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Impact of Electrospun Conduit Fiber Diameter
and Enclosing Pouch Pore Size on Vascular
Constructs Grown Within Rat Peritoneal Cavities

Chris A. Bashur, PhD," Matthew J. Eagleton, MD? and Anand Ramamurthi, PhD'

The generation of vascular grafts by recruiting autologous cells within the peritoneal cavity has shown promise.
However, the microenvironment affects cell differentiation and elastic matrix production. Therefore, this study
determined the impact of systematic changes in the average fiber diameter of electrospun poly(e-caprolactone)
conduits, and the pore size of pouches used to enclose the conduits, on recruited cells. After 2 weeks in the
peritoneal cavity, fibrous capsules formed containing macrophages, a-smooth muscle actin (-SMA)™ and
SM220. " myofibroblastic or smooth muscle like-cells, and what appeared to be mesothelial cells on the outer
surfaces. These cells infiltrated and deposited matrix (e.g., collagen, hyaluoronan, and limited elastin) within
conduit walls. Constructs enclosed within the largest pore pouches exhibited significantly better tissue gener-
ation responses (e.g., better cell infiltration, elongation, and matrix deposition). Additionally, the healing
response was impacted by the conduit average fiber diameter, and consequently, the effective pore diameter,
with the largest diameter fibers promoting the most positive healing response (e.g., greater total cellularity,
extracellular matrix deposition, and a-SMA™ cells). Six weeks post-intra-aortal grafting, constructs were oc-
cluded, but significant remodeling also occurred in the arterial microenvironment. Overall, these results dem-
onstrate the importance of microenvironmental cues on recruited peritoneal cells and the necessity of developing

strategies to further improve elastic matrix synthesis.

Introduction

CORONARY HEART DISEASE accounts for approximately
one in every five deaths in the United States. Occlusion
of small-diameter coronary vessels (i.e., those <6mm) is a
primary symptom of the disease."” Autologous vessels (e.g.,
saphenous veins) are the gold standard for bypass grafting in
patients with blocked arteries, but are unavailable in >30%
of affected patients due to systemic vascular disease.’ Syn-
thetic vascular prostheses—for example, expanded poly
(tetrafluoroethylene) (ePTFE)—have been used as alterna-
tives, but they trigger a strong inflammatory response, tend
to thrombose, and exhibit compliance mismatches with the
native vascular tissue.* Activation of smooth muscle cells
(SMCs) can also lead to overexpression of proteolytic en-
zymes, resulting in aneurysmal expansion of the graft.” Thus,
alternative strategies, such as the use of self-repairing, tissue-
engineered vascular grafts, are needed to circumvent these
challenges.

Only a limited number of tissue-engineered vascular grafts
have shown promise in clinical trials to date.%® Significant
concerns with these grafts include the extended time frame

and high costs for in vitro manipulation of seeded cells. Ad-
ditionally, long-term patency of these grafts can be compro-
mised by the poor cellular synthesis of elastin precursors and
their limited ability to assemble them into elastic matrix su-
perstructures typical of native vessels.”'" The elastic matrix
provides the mechanics required for the vascular tissue and
also regulates the SMC phenotype.'' Most adult cell types
inherently synthesize very limited amounts of elastin.'?
Therefore, strategies have been developed to improve elastic
matrix production and maturation, including by growth fac-
tor stimulation—for example, tetramers of hyaluronan (HA)
and transforming growth factor-p1.>'* While some of these
strategies have shown promise, more mature and direction-
ally aligned elastic fibers are still required to create functional
small-diameter vascular grafts. Since fetal and neonatal cell
types produce significantly more elastin than adult cells,'>"®
we hypothesize that recruitment (e.g., within the peritoneal
cavity)'”!® of stem or progenitor cell populations to implanted
scaffolds, and their subsequent differentiation, may improve
elastic matrix production. These recruited peritoneal cells may
circumvent both the poor elastogenicity of differentiated adult
cell types and the need to process them in vitro.
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Work by Campbell et al.'” first demonstrated the possi-
bility of using the peritoneal cavity as a substitute bioreactor
to generate autologous, tissue-engineered constructs without
in vitro manipulations. In a series of studies, they demon-
strated that tubular tissue constructs, containing macro-
phages, mesothelial cells, and myofibroblastic cells, could be
produced around a silicone tube inserted into the peritoneal
cavity for either 2 or 3 weeks.”1%22 However, limited elastin
(i.e., 9% of native aortae) was found in rats and none was
found in dogs. Most of these grafts remained patent up to
6.5 months after arterial grafting in rats, rabbits, and dogs,
although longer time periods were not tested.'”'* Another
concern is the variable responses that have been found in
the peritoneal cavity. For example, Song ef al. employed a
similar method in mice and found that the silicone tube
required 8 weeks in the peritoneal cavity to generate
sufficient tissue for grafting, among other differences.'®
Finally, although Song et al. did not find that their inserted
tubes adhered to the surrounding peritoneal tissue,'® oth-
ers have shown that adhesion formation is a concern that
must be addressed.?® Therefore, improved elastic matrix
production is necessary in these constructs, and focused
study into the impact of different microenvironmental cues
on the peritoneal cell phenotype and matrix production is
required.

Surface topography of a scaffold is one microenviron-
mental factor that can potentially impact phenotype and
patterns of extracellular matrix (ECM) deposition by re-
cruited peritoneal cells. Topopgraphic features of scaffolds
(e.g., electrospun meshes) can guide the alignment of seeded
cells and their deposited ECM,3?* unlike the smooth-surface
silicone tubes tested previously.'” In addition, differences in
the topographical features (e.g., fiber diameter) can also
impact the effective pore dimensions of the scaffold.”> The
pore diameter is a concern for electrospun meshes, especially
those with smaller average fiber diameters, where the pores
may not be large enough to enable cell infiltration and
cellular deposition of ECM within.** An additional consid-
eration is that a combination of the fiber diameter and, cor-
respondingly, the scaffold pore dimensions may impact the
recruited peritoneal cell phenotype and matrix production.
For example, Madden et al. found that the macrophage
phenotype (i.e., proinflammatory M1 vs. prohealing M2)
varies when cultured on a scaffold incorporating different-
sized micro-spherical pores.”” Therefore, understanding the
impact of scaffold topography and fiber diameter/pore size
on recruited cells is necessary for developing an autologous
vascular construct.

In this study, we specifically determined the peritoneal
cell ECM production in response to electrospun poly(e-
caprolactone) (PCL) conduits and the role of fiber diameter,
which intrinsically impacts pore dimensions, on the recruited
peritoneal cell phenotype, differentiation, and matrix syn-
thesis. These conduits were enclosed within relatively non-
adherent, porous PTFE pouches to prevent tissue adhesions.
The pouches incorporated one of two different-sized pores.
Our study investigated how pouch pore sizes impact the
extent of cell recruitment, phenotype, and matrix production.
After 2 weeks in the peritoneal cavity, the tissue-containing
constructs were removed and either grafted intra-aortally
to determine patency or analyzed for cell infiltration, cell
phenotype, and matrix composition.
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Materials and Methods
Materials

All disposables, chemicals, and biological supplies were
purchased from VWR (West Chester, PA) unless speci-
fied otherwise. Antibodies were purchased from Abcam
(Cambridge, MA), unless specified otherwise. PCL (inherent
viscosity 1.0-1.3dL/g in chloroform) was purchased from
Lactel Absorbable Polymers (Pelham, AL).

Electrospun conduits

Electrospinning was performed using 14.5%, 17%, and
22% w/v PCL in 90% v/v chloroform and 10% di-
methylformamide to form fibrous meshes with different
average diameters. PCL was selected since PCL meshes
have had tensile strengths similar to human coronary
arteries.”>***  Electrospinning was performed using a
22-gauge needle, 11-kV voltage gradient, 3-mL/h flow rate,
and 15-cm throw distance. The fibers were electrospun for
25 min onto a 1.6-mm diameter aluminum rod. The rod was
rotated slowly (i.e.,, 50-100rpm) and moved laterally to
maintain a consistent thickness throughout the circumfer-
ence and length of the conduit. After electrospinning, the
conduits were removed from the rod, cut into 1-cm-long
sections, allowed to air-dry, and stored in a dessicator
until use.

Conduit characterization

Fiber properties and ultrastructure. Diameters and de-
gree of orientation of fibers were determined from scanning
electron microscopy (SEM) images. For SEM, the electrospun
conduits were mounted onto aluminum stubs, sputter-
coated, and then imaged using a JEOL JSM 5310 (Peabody,
MA) operating at 15kV with a working distance of 10 mm.
Conduit wall thickness was measured from cross-sections
with light microscopy using an Olympus IX51 microscope
(Olympus Corp., Center Valley, PA). The resultant images
were imported into ImagePro Plus software (Media Cyber-
netics, Bethesda, MD) for analysis. The degree of orientation
was characterized by angular standard deviation (ASD),
where a lower ASD indicates a mesh containing more
aligned fibers.*’

Mechanical testing. The tensile properties of electrospun
conduits were determined using an Instron 5943 under
physiological conditions—that is in phosphate-buffered
saline (PBS) maintained at 37°C. The average fiber diameters
of these conduits were similar to those intraperitoneally
implanted for the other assays, although the conduits were
electrospun from solutions with different concentrations of
PCL (i.e., 14%, 17%, and 20% w/v). For mechanical testing,
individual tube specimens were loaded between two parallel
rods and extended, similar to the procedure described by
Soffer et al.®! The length of the conduits or constructs (i.e.,
gauge width during the test) was 5mm and the gauge
lengths were between 3.2 and 3.5mm for the different
conditions (i.e., approximately, the luminal circumference
divided by 2). The samples were subjected to 10 precycles
(5% maximum strain at 10 mm/min) before stretching to
failure at 10mm/min. Modulus was calculated from the
linear region of the stress—strain curve (i.e., the section
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spanning a 4% strain range that had the highest modulus).
This range was present after the initial, limited toe region.
Yield strain and yield stress were also calculated.

Intraperitoneal implantation of electrospun scaffolds

For in vivo intraperitoneal implantation, 3—4 replicate
conduits fabricated using the same electrospinning condi-
tions, were enclosed within PTFE pouches with diamond-
shaped pores (McMaster-Carr, Robbinsville, NJ). Pouches
incorporating either of two different pore sizes were tested
(i.e., 0.64x0.13mm and 1.1x0.64mm) to determine the
impact on tissue growth around the enclosed conduits.
ePTFE control conduits with a 2-mm luminal diameter were
also included in the pouches as controls. The pouches and
electrospun conduits were ethylene oxide sterilized before
implantation.

Surgical implantation of sterilized pouches in the perito-
neal cavities of 200-250 g male Sprague-Dawley rats (Charles
River, Wilmington, MA) was performed in accordance with
IACUC-mandated protocols. A ventral laparotomy was
performed with the rat under isofluorane anesthesia and two
pouches (i.e., one with small pores and the other with large
pores, each containing conduits from the same electrospin-
ning condition) were inserted into each rat. Constructs in-
tended for mechanical testing were inserted individually
without enclosure within a pouch. It was the results from
this initial mechanics study that motivated the use of PTFE
pouches to prevent adhesion of the peritoneal tissue to the
electrospun conduits. The muscle and skin layers were
closed with 4-0 Vicryl and Ethilon sutures, respectively
(Ethicon, Somerville, NJ), and the animals were allowed to
recover. In a replicate study, the pouches were hydrated with
ethanol, and then saline before insertion, and the peritoneal
cavity was flushed with saline before closing. In both studies,
the pouches were removed after 2 weeks, and the conduits
were either grafted into the infrarenal abdominal aorta of the
same rats or processed for analysis.

Intra-aortal grafting of autologously grown
tissue constructs

Following explantation from the peritoneal cavity, tissue
constructs grown using 22% w/v PCL conduits were grafted
into the infrarenal abdominal aorta. A ventral laparotomy
was performed on the rats under isofluorane anesthesia, and
then a 5-15-mm section of the aorta was dissected from the
surrounding tissue and the vena cava. The aorta was
clamped both above the graft site and just above the iliac
bifurcation. An incision was made in the aorta and the ends
were allowed to contract from the elastic recoil. Before
grafting, the construct was cut to the appropriate length and
soaked in the heparin sodium (1000 USP units/mL; APP
Pharmaceuticals, Schaumburg, IL) for 5min to reduce
thrombus formation. The graft was sutured first at the distal
anastomosis, followed by the proximal one. Four interrupted
sutures (9-0 Nylon; Surgical Specialties Corp., Reading, PA)
were placed at each anastomosis, and additional sutures
were added as necessary. The distal clamp was released to
allow the graft to fill with blood under low pressure, and
then the proximal clamp was released to allow blood flow
under full arterial pressure. After the determination of a
pulse and the absence of leaking, the cavity was briefly
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flushed with warm saline. The peritoneal grafts were pho-
tographed with a stereomicroscope (Olympus SZ61, Center
Valley, PA) equipped with a high-resolution CCD camera
(Olympus Infinity 2) for diameter measurements before
closing the cavity. After 6 weeks, the grafts were removed
and prepared for sectioning.

Imaging and image analysis

Constructs were mounted in OCT (Tissue-Tek, Torrance,
CA), and 8-pm cross- and longitudinal-sections were
prepared. The sections were fixed in 4% w/v EM-grade
formaldehyde (Polysciences, Inc., Warrington, PA) for 5min,
and then washed two times in PBS. Control ePTFE conduits
were not imaged due to the negligible number of cells.

Histology. Histology was used to assess peritoneal cell
recruitment, distribution, morphology (e.g., aspect ratio),
and the structure and composition of their generated ECM.
Tissue sections were stained with hematoxylin and eosin
(Sigma, St Louis, MO) to visualize cell morphology and a
general matrix ultrastructure. Modified Verhoff’s Van Gieson
staining (ScyTek Laboratories, Logan, UT) was performed
according to the manufacturer’s protocol to detect specific
matrix components (e.g., elastin and collagen). An Oil Red O
stain (ScyTek Laboratories) was used to detect the presence
of lipid droplets, as are found in vascular foam cells (i.e.,
macrophage and/or SMC derivatives). Xylene was avoided
during processing, since it dissolves the electrospun PCL
fibers. Sections were cover-slipped using a mounting me-
dium with limonene as the solvent (Electron Microscopy
Sciences, Hatfield, PA), except for the Oil Red O stained
samples that were mounted with an aqueous-based mount
(Electron Microscopy Sciences).

Imunofluorescent labeling for cell phenotypic markers and
ECM. Immunofluorescence was used to identify cell type-
specific phenotypic markers expressed by peritoneal cells
recruited to the electrospun conduits and to confirm com-
ponents of the ECM generated by the recruited cells, similar
to previous studies.* Briefly, the sections were permeabi-
lized with 0.1% v/v Triton X-100 (VWR) for 10 min, and the
cells were blocked with 5% v/v goat serum (PAA Labora-
tories, Inc., Dartmouth, MA). The cell phenotype was
assessed with primary antibodies that detected markers of
the SMC phenotype (i.e, SM220. and a-smooth muscle
actin [¢-SMA]) and different macrophage phenotypes (i.e.,
CD68 as a general macrophage marker and CD80 for a
proinflammatory M1 phenotype). The markers were visual-
ized with secondary antibodies conjugated to Alexa 633
probes (Invitrogen, Grand Island, NY). The presence of ma-
trix proteins was detected with primary antibodies against
collagen type 1 and elastin. HA was detected with a biotin-
ylated HA-binding protein (EMD Chemicals, Inc., San Diego,
CA) and visualized with a streptavidin-conjugated Alexa 633
probe (Invitrogen). Cell nuclei were visualized with 4’,6-
diamino-2-phenylindole dihydrochloride (DAPI) contained
in the mounting medium (Vectashield, Vector Labs, CA).
Imaging was performed on an Olympus IX51 microscope.
The brightness and contrast were adjusted equally for all
cases and for the immunofluorescent labeling control (i.e., no
primary antibody). Nuclear morphology and cell infiltration
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were quantitatively assessed from these images with Im-
agePro Plus® software using a custom script that creates
areas of interest and measures the number of nuclei, nuclear
area, and nuclear aspect ratio for both the fibrous capsule
(i.e., the area outside of the electrospun fibers) and 50-um
sections throughout the thickness of the conduit wall. The
morphology of cell nuclei has been shown to directly corre-
late to the morphology of the entire cell.">** Nuclei were
measured in this study instead of entire cells due to the
limited ability to reliably outline individual cells in confluent
culture. For aspect ratio, the ImagePro Plus software fits an
ellipse to the outlined cell nuclei.

Transmission electron microscopy. Transmission elec-
tron microscopy (TEM) was performed on explanted tissue
constructs to assess cellular features and the matrix ultra-
structure. Samples were fixed in 4% w/v glutaradehyde in
0.2 M cacodylate buffer overnight at 25°C. Secondary fixation
was performed with 1% w/v osmium tetroxide for 60 min at
4°C. Dehydration was performed with ethanol and propyl-
ene oxide. Samples were mounted and 1-um longitudinal
sections were prepared. The grids were also labeled with 1%
w/v uranyl acetate to increase contrast. Images were taken
with a Philips CS12/STEM (FEI Company, Hillsboro, OR).

Biochemical analysis

Cellularity. A DNA assay was performed on the perito-
neal constructs to quantify cellularization after 2 weeks. The
constructs were digested in 200 pL of 5mg/mL proteinase-K
(Invitrogen) in PBS for 12h at 50°C. Afterward, the samples
were sonicated (Branson Sonifier 150; Emerson Industrial
Automation, Danbury, CT) for 1min to lyse remaining cells
and to release the DNA. An aliquot was removed for
quantification of the protein content, with the remaining
volume retained for DNA quantification with Hoechst 33258
dye. DNA was quantified with a fluorometric assay de-
scribed previously by Labarca and Paigen.** Samples were
diluted in a Pi buffer (50 mM NaHCO;, 2mM EDTA, and
0.02% w/v sodium azide; pH 7.4) during analysis. Cell
densities were calculated based on the estimate of 6 pg of
DNA /cell.

Assay for collagen content. A hydroxyproline (OH-Pro)
assay was used to estimate the amounts of collagen depos-
ited by peritoneal cells recruited to the implanted electro-
spun conduits. The sonicated aliquot from the previous
section was further digested in 0.1M sodium hydroxide
(98°C, 1h), and then hydrolyzed. As described previously,*
500 pL of 6 M HCL was added to 600 pL of the digestate, the
sample was hydrolyzed (110°C, 16h), and finally dried
under a nitrogen stream at 37°C. Aliquots (20puL) of the
reconstituted residues were assayed with the OH-Pro assay,
as described previously.*>® Collagen amounts were then
calculated on the basis of the 13.2% w/w OH-Pro content of
collagen, and normalized to the luminal area of the corre-
sponding conduits.

Assay for elastin content. A Fastin® assay (Accurate
Chemical and Scientific Corporation, Westbury, NY) was
used to quantify the total amount of matrix elastin, as de-
scribed previously.> Briefly, an aliquot from the protein
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samples after alkali treatment (see the previous section) was
solubilized with 0.25M oxalic acid (98°C, 1h), and then as-
sayed with the Fastin assay. The Fastin assay was performed
as described in the manufacturer’s protocol. The measured
elastin protein amounts were normalized to the luminal area
of the corresponding conduits.

Statistics

Results are presented as the mean +standard deviation. A
total of n>60 fibers/condition (three images/condition)
were used for SEM analysis of electrospun conduits, 7>10
measurements/condition were used to determine the con-
duit wall thickness, n=6 samples/condition were used for
tensile testing of constructs preinsertion, and n=3 samples/
condition for testing 2 weeks postinsertion, and n=7
samples/condition were used for biochemical assays. Cell
infiltration was determined with n=4 images/condition.
Observations from histological and immunofluorescent
images were determined on n=2 samples/condition (three
images/sample). All studies were replicated using different
rats and batches of electrospun meshes to ensure reproduc-
ibility. Statistical analysis was performed with SPSS soft-
ware and statistical significance determined using one-way
ANOVA with post hoc comparisons, using the Tukey method
for a significance criterion of p<0.05.

Results
Morphological characterization of electrospun conduits

Electrospun conduits containing fibers of different diam-
eter ranges were generated and characterized with SEM
(Fig. 1). For 14.5%, 17%, and 22% w/v PCL solutions, the
average fiber diameters for the outer conduit surfaces were
0.62+0.4, 1.4+0.7, and 1.9+0.8 um, respectively (Table 1; all
different with p<0.001). A limited number of beads were
observed in the 14.5% w/v PCL conduits (Fig. 1A, D). By
setting an electrospinning time of 25min, meshes were
produced with average wall thicknesses between 400 and
500 pm. Although the target mandrel was rotated slowly, a
limited degree of orientation was observed, with all ASDs
greater than 40° (Table 2). The direction of orientation for the
luminal surface varied depending on a polymer solution
concentration, with conduits electrospun from 14.5% w/v
PCL exhibiting a random orientation and conduits from 17%
and 22% w/v PCL exhibiting orientation along the length of
rod. Finally, the large fiber diameter, 22% w/v PCL conduits
alone exhibited a significant decrease in the fiber diameter
for the outer compared to the luminal surface (i.e.,, 2.9+0.6
vs. 1.9+0.8 um, p<0.001) and the average direction of ori-
entation for the outer surface was shifted 85° (i.e., from along
the length of the tube to around the circumference).

Impact of pouch pore size and electrospun fiber
diameter on tissue generation

Impact on cell infiltration and capsule thickness. Free-
floating pouches with enclosed electrospun conduits (Fig.
1G, H) were inserted into rat peritoneal cavities for 14 days.
The surrounding peritoneal tissue was unable to penetrate
the pouch pores, preventing adhesion to the electrospun
conduits. However, significant tissue deposition was ob-
served within the pouches, including around the conduits.
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FIG. 1.

This generated tissue blocked many, but not all, of the pores
in the PTFE pouches (Supplementary Fig. S1; Supplementary
Data are available online at www .liebertpub.com/tea). This
blockage was especially noticeable in cross-sectional images,
where less than 100 pm separated the opposite sides of the
PTFE pores. H&E staining demonstrated that a highly cel-
lular fibrous capsule was formed around most of the con-
duits, and recruited peritoneal cells were also observed to
infiltrate and deposit matrix within the conduit wall (Fig. 2).
Although images from only one representative animal/rep-
licate are shown, the images for constructs grown within the
other replicate were generally consistent. The H&E-stained
cross sections of the tissue constructs show that the cell
density was highest in the outer capsule and decreased in-
wardly throughout the thickness of the conduit wall
Quantitative image analysis of the distribution and quantity
of DAPI-stained nuclei throughout the conduit wall dem-
onstrated the same trend (Fig. 3A-C). Image analysis also
indicated that the extent of cell infiltration was in general
greater for conduits enclosed in the large-pore pouches
compared to those in small-pore pouches. In addition, the
extent of cell infiltration increased systematically for conduits
with an increasing average fiber diameter (p<0.046, for the

Electrospun poly(e-caprolactone) (PCL) conduits exhibit a range of average fiber diameters. Shown are scanning
electron microscopy images of meshes electrospun from solutions containing 14.5% w/v (A, D), 17% w/v (B, E), and 22%
w/v (C, F) of PCL. Images (A-C) are of the outer surface and images (D-F) are of the luminal surface of the conduits. An
arrow indicates the average direction of fiber orientation. These constructs were included within poly(tetrafluoroethylene)
(PTFE) pouches with either larger (G) or smaller (H) pores to allow peritoneal cells and fluid to penetrate.

hypothesis that the fiber diameter has an impact for all in-
filtration distances), especially for conduits within the large-
pore pouch. The greatest cell infiltration occurred within the
22% w/v PCL conduits, where the recruited cells migrated
~200 pm into the conduit wall before a significant decrease
in cellularity was noted. The opposite trend was observed
with respect to the thickness of the fibrous capsule (Fig. 3D),
with the 14.5% w/v PCL conduits within the large-pore
pouch exhibiting significantly higher capsule thicknesses
(p=0.026, vs. 22% w/v PCL in the large-pore pouch). How-
ever, within the small-pore pouch, the constructs with very
limited cell infiltration (i.e., 14.5% and 17% w/v PCL) ex-
hibited more varied, but generally thicker fibrous capsules
(p=0.043, 14.5% w/v PCL in small-pore vs. large-pore pouch)
(Fig. 3B, C).

The morphology of the cells recruited to the peritoneal
constructs varied depending both on their position within
the wall of the conduit and the specific condition (Fig. 2).
Analysis of the nuclear area and aspect ratio from DAPI-
stained images demonstrated that the nuclei were generally
more elongated in the capsule compared to those within the

TaBLE 2. THE DEGREE AND DIRECTION
OF ORIENTATION OF ELECTROSPUN CONDUITS

TABLE 1. THICKNESS AND AVERAGE FIBER DIAMETERS Luminal Outer

OF ELECTROSPUN CONDUITS ungulur ﬂ?lgulﬂi’ Luminal Outer

standard  standard ~ difference in  difference in

Wall Luminal fiber Outer fiber deviation  deviation  orientation  orientation

Condition thickness (um)  diameter (um)  diameter (um)  Condition () (°) (°) (°)

14.5% PCL 439+68 0.55%£0.3 0.62+0.4 14.5% PCL 53.7 56.4 35.6 36.9
17.0% PCL 499+100 1.5+0.7 1.4+0.7 17.0% PCL 40.6 60.6 6.29 11.7
22.0% PCL 462 +59 29+0.6 1.9£0.8 22.0% PCL 525 51.6 0.09 85.1
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FIG. 2. Effect of average fiber diameter and pouch pore size on the morphology of recruited peritoneal cells and generated
extracellular matrix (ECM). Shown are representative high- and low-magnification hematoxylin and eosin (H&E) images of
14.5% w/v (A, D, G, J), 17% w/v (B, E, H, K), and 22% w/v (C, F, I, L) that demonstrate differences in cell infiltration and
cell morphology between different electrospinning concentrations. Cell nuclei are blue and cell cytoplasms and ECM (e.g.,
collagen) are pink. Conduits are shown after insertion in larger (A—C, G-I) or smaller pore pouches (D-E, J-L), showing
differences in cell morphology and generated matrix. The outer surface of the construct is on the left side. Color images

available online at www liebertpub.com/tea

electrospun conduit (Fig. 3E, F). In general, there were fewer
and more rounded cells in the small-pore pouch. This dif-
ference in the nuclear aspect ratio was especially clear in the
fibrous capsule (p<0.035, small-pore vs. large-pore pouch).
The exception appears to be the 22% w/v PCL conduits,
which contain elongated cells similar to those inserted into
large-pore pouches. For conduits within large-pore pouches,
the nuclear aspect ratio generally decreased, and the area
increased, with the decreasing solution concentration. This
was independent of the distance within the conduit wall. The
impact of the electrospun fiber diameter on the nuclear as-
pect ratio and area was less conclusive for conduits within
small-pore pouches (not shown).

Impact on matrix content. The matrix content within
constructs was determined both qualitatively with histolog-
ical techniques and quantitatively with biochemical assays.
Verhoff’s-Van Gieson staining indicated that the recruited
peritoneal cells produced a matrix rich in collagen (Fig. 4A—
F). The collagen content was greater in the capsules, as in-
dicated by the darker red or purple color present. However,
some collagen deposition was also observed within the
conduit wall. Systematic increases in collagen deposition
within the conduit wall were observed with the increasing
electrospun fiber diameter for constructs enclosed within the
large-pore pouches, and were the greatest for the 22% w/v
PCL condition. This corresponded to the electrospinning
condition with the greatest cell infiltration, thinnest collagen-
rich capsule (Fig. 4A-F), and the highest total cellularity
(p=0.008, 22% vs. 14.5% w/v PCL for all pouch pore sizes)
(Fig. 4G). Total amounts of collagen, normalized to the lu-
minal surface area, were not statistically different between
conditions, although the collagen content appeared to be
higher for constructs enclosed within the large-pore pouches
(p=0.103) (Fig. 4H). The elastin content in these constructs
was limited, as indicated by both limited Verhoeff's Van

Gieson staining and the Fastin assay. A few sporadic elastic
fibers and amorphous elastin deposits were observed within
the fibrous capsule (Fig. 4A-F). Less than 175 pg of elastin
per cm” of the luminal surface area was present for all of the
electrospinning conditions, as determined with the Fastin
assay (Fig. 4I). All tissue constructs grown on PCL scaffolds
contained comparable amounts of matrix elastin, regardless
of the pouch type. Only the control PTFE conduits enclosed
in the small pouch contained higher amounts of elastic ma-
trix (p=0.003, vs. 22% w/v PCL). The generated ECM also
showed the presence of lipid droplets, especially within
conduits contained in the small-pore pouches (Supplemen-
tary Fig. S2). Few lipid droplets, however, were present
within conduits enclosed in the large-pore pouches. TEM
images indicated that the ECM generated in all conduits
contained significant amounts of ground substance (Fig. 4]),
which stained positive for HA (Figs. 5A-C and 6A—C). Fibrin
fibrils and collagen fibrils were also present, with minor
variations in the quantity of individual matrix components
between different experimental conditions (Fig. 4]). No
elastic fibers and only a few amorphous elastin deposits
were seen.

Impact on recruited peritoneal cell phenotype. TEM in-
dicated the presence of several different cell types within the
peritoneal constructs, regardless of the conduit type and
pouch pore size (Supplementary Fig. S3). These include
macrophages, with lysosomes and microvilli, and highly
synthetic and extended fibroblastic cells, with several mito-
chondria and dilated cisterns of endoplasmic reticulum. Both
cell types were found within the fibrous capsule. In addition,
a mesothelial layer appeared to be present on the outer
surface. Fewer cells and ECM were also found within the
conduit wall.

Further characterizations of the cell phenotype revealed
that groups of cells in the construct cross section stained
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Impact of electrospun fiber diameter and pouch pore size on peritoneal cell infiltration. Included is a large-pore

pouch, 14.5% w/v PCL condition overlay image (A) with 4’,6-diamino-2-phenylindole dihydrochloride (DAPI)-stained nuclei
(blue) and background autofluorescence (green) that shows the areas of interest created for the capsule and the first 50 um
within the electrospun fibers. The impact of electrospun condition on cellularity throughout the conduit wall (i.e., cell
infiltration) was quantified for conduits within both large-pore (B) and small-pore (C) pouches. Results demonstrated greater
cell infiltration with increasing electrospinning concentration. The capsule thickness for the different conditions were also
compared (D). The nuclear area (E) and aspect ratio (F) are shown for the large-pore pouches and demonstrate the change
throughout the thlckness of the conduit wall. The results are for 1 =4 images/condition. *Statistical significance from the 22%
w/v PCL condition; *significance from the small-pore pouch. Color images available online at www liebertpub.com/tea

strongly for markers of myofibroblasts (i.e., a-SMA) and
smooth muscle cells (i.e., SM22a and o-SMA) (Figs. 5D-1 and
6D-I). The cells also stained for the general macrophage
marker CD68 (Figs. 5]-L and 6]-L), although staining for the
proinflammatory marker CD80 was negligible for most
samples (not shown). Both the cells presenting SMC and

macrophage markers were more prominent close to the outer
surface of constructs (Fig. 5). More intense o-SMA staining
was observed for conduits in large-pore pouches than for
those in the small-pore pouches, with more a-SMA observed
for the 22% and 17% w/v PCL conduits than for the 14.5%
w/v PCL ones. In the small-pore pouches (Fig. 6), only the
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FIG. 4. Effect of average fiber diameter and pouch pore size on the composition and distribution of ECM components after
14 days in the peritoneal cavity. Shown are representative high-magnification images of modified Verhoff’s stained 14.5%
w/v (A, D), 17% w/v (B, E), and 22% w/v (C, F) constructs. Constructs are shown after insertion in larger (A—C) or smaller
pore pouches (D-F). Verhoff’s Van Gieson stain shows collagen (pink/red), nuclei (light brown), elastic fibers (dark brown/
black, as verified with an aorta-positive control), and PCL fibers and sporadic beads (dark purple). The outer surface of the
construct is on the left side, and the start of the conduit walls are marked by dashed lines. Biochemical analysis was
performed for recruited peritoneal cell densities as determined from DNA content (G) collagen content determined with a
hydroxyproline assay (H) and matrix elastin content as determined with the Fastin® assay (I). *Statistical significance from
the small-pore pouch; *significance from the expanded PTFE (ePTFE) control and the smallest diameter 14.5% conduit;

@significance from 22% PCL w/v for n=6 samples/condition and n=2 rats/condition. These figures show that significant
collagen, but only a few elastic fibers are within the conduits. Detailed matrix structure was visualized using transmission
electron microscopy (J). C, collagen fibrils; F, fibrin fibrils; G, ground substance. Color images available online at www
Jiebertpub.com/tea

22% w/v PCL conduits showed any significant presence of o- Mechanics of conduits and peritoneal constructs. Both

SMA- and SM22a-positive cells. All constructs in the small-
pore pouch stained positive for CD68, although with levels
that varied with experimental condition. In both pouch pore
size groups, constructs containing the largest diameter PCL
fibers (i.e., 22% w/v PCL) exhibited more intense staining for
CD68 than constructs containing the smaller diameter PCL
fibers, especially the 14.5% w/v PCL constructs.

nonimplanted electrospun PCL conduits and tissue con-
structs generated after 14 days in the peritoneal cavity,
without enclosure within a pouch in this case, were me-
chanically tested at physiological conditions (Fig. 7). For
nonimplanted PCL conduits, different stress—strain curves
and breaking mechanisms were exhibited depending on
the PCL concentration of the electrospinning solution
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14.5%

17%

(Fig. 7A, B). The 20% w/v conduits had a long region of
plastic deformation with groups of fibers breaking peri-
odically, while the 14% w/v conduits exhibited a cleaner
break. The stress—strain curve for the 17% w/v conduits
showed characteristics between those observed for the 20%
and 14% w/v conduits. After peritoneal insertion, the curve
for the 14% w/v PCL constructs appeared similar to that of
the nonimplanted conduits. However, the intraperitoneally
implanted 20% and 17% w/v PCL constructs broke cleaner
than identical, but nonimplanted conduits. These con-
structs also exhibited less of a plateau region before break.
The tensile modulus for the 14% w/v PCL (ie.,

22%

FIG. 5. Effect of average
fiber diameter on the cell
phenotype, cell morphology,
and ECM components for
conduits enclosed within
large pore pouches. Shown
are representative
immunofluorescent images
for hyaluronan (HA) (A-C)
and myofibroblast, SMC, and
macrophage markers.
Markers include a-smooth
muscle actin (¢-SMA) (D-F),
SM22a (G-I), and CD68
(J-L). DAPI-stained nuclei
are shown in blue. The outer
surface of the construct is on
the left side. Color images
available online at
www.liebertpub.com/tea

0.75+0.14 MPa) was significantly lower than the 17% and
20% w/v PCL conduits (1.69+0.45 and 1.75+0.14 MPa,
respectively) (p<0.001) (Fig. 7C). Limited changes to the
moduli were present in 20% w/v PCL conduits with in-
traperitoneal tissue generation, although there were dif-
ferences for the 17% w/v PCL condition (p=0.005, vs.
conduit without tissue generation). The ultimate tensile
strengths for all conduits (i.e., different electrospinning
conditions) without implantation were similar (ie.,
1.1MPa) (Fig. 7D). However, a significant increase was
observed for the 17% w/v PCL condition with intraperito-
neal implantation (p <0.001).
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Small Pouch

14.5%

FIG. 6. Effect of average
fiber diameter on the cell
phenotype, cell morphology,
and ECM components for
conduits enclosed within
small-pore pouches. Shown
are representative
immunofluorescent images
for HA (A-C) and
myofibroblast, SMC, and
macrophage markers.
Markers include a-SMA
(D-F), SM22a. (G-I), and
CD68 (J-L). DAPI-stained
nuclei are shown in blue. The
outer surface of the construct
is on the left side. Color
images available online at
www liebertpub.com/tea

Remodeling after intra-aortal grafting

Peritoneal constructs from 22% w/v PCL conduits were
grafted into the abdominal aorta and removed after 6 weeks
(Supplementary Fig. S4). The grafting surgery had a 50%
success rate (i.e., 4/8), largely due to procedural and surgical
complications. The rats were healthy and active through 6
weeks, even though the grafts, when explanted, were found
to be significantly occluded. H&E staining demonstrated that
cells were found throughout most of the thickness of the
wall, but fewer cells were still found closer to the center. The
H&E staining also demonstrated that matrix deposition
colocalized with the cells. The lumen of the vessel was
contracted, especially where more cells were present

17% 22%

40 pm

40 um

within the conduit wall, and filled with tissue. Large-scale
remodeling of the construct occurred after grafting, with
limited HA and «-SMA staining in the outer surface of the
conduits, but significant staining for these markers within
the lumen. No lipid droplets were present within the graft
(not shown).

Discussion

It has previously been shown that small-diameter con-
structs with matrix organization similar to the vascular tissue
can be produced by peritoneal cells around silicone tubes
inserted into the peritoneal cavity."”'**' However, there
have been concerns within these studies (e.g., variability in
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the inflammatory response). An additional concern is the
formation of tissue adhesions after implantation,23 which we
reduced in this study by enclosing the PCL conduits in a
porous, PTFE pouch. We have also determined the impact of
topographic features and the pore size of the enclosing
pouch on the inflammatory response and elastic matrix
deposition by recruited cells.

This study has demonstrated that the use of a pouch
prevents the adhesion of the electrospun conduits to the
surrounding tissue, but also that the pouch pore size sig-
nificantly impacts the healing response. Many of the pores in
the pouch were obstructed by the peritoneal cell-generated
tissue after 2 weeks. For the small-pore pouches, it appeared
that more of these pores were obstructed, likely limiting
further convective transport of the peritoneal fluid and cells.
This generally resulted in less cell infiltration, fewer, and less
elongated cells, and limited ECM deposition within the wall
of the conduit. The only exception was the largest diameter
22% w/v PCL conduits within the small-pore pouches. The
reason for this exception is not known, although it is possible
that the differing remodeling response for the 22% w/v PCL
condition reduced the obstruction of the pores in the outer
pouch.

A robust fibrous capsule was present around electrospun
PCL conduits, but cells were also able to infiltrate into the
conduit wall. This infiltration is necessary for a viable graft.
The mixed population of cells within the constructs is evi-
dence of a remodeling response. This population included
myofibroblastic cells, macrophages (Figs. 5 and 6), and what
appears to be an outer layer of mesothelial cells (Supple-
mentary Fig. S3), similar to the cells that have been observed
previously around silicone tubes implanted in the peritoneal
cavi’cy.w'21 Interestingly, many of the cells within the con-
struct stained positive for SM220, similar to findings by Le
et al.?' SM22q is conventionally considered a SMC marker,

14%PCL

condition preinsertion and
=== Pre-insertion n=_3 samples/condition after
mmmm Peritoneal 2 weeks in the peritoneal

# cavity. *Statistical
significance from the 17%
PCL condition; #Signiﬁcance
change with 2 weeks in the
geritoneal cavity;
“significance from the 20%
PCL condition.

17% PCL  20%PCL

but it has also been recently linked to myofibroblasts and
nonmuscle cells transitioning to a SMC phenotype.*"*”*® The
presence of these ECM producing cells is likely necessary for
continued tissue generation and maturation both in the
peritoneal cavity and after grafting. Elongated macrophages
(i.e., CD68-positive cells) were also present within these
constructs; however, limited proinflammatory CD80 staining
in these cells suggests that they also contribute to the healing
response. While this study has not been designed to deter-
mine the origin of these differentiated cells, other studies
have provided evidence for multiple sources.”®™*!

The recruited peritoneal cells deposited significant
amounts of ECM within the construct, including collagen,
fibrin (Fig. 4), and HA (Figs. 5 and 6), but limited amounts of
elastic matrix. Collagen is a critical extracellular component
of vascular tissues, but its abundant deposition is typical of a
fibrotic tissue response.*” The presence of fibrin indicates
that inflammation is still continuing, and that the remodeling
is delayed compared to normal wound-healing responses in
the peritoneal cavity.43 In addition, the limited production of
elastic matrix in these constructs is consistent with previous
attempts to generate a vascular-like tissue within the peri-
toneal cavity'”'* and emphasizes the need to incorporate
cues (e.g., elastogenic factors) into the conduits to stimulate
elastic matrix generation.

Interestingly, the spatial distribution of individual ECM
components within the electrospun conduit and in the sur-
rounding capsule differed significantly. For example, the
more elongated cells within the fibrous capsule were found
to produce greater amounts of collagenous matrix than the
more rounded cells within the conduit wall. This spatial
heterogeneity in cell types and matrix deposition is likely
partially due to differences in the microenvironment within
the construct. These differences include the presence of porous,
hydrolytically degradable PCL fibers within the conduit wall
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compared to matrix metalloproteinase-degradable ECM
surrounding cells in the fibrous capsule. Scaffolding chem-
istry has previously been shown to impact the phenotype of
macrophages (e.g., proinflammatory M1 or prohealing
M2),* and is likely a determinate of macrophage phenotype
within our constructs. Surface topography or internal
features to which cells can attach have also been shown to
impact the macrophage phenotype. Madden et al.*” demon-
strated that macrophages exhibit more of a prohealing re-
sponse (i.e., M2) when in a fibrous capsule compared to
those within a scaffold with micro-spherical pores. In addi-
tion, they found a more prohealing response when the
macrophages infiltrated within smaller (i.e., 30-40pm)
diameter pores compared to larger ones (e.g., 80 um),” em-
phasizing the importance of phenotypic characterization of
recruited cells.

In most of the constructs enclosed within small-pore
pouches, significantly more lipid droplets were found in the
fibrous capsule compared to constructs enclosed in large-
pore pouches. Lipid accumulation in tissues is generally as-
sociated with the presence of macrophages, myofibroblasts,
and synthetic SMCs in a pathological environment (e.g.,
foam cells in atherosclerotic legions).* Similarly, cells re-
cruited to conduits within small-pore pouches stained pre-
dominately for macrophage markers (e.g., CD68), with the
exception of the 22% w/v conduits. Myofibroblastic cells
were not present, suggesting that the remodeling response
within these constructs was either delayed or attenuated. The
presence of extensive HA deposits in constructs within
small-pore pouches further supports a delayed or more sig-
nificant inflammatory response, since HA accumulation has
been observed previously at sites of both vascular and
peritoneal wound healing.*® The presence of HA itself is not
a concern since long-chain HA is known to play an impor-
tant role in maintaining vascular in’cegri’cyfl7 However, con-
cerns include excess quantities of total HA and the presence
of smaller fragments generated by enzymatic breakdown
that are known to alter parenchymal cells behavior.>>*”

Alternatively, the large-pore pouches promoted a more
positive healing response for the conduits within (e.g., higher
total cellularity, greater cell infiltration, more elongated cells,
few lipid droplets, fewer HA deposits, and a significant
number of a-SMA- and SM22a-positive cells). These results
demonstrate the benefit of increasing the pouch pore size, as
long as the surrounding peritoneal tissues are still unable to
enter the pores. Patterns of tissue growth on/within conduits
enclosed in the large-pore pouches were impacted by the
electrospun fiber diameter. This dependence was less no-
ticeable for conduits enclosed within small-pore pouches.
Varying the diameter of the electrospun fibers changes both
the topographic cues that guide cell spreading and align-
ment™ and also the effective pore diameter of the scaffold.”

In the larger pore pouch conduits, the depth of cell infil-
tration into the conduit wall was the greatest (i.e., >200 um)
for conduits electrospun from 22% w/v PCL. These conduits
contained the largest diameter fibers, and thus, the largest
average pore sizes. The extent of cell infiltration into the
conduit wall was likely also influenced by changes in scaf-
folding characteristics from the luminal to outer surfaces
(e.g., a decrease in fiber diameter, changes in fiber packing,
and a change in orientation). Similar changes in the electro-
spun scaffold structure have been observed by Pham et al.,*
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and may be attributed to differences in charge density and
conductivity that occur as the electrospinning progresses. We
also found other aspects of the remodeling response to
be systematically impacted by the conduit average fiber di-
ameter, with total cellularity, cell aspect ratio, and number of
a-SMA-positive cells increasing with the increasing average
fiber diameter. However, the capsule thickness and HA
content decreased. Overall, these properties indicate that the
larger 1.9-pm-diameter fibers elicit a better response from
recruited peritoneal cells. However, the number of macro-
phages (i.e., CD68 staining) was also increased in constructs
containing the largest diameter PCL fibers compared to those
containing smaller fibers. Importantly, the lack of CD80,
proinflammatory staining in the 22% w/v PCL constructs
suggests that the elongated, activated macrophages are pri-
marily of the prohealing M2 phenotype. These observations
suggest that both smaller and larger diameters may provide
different benefits for tissue generation, as has been shown
previously with bone marrow stromal cells.** A balanced
approach attempting both to replicate the size of native ECM
components and to improve cell infiltration may be neces-
sary to elicit an optimal tissue generation response (e.g., cell
infiltration throughout the entire thickness of the conduit,
robust ECM deposition, and the recruitment/differentiation
of peritoneal cells to SMCs).

The peritoneal constructs demonstrated tensile moduli
comparable to tissue-free electrospun PCL meshes® and also
to human coronary arteries (i.e., ~1.8 MPa).®® Modest in-
creases in tensile modulus and ultimate tensile strength were
observed compared to nonimplanted PCL conduits, likely
due to accumulation of collagenous matrix. The collagenous
matrix may have helped to hold individual fibers together
(e.g., essentially creating more fiber—fiber intersection
points).*” This may have enabled the fibers to break more
cleanly as a group, instead of discretely in steps, like the 20%
w/v PCL conduits without extra tissue. After grafting the
constructs autologously into the aorta, the constructs were
found to remodel (e.g., cells infiltrated further into the con-
duit wall and the most intense staining for o-SMA and HA
transitioned from the outer surface to along the lumen of the
vessel). However, the intra-aortally transplanted grafts were
occluded after 6 weeks in the rats. This occlusion appeared to
occur due to initial constriction of the vessel (e.g., from
suturing), intimal hyperplasia, and thrombosis arising from
the lack of a functional endothelium. Poor luminal en-
dothelialization is a common problem with vascular grafts
and has been addressed through multiple techniques, in-
cluding adding a vascular endothelial growth factor to the
lumen of a graft® and seeding the lumen of electrospun
conduits with endothelial cells.***"

An additional, yet unaddressed requirement for vascular
grafts is the production of a significant quantity and quality
of elastic matrix. This study has established that elastic
matrix is produced by peritoneal cells recruited to an elec-
trospun PCL mesh, but also that further elastic matrix pro-
duction is required. One of the major concerns with these
constructs is that their stress—strain curve exhibits a limited
toe-region, and thus, limited elastic behavior, unlike elastic
lamellae in native vessels.”> The elastic matrix generation is
even more important for long-term patency, especially when
the scaffold material degrades. These concerns highlight the
importance of combining the peritoneal cavity model with
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other strategies that have been shown to improve elastic
matrix production'>'* and also potentially increasing the
duration of time in the peritoneal cavity to allow further
differentiation of the recruited cells.'®***!

Conclusions

This study shows that peritoneal cells recruited onto
electrospun conduits in the peritoneal cavity give rise to
several cell types, including SMCs/myofibroblasts, meso-
thelial cells, and macrophages. A functional endothelium
was not generated, as was found to result in graft occlusion
when implanted intra-aortally. The cells generated compo-
nents of the vascular ECM, including collagen and HA, but
few elastic fibers. Since these elastic fibers are a critical
component of the vascular tissue, this study highlights the
need for additional scaffold-based stimuli to promote elas-
togenesis. The study additionally shows that both pore sizes
of conduit-enclosing pouches and microenvironmental cues
(i.e., electrospun average fiber diameters) critically influence
cell infiltration, depth of cell penetration within the conduit
wall, and tissue remodeling within the conduits. Overall, this
study demonstrates the importance of the microenvironment
surrounding the peritoneal cells, but also suggests that lon-
ger peritoneal implantation times may be required to allow
greater tissue remodeling and maturation.
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