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Native arteries contain a distinctive intima-media composed of organized
elastin and an adventitia containing mature collagen fibrils. In contrast,
implanted biodegradable small-diameter vascular grafts do not present
spatially regenerated, organized elastin. The elastin-containing structures
within the intima-media region encompass the elastic lamellae (EL) and
internal elastic lamina (IEL) and are crucial for normal arterial function. Here,
the development of a novel electrospun small-diameter vascular graft that
facilitates de novo formation of a structurally appropriate elastin-containing
intima-media region following implantation is described. The graft comprises
a non-porous microstructure characterized by tropoelastin fibers that are
embedded in a PGS matrix. After implantation in mouse abdominal aorta, the
graft develops distinct cell and extracellular matrix profiles that approximate
the native adventitia and intima-media by 8 weeks. Within the newly formed
intima-media region there are circumferentially aligned smooth muscle cell
layers that alternate with multiple EL similar to that found in the arterial wall.
By 8 months, the developed adventitia region contains mature collagen fibrils
and the neoartery presents a distinct IEL with thickness comparable to that in
mouse abdominal aorta. It is proposed that this new class of material can gen-
erate the critically required, organized elastin needed for arterial regeneration.

1. Introduction

Compromised arteries such as those
apparent in severe atherosclerosis can
result in myocardial infarction, which is
the leading cause of death worldwide.l!
When required, a vascular graft can
be used to repair the damaged artery.
Autologous vascular grafts harvested from
the saphenous veins, radial arteries, and
internal mammary arteries of patients are
considered gold-standard grafts. However,
for patients with limited autologous graft
availability due to pre-existing pathological
conditions,?l access to off-the-shelf syn-
thetic grafts that exhibit similar durability
to autologous grafts would provide alter-
native surgical options. Currently, com-
mercially available synthetic grafts made
from expanded polytetrafluoroethylene
and poly(ethylene terephthalate) show
markedly decreased patency over time
when used as small-diameter vascular

grafts (1-6 mm), due to thrombosis and
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restenosis.l’l In addition, their non-degradable nature does not
support complete arterial regeneration.

Engineered biodegradable vascular grafts, fabricated using
a variety of techniques and materials, are being developed to
address problems with patency and to deliver better tissue
remodeling and regeneration outcomes. Synthetic and natural
polymers, with varying degradation times, have been used.
Positive results have included robust mechanical performances
with similar in vivo compliance to native blood vessels, and
favorable biological outcomes, such as endothelium formation,
smooth muscle cell (SMC) infiltration with proliferative to con-
tractile phenotype conversion, and the deposition of extracel-
lular matrix (ECM) proteins, particularly collagen and elastin.l?!

However, implanted biodegradable small-diameter vascular
grafts do not present spatially regenerated, organized elastin,
which prevents the appropriate arrangement of SMCs and
endothelial cells (ECs), jeopardizing the graft’s long-term per-
formance.”! There is thus an unmet demand for structural
resemblance to the adjoining native artery, namely highly organ-
ized concentric layers of elastin alternating with SMC layers
in the media, and hierarchically arranged collagen fibers in
the adventitia. Organized elastin-based structures, such as the
medial elastic lamellae (EL), internal elastic lamina (IEL), and
external elastic lamina, naturally exist within the media region
of the human artery and perform crucial functions such as con-
veying elasticity for vessel deformation during blood pressure
changes and regulating arterial SMC phenotype in response to
injury.®l Previously developed vascular grafts have only shown
limited elastin regeneration in the neoartery post implantation.
Furthermore, this elastin has an amorphous morphology”! ran-
domly dispersed throughout the entire neoartery region, dis-
similar to the continuous native EL that are only present within
the intima-media. Direct incorporation of elastin fragments
in grafts has also demonstrated limited success because these
fragments are derived from degraded elastin,® in contrast to
the use of full-length tropoelastin (TE), the ECM protein that is
naturally used by elastogenic cells to make elastin.!
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In this study, we fabricated a non-porous biodegradable vas-
cular graft from a combination of TE and polyglycerol sebacate
(PGS), a highly elastic and degradable biomaterial.’) The pre-
sented data describe TE-PGS scaffold fabrication, characteriza-
tion, selection, mouse abdominal aorta (AA) implantation, and
remodeling into a neoartery. The non-porous fast-degrading vas-
cular graft, TES0, acted as a framework on which the regenera-
tion of organized EL and a distinct IEL occurred internally to the
graft and an adventitia like structure containing collagen fibrils
developed peripheral to the graft, resulting in marked spatial
and microstructural resemblance to the native artery.

2. Results and Discussion

2.1. Generation of Electrospun TE-PGS Scaffolds with a
Spectrum of Microstructures

To mimic the fibrous nature of the native artery, TE-PGS scaf-
folds were fabricated by electrospinning. PGS by itself cannot
be readily electrospun!') and mixing PGS with less than 20%
w/v TE resulted in the assembly of droplet-like structures on
the collector (Figure S1, Supporting Information). Mixing over
30% w/v TE with PGS in ratios of 30:70, 50:50, 70:30, and 100:0
TE:PGS resulted in the formation of electrospun scaffolds,
which were named TE30, TE50, TE70, and TE100, respectively.
A solvent cast PGS scaffold was used as a control, named PGS.
All scaffolds were heat-stabilized at 160 °C for 16 h.l Figure 1A
shows the morphologies of the scaffolds examined by scanning
electron microscopy (SEM), which was used to characterize
pore size and porosity. Before heat-stabilization, TE30 formed
a solid non-porous structure whereas TE50, TE70, and TE100
formed fibrous porous structures. Heating did not affect the
morphology of TE30 but resulted in a fiber-reinforced non-
porous structure in TE50. The morphologies of TE70 and TE100
scaffolds were preserved after heating. TE70 showed a 26% and
21% reduction in pore size and porosity, respectively, while no
changes were found for TE100 (Figure 1B,C).

The heat-stabilized scaffolds were examined by multiphoton
microscopy to discern the individual microstructures of TE and
PGS (Figure 1D). TE30 contained both TE aggregates and fibers
embedded in a PGS matrix. TE50 showed homogeneously dis-
tributed TE fibers dispersed throughout a PGS matrix with a
higher fiber network density compared to TE30. TE70 displayed
a completely fibrous structure with both TE and PGS present in
the same fibers and with the PGS component particularly con-
centrated at the interconnecting regions of the fibers. A fiber
network structure was also observed for TE100. Both SEM and
multiphoton characterization showed that electrospun TE-PGS
scaffolds can exhibit a spectrum of microstructures, ranging
from fiber-embedded non-porous matrices to complete fibrous
networks, depending on the TE:PGS ratio.

2.2. Chemical and Mechanical Properties of Electrospun
TE-PGS Scaffolds

Fourier transform infrared spectroscopy-attenuated total reflec-
tance (FTIR-ATR) was used to assess the chemical composition
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Figure 1. Microstructures of electrospun TE-PGS scaffolds. A) SEM images of unheated and heated PGS and electrospun TE-PGS scaffolds including
TE30, TE50, TE70, and TE100. B) Pore size and C) porosity of unheated (gray), and heated (red) TE-PGS scaffolds determined from SEM images.
D) Multiphoton microscopy images of heated PGS and electrospun TE-PGS scaffolds. Rhodamine 6G-stained PGS components are shown in red, TE
autofluorescence is shown in green, and co-localized TE-PGS regions are shown in yellow. n = 3 for all quantitative experiments.

of the scaffolds before and after heat stabilization (Figure 2A).
Peaks at 1733 and 1162 cm™, which represent ester bonds and
C—O stretching bands present in PGS, and peaks at 1653 and
1545 cm™!, which represent Amide I and Amide II protein
bands, were observed for all electrospun TE-PGS scaffolds. No
change in composition was seen after heat stabilization.

The stress—strain curve (Figure 2B) and relevant mechanical
properties, including Young’s modulus (Figure 2C), ultimate
tensile strength (UTS) (Figure 2D), and elongation at break
(Figure 2E) of TE-PGS scaffolds, were obtained through ten-
sile testing. As the TE concentration of the scaffolds increased
from 30% to 100%, the Young's modulus decreased from
26.2£8.2t0 1.2 £ 0.1 MPa and the elongation at break increased
from 40.7 + 4.5% to 129.3 £ 19.4%, indicating increased elas-
ticity and demonstrating the intrinsic elastic properties of the
TE molecule.?l The Young’s modulus of the TE30 and TE50
scaffolds were =18 and 8 times higher, respectively, than a
healthy human coronary artery, which has a Young’s modulus
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of 1.5 MPa.[®¥l The Young’s modulus of TE70 (1.3 £ 0.1 MPa) was
similar to a human coronary artery. TE50 had the highest UTS
of 8.0 £ 2.1 MPa among the electrospun TE-PGS scaffolds, pos-
sibly due to its fiber-reinforced matrix microstructure. TE30 has
a similar matrix microstructure but demonstrated a reduced
UTS of 4.3 £ 0.1 MPa which is likely due to a decreased TE fiber
network density and heterogeneous morphology.

A creep test was performed over 500 min at a constant load
of 0.1 MPa to examine scaffold viscoelasticity and evaluate
mechanical stability. Stages of the creep test are marked on
Figure 2F. After an initial elastic deformation due to loading at
stage (1), TE100 experienced the greatest creep rate in both the
creep stage (2) and the fast creep stage (3) compared to the other
scaffolds, which showed similar creep rates. The creep rate of
TE100 continued to rise during the rebound stage (4) whereas
the other scaffolds experienced rebound. All scaffolds returned
to their preloaded dimensions when the load was removed. A
1000 cycle tensile test at a force-ramp rate of 0.1 N min~! was
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Figure 2. Characterization of electrospun TE-PGS scaffolds. A) FTIR-ATR spectrum of scaffolds showing no chemical changes after heat stabilization.

B-G) Scaffold mechanical properties are shown in stress—strain curve (B)

, Young's modulus (C), ultimate tensile strength (D), elongation at break

(E), creep test (F), and cyclic tensile test (not all cycles are shown) (G). H-K) The stability of the scaffolds was assessed through surface area changes

(H), liquid uptake (1), mass degradation (J), and morphology changes (K)
experiments.

conducted to assess the performance of the scaffolds under a
dynamic mechanical environment. The cyclic tensile test indi-
cated that TE30 exhibits a nonlinear stress response with a
low modulus at early strains and a higher modulus at greater
strains whereas TES50, TE70, and TE100 were elastic with negli-
gible hysteresis evident throughout the 1000 cycles (Figure 2G).
These mechanical properties indicate that all TE-PGS scaffolds
should be sufficient to withstand arterial blood pressure imme-
diately following implantation. However, the defects and inho-
mogeneity generated during electrospinning of the TE30 scaf-
fold (Figure 1D) poses a concern for fabrication consistency and
likely resulted in its nonlinear stress—strain behavior. There-
fore, TE30 was eliminated as a candidate scaffold.

2.3. Stability of Electrospun TE-PGS Scaffolds

Maintenance of both scaffold dimensions and structural integ-
rity were assessed through submersion in phosphate-buffered
saline (PBS) at the elevated, physiologically relevant tempera-
ture of 37 °C. 1 h after submersion, the surface areas of TE50
and TE70 had increased 8.7 + 0.9% and 11.6 + 4.3%, respectively
(Figure 2H and Figure S2, Supporting Information). These

Adv. Mater. 2022, 34, 2205614 2205614 (4 of 14)

before and after submersion in PBS for 154 days. n = 3 for all quantitative

changes corresponded to liquid retentions of 0.29 £ 0.07 mg
PBS mg™! for TE50 scaffolds and 0.66 + 0.10 mg PBS mg™
for TE70 scaffolds (Figure 2I). In contrast, the TE100 sample
shrank rapidly, minutes after contacting PBS at 37 °C, and
showed a 56.4 + 0.9% reduction in surface area after 1 h. Despite
shrinking, TE100 samples absorbed 2.10 + 0.07 mg PBS mg™},
which is 7 times that of TE50 scaffolds and 19 times that of
TE70 scaffolds. Over 48 h, the dimensions of the TE50 and
TE70 scaffolds gradually expanded and stabilized with final sur-
face area increases of 13.6 = 4.2% and 20.4 £ 2.4%, respectively.
TE100 shrank 61.2 + 1.5% from its original surface area over
48 h. This substantial dimensional change under physiological
conditions rendered electrospun TE100 scaffolds unsuitable for
vascular graft applications.

The long-term stability of TE50 and TE70 was evaluated over
154 days by observing mass changes following submersion in
PBS. TE50 and TE70 lost 5% and 6% respectively of their ini-
tial mass during the first 24 h in PBS (Figure 2]), which was
likely to correspond to the removal of non-cured PGS as no TE
or TE degradation products were observed by sodium dodecyl-
sulfate polyacrylamide gel electrophoresis analysis (Figure S3,
Supporting Information). No further significant mass loss was
observed over the 154 days, which indicates the scaffolds are
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stable in vitro. Comparison of SEM images at day 0 and day
154 indicated there was no change in morphology for TES50
(Figure 2K). However, the fibers within TE70 appeared more
wrinkled compared to the non-treated samples due to water
uptake but remained fibrous and porous. No or minimal mor-
phological changes in TE50 and TE70 confirms the long-term
integrity of these scaffolds.

2.4. In Vitro Cytocompatibility and In Vivo Biocompatibility of
TE-PGS Scaffolds

The in vitro cytocompatibility of TE50 and TE70 was assessed
by culturing the scaffolds with human dermal fibroblasts
(HDFs) for 7 days. A PGS scaffold was used as a control to illus-
trate the benefits of TE. HDFs could attach to and proliferate on
TES50 and TE70 scaffolds but failed to attach to and proliferate
on PGS scaffolds (Figure 3A). Assessment of HDF morphology
on day 7 showed the presence of elongated actin fibers within
most of the cells on TE50 and TE70 scaffolds (Figure 3B). SEM
images captured a remaining HDF cultured on a PGS scaf-
fold undergoing apoptosis, whereas multiple HDFs with elon-
gated and flattened morphologies were observed on TE50 and
TE70 scaffolds (Figure 3C). Furthermore, high-resolution SEM
images showed interactions between HDFs and the electrospun
TE-PGS scaffolds through extended filopodia, which may be
a result of the fibrous nature of the electrospun scaffolds that
mimic the ECM.

We then examined the in vivo biocompatibility of TE50 and
TE70 scaffolds through subcutaneous implantation in mice
with subsequent histological assessment at 14 and 28 days
(Figure 3D). This allowed for fibrous capsule formation to be
assessed over the time course. TE50 and TE70 scaffolds were
surrounded by fibrous capsules that appeared to be thinner
and contained fewer dense collagen fibers with a decreased
total number of cells at day 14 and 28 compared to the PGS
scaffolds (Figure 3E,F). No cell invasion was observed within
either the TE50 or TE70 scaffolds. These observations indicate
that the TE50 and TE70 scaffolds are tolerated subcutaneously,
and that the addition of TE could reduce fibrosis. Biodegradable
scaffolds do not generate a persistent fibrous capsule, rather
the capsule becomes thinner and eventually disappears as the
material degrades.! Here we see that the thickness of the
fibrous capsule surrounding PGS at day 28 had significantly
decreased from day 14, indicating its ongoing degradation.
While the thickness of the fibrous capsule surrounding TE50
and TE70 had not changed at day 28 it is likely that a longer
subcutaneous implantation study would elucidate the biodegra-
dation profile of these scaffolds.

2.5. Interaction of TE-PGS Scaffolds with Vascular Cells

To assess the potential of TE-PGS scaffolds in vascular graft
applications, we evaluated the ability of human umbilical vein
endothelial cells (HUVECs) and human coronary artery smooth
muscle cells (HCASMCs) to proliferate and express functional
markers when cultured on them. Seeded HUVECs were able to
attach and spread on TE50 and TE70 scaffolds with significant
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cell proliferation evident between day 1 and day 7 (Figure 3G).
Cell numbers increased 11.5-fold and 9.3-fold over the 7 days on
TES0 and TE70 scaffolds, respectively. By day 7, HUVECs cul-
tured on these scaffolds had formed a near-complete monolayer
with polygonal morphologies (Figure 3H). In contrast, HUVECs
seeded onto PGS displayed a rounded morphology and failed
to proliferate. Gene expression of functional endothelial cell
markers was analyzed using RT-qPCR. This could not be per-
formed on HUVECs cultured on the PGS scaffold as no cell
growth was observed. Gene expression of CDHYS, the encoding
gene for the adherens junction protein vascular endothelial cad-
herin (VE-Cad), was significantly higher in HUVECs that had
been cultured on TE70 for 7 days compared to cells cultured
on the scaffold for 1 day (Figure 3I). No significant difference
was observed in CDHS5 expression levels between cells cul-
tured on TES50 for 1 or 7 days. Gene expression of VWF, the
encoding gene for the clotting protein von Willebrand factor
(VWF), increased significantly from day 1 to day 7 in HUVECs
cultured on both TE-PGS scaffolds. Gene expression of NOS3,
the encoding gene for the enzyme endothelial nitric oxide syn-
thase (eNOS) that is involved in NO production, did not change
significantly over time on either electrospun TE-PGS scaf-
folds. This lack of change in NOS3 expression may be due to
the use of a static culture method rather than dynamic culture
methods!®® as eNOS expression in arterial ECs has been shown
to be modulated by hemodynamic forces.®! Immunofluores-
cence (IF) staining was used to confirm HUVEC expression
of the three key functional markers for endothelium, VE-Cad,
eNOS, and vWF, at the protein level on both of the TE-PGS
scaffolds. All three proteins were present within the HUVEC
monolayers after 7 days of culture on the scaffolds (Figure 3J).
Specifically, VE-Cad was localized to the cell-cell boundaries
and formed a continuous band around each cell, indicating
the successful formation of an endothelial monolayer with
adherens junctions at cell—cell interfaces. eNOS and vWF were
observed scattered throughout the monolayer and their pres-
ence indicated that HUVECs cultured on TE-PGS scaffolds can
produce NO and perform coagulation activities, respectively,
which are necessary functions of the arterial endothelium.!"”)
HCASMCs were cultured on the PGS and TE-PGS scaffolds
for 7 or 14 days, and their morphology and function were also
assessed through IF and RT-qPCR. Over 7 days, HCASMCs pro-
liferated on TE-PGS scaffolds but did not significantly increase
in number on PGS scaffolds (Figure 3G). F-actin staining
revealed the morphology of the HCASMCs on the TE-PGS scaf-
folds changed from a rhomboid shape with cells spreading in
random directions on day 1 to most cells aligning with an elon-
gated spindle shape by day 14 (Figure 3H). HCASMCs cultured
on PGS presented with a rounded morphology on day 1 with
no cells present on the scaffold on day 14. To assess the pheno-
type of HCASMCs cultured on TE-PGS scaffolds for 14 days,
RT-qPCR was used to determine the gene expression of ACTA2
and MYHI11 (Figure 3K), which are the genes encoding for
o-smooth muscle actin (0+SMA) and smooth muscle-myosin
heavy chain (SM-MHC), respectively. The deposition of these
proteins within the cell layer was assessed by IF (Figure 3L).
Compared to gene expression at day 1, TE50 did not pro-
mote expression level changes in ACTA2 or MYHI1 at day 14,
whereas a significant increase in ACTA2 expression was seen
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Figure 3. In vitro and in vivo evaluation of the biocompatibility of TE-PGS scaffolds. A) Human dermal fibroblast (HDF) proliferation on PGS, TE50,
and TE70. B,C) Morphological assessment of cultured HDFs on scaffolds through immunofluorescence staining of F-actin (red) and nuclei (blue) (B)
and SEM with cells false-colored blue to highlight their interactions with the underlying scaffolds (C). D) Histological assessment of scaffolds subcu-
taneously implanted in mice for 14 and 28 days using H&E and Masson’s trichrome staining. E,F) H&E staining was used to assess fibrous capsule
thickness (E) and the total number of cells surrounding the scaffolds (F), both normalized to the scaffold area. G-K) Interaction of TE-PGS scaffolds
with vascular cells. G) Proliferation and H) morphology (F-actin in red and nuclei in blue) of human umbilical vein endothelial cells (HUVECs) and
human coronary artery smooth muscle cell (HCASMCs). 1) Relative gene expression of CDH5, VWF, and NOS3. ]) Functional marker expression of
VE-Cad (green), eNOS (red), and vWF (yellow) with nuclei (blue). K) Relative gene expressions of ACTA2 and MYHT1. L) functional marker expression
of 0-SMA (green) and SM-MHC (red) with nuclei (blue). n = 3 for all quantitative experiments.
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Figure 4. Morphological, geometrical, and mechanical characterization of fabricated TE-PGS vascular grafts. A) SEM showing morphologies of TE50
and TE70 at parallel and perpendicular cross-sections, inner surface, and outer surface. B) Diameter and thickness of TE50 and TE70. C,D) Mechanical
properties of TE50 and TE70 including burst pressure (C) and suture retention (D). n = 3-6 for all quantitative experiments.

on TE70. No change in MYH11 expression was seen on TE70. [F
indicated that HCASMCs cultured on both scaffolds expressed
both o+SMA and SM-MHC. These results indicate that TE-PGS
scaffolds supported the proliferation of cultured HCASMCs
and their differentiation into a contractile phenotype.!!®!

2.6. Fabrication of TE-PGS Vascular Grafts and Pre-Implantation
Assessments

Tubular vascular grafts, with various diameters (0.7, 1, and
1.5 mm) and wall thicknesses, were successfully fabricated by
electrospinning different volumes of blended TE-PGS solutions
(0.5, 0.7, and 1 mL) onto assorted sized mandrels (Figure S4,
Supporting information). The morphologies of the fabricated
TE-PGS vascular grafts were examined by SEM (Figure 4A)
and the diameter and wall thickness of the grafts are shown
in Figure 4B. TE50 grafts were non-porous and appeared fiber-
reinforced. TE70 grafts were fibrous and contained some pores
but they were not interconnected. Contact with the mandrel on
the interior of the graft resulted in a flatter surface with more
fused fibers compared to the outer surface.

The grafts fabricated from 0.7 mL TE-PGS blend solutions
were subjected to mechanical tests, including burst pressure,
suture retention, and kink angle analysis. The average burst
pressures of TE50 and TE70 grafts were 2150 + 173 and 1200
*+ 150 mmHg, respectively (Figure 4C). The burst pressures
of both grafts were higher than the physiological pressures
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of 90 to 115 mmHg reported in wild type mice,’ 80 to
120 mmHg found in healthy human subjects and 90 to, in
rare cases, greater than 250 mmHg observed in hypertensive
patients.?%The burst pressure of a typical mouse aorta is not
available as the multiple branches cannot be stably pressur-
ized during testing.’!l However, both TE50 and TE70 grafts
have burst pressures lower than that reported for the rat aorta
of 3415 + 529 mmHg.?? The suture retention values for TE50
and TE70 grafts were determined to be 0.25 + 0.04 and 0.22 +
0.02 N, respectively (Figure 4D), which were higher than those
of mouse aorta (0.10 + 0.04 N)2% and cast PGS vascular grafts
(0.11 £ 0.0087 N),1?2l and lower than the break force of 7-0 poly-
propylene sutures (3.7 N, Ethicon) that are commonly used
in humans.?’l These data indicate that the fabricated TE-PGS
grafts are suturable with adequate suture retention properties.
We also assessed the thrombogenicity of the scaffolds before
implantation. Adhesion of heparinized (0.5 U heparin per mL)
whole blood to 316L stainless steel—a common component
of commercial stents, and PGS, TE50, TE70, and TE100
was measured over 10, 30, and 60 min with shaking at 37 °C
(Figure S5, Supporting Information). Whole blood consists of
red blood cells (RBCs), plasma, and platelets that can form a
thrombus. At 10 min, stainless steel, PGS, and TE50 showed
similar amounts of adhered RBCs and platelets without the
formation of a fibrin matrix. In contrast, a fibrin matrix had
formed on TE70. TE100 showed obvious thrombus formation
indicated by a densely packed fibrin matrix with trapped RBCs.
At 30 min, stainless steel and PGS showed a similar number
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of adhered RBCs and platelets. Aggregations of platelets and
RBCs with a fibrin matrix could be seen on both TE50 and
TE70. At 60 min, scattered aggregations of platelets and RBCs
with a fibrin matrix were present on stainless steel, TE50, and
TE70 while multiple layers of thrombus had formed on TE100.
The lowest number of aggregated platelets and RBCs and no
obvious fibrin matrix formation was observed on PGS. Based
on these results, TE70 displayed higher potential for throm-
bosis compared to TE50 and was excluded from animal studies.
We recognize however that the thrombogenicity of TES50 is not
ideal compared to autologous grafts, which do not cause throm-
bosis due to the presence of an intact endothelium. Future iter-
ations of the TE50 graft could be improved by precoating with
heparin to inhibit blood clotting.1??!

2.7. Implantation Study

TES50 vascular grafts were evaluated as interpositional implants
in the infrarenal abdominal aorta of beige mice over an
8 month period. Ultrasound monitoring indicated that TES0
grafts with an initial diameter of 0.7 mm continued to dilate
until 18 weeks before gradually stabilizing with a final diameter
of 1.4 + 0.2 mm at 8 months (Figure S6A,B, Supporting Infor-
mation). No localized aneurysms were detected throughout
the study. Over the 8 months the pulsatility of the TE50 grafts
increased from 2.1 + 0.5% to a maximum of 4.8 + 1.1% at
13 weeks before dropping to 1.8 + 0.7% by 8 months likely due
to the significantly increased graft diameter (Figure S6C, Sup-
porting Information). Graft degradation and tissue remodeling
were anticipated to occur rapidly after implantation due to the
reported degradation profile of PGS 22 allowing for the for-
mation of a neoartery. H&E staining (Figure 5A) of explanted
grafts at 8 weeks indicated that two distinct cellularized regions
had formed: an ECM-dense inner zone and a looser outer zone.
By 8 months the TES0 graft was no longer evident but the dis-
tinct regions had persisted and the neoartery appeared more
organized. The rapid degradation of PGS following implan-
tation is likely to have contributed to the initial dilation rate
(0-18 weeks), while remodeling of the graft through cellular
infiltration and ECM deposition over 18 weeks and beyond
resulted in the formation of a neoartery with adequate mechan-
ical strength to resist further dilation. Over time, the average
wall thickness of the neoartery decreased from 245.8 + 32.4 um
at 8 weeks to 189.6 £+ 51.3 um at 8 months, similar to that of
mouse AA (176.0 £ 43.4 um).

To further investigate the process of graft degradation,
immunofluorescence staining was used to detect the presence
of macrophages and their subphenotypes, given their crucial
role in implant removal and remodeling (Figure 5B). Staining
for F4/80%, a general marker for murine blood-circulating
monocytes and macrophages,?’! revealed that the average area
of F4/80* staining within the graft dropped significantly from
21.7 £ 5.4% at 8 weeks to 4.5 £ 1.2% at 8 months, signaling the
resolution of inflammation and remodeling (Figure 5C). This
also corresponded to a significant reduction in iNOS* staining,
a marker of pro-inflammatory M1 macrophages from 6.0 + 1.6%
at 8 weeks to 2.0 £ 1.7% at 8 months and CD206" staining, a
marker of anti-inflammatory M2 macrophages from 76 * 2.6%
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at 8 weeks to 1.7 £ 0.7% at 8 months (Figure 5D,E). The iNOS*/
CD206" ratio did not change significantly between 8 weeks and
8 months (Figure 5F). Interestingly, we observed differences
in the spatial distribution of the macrophages possibly due to
the barrier-like surface the non-porous TE50 graft presented.
More iNOS* M1 and CD206* M2 macrophages had accumu-
lated in the adventitia region of the neoartery compared to the
intima-media region at 8 weeks (Figure 5G). In the adventitia
region, M1 macrophages were present in the area immediately
next to the implant while M2 macrophages occupied the entire
region and likely facilitated tissue remodeling.?%! These adven-
titial macrophages could have migrated from surrounding
connective or adipose tissue or adjacent tissue via the anasto-
mosis site.[’] The average fraction of M1 and M2 macrophages
in the adventitia region substantially decreased by 8 months
(Figure 5H) in accordance with the removal of TE50. In con-
trast, the intima-media region contained a small fraction of
M1 and M2 macrophages at 8 weeks that did not change by
8 months. These macrophages were likely either derived from
blood-circulating monocytes or had migrated from adjacent
tissue via the anastomoses.?¢28]

We investigated the distribution of elastin, collagen, CD31*
endothelial cells, o~-SMA*, and smoothelin® SMCs within the
regenerated neoartery at 8 weeks and 8 months compared to
mouse AA (Figure 6). Verhoeff-Van Gieson (VVG) staining
revealed that 8 weeks post-implantation, long, continuous,
circumferentially-aligned EL had been generated within the
intima-media region of the neoartery, which were still present
at 8 months (Figure 6A). The EL were organized with distinct
morphologies that contrasted with the disorganized VVG
staining that was seen throughout the graft prior to implanta-
tion (Figure S7, Supporting Information). The elastin fraction
of the neoartery was 13.9 + 4.9% at 8 weeks and 21.4 + 5.6%
at 8 months which were both similar to the elastin content
of mouse AA (14.8 + 4.9%) (Figure 6E). Picrosirius red (PSR)
staining indicated that loose and thin type I and III collagen
fibers that were deposited in the adventitia of the neoartery
by 8 weeks became thicker and denser and acquired a basket
weave morphology approaching that in the mouse AA by
8 months (Figure 6B). Early stage collagen deposition was
likely initiated by adventitial fibroblasts under the stimula-
tion of M2 macrophages with secreted factors such as TGEF-
B2 while later collagen remodeling was possibly due to the
balanced activities of matrix metalloproteinases (MMPs) and
tissue inhibitors of MMPs modulated by cross-talk between
adventitial fibroblasts and M2 macrophages.?” Quantification
of polarized PSR staining revealed that the neoartery contained
a total collagen fraction of 9.4 £ 2.2% at 8 weeks and 13.0 *
5.5% at 8 months, which approached that found in mouse AA
(16.4 + 4.7%) (Figure 6F). By 8 weeks CD31" endothelial cells
completely covered the lumen of the neoartery and this newly
formed endothelium remained intact at 8 months (Figure 6C).
Staining for o-SMA* and smoothelin* SMCs showed these cells
were primarily located in the intima-media region of the neo-
artery at both 8 weeks and 8 months (Figure 6D,E) and were
present at similar levels to the mouse AA (Figure 6H,I).

We then further characterized the regenerated EL within the
intima-media region of the neoartery and compared these to
the EL in the native mouse AA (Figure 7 and Videos SV1 and
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Figure 5. H&E staining and macrophage response to implanted TE50 at 8 weeks and 8 months compared to mouse abdominal aorta. A) H&E staining with
intima-media (I-M), adventitia (A) and graft (G) indicated. B) Immunofluorescence staining of F4/80 (green), iINOS (magenta), and CD206 (red) with nuclei
(blue). C-C) Quantitative analyses of F4/80" fraction (C), INOS™ fraction (D), CD206" fraction (E), iNOS* to CD206" ratio (F), and G,H) iNOS* and CD206*
distribution between intima-media (Inti.-Med.) and adventitia (Adv.) regions at 8 weeks (G) and 8 months (H). n =4 for all quantitative experiments.

SV2, Supporting Information). Both VVG staining (Figure 7A)
and elastin autofluorescence (Figure 7B) showed the pres-
ence of continuous, wavy EL. These regenerated EL had an
average thickness of 1.6 £ 0.4 um at 8 weeks and 1.8 £ 0.1 um

Adv. Mater. 2022, 34, 2205614 2205614 (9 of 14)

at 8 months, which was about half the thickness of the EL
(3.1+£ 0.7 pm) in mouse AA (Figure 7G). However, the number
of EL in the neoartery was on average 8.5 1.4 and 8.7 + 1.2 at
8 weeks and 8 months, respectively, which was approximately
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Figure 6. Extracellular matrix and cellular components of explanted TE50 grafts at 8 weeks and 8 months compared to mouse abdominal aorta.
A,B) Representative histology images of Verhoeff-Van Gieson staining showing elastin (black) (A) and Picrosirius Red staining under polarized light
showing type | collagen (red) and type IIl collagen (green) (B). C—E) Representative images of immunofluorescence (IF)-stained CD31* endothelial
cells (red) (C), o-SMAY (red) cells (D), and smoothelin* (red) (E) smooth muscle cells with nuclei (blue). F-I) Quantification of total elastin fraction
(F), total collagen fraction (G), o-SMA fraction (H), and smoothelin fraction (l) from histology and IF staining. n = 4 for all quantitative experiments.

twice the number of EL (3.9 + 0.1) observed in the mouse AA
(Figure 7H). Throughout the region, o-SMA* and smoothelin*
SMCs were circumferentially aligned in layers between the EL
(Figure 7D and E). SMCs are responsible for the production of
amorphous elastin and elastic fibers,?!l and we assume these
SMCs contributed to the accumulation and remodeling of
elastin into EL in this study. EL in the neoartery were also sur-
rounded by fibrillin-1 (Figure 7C), which is a crucial component
in elastic fiber assembly and an indicator of de novo elastogen-
esis.?2 The presence of aligned o-SMA* and smoothelin® SMCs
as well as fibrillin-1 sandwiching the regenerated EL within the
intima-media demonstrates a high level of EL organization and
structural similarity to the mouse AA. Furthermore, we also
observed regeneration of an IEL in the neoartery which had a

Adv. Mater. 2022, 34, 2205614 2205614 (10 of 14)

thickness and continuity comparable to the IEL in the mouse
AA. Arterial SMCs and ECs are both individually capable of
generating an IEL in mice AA.*l However, it is likely that they
participate together in the IEL morphogenesis process, which
corresponds to the presence of both oSMA* and smoothelin®
SMCs and CD31* ECs in close association with the regenerated
IEL in the neoartery (Figure 7F).

The results shown here demonstrate for the first time that we
are aware of, the generation of a neoartery, from an implanted
vascular graft, that recapitulates the native artery with respect
to the content and spatial distribution of both collagen and
organized EL. We propose a model of graft regeneration based
on the non-porous nature of the TES0 grafts (Figure 8). Tradi-
tionally, the use of porous grafts in vascular settings”><?%34 has
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Figure 7. De novo regeneration of elastic lamellae (EL) within the intima-media region of the TE50 graft. A) Representative images of A)Verhoeff-Van
Gieson staining showing organized EL (black) and B) autofluorescence of EL in green. C—F) Representative images of immunofluorescence stained
fibrillin-1(red) (C), c+SMA (red) (D), smoothelin (red) (E), and CD31 (red) (F) associated with the regenerated EL and cell nuclei (blue). Quantification
of G) EL thickness sand H) EL number. n = 4 for all quantitative experiments.

permitted the uncontrolled migration and infiltration of fibro-
blasts and arterial SMCs from adjacent native tissue into the
implanted graft to synthesize ECM, in chaotic competition with
infiltrating phagocyte-like macrophages that attempt to degrade
the graft. This results in the random deposition of collagen and
elastin within the graft pores. We propose that the graft then
serves as a physical barrier that prevents the deposited amor-
phous elastin from connecting and organizing into EL. This
contrasts with EL morphogenesis during the gestational and
postnatal stages where EL are generated in between circum-
ferentially aligned layers of SMCs.’%8 We suggest the solid,

Adv. Mater. 2022, 34, 2205614 2205614 (11 of 14)

fiber-reinforced TES50 grafts prohibit chaotic cell infiltration and
that their degradation is executed through surface erosion and
phagocytosis rather than bulk degradation.”) This allows tissue-
resident cell accumulation on both the luminal and outer sur-
face of the graft. Soon after implantation, the luminal surface
becomes populated with migrating arterial SMCs and ECs to
form an intima-media, nurtured by sustained release of TE
from the graft. ECs may also be differentiated from circulating
monocytes.l*! The ECs quickly establish an endothelium which
remains intact to prevent late-stage thrombosis, while the SMCs
accumulate and produce amorphous elastin and fragmented
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Figure 8. Proposed remodeling of TE50. After implantation, the non-porous TE50 vascular graft allows migration of arterial smooth muscle cells
(SMCs) from adjacent tissue to form intima-media with a circumferential aligned and layered structure. TE is gradually released from the graft.
Amorphous elastin and elastin fibers are produced and assembled to form elastic lamellae, possibly with the help of M2 macrophages. The internal
elastic lamellae are formed at a later stage through the joined effort of SMCs and endothelial cells. The outer surface encounters both phagocytosis
activities from M1 macrophages as well as the deposition and remodeling of collagen fibrils by an interplay of arterial SMCs, fibroblasts, pericytes, and
M2 macrophages to form adventitia. Upon complete degradation of TES0, the adventitia meets intima-media to form the neoartery with spatial and

microstructural features that resemble the native artery.

elastin fibers, which are then connected to form continuous EL.
During this time, the newly formed endothelium also contrib-
utes to the production of organized elastin at the lumen inter-
face along with the SMCs, gradually forming a thick IEL. The
outer surface of the graft experiences most of the phagocytosis
activities dominated by M1 macrophages. Fibroblast attachment
and proliferation on this surface leads to the deposition of col-
lagen fibrils, which gradually increase the tensile strength of
the neoartery over time. M2 macrophages within the adventitia
region continue to remodel collagen until its maturation. After
the graft completely degrades, macrophage activities diminish,
leaving a dense collagenous adventitia adjacent to an intima-
media with alternatively sandwiched SMC layers and EL that
resemble the native artery.

Despite the formation of a structurally appropriate neoar-
tery the TES50 graft dilation and pulsatility data gathered over 8
months indicated a potential mismatch between the mechan-
ical properties of the native artery and the regenerating graft.
Dilation is known to reduce blood flow velocity and generate
turbulence, which may limit the durability of the TE50 graft
and should be prevented in future studies. This dilation of
TES50 could be limited either by chemically modifying PGS/
to slow graft degradation or by reinforcing the graft through
the addition of an outer sheath layer made from materials
previously reported to facilitate collagen production.”d The
mouse AA and neoarteries regenerated from TES50 grafts

Adv. Mater. 2022, 34, 2205614 2205614 (12 of 14)

comprised similar fractions of elastin and SMCs, as well as a
typical endothelium layer, but significantly lower amounts of
collagen. Tt is likely that limited generation of collagen in the
graft adventitia was the main contributing factor to graft dila-
tion over time, with the loss of mechanical strength due to the
rapid degradation of the original graft not compensated for by
adequate collagen deposition. The dilation that the TE50 grafts
experienced differs from that seen in aortic aneurysm, which is
associated with an increase in collagen content as a response to
selective elastin degradation.l3%! Here EL generation occurred at
an early stage, but limited collagen regeneration compromised
the graft and led to early dilation. This indicates that early and
balanced production of both organized elastin and collagen is
required for the formation of a mechanically viable neoartery.
Various groups have reported the generation of appropriate col-
lagen types and amounts within their vascular graft prototypes
and similar strategies could be adopted to improve the TE50
graft.7b22.37

The de novo production of organized EL in the intima-media
has been identified as the missing element in biodegradable
vascular graft regeneration.>7?l Most elastogenesis is classically
restricted to late fetal and early neonatal periods,*® with limited
elastin synthesis in adulthood that is in response to the loss of
elastin due to injury or disease.?” In blood vessels, elastin is an
extremely durable insoluble protein and mature elastic fibers
generally persist for the lifespan.[*]
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We emphasize that in previous vascular graft implantation
studies that have reported the synthesis of elastin, their elastin
was amorphous and spatially distributed throughout the entire
grafted region?2¥# or close to the lumen.”” Here, in contrast,
we report the formation of mature, long, and continuous EL
localized to the TESO0 neoartery as early as 8 weeks after implan-
tation and the development of an IEL, similar to the mouse AA
IEL, by 8 months. To our knowledge, this is the first time the
rapid de novo generation of elastin with such a degree of organi-
zation has been reported in a synthetic vascular graft. We note
that the characteristics of the regenerated EL in the TE50 neoar-
tery, including their thickness and numbers, show similarities
to mice hemizygous for elastin , that is, ELN*/~ mice.*l ELN*/~
mice have a normal lifespan despite showing significant hyper-
tension.¥ The large blood vessels in ELN*/~ mice show mor-
phological changes in their deposited elastin compared to wild-
type ELN*/* mice, including a 35% increase in the number of
EL,[* a decrease in the distance between EL,*"! and a roughly
50% reduction in lamellae thickness.*?? Similarly, humans with
ELN hemizygosity are reported to compensate for the reduction
of ELN expression by developing a 250% increase in the number
of EL.% In support of this comparison, in the TE50 neoartery
we saw a 220% increase in EL number, a 48.4% decrease in EL
thickness and a decrease in the distance between EL.

TE is the monomer building block of elastin, elastic fibers,
and EL in the artery.* TE50 is a non-porous PGS-based vas-
cular graft that contains heat-stabilized human recombinant
TE, which can release TE monomer and TE-based species
during graft maturation. As elastogenesis occurs when TE
is supplied to fibroblasts in vitro,*! we speculate that SMCs
responded in a similar manner such that TE released from the
TESO graft promoted elastin production.

3. Conclusion

We have fabricated electrospun TE-PGS scaffolds with a spec-
trum of 3D microstructures. The scaffolds were mechanically
robust, stable, and biocompatible as candidate materials for
constructing off-the-shelf vascular grafts. TE50 and TE70 each
supported HUVEC and HCASMC proliferation, and func-
tional artery-related protein expression. TE50 was chosen for
implantation in mouse AA as it was the least prone to throm-
bosis. The non-porous TE50 acted as a framework to stimulate
distinctive regeneration profiles in the intima-media and the
adventitia. By 8 months, the graft had completely degraded,
forming a neoartery. The adventitia contained mature collagen.
The intima-media contained organized EL that were sand-
wiched by circumferentially-aligned spindle-shaped o~SMA*
and smoothelin* SMCs as early as 8 weeks. An IEL similar to
that in mouse AA was formed by 8 months. Overall, we have
shown the potential of TE50 as a functional vascular graft and
presented a new class of material with the capacity to achieve
complete arterial regeneration.

4. Experimental Section

The experimental details are provided in the Supporting Information.
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