cellular
debris and porosity. At 72 h time interval, there was no further decrease in cellularity and
porosity was observed. Mild cellular debris and damage in collagen fiber arrangement was
observed at this stage.

Figure 8. (a) Native bovine omasum after delamination showing cellularity, loose
muscular layer, and collagen fibers (H&E stain, x-200), (b) Showing dense compact
arrangement of collagen fibers (Masson’s trichrome staining, x-200) [29].

Figure 9. (a) Microscopic photograph showing no cellular debris between the spaces
of thick collagen fibers (H&E stain, X200); (b) Masson’s trichrome staining, x-200 [29].
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The treatment with 0.5% tri (n-butyl) phosphate for 12 h and 24 h showed no effect on
loss of cellularity. The high cellular contents were noted at these time intervals. At 48 h and
72 h, nearly 80% decellularization with loss of cellular debris and damage in collagen fiber
arrangement was observed. Treatment with trypsin (enzyme) was inefficient in
decellularization at various time intervals. No loss in cellular content was observed at
different time intervals [79].

Microscopically, native bovine omasum showed keratinized epithelium on mucosal
surface. Lamina propriais the luminal portion of the propria-submucosa, which includes a
dense layer of extracellular matrix and serosal layer. The delaminated propria-submucosa layer
showed cellularity, tunica muscularis and thick collagen fibers. The native bovine omasum
laminae showed dense compact arrangement of collagen fibers clearly visible in Masson’s
trichrome staining. Complete acellularity was achieved with 0.5% sodium deoxycholate at 48 h.
Masson’s trichrome staining revealed thin, transversely, and longitudinally arranged collagen
fibers. Microscopic photograph shows no cellular debris between the spaces of thick collagen
fibers as observed in H&E staining and in Masson’s trichrome stain.

In the native omasum, abundant cell components and nucleic acids were present.
However, after the decellularization, cells and nucleic acids were hardly observed in ECM.
The DNA concentration in native bovine omasum was 82.40 ng/ul. After decellularization
the DNA concentration significantly decreased in SD treated group but no difference was observed
in other detergents treated as well as enzyme treated group at 24 h and 48 h time intervals [79].

In the study four different protocols were used to obtain the acellular ECM from the
delaminated bovine omasum. At 48 h, complete acellularity with no cellular debris was
observed. No nuclear bodies were seen and the tissue was primarily composed of
extracellular matrix. The propria-submucosa layer was completely acellular. The collagen
fibers were thick and arranged in longitudinal and transverse manner as compared to the
native tissue [79]. Sodium deoxycholate is very effective for removal of cellular components
from tissue. Compared to other detergents, SD yields complete removal of nuclear remnants
and cytoplasmic proteins, such as vimentin [80]. The extraction protocol for decellularization
of delaminated bovine reticulum by 0.5% sodium deoxycholate treatment for 48 h has been
documented. The concentration of native bovine omasum DNA (P<0.01) was 82.40 + 1.41
ng/ul. Treatment with 0.5% SD showed lowest values 4.30 + 0.14 ng/pul of DNA content in
bovine omasum. Significant decrease (P<0.01) in DNA contents showed the effectiveness of
treatment for decellularization. Significant decrease (P<0.05) in DNA contents was also
observed while preparing acellular cholecyst matrices from buffalo origin [81]. Treatment with
sodium deoxycholate showed effective removal of cells. Quantification of residual DNA in
animal- derived biological scaffold materials is one of technical specifications for evaluating
decellularization process and immunogenicity risk [77].
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7.1. Preclinical evaluation

An acellular omasal derived extracellular matrix (b-AOM) of bubaline origin was prepared
using anionic biological detergent. Healing potential of this matrix was compared with
commercially available collagen sheet (b-CS) and open wound in full-thickness skin wounds
in rats. Thirty-six clinically healthy adult Sprague Dawley rats of either sex was randomly
divided into three equal groups. Under general anesthesia, a full-thickness skin wound (20 x
20 mm?) was created on the dorsum of each rat. The defect in group I was kept as open wound
and was taken as control. In group II, the defect was repaired with commercially available
collagen sheet (b-CS). In group III, the defect was repaired with acellular omasal derived
extracellular matrix (b-AOM). The wounds of groups II and III were dressed with standard
dressing material [82].

Planimetry, wound contracture, immunological and histological observations were
carried out to evaluate healing process. The colour digital photography of the wounds showed
that on day 14, the graft was firmly adhered with underlying pinkish granulation tissue in
group III. On day 28, the wound healed up completely with no scar in group III. There was
crust over the wound area in groups I and II animals up to day 14. However, in groups I and
IT wound completely healed up on day 28 with severe contraction leaving a large scar over
the healed area. A significant decrease (P<0.05) in wound area was recorded in all the groups
on day 45, except in group III where complete healing was observed on day 28. Significant
increase (P<0.05) in percent contraction was observed in all groups during observation period.
On day 28, maximum wound contraction (100%) was recorded in group III animals [82].

The humoral response in rats elicited by application of different types of materials was
determined by indirect ELISA. In all the treatment groups there were relative rise in antibody
titre from day 0, 21 to day 28-post implantation. The B-cell responses were highest in the
group II (ethanol dried bovine omasum) on day 21 as evidenced by higher absorbance values
when compared with other groups. However, in group III, B-cell responses were highest on
day 28. The test sera of group III animals show humoral immune response more or like as
collagen group II animals. The cell mediated immune response in all groups was assessed by
MTT colorimetric assay. At day 45, the SI value against the collagen sheet and native bovine
omasum antigen the groups II and III showed significant (P<0.05) amount of stimulation
control group. As compared to SI values of ConA all the groups exhibited considerable rise
in SI values. The T-cell response was lowest in group III (implanted with ethanol dried
acellular bovine omasum matrix) as evidenced by lower SI values [82].

In histopathological observations biopsy samples were examined with routine H & E
staining and special staining for collagen with Masson’s trichrome stain. In terms of surface
epithelium presence and thickness, the group III showed early epithelialization with an early
proliferation of fibroblast and angiogenesis to fill the defects. This group showed an early
resemblance to the normal skin without any contraction than other groups. The
histopathological scores were minimum in groups III followed by groups II and I. These
findings indicate that b-AOM have potential for biomedical applications for full thickness
skin wound repair in rats [82].
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7.2. Clinical evaluation

The developed bubaline omasal derived extracellular matrix was clinically evaluated as a
biological dressing material in dogs [83]. The study was conducted on five client-owned dogs
(three males and two females), weighing from 14 kg to 24 kg and between 2 to 8 years of age
having burn wounds either on the dorsum and on the limbs. In each case, before implantation
of the MDM, owners were informed, and a written consent was obtained. It was decided to
treat the wounds with bubaline omasal derived extracellular matrix prepared as per technique
described by Singh et al [79]. Under sedation the wounds were debrided and the bubaline
omasal derived extracellular matrix was applied on the wounds and secured with interrupted
sutures of nylon. The matrix was covered with non-adherent surgical bandages. The bandages
were changed on every alternate day or as per condition of surgical wounds. All the animals
have excellent wound healing between 15 to 34 days. Based on this study, it can be concluded
that this developed bubaline omasal derived extracellular matrix can be used as a biological
dressing material in dogs. The developed matrix may be tried in other animal species also [83].

8. Preparation of acellular matrix from gall bladder

The cholecyst (gall bladder) is part of the digestive tract, and it lies within the abdominal
cavity. The gall bladder is a sac like organ. The buffalo gallbladder (BG) was collected from
local abattoir. Immediately after collection the gall bladder was kept in normal saline solution
containing 0.02% EDTA and antibiotic (amikacin 1 mg/ml). The neck and fundus of the
gallbladder was trimmed, followed by a longitudinal incision to obtain a flat sheet of tissue.
The inner mucosal layer was peeled off and outer serosal layer was removed by mechanical
delamination with a blunt edge. The tissue was cut into 2 x 2 cm? size pieces and treated with
70% ethanol for 2 h and later with distilled water for 24 h.

The BG tissue was treated with 0.5% and 1% sodium dodecyl sulphate (SDS) (ionic
biological detergent) and 0.5% and 1% triton x-100 (non-ionic biological detergent) for 12 h,
24 h, 48 h and 72 h. The tissue was thoroughly washed in phosphate buffer saline solution
after the completion of protocols. Acellularity of the b-CEM was evaluated by microscopic
and scanning electron microscopic observations. The DNA concentration of native buffalo
gallbladder and b-CEM extracellular matrices were evaluated [81,84].

Microscopically, native BG showed cellularity, mucosal and serosal layer, fatty tissue,
and some liver portion. The delaminated sub mucosal layer showed cellularity, loose
muscular layer, and collagen fibers. Masson’s trichrome staining for native BG showing
dense compact arrangement of collagen fibers (Figure 10a,b). The delaminated gallbladder
treated with 0.5% SDS for 12 h under constant agitation showed loss of cellularity. The sub
mucosal layer was completely acellular. The collagen fibers were compact with moderate
porosity than the native tissue. Mild debris was observed between the spaces of thick collagen
fibers. The collagen fibers became thin, compact and porosity was unchanged at 24 h. At 48 h
b-CEM showed thin, heavily loose arranged collagen fibers with very high porosity. No
debris was evident (Figure 11a,b). After 72 h, 0.5% SDS treated b-CEM was completely
damaged with high porosity. No cellular debris was found. Delaminated 1% SDS treated
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CEM at 12 h showed thick collagen fibers with moderately loose arranged collagen bundles
with moderate cellular debris. At 24 h collagen fibers were loosely arranged with moderate
porosity. In 1% SDS, at 48 h collagen fibers were heavily loose arranged with no cellular
debris. At 72 h heavily loose, thin damaged collagen fibers with high porosity were observed [81,84].

Figure 10. (a) Microscopic appearance of native bovine gall bladder showing
cellularity, fatty tissue, mucosal and serosal layers, a-H&E stain, x-100, (b) Masson’s
trichrome stain, x-100 [28].

Figure 11. Microscopic appearance of acellular bovine gall bladder, (a) H&E stain, x-
100, (b) Masson’s trichrome stain, x-100 [28].

The delaminated CEM subjected to 0.5% triton X-100 for 12 h showed thick damaged
collagen fibers with moderate cellular debris and porosity. At 24 h the collagen fibers were
thin and mildly loose with high porosity. The collagen fibers were thin, loosely arranged, and
damaged with increased porosity at 48 h and 72 h. In 1% triton X-100 treatment at 12 h, 24 h, 48 h
and 72 h collagen fibers were loosely arranged and damaged from beginning with no cellular debris.

All the specimens treated for 12 h, 24 h, 48 h and 72 h were adequately decellularized
and the best scaffold was prepared by treatment with 0.5% SDS. On Masson’s trichrome
staining thick, transversely, and longitudinally arranged collagen fibers were observed. The
specimens treated with 1% SDS and triton X-100 (0.5% and 1%) were similar and showed
very loose arrangement with damage of collagen fibers [81,84]. Scanning electron
microscopic observations of native buffalo gall bladder showed dense and closely packed
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collagen fibers. Collagen fibers were loosely arranged in decellularized b-CEM as compared
to native buffalo gall bladder tissue. The collagen bundles were seen to be formed of many
thick collagen fibrils. In the native gallbladder, abundant cell components and nucleic acids
were apparent (Figure 12a—c) [81]. Scanning electron microscopic observations revealed loss
of cellularity. However, after the decellularization, cells and nucleic acids were hardly
observed in ECM. Collagen fibers were loosely arranged in decellularized b-CEM as
compared to native buffalo gall bladder tissue. The collagen bundles were seen to be formed
of many thick collagen fibrils (Figure 13a—c). The concentration of native buffalo gallbladder
DNA (P<0.05) was 39.1 ng/ul. After decellularization by different protocols, the DNA
contents decreased and its ranges from 8.87 £ 0.33 ng/ul to 10.67 £ 0.73 ng/ul. Treatment
with 0.5% SDS showed lowest values (8.87  0.33 ng/ul) of DNA contents [81,84]. Protocols
for decellularization of the buffalo gall bladder with ionic biological detergent (0.5% and 1%
SDS) and non-ionic biological detergent (0.5% and 1% triton x-100) for different time
intervals. Treatment with 0.5% sodium dodecyl sulphate for 48 h resulted in complete
decellularization of buffalo gall bladder [81,84].

Figure 12. Scanning electron microscopic appearance of nativebovine gall bladder, (a)
40x, (b) 100x, (c) 150x [28].

A" WAL |

Figure 13. Scanning electron microscopic appearance of decellularized bovine gall
bladder, (a) 40x, (b) 100x, (¢) 150x [28].
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8.1. Preclinical evaluation

Healing potential of b-CEM was compared with commercially available collagen sheet (b-
CS) and open wound in full thickness skin wounds in rats. Thirty-six clinically healthy adult
Sprague Dawley rats of either sex was randomly divided into three equal groups. Animals
were anesthetized using xylazine (5 mg/kg body weight) and ketamine (50 mg/kg body
weight) combination [85]. A full thickness skin wound (20 x 20 mm?) was created on the
dorsum of each rat. The defect in group I was kept as open wound and was taken as control.
In group 11, the defect was repaired with commercially available collagen sheet (b-CS) (Skin
Temp-II, Absorbable Bovine Collagen, Polyethylene Non-Woven Mesh, Human
BioSciences India Limited, 142/143P Vasna Chacharwadi, Ahmedabad 382213, India). In
group III, the defect was repaired with cholecyst derived extracellular matrix of bubaline
origin (b-CEM). Wound contracture, planimetry, hematological, immunological, and
histological observations were carried out to evaluate healing process.

Wound area of all groups was measured by tracing its contour using transparent sheets
with graph paper on postoperative days 0, 3, 7, 14, 21, and 28. Colour photographs were
taken on post implantation days 7, 14, 21, and 28 with the help of digital camera at a fixed
distance. Analysis of shape, irregularity, and colour of the lesion were determined. Blood
smears for total leukocyte count (TLC) and differential leukocyte count (DLC) were prepared
on postoperative days 0, 3, 7, 14, 21, and 28. The counts were expressed in percent. For the
ELISA procedure serum was collected on days 0 and 28 from each rat. Harvested sera were
assessed for the extent of antibodies titer generated toward the implant. The cell mediated
immune response was assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) colorimetric assay. The stimulation of rat lymphocytes with
phytohemagglutinin (PHA) was considered as positive control, whereas un stimulated culture
cells were taken as negative control. The biopsy specimen from the implantation site was
collected on 3, 7, 14, 21, and 28 post implantation days for histopathological evaluation [81,84].

The wound area decreased significantly (P<0.05) at various time intervals in different
groups. However, the rate of decrease in wound area was faster in group III as compared to
other groups, but there was no significant difference (P>0.05) between groups III and I in
later stages (day 28). A significant increase (P<0.05) in percent contraction was observed in
all groups during the observation period. On day 28, maximum wound contraction (98.92%)
was recorded in group III animals where b-CEM was used. Although the original wound area
created was 20 x 20 mm?, the wounds were expanded to various extents in groups I and II
because in group I no matrix was used and the wound healed as open wound and in group II
commercially available collagen sheet was applied, and as it is very fragile in nature suturing
was not possible. In group III prepared acellular cholecyst was sutured over the wound area
to prevent drying and desiccation of the inner matrix. The wound area decreased gradually
as the healing progressed. Maximum percent contraction was recorded in group I as no
biomaterials were applied and wound healed as open wound. The wound in animals of this
group healed completely by 28 days leaving a large scar indicating the existence of severe
contraction. In group III the healing occurred with minimal contraction as the matrix was
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sutured with wound edges in this group and collagen sheet was simply applied over the
wound area [81,84].

During the entire period of the study none of the wounds showed any visible suppurative
inflammation. Furthermore, none of the animals became sick or died. Graft-assisted healing
is an important strategy for treating full thickness skin wounds. The cholecyst derived
scaffold was rich in natural biomolecules like elastin and glycosaminoglycans and when used
as a xenograft, it promoted healing with excess cell proliferation at early phases and
acceptable collagen deposition in the later remodeling phases [86]. A significant (P<0.05)
increase in neutrophils percentage after operation was observed up to day 3 postoperatively
in all the groups. Thereafter, they started decreasing and reached within normal limits on day
21. Contrary to increased neutrophil count, a significant (P<0.05) decrease in lymphocyte
count was observed up to day 7 in animals of all the groups postoperatively. The values
fluctuated within the normal physiological range (65%—85%) in various groups at different
time intervals.

The free protein contents of native bubaline gallbladder, decellularized bubaline
gallbladder (b-CEM), and commercially available collagen sheet (b-CS) were estimated as
per the methods of Lowry et al [87] using bovine serum albumin (BSA) as a standard. The
values of protein contents of native bubaline gallbladder, b-CEM, and b-CS are 3.76 mg/mL,
0.054 mg/mL, and 0.06 mg/mL, respectively. The levels of antibodies present in serum prior
to implantation were taken as basal values. In control group no rise in antibody titer was
observed as the wound healed open without any matrix. In the treatment groups II and III
there was relative rise in antibody titer from day 0 to day 28 after implantation. The B-cell
response was significantly higher (P<0.05) in the groups II and III on day 28 as evidenced
by higher absorbance values. As compared to the SI values of Con A and PHA all the groups
exhibited significant (P<0.05) rise in SI values. The T-cell responses were lowest in the group
III (implanted with acellular b-CEM) as evidenced by lower SI values. The immunological
response to biomaterial depends on the nature of processing and presence of potentially
foreign antigen to various lymphocyte populations. The biomaterial could stimulate an
antibody response, a cell mediated sensitization, or minimal to no response. The immune
response to xenogeneic transplantation included both natural and induced humoral
components [88]. In the present study the animals of groups II and III showed slightly higher
immune response on day 28 as compared to day 0. The least immune response was in animals
of group I, where no graft was used. Slight immune response in groups II and III might be
due to some immunogenic nature of decellularized ECM. The collagens are weakly
immunogenic as compared to other proteins. However, complete elimination of alloantigen’s
is considered difficult to perform and verify [89]. The acellular grafts were less immunogenic
having better tolerance by allogenic hosts and equally effective as isograft [90].

Full thickness skin wound healing occurs by granulation tissue formation, contraction,
and epithelialization [91]. The epithelialization occurs by migration of undamaged epidermal
cells from the wound margins across the granulation bed [92]. On day 7, after implantation,
moderate to severe inflammation was present in all the groups and it was minimum in groups
IT and III. The early control of inflammation might be due to application of collagen matrix

27



Biofunct. Mat. Review

as in case of groups II and III it might facilitate the progress to the next phase of wound
healing. The proliferation of fibroblasts was more in group IIl. Similar findings were
observed by Perme et al [93]. There was an increase in the extent of collagen deposition by
7 days (about 20%) and 14 days (about 40%) [86]. On day 14, the least scores were observed
in groups III (21) followed by group II (26) which may be due to early acceptance of matrix.
The sloughing of the upper layer of matrix was observed in all the groups except control
group where wound remained open. It may be either due to the desiccation of the graft in
high environmental temperature or due to an impaired formation of new blood vessels [94].
The myofibroblasts proliferate till the end of proliferation phase (14—15 days). Meanwhile,
the underlying granulation tissue increased in mass that pushed up the graft upwards. The
animals of groups II and III showed well-formed collagen and neovascularization with
superficial epithelialization. The epithelialization and neovascularization were faster in group
IIT as compared to other groups. On day 21, the least score was observed in group III (14)
followed by group II (22). The epithelialization was more like the normal skin in the wounds
of these groups. In the remodeling phase (around 21-30 days), these myofibroblasts undergo
apoptosis [95]. On day 28, after implantation, the control group healed completely leaving
abundant scar tissue but no complete healing was observed for other groups; also, in group
IT contraction and scar formation were found. In group III collagen fiber arrangement was
almost like normal skin. Marked fibroblastic response associated with an abundant new
collagenous fibrous tissue was observed in these groups. Histologically, improved
epithelization, neovascularization, fibroplasia, and best arranged collagen fibers were
observed in b-CEM (III) as early as on post implantation day 21. These findings indicate that b-
CEM have potential for biomedical applications for full thickness skin wound repair in rats [81,84].

9. Preparation of acellular buffalo pericardium matrix

Fresh buffalo pericardium was procured from the local abattoir. Immediately after the
collection the biomaterial was preserved in cold physiological saline solution. The tissue was
gently rinsed with fresh saline to remove the adhered blood. Excess fatty layer was carefully
removed from the pericardial surface. The biomaterials were cut into 2 x 2 cm? size pieces
and were placed in a 20 ml of distilled water and shaken for 12 h to lyse the cells and to
release the intracellular contents. It was followed by suspension of tissues in 4% sodium
deoxycholate (SD) for 2 h to 4 h, then it was treated with 2000 Kunitz unit’s DNase-I
suspended in 1M sodium chloride solution and continuously stirred for 4 h. The process was
repeated twice. Finally, the tissue was thoroughly washed in phosphate buffer saline (PBS)
solution. The prepared acellular biomaterials were stored in PBS solution containing 1%
amikacin at 4 °C. The tissue was also preserved in 10% formal saline solution for histological
examination to confirm a cellularity [93,96].

The tissue matrices were examined grossly at desired time intervals. The gross
observations of tissues showed that acellular pericardium was slightly softer and spongy as
compared to native pericardium. For histological observations, the tissue samples were fixed
in phosphate buffered 10% formalin saline, dehydrated in ethanol, cleared in xylene and
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embedded in paraffin to get Su thick paraffin sections. The sections were stained with
hematoxylin and eosin and evaluated microscopically. Microscopic observation of acellular
pericardium of buffalo revealed that the protocol for making them acellular was effective. It
resulted in complete removal of cells. No nuclear bodies were seen. The tissue was primarily
composed of ECM (Figure 14a,b) [93,96]. The primary constituent of pericardium is collagen
which is essentially polymers of amino acids. The collagen molecule consists of 3 chains of
poly amino acids or polypeptides arranged in a trihelices configurations ending in a non-
helical carboxyl and amino terminals one at each end. These non-helical ends are believed to
contribute to most of the antigenic properties of collagen. In natural state the collagen
trihelical configurations are held in place by direct chemical bonds, hydrogen bonds and

water-bridged cross-links.

Figure 14. (a) Native buffalo pericardium; (b)acellular buffalo pericardium (H&E,
stain, x100).

9.1. In vitro biocompatibility evaluation of pericardium

Collagenase enzymatic degradation. The degradation of the pericardium samples was
studied by exposing the materials to collagenase [97]. Collagenase Type-I from Clostridium
histolyticum (Sigma Aldrich Co., St Louis, MO, USA, C0130), 20 U/ml in phosphate
buffered saline was used for enzymatic degradation at 12 h, 48 h, and 72 h. The tissues were
blotted and the mass was recorded. Weight loss of biomaterial was then calculated that of the
original tissue. The native pericardium showed higher percentage of weight loss (P<0.01) as
compared to acellular and control samples. The study of enzymatic degradation can be a good
model for evaluation of the resorption rate in tissue.

Free amino group contents determination. Native and acellular pericardium (1 gm
each) was weighed, minced with scissors, and washed thrice with cold normal saline and was
homogenized in 3 ml 10% sodium dodecyl sulphate (SDS) with pastel mortar. The
homogenate was centrifuged at 3000 rpm for 10 min. and supernatant was separated.
Ninhydrin assay was used to determine the free amino group contents of each test sample
after enzymatic degradation, as per the procedure of Sung et al [98]. The free amino group
contents determination for native and acellular pericardium showed significant (P<0.01)
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reduction in amino group contents at 12 h, 48 h, and 72 h interval in acellular pericardium as
compared to native and control [93,97]. It is also known that the reduction of free amino
groups (determined by ninhydrin assay in the present study) in biological tissue diminishes
its antigenicity [99].

Moisture content analysis. The moisture content was analyzed as per the method Sung
et al [98]. In the study the moisture content of acellular tissue was significantly higher
(P<0.005) than the native fresh tissue. The acellular tissues were found to be soft in
consistency which may be attributed to their more absorption of moisture [93,96]. The
moisture content of acellular tissue was recorded to be significantly higher than the native
fresh tissue [98].

Molecular weight analysis. The tissues samples were mixed with an equal volume of
5x non-reducing sample buffer and using 10% poly-acrylamide gel under non-reducing
condition as per method described by Laemmli [100]. SDS-PAGE of native pericardium
showed 150 kDa, 120 kDa, 50 kDa and 20 kDa protein bands. Acellular pericardium showed
only one protein bands between 60 kDa to 50 kDa. Native pericardium expressed a 72 kDa
(MMP-2) band; whereas, in acellular pericardium two bands (10 kDa and 92 kDa) of MMPs
were observed of which, 92 kDa band was very faint [93,96]. In native pericardium group,
the 92 kDa band was the dullest among the three groups (Figure 15). This indicated that the
level of MMP-9 corresponds to the degree of collagen degradation [101].

NP AP kDa

Figure 15. Native and acellular pericardium in SDS-PAGE, Lane I1-Native
pericardium, Lane 2-Acellular pericardium, Lane 3-Marker [24].
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In-vitro cell cytotoxicity. /n-vitro cell cytotoxicity of biomaterials was done as per the
method described by Goswami et al [102]. The cytotoxicity of native pericardium and
acellular pericardium was tested in peripheral blood mononuclear cell (PBMC) culture.The
SI of Con A (1.276 + 0.0791) was used as control to evaluate the imuuno-suppression of
biomaterials with and without Con A. The stimulation index revealed that the biomaterials
when used with Con A showed moderate suppression of blastogenic effect of Con A, while
suppression was greater when biomaterial was used alone without Con A. As there is ethical
hindrance for indiscriminate use of animal models to test the cytotoxic effect biomaterials,
the alternative approach is in-vitro cytotoxicity examination before in-vivo implantation
study. The stimulation index (SI) revealed that the biomaterials when used with ConA
showed moderate suppression of blastogenic effect of ConA, while suppression was greater
when biomaterial was used alone without ConA [93,96].

In the present study the peripheral blood mononuclear cell (PBMC) was used to detect
the immunosuppressive effect of biomaterials. The result indicated that the biomaterials with
and without Con A showed immunosuppression as seen by the stimulation index when it was
compared with the Con A which was used as control. Decellularization process may attenuate
severe xenogenic immune response [103], but the removal of cellular components may not
be sufficient to eliminate inflammation, and fixation techniques may still be necessary to
prevent degradation [104]. It was hypothesized that cell extraction process decreased the
antigenic load within the tissue due to the elimination of cellular antigens.

9.2. Preclinical evaluation

Fresh bovine pericardium procured from the local abattoir was cut into 2 x 2 cm? size pieces
and crosslinked with 1% solution of glutaraldehyde (GA), formaldehyde (FA), polyethylene
glycol  (PEG), hexamethylene  di-isocyanate = (HMDI) and  1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide (EDC). Other pieces were made acellular and then
crosslinked with above chemical agents. /n vivo biocompatibility of the biomaterials was
determined by subcutaneous implantation in rabbits. The implants were retrieved back on
day 14, 30 and 90 post-implantation and subjected to macroscopic and microscopic
evaluation. The host inflammatory response, neovascular tissue formation (fibroblasts, fine
capillaries), deposition of neo collagen and penetration of host inflammatory responses in the
grafted matrix were evaluated.

For in-vivo study the cross-linked biomaterials were subcutaneously implanted in the
back muscle of rabbits. Macroscopically all the retrieved biomaterials showed thick fibrous
connective tissue covering at days 14, 30 and 90. The implanted biomaterials showed
decrease in mass at day 14 and 30 as compared to its original mass before implantation. The
decrease in mass of graft was more at 90 days post implantation which was found deeply
seated within the host fibrous connective tissue [93,105].

The native and acellular pericardium treated with NSS, FA, and HMDC were resorbed.
Whereas GA and EDC treated grafts were partially resorbed. There was complete resorption
of native diaphragm treated with NSS, FA, PEG and HMDC, whereas, GA and EDC treated
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grafts were present deep beneath the fibrous connective tissue, however they had
significantly reduced in size due to resorption.

The biomaterials were retrieved at 14-, 30- and 90-days intervals for histological
evaluation. Microscopic study revealed that at day 14 all the treated biomaterials showed
severe inflammatory reaction characterized by infiltration of neutrophils, macrophage, and
fibroblast, which decreased by day 30. The NSS treated biomaterials were found to incite
more inflammatory reaction as compared to treated biomaterials. By day 30 there was
persistence of inflammatory reaction in NSS and HMDC treated biomaterials whereas other
cross-linked biomaterials showed decrease in inflammatory reaction. At 90 days all the
retrieved graft showed host tissue incorporation with reorganization of collagen. On
evaluation of these biomaterials (GA and EDC treated) in experimental rabbits did not show
any abnormal reaction including the graft rejection. Acellular cross-linked biomaterials were
found to be more biocompatible compared to its native counterpart. /n-vivo study revealed
all the biomaterials showed increase host response at day 14 which decreased at day 30 and
90. NSS and HMDC treated biomaterials showed more host inflammatory reaction as
compared to GA, FA, EDC treated biomaterials. The acellular biomaterials treated with
different cross-linking agents were less immunogenic compared to its native counterpart. The
biomaterials retrieved on day 90 showed reorganization of graft with host tissue. Microscopic
observation of acellular pericardium revealed that the protocol for acellular cell production
was effective [93,105].

10. Summary and conclusions

Most of the collagen scaffolds used in tissue engineering belongs to porcine or bovine origin.
Bovines are prone to different zoonotic diseases like bovine spongiform encephalopathy
(BSE or Mad Cow disease), transmissible spongiform encephalopathy (TSE) and foot and
mouth disease (FMD). The use of collagen from this species may transmit the dreadful
diseases to the recipient. Therefore, collagen of bovine origin has limited use. The collagen
scaffolds developed from porcine origin has little clinical acceptance in our country on
cultural and religious grounds. More over the slaughtering of cattle is illegal/ban in most of
the part of India. So, we must look the other sources of the collagen. The collagen scaffolds
developed from bubaline (buffalo origin) allow greater clinical acceptance on cultural and
religious grounds in addition to presenting a low risk with respect to viral pathogens and
prions. Keeping in view of certain disadvantages, source of bovine (cattle) and porcine (pig)
collagen may be replaced by bubaline (buffalo) collagen. The protocols for decellularization
of collagen scaffolds from buffalo aorta, diaphragm, rumen, reticulum, omasum, skin, gall
bladder and pericardium have been optimized. No methods of decellularization resulted in
disruption of the architecture and loss of surface structure and composition. The developed
acellular collagen matrices were preclinically tested in laboratory animals for their
biocompatibility. Suitably found matrices were treated clinically in different species of
animals for reconstructive surgery. The acellular ECM scaffolds can create a favorable
regenerative microenvironment, promote tissue-specific remodeling, and act as an inductive
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template for the repair and functional reconstruction. The construction of three-dimensional
extracellular matrix scaffolds, and their tissue engineering applications, with a focus on
translation of these novel tissue engineered products to the human applications.

11. Conclusions and future prospectives

Most of the collagen scaffolds used in tissue engineering belongs to porcine or bovine origin.
Bovines are prone to different zoonotic diseases like bovine spongiform encephalopathy
(BSE or Mad Cow disease), transmissible spongiform encephalopathy (TSE) and foot and
mouth disease (FMD). The use of collagen from this species may transmit the dreadful
diseases to the recipient. Therefore, collagen of bovine origin has limited use. The collagen
scaffolds developed from porcine origin has little clinical acceptance in our country on
cultural and religious grounds. More over the slaughtering of cattle is illegal/ban in most of
the part of India. So, we must look the other sources of the collagen. The collagen scaffolds
developed from bubaline (buffalo origin) allow greater clinical acceptance on cultural and
religious grounds in addition to presenting a low risk with respect to viral pathogens and
prions. Keeping in view of certain disadvantages, source of bovine (cattle) and porcine (pig)
collagen may be replaced by bubaline (buffalo) collagen. No methods of decellularization
resulted in disruption of the architecture and loss of surface structure and composition. The
acellular ECM scaffolds can create a favorable regenerative microenvironment, promote
tissue-specific remodeling, and act as an inductive template for the repair and functional
reconstruction. The construction of three-dimensional extracellular matrix scaffolds, and
their tissue engineering applications, with a focus on translation of these novel tissue
engineered products to the human applications.
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