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Ventral hernia is often addressed surgically by the placement of prosthetic materials, either synthetic or from
allogeneic and xenogeneic biologic sources. Despite advances in surgical approaches and device design, a
number of postsurgical limitations remain, including hernia recurrence, mesh encapsulation, and reduced
vascularity of the implanted volume. The in sifu controlled release of angiogenic factors from a scaffold
facilitating abdominal wall repair might address some of these issues associated with suboptimal tissue
reconstruction. Furthermore, a biocomposite material that combines the favorable mechanical properties
achievable with synthetic materials and the bioactivity associated with xenogeneic tissue sources would be
desirable. In this report, an abdominal wall repair scaffold has been designed based on a microfibrous,
elastomeric poly(ester carbonate)urethane urea matrix integrated with a hydrogel derived from decellularized
porcine dermis (extracellular matrix [ECM] gel) and poly(lactic-co-glycolic acid) (PLGA) microspheres
loaded with nitro-oleic acid (NO,-OA). NO,-OA is an electrophilic fatty acid nitro-alkene derivative that,
under hypoxic conditions, induces angiogenesis. This scaffold was utilized to repair a rat abdominal wall
partial thickness defect, hypothesizing that the nitro-fatty acid release would facilitate increased angiogenesis
at the 8-week endpoint. The quantification of neovascularization was conducted by novel methodologies to
assess vessel morphology and spatial distribution. The repaired abdominal wall defects were evaluated by
histopathologic methods, including quantification of the foreign body response and cellular ingrowth. The
results showed that NO,-OA release was associated with significantly improved regional angiogenesis. The
combined biohybrid scaffold and NO,-OA-controlled release strategy also reduced scaffold encapsulation,
increased wall thickness, and enhanced cellular infiltration. More broadly, the three components of the
composite scaffold design (ECM gel, polymeric fibers, and PLGA microparticles) enable the tuning of
performance characteristics, including scaffold bioactivity, degradation, mechanics, and drug release profile,
all decisive factors to better address current limitations in abdominal wall repair or other soft tissue aug-
mentation procedures.
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Introduction

VENTRAL HERNIA is one of the most common compli-
cations following abdominal surgery. In 2004, more
than 1000 patients died with abdominal wall hernia as the
underlying cause. The definitive treatment remains surgical
repair. With ~ 800,000 hernia repairs' performed annually

in the United States, this tissue insufficiency creates a
consistent healthcare burden and substantially impacts the
quality of life for those patients affected.”>

Prosthetic surgical mesh materials, either synthetic or
from allogeneic and xenogeneic sources, have been shown
to decrease the incidence of hernia recurrence compared to
direct tissue apposition. Improved surgical*> and device®’
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approaches have reduced the impact of typical complications
such as chronic patient discomfort, surgical site infections,
and fistulas. Despite these advances, a number of issues re-
main, including a high incidence of hernia recurrence, en-
capsulation of mesh materials, incomplete tissue remodeling,
mechanical mismatch at the native tissue-implant interface,
and reduced vascularity at the surgical site.®

These limitations have encouraged regenerative medi-
cine/tissue engineering approaches, where synthetic meshes
combined with cells or biologic materials are designed to
function as temporary tissue surrogates and intended to be
gradually replaced or remodeled by host tissue.

Previous experiences with elastic biodegradable synthetic
materials’ such as poly(ester carbonate)urethane urea (PE-
CUU)IO combined with dermal extracellular matrix (ECM)
hydrogels have demonstrated the capacity to improve cellular
infiltration, reduce native tissue-prosthesis mechanical mis-
match, and facilitate tissue remodeling.® Despite these ad-
vancements in devices that promote constructive tissue
remodeling, the level of muscle function and vascularity ob-
served typically does not match that of the native healthy
abdominal wall. Toward this end, the in situ controlled release
of angiogenic factors might improve the outcomes when such
materials are used for the reconstruction of the diseased ab-
dominal wall or for a variety of other applications, such as
cardiovascular tissue repair and augmentation.'!

Electrophilic fatty acid nitro-alkene derivatives (nitro-fatty
acids, NO,-FA) are endogenously generated by pro-oxidative
inflammatory reactions and the acidic gastric milieu during
digestion.'*™'* The electrophilic nature of NO,-FA induces
reversible posttranslational modification of cysteine-containing
proteins, many regulating metabolic and inflammatory sig-
naling, cell signaling, and gene expression responses.'>'* The
beneficial and anti-inflammatory effects of NO,-FA have been
shown in various animal models of disease®® and soon nitro-
oleic acid (NO,-OA) is entering U.S. Food and Drug Ad-
ministration (FDA) phase II clinical trials for the treatment of
chronic renal and pulmonary diseases.

Notably, NO,-FA induces both endothelial nitric oxide
synthase gene and protein expression (Khoo Free Radical
Biology & Medicine) and promotes angiogenesis through an
NO-dependent activation of hypoxia-inducible factor (HIF)-
lo. under hypoxic conditions.”! While numerous studies
have combined scaffold systems with the controlled release
of angiogenic factors (e.g., insulin growth factor-I, hepato-
cyte growth factor,”” and basic fibroblast growth factor®?),
pleiotropic signaling mediators such as NO,-FA have not
been applied in this manner. Furthermore, the evaluation of
angiogenic factor-controlled release in the application of a
temporary scaffold to facilitate abdominal wall tissue recon-
struction,”* and more broadly the evaluation of angiogenesis
itself, has been addressed by only qualitative or semiquanti-
tative methods.

In this study, an abdominal wall repair scaffold has been
designed based on a microfibrous PECUU matrix integrated
with a hydrogel derived from decellularized porcine dermis
and poly(lactic-co-glycolic acid) (PLGA) microspheres loa-
ded with NO,-OA. This scaffold was utilized to repair a rat
abdominal wall partial thickness defect,>>?® hypothesizing
that the NO,-OA release would facilitate increased angio-
genesis by 8 weeks. The increased neovascularization, en-
hanced repair of abdominal wall defects, decreased foreign
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body response, and increased cellular ingrowth all supported
the conclusion that controlled NO,-OA release improved re-
gional angiogenesis. This was characterized by a novel
method to quantify vascularization in terms of vessel type and
spatial distribution.

Materials and Methods

Polymer synthesis, dermal ECM extraction,
and gel preparation

PECUU was synthesized starting from polycaprolactone
diol (PCL, M,=2000; Sigma), polyhexamethylene carbonate
diol (PHC, M,,=2000; Sigma), and butyl diisocyanate (BDI;
Sigma); putrescine was adopted as a chain extender following
the protocol described in Hong er al.'® The (PCL+PHC):
BDI:putrescine and PCL/PHC molar ratios were 1:2:1 and
1:1, respectively. Thermal properties were measured by dif-
ferential scanning calorimetry (DSC-60; Shimazu).” Samples
were heated to 200°C to erase thermal history, then cooled to
—150°C, and heated again to 200°C. All heating and cooling
rates were 10°C/min. The polymer utilized had a T, of -55°C
and a T, of 13°C. Based on uniaxial tensile testing, Young’s
modulus was 9+ 1 MPa, tensile strength 21+2 MPa, and the
strain to failure was 821 +£73%.

Porcine dermal ECM was prepared as reported previ-
ously.27 In brief, full-thickness skin from the dorsolateral
flank of market-weight (~ 260 pounds) pigs was harvested.
Subcutaneous fat, connective tissue, and epidermis were
mechanically removed. The obtained dermis was subjected
to sequential immersion in a vortex shaker at 600 rpm in
solutions including 0.25% trypsin, 70% ethanol, 1% TritonX-
100 in 0.26% ethylenediaminetetraaceticacid-tetrasodium
salt/0.69% Tris, and 0.1% peracetic acid/4% ethanol.

The resulting decellularized tissue samples were then
lyophilized and milled into a powder with a commercial
Waring™ blender and a Wiley Mill. The powder was fur-
ther processed with 1 mg/mL pepsin (P7012; Sigma) in
0.01 N HCL. Finally, each 0.75mL of ECM digest was
neutralized with 10x phosphate-buffered saline (PBS), 0.1 N
NaOH (0.075mL), and 1xPBS (0.092mL) and produced
1 mL of 15 mg/mL ECM solution.

Microparticle fabrication

PLGA microparticles were fabricated by a double emul-
sion technique originally introduced in Lu ef al.?® For the oil
component, 0.2g of PLGA (50:50 wt ratio, 30-60k My;
Sigma) was dissolved in 4 mL of dichloromethane (5% w/v;
Sigma), whereas 300 pLL of 1% PBS/distilled water solution
and 60 mL of 2% PBS/polyvinyl alcohol solution were uti-
lized as water one and water two components, respectivelg.
Similarly, the drug was encapsulated in the microparticles’
by mixing 8.57puL of 10-nitro-9-trans-octadecenoic acid
(NO,-OA) with 35mM to the water one component tar-
geting a final molarity of 1 M. The oil-water one emulsion
was then created by vortexing for 1 min.

Different particle sizes (Fig. 1A—C, and E) were obtained
by setting the agitator at rotation speeds of 1000 and
1500 rpm or by immersing the oil-water beaker in the so-
nicator bath (Quantrex 90; L&R, Keamy, NJ). Solvent
evaporation for 6h was followed by three sequential dis-
tilled water washes with centrifugation (15,000 g for 5 min).
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Controlled-release in vitro characterization. PLGA microparticle size obtained at different processing conditions:

(A) via sonication, (B) or 1500 rpm and (C) 100 rpm agitator speed. (D) NO,-OA in vitro controlled-release profiles, effects
of microparticle size on release kinetics (n=3; *p <0.05 at 168 h). (E) Microparticle size quantification, *p <0.05. NO,-OA,

nitro-oleic acid; PLGA, poly(lactic-co-glycolic acid).

Freeze-drying for 24 h completed the process, after which
the microparticles were collected and stored at —20°C before
integration in the abdominal wall patch.

Abdominal wall patch fabrication

Abdominal wall patches were processed by the two
stream electrospinning protocol illustrated in D’Amore
et al.,'" which was modified to incorporate the microparti-

cles into the scaffold volume. Three types of patches were
fabricated (Fig. 2): PECUU electrospun single-layer scaffold
with PLGA microparticles not loaded with NO,-FA (S),
PECUU-ECM bilayered scaffold (S+ECM), and PECUU-
ECM bilayered scaffold with integrated PLGA microparticles
loaded with NO,-OA (S +ECM + D). Hexafluoroisopropanol
(HFIP, 12% w/v) was utilized to dissolve the PECUU. A
114 mm diameter cylinder was adopted as an electrospinning
target charged at —4 kV, rotating at 750 rpm, and translating

FIG. 2. Preimplantation scaffold structure. Visual and histological scaffold structure comparison for the single-layer S
group (A, B), for the double-layer S + ECM group (C, D), and for the PLGA microparticle-integrated S+ECM +D group (E,
F). Higher magnification inset confirmed microparticle or ECM incorporation. Multiphoton image stacks (500 x 500 x 100 pm):
(G) integrated PLGA microparticles and (H) a composite image stack showing a combination of PECUU electrospun fibers
and PLGA microparticles for the S group. (I) NO,-OA-loaded integrated PLGA microparticles and (J) composite image stack
showing PECUU electrospun fibers, dermal ECM gel, and NO,-OA-loaded PLGA microparticles for the S+ECM+D
group. Arrows in figure (B, F, H, and J) indicate the PLGA microparticles. ECM, extracellular matrix; PECUU, poly(ester
carbonate)urethane urea. Color images available online at www.liebertpub.com/tea
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longitudinally at 0.15 cm/s. The deposition area (4.5cm in
width) was confined by electrical insulating tape and reduced
rastering span (6 cm).

The single-layer scaffold was fabricated through wet elec-
trospinning using the following electrospinning processing
variables, for stream one (polymer): voltage 13kV, gap dis-
tance 10cm, and flow rate 20 mL/h. For stream two (PBS),
electrospray conditions were as follows: 8kV, 4 cm gap, and
flow rate of 1.35 mL/min. The PBS stream (54 mL) was sup-
plemented with empty PLGA microparticles (17040 mg).
Total deposition time for all the groups was 40 min.

For the bilayer scaffolds in groups S+ECM and S+ECM +
D, the first layer (polymer rich) was fabricated using the same
processing conditions described above with a deposition
time of 20 min. The remaining 20 min were utilized to form
the scaffold second layer (ECM rich), total fabrication time
was 40 min. For the S+ECM, the second stream electro-
sprayed 15 mg/mL. ECM solution with an increased flow
rate of 1.5 mL/min while, gaps, voltages, and mandrel ki-
nematics remained unmodified.

Processing conditions for the S+ECM+D group were
identical to the S+ECM group with the only exception of the
ECM solution (30 mL), which was supplemented with the
NO,-OA-loaded PLGA microparticles (173+23 mg). Based
on a slower release kinetic described in sections ‘‘Controlled
release in vitro characterization” and ‘‘Preimplantation
scaffold structure, release profile, and mechanics,” the larger
diameter microparticles, fabricated at 1000 rpm as described
above, were utilized for the animal model.

Finally, S-ECM and S—-ECM-D patches were incubated at
37°C for 45 min to induce ECM solution transition to a gelled
state. Next, 6 mm diameter circular patches were obtained by
a surgical punch. The stiffer scaffold direction was identified
by cutting with a surgical blade one edge of the patch parallel
to the mandrel tangential speed direction. Metallic parts and
tools utilized in the scaffold fabrication and preparation were
sterilized. Each side of the generated abdominal patches was
sterilized with UV light for 30min before implantation,
which was performed within 12h of fabrication.

Controlled-release in vitro characterization

To quantify the impact of fabrication conditions, and more
specifically agitator speed and sonication on PLGA micro-
particle morphology, scanning electron microscopy (SEM)
was utilized. Microparticles were sputter-coated with Pd/Au
and imaged (grayscale, 8-bit) with SEM (JEOL JSM6330F);
NIH Image J was then adopted to quantify microparticle di-
ameter (Fig. 1E).

Extraction of NO,-OA and controlled release in vitro

NO,-OA in microparticles and scaffolds was extracted by
dissolving the samples in 200 pL. HFIP with 0.5 pmol NO,-
[13C18]OA internal standard, and extracted thrice with 1 mL
methanol, each time vortexing and centrifuging at 15,000 g
for 10 min at 4°C. Then, the collected methanol was dried
under a stream of nitrogen, reconstituted in 100 pL metha-
nol, and analyzed by high-performance liquid chromatog-
raphy—electrospray ionization-tandem mass spectrometry
(HPLC-ESI-MS/MS).

Controlled release (n=3) of NO,-OA in microparticles
(Fig. 1D) and scaffolds (Fig. 3B) was studied in 50 mM
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FIG. 3. Preimplantation scaffold mechanics and release
profile. (A) Scaffold biaxial mechanics characterization
(LD and CD indicated the rat longitudinal and circumfer-
ential directions, respectively) showed, for a given mandrel
velocity, no differences were introduced by microparticle
incorporation (S) when compared to the ECM-integrated
group (S + ECM). Comparison with native rat abdomi-
nal wall planar mechanics from Hashizume er al.® showed
the capacity to duplicate physiologically relevant values
of anisotropy (n=35). (B) Controlled-release profile for
the S + ECM+D group in lipase solution at 37°C up to
1 month (n=3). Color images available online at www
Jiebertpub.com/tea

phosphate buffer, pH 7.4 with 0.2 mg/mL porcine lipase at
37°C, as previously.”? Aliquots were collected at various
time points, spiked with 15pmol NO,-[*C;g]OA, 1 mL
acetonitrile was added, and then, samples were vortexed,
centrifuged, and analyzed by HPLC-ESI-MS/MS. At each
time point, a fresh incubating solution was utilized.

Liquid chromatography—mass spectrometry analysis
of NO,-OA

Analysis of NO,-OA was performed by HPLC-ESI-MS/
MS. The chromatographic system consisted of an analyti-
cal C18 Luna column (2 X 20 mm, 5 pm; Phenomenex) with
a flow rate of 0.75 mL/min and a gradient solvent system of
water 0.1% acetic acid (solvent A) and acetonitrile 0.1%
acetic acid (solvent B). The gradient program was the
following: 35-100% solvent B (0-3 min) and 100% solvent
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B (34 min) followed by 1min reequilibration to initial
conditions.

The mass spectrometry system consisted of an API4000
Q-trap triple quadrupole mass spectrometer (Applied Bio-
systems, San Jose, CA) equipped with an ESI source. NO,-
OA was analyzed in negative mode with the following
parameters: declustering potential—75 V, collision energy—
35eV, desolvation temperature of 700°C, and a multiple
reaction monitoring (MRM) transition 326.3/46. Quanti-
fication of NO,-OA in samples was performed by stable
isotopic dilution analysis using an NO,-OA calibration
curve in the presence of NO2-[13C18]OA internal standard
(MRM 344.3/46).

Multiphoton imaging

Successful integration of PECUU fibers with ECM and
microparticles was verified by multiphoton imaging (Fig. 2G-
J). Samples (n=5, each 10x 10 mm) were scanned over a
500%500% 100 um volume with multiphoton microscopy at
740nm excitation wavelength, 5% laser power, and 12.5 ps/
pixel sampling speed. Emission channels utilized for the ac-
quisition were 400+50nm for second harmonic generation
originated by the ECM signal, 525+50nm for the scaffold
fibers, and 595+ 25 nm for the PLGA microparticles.

To facilitate acquisition in these last two channels,
polymer fibers and microparticle signals were enhanced
with molecular probes.*® PECUU was supplemented with
fluorescein isothiocyanate when dissolved in HFIP, simi-
larly Red CMTPX (Molecular Probes) previously mixed
with 1 mL of dimethyl sulfoxide was added to the PLGA—
solvent solution during the creation of emulsion one in the
microparticle processing.

Mechanical testing and thermal properties

Preimplant patch mechanics were characterized with bi-
axial testing (n=5/group) to verify the efficacy of the
scaffold fabrication method to induce anisotropy and stiff-
ness comparable to native tissue® (Fig. 3A). Square samples
10x 10 mm in size were tested under stress control follow-
ing a methodology described by Sacks®'; 150kPa was es-
timated as the stress value corresponding to a range of
stretch values (1.0-1.20)® induced by breathing on the rat
abdomen under physiological conditions. Sample thickness
was measured with a dial micrometer (L.S. Starrett Co.,
Athol, MA). Fiducial markers were affixed at the four cor-
ners of a 5X5 mm center area within the samples; a defor-
mation gradient tensor was then calculated based on the
position of the markers and displacement field derived from
shape functions.

Tests were initiated with preconditioning followed by 10
cycles of testing (30s each) at room temperature in PBS. A
free-floating configuration was utilized for the reference
system in postprocessing. The ultimate tensile properties of
scaffolds in the wet state were evaluated by uniaxial tensile
testing employing an MTS Insight (MTS, Eden Prairie, MN)
with a 10N (0.01 N resolution) load cell at room tempera-
ture.'® The samples were extensionally deformed at 10 mm/
min according to ASTM D638M. Young’s modulus was
calculated based on the initial slope of the stress versus
strain curve (0 < ¢ < 10%) using linear regression. The
ultimate stress was determined as the maximum stress.
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Histology

At 8 weeks postimplantation, samples were retrieved,
fixed in 10% formalin solution for >24h, embedded in
paraffin, and serially sectioned into specimens 10um in
thickness. Next, hematoxylin and eosin (H&E) and Masson’
trichrome (MT) staining of preimplantation scaffolds and
explants were utilized to evaluate the following: polymeric
fiber volume, newly formed tissue, cellular infiltration, and
scar area (Figs. 4 and 5). To assess the foreign body response,
a custom-made algorithm, developed in Matlab (Mathwork,
Natick, MA), was utilized to segment'" and quantify collagen-
rich areas (Fig. 4G, H).

The algorithm is based on a two-phase iterative process
known as k means clustering. In step one, given an integer k
and an array of data, k cluster centroids were identified
minimizing the total squared Euclidean distance between
each pixel and its closest RGB centroid.>> With k=4, the
algorithm segmented each image into four color groups
corresponding to background, muscle tissue, collagen or de-
novo ECM, and scaffold. In step two, collagen pixels were
identified as those pixels that had a blue/red pixel intensity
ratio of ~2: red <125, blue >210.

At the macroscopic scale, cross-sections were utilized to
quantify explant thickness. NIH Image J was utilized to
identify the explant central line, draw equispaced segments
(n=10) perpendicular to this line intersecting the abdominal
wall border, and calculate the mean of their lengths. This
measure was coupled with in situ explant visual inspection
(Fig. 6).

Animal and surgical models

The animal study was performed following United States
National Institutes of Health guidelines for animal care, and
was approved by the Institutional Animal Care and Use
Committee of the University of Pittsburgh. The experiment
was performed in compliance with both the Animal Welfare
Act Regulations and Federal statutes relating to animals and
experiments involving animals and adhered to the principles
defined in the Guide for Care and Use of Laboratory Ani-
mals, National Research Council, 1996.

Adult female Sprague-Dawley rats 10-12 weeks old,
~250¢g in weight (Harlan Sprague Dawley, Inc., Indiana-
polis, IN), were used for the abdominal wall repair procedure.
The experiment was designed to assess the effects of NO,-FA
controlled release on angiogenesis. Therefore, a partial wall
defect was preferred to a full wall defect model; this enabled
evaluation of the impact of drug release on the tissue un-
derneath the abdominal wall patch. The surgical protocol was
adapted from a procedure previously established.”*

In brief, inhalation of 1.25-2.5% (maintenance—induction)
isoflurane with 100% oxygen was adopted as anesthetic. The
skin was shaved and the surgical field was prepared by ster-
ilization with povidone-iodine solution, the rats were posi-
tioned in dorsal recumbency on a heating blanket, and the
operating environment was kept sterile during the procedure.
An incision was made 2 cm inferior to the xiphoid process.
Next, a square-shaped partial-thickness defect with a side of
lcm and a depth of ~300pum was dissected and removed;
this included the abdominal wall fascia and part of the mus-
cle; the peritoneum was left intact, while skin and subcuta-
neous tissue were recomposed at the end of the procedure.



894

D’AMORE ET AL.

S+ECM+D

S

S+ECM S+ECM+D

FIG. 4. Histological assessment, full cross-sections. H&E and MT staining of 8-week explants for the groups: (A, D) S; (B, E)
S+ECM, and (C, F) S+ECM +D. Both qualitative (A-F) and quantitative observation (H) showed reduced fibrous encapsulation
and higher cellular infiltration for the S + ECM and S + ECM + D groups when compared to the S group. (G) Examples of collagen/
scar area segmentation performed by the developed algorithm. Dotted line indicates the visible part of the scaffold perimeter, n >3/
group, *p <0.05. H&E, hematoxylin and eosin; MT, Masson’ trichrome. Color images available online at www liebertpub.com/tea

All the patches were sutured by three equal-spaced 7-0
polypropylene sutures to minimize the foreign body re-
sponse elicited by the polypropylene and better assess the
impact of the different scaffolds on angiogenesis. Abdom-
inal wall patches were oriented so that the stiffer direction of
the material was aligned with the circumferential direction
of the rat abdomen; scaffold notches placed for this purpose
(straight edge on disc shaped scaffolds) ensured proper
alignment.

S-ECM and S—-ECM-D groups were implanted with the
ECM component of the scaffold facing the wall defect; this
‘“‘open face sandwich” approach was meant to promote direct
interaction of the ECM component with the treated area.
Finally, the skin closure was obtained by double-layer buried
suture and the animals remained in the surgical suite under
observation until they recovered from anesthesia. Post-
operative care followed the standard protocol. Animals were
euthanized by isoflurane (5%) inhalation at 8 weeks after the
procedure (S group, n=6, and S+ECM and S+ECM+D,
n=10 each). The patches were explanted by cutting ~5 mm
outside of the suture line and retrieved samples were pro-
cessed for histological and immunofluorescence assessment.

Blood vessel morphological assessment

Regional angiogenesis was investigated by combining
morphological with topological information. Morphological
assessment included quantification of blood vessel/mm?
and vessel type and was performed with two distinct exper-
iments: histological (Fig. 7) and immunofluorescence as-
sessment (Fig. 8).

For the histology, MT-stained cross-sections (=5 animals/
group) were preprocessed as discussed in the Multiphoton
imaging section. Explant cross-sections examined with im-
munofluorescence (n=5 animals/group) were preprocessed
with fixation on 4% phosphate-buffered paraformaldehyde
solution (4 h), followed by immersion in 30% sucrose solution
(>48h), embedding into OCT compound (Tissue-Tek, Tor-
rance, CA), and finally sectioned with a 10 pm step size.

Next, sections were blocked with 10% goat serum in
0.2% Triton 1x PBS solution (2 h at room temperature) and
treated as in D’ Amore ez al.'" with mouse primary antibody
against CD31 (ab64543, 1:100; Abcam) and rabbit primary
antibody against aSMA (Ab5694, 1:100; Abcam). Anti-
rabbit Alexa Fluor® 594 (A21207, 1/1000; Thermo Fisher



FIG. 5. Histological as-
sessment, high magnification.
H&E and MT staining of 8-
week explants for the groups:
(A,B) S, (C,D) S + ECM,
and (E, F) S + ECM + D.
Qualitative assessment of
high magnification (200 X )
cross-sections at the explant—
scaffold interface confirmed
higher cellular infiltration for
the S+ECM and S+
ECM+D groups when com-
pared to the S group. Top
right box indicates the high
magnification field of view
position (yellow box) with
respect to the whole explants.
Dotted line indicates the vis-
ible part of the scaffold pe-
rimeter. Color images
available online at www
Jiebertpub.com/tea

FIG. 6. Explant thickness. Vi-
sual inspection for the groups:
(A) S, (B) S + ECM, and (C)

S+ECM+D. (D) Full wall
thickness comparison with group N
-~ 14 f | representing the healthy rat
E T abdominal wall thickness,
= e T *p <0.05. Color images available
§ 1.0 - T * online at www.liebertpub.com/tea
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FIG.7. Blood vessel morphological assessment by MT staining. Representative MT staining of 8-week cross-sections at left
(L) and right edge (R), below (B) and inside (I) the abdominal wall explants for the groups: (A, D, G, J) S, (B, E, H, K)
S+ECM, and (C, F, I, L) S+ ECM +D. (M) Blood vessel number and type quantification, n>5, *p <0.05 for total vessels.
Arrows in (A-F, H, I, K, L) indicate blood vessels. Details on the adopted algorithm for vessel segmentation are provided in
Supplementary Fig. S1. Color images available online at www .liebertpub.com/tea

Scientific) and biotin-streptavidin Alexa Fluor® 488 (BA-
2001, 1:200; Thermo Fisher Scientific—532354, 1:150;
Invitrogen) were utilized as secondary antibodies. 4,6-
diamidino-2-phenylindole mounting medium was utilized to
provide nuclear staining (5 pL/section, DAPI H-1200;
Vectashield), while negative controls were obtained from
sections only processed with secondary antibody.***

A Nikon Eclipse 6600 microscope (Nikon Corporation)
equipped with spectral unmixing of autofluorescence system
Nuance 3.0.2 (Caliper Life Science, Inc.) was utilized to
acquire epifluorescent images and decouple the signal of in-
terest from autofluorescence generated by muscle tissue and
scaffold.’® Each MT and CD31/aSMA slide was systemati-
cally imaged at 200x (Fig. 9A) covering an extensive region,
including the area occupied by the abdominal wall patch

(inside: I1, 12, I3), the region underneath (below: B1, B2, and
B3), and the region in proximity to the edges where the
material was sutured to the native tissue (left and right: L, R).

Blood vessel number and type were then identified and cate-
gorized in different groups with an algorithm (Supplementary
Figs. S1 and S2; Supplementary Data are available online at
www .liebertpub.com/tea) utilizing five morphological crite-
ria: (1) diameter size (spanning from 3.7 um for capillaries to
76 um for veins®’), (2) presence of functionally heteroge-
neous layers (e.g., tunica intima, media, and adventitia), (3)
layer thickness ratios (e.g., predominant tunica media/com-
parable intima and media), (4) shape (e.g., rounded/amor-
phous), and (5) cell type in proximity of the object of interest.

The method, previously utilized in D’ Amore et al.'! al-
lowed for the segmentation of the identified vessels into four
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Blood vessel morphological assessment by immunofluorescence staining. Representative DAPI (blue), CD31

(green), and aSMA (red) co-staining of 8-week cross-sections (region I) for the groups: (A) S, (B) S+ECM, and (C)
S+ECM+D. (D) Blood vessel number and type quantification, n>5, *p <0.05 for total blood vessels. Arrows in (A-C)
indicate blood vessels. Details on the adopted algorithm for vessel segmentation are provided in Supplementary Fig. S1.
DAPI, 4’,6-diamidino-2-phenylindole. Color images available online at www.liebertpub.com/tea

major categories (i) arterioles and postcapillary veins, (ii)
small arteries and venules, (iii) small veins, (iv) arteries and
veins. Vessel diameter was measured based on the diameter
size of circular cross-sections or based on longitudinal vessel
sections. Each detected longitudinal cut of the vessel was
considered one count; the diameter was then measured as the
distance between the two edges of the vessel.

Blood vessel topological assessment

To further investigate the effect of NO,-OA release on
regional angiogenesis, the images collected and analyzed as
described in the previous section were processed with re-
spect to the explant topology. The total number of vessels
detected at different locations of each image was averaged
and attributed to the geometrical center of the image on a
three-dimensional (3D) composite map (combination of
eight images Fig. 8A-D) having the volume of the scaffold
at its center (white line in Fig. 9B-D) and Z values corre-
sponding to the number of vessels detected. Next, these
values were further averaged over the different animals
within a given group and interpolated using biquintic nu-
merical interpolation (Matlab; MathWorks).

Values at the upper edge of the explants, representing the
animal skin, were set to zero and utilized as a boundary
condition for the numerical interpolation (points U1-US).
The 3D surface obtained was then projected over the XY
plane where Z values were represented as colors indicating
the number of vessels/mm?>. Finally, additional detail was
provided by associating vessel types and their spatial distri-
bution (Fig. 9E-G). This postprocessing strategy allowed for
the visualization of color maps describing not only the vessel

number but also their location with respect to the different
topological regions. Most importantly, it allowed the identi-
fication of different angiogenesis patterns based on the scaf-
fold type.

Macrophage infiltration

To assess macrophage infiltration and polarization (Fig. 10),
sections were immunolabeled with the pan-macrophage rabbit
primary antibody to CD68 (ab125212, 1:100; Abcam), which
was coupled with goat anti-rabbit secondary antibody Alexa
Fluor 488 (A-1108; 1:1500; Thermo Fisher Scientific). The
same sections were also processed with the mouse primary
antibody to CD163 (sc-58965, 1:100; Santa Cruz), a macro-
phage phenotype marker commonly associated with the
pro-remodeling (M2-like) phenotype. The secondary anti-
mouse antibody was Alexa Fluor® 459 labeled (A-11032,
1/200; Invitrogen).

Imaging modality and sample selection were the same
utilized for the CD31/aSMA costaining. CD163 and CD68
positive pixels were identified; their ratio was calculated
(Fig. 10E, F) with a custom-made script developed in Matlab
based on Otsu’s binary segmentation algorithm."’

Statistical analyses

Statistical analyses were conducted using Sigma plot
(Systat Software, Inc., Chicago, IL). One-way analysis of
variance (ANOVA) followed by Tukey—Kramer multiple
comparison testing was adopted for comparison of multiple
samples. To compare the biaxial response of the different
groups, one-way ANOVA was applied to compare the
maximum stretch at 150 kPa stress level for each sample.
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FIG. 9. Blood vessel topological assessment. (A) Schematic of the analyzed explants’ area. MT cross-sections were
imaged at 200 X covering the region occupied by the implanted patch (inside: 11, 12, and 13), the region underneath (below:
B1, B2, and B3), and the edges where the material is sutured to the native tissue (left and right: L, R). The solid line around
points I1-13 indicated the approximated border of scaffold, whereas each point corresponded to the geometrical center of
each image, and U1-US5 represented the upper border of the explants. Total vessel/mm~ spatial distribution was provided in
(B) for group S, (C) for S+ECM, and (D) for S +ECM +D. Each color map represented the mean of the spatial distribution
for blood vessels detected on n>5 animals. Distinct patterns identified for angiogenesis and illustrated in (B-D) were
quantified and sorted based on vessel morphology with (E) showing spatial distribution of capillaries (B, L/R, and I
indicated the three different regions: below, edges, and inside). Distribution of small arteries, veins, and venules was
provided in (F), while (G) offered the quantitative topological assessment for arteries and veins. For (E-G), n>5, *p <0.05
between the scaffold groups. Color images available online at www.liebertpub.com/tea

Results are presented as mean * standard error of the mean.
Differences were considered to be statistically significant
when p <0.05.

Results
Controlled-release in vitro characterization

The ability to control particle size by changing the agi-
tator speed or by utilizing sonication during the double
emulsion processing was qualitatively verified by SEM
(Fig. 1A-C); results were corroborated by diameter quan-
tification that showed larger microparticles being produced
at 1000 rpm (Fig. 1E). This yielded different surface/volume
ratios that, given the same PLGA chemistry and NO,-OA
quantity for the three groups of particles, produced signifi-
cantly different release profiles (Fig. 1D).

The microparticles fabricated at 1000 rpm had the smal-
lest surface/volume ratio and as such were characterized by
the slowest release profile. One intention of the scaffold design
endpoints was to extend the in vivo drug release; therefore
based on this in vitro characterization, the 1000 rpm-induced
microparticles were incorporated in the polymeric matrix and
utilized for the rest of the study.

Preimplantation scaffold structure, mechanics,
and release profile

Scaffold visual and histological comparisons are provided in
Figure 2A-F. MT-stained sections highlighted the single poly-
mer layer structure in the S group, the presence of distinct
polymer-rich and ECM-rich layers for the S+ECM and S+
ECM +D groups, and the successful integration of microparti-
cles within the ECM-rich component of the S+ECM+D
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ratio. Color images available online at www.liebertpub.com/tea

group. The latter was further verified with multiphoton micros-
copy, with a representative image stack provided in Figure 2G-J
and Supplementary Video S1. The microparticle signal acquired
by the 595nm channel (Fig. 2H) enabled the quantification
(n=5) of the number of particles/volume of scaffold and the
corresponding pmol of NO,-OA (Table 1).

Given an estimated scaffold preimplantation volume of
39.3mm’ and a concentration of particles equal to 260/mm>
(Table 1), ~10,000 microparticles were included. Scaffold
biaxial characterization (Fig. 3A) showed the effects of man-
drel velocity, micropar’[icles,38 and ECM incorporation” on
patch anisotropy. Moreover, comparison with native abdomi-
nal wall mechanics® showed the capacity to recapitulate a
physiologically relevant level of anisotropy. The controlled-
release profile for the S+ ECM +D group in lipase solution at
37°C shown in Figure 3B completed the preimplantation
sample characterization.

Histological assessment

Histological assessment of 8-week explants performed
with H&E and MT staining showed reduced fibrous en-
capsulation and higher cellular infiltration (Figs. 4, 5, and
10D) for the S+ECM and S+ECM+D groups when com-
pared to the S group. Significant thickness differences were
detected (Fig. 6), showing beneficial and incremental effects of

TABLE 1. SCAFFOLDS’ PARTICLE DENSITY

Volume (mm3) 0.025

Particles (#) 6.5%1.6
Particles/volume (#/mm3) 260162
NO,-OA (pmol/mg) 31.8+1.8

NO,-OA, nitro-oleic acid.

ECM incorporation and NO,-OA release, respectively. Results
of immunolabeling with pan-macrophage marker CD68 and
M2-specific marker CD163 are shown in Figure 10.

Blood vessel morphological assessment

MT staining of 8-week cross-sections was utilized to
quantify blood vessel number/mm?” and type. Representative
images in Figure 7A—F provided examples of vessel formation
in proximity to the suture region and underneath the implanted
scaffold, respectively. Results of the related quantitative
analysis are provided in Figure 7G, showing a significantly
higher number of vessels/mm” for the S+ECM group when
compared to the S group and an even stronger angiogenic
effect associated with the loading of NO,-OA microparticles.

To further verify this finding, immunofluorescence staining
and image analysis were performed. Qualitative observation
(Fig. 8A—C) and quantitative measurement (Fig. 8D) showed
an increase in vessels/mm? for the S+ECM+D group. Both
MT and immunofluorescence evaluation offered an addi-
tional level of detail by providing vessel-type quantifica-
tion (Figs. 7G and 9D).

Blood vessel topological assessment

Blood vessel topological distribution showed a lack of
neo-vessel formation for the S group on regions inside and
below the scaffold (Fig. 9B, regions I, B) and weak vessel
growth at the edges (Fig. 9B, regions L-R). In contrast, the
presence of ECM was associated with blood vessel forma-
tion at the core, below, and at the edges of the abdominal
wall patch (Fig. 9C). NO,-OA release in the S+ECM+D
group further emphasized this effect with the highest level
of vessels/mm? at the edges (Fig. 9D, regions L-R). Data
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were also organized to couple the topological and mor-
phological information, and showed a significantly greater
number of capillaries (Fig. 9E) in the S + ECM + D scaffolds
regardless of the region.

Small arteries, veins, and venules were more numerous in
the I1-I3 regions for the S+ECM and S+ECM+D groups
when compared to the S group (Fig. 9F). Finally, the number
of larger and more mature vessels/mm? such as arteries and
veins was significantly greater in the S+ ECM+D, B1-B3,
and I1-I3 regions (Fig. 9G). Distinct patterns of angiogenesis
(Fig. 9) were consistent with the cellular infiltration and fi-
brotic response illustrated by the histological analysis.

Discussion
Controlled-release in vitro characterization

The degradation profile and the release mechanisms of
polymeric microparticles/nanoparticles can be modified by a
number of factors, including polymer molecular weight (e.g.,
for PLGA 14k-213k Da),* copolglmer composition (e.g., for
PLGA 85:15, 65:35, and 50:50),>> morphology (e.g., surface
topography and nanochannels),”’ or diameter size.*' In vitro
results (Fig. 1) showed the capacity to control the release
kinetic of NO,-OA (1mM) up to 7 days by changing the
particle size in the 1-50 um range (Fig. 1D). Consistent with
Berkland er al.,*' release profiles were sigmoidal with larger
microparticles inducing a slower release.

Controlled release from nonwoven nanofibrous biode-
gradable scaffolds was previously demonstrated in Kim
et al.** where antibiotic drug was combined with electro-
spun PLGA fibers for the prevention of postsurgical adhe-
sions and infections. Whether drug is loaded into the
polymeric fibers or into carried microparticles, the host in-
teracts directly with the release vehicle impacting directly
on its degradation. Lu er al.,*® for example, reported half-
lives of 5.5-20.3 days for PLGA microparticles, releasing
transforming growth factor 1) in PBS solution.

Aiming to extend the rat abdominal wall exposure to
NO,-OA, the expected half-lives of PLGA particles were
prolonged by the incorporation of the particles into the
polymer matrix and/or ECM gel.*® To simulate in vitro a
more realistic mechanism, degradation conditions in a static
PBS solution”® were replaced by rocking the samples in a
porcine lipase solution at 37°C (Fig. 3B).*

Preimplantation scaffold structure, release profile,
and mechanics

While gross appearance and surgical handling of the ab-
dominal wall patches remained consistent across groups
(Fig. 2A, C, and E), differences in structure were high-
lighted with MT staining of cross-sections. S-ECM and S—
ECM-D groups showed an open-phase bilayered structure
similar to that in D’ Amore ef al.'' with a clear distinction
(Fig. 2B, D, and F) between the polymer-rich and the ECM-
rich regions. In contrast, group S had a simpler, single-layer
porous structure comparable with the scaffold produced by
wet electrospinning in Hashizume ez al.®

Microparticle inclusion and spatial distribution were
confirmed by histological analysis of scaffold cross-sections
(Fig. 2B, D, and F) and with 3D detail by multiphoton mi-
croscopy (Fig. G-J and Supplementary Video S1). The latter
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enabled the quantification of the number of particles per unit
volume and the pmol NO,-OA/mg of scaffold (Table 1).
Prospectively, this technique can be crucial to estimate the
total amount of drug/scaffold and investigate the therapeutic
dose of the compound to be released. The in vitro release
profile of the implanted S—-ECM-D group (PLGA loaded
with 1M NO,-OA) remained sigmoidal (Fig. 3B) for up to
one month under accelerated degradation conditions.

The effects of mandrel velocity,”® microparticle integra-
tion,43 and ECM inclusion'! on biaxial mechanics shown in
Figure 3A were in agreement with previous studies, and
demonstrated the capacity to recapitulate physiologically
relevant values of anisotropy for the rat abdominal wall (e.g.,
an equistress 150kPa produces App=1.0-1.05, Axp=1.2—
1.25%). Similarly, for the PECUU polymeric material, the
Young’s modulus, ultimate stress, Ty, and Ty, for PECUU
were consistent with values reported in Hong er al.'®

Histologic assessment

There were profound differences between groups in terms
of cellular infiltration, scaffold degradation, fibrotic response
(Figs. 4 and 5), and abdominal wall thickness (Fig. 6). As for
comparative evaluations of electrospun polyurethane and
biohybrid (polyurethane + ECM) scaffolds,** the S group was
less infiltrated by host-recruited cells, the scaffold volume
was less degraded, and a stronger encapsulating tissue re-
sponse was observed (Fig. 4G, H), in contrast to the histo-
logical observations with the S+ECM and S+ECM+D
groups. Comparison of xenogeneic porcine small intestinal
submucosa (SIS) versus polypropylene mesh (PPM) for the
repair of abdominal wall defects in a large animal model*’
showed major benefits of biologic material-derived patches
when compared to woven synthetic surgical meshes.

In particular, SIS showed better tissue in-growth and
fewer adhesions than the PPM. Since then, more than two
decades of research has confirmed the better outcomes of
SIS materials,*® for example, assessed tensile strength, col-
lagen formation, and angiogenesis in a rat hernia model re-
paired with Surgisis® (porcine SIS-derived graft), AlloDerm®
(acellular human tissue skin-derived graft), or Vicryl Woven
Mesh® (absorbable synthetic, nonantigenic mesh).*” Con-
sistent with the histological findings of this study when an
ECM component was included (Figs. 4 and 5), Surgisis and
AlloDerm both showed better collagen degosition, enhanced
tissue remodeling, and cellular in-growth.

Despite the positive outcomes associated with biologi-
cally derived scaffolds, there are reports of complications
with this class of material. Human acellular dermal matrix
induced severe inflammation in an adult vervet monkey
model.*® Similarly, Wotton and Akoh*’ reported a clinical
case of rejection for Permacol®, a porcine dermis collagen
mesh. Lee er al.’® reviewed perioperative and long-term
outcomes of porcine dermal matrix for human abdominal
wall repair and reported a 42% postsurgery complication
rate, which included a 27% incidence of hernia recurrence.
These reports have stimulated interest in alternative so-
lutions such as the biohybrid approach presented in this
study.

Improved host cell infiltration and reduced material en-
capsulation, noted histologically (Figs. 4, 5, and 10D), were
also corroborated at the macroscopic level by wall thickness
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measurements of explants at 8 weeks, where the S+ECM+D
group showed the closest value to the healthy native abdom-
inal wall (Fig. 6). The histologic evidence cumulatively sug-
gested beneficial effects of controlled, regional NO,-OA
release. Wall thickness measurements were also comparable
with previous studies (range: 0.8—1.6 mm™') utilizing elas-
tomeric polyurethane fibrous scaffolds, including those in-
corporating muscle-derived stem cells, in the same animal
model and at the 8-week time point.

Blood vessel morphological assessment

Neovascularization is widely recognized®**#%5233 a5 4
key metric reflecting both positive and adverse outcomes of
biomaterials and engineered constructs for abdominal wall
repair. Yet, blood vessel morphology, type, and spatial
distribution remain generally unaddressed. Most commonly,
qualitative evaluation of von Willebrand factor or CD31
immunostaining, MT, and H&E histological sections 323
is employed to quantify the number of vessels on randomly
selected high-magnification images (e.g., n=4 at 40 x,*¢*
n=7-10 at 100x®°") without performing vessel segmen-
tation based on morphology and spatial distribution.

This study provided increased quantitative insight into
angiogenesis by evaluating two independent indices: MT
staining and immunofluorescence by CD31 and aSMA co-
localization.'! According to both methodologies (Figs. 7
and 8), the S+ ECM +D group reported greater angiogen-
esis at 8 weeks compared to the other groups. Although
cellular infiltration was greater when ECM was present in
the scaffolds, macrophage infiltration (Fig. 10) did not show
significant differences between the groups. Comparison be-
tween the S and the S+ECM groups in Figure 7 shows a
significant effect of the ECM integration on the number of
vessels/mm”.

An additional effect is then produced by the controlled
release of NO,-OA as shown by the comparison of the
S+ECM +D versus the S and S+ECM groups in Figures 7
and 8. Blood vessels were also segmented within three
different categories: (i) capillaries, (ii) small arteries, veins,
and venules, and (iii) arteries and veins (Figs. 7 and 8) based
on a multicriteria algorithm (Supplementary Fig. S1). The
total number of identified vessels/mm?” was in agreement with
previous, less-specific quantification (30—40/mm* 8) per-
formed on comparable biomaterials and animal model.

Blood vessel topological assessment

The additional detail provided by the assessment de-
scribed in the previous section was complemented with to-
pological mapping of neovessels (Fig. 9). While section
location had a profound effect on outcomes of histologic
evaluation, many analyses®***¥°25% have not addressed
this factor, imaging random areas in the region of interest.
Averaging over a spatial region of interest might lead to the
loss of relevant information. For instance, areas occupied by
surgical sutures or at the tissue-biomaterial interface are
characterized by a more robust inflammatory response at
early time points. The bulk of the scaffold volume is less
likely to be infiltrated with cells than the periphery. Drug
release will also be spatially dependent and can differen-
tially affect the tissue directly underneath the scaffold more
than distal tissue sections.
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The present study overcomes these limitations by sys-
tematically mapping angiogenesis inside and around the
abdominal patch volume. Groups differed in terms of the
bulk number of vessels and also revealed distinct vascular
growth patterns (Fig. 9B-D). The S group, consistent with
the rest of the histological evaluation (Figs. 4 and 5), was
mostly engulfed into a collagen capsule and showed only
limited vessel growth at the patch edges (Fig. 8B, E, F, and
G, regions L and R). In contrast, the ECM component within
the S+ECM group was associated with cell infiltration and
vessel growth at the core of the scaffold, where small ar-
teries, veins and venules, as well as arteries and veins were
more frequently observed compared to the S group (Fig. 9C,
E, F, and G region ).

The impact of local differences in NO,-OA concentrations
in the S+ECM+D group (Fig. 9D) was significant for
capillaries in three regions: below (B), inside (I) and at the
edges (L and R) (Fig. 9E). Significant differences were also
measured for the small arteries, veins and venules (Fig. 9F),
with the region inside the scaffold with the S+ECM+D ex-
hibiting more vessels then the S group. This was also the case
for the arteries and veins category in regions (Fig. 9G) below
and inside the scaffold. As expected, capillaries were the most
abundant, regardless of the group, followed by small arteries,
veins and venules and finally by larger arteries and veins.

Abdominal wall repair and enhanced angiogenesis:
technology overview

Alternatives to autologous tissue® for abdominal wall re-
pair include a vast spectrum of biomaterials and tissue en-
gineering approaches. Early attempts focused on improving
performance and resistance to adhesion of nondegradable
woven surgical meshes,>* yet the increasing clinical suc-
cess of biologic scaffolds gave impetus to a shift toward the
development of ECM-based meshes such as decellularized
xenogenic dermis**%336 or SIS,“SJ17 decellularized allo-
geneic tissue,”®>"*® decellularized and then cell-seeded xe-
nogeneic tissue™® and decellularized bovine pericardium.>
This class of biomaterials has generally achieved favorable
endpoints in terms of in situ remodeling with cases showing
long term evidence of new skeletal muscle fiber formation
and innervations.>

Despite these achievements, witnessed by the large number
of biological surgical meshes now being used clinically,>*
postsurgical hernia recurrence remains problematic,® and
control over the structure and function of abdominal wall
support devices is still limited.® This motivates the introduc-
tion of alternative paradigms capable of balancing the higher
level of processing control associated with synthetic materials
and the superior bioactivity of ECM-derived meshes. Ex-
perience with biodegradable woven meshes,” as opposed to
devices designed to remain permanently in the host,>*> can
reduce the risk of chronic inflammation while mitigating
mechanical mismatch at the tissue-device interface.

Incorporation of an ECM component, such as including
cell seeded synthetic-biologic composite woven con-
structs® or biohybrid and biodegradable nonwoven scaf-
folds,*>!*? may also provide improved biological response
and less risk for chronic morbidity. While adverse effects in
terms of immune response to the scaffold implantation can
be equally induced by a biological as well as by a biohybrid
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material, the adoption of ECM scaffolds (not integrated with
a polymeric matrix) limits control of patch morphology and
mechanics. Key biomaterial features such as: pore size, pore
interconnectivity, elastic modulus, and tissue anisotropy,
depend on the tissue source and are fundamentally affected
by the decellularization process.

A recognized advantage of the bio-hybrid approach is the
ability to combine bioactivity associated with the biological
material with greater control of the structure—function rela-
tionships, as is typical with synthetic material processing
methods. Regional angiogenesis is often noted as a critical
factor related to positive clinical outcomes. However, virtu-
ally no biomaterials and tissue constructs specifically focus
on approaches that facilitate and sustain neovascularization.

Activity of NO2-OA in abdominal wall repair

NO,-OA, as a thiol-reactive electrophilic fatty acid, will
be by nature a pleiotropic signaling mediator. The unique
nature of nitro-alkene substituents promotes both kinetically
rapid and reversible Michael addition reaction.'? These data
support that the posttranslational protein modification reac-
tions, including those with adaptive signaling mediators such
as Keapl/Nrf2, sEH, PPARy, and NF-xB p65 subunit, are
nontoxic and induce anti-inflammatory responses.'®'® The
preclinical actions of NO,-OA have been reported in murine
models of vascular restenosis,63 cardiac ischemia-reperfusion
injury,'® atherosclerosis,®* and diabetes'> among others. A
recent study showed that NO,-OA decreases myocardial fi-
brosis and modulates functional polarization of M1 and M2
macrophage subpopulations.®>%

These results are consistent with the present abdominal
wall repair and macrophage infiltration responses. While
there were no statistically significant differences between
proinflammatory (M1 like) and proremodeling (M2 like)
macrophage phenotypes, this might be explained by the fact
that healthy native abdominal wall conditions were being re-
established. Finally, NO,-OA activates Nrf2-dependent gene
expression,'® which in turn regulates proangiogenic media-
tor®” and HIF-1o gene expression, stimulating capillary-like
sprouts ex vivo and angiogenesis in chicken egg membranes.*!
These data reveal that NO,-OA promotes neovascularization
in the rat abdominal wall by increasing the number of capil-
laries, small arteries, veins, and venules.

Abdominal wall repair and enhanced angiogenesis:
limitations and future work

A number of limitations can be identified for this study. In
the future, shorter (1, 4 weeks) and longer (24 weeks) time
points in conjunction with biomechanical functional tests
can reveal the impact of vessel formation on muscle re-
generation. In addition, a larger animal model and the
consideration of the impact of obesity would provide addi-
tional perspective for future clinical translation. Moreover, a
more mechanistic understanding of how NO,-OA affects
patterns of tissue gene expression, angiogenesis, inflamma-
tion, and tissue remodeling will require further histopatho-
logical, biochemical, and dose-response assessments. An
additional control group evaluating the effects of PLGA
microparticles and ECM incorporation could have been in-
cluded in the study. Yet, effects of PLGA particles alone on
mature vessel formation have not been previously reported.
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Few limiting factors affect the vessel morphological as-
sessment; when a longitudinal cut of a vessel was identified,
the diameter was measured as the distance between the two
edges. This process represents a potential source of error for
the vessels/urn2 measurement since, for a given diameter, a
longitudinal cut occupies a much larger area than its cor-
responding cross-section.

Conclusions

Postsurgical complications remain associated with de-
vices employed to repair abdominal wall hernias. The bio-
materials employed in these devices vary greatly from
purely synthetic (e.g., PPMs) to biologic materials based on
decellularized xenotypic tissue. While synthetic materials
offer controlled structure and mechanics, they lack positive
remodeling potential. Biologic materials address the issue of
remodeling potential, but sacrifice robust mechanical con-
trol. The abdominal wall patch strategy reported in this
study demonstrated the benefits of a biohybrid biomaterials
approach combined with the controlled release of an an-
giogenesis facilitating mediator (NO,-OA).

Enhanced angiogenesis was demonstrated by a newly de-
scribed method to spatially quantify vascularization. The
three components of the employed composite scaffold design
strategy (ECM gel, polymeric fibers, and NO,-OA-loaded
PLGA microparticles) enable tuning of biomaterial perfor-
mance characteristics. Scaffold degradation and mechanics
can be modified with the polymeric component and proces-
sing parameters, while the controlled-release characteristics
of the synthetic endogenous mediator homolog can be tuned
by changing microparticle/drug loading characteristics. The
overall system provides a biomaterial design approach ap-
plicable to other tissue augmentation and support settings.
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