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Abstract

Biological scaffolds composed of extracellular matrix (ECM) have been shown to be resistant to
deliberate bacterial contamination in preclinical in vivo studies. The present study evaluated the
degradation products resulting from the acid digestion of ECM scaffolds for antibacterial effects
against clinical strains of Staphylococcus aureus and Escherichia coli. The ECM scaffolds were
derived from porcine urinary bladder (UBM-ECM) and liver (L-ECM). These biological scaffolds
were digested with acid at high temperatures, fractionated using ammonium sulfate precipitation,
and tested for antibacterial activity in a standardized in vitro assay. Degradation products from
both UBM-ECM and L-ECM demonstrated antibacterial activity against both S. aureus and E.
coli. Specific ammonium sulfate fractions that showed antimicrobial activity varied for the 2
different ECM scaffold types. The results of this study suggest that several different low-
molecular-weight peptides with antibacterial activity exist within ECM and that these peptides
may help explain the resistance to bacterial infection provided by such biological scaffolds.

INTRODUCTION

Biological scaffolds composed of extracellular matrix (ECM) have been successfully used as
templates for the constructive remodeling of numerous tissues in preclinical studies and
human clinical applications.1=12 Such biological scaffolds have been surprisingly resistant
to bacterial infection,13=16 even in clinical applications that are at high risk for bacterial
contamination.1’=20 Generally, naturally occurring biomaterials such as those composed of
purified collagen or intact ECM are more resistant to bacterial infection than synthetic
biomaterials.13-16, 21

Porcine-derived ECM composed of small intestinal sub-mucosa (SIS) has been successfully
used as a resorbable biological scaffold for tissue-engineering applications in more than
500,000 human patients and has shown resistance to deliberate bacterial infection in
preclinical studies.13~16 The antibacterial activity associated with the SIS-ECM is not a
property of the intact ECM itself,22 but rather of the degradation products of the ECM.23 In
vitro studies have shown that acid/heat-digested SIS-ECM and acid/heat-digested urinary
bladder submucosa (UBS)-ECM possess antibacterial activity against gram-positive S.
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aureus and gram-negative E. coli. The greatest antibacterial activity appears to be present in
degradation peptides between 5 and 16 kDa.23

The objective of the present study was to determine whether antimicrobial activity similar to
that found in SIS-ECM and UBS-ECM is detectable in the degradation products of ECM
scaffolds derived from the liver (L-ECM) and superficial layers (tunica propria and
basement membrane) of the porcine urinary bladder (UBM-ECM). These ECM materials
have been studied as biological scaffolds for tissue engineering/regenerative medicine
applications, and the presence of such activity within these materials could have significant
clinical applications.

MATERIALS AND METHODS

Preparation of ECM powders

Porcine urinary bladders and livers were harvested from market-weight pigs (~110-130 kg)
immediately after euthanasia. UBM-ECM was prepared as previously described.24=26 |n
brief, connective and adipose tissue were removed from the serosal surface of the bladder,
and the tunica serosa, tunica muscularis externa, tunica submucosa, and most of the tunica
muscularis mucosa were mechanically removed. The luminal urothelial cells of the tunica
mucosa were dissociated by soaking in a 1.0-N saline solution, leaving a biomaterial
composed of only the basement membrane and the subjacent tunica propria of the tunica
mucosa and the resident cell population of those 2 layers.

L-ECM was prepared by slicing lobes of porcine liver to 5-mm sections, then rinsing the
slices in deionized water with agitation on an orbital shaker for a total of three 30-min
rinses. Slices were then placed on a polypropylene mesh and subjected to uniform pressure
to burst the hepatocytes. The tissue slices were returned to a flask and submerged in 0.02%
trypsin/0.05% ethylenediaminetetraacetic acid for 1 h at 37°C, agitated at room temperature
in 3% (v/v) Triton X-100 for 1 h and then in 4% (w/v) deoxycholic acid for 1 h. Tissue
slices were rinsed with deionized water and massaged between each treatment step.26

Both types of ECM were decellularized using treatment with 0.1% peracetic acid/4%
ethanol for 2 h and rinsed with phosphate buffered saline (PBS) and deionized water.
Complete decellularization was confirmed using 4’-6-diamidino-2-phenylindole nuclear
staining and hematoxylin and eosin staining. The ECMs were then lyophilized in sheet form
and frozen. The frozen sheets were comminuted into a particulate form using a Waring
commercial blender and Wiley Mill with a #60 mesh screen.2

Degradation of ECM

ECM was digested using mild acid and heat. Adapting a previously described procedure,23
lyophilized, particulate ECM was hydrated by placing 10 mg dry weight of ECM in 140 mL
of 1x PBS with protease inhibitors (5 mM benzamide, 1 mM phenylmethanesulfony!l
fluoride (PMSF), and 10 mM N-ethylmaleimide) and stirring for 1 to 2 h, then filtering with
vacuum through Whatman #42 filter paper in a Buchner funnel. The retentate material,
which remained hydrated, was collected and suspended in 110 mL of 0.5-N acetic acid. The
suspension was transferred to a stirred, glass-lined autoclave reactor (Autoclave Engineers,
Erie, PA), heated to 120°C over 55 min, and held at 120°C for 30 min with constant stirring.
The suspension was then cooled to 60°C in 2 to 4 min and then to room temperature in 15 to
20 min. The acid-digested suspension was then removed from the autoclave reactor and
filtered in series, through cheesecloth, Fischer P8 filter paper, and Whatman #42 filter paper,
with the use of vacuum for the last 2 filtration steps. The filtrate material was collected and
snap frozen on dry ice and ethanol at an angle to maximize surface area. Samples were
lyophilized, yielding a dry ECM digest that could withstand long-term storage.
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Ammonium sulfate precipitation of ECM digests

The lyophilized ECM digest was resuspended in 0.1 M sodium phosphate/0.15 M sodium
chloride, pH 6.8, with 2 mM PMSF (re-suspension buffer) at 200 mg dry sample mass per
mL. The sample was rocked at room temperature for 45 min to re-suspend, centrifuged at
12,000 rpm for 1 h, and finally filtered through a 0.45-um syringe filter. A bicinchoninic
acid assay (Pierce Biotechnology, Rockford, IL) was performed to estimate protein
concentration of the suspension. The suspension was then diluted with re-suspension buffer
to a concentration of 10 mg protein per mL. Ammonium sulfate was added to the suspension
to saturation percentages of 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, and 100%. The
saturation percentage was slowly increased 10% daily with constant stirring at 4°C to avoid
localized precipitation of proteins. At each percentage mark, the solution was centrifuged at
12,000 rpm, resulting in the formation of a firm pellet. The supernatant was removed from
the tubes and stored at 4°C overnight. Two mM of fresh PMSF was added the following
morning before adding additional salt. The precipitated pellets were resuspended in
resuspension buffer, snap frozen, and stored at —80°C. Samples of the supernatants and
resuspended pellets were desalted, concentrated, and pH neutralized using Microcon YM-3
centrifugal filter devices, with a 3-kD molecular-weight cutoff (Millipore, Billerica, MA).
Desalted samples were snap frozen and stored at —80°C for further analysis.

Antimicrobial assay

RESULTS

Tryptic soy agar plates were streaked with Staphylococcus aureus (American Type Culture
Collection 29213, wound isolate) and Escherichia coli (American Type Culture Collection
25922, clinical isolate), and an isolated colony from each was used to inoculate 10 mL of
tryptic soy broth. The bacteria were grown in suspension overnight in a 37°C shaker. The
bacteria were then diluted to 5x10% CFU/mL,23 and 150 uL of bacterial suspension were
added to each well of a 96-well microplate; 16.5 pL of each sample to be tested for
antibacterial activity was added to the bacterial suspension. Samples tested include desalted
UBM-ECM or L-ECM digest ammonium sulfate fractions, a one-third dilution of each
fraction, a negative control of media alone, and positive controls of antibiotics (vancomycin
for S. aureus and tetracycline for E. coli). Each sample was tested in duplicate. The bacterial
growth in each well was monitored over the course of 24 h using absorbance readings at 570
nm with a BioRad 680 microplate reader. Statistical significance of the absorbance values
between samples was determined using the paired t-test. The absorbance reading of each
UBM-ECM or L-ECM fraction was compared with the negative control of media alone for
each time point.

Degradation products from UBM-ECM and L-ECM demonstrated antibacterial activity
against S. aureus and E. coli. All UBM-ECM and L-ECM digest desalted ammonium sulfate
pellets and supernatants were tested for antibacterial activity. Those fractions demonstrating
statistically significant inhibition of bacterial growth are shown in Figs. 1, 2, and 3. The
most potent antibacterial activity was present in the UBM-ECM pellet precipitated at 60%
ammonium sulfate saturation. This sample effectively inhibited S. aureus growth for 24 h
(Fig. 1). This same sample also effectively inhibited E. coli growth for 9 h (Fig. 2). The L-
ECM digest precipitated with 60% ammonium sulfate showed strong antibacterial activity
against E. coli and S. aureus (Figs. 1 and 2). Furthermore, the L-ECM pellet that
precipitated at 40% ammonium sulfate saturation showed the greatest activity of all samples
tested against S. aureus, inhibiting growth for the full 24 h of the assay (Fig. 1). These
results suggest that there are multiple antibacterial molecules present in ECM degradation
products and that differences exist between antimicrobial peptides present in L-ECM and
UBM-ECM.
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The ECM digest samples that were diluted one-third showed antibacterial activity only
against S. aureus (Fig. 3). The diluted samples of the UBM-ECM digest 60% ammonium
sulfate pellet and L-ECM 40% ammonium sulfate pellet were equally as effective at
inhibiting bacterial growth as the undiluted samples at the same ammonium sulfate
saturation. The diluted L-ECM digest at 60% ammonium sulfate concentration pellet also
demonstrated a small amount of antibacterial activity against S. aureus. The UBM-ECM
digest pellet that precipitated at 20% ammonium sulfate saturation, which had no
measurable antibacterial activity when undiluted, strongly inhibited S. aureus growth when
diluted one-third (Fig. 3).

Absorbance readings at t = 0 varied because of the opacity of some samples when added to
the bacterial suspension. Some samples contained precipitates that dissolved after incubation
with the bacterial suspension. Within a few hours of incubation, these samples no longer
appeared to be opaque upon visual inspection; this observation was supported using
absorbance readings. After 24 h, the appearance of wells containing samples that
demonstrated a strong antibacterial effect showed a striking difference from wells in which
bacterial proliferation occurred (Fig. 4).

A preliminary characterization of UBM-ECM and L-ECM fractions that showed
antibacterial activity included determination of protein concentration using bicinchoninic
acid assay. The UBM-ECM pellets that precipitated at 60% and 20% ammonium sulfate
saturation had protein concentrations of approximately 80 mg protein/mL and 90 mg
protein/mL, respectively. The L-ECM pellets that precipitated at 40% and 60% ammonium
sulfate saturation had protein concentrations of approximately 50 mg protein/mL and 10 mg
protein/mL, respectively. SDS-PAGE was performed to estimate the molecular weight of the
UBM-ECM fractions that demonstrated antibacterial activity, with an approximate
molecular weight range of 7 to 15 kDa.

DISCUSSION

The present study demonstrates that the degradation products of UBM-ECM and L-ECM
scaffold materials possess antibacterial activity against S. aureus and E. coli. Urinary
bladder—derived ECM has been used in numerous regenerative medicine applications,
including bladder regeneration, urethral repair, and esophageal repair.12:27:28 |_jver-derived
ECM has also been evaluated as a biological scaffold for use in regenerative medicine.2

The antimicrobial peptides present in the degradation products of UBM-ECM and L-ECM
were released using acid/heat digestion and fractionated using ammonium sulfate
precipitation. Ammonium sulfate precipitation of the degraded ECM resulted in fractions
that showed variable degrees of antibacterial activity against S. aureus and E. coli. Certain
fractions showed greater antibacterial activity at lower concentrations of total protein. These
observations suggest that each ammonium sulfate fraction contains a complex mixture of
proteins. This mixture may include antimicrobial peptides as well as inhibitors of those
peptides, the combination of which cause a net effect of antibacterial activity when present
in specific concentrations. The full spectrum of antimicrobial activity of these low-
molecular-weight peptides has not been determined, including their efficacy against
anaerobic bacteria.

Certain ammonium sulfate—precipitated fractions from both ECMs maintained strong
antibacterial activity against gram-positive S. aureus for a longer period of time than against
gram-negative E. coli. Although the antibacterial activity against S. aureus persisted for the
full 24 h of the assay, the antibacterial activity against E. coli declined as the antibacterial
peptides present in the digest fractions lost activity or were stoichiometrically overwhelmed
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by the bacteria. The short-term antibacterial effects of ECM degradation products may be
particularly beneficial in preventing an implant infection by providing immediate protection
while the host inflammatory cell response and humoral immune response become activated.
In addition, because the ECM bioscaffold is subjected to progressive degradation in vivo and
is remodeled by host tissues, antimicrobial peptides may continue to be released, providing a
sustained antibacterial effect.

Degradation of the ECM is one of the earliest events after tissue injury. ECM degrades
rapidly and is completely resorbed within 90 days.30—32 Degradation products of ECM
derived from several tissues have previously shown biological properties such as
antimicrobial, chemotactic, and angiogenic activity.23:33:34 The methods used in the present
study to digest the ECM cause cleavage of inactive parent molecules and the production of
bioactive fragment molecules. The degradation products of several types of collagen,
fibronectin, and laminin are known to produce fragment molecules with angiogenic,
antiangiogenic, and chemotactic properties.3#:35-39 The present study suggests that
antimicrobial activity can be added to the list of bioactive properties that result from ECM
degradation. The harsh in vitro methods used in the present study may or may not relate to
the degradation of ECM bioscaffolds that occurs in vivo. It seems improbable that the acid/
heat digestion of different types of ECM would by chance produce bioactive peptides that
are not created by physiological degradation processes. It remains to be shown, however,
that in vivo degradation mechanisms generate the same types of bioactive peptides.

Naturally occurring antimicrobial peptides (AMPs) that play key roles in innate immunity
have been isolated from plants (thionins), several insect orders (cecropins), amphibians
(magainins), and mammals (defensins). Most AMPs have certain common features,
including small size (12-100 amino acid residues), polycationic charge, amphipathic
structure, and a common mechanism for killing bacteria, which involves direct electrostatic
interaction with microbial cell membranes, followed by physical disruption of the
membrane.*® Most AMPs are produced as part of the innate immune defense system and
stored in the granules of cells involved in immune response. AMPs are synthesized as
propeptides that are activated by proteolytic cleavage, releasing the active antimicrobial
peptide, which may have microbicidal effects against gram-negative bacteria, gram-positive
bacteria, yeast, and enveloped viruses.40:41

At least 18 AMPs, with a broad range of antimicrobial activity, have been identified from
various porcine cells and tissues.%:42=44 The upper portion of porcine small intestine, when
immersed in boiling water, frozen, and extracted with cold 0.5 M acetic acid,*® has been
shown to possess several AMPs.#2-44 Using this method, a cecropin-like AMP with activity
against E. coli and other gram-negative bacteria was the first porcine AMP to be purified
and identified, in 1989.42 Since then, additional porcine AMPs have been isolated from the
small intestine,*3:44 as well as from polymorphonuclear leukocytes and lymphocytes.0 It
may not be surprising then that in vitro and in vivo antimicrobial activity was found in the
SIS-ECM biological scaffold.13-16:23 One porcine defensin, pBD-1, was cloned and found
to be expressed by the epithelia of the gastrointestinal and respiratory tracts as well as in
urinary bladder, liver, skin, kidney, lymph node, and others.46

Naturally occurring AMPs that have been identified from porcine sources generally have
molecular weights of less than 10kD,*° which coincides with the 5- to 16-kD molecular-
weight range of the fraction of SIS-ECM and UBS-ECM extracts that possess antimicrobial
activity.23 The present study shows that the UBM-ECM and L-ECM antibacterial peptides
also exist within this molecular weight range, based on sodium dodecyl sulfate
polyacrylamide gel electrophoresis analysis (not shown). However it is unknown whether
the ECM-derived antibacterial peptides are the same as any of the already identified porcine
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AMPs or represent novel AMPs. Further purification, isolation, and identification of these

an

timicrobial peptides from ECM degradation products will better elucidate the mechanism

by which they are produced and their in vivo functionality.

Antibacterial activity has now been shown in 4 different types of non—chemically cross-
linked ECMSs, suggesting that this biological activity may be a common feature of all ECMs.
The findings of the present study lend support to the use of ECM biological scaffolds for
regenerative medicine applications, particularly for use in sites with high potential for
bacterial contamination.
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FIG. 1.

Effect of porcine urinary bladder (UBM-ECM) and liver (L-ECM) extracellular matrix
digest ammonium sulfate fractions on Staphylococcus aureus growth. All absorbance values
were statistically significant compared with the negative control of media with p <0.05
except L-ECM digest 40% pellet at 2 h; L-ECM digest 60% pellet at 2 and 3 h; UBM-ECM
digest 20% pellet at 4, 5, 21, and 24 h; and UBM-ECM digest 60% pellet at 1 and 2 h.
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FIG. 2.

Effect of porcine urinary bladder (UBM-ECM) and liver (L-ECM) extracellular matrix
digest ammonium sulfate fractions on Escherichia coli growth. All absorbance values were
statistically significant compared with the negative control of media with p <0.05 except L-
ECM digest 40% pellet at 0-4, 13, 23, and 24 h; L-ECM digest 60% pellet at 0-2, 23, and
24 h; UBM-ECM digest 20% pellet at all time points; and UBM-ECM digest 60% pellet at
0,1,5,21,and 24 h.
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FIG. 3.

Effect of diluted porcine urinary bladder (UBM-ECM) and liver (L-ECM) extracellular
matrix digest ammonium sulfate fractions on Staphylococcus aureus growth. All absorbance
values were statistically significant compared with the negative control of media with p
<0.05 except L-ECM digest 40% pellet at 1, 2, and 23 h; L-ECM digest 60% pellet at 0-3,
and 8-24 h; UBM-ECM digest 20% pellet at 0-2, 4, and 24 h; and UBM-ECM digest 60%
pelletat 0, 1, and 4 h.
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FIG. 4.

Appearance of microplate containing Staphylococcus aureus after 24-h incubation at 378C.
The clear well, E8, contains liver extracellular matrix (L-ECM) digest 40% ammonium
sulfate pellet. The surrounding samples did not exhibit strong antibacterial activity.
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