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Abstract
Decellularized extracellular matrix (dECM)–based biomaterials are of great clinical utility in soft tissue repair applications
due to their regenerative properties. Multi-layered dECM devices have been developed for clinical indications where
additional thickness and biomechanical performance are required. However, traditional approaches to the fabrication of
multi-layered dECM devices introduce additional laminating materials or chemical modifications of the dECM that may
impair the biological functionality of the material. Using an established dECM biomaterial, ovine forestomachmatrix, a novel
method for the fabrication of multi-layered dECM constructs has been developed, where layers are bonded via a physical
interlocking process without the need for additional bonding materials or detrimental chemical modification of the dECM.
The versatility of the interlocking process has been demonstrated by incorporating a layer of hyaluronic acid to create a
composite material with additional biological functionality. Interlocked composite devices including hyaluronic acid showed
improved in vitro bioactivity and moisture retention properties.
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Introduction

Decellularized extracellular matrix (dECM) bioscaffolds are
now used in all aspects of modern soft tissue repair and
regeneration, including the treatment of acute and chronic
wounds, plastic and reconstructive surgery and implant
procedures to reinforce and repair missing or damaged soft
tissue. dECM bioscaffolds are mimics of soft tissue ex-
tracellular matrix (ECM), retaining both the structure and
composition of tissue ECM.1,2 Allogenic and xenogeneic
dECM bioscaffolds from various source tissues have been
shown to provide a structural and biochemical framework
that supports cell growth, differentiation and proliferation,
with the scaffold being ultimately remodelled into regen-
erated soft tissue.3,4

Ovine forestomach matrix (OFM) is a dECM bioscaffold
prepared from decellularized propria submucosa isolated

from ovine forestomach tissue.5 Ovine forestomach matrix
retains the native collagen structure seen in normal tissue
ECM,6 as well as functional secondary molecules required
for cell adhesion, migration, proliferation and rapid de-
velopment of capillary networks.5,7–9 OFM has been used as
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a universal building block for the design of devices for soft
tissue repair, either as single layers of dECM (∼200 μm
thick), powders or multi-layered devices (up to∼3 mm thick)
10,11; and as a platform for further functionalization such as
antimicrobial dECM devices.12 OFM-based devices have
been adopted into regular clinical practice for the treatment of
acute and chronic wounds,13–17 reconstructive surgery18–21

and abdominal wall repair.22,23 Xenograft-derived dECM for
human soft tissue repair have been utilized for decades. One
of the most common xenograft source material is derived
from porcine tissues. Severe inflammatory reactions to
porcine tissue are well documented24,25 and further, there are
strict cultural and religious laws that ban the use of porcine
products, even for medical purpose.26 To date, there have
been no documented severe inflammatory reactions to ovine
tissue and no cultural or religious exclusions of note. Further,
the rumen of ovines is high vascularized, facilitates high cell
turnover and is a physically large organ to sustainably
maximize the use of this source tissue.27

In order to further expand the potential applications of
dECM bioscaffolds across the variety of soft tissue repair
procedures; multi-layered devices have been developed
whereby individual layers of dECM are physically lami-
nated to create thicker designs. A range of techniques have
been explored to laminate layers of dECM, including
dehydrothermal lamination via vacuum drying,28 lyophi-
lization,10 chemical cross-linking29–31 adhesives32 and
suture embroidery.10 The primary aim of these multi-
layered designs is to increase the device biomechanical
strength and physical properties to meet specific clinical
indications. Further, multi-layered dECM devices would
better facilitate healing by providing more useful layers for
the integration of migrating host cells for host response as
well as a greater number of bio-available key secondary
proteins and growth factors. For example, the design of
reinforced OFM devices incorporating embroidery to sew
single layers of OFM into thicker multi-layered constructs
using suture filament (e.g. polyglycolic acid, PGA) has been
previously reported.10 These thicker OFM-based biomate-
rials have improved uniaxial and biaxial strength, enabling
optimization of device biomechanical properties toward
specific clinical applications where single layer dECM ma-
terial would not be suitable, for example, hernioplasty .10

Driving principles in the development of dECM bio-
scaffolds are to limit or reduce any potential adverse in-
flammatory response to the material, retain important
secondary molecules that aid tissue regeneration, and ensure
the delicate native structure of the tissue ECM is not
damaged.33,34 As such, processing of these materials is
highly optimized to remove potentially inflammatory cell
components while maintaining the structure and important
bioactive secondary molecules present in tissue ECM.

Current methods of creating multi-layered dECM devices
often come at the expense of the biological properties. For
example, chemical crosslinking is effective in laminating
sheets of dECM. However, the inclusion of covalent mod-
ifications to the dECM reduces the biomechanical perfor-
mance of the resultant laminate,10,35 as well as negatively
impacting the inflammatory response.29,36 During normal
wound healing, circulating and resident macrophage cells
respond to tissue damage based on spatial cues in a tightly
controlled, time dependent manner.37 In acute wound heal-
ing, macrophage cells provide an initial pro-inflammatory
response, followed by a pro-wound healing and finally a pro
resolving response. Multiple in vivo studies have demon-
strated that cross-linked dECM scaffolds can lead to a
prolonged inflammatory response compared with non-
crosslinked materials; this may be due to the chemical and
structural modifications to native ECM proteins inducing a
foreign body response, preventing the normal transition from
inflammatory response to the wound healing and resolution
responses in macrophages and other inflammatory cells.38,39

The present study reports a novel physical method of
creating multi-layered dECM devices, without the need for
introducing additional components, modifying ECM bio-
chemistry or denaturation of the ECM structure. Cross-
linking of OFM was ruled out due to the well characterized
negative inflammatory response evoked by cross-linking
collagen-based biomaterials.40–42 In this way, dECM
structural and biological properties remain preserved to
promote cellular infiltration, proliferation and constructive
remodelling. The process described herein utilized a method
of physically interlocking OFM sheets, such that the re-
sultant devices retained the open porous dECM architecture,
native collagen organization, and tissue structures such as
residual vascular channels. Furthermore, the versatility of
the fabrication method also enabled the creation of com-
posite devices, exhibited through the incorporation of hy-
aluronic acid (HA) to provide additional biological
functionality without damaging modification to the dECM
structure, whilst retaining the biological properties of HA.
Hyaluronic acid is a natural and linear polysaccharide,
consisting of repetitive disaccharide units of D-glucuronic
acid and N-acetyl-D-glucosamine bound by β (1→3) and β
(1→4) glycosidic bonds. It is a major component of the
ECM and plays an important role in supporting cells during
the wound healing process,43,44 recognition by specific
surface receptors during healing process,45 collagen de-
position and angiogenesis.46 This represents a new tech-
nique for the fabrication of multi-layered dECM devices
with advantages of being non-damaging to the dECM bi-
ological and structural properties and enabling the inclusion
of additional biomolecules for tailored functionality and
biological response in soft tissue repair.
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Materials and methods

General

Lyophilized OFM material was produced from propria
submucosa of the ovine forestomach (rumen) extracted from
New Zealand animals <12 months old, according to pro-
prietary methods (Aroa Biosurgery Ltd, Auckland, New
Zealand) (Lun, Irvine et al. 2010). Hyaluronic acid sodium
salt (MW 1.0 MDa) (Glentham Life Sciences, Wiltshire,
United Kingdom) was used to produce a glycosaminoglycan
(GAG) foam (‘GAGF’) via a proprietary process, whereby
1.25% w/v HA was dispersed in reverse osmosis water
(ROH2O) and lyophilized for a total of 21 h. All mechanical
testing was conducted using a Shimadzu AGS-X universal
testing system (UTS). Unless otherwise stated, all test
samples were terminally sterilized using ethylene oxide (EO)
(BSN Medical; Auckland, New Zealand). Immortalised
keratinocyte cells47 (HaCaT) were cultured in Dulbeccós
modified Eaglés Medium (DMEM) (Gibco; 12,100–046)
supplemented with 5% FBS (Gibco; 10,091–148) and 1%
L-Glutamine–Penicillin–Streptomycin (Gibco; 10,378–016)
in a 5% CO2 atmosphere with 95% humidity at 37°C.
Statistical significance was calculated via t-test usingMinitab
software (Pennsylvania, United States).

Fabrication

Multi-layered OFM devices were manufactured via a
proprietary process using interlocking tabs (Aroa Bio-
surgery Ltd, Auckland, New Zealand). Briefly, a single
sheet of lyophilized OFM was pierced to cut an array of
small circular flaps in the material measuring approximately

2.5 mm ± 0.5 mm in diameter, termed ‘tabs’. Additional
layers of lyophilized OFM were perforated to produce an
array of piercings (∼0.7 mm diameter) in the material. The
tab cut OFM sheet and perforated OFM sheets were aligned
and tabs mechanically forced through the piercings,
physically interlocking the individual dECM layers together
(Figure 1). Tabs and associated perforations were spaced in
a grid approximately 3.5 mm apart. Layered devices
comprising three (3-layer, ‘OFM-3’) or five OFM layers (5-
layer, ‘OFM-5’) were prepared according to this method. A
composite design (‘CMP’) was also prepared using the
interlocking method by incorporating a single layer of
GAGF, to yield a configuration of; OFM-GAGF-OFM-
OFM (Figure 1(a)).

Atomic force microscopy

Terminally sterilized samples of OFM samples were imaged
using an Asylum Research Cypher ES atomic force mi-
croscope (AFM) (Oxford Instruments, Goleta, CA). The
samples were epoxied to mild steel pucks, followed by
sectioning by hand using a scalpel to expose the matrix
interior. The images were acquired in air, using tapping
mode with a Tap 300 probe (Budget Sensors, Sofia, Bul-
garia). The amplitude was tuned to 1 Vand the images were
acquired at a setpoint of 570 mV using a scan speed of 1 Hz
and a resolution of 512 points and lines. Height, phase and
amplitude were recorded, with an amplitude representing
the feedback channel. Presented height images have been
subjected to an XY planefit using the AR16 plugin in Ig-
orPro and 3D rendering of the images was performed using
the same software.

Figure 1. (a). Simplified cross-section schematic of a composite device (‘CMP’), comprising OFM (black) and a layer of HA (hashed).
Layers are interlocked via a ‘tab’ penetrating cross-sectionally through the layers. (b). Representative photograph of a hydrated layered
device fabricated using the interlocking fabrication process. OFM: Ovine forestomach matrix-3; CMP: composite samples.
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Dye perfusion

A solution of crystal violet (Sigma-Aldrich, St Louis, MO)
(0.1% w/v) was prepared in ROH2O, and membrane filtered
(0.22 μm), then further diluted 1:3 with glycerol (Thermo
Fisher Scientific, Waltham, MA). The working dye solution
was injected into the large residual vascular channels from
the mucosal side of hydrated OFM using an insulin syringe
(Becton Dickinson, Franklin Lakes, NJ). The dye solution
was gently and slowly perfused through the vessel then
imaged via IR-ADV C5550 scanner (Canon, Tokyo, Japan).
Images were adjusted for brightness and contrast using
ImageJ software (US National Institutes of Health, Be-
thesda, MD).

Micro-computed tomography

Representative OFM sub-samples measuring 5 mm x 8 mm
were vapour stained for 3 days above a 1% solution of
aqueous OsO4 (Sigma Aldrich). The samples were mounted
using 4.5 mm straws for imaging using a SKYSCAN 1272
micro-CT instrument (Bruker, Billerica, MA). Instrument
parameters used were as follows; X-ray voltage=54 kV;
beam current=200 mA; exposure time=4000 mS; camera
pixels=4904 × 3280 pixels; aluminium filter=0.25 μm.
Datasets were collected using 0.15° rotation step, 180°
rotation, 2 x frame averaging over a 3–5 h period per
sample. The micro-CT data were reconstructed to give
greyscale transaxial planes using InstaRecon software
(InstaRecon, Champaign, IL). DataViewer (Bruker, Bill-
erica, MA) software was then used to align and select a
small volume of interest (VOI). CTVox (Bruker, Billerica,
MA) software was used to visualize volumes in 3D.

Uniaxial

Test materials were cut using a dog bone die (ASTM D638
Type IV), providing samples with a width of 6 mm and
gauge length of 25 mm. The thickness of each sample was
measured using a digital thickness gauge (Insize, Spain) and
determined as the mean of three measurements along the
gauge length. Samples (n = 19) were then fully rehydrated
via immersion in room-temperature phosphate-buffered
saline (PBS) for 5 min prior to testing. Force (N) was
measured using a 100 N load cell and extension was
measured from crosshead displacement (25.4 mm/min).

Biaxial (ball burst)

Biaxial properties (‘burst strength’) were determined by
forcing a polished stainless-steel ball (25.400 ± 0.005 mm
diameter) through the sample, which was held in a clamping
system containing an orifice (44.450 ± 0.025 mm diameter)
per ASTMD3787-07. Samples (n = 19) were fully rehydrated

via immersion in room-temperature PBS for 5 min prior to
testing. Force was measured using a 2 kN load cell and
extension was measured from crosshead displacement
(305 mm/min).

Suture retention

Test materials were cut into 20 × 30 mm samples before a
0.35 mm nylon monofilament suture was threaded through
the test sample 10 mm from the short edge with a bite-depth
of 2 mm. The suture was tied off with a surgeon’s loop knot
to create a suture loop approximately 20 mm in diameter.
Samples (n = 19) were fully rehydrated via immersion in
room-temperature PBS for 5 min prior to testing. Samples
were oriented with the suture on top which was looped
around an aluminium hook fixture secured in the top clamp
before the bottom of the sample was fixed in the bottom
clamp, such that there was no pre-loaded stress/tension
placed on the point at which the suture was threaded
through the sample. Force was measured using a 100 N load
cell and extension was measured from crosshead dis-
placement (20 mm/min).

Molecular weight determination

The molecular weight of HA test samples was determined
via size exclusion chromatography with multi-angle light
scattering detection (SEC-MALS). Samples of GAGF be-
fore and after EO terminal sterilization were prepared at a
nominal concentration of 0.5 mg/mL in an aqueous mobile
phase buffer (30 mM phosphate buffer, 150 mM NaCl, pH
7.4). Samples of GAGF post EO exposure were taken from
CMP devices. Sample solutions were filtered through
13 mm, 0.45 μm nylon syringe filters prior to SEC analysis.
Injections (200 μL) were made in duplicate to a PL
Aquagel-OH mixed-H columns (Agilent, Santa Clara, CA)
fitted with a guard column. Samples were eluted using a
mobile phase buffer at a flow rate of 0.5 mL/min, a column
temperature of 40°C, a refractive index (RI) detector of
30°C and a run time of 60 min. Chromatograms were
monitored using a HELEOS II multi-angle light scattering
detector and Optilab T-rEX refractive index detector (Wyatt
Technology, Santa Barbara, CA). Two injections per sample
were performed. The specific refractive index increment
(dn/dc) was measured for HA sodium salt (0.1454 ±
0.0026 mL/g) and applied to all other samples during
molecular weight calculation.

Capillary viscometry

Capillary viscometry was conducted using an Ubbelohde
viscometer (Size 1B) with a nominal viscometer constant of
0.05 mm2/s,2 in a water bath maintained at 30 ± 1°C.
Samples of GAGF before and after EO terminal sterilization
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were dissolved at a concentration of 1 mg/mL in 0.2 M

aqueous NaCl solvent for 1 h prior to dilution to test
concentrations (1.0–0.2 mg/mL). All samples were incu-
bated at test temperature for at least 20 min before testing in
duplicate. Flow times were analysed to determine intrinsic
viscosity by extrapolating the plot of reduced viscosity
versus concentration, and inherent viscosity versus con-
centration, to zero as follows (equations (1–3))

Reduced Viscosity ¼ ηred ¼
t � ts=ts

C
(1)

Inherent Viscosity ¼ ηinh ¼
lnðt=tsÞ

C
(2)

Intrinsic Viscosity ¼ ½η� ¼ ðηredÞC→ 0 ¼ ðηinhÞC→ 0 (3)

Where t is the sample efflux time, ts is the 0.2 M aqueous
NaCl solvent control efflux time and C is concentration.

Moisture content

The moisture content of test samples was determined via
Karl Fischer titration using an EasyPlus Moisture Analyzer
(Mettler-Toledo AG, Switzerland), per AOAC 984.20
‘Moisture in Oils and Fats, Karl Fischer method’. Ap-
proximately 50 mg of sample were used per repeat mea-
surement and samples were tested in duplicate. Sample
moisture content was determined on a mass basis (%w/w).
The theoretical moisture content of the CMP sample could
be approximated using a simple rule of mixtures equation as
follows ( equation (4))

%MCCMP ¼ VOFM%MCOFM þ VGAGF%MCGAGF (4)

Where %MC is the percentage moisture content (%w/w) as
derived from Karl Fischer titration, V is the volume fraction
and the subscript denotes the sample and sample compo-
nent. The volume fraction of CMP devices was calculated
by recording the mass of a sample, then carefully separating
the layers and recording the mass of the OFM layers (as one
component) and the GAGF layer separately. The mass
conversion to %w/w was calculated as follows (equation (5))

% mass of CMP sample component ð%w=wÞ

¼
�

mass of component ðmgÞ
mass of CMP sample ðmgÞ

�
× 100

(5)

Moisture retention

Test samples (50 × 50 mm) of OFM-3 and CMP devices
were weighed and rehydrated via immersion for 10 min in
room temperature PBS before being weighed again.

Samples (n = 6) were then placed in a petri dish and in-
cubated at 37°C. Sample mass was recorded periodically up
to 80 h, and the loss of moisture was determined as a
function of time as follows (equation (6))

Moisture Mass ð%Þ ¼ 100�
�
Wi �Wt

Wi
× 100

�
(6)

Where wi is the initial mass of the petri dish and rehydrated
sample before incubation and wt is the mass of petri dish and
rehydrated sample at time t. If wt became less than wi at any
point, the remaining percentage ofmoisture was taken as zero.

In vitro cell migration assay

The migration rates of human-derived immortalised
HaCaT cells were assessed by the scratch assay method,
according to the method of D’Agostino et al.48 HaCaTs
were seeded at 1 × 105 cells/well on poly-L-lysine coated
96-well plates and incubated for 48 h at 37°C and 5% CO2

to 90% confluency in DMEM supplemented with 2% FBS.
A ∼1 mm scratch running through the middle of each well
was created in the monolayer using a 100 μL pipette tip and
cell monolayers were washed once with DMEM media
(100 μL) to remove cellular debris. Test articles were cut to
2.5 × 2.5 cm samples and extracted in DMEM (4 mL) for
24 h at 37°C with gentle shaking (100 r/min). The test
extracts were diluted 1:1 in DMEM with 1% FBS serum
(Gibco; 10,091–148), to give a final concentration of 0.5%
FBS in each extract. A media-only control (DMEM +0.5%
FBS), and a positive control of DMEM +10% FBS were
included in all assays. Test articles (100 μL) and controls
(n = 6) were added to scratched monolayers, and the cultures
imaged at 0 and 24 h using an IX51 inverted microscope
(Olympus, Tokyo, Japan) fitted with a Sony NEX camera
(Sony). One frame was captured per well, such that the
scratch aligned vertically in the image and perpendicularly
at the centre of the well. Infill of the scratch was determined by
comparing the total area of the scratched cell monolayer
(pixels) at 0 h and after 24 h incubation. The area of the scratch
at 24 h after treatmentwasmeasured using ImageJ software and
migration expressed as a percentage relative to the area at 0 h.

In vitro cell proliferation assay

Immortalised keratinocyte cells were seeded onto poly-L-
lysine coated 96-well plates at 10,000 cells/well (100 μL per
well) and incubated for 48 h at 37°C and 5% CO2 to 50%
confluency in DMEM supplemented with 2% FBS. Test
articles were cut to 2.5 × 2.5 cm samples and extracted
in DMEM (4 mL) for 24 h at 37°C with gentle shaking
(100 r/min). The test extracts were diluted 1:1 in DMEM
with 1% FBS serum (Gibco; 10,091–148), to give a final
concentration of 0.5% FBS in each extract. A media-only
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control (DMEM + 0.5% FBS), and a positive control of
DMEM +10% FBS were included in all assays. Test article
extracts (100 μL) and controls (n = 6) were added to wells
and incubated for 48 h. Test extract/control media was
removed from each well before the addition of MTT so-
lution (100 μL of 0.5 mg/mL prepared in PBS) and plates
were incubated for 2 h at 37°C. Wells were aspirated and
cells lysed by addition of 150 μL of lysis buffer (1:1 DMSO:
Isopropanol) and incubation for 10 min at room tempera-
ture. Lysed well contents were briefly mixed and 100 μL
transferred to new 96 well plates for absorbance quantifi-
cation at 570 nm using a FLUOstar Omega plate reader
(BMG Labtech, Ortenberg, Germany). Cell proliferation
was expressed as a percentage relative to the media only
control.

Results

Retention of extracellular matrix structure and
residual vascular channels

Lyophilized and terminally sterilized (EO) OFM sheets
were assessed via AFM to characterize the collagen fibres
architecture (Figure 2). Collagen fibres on the abluminal
face of OFM were readily apparent under AFM, with
distinct striations spaced regularly along each fibril, a
structural characteristic of native (i.e. non-denatured or
reconstituted) collagen. Dye perfusion (Figure 3(a)) en-
abled visualization of the residual vascular channels
present in OFM, including fine microvasculature. Mi-
croCT enabled more detailed examination of these
structural features as well as the matrix architecture itself
(Figure 3(b)), visualizing the ECM as an open porous
matrix with heterogenous fibre diameters and pore sizes,
consistent with native ECM. Residual vascular channels

measuring ∼0.1–1.0 mm in diameter were observed run-
ning through the luminal surface of the ECM. As shown in
Figure 3(b), while some of the channels were flattened by
compression, the tubular structures remained otherwise
intact.

Mechanical characterization

The mechanical performance of test samples was charac-
terized through uniaxial, biaxial (ball burst) and suture
retention testing (Table 1). As expected, the maximum
uniaxial load at failure increased proportionally with the
number of OFM layers in the sample, with five-layered
OFM-5 devices, and three-layered OFM-3 samples having
an average maximum load value of 17.62 ± 7.08 N, and
12.02 ± 4.72 N, respectively. Similarly, burst strength
(biaxial breaking force) and suture retention strength in-
creased with the number of OFM layers when comparing
OFM-5 devices with OFM-3 devices, whilst elastic mod-
ulus was not significantly different between the two device
compositions.

The impact from the inclusion of the HA foam was also
assessed via comparing the relative biophysical perfor-
mance of CMP and OFM-3 devices, as both devices
comprise three OFM layers. In this comparison, uniaxial
strength, burst strength, suture retention strength and
elastic modulus were reduced in CMP devices relative to
non-HA containing OFM-3 devices (Table 1). Represen-
tative stress (%) vs strain (MPa) curves are provided in
Figure 4.

Molecular weight and viscosity analysis

The molecular weight of HA in GAGF samples before
and after EO terminal sterilization was determined via

Figure 2. Visualization of OFM by atomic force microscopy. (a). 3D representation of the topography of intact collagen fibrils in the
OFM material, and (b). An AFM amplitude image from the same area. OFM: Ovine forestomach matrix
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SEC-MALS analysis. Post EO GAGF samples were taken
from finished CMP devices. Weight average molecular
weight (Mw), number average molecular weight (Mn) and
polydispersity (Mw/Mn) are presented in Table 2. Exposure
of the GAGF to EO sterilization resulted in an approximately
40% reduction in the weight average molecular weight of the
HA.

Observed changes in the HA molecular weight were
confirmed via capillary viscometry analysis of HA before

and after EO exposure (Figure 5). The intrinsic viscosity (η)
of HA in terminally sterile CMP samples was determined as
7.71 ± 0.07 dL/g, while the intrinsic viscosity of HA prior to
EO exposure was 12.06 ± 0.33 dL/g (Table 2).

Moisture content and retention

The moisture content (%MC) of OFM, GAGF and CMP
samples was determined through Karl-Fischer titration,
demonstrating individual device components (OFM and
GAGF) differ in %MC with the CMP sample (Table 3). The
higher moisture content of GAGF and CMP devices was
attributed to the highly hygroscopic nature of HA. A 2-
sample t-test analysis of OFM and GAGF components
compared with the CMP sample produced p-values of <
.001. However, by applying the rule of mixtures (typically
used for modulus determination in fibre reinforced com-
posite materials), it is evident that the moisture content of

Figure 3. Representative image of residual vascular channels imaged via (a). Dye perfusion (scale bar = 10 mm) and (b). MicroCT (scale
bar = 100 μm). White dotted outline indicates residual vascular channel imaged via microCT.

Table 1. Summary of biophysical properties of samples.

OFM-3 OFM-5 CMP

Uniaxial
Load at failure (N) 12.02 ±

4.72
17.62 ±
7.08

10.05 ± 3.04

Tensile strength
(MPa)

1.87 ± 0.73 1.66 ± 0.62 1.21 ± 0.36*

Strain at break (%) 41.49 ±
10.04

39.69 ±
16.84

32.73 ±
10.54*

Elastic modulus
(MPa)

8.05 ± 3.11 7.06 ± 2.78 6.06 ± 2.19*

Biaxial
Breaking force (N) 148.54 ±

29.02
254.56 ±
42.79

111.45 ±
29.89*

Max. Displacement
(mm)

29.88 ±
1.57

30.17 ±
1.16

22.44 ±
1.26*

Suture retention
Max. Force (N) 10.91 ±

2.66
15.54 ±
2.37

5.28 ± 1.65*

Values represent mean and error represent the standard deviation of n =
19 replicate samples; *p < .05 via 2-sample t-test compared with OFM-3.
OFM: Ovine forestomach matrix; CMP: composite samples.

Figure 4. Representative stress (%) vs strain (MPa) curves for
OFM-3, OFM-5 and CMP devices.
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the CMP sample is a product of both components (OFM and
GAGF). The average volume fraction of OFM and GAGF
components in a CMP sample were 0.68 and 0.32, re-
spectively. Using the derived %MC data for the OFM and
GAGF components the theoretical CMP sample %MC
according to the rule of mixtures equalled 16.84%,
equivalent to the experimentally derived %MC value for
CMP samples (16.81%).

The mass of rehydrated OFM-3 and CMP samples was
measured over time following incubation at 37°C and the
percentage moisture remaining in the sample as a function
of time determined (Figure 6). Moisture loss was linear over
the time course, indicated by linear regression R2 values of
0.84 (OFM-3) and 0.97 (CMP). OFM-3 samples showed
complete moisture loss by approximately 40 h, while CMP
samples containing the GAGF layer retained moisture to
approximately 80 h (Figure 6).

Keratinocyte migration and proliferation

Terminally sterilized samples of OFM-3, GAGF and CMP
devices were extracted in cell culture media to assess their
impact on keratinocyte migration and proliferation in vitro.
Keratinocyte monolayers treated with CMP or GAGF ex-
tracts demonstrated a statistically significant (p < .0001)
increase in scratch closure (69 ± 13% and 85 ± 17%, re-
spectively) compared to media-only controls and OFM-3
treated monolayers (36 ± 11%) (Figure 7).

Keratinocytes treated with OFM, CMP or GAGF ex-
tracts demonstrated statistically significant (p = .0001 and
p < .0001) increases in keratinocyte proliferation (139 ±
56%, 158 ± 53% and 183 ± 57%, respectively) compared to
media-only controls. The addition of HA to the OFM-3
sample gave a statistically significant increase in prolifer-
ation (p < .01), as expected due to the known proliferative
bioactivity of HA (Figure 8).

Discussion

A key philosophy driving the design of modern dECM
biomaterials is maximizing retention of native tissue ECM
structure, biology and hence function. Previous studies
demonstrate that the structure of OFM is consistent with that
of native tissue ECM, as determined via differential scan-
ning calorimetry (DSC),6 scanning electron microscopy
(SEM),5,6 histology,5 Sirius Red staining6 and small-angle

Table 2. Molecular weight and polydispersity of hyaluronic acid in ethylene oxide terminally sterilized GAGF (taken from a CMP
sample) (‘Post-EO’), and GAGF prior to ethylene oxide terminal sterilization (‘Pre-EO’).

GAGF
Condition

Weight average molecular weight
Mw (kDa)

Number average molecular weight
Mn (kDa)

Polydispersity Mw/
Mn

Intrinsic viscosity (η)
(mL/g)

Pre-EO 1070 ± 7 788 ± 1 1.4 ± 0.1 12.06 ± 0.33
Post-EO 656 ± 1 411 ± 2 1.6 ± 0.1 7.71 ± 0.07

Values represent average and standard deviations from duplicate samples; EO: ethylene oxide; Mn: average molecular weight; Mw: average polydispersity

Figure 5. Viscosity determination of HA in GAGF samples (taken from CMP devices) before (a) and after (b) ethylene oxide terminal
sterilization. Reduced viscosity (solid markers) and inherent viscosity (open markers). GAGF: glycosaminoglycan foam; CMP:
composite samples.

Table 3. Moisture content of components (OFM-3 and GAGF)
CMP.

OFM GAGF CMP

Moisture content
(%w/w)

15.92 ± 1.46 18.79 ± 1.28 16.81 ± 0.96

Values represent average and errors represent the standard deviation of;
OFM, n = 60; GAGF, n = 19; CMP, n = 19 replicate samples.
OFM: Ovine forestomach matrix; GAGF: glycosaminoglycan foam; CMP:
composite samples.
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X-ray scattering (SAXS).6,10 OFM has also previously been
shown to have a total GAG concentration of 0.74 ± 0.01 mg/
g with a diffuse distribution throughout the ECM, thus
highlighting the preservation of the natural ECM .5 The
current analysis utilized AFM to characterize the collagen
fibre striations and periodicity, and microCT to visualize the
matrix architecture including residual vascular channels.
The AFM analysis further verified the native collagen fibre
architecture of OFM, consistent with the results of previous
DSC and SAXS analyses.6,10 Via microCT, the OFM bi-
oscaffold appeared as a complex matrix of irregularly sized
fibrous proteins forming a network of open heterogeneous
pores, characteristic of tissue ECM.49 Both microCT and
dye perfusion enabled visualization of the residual vascular
channels running through OFM. The ovine forestomach is a
uniquely vascular tissue that has evolved to be the primary
means of nutrient absorption for ruminants. As such, the
forestomach tissue is highly vascular with a high density of
capillaries and associated microvascular networks relative
to other tissues.50 Additionally, the capillaries of ovine
forestomach are fenestrated with pores to facilitate the
absorptive functions of the rumen.27 The process of OFM
decellularization is designed to selectively remove ovine
cells, including endothelial cells, while retaining the
structure and composition of the ECM. Recellularization
studies demonstrate that dECM scaffolds repopulate in an
organized fashion, with the dECM providing localized cues
to guide repopulation.51 For example, endothelial cells have
been shown to preferentially line remnant vessels in de-
cellularized heart tissue.52 With the vascular network and
associated endothelial basement membrane of OFM pre-
served,5 it is hypothesized that during the repair process the
residual vascular channels serve as a template for the pa-
tients’ endothelial cells to enable rapid repopulation and

revascularization of the OFM grafts.53–55 The process of
endothelial repopulation is aided by endothelial basement
components including collagen IV, laminin, as well as
specialist basement membrane components, for example
perlecan.8 Perlecan is a basement membrane specific hep-
aran sulphate proteoglycan which binds multiple growth
factors and other ECM proteins, with multiple functional
roles including angiogenesis.56 The term ‘angioconduction’
has previously been used to describe the phenomenon of
vascular templating seen by bone grafts,57,58 and draws
parallels to ‘osteoconduction’, whereby the physical
architecture of bone scaffolds direct osteogenesis.59 An-
gioconduction describes a similar process where the
physical structure of a material directs and promotes
angiogenesis.57,58,60,61 Angioconduction may be demon-
strated using the chicken chorioallantoic membrane (CAM)61

assay. Our previous work using this assay showed the an-
gioconductive properties of OFM resulting from the residual
vascular channels (Figure 3). This phenomenon has been
shown to lead to greater capillary density and vascularity
in vivo .7

The interlock fabrication process described herein rep-
resents a novel alternative to the approaches traditionally
used to fabricate multi-layered dECM devices. The current
approach was envisaged to create dECM grafts for non-load
bearing applications, for example, dermal reconstruction,
periosteal wraps and hemostats. This multi-layered fabri-
cation approach offers some clear advantages to existing
methods, namely, the absence any foreign materials (e.g.
chemical crosslinking agents or adhesives); creation of open
pores, interstices and channels through the device material
to support rapid cell infiltration; and flexibility in thickness
and composition allowing a diversity of device designs
tailored to specific clinical applications. Certain dECM

Figure 6. Moisture retention of OFM-3 and CMP samples as a function of time at 37°C. Six replicates per sample, per time point. Lines
represent linear regression (CMP R2 = 0.97; OFM-3 R2 = 0.84). OFM: Ovine forestomach matrix-3; CMP: composite samples. OFM:
Ovine forestomach matrix-3; CMP: composite samples.
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grafts suffer from poor cell infiltration kinetics, typically
due to the density of the matrix that may hinder cell mi-
gration and vascularization. This is particularly apparent in
thicker and less permeable dECM devices where the re-
duced rates of recellularization leave acellular zones within
the implanted grafts.11 The kinetics of cell infiltration can be
increased via engineered perforations to the dECM, en-
abling cells to more rapidly absorb into, and migrate
through the graft, a feature that has been shown clinically in
soft tissue and abdominal wall reconstructions.11,19,62 The
interlocking process introduced open pores that transect
the OFM layers increasing the effective surface area of the
device. Additionally, the interlocking process and the re-
sultant approximation of opposing OFM layers form
channels or openings between layers that further enable the
lateral spread of cells.

Samples prepared by the interlock process had a reduced
strength (uniaxial ∼10–20 N; burst strength ∼100–300 N)
compared to OFM-based devices embroidered with PGA
suture material (uniaxial∼10–60 N; burst strength∼200–
1000 N).10 This is attributed to the high tensile strength and
modulus of braided PGA suture which the load is imparted
onto during testing of embroidered devices. Importantly
though, the suture retention strengths of interlock samples
(OFM-5; 15.54 ± 2.37 N) compared well to embroidered
devices (6-ply laminate, 4–0 suture sewn; 13.33 ± 1.22N),10

and are therefore expected to resist suture pull-out once
fastened to the soft tissue defect. An unexpected advantage
of the interlock process and the resultant devices was the
relative decrease in elastic modulus of samples. Interlocked
samples had a modulus of elasticity of <10 MPa, while
OFM devices embroidered with PGA suture material,

Figure 7. In vitro human keratinocyte migration. Representative images of scratched mono-layers at t = 0 h and t = 24 h for the test
samples, media only (a), DMEM +10% serum (b), OFM-3 (c), HA (d), and CMP (e), (f) Quantification of average percent epithelial
migration. Error bars represent standard deviation from triplicate independent experiments with n = 6 sample replicates per
experiment. ****, p < .0001; ns = not significant. DMEM: Dulbeccós modified Eaglés Medium; OFM: Ovine forestomach matrix-3; CMP:
composite samples.
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laminated using adhesives or chemical crosslinks have a
reported modulus of elasticity of >30 MPa.10 This increase
in elasticity (reduction in modulus) may be attributed to the
relatively open structure of samples prepared by the in-
terlock method, whereby opposing layers are not bonded
continuously across all surfaces, but rather are held in place
via the tabs at 3.5 mm intervals. This enables sheets to move
relatively independently of one another when under load.

The interlocking process enables the incorporation of ad-
ditional layers of materials to provide additional functionality
that can be used to create composite dECM-based devices for
specific clinical applications. In the example provided, HA, as a
single layer of foam was included to create a composite device.
HAwas chosen for this exemplification based on its established
biology in relation to dermal regeneration. A naturally occurring
biomolecule present in the ECM, and OFM,5 HA has various
roles in soft tissue repair processes including angiogenesis, cell
migration and moisture retention.63–66 The angiogenic prop-
erties of smaller MW HA fragments (<600 kDa) are well
described in the literature,67,68 and affect accelerated wound
healing.69 Hodgkinson and Bayat described the addition of HA
to a synthetic graft to stimulate keratinocyte migration and
increase wound closure rates.70 HA is extremely hydrophilic
and can sequester ∼1000 times its weight in water to form a
hydrogel material, providing that the entanglement density is
sufficient for gelation.71 Given its prominent role in soft tissue
repair mechanisms HA has been included in a large number of
cutaneous wound repair products.72

In vivo, high molecular weight (HMW) HA (>1000 kDa)
is present in tissue during homoeostasis and turns over at a
high rate via degradation to smaller fragments including

medium molecular weight (MMW) (250–1000 kDa), low
molecular weight (LMW) (10–250 kDa) and oligo-HA
(0.01–10 kDa). At different stages of wound healing, HA
is present in a polydisperse state of different molecular
masses, the ratios of this pool of HA fragments will differ
giving distinct but overlapping cellular responses. Gener-
ally, HMW HA directs the control of inflammation and
maintenance of tissue integrity while oligo-HAs induce
inflammatory responses, angiogenesis, elastin synthesis and
keratinocyte proliferation and migration.69,73 LMW and
MMW have biological roles that overlap the two ends of
this spectrum and include increases in ECM deposition and
cell differentiation.74 This work indicates that EO steriliza-
tion lowers the average MWof the HA in the foam; however,
the dispersity indicates that the foam contains both high and
low MW fragments, both of which facilitate wound healing
processes in an overlapping and complementary manner.
Importantly, by retaining high MW HA-sterilized composite
devices in situ can act as a reservoir, providing a cache of HA
for metabolism into functional products for tissue repair
processes as directed by cellular and enzymatic activities.

The uniaxial strength (Load at Failure) of the HA-
containing samples (‘CMP’) were equivalent to OFM-3
(Table 1), while the tensile strength, strain at break and
elastic modulus were reduced due to the increase in sample
cross-sectional area as a result of the HA foam layer. Ad-
ditionally, the biaxial break force (N) and suture retention
force (N) were reduced following the addition of the HA
layer to OFM-3 samples (Table 1). CMP devices demon-
strated clinically relevant properties in resisting suture pull
out, with all CMP device results above the recommended
suture retention strength of 2 N.75

Due to HA’s high affinity for water, it was hypothesized
that composite devices would retain moisture for greater
time periods compared to interlocked samples prepared
from OFM material alone. Moisture retention of dECM
grafts is an important design aspect for soft tissue recon-
struction as the ability for a graft to maintain a moist wound
environment promotes cell migration, reduces scarring and
fibrosis, and improves angiogenesis.76 In vitro testing herein
was intended to reflect a ‘worst case’ scenario, with no
moisture added to the test sample after initial hydration. As
expected, the addition of the HA layer to the CMP samples
improved the device moisture retention properties, ap-
proximately doubling the time to complete moisture loss of
the device (Figure 6).

In vitro testing demonstrated that inclusion of HA into
CMP devices induced changes in the biological response to
the device, as measured through cellular migration and
proliferation of keratinocytes. Cutaneous wound healing in-
volves haemostasis, inflammation, granulation, reepitheliali-
sation, and contraction/tissue remodelling.77 In dermal wound
healing, reepithelialisation involves the migration and prolif-
eration of keratinocytes to cover and replace the epithelial layer

Figure 8. In vitro human keratinocyte proliferation.
Quantification of average percent change in proliferation,
relative to the media-only control. Error bars represent standard
deviation from triplicate independent experiments with n = 6
sample replicates per experiment. ***, p = .0001; ****, p < .0001
relative to the media only control; **, p < .01 CMP sample versus
OFM-3 sample. OFM: Ovine forestomach matrix-3; CMP:
composite samples.
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above the remodelling tissue of the wound. In addition to
forming the keratin layer of dermal tissue, keratinocytes have
several other critical roles in wound healing.78 In human skin,
keratinocytes are formed in the stratum basale and migrate
vertically until reaching the superficial stratum corneum to be
shed. It is hypothesized, that multi-layer dECM fabricated with
sufficient channels for cell migration would allow for better
cell migration both laterally and vertically. Synthetic, crossed-
linked and vacuum-baked methods inherently are not con-
ducive for the migration of cells due to the nature of the
layering process. Keratinocytes recruit, stimulate, and coor-
dinate the actions of multiple cell types involved in healing and
recapitulate the epidermal barrier layer of the skin.77 Kerati-
nocytes release pre-stored interleukin 1 (IL-1) in response to
the disruption of the epidermal barrier, which acts as both an
autocrine and paracrine signal that mobilizes surrounding cells
to aid in healing.79 Keratinocytes also secrete angiogenic
growth factors, such as vascular endothelial growth factor
(VEGF) and platelet-derived growth factor (PDGF),80 which
induce endothelial cell migration and angiogenesis in the
wound bed,81 and, in the case of PDGF, promote fibroblast
proliferation and production of extracellular matrix.79 Due to
these functions, proteins and glycosaminoglycans which
stimulate the migration and proliferation of keratinocytes are
likely to improve wound healing outcomes in patients. Further
in vivo studies are ongoing to assess the impact of CMP
devices on wound closure rates and validate the observed
in vitro impact on keratinocyte migration and proliferation.
Additionally, further testing is recommended to evaluate
if this novel method of creating multi-layered dECM
would be applicable and effective using other xenograft
source material as well as human-derived allograft mate-
rials. Only OFM-based devices were evaluated in this study
and further study would need to be conducted to determine
if the purposed method of creating multi-layer dECM device
would be effective when using various source materials
for dECM.

Conclusions

This study demonstrates that multi-layered dECM de-
vices with clinically useful compositional and biome-
chanical properties may be fabricated without the
inclusion of additional bonding materials or ECM
modifying treatments that compromise regenerative po-
tential. Furthermore, this work shows that incorporation
of supplementary material layers into interlocked OFM
devices can be employed to enhance the device func-
tionality. Such devices with unimpaired regenerative
potential of native ECM and capacity for finely tuned
functional properties are of promising utility in tissue
repair applications.
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