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Abstract
Emergent technologies of regenerative medicine have the potential to overcome the limitations of
organ transplantation by supplying tissues and organs bioengineered in the laboratory. Pancreas
bioengineering requires a scaffold that approximates the biochemical, spatial and vascular
relationships of the native extracellular matrix (ECM). We describe the generation of a whole
organ, three-dimensional pancreas scaffold using acellular porcine pancreas. Imaging studies
confirm that our protocol effectively removes cellular material while preserving ECM proteins and
the native vascular tree. The scaffold was seeded with human stem cells and porcine pancreatic
islets, demonstrating that the decellularized pancreas can support cellular adhesion and
maintenance of cell functions. These findings advance the field of regenerative medicine towards
the development of a fully functional, bioengineered pancreas capable of establishing and
sustaining euglycemia and may be used for transplantation to cure diabetes mellitus.

1. Introduction
The treatment of diabetes mellitus remains inadequate. Although exogenous insulin therapy
is effective at preventing acute metabolic decompensation in type 1 diabetes, less than 40%
of patients achieve and maintain therapeutic targets [1]. As a result, hyperglycemia-related
organ damage remains a significant cause of morbidity and mortality among the diabetic
population. Intensive glycemic control achieved through dietary modification, physical
activity, oral hypoglycemics and exogenous insulin can significantly reduce, but not
eliminate, the microvascular and macrovascular complications of diabetes mellitus.

Current best-practice guidelines for the management of diabetes are centered upon life-long
lifestyle and pharmaceutical intervention. While these measures reduce the incidence of
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diabetic emergency and complication, they do not offer the possibility of remission or cure.
β-cell replacement, through pancreas or islet cell transplantation, is the sole treatment
capable of establishing long-term, stable euglycemia in type 1 diabetic patients.

Regenerative medicine promises to contribute to the advancement of islet transplantation
through the development and implementation of microencapsulation technology and the
exploitation of bioengineered microenvironments. Encapsulation is a means of
immunoisolation, which serves to ‘camouflage’ the foreign antigens of the islet allo- or
xeno-graft from host immune surveillance [2]. Encapsulation protocols involve packaging
islets within semi-permeable, bio-inert membranes that selectively allow the passage of
oxygen, glucose, nutrients, waste products and insulin while preventing penetration by
immune cells [2, 3]. Theoretically, successful encapsulation eliminates the need for
aggressive, life-long immunosuppression, with consequent improvements in β-cell viability
and host morbidity. However, although promising results have been obtained in early animal
studies, the clinical value of islet encapsulation has been limited by the following obstacles,
recently reviewed by Vaithilingam and Tuch [3]: 1) poor biocompatibility of capsule
materials; 2) inadequate immunoisolation due to the penetration of small immune mediators,
like chemokines, cytokines and nitric oxide; 3) hypoxia secondary to failed
revascularization.

Emerging, cutting edge technologies in regenerative medicine have recently allowed
researchers to exploit and appreciate the advantages of preserving innate ECM for organ
bioengineering investigations [4–7]. Indeed, innate ECM represents a biochemically,
geometrically and spatially ideal platform for such investigations [8], it has both basic
components (proteins and polysaccharides) and matrix-bound growth factors and cytokines
preserved and at physiological levels [9], it retains an intact and patent vasculature which –
when implanted in vivo – sustains the physiologic blood pressure [8], and it is able to drive
differentiation of progenitor cells into an organ-specific phenotype [10, 11]. In other words,
the natural innate ECM represents the requisite environment for cell welfare because it
contains all indispensable information for growth and function [12]. Regenerative medicine
is now exploring the possibility to use intact ECM from animal or human whole organs
organ bioengineering purposes. ECM scaffolds from whole animal organs can be generated
through detergent-based decellularization [5, 13]. Current decellularization protocols are
capable of removing DNA, cellular material and cell surface antigens from the ECM
scaffold while preserving attachment sites, structural integrity and vascular channels [14].
Successful recellularization of ECM scaffolds has been reported in several organ systems,
including liver [15], respiratory tract [16], nerve [17], tendon [18], valve [19], bladder [20]
and mammary gland [21]. Pancreas bioengineering lags behind other organs in the field, as
only three studies to date report successful repopulation of decellularized pancreatic ECM
[22–24]. However, these scaffolds described in these studies do not adequately reflect the
size and structure of the adult human pancreas [23].

In this study, we sought to determine whether the porcine pancreas could serve as a suitable
platform for the bioengineering of endocrine pancreas with emphasis on the insulin-
producing compartment. We demonstrate that the porcine pancreas can be easily explanted
and decellularized, retains native structural relationships and vascular channels, is amenable
to repopulation via perfusion, and provides the cues necessary for cellular adhesion and
proliferation.
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2. Materials and methods
2.1. Porcine pancreas decellularization

Young adult pigs (20kg) were intravenously heparinized (400U/kg sodium heparin, NDC
#25021-400-10, SAGENT Pharmaceuticals, Schaumburg, IL) then euthanized according to
ACUC guidelines. Pancreata were excised en-bloc together with the spleen and upper
duodenal segment then cannulated via the pancreatic duct and superior mesenteric vein with
Kendall Curity™ 5Fr feeding tubes (155720, McKesson Healthcare, San Francisco, CA).
Organs were flushed with 10U/mL sodium heparin in PBS (8 g/L sodium chloride [BP358,
Fisher Scientific, Pittsburgh, PA], 0.2 g/L potassium chloride [BP366, Fisher Scientific],
1.15 g/L Sodium phosphate dibasic anhydrous [S5136, Sigma-Aldrich, St. Louis, MO], 0.2
g/L potassium phosphate monobasic anhydrous [BP362, Fisher Scientific] in deionized
water) then perfused with 1% Triton® X-100 (X100, Sigma-Aldrich) / 0.1% ammonium
hydroxide (A669, Fisher Scientific) in PBS for 24hrs at 0.75L/hr per cannula using
Masterflex L/S® Digital Drive peristaltic pumps, Easy-Load II pump heads and silicone
tubing (Cole-Palmer Instrument Co., Vernon Hills, IL). Pancreata were rinsed with PBS at
the same flow rate for five days. To create scaffolds for culture, decellularized whole
pancreata were blotted and sliced into 5mm sections. Sections were cut with a 7mm biopsy
punch to create culture scaffold discs, which were placed in PBS and sterilized via 1MRad
(10,000Gy) gamma irradiation. Scaffolds were stored at 4°C and used within 7 days, and
prior tissue culture experiments were given two further PBS washes then soaked in
Dulbecco’s Minimum Essential Medium-High Glucose (DMEM-HG, HyClone
Laboratories, Logan, UT) overnight.

2.2. Confirmation of patent vasculature
Conray® (Iothalamate Meglumine, Mallinckrodt Inc, St Louis, MO) contrast agent was
diluted in distilled water and perfused through the vasculature at a rate of 30mL/min.
Fluoroscopy was captured via a Siemens SIREMOBIL Compact L C-arm. Fluorescein
isothiocyanate (FITC)-conjugated dextran beads (FD70, Sigma-Aldrich) suspended in PBS
were perfused into the superior mesenteric vein of the decellularized pancreas and visualized
under ultraviolet light. Images were captured by a Fujifilm LAS-3000 charge-couple device
camera.

2.3. Scanning electron microscopy (SEM) analysis
Scaffold pieces were fixed in 2.5% SEM-grade glutaraldehyde (G5882, Sigma-Aldrich) in
PBS then dehydrated in successive alcohols prior to critical-point drying with carbon
dioxide. Samples were sputter-coated and visualized via Hitachi S-2600N scanning electron
microscope with accompanying manufacturer’s image-capture software.

2.4. Histological assessment of tissues
Scaffolds were fixed overnight in 10% neutral-buffered formalin then transferred to 60%
ethanol prior to dehydration in successive alcohols, immersion in chloroform and finally
embedding in paraffin wax. Samples were sectioned onto glass slides and stored at 4°C.
Rehydrated sections were stained with histochemical dyes for either hematoxylin and eosin
(black/pink, nuclei/tissue respectively), Alcian blue and Sirius red (blue/red, proteoglycans/
collagens respectively) or with Masson’s Trichrome method (collagen/nuclei/cytoplasm,
blue/black/red respectively). Sections were dehydrated again and mounted with Surgipath®
MM24® Mounting Medium (3801122, Microsystems GmbH Wetzlar, Germany). All
images were captured on a Leica Microsystems DM4000B upright microscope with
ImagePro software, Ver. 6.3.
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2.5. Collagen quantification
Decellularized pancreas samples were frozen and lyophilized and collagen levels were
quantified using the Sircol Soluble Collagen Assay Kit (Biocolor Ltd., Newtownabbey,
UK). Briefly, collagens were solubilized overnight in an acid-pepsin enzymatic solution
with a pepsin concentration of 0.1 mg/mL in 0.5 M acetic acid. Purified samples were
conjugated with Sircol reagent and measured at an absorbance of 555 nm.

2.6. Immunostaining procedures
Rehydrated sections were quenched of endogenous peroxidase activity with 3% hydrogen
peroxide then blocked with serum-free protein block (X0909, Dako NA Inc., Carpinteria,
CA). Primary antibodies or isotype controls were diluted in antibody diluent (S3022, Dako)
and incubated on slides overnight at 4°C. Purchased primary antibodies were anti-laminin
(L9393, Sigma-Aldrich), anti-human nuclear antigen (MA1-83365, Thermo Fisher Scientific
Inc., Pittsburgh, PA), anti-type I collagen (1310-01, Southern Biotech, Birmingham, AL),
anti-type III collagen (1320-01, Southern Biotech), anti-type IV collagen (1340-01, Southern
Biotech), anti-elastin (ab9519, Abcam, Cambridge, MA), anti-entactin (ab77179, Abcam)
and anti-fibronectin (sc-81767, Santa Cruz Biotechnology Inc., Dallas, TX). Anti-insulin
primary antibody was a gift from Mercodia AB, Uppsala, Sweden. IgG fragment isotype
controls (mouse, sc-2025; rabbit, sc-2027 and goat, sc-2028) were purchased from Santa
Cruz Biotechnology Inc. Negative controls lacked primary antibody. Sections were blocked
again prior to application secondary antibodies also diluted in antibody diluent, and
incubated for 1 hr at room temperature. Secondary antibodies used were anti-rabbit IgG
(BA-1000, Vector Laboratories, Burlingame, CA), anti-goat IgG (BA-5000, Vector
Laboratories) and anti-mouse IgG (BA-9200, Vector Laboratories). Slides were washed with
PBS, incubated with Vectastain® RTU ABC Reagent (PK-7100, Vector Laboratories) for
30 mins at room temperature then washed again with PBS. Once diaminobenzidine
chromogen (ImmPACT™ DAB Peroxidase Substrate Kit, SK-4105, Vector Laboratories)
was developed, sections were washed with distilled water and mounted with VectaMount™
AQ aqueous mounting medium (H-5501, Vector Laboratories).

2.7. Seeding of acellular pancreatic scaffolds
hAFSC were obtained as previously described [25] and cultured in Chang medium
(Minimum Essential Medium alpha modification, HyClone Laboratories) supplemented with
1% Penicillin-Streptomycin (HyClone Laboratories), 1% L-glutamine (HyClone
Laboratories), 15% embryonic stem fetal bovine serum (HyClone Laboratories), 18% Chang
B and 2% Chang C supplements (Irvine Scientific, Santa Ana, CA). Select hAFSC lines
were transfected with lentiviral particles for stable expression of green fluorescing protein
(GFP) [26]. Following overnight soaking in serum-free medium, pancreatic scaffolds were
seeded statically with hAFSC in complete Chang medium then maintained in a humidified
environment at 37°C with 5% CO2. Proliferation of hAFSC on pancreatic scaffolds was
assessed with CellTiter 96® AQueous One Solution MTS Cell Proliferation Assay (G3580,
Promega, Madison, WI).

2.8. Islet isolation and culture
Porcine pancreata were obtained as detailed above then cannulated via the splenic artery and
flushed with 1L of ice-cold sterile University of Wisconsin solution. Islets were isolated as
previously described [27]. Briefly, pancreata were infused with a 1.5 mg/mL collagenase P
(11213873001, Roche Applied Science, Indianapolis, IA) solution followed by 30 min cold
ischemia. After digestion at 37°C, pancreata were subjected to mild mechanical disruption
and islets were purified out via mesh strainers followed by OptiPrep™ (Cosmo Bio USA,
Inc., Carlsbad, CA) density gradient separation. Islets were seeded onto acellular pancreatic
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matrix biopsy punches described above or cultured alone, both in a modified CMRL-based
serum-free media (15–110-CV, Mediatech Inc., Manassas, VA).

2.9. Islet viability and functionality studies
Islets were placed in perifusion chambers (3DKUBES™, Kiyatec, Pendleton, SC) and pre-
perifused at 37°C for 1 hr in Krebs-Ringer solution (K4002, Sigma-Aldrich) with 0.2% BSA
(A9418, Sigma-Aldrich), pH 7.4, containing glucose at basal levels of 3.3 mM (equivalent
to 60 mg/dL in the blood). After collection of basal effluent samples for 30 mins, glucose
concentration in the perifusate was increased to synthesize hyperglycemic levels at 11.1 mM
(200 mg/dL) with effluent samples then collected for 60 mins before perifusate was returned
to basal levels and final samples collected. All samples were collected on ice then stored
frozen until radioimmunoassay for presence of porcine insulin. For assessment of the
metabolic activities of the islets, the MTS Cell Proliferation Assay was used again. Scaffolds
seeded with 20 islets were placed into a 96-well plate with CMRL-based medium. After 3
and 7 days of culture, islet cell metabolic activity was assessed using the MTS assay as
follows: The CMRL-based medium was removed and replaced with 100 µL of 10% MTS
working solution in CMRL. After a 4-hour incubation period under standard culture
conditions, the MTS solution was removed and placed in the 96-well plate. The colorimetric
change was then measured by absorbance spectroscopy at 490 nm.

2.10. Statistics
All studies were performed with at least three biological replicates, with all assays
performed in triplicate. Statistical analyses were performed where stated, using GraphPad
Prism software, Ver. 5.0 (GraphPad Software, Inc., La Jolla, CA).

3. Results
3.1. Decellularization of the pancreas with detergent perfusion

Following perfusion with of detergent solution, the porcine pancreata displayed a marked
change from normal pink color to a mostly white, translucent appearance (compare Fig. 1a
with 1b). The dense cellularity of the native pancreas, including islet structures (Fig. 1c and
inset), was removed and the decellularized pancreatic matrix demonstrated a complete lack
of nuclear staining (Fig. 1d). Masson’s trichrome staining confirmed the removal of cellular
material (Fig 1e, red stain) and preservation of collagen fibers (Fig 1f, blue stain). To further
confirm preservation of pancreatic tissue structure, while removing the cellular material,
scanning electron microscopy (SEM) denoted the fibrous nature of the acellular tissue,
distinct microvessel (≤ 200 µm) and islet structures (Supplemental Fig 1).

3.2. Acellular pancreas retains patent vasculature
Maintaining an intact vascular network is not only important for the delivery of the
decellularization detergent throughout the organ, but also as potential means for cell seeding
of the scaffold. To confirm the integrity of the vascular tree and to demonstrate that fluid
injected into the vasculature flowed through it rather than extravasate throughout the organ,
a suspension of fluorescently-labeled dextran particles was perfused through the superior
mesenteric and splenic arteries. The fluorescent suspension was distributed evenly across the
pancreas parenchyma (Fig. 2a, b), with individual vessels identified under high-power
magnification (Fig. 2c). To confirm the intact nature of the vasculature we infused an x-ray
fluoroscopic radio-opaque dye through the superior mesenteric and splenic arteries. Time-
dependent distribution of the dye revealed the major vessels of the acellular pancreas and
subsequent distribution through the whole organ (Fig. 2d).
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3.3.The ECM composition of the acellular pancreas
One major advantage of producing tissue-specific ECM is the preservation of the natural
composition of such ECM, which provides authentic tissue micro-environment. Specifically,
the pancreatic parenchyma is composed of specific ECM molecules that have a significant
role in tissue development and regeneration. Immunostaining for specific ECM proteins
showed specific distribution of collagen VI in the basement membrane of the pancreatic
vessels and the acini (Fig 3a, arrows and arrowheads, respectively). Elastin is localized in
the basement membrane of large and small vascular structures and the ducts (Fig 3b,
arrows). Immunostaining for laminin revealed strong presence around the vascular structures
(Fig 3c, arrows), as well as, in discrete structures in the acellular pancreas, probably the
native sites of the pancreatic islets (Fig 3c, d, arrowheads). Comparison of these results with
the report by Meyer et al [28] shows essentially the same pattern of expression and
localization of the ECM proteins in the native porcine pancreas. Assessment of total
collagen showed comparable amounts in native and acellular pancreas (Fig 3e), indicating
that the decellularization process did not remove a significant amount of the major
component of the ECM.

3.4. Cell seeding on acellular pancreas ECM
To assess the cellular compatibility of the acellular pancreas ECM, we seeded GFP-
expressing human amniotic fluid-derived stem cells (hAFSC) and examined their growth.
The human AFSC were proposed as a potential source of insulin-secreting cells [29, 30].
Forty eight hours post seeding the cells spread on the surface of the acellular pancreas ECM
(Fig. 4a), while after 7 days the cells were found on the surface and inside the scaffold Fig
4c, arrows). Assessment of cell growth showed significant, two-fold increase, in cell
numbers between day 3 and day 7 post seeding (Fig 4d).

3.5. Maintaining islet functionality on acellular pancreas ECM
To demonstrate the potential of the acellular pancreas ECM to support pancreatic function,
isolated porcine islets were seeded on the acelllular pancreas and insulin secretion was
measured over time (Fig 5). SEM images show an individual islet settled inside the acellular
pancreas (Fig 5a, arrow). Islet seeded on the acellular pancreas showed both an increase in
their metabolic rate (Fig 5b), between days 3 and 7, and insulin secretion (Fig 5c and Supp
Fig 2), compared with isolated islets. It is noteworthy in Supp Fig 2 that insulin secretion by
islets after 3 days on either plastic or embedding in the pancreas ECM scaffold was pulsatile
under basal and high glucose conditions, a phenomenon that we had previously described in
freshly isolated islets [31].

4. Discussion
The current study corroborates the idea that acellular porcine pancreas ECM matrices can
serve a formidable platform for insulin-producing bioengineered tissue. The porcine
pancreas can be easily explanted and decellularized, retains native structural and
biochemical relationships and vascular channels, is amenable to cell repopulation, and
provides the cues necessary for cellular adhesion and proliferation. Furthermore, the
acellular porcine pancreas has the capacity to support the critical mass of islets required to
meet insulin requirements for human patients. To our knowledge, the repopulation of whole,
decellularized animal pancreata has not been fully reported in the bioengineering literature.
These findings provide evidence that porcine pancreas ECM may represent a valuable
platform for studies aimed at bioengineering a bioartificial pancreas to treat diabetes
mellitus. Pancreas transplantation, first performed by Kelly et al. [32], yields higher rates of
insulin independence than islet transplantation [33] and has been shown to improve
secondary complications of diabetes compared to insulin treatment [34–36] and quality of
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life [37]. Despite these advantages, donor shortage, surgical morbidity and the need for
lifelong immunosuppression significantly limit clinical application. Furthermore,
comparative analyses have shown that transplantation improves overall survival rate only
when performed as part of a simultaneous pancreas and kidney transplant [33, 38].
Alternatively, β-cell replacement has been attempted through the transplantation of isolated
pancreatic islets, as described by the seminal so-called ‘Edmonton Protocol’ [39]. Although
subsequent studies have demonstrated improvements in diabetic complications and quality
of life following islet transplantation [40, 41], no studies to date have reported improved
outcomes over insulin therapy [42]. Furthermore, islet transplantation requires 2–4 whole
cadaveric pancreata per recipient [39], which would impoverish an already-limited organ
pool.

In organ bioengineering and regeneration the seeding of cells on supporting scaffolding
material seems to offer an attractive strategy to address clinical needs. Organ bioengineering
requires a scaffold that approximates the biochemical, spatial and vascular relationships of
the native tissue ECM. Although synthetic matrix analogues can satisfy some of these
requirements, they may not express the complete complement of native ECM components,
specifically required for in vivo islet attachment, survival and function [3]. Native ECM
scaffolds has the potential to provide proper micro-environment for islets intended for
transplantation [43]. Furthermore, the 3D structure of native ECM has been shown to
determine the topographical arrangement of pancreatic endocrine cells [44], which
influences islet secretory activity and survival [44]. Although successful recellularization of
ECM scaffolds has been reported in several organ systems [15–20], pancreas bioengineering
lags behind other organs in the field, as only a handful of studies to date report successful
recellularization of native pancreatic ECM [22, 24]. A suitable scaffold for functional tissue
engineering should 1) be easily explanted and decellularized, 2) retain native structural
relationships and vascular channels, 3) be amenable to repopulation via immersion or
perfusion, and 4) provide the cues necessary for cellular adhesion and proliferation. In the
current study we demonstrated that acellular porcine pancreas satisfies these criteria, and
thus serves as an ideal platform for further bioengineering investigation to address the
clinical need of insulin supplementation. Although successful repopulation of acellular
murine pancreata has been previously reported, these scaffolds do not adequately reflect the
size and structure of the adult human pancreas [23]. De Carlo et al. [23] implanted diabetic
rats with PVA/PEG tubular capsules containing slices of decellularized rat pancreas
repopulated with differentiated murine islets. The pancreatic matrix significantly extended
the duration of glucose-stimulated insulin release, suggesting that the pancreatic matrix
favors long-term physiological response. Upon implantation, the islet capsules reduced
blood sugar levels, although euglycemia was not achieved. Conrad et al. [22] have describe
successful recellularization of rat pancreatic matrix with human islet cells and supportive
mesenchymal stem cells. The islets showed preserved glucose-stimulated insulin response,
cell viability, subcellular anatomy and attachments. Goh [24] also reported successful
repopulation of decellularized mouse and cow cadaveric pancreata with mouse embryonic
stem cells. However, the Conrad et al. and Goh studies have only been presented as
abstracts, and the complete findings from these experiments remain to be published. The
porcine pancreas is a more suitable platform, as it has the physiological and structural
capacity to support the critical mass of β cells required to meet human insulin requirements.

Decellularization protocols involve the repeated irrigation of cadaveric tissues with
detergents, acids or bases through the innate vasculature. We achieved successful
decellularization of porcine pancreas by perfusing the pancreatic vasculature with detergents
administered via cannulas in the pancreatic duct and superior mesenteric vein. Although
organs with a higher fat content, like the pancreas, are thought to require additional lipid
solvents [17], we were able to achieve optimal results with standard non-ionic cellular
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disruption mediums. As certain detergents have been shown to disrupt ECM components
[45], we chose Triton X-100, a mild non-ionic detergent with proven efficacy in whole-
organ decellularization [46]. The porcine pancreas has a sparse basement membrane with
few cell-to-matrix adhesions compared to human or murine pancreata [47], which may
facilitate decellularization. Decellularization was confirmed through nuclear staining and
SEM analyses, which demonstrated the lysis and removal of cellular content. Imaging
studies further demonstrated that our decellularization protocol preserves the vascular
network intact, allowing for effective scaffold repopulation.

Previous studies have reported that pancreatic decellularization may disrupt the protein
ultrastructure of the ECM [48]. Characterization studies of the acellular porcine pancreas
showed widespread distribution of all essential structural proteins, including different types
of collagen, elastin, fibronection and laminin (Fig. 3). These results are in good agreement
with the expression and localization of these ECM proteins in the native porcine pancreas, as
reported by Meyer et al [28]. The preservation of the native ECM proteins is essential, as
laminins and proteoglycans appear necessary for the regionalization and differentiation of
progenitor cells into pancreatic lineages [49]. Collagens, glycoproteins and
glycosaminoglycans have also been shown to prevent β cell apoptosis triggered by the loss
of cellular adhesion experienced during harvesting, termed anoikis [50]. Native ECM
proteins also bind, store and regulate the activity of growth factors including TGF-β1 [22],
which plays a role in development, function and regeneration [22] of pancreatic islets.
Finally, laminin plays a key role in endocrine function, as they have been shown to
independently enhance islet survival and insulin release in vitro [44]. The ratio of laminin
isoforms varies between embryonic development and adulthood, suggesting that individual
isoforms may selectively promote different aspects of pancreatic maturation, proliferation
and secretion [51]. Future studies will determine whether the complement of ECM proteins
expressed by the adult porcine pancreas is sufficient to promote β cell differentiation and
function.

To the best of our knowledge, successful repopulation of a clinically-relevant size of
acellular porcine pancreas has not been previously reported. We tested the cell compatibility
of the acellular porcine pancreas by seeding hAFSC, as a potential stem cell source for
generation of β cells [29, 30]. Islet tissue only comprises 1–2% of the adult human pancreas,
and the non-islet support cells may be essential for islet viability and function [52]; as well,
stromal cells seem to be essential for supporting growth and differentiation of progenitor
cells [53]. In our study, partial recellularization was histologically confirmed, demonstrating
that porcine pancreatic ECM is capable of supporting the growth of human amniotic
progenitor cells. As anticipated earlier [5], our findings support the possibility of ‘semi-
xenotrasnplantation’, the transplantation of animal-derived matrices populated with human
cells. We also demonstrated that the porcine pancreatic ECM promotes glucose-mediated
insulin release when repopulated with differentiated islets in culture. β cell replacement has
been previously attempted through the transplantation of isolated pancreatic islets, as
described by the seminal ‘Edmonton Protocol’ [39]. The transplantation of isolated islets has
yielded poor outcomes, due in part to the disruption of the native pancreatic ECM during
harvesting. The pancreatic ECM supports the native islet vasculature, and ECM disruption
necessitates neo-angiogenesis prior to reperfusion [54]. Additionally, disruption of the
native ECM appears to compromise the survival [55], engraftment [56], and immune-
tolerance [57] of transplanted islets. Interestingly, the capability of ECM to support and
protect pancreatic islets viability has been shown in previous studies. Survival and function
of β cells, encapsulated in immunoprotective gels for transplantation in the treatment of
insulin-dependent diabetes, was enhanced by including ECM components [50, 58].
Moreover, insulinoma cells encapsulated with polyethylene glycol added with collagen IV
and laminin induced a significant increase in insulin secretion when compared with cells
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inserted in standard capsules [59]. Overall, our results suggest that the native ECM may
prove enhance routine islet transplantation in the future.

5. Conclusions
This study demonstrated successful harvest and decellularization of porcine pancreas. The
acellular pancreas retains its native structure and intact vascular channels. We further
showed that the acellular porcine pancreas supports cell growth, including stem cells and
pancreatic islets. These results suggest that acellular porcine pancreas ECM can serve as a
platform for bioengineering a bioartificial pancreas to treat diabetes mellitus.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Decellularization of porcine pancreas
(a) Gross image of porcine pancreas upon collection, approximately 15 cm in width, with
cannulated pancreatic duct (arrow). (b) The pancreas after decellularization, showing opaque
appearance. Hematoxylin and eosin staining of native (c) and acellular (d) pancreata,
demonstrating the dense cellularity of the native pancreas and appearance of islets (arrows
and inset; immunostaining for insulin), compared with acellular pancreas, which lacks
cellularity. Masson’s trichrome staining of native (e) and acellular (f) pancreata,
demonstrating cellularity of the native pancreas, compared with collagenous material and
absence of cellular material in the acellular pancreas. All scale bars = 200µm.

Mirmalek-Sani et al. Page 13

Biomaterials. Author manuscript; available in PMC 2014 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Preservation of intact vasculature in the decellularized porcine pancreas
(a, b) Perfusion of fluorescein isothiocyanate (FITC)-labeled dextran particles inside the
acellular porcine pancreas, shown under fluorescent and bright light microscopy,
respectively. (c) High magnification of panel (a) shows intact vessels inside the acellular
pancreas perfused with FITC-labeled dextran particles. (d) Fluoroangiograph of acellular
porcine pancreas vasculature following perfusion of Conray® contrast agent.
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Figure 3. Characterization of ECM proteins in acellular porcine pancreas
(b–j) Immunohistochemical staining for collagen type IV (Col IV, a), elastin (EL, b) and
laminin (LN, c, d). High magnification image of laminin staining show discreet staining,
presumably at the site of an islet (d). (k) Assessment of total collagen in native and acellular
porcine pancreata. Values expressed as mean ± SEM, n=3, p=0.48 with Student’s t-test.
Scale bars = 200µm (a–c), 500µm (d, inset) and 100µm (d).
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Figure 4. Cell growth on acellular porcine pancreas
(a) Fluorescent and bright field (b) images of GFP-labeled human amniotic fluid-derived
stem cells (hAFSC) cultured on porcine acellular pancreatic matrix shown 48 hours after
seeding. (c) H&E staining of sections of acellular porcine pancreas seeded with hAFSC 7
days after seeding (scale bar = 100µm). (d) Proliferation of hAFSC seeded onto acellular
porcine pancreas, measured by MTS assay, shows increase in cell number from day 3 to day
7. Values expressed as mean ± stdev, n=4.
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Figure 5. Islet function on acellular porcine pancreas
(a) SEM image of acellular porcine pancreas seeded with porcine islets after 3 days (arrow).
(b) Islets seeded on porcine acellular pancreatic matrix showed a two-fold increase of
metabolic activity, from day 3 to day 7, in comparison to islets maintained in culture media,
as measured by MTS assay. (c) Pig islets in culture media or seeded onto porcine acellular
pancreatic matrix for 3 days were subject to a glucose challenge test. Islets seeded onto
scaffolds demonstrated a significantly increased insulin secretion ratio (highest peak to mean
basal values) compared with islets in culture media. Values expressed as mean ± stdev, n=3,
*p<0.05.
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