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a b s t r a c t

Ovine forestomach matrix (OFM) biomaterial acts as a biomimetic of native extracellular matrix (ECM) by
providing structural and functional cues to orchestrate cell activity during tissue regeneration. The
ordered collagen matrix of the biomaterial is supplemented with secondary ECM-associated macro-
molecules that function in cell adhesion, migration and communication. As angiogenesis and vasculo-
genesis are critical processes during tissue regeneration we sought to quantify the angiogenic properties
of the OFM biomaterial. In vitro studies demonstrated that soluble OFM components stimulated human
umbilical vein endothelial cell (HUVEC) migration and increased vascular sprouting from an aorta. Blood
vessel density and branch points increased in response to OFM in an ex ovo chicken chorioallantoic
membrane (CAM) assay. The OFM biomaterial was shown to undergo remodeling in a porcine full-
thickness excisional model and gave rise to significantly more blood vessels than wounds treated with
small intestinal submucosa decellularized ECM or untreated wounds.

� 2011 Elsevier Ltd. All rights reserved.
� �
1. Introduction

The success of biomaterials as templates for tissue regeneration
is mainly dictated by their ability to rapidly vascularize and
therefore allow for the efficient delivery of requisite cellular
nutrients during regeneration. The formation of vasculature also
enables complete cellular infiltration of the graft as autologous cells
migrate from the periphery of the implant site into the graft
materials. As blood supply to the graft mediates long-term healing,
well-vascularizing biomaterials generally have better healing
outcomes [1]. Additionally, a robust blood supply is thought to
reduce infection by facilitating the egress of microbes from the site
and allowing complete infiltration of immune components [2,3].

The revascularization of biomaterials comprising decellularized
extracellular matrices (dECM), for example, human allogenic
dermis (HAD, Alloderm�) and porcine small intestinal submucosa
.H. May).
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(SIS, SurgiSIS ; OaSIS ) has been demonstrated clinically [4,5]. The
relatively rapid vascularization of these biomaterials has driven
their clinical uptake in a number of applications including hernio-
plasty, breast reconstruction, tendon repair and dural repair [6].
dECM biomaterials are produced from intact tissues using
processes that decellularize the tissue ECM whilst retaining the
native structural features, including an ordered collagen micro-
architecture and residual vascular channels. In addition to
providing native architecture to support cell adhesion and migra-
tion, these biomaterials additionally retain important secondary
molecules that mediate cellular interactions including growth
factors, glycosaminoglycans, and adhesive molecules such as lam-
inin and collagen IV [7,8].Together these structural, adhesive and
signaling molecules work in concert to mimic native ECM. As
biomimetics of normal tissue ECM, dECM-based biomaterials
undergo constructive remodeling in a process that recapitulates
features of normal tissue turn-over [9]. The exact mechanism by
which dECM-based biomaterials act to regulate migration, prolif-
eration and differentiation of endothelial cells during the regen-
erative process is not known in detail. The response may be
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attributed to angiogenic growth factors, particularly, fibroblast
growth factor 2 (FGF2), vascular endothelial growth factor (VEGF),
platelet derived growth factor (PDGF) and hyaluronic acid (HA) that
are known to be present in dECM-based biomaterials [10e13].
Additionally, it has been demonstrated that bioactive degradation
products from dECMs are capable of recruiting endothelial
progenitor cells [14,15].

dECM biomaterials have been prepared from a number of
different allogenic and xenogenic source tissues, including human
cadaveric dermis, porcine urinary bladder and bovine pericardium
[7]. OFM was developed to overcome some of the size limitations
and cultural objections to existing commercially available dECM-
based biomaterials. OFM is prepared from the propria submucosa
of ovine forestomach tissue using detergent-based processes to
delaminate and decellularize the tissue.

Structural studies have shown that the OFM biomaterial is
relatively strong and elastic [16] and retains the complex collagen
architecture of native tissue ECM [8]. OFM additionally retains
secondary ECM-associated molecules, including FGF2, heparan
sulfate, and HA, as well as remnant basement membrane compo-
nents associated with the forestomach luminal surface and endo-
thelial basement membranes [8]. Given that OFM retains the
requisite structural and functional components of native ECM the
ability of this biomaterial to mediate endothelial migration and
angiogenesis was quantified both in vitro and in vivo. Furthermore,
this study compares the angiogenic potential of OFM with that of
chemically cross linked OFM, dECM derived from porcine small
intestinal submucosa (SIS) and a collagen-based wound dressing
composed of bovine collagen (type I) and oxidized regenerated
cellulose (Promogran�).

2. Materials and methods

2.1. General

All experiments were conducted at room temperature unless otherwise indi-
cated. OFM was prepared from ovine forestomach propria submucosa as defined in
Lun et al., and terminally sterilized (ethylene oxide) according to established
procedures [8]. OFM biomaterial was cross linked to give OFM-X using 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide and N-hydroxysuccinamide according to Flo-
den et al. [16]. dECM from porcine SIS (OaSIS�) was sourced from Healthpoint
Limited (Texas, USA). Collagen-containing wound dressing, Promogran� (PG), was
sourced from Systagenix Limited (West Sussexe UK). OFM, OFM-X, SIS and PG were
powdered to w200 mm using an Ultra-centrifugal Mill ZM 200 (Retsch e Haan,
Germany). HUVEC were isolated from umbilical cord veins according to established
procedures [17], after obtaining informed consent under appropriate ethical
approval. HUVEC cells were maintained in M199 media (Invitrogen e CA, USA)
containing microvascular growth supplement (MVGS, Invitrogen) and 10% fetal
bovine serum (FBS, Invitrogen) at 37 �C in an atmosphere of 5% CO2. All HUVEC were
cultured in M199 with MVGS and 2% FBS (M199-2). Rat aortas were maintained in
MCDB-131 media (Invitrogen) at 37 �C and 3% CO2. Ethical approval for animal
surgery was obtained from the Kaiawhina Animal Ethics Committee (Palmerston
North, New Zealand) and the Wellington School of Medicine Animal Ethics
Committee (Wellington, New Zealand). Standard aseptic technique was used for all
tissue culture and in vivo surgeries.

2.2. Endothelial cell migration and proliferation assay

HUVEC cells were seeded in a poly-L-lysine coated 96-well-plate (20,000 cells/
well; Jet Biofil e China) at passage five and grown to 80% confluency over 24 h.
Where required, cells were incubated with mitomycin C (5 ng/mL in dH2O; Sigma
Aldrich e MI, USA) for 2 h at 37 �C and 5% CO2 to inhibit cell proliferation [18]. A
w1 mm scratch running through the middle of each well was created in the
monolayer using the end of a p10 pipette tip. The cell monolayer was washed three
times with M199-2 (200 mL) to remove cellular debris. Test extracts were prepared
by adding powdered OFM, SIS, OFM-X and PG to PBS at 50 and 100 mg/mL, and
incubating for 24 h at 37 �C with gentle shaking. The samples were centrifuged
(13 k rpm, 5 min), and the supernatant filter sterilized (0.22 mm). The protein
concentrations of the extracts were determined using the bicinchoninic acid (BCA)
protein assay (Pierce e IL, USA), according to the manufacturer’s instructions. Test
solutions (200 mL) were diluted 1:3 in M199-2 prior to use. Cells treated with
recombinant VEGF121 (5 ng/mL in PBS; Peprotech e NJ, USA) and PBS (Invitrogen)
served as positive and negative controls, respectively. Wells were imaged at 10�
immediately after dosing, then at 4 and 8 h using an IX51 inverted microscope
(Olympus e Tokyo, Japan) fitted with a Colorview III camera (Olympus). One frame
was captured per well, such that the scratch aligned vertically through the image.
Infill of the scratch was determined by comparing the total area of the scratched cell
monolayer (pixels) at dosing and then after 4 and 8 h incubation. The area of the
monolayer was measured using ImageJ (National Institute of Health eMD, USA) and
expressed in megapixels. Statistical significance was calculated using a two-way
ANOVA and Bonferroni post-hoc tests (GraphPad Prism e CA, USA).

2.3. Aortic ring assay

The aortic ring assay was conducted with modifications to an existing procedure
[19]. A single Lewis female rat (6e8 weeks old) was euthanized using CO2 and the
aorta harvested and transferred to sterile culture medium (10 mL). The tunica
adventitia of the aorta was dissected away with the aid of a dissection microscope
(Olympus SZ60). The aorta was cut into rings approximately 2 mm in length then
further cleaned by microdissection before being pre-incubated overnight in media
at 37 �C. Test samples were prepared using either a powdered sample of OFM, or
a media extract of powdered OFM. The former was prepared by rehydrating
powdered OFM in media (0.2 mg/mL) for 5 min and vortexing to ensure uniform
distribution of the test article, prior to the addition of fibrinogen (Sigma) to a final
concentration of 3 mg/mL. OFM extracts were prepared by adding powdered OFM at
10 mg/mL to MCDB-131 media, and incubating for 24 h at 37 �C with gentle shaking.
The samples were centrifuged (13 k rpm, 5min), and the supernatant filter sterilized
(0.22 mm). To this media extraction, fibrinogen was added to a final concentration of
3 mg/mL. Thrombin (Serva, Heidelberg, Germany) was added to all test samples to
give a final concentration of 1 U/mL. Each of the test samples (0.5 mL) in the
fibrinogen-thrombin solutionwas transferred to separate wells of a 24-well-plate. A
single aortic ring was placed in the center of the setting gel and left to set for 45min.
A further 0.5 mL of the test solution was transferred so as to cover the aortic ring.
Once the gels were completely set, media (1.5 mL) was added to completely cover
the top of each gel. Gels treated with recombinant VEGF121 served as positive
controls, whereby the fibrin gel was covered with media (1.5 mL) previously sup-
plemented with VEGF121 (10 ng/mL). Aortic rings placed in non-supplemented gels
were used as negative controls. The plate was incubated at 37 �C and imaged at days
3, 5, and 7 at 4� magnification using an Olympus CK2 microscope fitted with an
Olympus UC30 camera. Using ImageJ, the edges of the vessels in the microphoto-
graphs were identified and an image mask was created to clearly identify micro-
vasculature. Using this mask, the area of microvasculature was quantified and
expressed as pixels. A two-way ANOVA and Bonferroni post-hoc tests (GraphPad
Prism) were used to show significance relative to untreated controls.

2.4. Chicken CAM assay

Fertile chicken eggs (Hyline Brown, Golden Coast Commercial e Levin, New
Zealand) were wiped clean with dH2O and incubated at 38.5 �C/w75% RH for 72 h.
Eggs were wiped with 70% ethanol, and then aseptically cracked into sterile Petri
dishes (20 mm high, 100 mm diameter; Labserv e Auckland, New Zealand). Peni-
cillin/streptomycin (200 mL, 10,000 U; 10,000 mg; Invitrogen) was injected into the
albumin to protect the culture from contamination. Ex ovo cultures were returned to
the incubator (37.5 �C/85e90% RH) for 84 h (3.5 days). Up to six sterile polytetra-
fluoroethylene (PTFE) rings (12 mm I.D.; Seal Imports e Hamilton, New Zealand)
were placed onto each membrane so as to surround the major blood vessel branch
points, with care being taken not to place two rings on the same major blood vessel.
Each ring was gently pressed down to avoidmovement of the ring during dosing and
incubation. Powdered biomaterials were extracted and the protein concentration of
the extracts determined, as described above. The interior of each ring was dosed
with 20 mL of the test extracts, PBS or VEGF121 (1 mg/mL solution in PBS, Invitrogen).
In each case the solutions were gently spread over the surface of the CAM contained
within the PTFE ring. The location of each test samplewas varied so as to remove any
bias between individual CAM cultures. The cultures were incubated for a further
three days and each ring was digitally imaged at days 0, 1, 2 and 3 post dosing using
an ES15 digital camera (Samsung e Korea). The total area of blood vessels (pixels)
within each ring was quantified from the digital images using ImageJ by deconvo-
luting the image, such that the red blood vessels could be separated from the
surrounding image. Results were expressed as a percentage increase in the area of
vasculature relative to day 0. Additionally, the vessel branch points within each ring
were manually counted from inspection of the digital images. Results were
expressed as a percentage increase in branch points relative to day 0. Two-way
ANOVA and Bonferroni post-hoc tests (GraphPad Prism) were used to show signif-
icance relative to untreated controls.

2.5. Porcine full-thickness excisional model

Disease-free Landrace female pigs (n ¼ 5, 15e20 kg) were treated with a Fen-
tanyl transdermal patch delivering 75 mg/h, (Duragesic, Ortho-McNeil-Janssen
Pharmaceuticals, Inc e NJ, USA) one day prior to intramuscular administration of
ketamine (13 mg/kg; Phoenix Pharmaceuticals Inc e NJ, USA) and midazolam



Fig. 1. Bioactivity of biomaterials in the HUVEC cell migration and proliferation assay. A. Representative images of changes to the denuded cell monolayer following PBS treatment
and B. Representative images of changes to the denuded cell monolayer after incubation with an OFM extract (0.8 mg/mL). Margins of the monolayer at t ¼ 0 h are depicted as
a black line while margins of the monolayer at t ¼ 8 h are indicated by the white line. Scale bar ¼ 100 mm C. Quantification of the extent of changes to the area of the cell monolayer
(megapixels) due to proliferation and migration relative to t ¼ 0. Concentration indicated in brackets is the extract protein concentration prior to a 1:3 dilution into media. Error bars
represent SEM from triplicate experiments. ‘*’, ‘**’ and ‘***’ ¼ P < 0.05, P < 0.01 and P < 0.001 respectively, using two-way ANOVA and Bonferroni post-hoc tests relative to the
untreated controls.

S.M. Irvine et al. / Biomaterials 32 (2011) 6351e6361 6353
(1.5 mg/kg; Hyponovel, Roche e Switzerland). Anesthesia (1 mg/kg Propofol;
Repose; Norbrook e Australia) was then administered to intubate the animals and
anesthesia was maintained with isoflurane (Attane; Bomac e New Zealand) in
oxygen delivered either via endotracheal tube, or face mask. Animals were posi-
tioned in ventral recumbency and the hair of the dorsal region was removed from
the base of the neck to the caudal lumbar area and laterally 20 cm either side of the
mid-line. Morphine (20 mg/kg; Hameln Pharmaceuticals e Germany) was given
during anesthesia, and the animals were treated prophylactically with penicillin
(Tripen LA, 6.25 mg/kg; Ethical Agents e New Zealand). Preparation of the surgical
site was performed using 0.5% chlorhexidine (Microshield 4%; Johnson and Johnson
e NJ, USA) and 70% ethanol, and the excisional sites marked with a surgical pen. The
cranial wound sites were positioned immediately posterior to the dorsal shoulder
blades and wounds extended caudally towards the sacrum. In total 20 wounds (5
rows of 4 wounds) were made in the skin of each animal, separated from one
another by 30 mm. Using a 20 mm sterile biopsy punch (Shoney Scientific e India),
each wound was made perpendicular to the surface of the skin penetrating through
the dermal layer and into the fatty subcutaneous layer. Tissue was separated from
the underlying muscle using a scalpel blade. Dry matrix (OFM or SIS) was applied
to the sites and rehydrated in situwith sterile saline (approx. 5 mL; Fresenius Kabi e
New Zealand). Either OFM or SIS was used to treat 25 wounds each over five
different animals. Untreated wounds (n ¼ 25) were included as negative controls
and a further 25 excisional sites were excluded from the study. The location of the
treatments was varied between each animal so as to remove any positional bias due
to the location of the surgical site. Hydrating gel (Intrasite, 2 mL; Smith and Nephew
e UK) was aseptically applied to cover each wound and the wounds dressed with
paraffin gauze (Mepitel; Mölnlycke e Sweden), and cotton gauze (Paranet; Vernon
Carus e UK). The dressings were held in place using adhesive wrap (Vetwrap; 3M e

MN, USA and Tensoplast; BSN Medical e Germany) and finally a stockinette tube
(Surgifix; BSN Medical). Each animal was extubated and monitored to ensure
complete recovery from the anesthetic. Dressings were changed as required and the
animalsmonitored daily by a veterinarian or trained animal care technicians. At days
3, 7, 14, and 28 post-surgery, excisional sites from each treatment group (i.e OFM, SIS



Fig. 2. Bioactivity of biomaterials in the HUVEC migration assay. A. Representative images of cell migration in PBS-treated wells and B. Representative images of cell migration in
wells treated with 0.8 mg/mL of OFM extract. Margins of the monolayer at t ¼ 0 h are depicted as a black line whereas margins at t ¼ 8 h are indicated by the white line. Scale
bar ¼ 100 mm. C. Quantification of the total area of the cell monolayer (megapixels) due to migration relative to t ¼ 0. Concentration indicated in brackets is the extract protein
concentration prior to a 1:3 dilution into media. Error bars represent SEM from triplicate experiments. ‘*’, ‘**’ and ‘***’ ¼ P < 0.05, P < 0.01 and P < 0.001 respectively, using two-
way ANOVA and Bonferroni post-hoc tests relative to the untreated controls.
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and untreated) were biopsied such that five wounds from each treatment were
sampled. Each animal was given analgesic and anesthesia as described above but
without the Fentanyl patch. Using a scalpel the entire site was excised by making an
elliptical shaped incision taking in the entire site and a portion of surrounding skin.
Opposing edges of the excisional site were closed using monofilament nylon suture
(Ethilon, size 3/0; Johnson and Johnson e NJ, USA). The wound was dressed
according to the method described previously. The excised tissue was rinsed quickly
in sterile saline to remove blood and debris, and immediately fixed in 10% v/v
formalin in PBS. Animals were humanely euthanized by captive bolt followed by
exsanguination at day 42 and the remaining excisional sites removed and formalin-
fixed as above.

2.6. Histology

Formalin-fixed (10% v/v formalin in PBS; Sigma) tissues were paraffin-embedded,
cut at 5e10 mm using a microtome (HM325, Microm e Germany), then floated onto
positively charged slides (Superfrost R Plus, Menzel-Glaser e Germany). Sections
were stained with Gomori’s trichrome stain according to established procedures [20].
Briefly, sections were placed in Bouins Fluid (picric acide Sigma) overnight, then iron
haematoxylin (Sigma) for 10min before connective fibers were stainedwith Gomori’s
Trichrome stain (Chromotrope 2R, 0.6%; Fast green FCF, 0.3%; phosphotungstic acid,
0.6%; acetic acid 1%; pH 3.4; Sigma) for 15 min. The slides were rinsed in 0.2% acetic
acid, then cover-slippedwith Eukitt mountingmedia (ElectronMicroscopy Servicese
PA, USA). Sectionswere visualized at 4�magnification using a BX51microscope fitted
with a DP20 camera (Olympus). Multiple images across the entire sectionwere taken
and subsequently the individual frames were ‘stitched’ together using AnalySIS
(Olympus) to create a single 4� image of the entire tissue section. Sections were
examined using light microscopy in a blinded fashion by a US board certified veter-
inary pathologist (C.K.).

2.7. Immunohistochemistry

Formalin-fixed tissues from the animal study were paraffin-embedded, cut and
mounted as described above. Slides were left to dry prior to staining. Slides were
stained using a Bond Max Autostainer (Vision Biosystems, Australia) and all solu-
tions were sourced from Vision Biosystems, unless otherwise stated. Solutions were
dispensed directly onto slides (150 mL) and 1 min incubation in Bond� Wash
Solution was used for all washes. All antibody dilutions were made using Bond�



Fig. 3. Representative images of rat aorta at day 7 either A. untreated C. and corresponding mask, or B. in the presence of 0.02% w/v OFM powder D. with mask. OFM particles can
been in the periphery of the field. Scale bar ¼ 250 mm. E. Quantification of the increase in microvasculature at the indicated days. At day 0, no microvessels were evident in any
samples. Concentration indicated in brackets is the extract protein concentration used to make the fibrin clot. Error bars represent SEM from triplicate samples. ‘*’ and
‘***’ ¼ P < 0.05 and P < 0.001 respectively, using two-way ANOVA and Bonferroni post-hoc tests relative to the untreated controls.
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Antibody Diluent. Sections were dewaxed using the Bond� Dewax solution
(3 � 1 min) then rehydrated by incubating in descending concentrations of EtOH for
at least 1 min each. Slides were washed (3�) before being subject to heat-induced
epitope retrieval. CD34 epitopes were retrieved using Bond� ER Solution #1, (pH
8.9e9.1) for 20 min. Slides were washed (6�), incubated in Bond� Peroxidase
Blocking Solution (5 min), before being washed (3x) again. Slides were incubated
(18 min) with primary antibody (goat anti-porcine CD34, 1:100, RnD Systems eMN,
USA), washed (3�), then incubated (10 min) with anti-goat HRP-IgG (DakoCyto-
mation, Denmark). Slides were washed (6�), incubated in Bond� Post Primary
Solution (8 min), washed (3�) then incubated in Bond� Max Polymer Solution
(8 min). Slides were washed (2�) then rinsed with dH2O (2 min) before incubation
with Bond� Mixed DAB Refine Solution (2 min, 10 min). Slides were rinsed in dH2O
before being counterstained with Mayer’s Hemotoxylin and rinsed in dH2O (4 min),
Bond� Max Solution (1 min) and dH2O (1 min). Slides were immersed in tap water
(30 s) and dehydrated through graded EtOH (3 � 4 min) before being cleared in
xylene (2 min) using a Tissue-Tek DRS 2000 Autostainer rack (Sakura e CA, USA).
Slides were cover-slipped using a Tissue Tek Glas automated coverslipper (Sakura e
CA, USA) and Mounting Medium 24 (Surgipath e IL, USA). Immunostained slides
were visualized at 10� magnification and digitally imaged using a CX31 light
microscope fitted with a DP12 camera and DP12 capture software (Olympus). For
CD34 analysis, four images were taken from the regenerating dermal layer (days 7,
14, 28 and 42). The centre of the wound bed was estimated using a light microscope
and images were selected and captured from above, below and either side of the
central point. The area contained within the four image frames was approximately
11% of the total wound bed. Using ImageJ (NIH) images were processed to quantify
the number of positively-stained cells per frame. Firstly, images were deconvoluted
to separate the brown DAB staining from the other color components present in the
image, and then background staining was subtracted via the threshold function. The
monochrome brown image was filtered to remove smaller non-specifically stained
particles (<300 mm2) and an image mask was created to clearly identify clusters.
CD34-positive vessels were identified as clusters within the size range of
500e1500 mm2 [21,22] counted and expressed as the average number of vessels per
frame. Statistical significance was analyzed using a one-way ANOVA (GraphPad
Prism) relative to untreated control.

3. Results

3.1. Endothelial cell migration and proliferation assay

The dECM biomaterials were mainly insoluble, so aqueous-
soluble extracts were first prepared from the biomaterials prior to
testing. Protein concentrations of the extracts are given in Fig. 1
(brackets) and reflect differences in the availability of soluble
protein components between the biomaterials. For example,
extracts of OFM and SIS prepared at 100 mg/mL gave extracts with
protein concentrations of 0.8 mg/mL and 0.7 mg/mL, while the
extraction of OFM-X and PG under identical conditions gave
significantly more dilute protein solutions (0.3 mg/mL and 0.1 mg/
mL, respectively). Comparison between the four biomaterials by
normalizing to the protein concentrations of the extracts was not
attempted, instead bioactivity was compared based on the mass of
biomaterial extracted. In this way, the assays compared the
biomaterials under more physiologically relevant conditions,
assuming that a single application of each biomaterial would have
a comparable mass. VEGF121-treated cells demonstrated a statisti-
cally significant (P < 0.001) increase in the total cell monolayer
after 4 and 8 h incubation, due to cell migration and proliferation
into the denuded area. Representative images of the denuded cell
monolayer treated with either PBS or OFM extract (0.8 mg/mL) at
8 h are shown in Fig. 1A and B, respectively. OFM extracts prepared
at 50 or 100 mg/mL gave a statistically significant increase
(P < 0.001) in cell migration and proliferation, relative to PBS-
treated controls (Fig. 1C). Extracts of powdered SIS were less
bioactive, with a statistical difference (P < 0.05) between PBS-
treated controls and the SIS extract prepared at 100 mg/mL only.
Fig. 4. Bioactivity of biomaterials extracts in an ex ovo CAM assay. A. Representative im
Representative image of the CAM assay following treatment with OFM extract (0.8 mg/mL) d
of images A and B following deconvolution of the color channels. E. Quantification of the per
percentage increase in the number of blood vessel branch points relative to day 0. Concentra
bars represent SEM from triplicate experiments. ‘*’, ‘**’ and ‘***’ ¼ P < 0.05, P < 0.01 and P <

untreated controls.
Extracts prepared from OFM-X or PG failed to elicit a statistically
significant bioactivity compared to PBS.

To determine the effect of test samples on migration alone, cell
proliferationwas inhibited with mitomycin C prior to denuding the
monolayer. Representative images of scratched monolayers incu-
bated for 8 h with either PBS, or an OFM extract (100 mg/mL) are
shown in Fig. 2A and B, respectively. OFM extracts (50 mg/mL or
100 mg/mL) stimulated cellular migration that resulted in a statis-
tically significant increase in the total area of the cell monolayer,
relative to PBS-treated controls (Fig. 2C). For example, the OFM
extract prepared at 100 mg/mL exhibited a ten-fold increase in the
area of the cell monolayer compared with PBS-treated control
wells. Extracts prepared with powdered SIS elicited a significant
bioactive response relative to control wells, but only after 8 h
incubation. The bioactivity of the OFM-X and PG extracts was
markedly less than that of the OFM and SIS extracts. Cellular
migration in the presence of VEGF121 was statistically significant
relative to PBS-treated controls (P < 0.001).
3.2. Aortic ring assay

Intact OFM biomaterial and OFM aqueous-soluble components
were tested using the ex vivo aortic ring assay. Sterile OFM powder
(0.02% w/v) embedded within the fibrin gel promoted formation of
microvessels extending from the aortic ring (Fig. 3B). Over 7 days,
the microvasculature exhibited branching, anastomosis and lumen
formation consistent with previous findings [23]. The area of
microvasculature in response to the OFMbiomaterial was increased
at days 3 (8.19 � 105 � 1.00 � 105 pixels, p < 0.05), 5
(1.38 � 106 � 0.87 � 105 pixels; p < 0.001) and 7
(1.49 � 106 � 0.15 � 106 pixels; P < 0.001); (Fig. 3E), relative to
untreated controls. In another approach, soluble components of the
OFM biomaterial were extracted into MCDB-131 media, and then
the media used to create the fibrin gel. In this way, aqueous-soluble
OFM components would be liberated from the matrix and incor-
porated directly into the clot. The concentration of soluble OFM
protein components incorporated into the clot was approximately
0.03 mg/mL. Aortas exposed to OFM extractables showed a statis-
tically significant increase in microvasculature relative to untreated
aortas at day 5 (1.24 � 106 � 0.18 � 105 pixels, p < 0.001) and day 7
(1.33 � 106 � 0.56 � 105 pixels, p < 0.001); (Fig. 3E).
3.3. Chicken CAM assay

Images of the ex ovo CAM prior to and following exposure to the
extract were used to quantify changes to the vascular network in
response to extractables contained in OFM, SIS, PG and OFM-X. The
vascular network of the CAM at the time of dosing appeared as
a robust capillary network with well established primary vessels
and secondary vessels whichmatured and branched over timewith
no sign of regression during the course of the assay. A represen-
tative image of a section of CAM treated with an OFM extract,
prepared at 100 mg/mL is shown in Fig. 4A and B. Raw image files
were digitally deconvoluted to separate the red blood vessels from
the background color channels and the total blood vessel area
quantified in the resultant images (Fig. 4C and D). This allowed
changes in both the relative size and number of blood vessels to be
quantified in each treatment group. As expected, dosing the CAM
age of the CAM assay following treatment with OFM extract (0.8 mg/mL) day 0. B.
ay 3. Black dots indicate position of branch points for branch point analysis. C, D. Masks
centage increase in the total blood vessel area, relative to day 0. F. Quantification of the
tion indicated is protein concentration of extract before 20 mL added to PTFE rings. Error
0.001 respectively, using two-way ANOVA and Bonferroni post-hoc tests relative to the
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with VEGF121 resulted in a significant increase (P < 0.001) in blood
vessel area and the number of vessel branch points at days 1, 2 and
3, compared to PBS-treated controls (Fig. 4E). Dosing with the OFM
extract gave a significant increase (P< 0.001) in blood vessel area at
all time points, relative to PBS-treated controls. For example, there
was a 50.7 � 2.0% increase in the total blood vessel area following
three days incubation of the CAM with an OFM extract prepared at
100 mg/mL (Fig. 4E). The OFM extractables additionally increased
in a dose-dependent manner the number of blood vessel branch
points relative to a PBS-treated membrane (Fig. 4D). OFM-X failed
to increase either the area of vascularization or branch points in the
CAMmodel. PG also failed to increase area of vascularization yet the
average number of branch points increased compared to PBS at 48
and 72 h (P < 0.01) (Fig. 4).

3.4. In vivo pathology

On days 14 and 28 post-wounding both control and treated
wound beds were filled by granulation tissue (Fig. 5). The presence
of either OFM or SIS biomaterial elicited a foreign body-type
inflammatory response that decreased over time as biomaterials
were incorporated. Residual fragments of either biomaterial were
surrounded by low tomoderate numbers of degenerate neutrophils
and plaques of multinucleate giant cells (MNGCs). Surrounding
these were loose layers of epithelioid macrophages and lympho-
cytes. If fragments were small or well degraded, MNGCs were
outnumbered by epithelioid macrophages and lymphocytic cuffs
were thicker and denser, sometimes forming nodules with active
germinal centres. By day 42 all wounds were fully reepithelialized
(Fig. 5). Newly formed epithelium was 1.5e3 times the thickness
of unwounded epidermis but otherwise normal. The stratum cor-
neum was 2e3 times thicker than that of unwounded epidermis.
Residual biomaterial fragments were not present in any section.
Regenerating collagen bundles of OFM and SIS-treated wounds
were indistinguishable from each other and from those of control
wounds.

3.5. Quantitative assessment of in vivo angiogenesis

Immunohistochemistry and digital quantification methods
were used to quantify the development of vasculature in the neo-
dermis following treatment with either OFM or SIS. Blood vessels
were identified as endothelial cell clusters stained using a CD34
marker and a DAB chromogen (Fig. 6A). Using ImageJ, blood vessels
were selected based on colour intensity and a binary mask was
produced (Fig. 6B). Blood vessels in the granulation tissue were
counted and expressed as the average number of blood vessels per
frame within the granulation tissue (Fig. 6C). There was a statisti-
cally significant increase in the number of blood vessels in wounds
treated with OFM at days 14, 28 and 42 (P< 0.01 at all time points),
relative to untreated wounds, and the number if blood vessels in
OFM-treated wounds was also significantly increased from those
blood vessels counted in SIS-treated wounds (P< 0.01 at day 14, 28
and 42). Vessels within the granulation tissue of the excisional
wounds treated with OFM were observed to have patent lumens
from day 14 with plump endothelial cell linings similar to those of
untreated wounds. Up until day 28 the blood vessels near the
epithelial junction lay parallel to the epidermis in a tortuous
fashion. In contrast, blood vessels were more random and in
a diffuse pattern at day 42. Regression of the blood vessels was
observed in untreated wounds and SIS-treated wounds between
day 14 and day 28 whereas OFM-treated wounds did not exhibit
significant regression. In SIS-treated wounds, vessels were of
similar size and orientation to those wounds treated with OFM. The
vessels in SIS-treated wounds showed similar patency as that seen
in OFM-treated wounds but SIS treatment did not significantly
increase the total number of blood vessels relative to the untreated
wounds (P > 0.05).

4. Discussion

The supply of oxygen required for cell proliferation during tissue
regeneration is limited to a diffusion distance of approximately
150 mm from the vasculature [24]. Therefore, the long-term success
of dECM-based biomaterials as templates for tissue regeneration
depends on adequate vascularization of the material to deliver
oxygen and nutrients and allow cellular infiltration [1]. We have
interrogated the angiogenicity of the OFM biomaterial using a panel
of established in vitro and in vivo models and made comparisons to
a clinically established dECM biomaterial, a chemically cross linked
dECM and a commercially available collagen-containing wound
dressing. Models were selected to best examine the angiogenic
potential of the test articles and allow quantification of endothelial
cell migration, proliferation, capillary sprouting and in vivo angio-
genesis. Aqueous-soluble components of OFM stimulated prolifer-
ation and migration of HUVEC cells, and OFM extracts were more
bioactive than extracts of SIS prepared under identical conditions.
OFM-X and PG failed to elicit any statistical increase in proliferation
or migration of HUVEC cells. The endothelial cell migration assay
has previously been used to demonstrate the mitogenic and
chemotactic effects of SIS extracts prepared either by extraction of
SIS into basal media [25], or isolation of low molecular weight
extractables following acid-hydrolysis of SIS [26]. That the stimu-
latory effect of OFM is greater than SIS suggests that either the
relative concentration of bioactive species is higher in OFM, and/or
that the proportion of macromolecules retained in a bioactive
conformation is greater in OFM. Capillary outgrowth, a truemeasure
of angiogenesis, was demonstrated in response to OFM extractables
in the aortic ring and ex ovo CAMmodels. Extracts from PG failed to
elicit angiogenic activity in any of the assays. The PGwound dressing
is composed of 55% reconstituted collagen and 45% oxidized
regenerated cellulose and therefore would not be expected to elicit
a bioactive response in the assays described. The in vivo vasculari-
zation and remodeling resulting from cross linked dECM biomate-
rials has been shown to be reduced relative to non-covalently
modified dECM biomaterials [27]. Our own cross linked material,
OFM-X, failed to stimulate either HUVEC cell migration or the
development of vasculature in the CAM model. The lack of bioac-
tivity associated with cross linked dECM biomaterials may be due
the covalent modification of important epitopes, the resistance of
the biomaterial to degradation and hence liberation of matricryptic
peptides, or a low abundance of soluble growth factors.

While the CAM model is useful in evaluating angiogenic
extracts, it is based on an avian system which may not extrapolate
to mammalian angiogenesis [28]. To address this, the angiogenicity
of OFM was quantified using an in vivomammalian model of tissue
regeneration. In the porcine full-thickness excisional model,
neither OFM nor SIS increased the rates of wound closure, consis-
tent with previous studies of dECM-based biomaterials in acute
dermal models [29]. The usefulness of these acute models is in
understanding the effects on test materials during regeneration of
normal tissues, rather than assessing relative wound healing rates,
where more clinically relevant in vivomodels, for example infected
chronic wound models and models of compromised vascular
supply (e.g. ischemic flap) may be more suitable. Within the
granulation tissue, OFM-treated wounds demonstrated increased
vasculature compared to SIS-treated and untreated wounds. Cells
such as neutrophils, lymphocytes, eosinophils and MNGC have
previously been reported in association with dECM biomaterials,
a finding that is consistent with our own [29], and also consistent



Fig. 5. Histological examination of OFM-treated wounds. Wounds were biopsied on days 7, 14, and 42, formalin-fixed, sectioned and stained with Gomori’s trichrome stain
(red ¼ cytoplasm, green ¼ collagen, blue/black ¼ nuclei). Slides were imaged and stitched to create a whole wound image. Scale bar ¼ 2 mm. Higher magnifications are taken in the
area outlined. Scale bar ¼ 100 mm.
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with constructive remodeling of absorbable biomaterials [30].
Importantly, the inflammatory response observed in both OFM and
SIS groups returned to baseline by day 42, and histologically could
not be distinguished from untreated wounds. Results obtained
from the in vivo porcine model married with those obtained from
HUVEC migration/proliferation, aortic ring and CAM assay, and
collectively these results support the angiogenic properties of the
OFM biomaterial. That OFM stimulated the many processes leading
to a robust blood supply, including cell migration, proliferation and
vessel branching, suggests this biomaterial may prove to be effec-
tive in wounds with compromised blood supply, for example
chronic diabetic and venous ulcers.



Fig. 6. Quantification of blood vessels during dermal regeneration. A. Representative image of CD34-stained tissue section. B. A representative mask of the same CD34-stained
image generated using ImageJ and used to quantify the number of CD34-positve blood vessels. Scale bar ¼ 100 mm. C. The total number of CD34-positive vessels in four frames
taken from the regenerating dermal layer were quantified using IHC and digital methods. Each of the three treatment groups were sampled at the days indicated. Error bars
represent SEM (n ¼ 5). ‘**’ ¼ P < 0.01 significance relative to untreated control.
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The ability of OFM to stimulate endothelial cell migration,
proliferation and capillary formation is likely, at least in part, to be
due to the availability of soluble bioactive growth factors that exert
their effect either independently, or in concert. Related dECM
biomaterials are known to contain various bioactive growth factors
including transforming growth factor (TGF)-b [12,13], VEGF [10],
and FGF2 [11,13]. Studies have demonstrated that the availability of
bioactive growth factors in dECM-based biomaterials is dependent
on the processing methods [31], and it is known that the compo-
nent growth factors are relatively shelf-stable in a lyophilized form
[11]. OFM is known to contain bioactive FGF2 that stimulates
differentiation of PC12 cells in vitro [8]. FGF2 has been shown to
encourage vasculogenesis through activation of the renin-
angiotensin system [32], and via the recruitment of endothelial
progenitor cells [33]. Based on the composition of related dECM-
based materials such as SIS, and the close association between
stimulatory macromolecules and ECM in tissues, we would expect
that OFM would contain a diverse range of potentially stimulatory
components in addition to FGF2. For example, we have previously
shown that OFM contains HA [8], which is known to be hydrolyzed
in injured tissues leading to the production of lowmolecule weight
and highly bioactive oligomers [34]. HA oligomers stimulate
endothelial cell proliferation and migration, leading to blood vessel
development [34e36].

OFMwas shown to be degraded and remodeled in vivo, resulting
in organized tissues with an increased blood vessel density within
the granulation tissue. While this effect may be attributed to the
presence of stimulatory growth factors or glycosaminoglycans
present in the biomaterial, matricryptic peptides from the enzy-
matic remodeling of the biomaterial may also contribute to the
observed bioactivity. For example, degradation of dECM biomate-
rials results in low molecular weight peptides which stimulate
endothelial cell migration and proliferation [15,26], and chemo-
taxis of endothelial progenitor cells in vitro [14] and in vivo [37]. The
presence of endothelial progenitor cells leads to both angiogenesis
and vasculogenesis in regenerating tissue and improved wound
healing outcomes [38,39]. It is important to note that this study
identified vasculature within the porcine excisional wound model
and attributes this to angiogenesis however the contribution of
vasculogenesis to the results obtained cannot be ruled out.
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5. Conclusion

Using established quantitative methods, OFM was shown to
promote endothelial cell proliferation, migration and capillary
growth in vitro and increase blood vessel density in vivo. Further-
more, OFM performed better in vitro than SIS, OFM-X and PG and
in vivo demonstrated higher angiogenic potential than SIS. Given
the natural diversity of the molecular species encoded in the OFM
biomaterial, further studies are warranted to identify angiogenic
factors present in the material and dissect their bioactivity.
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