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Decellularized extracellular matrix (dECM) products are widely established for soft tissue repair, reconstruction, and
reinforcement. These regenerative biomaterials mimic native tissue ECM with respect to structure and biology and
are produced from a range of tissue sources and species. Optimal source tissue processing requires a balance between
removal of cellular material and the preservation of structural and biological properties of tissue ECM. Despite the
widespread clinical use of dECM products there is a lack of comparative information on these products. This study
provides a comparative analysis of 12 commercially available dECM products. One group of products consisted of
materials intended for dermal repair including ovine forestomach matrix (OFMm), porcine peritoneum (PPN), por-
cine placenta (PPC), and porcine small intestinal submucosa (SISu). The second group, intended for load-bearing
reconstruction, consisted of material derived from ovine forestomach matrix (OFMo), porcine urinary bladder matrix
(UBM), porcine small intestinal submucosa (SISb and SISz), human dermis (ADM), porcine dermis (PADM), and
fetal/neonatal bovine dermis (BADM). A minimally processed product consisting of human placental tissue was
included as a control. Products were compared histologically and by agarose gel electrophoreses to assess structural
features and decellularization. Structurally, some dECM products showed a well-preserved collagen architecture with
a broad porosity distribution, whereas others showed a significantly altered structure compared with native tissue.
Decellularization varied across the products. Some materials surveyed (OFMm, PPN, PPC, OFMo, UBM, SISz,
ADM, PADM, and BADM) were essentially devoid of nuclear bodies (mean count of <5 cells per high-powered field
[HPF]), whereas others (SISu and SISb) demonstrated an abundance of nuclear bodies (>50 cells per HPF).
Pathology assessment of the products demonstrated that OFMm, OFMo, and PADM had the highest qualitative
assessment score for collagen fiber orientation and arrangement, matrix porosity, decellularization efficiency, and
residual vascular channels scoring 10.5+0.8, 12.8+ 1.0, and 9.7 £ 0.7 out of a maximum total score of 16, respec-
tively. This analysis of commercially available dECM products in terms of their structure and cellularity includes 12
different commercial materials. The findings highlight the variability of the products in terms of matrix structure and
the efficacy of decellularization.

Keywords: ovine forestomach matrix, tissue repair, plastics and reconstructive surgery, extracellular matrix,
bioscaffold
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The comparative analysis of 12 commercially available decellularized extracellular matrix (dECM) products reveals a spec-
trum of structural integrity and decellularization efficacy crucial for soft tissue repair and reconstruction. Although some
dECM materials exhibit well-preserved collagen architecture and minimal cellularity, others display significant alterations
and residual cellular components. Notably, products derived from ovine forestomach matrix, porcine peritoneum, and porcine
placenta demonstrate optimal decellularization and structural fidelity, promising improved clinical outcomes. This study
underscores the imperative for comprehensive assessments of dECM products, shedding light on their variable quality and
potential implications for tissue regeneration. Such insights lay the groundwork for informed clinical decision-making and

advancements in regenerative medicine.

Introduction

S oft tissue loss resulting from trauma, surgical interven-
tion, or disease presents a continuing challenge in modern
surgery, requiring reconstruction, regeneration, or reinforce-
ment.'2 Primary closure or free, regional, and local tissue
flaps are still considered the gold standard for reconstruction.’
However, in instances where available tissue is limited, or
less complex procedures are preferred, engineered bioscaf-
folds fill an immediate surgical need. Bioscaffolds represent
the intersection of regenerative medicine, tissue engineering,
and biomaterials science and aim to restore tissue function
and improve patient outcomes by providing ready-to-use
devices that can be deployed across a range of soft tissue
reconstruction procedures. Bioscaffolds are now routinely
used across a range of soft tissue reconstruction procedures,
being applied both topically (e.g., partial and full thickness
cutaneous wounds) and as implants (e.g., ventral hernia
repair) to reinforce soft tissues in load-bearing applications.
The last two decades have seen a rise in the number of com-
mercially available regenerative bioscaffolds available for
soft tissue repair and regeneration.* Structurally, these prod-
ucts act as a temporary scaffold to assist the healing process
by scaffolding cellular infiltration, migration and prolifera-
tion while providing protection and reinforcement until the
bioscaffold is ultimately assimilated into the regenerating
tissues.’

In living tissue, the extracellular matrix (ECM) guides
growth, maintains homeostasis and promotes repair after
damage.® Tissue ECM is composed of a dynamic environ-
ment undergoing structural and biochemical modifications
in a process known as “dynamic reciprocity.”” As a novel
approach to the preparation of bioscaffolds, decellularized
ECMs (dECM), first posited by Badylak and colleagues in
1995,8 make use of isolated tissue ECM as a bioactive scaf-
fold for soft tissue repair procedures. The creation of dECMs
involves removal of cells and cellular debris from a source tis-
sue while preserving the structure and biology of the tissue
ECM. Tissue decellularization yields a natural, biocompatible
bioscaffold that is imbued with regenerative properties,
including native architecture and biology, in the form of natu-
rally occurring ECM components such as glycosaminoglycans
and growth factors. This “top-down” approach to bioscaffold
preparation contrasts with the bottom-up approach to synthetic
bioscaffolds.

Commercially available JECM bioscaffolds are manufac-
tured from various tissue sources including porcine small
intestine, porcine urinary bladder, ovine forestomach, and

human, bovine, and porcine dermis.? The manufacture of
dECM-based devices is a careful balance between effective
decellularization and retention of tissue ECM structure and
biology. Effective removal of cells and cellular debris
reduces the risk of an immune response.!®!! Decellulariza-
tion reagents (e.g., detergents, chelating agents), method of
sterilization (e.g., radiative, ethylene oxide), and lyophiliza-
tion methods are all known to impact the quality of the
resulting dECM.'2 The choice of source tissue and age of the
donor also plays a role in the structural and biological prop-
erties of the dECM.!? For example, donor tissue age has
been shown to influence degradation kinetics, thermal stabil-
ity, and cell binding.!3-13

Commercially available dECM devices are widely utilized
across a range of in-patient and out-patient procedures, includ-
ing peridontal, vascular, orthopedic, general, plastic, and recon-
structive surgery, and for burns and wound care. !6-18

The test articles in this study are derived from a variety of
sources including ovine forestomach matrix (OFMm and
OFMo), porcine peritoneum (PPN), porcine placenta (PPC),
porcine small intestinal submucosa (SISu, SISb, and SISz),
human dermis (ADM), porcine dermis (PADM), and bovine
neonatal dermis (BADM). All the materials in the study are
noncrosslinked; however, OFMo, SISb, and SISz contain addi-
tional polymers (see Table 1). Different dECM bioscaffolds
such as UBM, OFM, or SIS are available in different formats,
designed for specific applications, and leading to various com-
mercial products derived from the same dECM technology.
SIS-based materials were the earliest dECMs to be commer-
cialized, thus a wealth of scientific and clinical literature sits
behind this technology'®2? with the pioneering study being
published in 1989.2* OFM has been widely reported in the sci-
entific and clinical literature.?>~3? Scientific papers describing
this technology have reported the composition,3! bioactivity,>?
and structural “nativity” of the dECM in relation to unpro-
cessed tissue.?> Scientific literature around porcine urinary
bladder matrix (UBM) is also abundant, with a particular focus
on the composition, with a comprehensive proteomic analysis
of UBM presented in 2017.3* ADM materials (human, porcine,
and neonatal), specifically the human-derived products, have
been well researched in clinical literature.>> Macroscopically,
all the materials in this study have an off-white papery appear-
ance, and this is demonstrated in Figure 1 with an image of
OFMm.

There is a large amount of published research on the differ-
ent dECM-based products used in this study, especially in
relation to the biology of these materials. However, despite
widespread usage, there is a dearth of comparative information
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FIG. 1. Representative image of dECM biomaterial device
intended for soft tissue repair. OFMm is a multilaminate
decellularized material derived from ovine forestomach matrix
with an off-white papery appearance. dECM, decellularized
extracellular matrix; OFM, ovine forestomach matrix.

on these commercial dECM-based devices, specifically struc-
tural and process related phenomena, such as decellulariza-
tion. To fill this knowledge gap, a comparative analysis was
undertaken to assess structural features, and the relative decel-
lularization of commercial dECM products.

Materials and Methods
General

Samples of products were obtained from commercial
sources (Table 1). Samples of native tissues were included
as reference samples and were collected from animals which
had died from natural causes, tissue was collected less than
1 h after time of death and fixed in formalin at time of collec-
tion before transport to the lab. A slide containing human
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reference tissue was kindly supplied form the pathology lab
Auckland University School of Medicine. All results were
calculated as mean * standard deviation (SD). Statistical sig-
nificance was determined via one-way ANOVA, where
“EEEE” p < 0.0001, “FFF p < 0.001, “*¥*F p < 0.01, “*F p <
0.1, “ns” p = 0.1 using GraphPad Prism (Version 9.3.0,
GraphPad Software, United States). Statistical tables are pre-
sented as Supplementary Material (Tables S1 and S2).

Image analysis

For the quantitative analyses, all results were calculated as
mean * standard deviation (SD). For image analysis, pieces
of test article (>1 sz) were fixed and sectioned. Two
sequential sections of each material were mounted on one
slide, images were taken at evenly spaced intervals across
both sections to give the number of technical replicates
(number of high-powered field [HPF] images) for each mea-
sure. Nuclear bodies and diffuse staining: five images of
each material from one slide (five technical replicates from
one sample). For the pathology analysis, eight HPV images
from two separate pieces of material were processed onto
two slides and total of eight HPVs (four technical replicates
from two samples) were scored. All results were calculated
as mean =* standard deviation (SD) from the total number of
measurements. For the agarose gel visual analysis (qualita-
tive analysis) the results show a representative image from
three separate experiments. Porosity is displayed via a repre-
sentative image taken from one of the five images captured
from the cross section of one piece of material.

Histological assessment

Samples were processed, stained, and imaged for histolog-
ical analysis to compare and score metrics related to the
physical structures and level of decellularization of the ECM
cross-sections. Product samples were rehydrated in phos-
phate buffered saline (PBS) for 30 min. Product samples and
reference tissue samples were fixed in 10% neutral buffered
formalin (Sigma Aldrich, United States) for 24 h at room

TABLE 2. PATHOLOGY SCORING

Score 1 2 3 4
Collagen fiber Fibers are compacted, Fiber arrangement is ~ Fiber arrangement is more  Fiber arrangement and
arrangement fused, or otherwise largely planar and three-dimensional orientation resembles
and orientation damaged substantially though visibly impacted native architecture
impacted by by processing
processing

Matrix porosity

Cellular removal

Residual vascular
channels

Tissue cross section is
dense with no pores

Large number of cells
and/or evidence of
diffuse nuclear
staining (>10 per
HPF)

Zero vascular
channels per HPF

Tissue cross section is
relatively dense but
demonstrates some
isolated or sporadic
pores

5-10 per HPF

1-2 per HPF

Tissue cross section is
largely porous but lacks
interconnected
openings

1-5 per HPF

3—4 per HPF

Tissue cross section is
porous with
interconnected
channels and openings

No cells per HPF nor
evidence of diffuse
nuclear staining

>5 vascular channels per
HPF

HPF, high-powered field.
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temperature followed by ethanol gradient dehydration and par-
affin embedding, then oriented to give a cross-sectional area on
the block face. Blocks were cut to 10-pm sections and mounted
on slides giving two sections, each measuring ~ 10 mm in
length per slide with two slides per sample. One slide of each
product and reference sample were deparaffinized, hydrated
and stained with hematoxylin and eosin (H&E), (Sigma-
Aldrich, United States). A second slide of each product sample
was deparaffinized, hydrated, and mounted in 4’,6-diamidino-
2-phenylindole (DAPI) Prolong™ Gold (Life Technologies,
United States) mounting media.

Visual comparison of structure and porosity was per-
formed because these inherent properties of the source ECM
tissue impacts the rate of cellular infiltration when materials
are used clinically. Cross sections stained with H&E were
imaged at 63x and 25X magnification on an Axio Imager Z2
microscope (Zeiss, Germany) and a CoolCube 4 m (Meta-
Systems, Germany) camera equipped with a VSlide scanner
(MetaSystems, Germany). The individual images were exported
through VSViewer (Version 2.1.139, MetaSystems, Germany).

DAPI staining was performed in order to determine the rel-
ative levels of remaining cells and DNA. Cell counts for cross
sections were performed to provide a visual estimate of the
number of intact cells remaining in the cross section, while
“diffuse staining” measured the area of the cross section that
stained positive for DAPI to show the level of remnant extrac-
ellular DNA (rather than a distinct nuclei). DAPI-stained
product samples were imaged using an Axio microscope and
camera setup (Zeiss, Germany) using Metamorph software
(Molecular Devices, United States) for image acquisition.

Nuclear bodies were manually counted from magnified
(63x) DAPI images (five HPFs per sample) using Imagel.
Images were opened with the manual “counter” tool in
Imagel to give the total cell counts per HPF. The operator
was trained to determine the size of a “cell” using the mini-
mally processed control as a reference for the size and circu-
larity of a mammalian cells at the magnification used. Images
were coded to reduce operator bias.

Diffuse staining was quantified using the total area of sig-
nal detected for each image using “Analyze Particles” tool in
ImageJ. RBG color images were converted to 8-bit images
and the threshold was adjusted to 80% of the min and max
for each image. The entire tissue section was selected and
analyzed using the ImageJ “measure.” The relative DAPI
positive area was expressed as the total area of staining
across the HPFQ?7.

Agarose gel electrophoresis

Samples were enzymatically digested and run on an aga-
rose gel in order to visualize the relative quantity of DNA in
each sample. Product samples (50 mg) were digested in 1 mL
papain (=10 U/mg, Sigma Aldrich, United States, 0.5 mg/mL
in papain buffer; 1x PBS, 1 M sodium chloride, 5 mM cyste-
ine hydrochloride, 1.3 mM ethylenediaminetetraacetic acid)
at 65°C for 22.5 h. Digested samples were centrifuged at
16000 g for 10 min, the supernatant was decanted, and DNA
was precipitated in a mixture of sodium acetate (3 M, pH 5.2)
and ice-cold ethanol (Sigma Aldrich, United States) at a
supernatant/sodium acetate/ethanol volume ratio of 1/0.1/2.5
(350/35/875 pL). The mixtures were stored at —20°C for 22 h
and subsequently centrifuged at 14000 g for 15 min. The

supernatant was discarded, and the pellets were washed twice
with 1 mL of 70% ethanol. Subsequently, the pellets were dried
and resolubilized in 100 pL of reverse osmosis (RO) water. A
DNA standard (12 pL of RO water, 1.5 pL of 10x BlueJuice
loading buffer [Life Technologies, United States] and 1.5 pL
of DNA ladder; 750 ng, 100-15,000 bp, Life Technologies,
United States) was included on all gels. The DNA standard and
products were loaded on a 1% E-Gel with SYBR Safe DNA
gel stain (Life Technologies, United States) and run for 24 min
in E-Gel Safe Imager Real-time Transilluminator (Life Tech-
nologies, United States). Gels were imaged on the E-Gel Safe
Imager Real-time Transilluminator using a Nex-3N (Sony,
Japan) digital camera equipped with a SELP1650 (Sony,
Japan) interchangeable lens.

Pathology assessment

Pathology assessment was included in the analysis as a
means to determine the relative native structure by the
decellularized products, as well as the degree of decellula-
rization. H&E-stained sections of each product sample
(8 HPF/product) were reviewed by a U.S. board-certified
veterinary pathologist (F.C-A.) and analyzed for degree of
collagen fiber orientation and arrangement, presence of
cellular bodies and residual DNA and residual vascular
channels. Samples were coded such that the pathologist
was blinded to the identification of product samples. Sam-
ples were scored according to Table 2, with the total score
expressed out of maximum of 16.

Results
Collagen structure and porosity

To compare products with similar clinical indications,
commercial devices in this study have been categorized under
the general terms “dermal reconstruction” or “load-bearing
reconstruction” (e.g., hernia repair). Representative H&E-
stained images of unprocessed tissue were included as a qual-
itative reference to assess the impact of processing on the
structure of dECM products. Unprocessed tissue samples
include OFM, ovine peritoneum, ovine amnion/chorion,
ovine bladder, porcine SIS, and bovine dermis (Figs. 2 and
3). HDAM (Fig. 2), a dehydrated human amnio/chorion
membrane, was included in the panel as representative of a
“minimally processed” product, in order to demonstrate an
intact ECM with numerous cellular bodies present.

Representative H&E images of product samples are pro-
vided in Figure 2 (dermal reconstruction products) and Figure
3 (load-bearing reconstruction products). The samples pre-
sented a wide cross section of possible fiber arrangements.
Some samples, for example OFMm (Fig. 2B and D), OFMo
(Fig. 3B and D), and ADM (Fig. 3T and V) had an open archi-
tecture, with fibers of a variety of thicknesses. PADM
(Fig. 3X and Y) was relatively dense, but the fiber staining
resembled that of classical basket weave structure and resem-
bling native dermis. The structure of BADM (Fig. 3AA and
BB) was unique in the group, consisting of large pores, with
fibers appearing less as discrete fibers but more as “sheets”
and the overall structure did not resemble dermal ECM. PPN
(Fig. 2G and I), UBM (Fig. 3G and I), SISu (Fig. 2L and N),
and SISb (Fig. 3L and N) comprised layers of ECM. Rather
than fibrous ECM, the architecture appeared compacted into
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FIG. 2. Representative images of unprocessed reference tissue and dermal reconstruction products at 25x and 63x
magnification. H&E-stained unprocessed forestomach tissue (A) and (C); OFMm; (B) and (D) and DAPI-stained OFMm
(E). H&E-stained unprocessed peritoneum tissue (F) and (H) PPN (G) and (I) and DAPI-stained PPN (J). H&E-stained unpro-
cessed small intestinal submucosa tissue (K) and (M); SISu (L) and (N) and DAPI-stained SISu (O). H&E-stained unprocessed
amnion/chorion tissue (P) and (R); PPC (Q) and (S) and DAPI-stained PPC (T). Amnion/chorion derived, minimally processed
control HDAM was included as a reference, stained with H&E (U) and (V) and DAPI in (W). The scale bars of 25X images are
100 um and the 63x images are 50 um. DAPI, 4’,6-diamidino-2-phenylindole; H&E, hematoxylin and eosin; PPC, porcine pla-

centa; PPN, porcine peritoneum.

layers of fused fibers with no discrete structure. Consequently,
there were few or no pores within the matrices, and voids
between adjacent sheets. SISz (Fig. 3P and Q) and PPC
(Fig. 2Q and S) appeared as a dense single layer of ECM,
essentially devoid of pores. Closer examination of the SISz
(Fig. 3P and Q) revealed multiple layers of ECM that have
been fused or compacted into a single layer of material. These
findings are clearly observed in the inverted images of these
sections showing a high level or absence of porosity in the
materials (Fig. 4). PPC and SISz display a marked absence of
pores (Fig. 4D and I) compared with other materials, whereas

BADM (Fig. 4L) displayed a unique porosity pattern of larger
pores than other materials.

Decellularization

DNA present in the product samples appeared either as
part of discrete nuclear bodies, or as diffuse staining (Fig. 5).
As expected, DNA in the minimally processed product,
HDAM, predominantly stained as punctate cellular bodies,
present throughout the material (Fig. 2W). ADM was absent
of punctate staining but instead stained diffusely (Fig. 3W),
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with nuclear material localized to the collagen fibers. SISu,
UBM, and SISb had a high number of punctate cellular
bodies throughout the material, evident in both H&E and
DAPI stained samples (Fig. 2L, N, O; Fig. 3G, I, J, L, N, O).
OFMm (Fig. 2B, D, E), PPN (Fig. 2G, 1, J), PPC (Fig. 2Q,
S, T), OFMo (Fig. 3B, D, E), PADM (Fig. 3X, Y, Z), and
BADM (Fig. 3AA, BB, CC) were essentially devoid of
nuclear material via visual inspection of the DAPI stained
sections. These observations were confirmed via quantitative
methods (Fig. 6 and Table 3). OFMm, OFMo, PPN, PPC,
and SISz had on average less than one punctate nuclear body
per HPF (Table 3). UBM, PADM, and BADM had approxi-
mately 1-5 per HPF; SISu and SISb had an abundance of
DAPI positive nuclear bodies (>50 per HPF) (Table 3). Sta-
tistical analyses of these results are shown in Supplementary
Table S2, demonstrating the means and variance between
counts from images taken from one cross section.

DNA content via agarose gel electrophoresis

Double-stranded DNA present in the product samples was
also analyzed through agarose gel electrophoresis. As expected,
the minimally processed product, HDAM, exhibited intense
broad bands of DNA ranging from 100 bp to more than 15000
bp. OFMm, OFMo, PPN, and PPC showed very subtle banding
ranging from 100 bp to 300 bp (Fig. 6). UBM, SISu, and SISb
also showed intense broad bands ranging from 100 bp to
approximately 3000 bp with a localized high intensity band at
approximately 300 bp. SISz showed a pronounced band rang-
ing from approximately 100 bp to 500 bp. ADM exhibited an
intense broad band from approximately 500 bp to more than
15000 bp, whereas PADM and BADM showed no detectable
DNA bands. The results from DNA analysis via agarose gel
were in agreement with the findings from DAPI stained product
samples. Products that showed little detectable DAPI staining,
that is, OFM representative for OFMo and OFMm, PPN, PPC,
PADM, and BADM also showed little to no DNA present via
agarose gel electrophoresis. Conversely, products that exhibited
DAPI-positive staining (UBM, SISu, SISb, SISz, and ADM)
showed DNA via agarose gel.

Pathology evaluation

Pathology scoring of dECM samples is shown in Table 4. and
Figure 7. All dECM grafts presented prominent eosinophilic col-
lagen structures. However, differences in collagen architecture
preservation, degree of matrix porosity, and residual nuclear
material were readily apparent between product samples.

PPN, SISu, SISz, and BADM all demonstrated damage to
the collagen structure, with these products scoring 1.00%0.00
in collagen fiber arrangement and orientation. This was
mainly characterized by compact and fragmented collagen

with little to no distinguishable individual fibers. OFMm,
OFMo, and PADM exhibited the highest mean scoring for
collagen structure (2.50%£0.53, 3.50£0.53 and 2.88+0.35,
respectively), with distinguishable collagen fibers arranged in
various directions and minimal disruption/damage of fibers.

Some products were relatively dense and nonporous, with
PPN and SISz exhibiting the lowest score of 1.00+0.00 with
very dense and compact sheets. OFMm, OFMo, and BADM
demonstrated the highest mean porosity score (3.3810.52,
3.88£0.35 and 2.75 £ 0.46, respectively) where the materials
were characterized by an evenly distributed porous structure.
However, where OFMo and OFMm exhibited intercon-
nected channels between pores in the material, BADM,
while appearing porous, lacked interconnections between
pores and channels.

Results of cellular removal assessment (decellularization)
were highly variable. UBM, SISu, and SISb were found to con-
tain marked residual cellular debris, all scoring 1.00+0.00 and
well-defined nuclear staining and/or substantial diffuse staining
of nuclear chromatin. SISz also demonstrated residual cellular-
ity, scoring 1.25+0.46, but nuclear staining was pale relative
to the well-defined staining of the aforementioned samples.
The minimally processed product HDAM, as expected, had a
well-preserved superficial layer lined by cells present on one
side of the material. All other products were found to be largely
devoid of remnant cellular material.

Assessment of residual vascular channels was the least vari-
able measurement between product samples, with OFMo, UBM,
SISz, and PADM sharing the highest score of 1.63+0.52.
Cumulative means of all pathological grading endpoints showed
that the top three highest scoring products were OFMo, OFMm,
and PADM with total mean scores of 12.8 £1.0, 10.5£0.8, and
9.6x0.7, respectively. All three of these devices had similar
scores in all grading categories except porosity, where the struc-
ture of PADM was notably dense. Statistical analyses of these
data are presented in Supplementary Table S1. The parallel proc-
essing of the samples and de-identification of samples in this
analysis lowered the risk of bias from the pathologist. In addi-
tion, multiple samples from different devices of the same mate-
rial were used in this analysis, so that the introduction of artifacts
to the tissue processing would have shown as an outlier in the
pathology scores.

Discussion

In this study, 12 commercially available dECM products
with indications for dermal reconstruction and load-bearing
reconstruction (e.g., hernia repair) were compared based on
their structural properties and decellularization. These dECM
products were selected based on their established use and popu-
larity in these fields and their availability to the researchers at

>

FIG. 3. Representative images of unprocessed reference tissue and dermal reconstruction products at 25x and 63x
magnification. H&E-stained unprocessed forestomach tissue (A) and (C); OFMo; (B) and (D) and DAPI-stained OFMo
(E). H&E-stained unprocessed bladder tissue (F) and (H); UBM (G) and (I) and DAPI-stained UBM (J). H&E-stained
unprocessed small intestinal submucosa tissue (K) and (M); SISb (L) and (N) and DAPI-stained SISb (O). H&E-
stained SISz (P) and (Q) and DAPI-stained SISz (R). H&E-stained unprocessed dermis tissue (S) and (U); ADM
(T) and (V) and DAPI-stained ADM (W). H&E-stained PADM (X) and (Y) and DAPI-stained PADM (Z). H&E-
stained BADM (AA) and (BB) and DAPI-stained BADM (CC). The scale bars of 25x images are 100 pm and the 63x
images are 50 um. UBM, porcine urinary bladder matrix; ADM, human dermis; PADM, porcine dermis; BADM, fetal/

neonatal bovine dermis.
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FIG. 4.

Illustrative images of dermal and load bearing reconstruction products, where the black regions represent

pores in each product sample. (A) OFMm; (B) PPN; (C) HDAM included as a minimally processed product; (D) PPC,
(E) SISu; (F) OFMo; (G) UBM; (H) SISb; (I) SISz; (J) ADM; (K) PADM; (L) BADM. Scale bar = 100 um.

the time of testing. Different applications have different require-
ments from a dECM repair scaffold, which is why it was
deemed prudent to group materials based on their intended
application, even if some were manufactured from the same
type of tissue or technology. The manufacturing process
required to laminate or strengthen a material can impact the
native ECM structure, which is why such comparisons are
important.

The scope of this study is limited to dermal reconstruction
and load-bearing reconstruction procedures, however these
test articles are also investigated for other applications, such
as volumetric muscle loss, muscle flap reinforcement, and
reconstructive surgery. Prior studies have concluded that
biomaterials for soft tissue reconstruction perform opti-
mally when they accurately mimic the native structure of
tissue ECM with respect to collagen architecture, pore size
distribution, and the presence of residual vascular

channels.?®37 However, the drive to retain native structure
should not compromise the removal of cells or nuclear
material that is known to lead to a negative host inflamma-
tory response.>®

While the source tissue is known to impact soft tissue
regeneration with dECM materials,® the differences seen
between products in this current study are likely heavily influ-
enced not only by the source tissue but also by differences in
the manufacturing process used for each product. Optimal tis-
sue processing must strike a careful balance. Excessive tissue
processing will effectively decellularize the tissue but can
easily lead to damage of the protein architecture and loss of
biological components that aid regeneration. Products that
are minimally processed are likely to closely resemble the
structure and composition of the source tissue but will contain
a greater proportion of cells and cellular debris (e.g., HDAM,
Fig. 2 and Fig. 6). These competing efforts have important
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FIG. 5. Quantification of mean nuclear bodies per HPF
(A) and mean area (mmz) of diffuse staining per HPF
(B) of product samples, based on DAPI stained sections.
Results are expressed as mean from n = 5 HPF from a
1 cm? cross section of each material. HDAM is included as
a minimally processed product. HDAM, human amnion/
chorion.

clinical implications because they impact how host cells inte-
grate into and remodel the products.

Soft tissue regeneration is a complex process that involves
many cell types including fibroblasts, endothelial cells, kera-
tinocytes, macrophages, lymphocytes, neutrophils, and pro-
genitor cells. Biomaterial products are applied as “acellular”
products and must be repopulated with host cells in order to
integrate, remodel, and ultimately regenerate new well vas-
cularized and functional tissue. Retaining the native inter-
connected structure and collagen organization of tissue ECM
favors cell proliferation, vascularization, and subsequently,
nutrient and oxygen supply to the defect site.** Cellular
repopulation of the products contributes to the overall speed
of healing via the capacity of host cells to adhere to the graft,
migrate through the graft and proliferate. Porosity is a key
determinant of the kinetics of these processes. In vitro stud-
ies on engineered porous materials have suggested “ideal”
pore size ranges for various cell types. For instance, pore
sizes between 90 and 130 um have been demonstrated to
permit fibroblast migration and proliferation.*!*> A pore size
ranging between 5 and 15 um was shown to be beneficial for

KOLLMETZ ET AL.

fibroblast ingrowth.** Furthermore, the pore sizes larger than
500 pm have been shown to facilitate the rapid vascularization
of damaged tissue.** In this study, porosity was assessed quali-
tatively and was shown to vary considerably between different
products. For example, the OFM products OFMm and OFMo
scored highest for porosity based on pathological examination
(Table 4) and demonstrate an open porous nature in inverted
images (Fig. 4A and F). In contrast, PADM and SISz appear
to have a very low level of porosity, appearing compacted
(Fig. 4) and scored relatively low for porosity by pathology
analysis (Table 4).

Previous in vivo studies have shown that the relative rates of
cellular infiltration and tissue formation are directly propor-
tional to the porosity assessment conducted herein. Overbeck
et al. compared the relative cellular infiltration of commercial
ECM-based products in a nonhuman primate model of hernia
repair.*> As would be predicted from our qualitative and quanti-
tative assessment of porosity, the amount of early (4 weeks)
cell infiltration was significantly higher in OFMo-treated ani-
mals compared with those treated with PADM or SISz.** This
early infiltration of host cells may infer that the structural prop-
erties of OFMo such as pore size and collagen fiber organiza-
tion are more amenable to cellular infiltration. Further evidence
to support this is provided by the comparative in vivo study
conducted by Overbeck et al.,*® comparing OFMo with ADM
in a primate model of hernia repair. This study demonstrated
that cellular infiltration and ultimately device remodeling was
faster in the OFMo group compared with the ADM group. This
fate would be predicted when considering the relative porosity
and collagen fiber organization (Table 4) of the two products.

The rate and quality of new blood vessel formation fol-
lowing graft repopulation is an important determinant of
healing outcomes. It can be deduced that a material with a
structure and porosity that is most amenable to new blood
vessel formation is likely to perform better in a contaminated
surgical environment. For example, several clinical studies
have shown that the OFMm device is particularly resilient in
a contaminated soft tissue defect.*’*® The process of endo-
thelial cell migration, vessel branching, and capillary devel-
opment is a complex one, and influenced not only by the
biological components of the device, but also structural fea-
tures. Porosity is obviously a key criterion for endothelial cell
migration. However, other structural features, such as resid-
ual vascular channels can aid neovascularization. The term
“angioconduction” has been used to describe the process
whereby host endothelial cells may use residual vascular
channels present in a bioscaffold to template vascularization,
akin to the structural features of bone grafts that enable osteo-
conduction.?® The presence of residual vascular channels was
qualitatively assessed from H&E-stained sections in the prod-
uct samples (Table 4) and showed some variability. For
example, the OFM-based devices, OFMm and OFMo, gave
mean vascular channel scores of 1.00£0.00 and 1.63£0.52,
respectively, even though these products comprise the same
dECM material. Previous studies have shown that OFM-
based devices lead to a greater in vivo number of blood vessels
in a porcine full thickness excisional wound model versus
SIS-based devices (e.g., SISb and SISz),** even though the
SIS-based products scored relatively high for residual vascular
channels (Table 4). This finding highlights that neovasculari-
zation within the products is driven by more than just
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structural features (e.g., porosity and residual vascular chan-
nels) and the relative biological response from native signaling
molecules also plays a critical role.

Effective decellularization is crucial for the removal of cel-
lular and nuclear components from the source tissue, but must
preserve the structural integrity and bioactive components of
the dECM.* This includes the removal of intact cells as well as
extracellular DNA, as measured by diffuse staining. Diffuse
staining indicates cellular disruption but not removal of DNA.
It is well known that removal of cellular, nuclear and cell lipid
membrane components decreases the risk of a proinflammatory
reaction in vivo.**>° HDAM was included in the panel as a
minimally processed product, thus, complete removal of cellu-
lar bodies was not expected. Interestingly, while PADM and
BADM show a low number of intact cells, ADM showed a
high level of diffuse staining compared with PADM and
BADM, indicating an effective method of cellular disruption
but not removal or remnant DNA. OFMo, OFMm, PPC, and

TABLE 3. QUANTIFICATION OF DAPI FLUORESCENCE

Product Mean nuclear bodies Area of diffuse staining
sample per HPF per HPF (mmz)
OFMm 0.2£+0.5 0.4%0.6
PPN 0.0£0.0 0.0£0.0
PPC 0.0£0.0 0.0+0.0
SISu 59.4+7.5 11450
OFMo 0.2£0.5 0.0+0.0
UBM 32435 11.5+43
SISb 101.8+£31.8 83%33
SISz 0.3£0.5 0.5+0.6
ADM 0.0£0.0 74126
PADM 1.5+1.1 0.0+0.0
BADM 1.7£1.6 0.0£0.1
HDAM 102.6+£17.6 69%1.5

Results are expressed as the mean from assessment of five HPFs
from a 1 cm?® cross section per product. Errors represent standard
deviation of the mean. Refer to supplementary materials for statisti-
cal analyses (Supplementary Table S1).

2 3 4 5 6 7 8 910 N

FIG. 6. Qualitative assessment of
residual DNA by agarose gel electro-
phoresis. Lanes: (M) DNA marker;
(1) OFM (representative sample of
OFMm/OFMo); (2) PPN; (3) HDAM
as a minimally processed product;

(4) UBM; (5) SISu; (6) SISb; (7) SISz;
(8) ADM; (9) PADM; (10) BADM,;
(11) PPC.

PPN were essentially devoid of nuclear material indicating that
decellularization was appropriate, while maintaining ECM
structure. Our results for PPN and PPC reflect previously pub-
lished data describing the decellularization of these products.>!
The products SISu, SISb, SISz, and UBM showed a significant
number of residual cellular bodies by DAPI-stained tissue sec-
tions (Figs. 2 and 3), pathology review (Table 4), and nuclear
material by agarose gel (Fig. 7), indicating incomplete decellu-
larization of the tissue. This is supported by findings that SIS
materials retain matrix bound nanovesicles.>? This potentially
compromises clinical outcomes using these devices, as one
would predict a proinflammatory (M1 macrophage phenotype)
response based on the known biological response to xenoge-
neic nuclear material.®® DNA or nuclear material “dosing”
of ECM materials leads to a pronounced M1 macrophage
response, causing scar tissue formation, encapsulation and
seroma formation.'! For example, one study*> described out-
comes of UBM in a primate model of hernia repair and showed
graft loss, and fibrotic encapsulation 12 weeks postimplanta-
tion. As shown by the level of DNA in the materials tested
(both animal and humanin origin) it is clear that a high degree
or variability exists between materials. In addition, the amount
of DNA a patient is exposed to will be subject to the type of
procedure, and size of device used.

Based on the overall pathology score (Table 4), the products
for dermal reconstruction could be ranked as follows: OFMm >
PPC ~ PPN > SISu. Similarly for the products intended for
load-bearing applications, the overall pathology score ranked
the products as follows: OFMo > PADM > BADM > ADM >
UBM > SISb ~ SISz. Interestingly, there are published clinical
studies describing the relative performance of the devices,
OFMo, PADM, and BADM in ventral hernia repair. Goetz
et al.>® retrospectively compared outcomes following surgical
closure of contaminated ventral hernia with either OFMo,
PADM, BADM, or Permacol™. Recurrence rates were signifi-
cantly reduced in the OFMo group versus the comparator group
(3.6% vs. 28.9%, respectively). A similar study comparing
OFMo, PADM and BADM, reported hernia recurrence rates of
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TABLE 4. PATHOLOGY ASSESSMENT

Product sample  Collagen organization — Porosity  Cellular removal  Vascular channels — Overall score (out of 16)
OFMm 2.5+0.53 3.38+0.52 3.63+0.52 1.00+0.00 10.5+0.8
PPN 1.00£0.00 1.00£0.00 4.00£0.00 1.00+0.00 7.0£0.0
PPC 1.00+0.00 1.00+0.00 4.00£0.00 1.00+0.00 7.0£0.0
SISu 1.00+0.00 1.50+0.53 1.00+0.00 1.13+£0.35 4.6+0.5
OFMo 3.5+0.53 3.88+£0.35 3.75+£0.46 1.63£0.52 12.8+1.0
UBM 1.38+0.52 1.63+0.52 1.00£0.00 1.63+£0.52 56+1.2
SISb 1.75+£0.46 1.88+0.35 1.00£0.00 1.25+0.46 5.8%£0.6
SISz 1.00£0.00 1.00£0.00 1.25+£0.46 1.63£0.52 4910.6
ADM 1.38+0.52 2.00+0.00 3.50+0.53 1.38+£0.52 83105
PADM 2.88+0.35 1.25+0.46 3.88+0.35 1.63+£0.52 9.6x+0.7
BADM 1.00£0.00 2.75+£0.46 4.00£0.00 1.00+0.00 8.8+0.5
HDAM 1.25+0.46 1.63£0.52 1.00£0.00 1.00£0.00 4910.8

Results are expressed as mean from the total pathology score (out of possible total score of 16) from eight HPFs from two cross sections per
sample. Error bars represent standard deviation of the mean. Refer to supplementary materials for statistical analysis (Supplementary Table S2).

2.78%, 13.7%, and 24.3%, respectively.>* In addition, the over-
all complication rates were also significantly reduced in the
OFMo-treated cohort in comparison to the PADM and BADM
cohorts (16.7%, 43.2%, and 47.1%, respectively).

Limitations

Although the most abundant tissue ECM proteins are
structural collagens, a vast number of less abundant ECM
components play significant roles in the mechanisms of tis-
sue regeneration. It is the interplay between chemical and
structural features of the ECM that facilitates processes such
as tissue homeostasis, wound healing, and tissue regenera-
tion. It is known that dECM products retain many of the bio-
logical components (e.g., growth factors) that naturally
occur in tissue ECM.3%33 This study was limited to structural
and cellularity analysis of commercial products and did not
evaluate the biological components, nor their associated bio-
logical or inflammatory response. This study did not explore
the biophysical properties of the test articles as these have
been published previously.’® Biological materials are inher-
ently heterogeneous, and variation can be expected from sev-
eral sources, including: batch manufacturing process, tissue
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FIG. 7. Pathology assessment of dECM samples. Results
are expressed as mean from the total pathology score (out of
possible score of 16) of n = 8 HPFs. Error bars represent
standard deviation. HPF, high-powered field.

source (humans/animals—genetics, age, health), and regions
of the organ a device is produced from. Quality control prac-
tices ensure that each device released meets predetermined
limits. In this study, we compared multiple materials to pro-
vide a broad overview, assuming that batch-to-batch varia-
tion has been controlled or limited during the standardized
manufacturing process.

Conclusions

The comparative analysis of commercially available dECM
products revealed significant differences in the porosity of the
bioscaffolds. While some products showed a porous structure
that resembled the respective source tissue, other products
showed little to no porosity. Furthermore, an analysis of
nuclear staining demonstrated that the decellularization process
used for several products was variable, suggesting these prod-
ucts may elicit a suboptimal inflammatory response. A compre-
hensive pathology assessment of all products demonstrated
that OFMm, OFMo, and PADM scored best with respect to
collagen fiber orientation/arrangement, matrix porosity, decel-
lularization efficiency, and residual vascular channels. SISu
and SISz scored poorly when assessed pathologically. Findings
from this study may have implications for the clinical perform-
ance of these products.
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ing to improve patient outcomes.
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