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Abstract

Extracellular matrix (ECM)-derived bioscaffolds have been shown to elicit tissue repair through 

retention of bioactive signals. Given that the adventitia of large blood vessels is a richly 

vascularized microenvironment, we hypothesized that perivascular ECM contains bioactive signals 

that influence cells of blood vessel lineages. ECM bioscaffolds were derived from decellularized 

human and porcine aortic adventitia (hAdv and pAdv, respectively) and then shown have minimal 

DNA content and retain elastin and collagen proteins. Hydrogel formulations of hAdv and pAdv 

ECM bioscaffolds exhibited gelation kinetics similar to ECM hydrogels derived from porcine 

small intestinal submucosa (pSIS). hAdv and pAdv ECM hydrogels displayed thinner, less 

undulated, and fibrous microarchitecture reminiscent of native adventitia, with slight differences in 

ultrastructure visible in comparison to pSIS ECM hydrogels. Pepsin-digested pAdv and pSIS 

ECM bioscaffolds increased proliferation of human adventitia-derived endothelial cells and this 

effect was mediated in part by basic fibroblast growth factor (FGF2). Human endothelial cells 

cultured on Matrigel substrates formed more numerous and longer tube-like structures when 

supplemented with pAdv ECM bioscaffolds, and FGF2 mediated this matrix signaling. ECM 

bioscaffolds derived from pAdv promoted FGF2-dependent in vivo angiogenesis in the chick 

chorioallantoic membrane model. Using an angiogenesis-focused protein array, we detected 55 

angiogenesis-related proteins, including FGF2 in hAdv, pAdv and pSIS ECMs. Interestingly, 19 of 

these factors were less abundant in ECMs bioscaffolds derived from aneurysmal specimens of 

human aorta when compared with nonaneurysmal (normal) specimens. This study reveals that Adv 
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ECM hydrogels recapitulate matrix fiber microarchitecture of native adventitia, and retain 

angiogenesis-related actors and bioactive properties such as FGF2 signaling capable of influencing 

processes important for angiogenesis. This work supports the use of Adv ECM bioscaffolds for 

both discovery biology and potential translation towards microvascular regeneration in clinical 

applications.
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Introduction

Extracellular matrix (ECM) bioscaffolds are tissue-specific biomaterials with inherent 

bioactivity and native structural features. These properties enable their desirable use as 

three-dimensional in vitro cell culture substrates for biologic discovery of cellular 

mechanisms or as disease models. Importantly, these decellularized tissues show promise for 

therapeutic tissue regeneration in a variety of applications. [1-7] Development of 

decellularized native tissues led to the production of tissue-engineered scaffolds which 

retained basement membrane proteins such as collagen type IV, laminin, and fibronectin that 

enhance cellular adhesion [8, 9] and invoke signaling to influence cellular differentiation and 

regenerative potential [10-12]. Growth factors including transforming growth factor-beta, 

basic fibroblast growth factor (FGF), hepatocyte growth factor and vascular endothelial 

growth factor (VEGF) persist in their bioactive form within ECM bioscaffolds after 

sterilization. [13-17] Additionally, degradation of ECM bioscaffolds releases matricryptic 

peptides that invoke biologic activity. [18] ECM bioscaffolds guide stem cell differentiation 

through growth factor retention and unique matrix compliance, [19-23] which together 

comprise tissue-specific microenvironments that are advantageous for regeneration. [24]

The potential for ECM bioscaffolds to invoke angiogenesis is of particular importance for 

regenerative medicine applications. [13, 25] Although the vasculogenic and angiogenic 

mechanisms of ECM bioscaffolds are not fully understood, gradual release of growth factors 

during ECM degradation is a likely mechanism of action. [13] Since immobilized growth 

factors secreted by the resident cells fortify ECM, [26, 27] vascular ECM is a viable 

candidate biomaterial for invoking vasculogenesis and angiogenesis. The adventitia of blood 

vessels is a perivascular microenvironment that is heterogeneous in both form and function. 

Not only does the adventitia provide the majority of biomechanical strength to the vessel by 

nature of the woven network of fibrous proteins of the ECM, but it also serves as a 

progenitor cell niche. [28, 29] Furthermore, the diversity of cell composition in the vascular 

adventitia renders this ECM microenvironment a prime candidate for a multitude of 

desirable bioactive effects on blood vessel cell populations. [28, 30] Understanding the role 

of the adventitial ECM in vascular physiology will provide insight into cardiovascular 

disease particularly by exploring ECM bioscaffolds derived from human adventitia. Porcine 

adventitial ECM (pAdv) bioscaffolds, with their greater availability, can be utilized to 

harness their intrinsic bioactivity to develop potentially regenerative therapeutics.
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This study tested the hypothesis that perivascular ECM contains bioactive signals that 

influence cells of blood vessel lineages. We characterized the composition and gelation 

kinetics of ECM hydrogel biomaterials formulated from human and porcine decellularized 

aortic adventitia and evaluated the signaling activity of porcine ECM bioscaffolds in 

processes related to angiogenesis using primary adventitia-derived human endothelial cell 

culture models, tube-forming in vitro assays, and an in vivo angiogenesis model. Porcine 

small intestinal submucosa (pSIS) was chosen as a control ECM due to its prior thorough 

characterization and current utilization as a clinically-relevant bioscaffold [31-34]. Our 

findings reveal several biomimetic features of perivascular ECM that may render these 

natural biomaterials useful for discovery biology and regenerative medicine applications.

Materials and Methods

2.1 Tissue Collection

Human ascending thoracic aorta specimens (n=40 patients) were collected during ascending 

aortic replacement operations or heart transplants with informed patient consent and 

approval of the institutional review board or from organ donors via the Center for Organ 

Recovery and Education. Acquisition of all human specimens was in accordance with the 

Helsinki Declaration of 1975, as revised in 1983. Following excision, tissue specimens were 

placed in saline on ice and transported to the laboratory. Specimens were collected from 22 

males and 18 females ranging in age from 17 to 82 years. Porcine ascending aortic 

specimens were obtained from a commercial source (Tissue Source, Lafayette, IN) and 

shipped on wet ice. Porcine SIS specimens were obtained from a local abattoir (Thoma Meat 

Market, Saxonburg, PA) and prepared as previously described. [35, 36] Upon acquisition in 

the laboratory, all specimens were promptly stored at −80°C until use.

2.2 Decellularization of Aortic Adventitia

Adventitial ECM bioscaffolds were prepared from decellularized aortic tissue specimens 

from 39 patients and two pigs. The adventitial layer was delaminated from the media and 

decellularized using a previously established method. [37] Briefly, the adventitial specimens 

were incubated in a solution of 8mM CHAPS (3-[(3-cholamidopropyl) 

dimethylammonio]-1-propanesulfonate, Thermo Fisher Scientific, Waltham, MA), 1M NaCl 

(Thermo Fisher Scientific), and 25mM EDTA (ethylenediaminetetracetic acid, Thermo 

Fisher Scientific) for 24 hr at 37°C, followed by washing in 1x PBS (phosphate buffered 

saline, Thermo Fisher Scientific) then in deionized water (dH2O). The tissue was then 

placed on a shaker for 1 hour in a solution containing 0.1% trypsin (Amresco, LLC, Solon, 

OH) and 0.04% EDTA, rinsed in dH2O, then shaken in a solution of 0.5% SDS (sodium 

dodecyl sulfate, Thermo Fisher Scientific), 1M NaCl, and 25mM EDTA for 24 hr, followed 

by washing in 1x PBS and dH2O. The tissue was then placed on a shaker in a solution of 

0.1% peracetic acid (Rochester Midland Corporation, Rochester, NY) and 4% ethanol, 

followed by rinsing with 1x PBS and dH2O before freezing overnight at −80°C and 

lyophilizing. Decellularized aortic adventitia from human and porcine aorta (here on referred 

to as hAdv and pAdv ECM bioscaffolds) was lyophilized and finely ground to produce an 

ECM bioscaffold powder for further enzymatic digestion. SIS ECM bioscaffold was 
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prepared previously as described elsewhere. [35, 36] Powdering and gelation of SIS utilized 

the same procedures described in this report.

2.3 Qualitative and Quantitative Assessment of DNA Content

Remnant DNA content was quantified from 25 mg of powdered Adv ECM bioscaffolds from 

porcine (2 pigs, pooled) and human aorta (4 patient specimens, pooled) using the QIAamp 

DNA Mini Kit (QIAgen, Germantown, MD) according to the manufacturer’s instructions. 

Final elution volume was 50 μL Buffer AE. Qubit 2.0 (Thermo Fisher Scientific) was 

utilized to quantify the concentration of dsDNA in each extract. DNA extracts from 1.2 mg 

dry tissue weight of powdered ECM bioscaffolds and extracts from 1.2 mg wet tissue weight 

from native aorta were electrophoresed on a 1% agarose (Thermo Fisher Scientific) gel 

containing 0.003% (v/v) ethidium bromide (Sigma Life Science, St. Louis, MO) and 

visualized under UV light on a Chemidoc XRS Bioimaging Station (Bio-Rad, Hercules, CA)

2.4 Digestion of Powdered ECM Bioscaffolds

Adv and pSIS ECM bioscaffold powders were digested at a concentration of 20 mg/mL by 

stirring at 1600 RPM at room temperature for 24 hr in a 0.01 N hydrochloric acid solution 

(pH 2, Thermo Fisher Scientific) containing 1 mg/mL pepsin from porcine gastric mucosa 

(~2000-2300 U/mg, Sigma). After 24 hr, the ECM digests were either immediately used for 

gelation kinetics assays or stored at −20°C for future use.

2.5 Detection of Collagen and Elastin Content

Pepsin-soluble collagen was extracted from native adventitia and from adventitia-derived 

ECM bioscaffold powder using 0.1mg/mL pepsin in 0.5M acetic acid overnight at 4°C. 

After isolation and concentration steps, the amount of pepsin-soluble collagen was 

determined in each sample as previously described [38] using the Sircol Soluble Collagen 

assay (Biocolor Ltd, UK), according to the manufacturer’s instructions. The amount of 

pepsin-soluble collagen determined in each extract was normalized to weight of wet tissue 

or weight of Adv ECM bioscaffold powder.

The amount of α-elastin was determined as described before [38] using the Fastin Elastin 

assay (Biocolor), according to the manufacturer’s protocol. Insoluble elastin was converted 

to water soluble α-elastin by subjecting native adventitia and Adv ECM bioscaffold powder 

to three successive elastin extractions of one hour each, in 0.25M oxalic acid at 100°C. The 

amount of α-elastin determined in each extract was normalized to weight of wet tissue or 

weight of Adv ECM powder.

2.6 Formation of ECM Bioscaffold Hydrogels

Hydrogels were formulated from ECM bioscaffold digests according to an established 

method [39] and with all preparations performed on ice. Briefly, the digest was diluted to the 

desired final concentration and neutralized to a pH of 7.4 ± 0.2 in a solution of 10x PBS and 

0.1 N NaOH (sodium hydroxide, Thermo Fisher Scientific).
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2.7 Hydrogel Gelation Kinetics

Turbidimetric hydrogel gelation kinetics were determined for porcine and human Adv ECM 

bioscaffold-derived hydrogels (4-16 mg/mL) as described previously. [39] Optical density 

readings from 100 μL aliquots of neutralized ECM digest were obtained in triplicate every 2 

minutes at 405 nm for up to 2 hr using a spectrophotometer (TECAN, Germany). 

Normalized absorbance (NA) was determined by the following equation:

where ‘A’ represents the absorbance reading at a particular time point, ‘A0’ represents the 

initial absorbance and ‘Amax’ represents the maximum absorbance. Additional metrics of 

ECM gelation determined include: the time required for 50% gelation, defined as ‘t1/2’; the 

lag phase ‘tlag’, determined via extrapolation of the linear portion of the normalized 

absorbance curve; and the gelation speed ‘S’, calculated as the maximum slope of the 

growth region for the normalized absorbance curve.

2.8 Morphological Ultrastructure Characterization of Hydrogels

hAdv, pAdv, and pSIS ECM bioscaffold hydrogels were prepared at 8mg/mL on 12 mm 

round cover glass (Thermo Fisher Scientific) and fixed in 2.5% glutaraldehyde (Electron 

Microscopy Sciences, Hatfield, PA) for 1 hour. Fixed hydrogels were rinsed three times for 

15 minutes in 1x PBS, treated in osmium tetroxide for 1 hour, and further rinsed three times 

for 15 minutes in 1x PBS before dehydration in graded ethanol series for 15 minutes each 

(30%, 50%, 70%, 90%, 100%). Dehydrated specimens were then critical point dried with 

supercritical CO2 (Leica Biosystems, Buffalo Grove, IL), allowing 15 minutes for processed 

hydrogels to soak before each purge cycle. Following critical point drying, samples were 

sputter coated with gold-palladium (Cressington Scientific Instruments, Watford, England) 

at a thickness of 4.6 nm. The surface morphology of hAdv, pAdv and pSIS ECM hydrogels 

was then examined using a JSM 6335F scanning electron microscope (Jeol USA, Inc., 

Peabody, MA) at 5,000x and 10,000x total magnification and compared with intact 

specimens of decellularized native human adventitia.

2.9 Isolation and Culture of Primary Adventitia-Derived Human Endothelial Cells

Primary endothelial cells were isolated from the adventitia of a human specimen of thoracic 

aorta from a healthy donor. Upon specimen acquisition in the lab within 1-2 hr of harvest, 

the adventitia was immediately stripped away from the medial layer and rinsed twice in ice-

cold 1X PBS with 1% (v/v) penicillin/streptomycin and 1% (v/v) Fungizone (Invitrogen). 

Tissue was then finely minced using safety scalpels and rinsed in 1X PBS. The tissue and 

PBS were placed in a 70 μm molecular sieve. The pass-through was collected and held at 

37°C while remaining tissue was digested in DMEM (Life Technologies) containing 0.4% 

(w/v) collagenase type IV (Worthington Biochemical Corporation, Lakewood, NJ) and 350 

KU/mL DNase I (Sigma) for 30 min at 37°C with gentle agit ation. The digestion medium 

and tissue was passed through a 70 μm sieve and tissue was returned to fresh digestion 

medium for another 30 min at 37°C with gentle agitation. Following a fina l straining 
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through a 70 μm sieve and wash with 1X PBS, all filtrates were pooled and centrifuged at 

400 g for 10 min at 4°C. Cells were plated in 75 cm2 culture flasks in endothelial growth 

medium (EGM, Cell Applications, San Diego, CA). Gentamycin (250 μg/mL, Thermo 

Fisher Scientific) was added for 24-48 hr. Cells were maintained in a humidified incubation 

chamber at 37°C and 5% CO 2 and expanded for 1-2 passages. Primary endothelial cells 

were isolated from parent culture using fluorescence-activated cell sorting (FACS).

For FACS-based isolation of endothelial cells, expanded adventitial cells were pelleted (~1-4 

× 106 cells), incubated in 1 μL neat mouse serum (Sigma) on ice, protected from light, and 

labeled with the following fluorochrome-conjugated monoclonal mouse anti-human 

antibodies (2 μL per antibody): CD31-PE-Cy7 (Biolegend, San Diego, CA, #303117), 

CD45-APC-Cy7 (BD Biosciences, San Jose, CA, #348805), and CD34-ECD (#BD2709U), 

and CD56-PE-Cy5 (IM2654, both from Beckman Coulter, Indianapolis, IN). DAPI (200 

ng/mL) was added to unfixed and unpermeabilized cell suspensions just prior to sorting to 

discriminate live from dead/apoptotic cells. Cells were sorted using three of a five-laser 

MoFlo Astrios high speed cell sorter (Beckman Coulter, University of Pittsburgh Cancer 

Institute Flow Cytometry Core Facility) enclosed in a Class II biosafety cabinet. Cells were 

sorted as previously described [40] on the basis of a mature endothelial surface proteome of 

(CD56−/CD45−/CD34−/CD31+) into 6-well plates containing EGM with gentamicin, 

expanded for 1-2 passages with media replenishment every second day until 

cryopreservation.

2.10 Cell Proliferation Assay

Sorted primary human adventitia-derived endothelial cells (<P9) were seeded in 96 well 

plates at a density of 5 × 103 cells/well in EGM. Cells were cultured for 72 hr in the 

presence or absence of freshly-digested pAdv or pSIS ECM bioscaffolds (10 μg/mL). An 

inhibitor of FGF2 signaling, PD173074 (Sigma) was administered to cells in parallel 

cultures at a final concentration of 100 nM (prepared from a 10 mg/mL stock in dimethyl 

sulfoxide (DMSO)). Cells cultured in EGM alone and equivalent volumes of pepsin HCl 

digestion buffer (control for ECM treatments) and DMSO (vehicle control for FGF2 

inhibitor treatments) were performed in parallel. Cell proliferation was assessed using a 

commercial MTS conversion assay (CellTiter 96® AQueous One Solution Cell Proliferation 

Assay, Promega, Madison, WI) performed according to the manufacturer’s instructions.

2.11 Endothelial Cell Branching Assay

Cell culture substrates were prepared by coating the surface of wells in a 48-well culture 

plate with growth factor-reduced (GFR) Matrigel (Corning) prepared in the presence or 

absence of freshly-digested pAdv or pSIS ECM bioscaffold (250 μg/mL). Gelation was 

allowed to occur in a humidified 37°C incubator for 1 hr. Primary human adventitia-derived 

endothelial cells were seeded in triplicate on gel-based substrates at a density of 1.5 × 104 

cells/cm2 in EGM. Digestion buffer (1mg/ml pepsin in 0.1N HCL) and DMSO only controls 

were performed in adjacent wells. Where indicated, cells were treated with 100 nM 

PD173074. To assess endothelial cell branching formation of tube-like structures, large 

frame images were captured at 7 hr post-cell seeding using a Nikon Eclipse TE2000-E 

microscope equipped with an imaging array CoolSNAP ES2 monochrome camera and NIS 
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Elements Software (Nikon Inc., Melville, NY). Total number and length of tube-like 

structures were quantified using NIS Elements Software.

2.12 Chick Chorioallantoic Membrane (CAM) Model of In Vivo Angiogenesis

The CAM assay was modified from our established protocols. [41, 42] White Leghorn eggs 

were purchased from a local farm and incubated at 37°C and 70% humidity (G.Q.F. 

Manufacturing Co., Savannah, GA). On day 3 of incubation, eggs were cracked into sterile 

petri dishes and incubated for 10 days. Fibrin scaffolds to be placed on the chicken 

chorioallantoic membrane (CAM) were prepared similar to previously described methods. 

[43-45] Briefly, final concentrations of 5 mg/mL bovine fibrinogen, 1 U/mL aprotinin (both 

from Enzyme Research Labs, South Bend, IN) were buffered in 1X PBS, pH 7.4. Addition 

of digestion buffer (1mg/mL pepsin in 0.1N HCL) to fibrin scaffolds served as a negative 

control for angiogenic response. The final concentration of pAdv ECM bioscaffold in fibrin 

gels was varied from 50 μg/mL to 500 μg/mL in the presence or absence of the FGF2 

inhibitor PD173074 (100 nM in DMSO) or vehicle control (0.05% (v/v) DMSO). Scaffold 

components were mixed and incubated at 37°C for 30 min. Human thrombin (Enzyme 

Research laboratory, South Bend, IN) was added to 1 U/mL to initiate fibrin polymerization 

and incubated at 37°C for 60 min in a 48-well plate (Corning, NY). Fibrin scaffolds 

supplemented with the test materials were placed on the CAM and incubated at 37°C with 

70% humidity.

After 72 hr on the CAM, bright field images of the scaffolds and surrounding vasculature 

resulting from the angiogenic response were captured using a 3MP color camera mounted on 

a stereomicroscope (AmScope, Irvine, CA) at a 7.5X magnification. Endothelial cells of the 

chick vasculature were labelled by micro-injecting DyLight® 650-labeled tomato lectin 

(Vector labs, Burlingame, CA) and incubated for 15 min prior to excising the scaffold and 

the surrounding CAM. The harvested tissue was fixed in 10% neutral-buffered formalin 

(Sigma, St. Louis, MO) for 48 hr, washed in 1X PBS thrice and cryoprotected for 72 hr in 

30% sucrose solution before processing for histological evaluation. The scaffolds were 

dissected in half, embedded in Tissue-Tek OCT (Sakura Finetek USA Inc., Torrance, CA) 

and 60 μm thick sections were cut using a Microm HM500OM cryostat microtome (Thermo 

Fisher Scientific). The sections were stained with Hoechst 33342 solution (Thermo Fisher 

Scientific) and imaged using Zeiss LSM 880 confocal microscope using a 10X objective. 

Tile scanning was performed and the images were stitched using ZEN black microscope and 

imaging software (Carl Zeiss Microscopy, Thornwood, NY).

2.13 Protein Array

Decellularized human adventitia from normal (n=7 patients) and aneurysmal (n=28 patients) 

aortic specimens, and porcine adventitia and SIS were analyzed for the presence of 

angiogenesis-related proteins using the Protein Profiler™ Array Human Angiogenesis Kit 

(R&D Systems, Minneapolis, MN) according to the manufacturer’s instructions. Briefly, 

lyophilized ECMs were resuspended in RIPA buffer containing protease inhibitors and 

homogenized using a douncer. Total protein concentration was assessed using a 

bicinchoninic acid assay (Thermo Scientific) and 300 μg of total protein was used as input 
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for the array. Densitometry measurements were made from duplicate spots of each protein 

using ImageJ software (National Institutes of Health, USA).

2.14 Statistical Analysis

All experiments were repeated at least two times. Pairwise comparisons in quantitative 

measures were made between treatments and controls using an unpaired two-tailed Student’s 

T test. Quantitative data provided in the results section represent the mean ± standard 

deviation. A p value of less than 0.05 was considered statistically significant.

Results

3.1 Adv Bioscaffold Characterization

Adventitia stripped from porcine and human aortic media were decellularized, lyophilized, 

and ground into a fine powder (Fig. 1A). pH-neutralized pepsin-digested ECM bioscaffolds 

formed hydrogels at 37°C (Fig. 1B). Qualitative assessment of DNA content using gel 

electrophoresis revealed lower DNA content in hAdv and pAdv bioscaffolds when compared 

with native specimens (Fig. 1C). Total DNA content was found to be <40 ng/mg tissue and 

<350 ng/mg dry tissue weight for hAdv and pAdv bioscaffolds, respectively and <80 ng/mg 

for pSIS bioscaffolds. These pAdv and hAdv bioscaffolds also retained appreciable collagen 

and α-elastin (Table 1).

3.2 Adv Bioscaffold Hydrogels Exhibit Fiber-like Microarchitecture Similar to Native 
Adventitia

The matrix ultrastructure of decellularized human adventitia was investigated before the 

grinding and lyophilization steps of the ECM bioscaffold preparation (Fig. 2A, B). 

Observation of these specimens via scanning electron micrographs revealed an acellular 

fibrous microarchitecture (Fig. 2A, B). A similar microarchitecture was also observed in 

hydrogels produced from digested hAdv (Fig. 2C, D) and pAdv (Fig. 2E, F) bioscaffolds, 

which exhibited a thinner and straighter morphology. In comparison, hydrogels produced 

from digested pSIS bioscaffolds displayed thicker, more undulated fibers, with additional 

globular ECM apparently adhered to the fibers (Fig. 2G, H). The native-like fibrous matrix 

microarchitecture of adventitia was recapitulated following the decellularization, 

lyophilization, grinding, digesting, and gelation processes utilized to produce ECM 

bioscaffold hydrogels.

3.3 Gelation Kinetics for ECM Bioscaffold Hydrogels

Optical density of ECM hydrogels over time revealed a logarithmic curve during the 

gelation period at 37°C. As expected, increased optical density of the hydrogel was observed 

for higher concentrations of pAdv ECM bioscaffold (Fig. 3A). Ninety percent gelation 

occurred within 60 minutes and peak gelation was reached within 90 minutes (Fig. 3A). A 

plot of the normalized absorbance of pAdv, hAdv and pSIS ECM bioscaffolds during 

gelation revealed similar rates of gelation among all biomaterials tested (Fig. 3B). The speed 

(S), tlag, and t1/2 of gelation as calculated from optical density readings of ECM hydrogel 

formulations were similar at the 8 mg/mL concentration for pSIS and pAdv groups (Table 

2).
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3.4 Mitogenic Activity of Adv Bioscaffolds is FGF2-Mediated

Primary human endothelial cells isolated from the aortic adventitia exhibited increased cell 

proliferation with treatment of pAdv ECM bioscaffold when compared to cells in their basal 

growth medium (46.1 ± 2.5 vs. 0.0 ± 7.5%, p=0.0005) (Fig. 4). Treatment of endothelial 

cells with pSIS ECM bioscaffolds increased cell number when compared with control cells 

(34.0 ± 5.8 vs. 0.0 ± 7.5%, p=0.0005). pAdv ECM bioscaffold was found to be a more 

potent mitogen when compared with an equivalent dose of pSIS ECM bioscaffold (46.1 

± 2.5 vs. 34.0 ± 5.8%, p=0.018). Furthermore, the effect of both ECMs was in part mediated 

by FGF2 since inhibition of the FGF2 signaling pathway with PD173074 prevented 

increases in cell number by pAdv ECM bioscaffold (25.9 ± 4.6 vs. 46.1 ± 2.5%, p=0.001) 

and pSIS ECM bioscaffold (18.7 ± 10.4 vs. 34.0 ± 5.8%, p=0.05). Elevated cell proliferation 

persisted even in the presence of FGF2 inhibitor for both pAdv ECM bioscaffold (25.9 ± 4.6 

vs. 0.0 ± 7.5%, p=0.002) and pSIS ECM bioscaffold (18.7 ± 10.4 vs. 0.0 ± 7.5%, p=0.03).

3.5 Adv Bioscaffolds Promote Tube-like Structures In Vitro via FGF2

There was minimal formation of tube-like structures by human adventitia-derived 

endothelial cells on GFR-Matrigel substrates alone (Fig. 5A) or substrates supplemented 

with pepsin HCl (Fig. 5B). Addition of pAdv ECM (Fig. 5C) and pSIS ECM (Fig. 5D) 

bioscaffolds to GFR-Matrigel substrates enhanced formation of tube-like structures by 

endothelial cells when compared with cells cultured on Matrigel alone (Fig. 5A) and 

substrates supplemented with pepsin HCl digestion buffer alone (Fig. 5B). Addition of the 

FGF2 inhibitor PD173074 did not affect tube-like formation on Matrigel alone (Fig. 5E) or 

pepsin HCl-supplemented substrates (Fig. 5F). Conversely, PD173074 decreased the tube-

like formation on pAdv ECM bioscaffold (Fig. 5G) and pSIS ECM bioscaffold-

supplemented substrates (Fig. 5H) when compared with cells cultured on ECM bioscaffold-

supplemented substrates in the absence of FGF2 inhibitor (Fig. 5C, D, respectively).

Quantification of the number (Fig. 5I) and total length (Fig. 5J) of tube-like structures was 

consistent with our qualitative observations and all values for treated cells were compared 

with pepsin-HCl controls. We noted minimal endothelial cell branching on Matrigel alone in 

the presence of DMSO or PD173074 added to the culture medium. We observed an increase 

in both the number and total length of tube-like structures on pAdv ECM bioscaffold 

containing substrates when compared with pepsin-HCl controls (151.7 ± 33.01 vs 54.7 

± 23.80 tubes, respectively, p=0.017 and 27.8 ± 4.34 vs 9.5 ± 4.15 mm, respectively, 

p=0.006). The presence of FGF2 inhibitor decreased the number and length of tube-like 

structures when compared with the absence of inhibitor for pAdv ECM bioscaffold (67.0 

± 39.89 vs 151.7 ± 33.01 tubes, p=0.049 and 10.4 ± 6.20 vs 27.8 ± 4.34 mm, p=0.020). A 

similar trend was noted for cells cultured on pSIS ECM-supplemented substrates when 

compared with pepsin-HCl controls, an observation which did not reach statistical 

significance (110.7 ± 36.95 vs 54.7 ± 23.80 tubes, respectively, p=0.104 and 17.9 ± 6.23 vs 

9.5 ± 4.15 mm, respectively, p=0.135). The effect of FGF2 inhibition on tube-like formation 

on pSIS ECM-supplemented substrates was similar to that of pAdv ECM for both tube 

number and total tube length when compared with pepsin-HCl control but did not reach 95% 

confidence (44.0 ± 18.08 vs 110.7 ± 36.95 tubes, respectively, p=0.069 and 6.7 ± 2.42 vs 

17.9 ± 6.23 mm, respectively, p=0.075).
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3.6 In Vivo Angiogenic Activity of pAdv Bioscaffolds

To evaluate the in vivo angiogenic potential of pAdv ECM bioscaffold, we employed the 

chick CAM model for angiogenesis. Qualitative inspection of pSIS ECM bioscaffold and 

pAdv ECM bioscaffold-loaded fibrin scaffolds after 72 hr revealed approximately the same 

level of angiogenic activity evidenced by the “spoke-wheel” pattern of chick vasculature 

around the perimeter of the scaffolds (Fig. 6A). Digestion buffer-loaded scaffolds did not 

elicit any angiogenic response after 72 hr. Vascular invasion into the scaffold occurred in a 

dose-dependent manner with increasing pAdv ECM bioscaffold concentrations up to 250 

μg/mL (Fig. 6B, arrowheads). Although 50-500 μg/mL pAdv ECM bioscaffold all resulted 

in a spoke-wheel pattern around the scaffold (Fig. 6A and Fig. S1), histological examination 

revealed abrogated a vascular invasion front at the highest dose of pAdv ECM (500 μg/mL) 

(Fig. 6B). Addition of the FGF2 inhibitor PD173074 completely inhibited pAdv ECM 

bioscaffold (250 μg/mL)-induced angiogenesis and inclusion of the drug vehicle DMSO 

alone had no effect on pro-angiogenic effects of pAdv ECM bioscaffold (Fig. 6C). We noted 

chemoattraction of lectin-negative cells invading pSIS and pAdv ECM-loaded scaffolds 

(Fig. 6B, asterix) ahead of a vascular front of migrating lectin-positive cells (Fig. 6B, 

arrowheads). Representative higher magnification images of this phenomenon for pAdv 

ECM-loaded scaffolds are displayed in Fig. 6D. We observed an avascular zone of lectin-

negative cells within the pAdv ECM-loaded (250 μg/mL) scaffold (Fig. 6Di, asterix), 

preceding invasion of migrating lectin-positive cells into the scaffold (Fig. 6Di, arrowhead). 

At higher concentrations of pAdv ECM (500 μg/mL), lectin-negative cells invaded the 

scaffold whereas lectin-positive cells abutted and did not traverse the scaffold/CAM 

interface (Fig. 6Dii).

3.7 Detection of Angiogenesis-Related Proteins in ECM Bioscaffolds

We detected the presence of all 55 proteins on an angiogenesis-related commercial protein 

array in specimens of pAdv and pSIS ECM bioscaffolds as well as hAdv bioscaffolds 

isolated from normal and aneurysmal patients (Fig. 7). A complete list of all array proteins 

which were detected and densitometry values are displayed in Table 3. Qualitative 

inspection of array blots revealed that FGF2 was detected in all ECM bioscaffolds (Fig. 7, 

B19, B20). FGF1 and FGF2 (Fig. 7, B17, B18, B19, B20, respectively) were more abundant 

in pSIS ECM bioscaffold when compared with pAdv ECM bioscaffold (122.0 ± 4.43 vs 43.3 

± 0.7 pixel density (arbitrary units, p=0.022 and 100.2 ± 0.56 vs 43.5 ± 0.46 pixel density, 

respectively). Eight other angiogenesis-related factors were more abundant in pSIS ECM 

than in pAdv ECM bioscaffolds (Table 3). Interestingly, 19 proteins, including FGF2, were 

found to be in lower levels in hAdv ECM bioscaffold prepared from aneurysmal human 

aorta (>42 mm in maximal orthogonal diameter) when compared with specimens of non-

aneurysmal aorta (≤34 mm) (Table 3). Of note, thrombospondin 1 (TSP1) was 

approximately 3 times more abundant than the average amount of all other proteins (60.0 

± 1.91 vs. 19.9 ± 1.34). None of the detected angiogenesis-related factors were found to be 

elevated in aneurysmal specimens when compared with normal specimens.
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Discussion

Therapeutic efficacy of ECM bioscaffolds has been well demonstrated in a variety of 

applications where matrix preparations sourced from many tissue types are formulated into 

hydrogel-based biomaterials and utilized for targeted tissue-specific regeneration. [1, 46-51] 

In this study, we prepared a new ECM bioscaffold-based hydrogel biomaterial from a 

perivascular microenvironment using decellularized human and porcine aortic adventitial 

specimens. We characterized these ECM bioscaffolds for their matrix protein composition, 

microarchitecture and signaling activities on primary human endothelial cells in vitro and in 

an in vivo model of angiogenesis.

Using slight modifications to established techniques, [39] we demonstrated that ECM 

hydrogels self-assembled from pepsin-digested decellularized adventitial tissue under 

physiological conditions of pH, ionic strength and temperature to resemble native adventitial 

ECM architecture. Hydrogels derived from hAdv and pAdv ECM bioscaffolds recapitulated 

fibrous matrix microarchitecture in striking similarity to that of native human adventitia. 

These Adv ECM hydrogels exhibited a fiber morphology that appeared to be straighter and 

less undulated than fibers of hydrogels derived from pSIS ECM bioscaffold. The noted 

differences in matrix fiber ultrastructure of these hydrogels are likely dependent on the 

tissue-specific protein milieu which is concordantly dictated by the unique biomechanical 

demands of that tissue. For example, the aorta is a resilient, highly elastic tissue that endures 

continuous cyclic loading without overt dilatation or rupture in the absence of aneurysmal 

disease. Contrarily, the intestine is more porous to facilitate nutrient absorption, which may 

explain the observed decreased fiber density and undulated fiber morphology following 

ECM bioscaffold gelation. While further testing will ultimately determine the biomechanical 

properties of adventitia-derived ECM hydrogels, importantly, our collagen- and elastin-

containing ECM bioscaffold hydrogels exhibited microarchitectural mimicry of the native 

adventitia following gelation.

Analysis of the gelation kinetics of Adv ECM bioscaffold hydrogels revealed a gelation rate 

profile similar to that of other tissue sources such as pSIS for similar concentrations. The 

observed similarity in gelation kinetics among pSIS and Adv ECM bioscaffold hydrogels 

was somewhat unexpected due to the assumed compositional differences in proteins of SIS 

and adventitial microenvironments. Since hydrogel formation involves interplay among self-

assembling matrix proteins such as collagens and the process can be modulated by laminin, 

fibronectin, and proteoglycans, the interpretation of gelation activities is complex. The 

observed similarities between the pSIS and Adv ECM gelation kinetics suggest that unique 

tissues, even when processed by different decellularization procedures can be ultimately 

reconciled through the process of ECM bioscaffold gelation, which similarly converts these 

unique ECMs to a hydrogel form. ECM hydrogels across unique tissue sources could 

potentially be further tailored by modulating the concentration of ECM bioscaffold. We are 

interested in understanding the specific protein components and functionality of pAdv ECM 

hydrogels and the present work further focused on the inherent bioactive properties of 

porcine ECMs and their influence on the in vitro behavior of human adventitia-derived 

endothelial cells and on in vivo angiogenesis.
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We evaluated the influence of endogenous FGF2 within pepsin-digested porcine ECM 

bioscaffolds on activities key to angiogenesis. pAdv and pSIS ECM bioscaffold-induced 

proliferation of endothelial cells was FGF2 mediated. The mitogenic activity of both the 

Adv and pSIS ECM bioscaffolds in the presence of FGF2 inhibitor remained elevated above 

untreated controls to indicate FGF2-independent signaling by ECM bioscaffolds that directs 

cell proliferation, consistent with findings in porcine urinary bladder [52] and dermis [37] 

ECMs. FGF2 also mediated the ECM-induced network formation of tube-like structures by 

human adventitia-derived endothelial cells. Importantly, pAdv ECM bioscaffolds exhibited 

greater mitogenic potency than pSIS ECM bioscaffold, despite the increased abundance of 

FGF1 and 2 in pSIS ECM bioscaffold relative to Adv ECM bioscaffold, and we make two 

interpretations from this observation. First, the tissue-specific milieu of the adventitia is 

advantageous for endothelial cells derived from this locale perhaps through retention of 

other tissue-specific growth factor-dependent and independent mitogenic signals. In addition 

or alternatively to this explanation, we l reason that bioactivity capabilities differ between 

pSIS and pAdv ECM bioscaffold preparations. Furthermore, we detected every protein 

probed by the array in all ECMs prepared in this study and the human-specific nature of the 

array precludes us from making direct comparisons of protein abundance in human versus 

porcine ECMs. Importantly, the presence of growth factors in ECM scaffolds, such as 

bioactive FGF2 might also contribute to maintenance of resident progenitor cell niches in the 

adventitia [29]. The decreased abundance of several angiogenesis-related factors in human 

aneurysm raises numerous questions related to disease mechanisms and offers opportunities 

to engineer in vitro models of human disease using perivascular ECM bioscaffolds and 

evaluate the therapeutic potential of the xenogeneic ECM counterparts in vivo.

Using the chick CAM in vivo angiogenesis model, we demonstrated the in vivo angiogenic 

potential of pAdv ECM. The vascular invasion noted with increasing concentrations of pAdv 

ECM bioscaffold could be attributed to the higher concentration of FGF2 and other 

angiogenic factors in the scaffolds. We speculate that the invasion of migrating lectin-

negative cells are macrophages preceding lectin-positive endothelial cells during 

angiogenesis in response to pAdv and pSIS ECM-loaded scaffolds. We explain the 

interesting observation of inhibited vessel invasion at the highest dose of 500 μg/mL pAdv 

ECM bioscaffold in one of two ways. Either the present anti-angiogenic factors such as 

TSP1 interfere with pro-angiogenic signals or negative feedback mechanisms in the CAM 

are engaged by high concentrations of pro-angiogenic factors. The complete abrogation of 

pAdv ECM bioscaffold in vivo angiogenic potential in the presence of FGF2 inhibitor 

strongly suggests that FGF2 is a major proangiogenic signal and potent regenerative factor 

in adventitial ECM. Although alternative matrix signaling such as mechanotransduction and 

integrin-mediated signaling contribute to increased cellular proliferation, [53, 54] a review 

of in vitro angiogenic and vasculogenic models by Morin and Tranquillo affirms that the 

majority of the reports stated a required addition of exogenous growth factors in order to 

achieve angiogenesis and/or vasculogenesis with combinations of endothelial cells and 

pericytes when ECM bioscaffolds were not utilized. [55] Recently, the in vivo angiogenic 

potential of pSIS bioscaffold hydrogels was associated with matrix degradation-dependent 

release of FGF2 and VEGF. [13] Likewise, Adv ECM bioscaffold-derived hydrogels serve 
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as a depot for signals such as FGF2 that influence cell behaviors important for blood vessel 

formation.

For clinical applications, a select few ECM bioscaffold-derived hydrogels would ideally be 

developed to invoke regeneration in most diseased organs. Additionally, tissue-specific ECM 

hydrogels can serve as natural biologic scaffolds which could be useful for discovery 

biology of disease mechanisms. Although ECM hydrogels from a variety of tissue sources 

exhibited inherent bioactivity, [46-50] investigation of their impact on angiogenesis emerged 

only recently. [13, 25] These studies provided evidence that ECM bioscaffolds influence [56, 

57] and interact with [18, 39] blood vessel cells. The angiogenic potential of hybrid 

scaffolds has been better studied using synthetic materials conjugated with unique 

combinations of tissue-derived angiogenic growth factors and must be precisely engineered 

for specific applications with engineered growth factor content and release profiles. [58] 

ECM bioscaffolds offer a distinct advantage over synthetic constructs in their tissue-specific 

mimicry through multi-factorial structural and signaling capacities. Furthermore, hydrogels 

derived from ECM bioscaffolds can be tailored for specific tissue regeneration applications 

through choice of source tissue, density and method of delivery. Our findings collectively 

demonstrate that Adv ECM bioscaffold hydrogels are versatile biological scaffolds that are 

capable of both microstructural and growth factor-dependent signaling mimicry of the native 

adventitia microenvironment which together are important for desirable effects on cellular 

function of blood vessel lineages.

Conclusions

We reveal that perivascular tissue from the human and porcine aortic adventitia can be 

decellularized to derive ECM bioscaffolds and formulated into hydrogels that recapitulate 

native matrix fiber microarchitecture. pAdv ECM bioscaffolds retained bioactive signals that 

invoked FGF2-mediated human endothelial cell proliferation, network formation of tube-like 

structures in vitro, and angiogenesis in vivo. Several angiogenesis-related proteins, including 

FGF2, are present within Adv ECM bioscaffolds and many were less abundant in matrix 

prepared from specimens of human aneurysm. These findings provide support for the use of 

Adv ECM bioscaffolds in further study of vasculogenesis and angiogenesis in normal 

physiology in the setting of cardiovascular disease, and also provide novel therapeutic 

opportunities.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Preparation and characterization of ECM bioscaffolds. A) ECM bioscaffold as a lyophilized 

ground powder. B) Hydrogel formation from pH-neutralized pepsin-digested ECM 

bioscaffolds after 1 hr at 37°C. C) DNA extracts from 1.2 mg total tissue weight were 

qualitatively analyzed using ethidium bromide-containing agarose gel electrophoresis.
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Figure 2. 
Scanning electron microscopy of adventitial ECM hydrogel. Decellularized tissue and ECM 

hydrogels were fixed in 2.5% glutaraldehyde and processed for scanning electron 

microscopy. Representative micrographs showing decellularized human adventitia (Adv) (A-

B), human Adv hydrogel (C-D), porcine Adv hydrogel (E-F) and porcine small intestinal 

submucosa (SIS) hydrogel (G-H) at 5,000X (A, C, E) and 10,000X (B, D, F) magnifications. 

All scale bars=1μm.
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Figure 3. 
Turbidimetric gelation kinetics of ECM hydrogels. Gelation of pH-neutralized ECM digests 

was monitored using optical density (O.D.) readings at 405 nm at 37°C for 90 min. A) 

Porcine adventitia (Adv) (4, 8 and 16 mg/mL). B) Normalized turbidimetric gelation 

kinetics of porcine SIS (8 mg/mL), human Adv and porcine Adv (16 mg/mL).
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Figure 4. 
FGF2-mediated stimulation of primary endothelial cell proliferation by ECMs. Primary 

human adventitia-derived endothelial cells were cultured in the presence of 10 μg/mL 

porcine adventitial (pAdv, solid bars) or porcine small intestinal submucosa (pSIS, gray 

bars) ECM. Cells in their basal culture medium, FGF2 inhibitor alone (100 nM PD173074 in 

DMSO), or an equivalent volume of DMSO and digestion buffer (1 mg/mL pepsin in 0.01 N 

HCl) served as controls (open bars). Quantification of MTS conversion was performed after 

72 hr of exposure to the above conditions using a commercial assay and results were 

expressed as percent change of untreated cells. One representative of three independent 

experiments is displayed. Bars represent mean of four assay replicates ± standard deviation. 

* indicates p<0.05 when compared with untreated condition, **indicates p<0.02, and # 

indicates p<0.005.
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Figure 5. 
Effect of ECM bioscaffolds on network formation of tube-like structures in vitro. Human 

adventitia-derived endothelial cells were cultured on growth factor reduced-Matrigel 

substrates: A) DMSO, 0.05% (v/v), B) Digestion buffer (1% (w/v) Pepsin in 0.1 N HCl), C) 

pAdv ECM, and D) pSIS ECM. FGF2 inhibitor PD173074 (100 nM) was added to the 

culture medium of above treatments shown in parallel wells (E-H). A-H: One representative 

10X field is shown, selected from one of three replicates of two independent experiments. 

All scale bars= 50 μm for A-H. Quantification of the number (I) and total length (J) of tube-

like structures from 5×5 stitched fields captured at 10X for non-ECM-supplemented (open 

bars), pAdv (solid bars) and pSIS (gray bars) ECM-supplemented substrates in the absence 

and presence of PD173074. Bars represent mean of three assay replicates ± standard 

deviation. Images and graphs represent data from one of two independent experiments. 

*Significant from pepsin HCl, p<0.02; #Significant from pAdv ECM-treated cells in the 

absence of PD173074, p<0.03.
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Figure 6. 
Effect of ECM bioscaffolds on angiogenesis in vivo. A) Representative bright field images 

of scaffolds before (Time 0) and after (72 hr) incubation on the chorioallantoic membrane 

(CAM) of the chick embryo. The pro-angiogenic response to pSIS and pAdv ECM-

containing fibrin scaffolds (250 μg/mL) is revealed by the spoke-wheel pattern along the 

perimeter of the scaffolds. There was no appreciable angiogenic response detected around 

scaffolds loaded with digestion buffer (1% (w/v) pepsin in 0.1 N HCl) or DMSO. Addition 

of the FGF2 inhibitor PD173074 (100 nM) abrogated the angiogenic response to pAdv 

ECM. Addition of the inhibitor vehicle only (DMSO) did not alter the angiogenic response 

to pAdv ECM. All scale bars for panel A = 5mm. B) Representative histological cross-

sections of CAM assay scaffolds. The CAM vasculature was visualized using injected 

tomato lectin-Dylight® 650 (red) and nuclei are labeled with Hoechst dye (blue). A dashed 

white line denotes the scaffold/CAM interface. Scaffolds loaded with digestion buffer alone 

exhibited no vessel invasion. pSIS ECM (250 μg/mL) stimulated invasion of new vasculature 

(denoted by arrowheads) toward the scaffold as did pAdv ECM in a dose-dependent manner 

for concentrations 50-250 μg/mL. The maximum tested dose of pAdv ECM (500 μg/mL) 

inhibited invasion of blood vessels into the scaffold. C) Addition of DMSO did not alter 

pAdv ECM-induced invasion of blood vessels and FGF2 inhibitor PD173074 blocked the 

effect of pAdv ECM-loaded scaffolds. All scale bars in panels B and C= 500 μm. *Avascular 

zone comprised of lectin-negative cells. D). Representative histological cross-sections 

showing chemoattraction of lectin-negative cells in an avascular zone (*) adjacent to 

invading lectin-positive cells (arrowheads) in pAdv ECM-loaded fibrin scaffold (250 μg/mL) 

(i) and inhibition of invasion of lectin-positive cells in 500 μg/ml pAdv ECM-loaded fibrin 

scaffold (ii). (*) avascular zone comprised of lectin-negative cells, (arrowheads) vascular 

zone of lectin-positive cells. All scale bars for panel D = 20 μm.
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Figure 7. 
Protein array-based profile of angiogenesis-related proteins. Lyophilized ECM bioscaffolds 

(300 μg total protein) were evaluated for the presence of 55 angiogenesis-related proteins in 

duplicate using the Human Angiogenesis Proteome Profiler Array. Densitometric values are 

provided in Table 3. Images for porcine and human ECM blots reflect exposure times of 20 

min and 10 min respectively. Dashed line boxes=positive control reference spots. Dotted line 

boxes=negative control reference spots.
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Table 1

Pepsin-soluble collagen and α-elastin content in native adventitia and adventitia-derived ECM digest from 

porcine and human aorta. Data are shown as mean (standard deviation).

Species Specimen Collagen (μg/mg tissue) Elastin (μg/mg tissue)

Porcine
Native 2.75 (0.54) 3.61 (0.96)

ECM Bioscaffold 18.0 (3.10) 1.95 (0.21)

Human
Native 0.56 (0.08) 1.35 (0.04)

ECM Bioscaffold 21.2 (0.56) 3.71 (0.66)
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Table 2

Turbidimetric analysis of porcine bioscaffold gelation kinetics. Representative calculations from one of three 

independent batches of pepsin-digested bioscaffolds are displayed. Data are shown as mean (standard 

deviation). S, t1/2, and tlag indicate gelation speed, time required for 50% gelation, and lag phase respectively. 

O.D. = optical density.

Material Density
(mg/mL) S (OD/min) t1/2 (min) tlag (min)

SIS 8 0.04 (0.002) 29.3 (2.31) 17.59 (2.17)

Adventitia

4 0.02 (0.001) 30.7 (1.15) 1.96 (1.26)

8 0.03 (0.005) 32.0 (3.46) 9.76 (8.09)

16 0.03 (0.002) 34.0 (2.00) 14.16 (3.73)
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Table 3

Angiogenesis-related protein array. Decellularized adventitia from normal (n=7 patients pooled) and 

aneurysmal (n=28 pooled patients) human aorta, porcine adventitia and SIS were analyzed for 55 

angiogenesis-related proteins. Values represent mean pixel density of two assay replicates ± standard deviation 

(S.D.) for chemiluminescence detected after 5 (human ECMs) or 14 (porcine ECMs) minutes of exposure.

Porcine Human

Array Key Protein Gene
ID

Adventitia
Mean
(S.D.)

SIS
Mean
(S.D.)

Adventitia-
Normal
Aorta
Mean
(S.D.)

Adventitia
-

Aneurysm
al Aorta

Mean
(S.D.)

A1, A2 Reference spots N/A - - - -

A5, A6 Activin A 3624 44.9
(0.27)

44.5
(0.08) 25.6 (0.52) 22.2

(0.14)

A7, A8 ADAMTS-1 9510 43.7
(0.56)

47.2
(2.41) 20.6 (0.09)

18.4

(0.33)#

A9, A10 Angiogenin 283 42.5
(0.09)

51.4
(1.27) 23.3 (0.07)

18.5

(0.30)#

A11, A12 Angiopoietin-1 284 43.6
(0.41)

47.3
(1.51) 21.2 (0.06) 18.7

(0.30)

A13, A14 Angiopoietin-2 258 45.5
(0.17)

47.8

(0.03)*
23.2 (0.05)

20.1

(0.24)#

A15, A16 Angiostatin/Plasminogen 5340 42.9
(0.22)

43.5
(0.61) 19.8 (0.00) 17.7

(0.32)

A17, A18 Amphiregulin 374 43.8
(0.32)

43.7
(0.20) 20.7 (0.09)

18.0

(0.15)#

A19, A20 Artemin 9048 44.7
(0.08)

43.6
(0.34) 22.6 (0.35)

19.9

(0.05)#

A23, A24 Reference spots N/A - - - -

B1, B2 Coagulation factor III 2152 44.3
(0.44)

44.0
(0.71) 20.2 (0.60) 18.7

(0.09)

B3, B4 CXCL16 58191 42.5
(0.24)

43.6
(0.36) 21.2 (0.49) 21.4

(0.30)

B5, B6 DPPIV 1803 44.0
(0.05)

41.3
(0.51) 17.2 (0.05) 16.7

(0.13)

B7, B8 EGF 1950 44.7
(0.08)

44.9
(1.88) 19.2 (0.23)

18.3

(0.22)#

B9, B10 EG-VEGF 84432 46.3
(0.03)

50.8
(1.58) 20.2 (0.15) 19.5

(0.20)

B11, B12 Endoglin 2022 44.0
(0.27)

45.4
(1.47) 20.6 (0.17)

18.6

(0.20)#

B13, B14 Endostatin/Col 18 80781 42.2
(0.11)

43.9

(0.09)*
20.0 (0.31) 19.7

(0.04)

B15, B16 Endothelin-1 1906 44.9
(0.40)

45.6
(0.67) 22.2 (0.48) 21.5

(0.22)

B17, B18 FGF-acidic 2246 43.3
(0.70)

122.0

(4.43)*
21.7 (0.05)

19.5

(0.18)#
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Porcine Human

Array Key Protein Gene
ID

Adventitia
Mean
(S.D.)

SIS
Mean
(S.D.)

Adventitia-
Normal
Aorta
Mean
(S.D.)

Adventitia
-

Aneurysm
al Aorta

Mean
(S.D.)

B19, B20 FGF-basic 2263 43.5
(0.46)

100.2

(0.56)*
22.9 (0.00)

20.6

(0.01)#

B21, B22 FGF4 2249 44.6
(0.18)

43.4
(0.74) 20.3 (0.26)

18.2

(0.37)#

B23, B24 FGF7 2252 43.9
(0.38)

45.0
(0.70) 19.8 (0.22) 19.7

(0.00)

C1, C2 GDNF 2668 43.7
(0.74)

44.7
(0.79) 20.0 (0.13) 18.0

(0.58)

C3, C4 GM-CSF 1437 44.4
(0.16)

43.9
(0.31) 22.9 (0.34) 22.2

(0.49)

C5. C6 HB-EGF 1839 45.1
(0.16)

43.7

(0.06)*
20.4 (0.19) 19.7

(0.19)

C7, C8 HGF 3082 44.6
(0.84)

46.0
(1.17) 22.1 (0.03) 20.6

(0.51)

C9, C10 IGFBP-1 3484 44.9
(0.10)

50.1

(0.53)*
22.0 (0.04)

21.1

(0.06)#

C11, C12 IGFBP-2 3485 42.2
(0.25)

44.6
(1.19) 19.5 (0.10)

18.3

(0.05)#

C13, C14 IGFBP-3 3486 45.5
(0.37)

45.7
(0.16) 22.1 (0.22) 21.3

(0.13)

C15, C16 IL1-β 3553 42.8
(0.22)

43.1
(0.16) 19.2 (0.21) 18.7

(0.23)

C17, C18 IL-8 3576 42.0
(0.05)

45.7
(0.50) 19.4 (0.02) 18.5

(0.17)

C19, C20 LAP (TGF-β1) 7040 41.5
(1.52)

46.0
(0.61) 22.1 (0.08)

20.0

(0.19)#

C21, C22 Leptin 3952 43.3
(0.09)

43.6
(0.91) 21.8 (0.12)

19.8

(0.04)#

C23, C24 MCP-1 6347 43.1
(0.79)

44.6
(0.28) 23.2 (0.22) 20.8

(0.61)

D1, D2 MIP-1α 6348 43.8
(0.13)

44.8
(0.52) 22.4 (0.12)

20.9

(0.01)#

D3, D4 MMP-8 4317 43.6
(0.31)

43.3
(0.15) 21.1 (0.85) 20.8

(0.47)

D5, D6 MMP-9 4218 44.9
(0.04)

44.4
(0.39) 21.1 (0.09) 21.0

(0.02)

D7, D8 NRG1-β1 3084 43.2 (0.28
)

44.3
(1.45) 20.9 (0.02) 20.3

(0.33)

D9, D10 Pentraxin 3 5806 44.5
(0.36)

48.8

(0.07)*
21.7 (0.16) 21.3

(0.18)

D11, D12 PD-ECGF 1890 46.3
(0.23)

46.8
(1.67) 21.7 (0.51) 21.3

(0.38)

D13, D14 PDGF-AA 5154 44.7
(0.12)

44.4
(0.05) 21.6 (0.04) 21.0

(0.15)
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Porcine Human

Array Key Protein Gene
ID

Adventitia
Mean
(S.D.)

SIS
Mean
(S.D.)

Adventitia-
Normal
Aorta
Mean
(S.D.)

Adventitia
-

Aneurysm
al Aorta

Mean
(S.D.)

D15, D16 PDGF-BB 5155 41.6
(0.19)

42.3
(0.32) 18.5 (0.41) 18.5

(0.26)

D17, D18 Persephin 5623 45.0
(0.11)

44.7
(0.63) 22.9 (0.24)

21.4

(0.10)#

D19, D20 Platelet factor 4 5196 41.8
(0.66)

43.2
(0.07) 21.9 (0.13) 19.5

(0.43)

D21, D22 PlGF 5228 47.0
(0.47)

48.5
(0.25) 25.5 (0.32)

22.9

(0.14)#

D23, D24 Prolactin 5617 42.6
(0.34)

44.2

(0.81)*
21.6 (0.50) 19.5

(0.16)

E1, E2 Serpin B5 5268 41.8
(0.51)

48.4

(0.44)*
23.2 (0.25)

21.5

(0.17)#

E3, E4 Serpin E1 5054 42.4
(0.69)

43.2
(0.47) 22.5 (0.46) 20.6

(0.49)

E5, E6 Serpin F1 5176 43.2
(0.21)

44.0
(0.18) 21.6 (0.15) 22.2

(1.00)

E7, E8 TIMP-1 7076 43.7
(0.19)

44.6
(1.09) 20.3 (0.25) 19.5

(0.18)

E9, E10 TIMP-4 7079 43.8
(0.68)

47.5

(0.42)*
21.0 (0.32) 19.9

(0.52)

E11, E12 Thrombospondin-1 7057 86.2
(0.22)

88.9
(3.50) 63.3 (1.42) 60.0

(1.91)

E13, E14 Thrombospondin-2 7058 43.5
(1.09)

44.0
(0.08) 21.1 (0.05) 20.8

(0.07)

E15, E16 uPA 5328 43.1
(0.77)

45.2
(0.15) 20.5 (0.45) 20.5

(0.32)

E17, E18 Vasohibin 22846 44.7
(0.27)

44.1
(0.30) 21.2 (0.39) 20.3

(0.16)

E19, E20 VEGF 7422 44.1
(0.44)

44.2
(0.38) 22.0 (0.29)

19.9

(0.33)#

E21, E22 VEGF-C 7424 45.5
(0.03)

44.4
(0.49) 21.0 (0.00) 18.7

(0.31)

F1, F2 Reference spots N/A - - - -

F23, F24 Negative control spots N/A - - - -

*
p<0.05 when compared with porcine adventitia;

#
p<0.05 when compared with normal human aortic adventitial specimens.
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