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Abstract

Reliable vascular access remains a major clinical challenge for hemodialysis patients, as
expanded polytetrafluoroethylene (PTFE) grafts exhibit poor patency and frequent com-
plications driven by thrombosis and neointimal hyperplasia. Tissue-engineered vascular
grafts offer a regenerative alternative but often lack the mechanical resilience required
for high-flow arteriovenous (AV) environments. Here, we developed a reinforced, bio-
functionalized coaxial electrospun graft comprising a poly(ε-caprolactone) mechanical
core and a norbornene-functionalized poly(ethylene glycol) sheath incorporating pro-
endothelialization cues. Circumferential PTFE rings were added to improve kink resistance.
Grafts were implanted in a porcine AV configuration that recapitulates clinical hemo-
dynamic conditions. Mechanical characterization included compliance, burst pressure,
and kink resistance; host remodeling was assessed using histology, immunofluorescence,
and multiphoton imaging at 4 weeks. Ring-reinforced electrospun grafts demonstrated a
kink radius of 0.187 cm, compliance of 1.04 ± 0.29%/100 mmHg, and burst pressure of
1505 ± 565 mmHg, values all comparable to Gore-Tex PTFE and within industrial perfor-
mance standards. In vivo, the electrospun grafts showed extensive host cell infiltration,
collagen deposition, and formation of smooth muscle-like tissue, whereas PTFE controls
remained largely acellular. Immunofluorescence confirmed intramural α-SMA+ and CD31+

cell populations, and multiphoton microscopy revealed significantly greater collagen and
elastin content compared with PTFE (p < 0.05). Collectively, these findings demonstrate that
the reinforced electrospun graft maintains mechanical integrity under physiological AV
loading while supporting in situ endothelialization and extracellular matrix remodeling in
a clinically relevant, large animal model. This work provides one of the first demonstrations
of functional tissue regeneration within a fully synthetic, acellular scaffold in a porcine
hemodialysis model and advances the translational development of durable, regenerative
vascular access grafts that couple mechanical resilience with bioactive healing capacity.

Keywords: tissue-engineered vascular grafts (TEVGs); arteriovenous (AV) access; porcine
model; biofunctionalized scaffold; endothelialization
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1. Introduction
The global prevalence of end-stage kidney disease (ESKD) continues to rise, driven by

the growing incidence of diabetes, hypertension, and an aging population [1]. In the United
States alone, more than 130,000 new cases were reported in 2022, with nearly 83% of patients
initiating hemodialysis [2]. Reliable vascular access is essential for hemodialysis. Although
autogenous arteriovenous fistulas are preferred due to superior long-term patency, they
frequently fail to mature in patients with significant comorbidities [3,4]. Consequently,
arteriovenous grafts (AVGs), most commonly constructed from expanded polytetrafluo-
roethylene (ePTFE), are widely used when fistulas are not feasible. However, AVGs exhibit
poor one-year primary patency rates (approximately 50%) [5] and high complication rates,
most often due to venous anastomotic stenosis from neointimal hyperplasia [6].

The failure of current synthetic grafts arises from both mechanical and biological
limitations [7]. Mechanically, ePTFE grafts are prone to thrombosis, particularly when
repeatedly cannulated [8]. Biologically, they are bioinert, presenting non-physiologic
surfaces that provoke inflammatory and fibrotic responses and lacking the regenerative
capacity needed to heal after needle access during each hemodialysis session. These
combined shortcomings drive neointimal hyperplasia and graft stenosis, the leading causes
of AVG failure [9]. Collectively, these challenges underscore the need for vascular grafts
that mitigate mechanical complications while promoting rapid endothelialization, tissue
integration, and long-term patency.

Tissue-engineered vascular grafts (TEVGs) offer a promising solution. Unlike inert
synthetics, TEVGs are designed to integrate with host tissue by permitting cell infiltra-
tion, extracellular matrix (ECM) deposition, and remodeling in situ into a functional
“neovessel” [10]. Approaches have included cell-seeded scaffolds, acellular biodegradable
polymers, and decellularized natural matrices [7]. Cell-seeded constructs, while effective
in preclinical models, are limited by cost, regulatory hurdles, and risks of infection or
immune rejection [11]. Decellularized scaffolds provide a natural ECM environment but
suffer from donor variability and limited availability [12,13]. Emerging approaches such as
Humacyte’s human acellular vessels (HAVs) demonstrate the potential of lab-grown, decel-
lularized extracellular matrix conduits, though their production remains time-intensive
and costly [14]. Consequently, acellular synthetic scaffolds fabricated from bioabsorbable
polymers, such as poly(ε-caprolactone) (PCL) or poly(l-lactide-co-ε-caprolactone) (PLCL),
have gained interest due to their reproducibility, tunable degradation, and scalability [15].

Electrospinning is among the most versatile methods for TEVG fabrication, generating
nanofibrous architectures that mimic native ECM organization [16]. Electrospun fibers
provide high surface area for protein adsorption and cellular attachment, while tunable
porosity can regulate cell infiltration and nutrient transport [17]. The choice of polymer is
central to achieving appropriate mechanical, biological, and degradation profiles [18]. PCL
provides robust mechanical stability and ease of processing but degrades slowly, potentially
prolonging inflammatory responses. To address these limitations, hybrid approaches
combining PCL with bioactive components have been explored [19].

Surface biofunctionalization provides an additional design axis for improving hemo-
compatibility and promoting regeneration. Poly(ethylene glycol) (PEG) resist nonspecific
protein adsorption and thrombosis, but can be chemically modified to present biological
cues [20]. Norbornene-functionalized PEG enables orthogonal thiol–ene “click” chemistry
for conjugation of peptides and growth factors [21]. Incorporation of integrin-binding
motifs (e.g., RGD sequences) can promote endothelial adhesion, while immobilization of
vascular endothelial growth factor (VEGF) can accelerate endothelialization. Combining
PEG’s antifouling properties with targeted bioactivity offers a path to overcoming the
thrombotic and hyperplastic responses associated with conventional grafts [22].
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Despite these advances, most reported TEVG strategies address mechanical perfor-
mance and biological function in isolation rather than through an integrated design. Many
electrospun grafts rely on single-polymer systems without spatial control of bioactivity,
while others incorporate biologically derived matrices or growth factors that can compro-
mise mechanical stability or reproducibility. Reinforcement strategies, when employed, are
often embedded within the graft wall, which may improve kink resistance but can restrict
cellular infiltration and limit regenerative remodeling. In contrast, the present approach
uniquely integrates (i) coaxial electrospinning to achieve compartmentalized scaffold ar-
chitecture, (ii) PEG–norbornene chemistry to enable stable, spatially controlled covalent
immobilization of pro-regenerative ligands, and (iii) independent external PTFE ring rein-
forcement that enhances kink resistance without mechanically constraining the bioactive
scaffold. This combined mechanical and biofunctional strategy is designed to preserve
surgical handling and durability while promoting in situ tissue integration, capabilities
that have remained difficult to achieve simultaneously in existing TEVG platforms.

Nevertheless, many promising TEVGs have failed to perform in large animal or clinical
settings, where higher flow rates, arterial pressures, and extended implantation times reveal
vulnerabilities not evident in small-animal models. Inadequate kink resistance and delayed
endothelialization remain key translational barriers [23]. This underscores the importance
of validating TEVGs in clinically relevant large animal models to ensure TEVG performance
under realistic physiological hemodynamics.

Our group previously developed an acellular coaxial electrospun TEVG composed
of a PCL core for mechanical support and a sheath of norbornene-functionalized PEG to
enhance hemocompatibility and host cell integration. In a rat aorta interposition model,
this design demonstrated improved patency, reduced thrombosis, and early evidence of
neotissue formation and endothelialization [24]. Building on these findings, we further
optimized the graft by incorporating circumferential reinforcement rings to enhance kink
resistance, a critical mechanical improvement for surgical handling and long-term function.

In this study, we evaluated this reinforced TEVG in a porcine AVG model, which
more closely replicates the clinical hemodynamic environment. We comprehensively
assessed mechanical properties, surgical feasibility, and in vivo remodeling using histology,
immunofluorescence, and multiphoton microscopy. This work represents an important
translational step toward the clinical application of biofunctional vascular access grafts that
integrate mechanical resilience with regenerative healing potential for improved outcomes
in hemodialysis patients.

2. Materials and Methods
2.1. Materials

Polycaprolactone (PCL, Mw = 70,000–90,000 Da, Sigma-Aldrich, St. Louis, MO, USA),
poly(ethylene glycol)-norbornene (PEG-NB, Mw = 5000 Da, Biopharma PEG Scientific
Inc., Watertown, MA, USA), and polyethylene glycol dithiol (PEG-SH, Mw = 1000 Da,
Sigma-Aldrich) were used to fabricate coaxial electrospun vascular grafts. Poly(ethylene
oxide) (PEO, Mw = 400,000 Da, Sigma-Aldrich) was included in the sheath formulation to
support fiber formation. The photoinitiator used for crosslinking was Irgacure 2959 (Ciba
Specialty Chemicals, Basel, Switzerland), prepared as a stock solution at 18 mg in 3.7 mL
of Hexafluoroisopropanol (HFIP, Cova Chem LLC, Loves Park, IL, USA). All solvents,
including HFIP, were used as received.

2.2. Graft Fabrication

Reinforced vascular grafts were fabricated using coaxial electrospinning onto a 5.5 mm
diameter stainless steel mandrel. The core solution consisted of 5% w/v PCL dissolved in
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HFIP, with a total volume of 8 mL. The sheath solution contained 0.8% w/v PEO, 5.268%
w/v PEG-NB, and 1.75% w/v PEG-DI in HFIP, with a total volume of 10 mL. Solutions were
stirred overnight until completely dissolved. Immediately before electrospinning, 1.75 mL
of Irgacure 2959 photoinitiator stock solution was added to the sheath solution, which was
thereafter protected from light.

Biological moieties were incorporated at this stage: diallyl trisulfide (DATS) was
added to the core solution, while CGRGDS and Biotin–QK–VEGF-express peptides (Gen-
Script, Piscataway, NJ, USA) were added to the sheath solution. CGRGDS was added at
3.32 mg/mL, and biotin–QK–VEGF at 10 µL/mL from a 100 µM stock solution. DATS was
introduced at 78.86 µL/mL from a 100 µM stock solution. Peptide immobilization was
enabled by thiol–norbornene photochemistry between cysteine residues on the peptides
and norbornene groups of the 4-arm PEG-NB backbone, with PEG dithiol serving as the
crosslinker to form a covalently bound network.

Electrospinning was performed under controlled ambient conditions (22 ◦C, 30–40%
relative humidity) using a coaxial spinneret connected to two independently controlled
syringe pumps (Pump 11 Plus, Harvard Apparatus, Boston, MA, USA). The core and sheath
solutions were extruded at 0.8 mL h−1 and 1.0 mL h−1, respectively, under an applied
voltage of 12–15 kV from a high-voltage power supply (ES30P 10 W, Gamma High Voltage
Research, Ormond Beach, FL, USA). The spinneret–mandrel distance was maintained at
approximately 10 cm. Fiber collection was continued until the desired wall thickness was
achieved (~10 h).

During fabrication, grafts were intermittently crosslinked by ultraviolet (UV) exposure
(365 nm, 10 mW cm−2) for 1 min every 5 min to initiate thiol–ene reactions within the PEG–
NB sheath. Following deposition, grafts were further crosslinked under continuous UV
exposure for 8 h. The grafts were then immersed in sterile phosphate-buffered saline (PBS)
overnight, carefully removed from the mandrel, and stored at −80 ◦C until freeze-drying.
Lyophilized grafts were subsequently stored at 4 ◦C.

2.3. Post-Production Processing

Grafts were trimmed to a final length of 3 cm and sterilized by immersion in 70%
ethanol for 30 min, followed by multiple rinses in sterile PBS. To improve anti-kinking
performance, reinforcement strategies were employed. Initially, circumferential suture
loops were placed at 2 mm intervals. Subsequently, external PTFE reinforcement rings
were adopted to improve independence and uniformity. Individual rings were manually
positioned along the graft and secured using a medical-grade cyanoacrylate adhesive
(LOCTITE® 4013, Henkel, Düsseldorf, Germany). A small volume of adhesive was applied
at the interface between each ring and the graft sheath, and rings were placed sequentially
by hand to ensure uniform spacing and circumferential contact.

To prevent delamination and improve handling during implantation, the graft ends
were folded and bonded using the same biocompatible adhesive. Bond integrity between
the PTFE rings and the polymer sheath was verified qualitatively by visual inspection and
gentle manual manipulation prior to implantation, ensuring stable attachment without
ring displacement (Figure 1).

Dimensional measurements (inner diameter, outer diameter, wall thickness) were
conducted on hydrated samples using digital calipers and brightfield microscopy (n = 3 per
condition). All grafts were hydrated in PBS for 24 h at room temperature before mechanical
testing or implantation.
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Figure 1. Schematic representation of end-to-end anastomosis and graft dimension (left) and images
of electrospun TEVG (a) pre-surgery, (b) implanted, and (c) explanted.

The chemical composition, surface chemistry, and micro-morphology of the electro-
spun scaffold used in this study have been previously characterized in our earlier work [25].
Multiple scaffold formulations were analyzed in that study, and the formulation used
here corresponds to one of those previously reported groups (PCL-PEGNB FD). X-ray
photoelectron spectroscopy (XPS) confirmed the expected polymer chemistry and network
formation, while scanning electron microscopy (SEM) demonstrated uniform fiber mor-
phology and consistent fiber diameters and porosity. As the scaffold formulation and
fabrication parameters were identical and no new chemical modifications or processing
steps were introduced, additional chemical or morphological characterization was not
repeated in the present study.

2.4. Mechanical Testing

Mechanical performance of the grafts was evaluated by measuring compliance, burst
pressure, and kink resistance.

Kink radius was compared across five graft groups (PTFE, PTFE with rings, electro-
spun graft, electrospun graft with suture reinforcement, and electrospun graft with ring
reinforcement) using one-way ANOVA followed by post hoc multiple-comparison testing.

Compliance and burst pressure were evaluated only for PTFE and electrospun grafts
to assess intrinsic material properties without the confounding effects of external reinforce-
ment. These comparisons were analyzed using an unpaired t-test, with significance set
at p < 0.05.

2.4.1. Compliance Testing

Compliance was measured on hydrated grafts (n = 5) after 24 h equilibration in PBS,
which allowed the hydrogel to reach equilibrium swelling. The samples were mounted
on a custom flow loop equipped with Luer lock barbs and a pressure gauge and perfused
with deionized (DI) water at 1 mL min−1. The pressure was increased stepwise from 0 to
120 mmHg, and outer diameters at 80 mmHg (D80) and 120 mmHg (D120) were extracted
from video recordings analyzed using FIJI (ImageJ, Version 2.16.0/1.54p). Compliance
(%/100 mmHg) was calculated as:

Compliance(
%

100mmHg
) =

D120 − D80

(D80 × ∆P)
× 104

where D80 and D120 are the inner diameters of the graft at 80 mmHg and 120 mmHg,
respectively, and ∆P is 40 mmHg, the difference between 120 and 80 mmHg [26].
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2.4.2. Burst Pressure

Immediately after compliance testing, the same grafts were measured for burst pres-
sure. A latex lining was inserted and sealed to Luer lock barbs with Parafilm and sealing
tape. Grafts were then pressurized with DI water at 20 mL/min under closed-end condi-
tions until rupture, and the maximum pressure prior to rupture was recorded as the burst
pressure (n = 5) [27].

2.4.3. Kink Resistance

Kink resistance was assessed following ISO 7198:2016 (A.5.8 e) [28]. Briefly, a cylindri-
cal mandrel was used to determine the kink radius. Grafts were looped around cylindrical
mandrels of decreasing diameter until kinking occurred. The corresponding mandrel
diameter was recorded as the kink diameter. Images were captured and analyzed in ImageJ
to calculate the kink radius.

2.5. Surgical Implantation

All procedures were approved by the Institutional Animal Care and Use Commit-
tee (IACUC) at the University of North Carolina at Chapel Hill. Six male Yorkshire
swine (45–50 kg; sourced from Wesley Looper Farm, NC, USA) were used to establish
the model. The animals were housed under standard laboratory conditions and main-
tained in accordance with the Public Health Service Policy on Humane Care and Use of
Laboratory Animals.

2.5.1. Anesthesia and Surgical Procedure

On the day of surgery, the animals were sedated with intramuscular ketamine
(15 mg/kg) and midazolam (0.2 mg/kg). An ear vein catheter was placed, and anesthesia
was induced with intravenous propofol (2–6 mg/kg to effect). Following endotracheal
intubation, anesthesia was maintained with 1–3% isoflurane in 100% oxygen.

A longitudinal incision was made over the femoral triangle to expose the femoral
artery and femoral vein. In four pigs, our graft (CO-Graft) with a 5.5 mm inner diameter
was implanted, while in another three pigs, a GORE-TEX® PTFE graft with a 6 mm
inner diameter was used. End-to-side anastomoses to the femoral artery and vein were
constructed using continuous 6-0 Prolene sutures (Ethicon, Raritan, NJ, USA). Grafts were
positioned within a subcutaneous pocket, with meticulous care taken to prevent kinking.
Layered closure of the fascia and skin was performed using 2-0 Dexon sutures.

2.5.2. Anticoagulation and Postoperative Care

A single intraoperative dose of heparin (100 IU/kg) was administered immediately
before vessel clamping. Enteric-coated aspirin (325 mg, oral) was initiated one day before
surgery (Day–1) and continued daily until euthanasia. Buprenorphine was provided as
needed for postoperative analgesia.

Graft patency was confirmed intraoperatively by direct visualization and palpation of
graft flow. The animals were assessed every three days by auscultation and weekly with
Doppler ultrasound to evaluate both stenosis and volume flow.

2.5.3. Euthanasia and Tissue Harvest

At Day 28 post-implantation, or on Day 18 in one animal with graft occlu-
sion, grafts were excised en bloc with adjacent vessel segments and fixed in 10%
neutral-buffered formalin.

A total of seven animals were included in the study: four animals received electrospun
grafts, and three animals received PTFE control grafts. Among the electrospun grafts, one
was terminated at 18 days due to graft occlusion. Of the remaining three animals that
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completed the 28-day study, all grafts were pulsatile at Day 21, but two were occluded
by Day 28. Explanted grafts were collected en bloc with adjacent vessel segments for
morphometric analysis.

A diagrammatic representation of the graft–femoral artery anastomosis is provided
(Figure 2), illustrating the precise locations where tissue sections were obtained every
0.5 cm. Sampling was performed along the length of the graft, from the arterial graft
anastomosis to the venous graft anastomosis.

 

Figure 2. A diagrammatic representation of the graft–femoral vein anastomosis is provided, illus-
trating the precise locations where tissue sections were obtained at 0.5 cm intervals. Samples were
collected along the vascular graft conduit, spanning from the venous graft anastomosis to the arterial
graft anastomosis. Arrows indicate the blood flow.

2.6. Histological Analysis

Explanted grafts were fixed in 10% neutral-buffered formalin for 24–48 h, then pro-
cessed through graded alcohols and paraffin-embedded for sectioning. Each graft was
transversely sectioned into six evenly spaced segments along its length, including both
anastomotic sites and four midgraft regions. Sections were cut at 5 µm thickness using a
microtome and mounted on glass slides.

Histological staining included hematoxylin and eosin (H&E) for general tissue mor-
phology and cellular infiltration, and Masson’s Trichrome for evaluation of collagen de-
position and ECM organization. Hematoxylin and eosin (Richard Allan # 7221 and #7111,
Kalamazoo, MI, USA) were performed following the Thermo Scientific Histology Staining
Guidelines with minor modification (Hematoxylin1 staining time of 2.5 min and Eosin-Y
staining time of 20 s). Masson’s Trichrome Stain (KTMTR StatLab, Mckinney, TX, USA)
was performed following the kit’s protocol.

All slides were imaged using light microscopy (Nikon Eclipse Ti) equipped with a
digital camera. Images were captured at multiple magnifications (4×, 10×, 20×, and 40×)
and analyzed using ImageJ software.
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Qualitative assessments included evaluation of neotissue formation, inflammatory
response, and presence of thrombus or stenosis. Collagen-rich regions were identified by
blue staining in Masson’s trichrome images. Comparative analysis across the proximal,
midgraft, and distal regions was performed to assess regional remodeling. Results were
compared to the PTFE graft.

2.7. Immunofluorescence (DAPI, CD31, SMA) and Cell Counting

Immunofluorescence staining was performed according to standard protocols. Fluo-
rescent detection was performed using species-specific secondary antibodies conjugated
to Alexa Fluor dyes (1:500, Invitrogen, A-11070 and A-11019, Eugene, OR, USA). En-
dothelial cells were identified using anti-CD31 antibodies detected with Alexa Fluor
488-conjugated secondary antibodies (green), while smooth muscle cells were identi-
fied using anti-α-smooth muscle actin (α-SMA) antibodies detected with Alexa Fluor
568-conjugated secondary antibodies (red). Nuclei were counterstained with DAPI (South-
ernBiotech, OB010020, Birmingham, AL, USA). The slides were mounted with antifade
medium and imaged using a fluorescence microscope. The images were taken on a Nikon
Eclipse Ti microscope in SPOT basic 5.4.

Unstained sections were used for fluorescence imaging to evaluate tissue integration
and material degradation, as described in our previous work [25]. Briefly, synthetic ma-
terial and cell nuclei were visualized using maleimide and DAPI staining, respectively.
Maleimide labeling exploits thiol–maleimide chemistry to localize thiol-containing polymer
components, enabling visualization of cellular infiltration within the scaffold. The samples
were stained with maleimide (100 µM in PBS), followed by DAPI, mounted with antifade
medium, and stored at −20 ◦C prior to imaging.

For quantitative analysis, twenty images were selected for each group. In particular,
the selection was performed from three different sections for each animal, and the material
area must be visible in these images. Two images from the end sections and three slides
from the middle section were imaged and analyzed.

Cell quantification was performed using a custom MATLAB R2024a script as described
in our previous work [25]. Briefly, DAPI and maleimide channels were processed separately.
Nuclei were segmented from DAPI images using binary masking with a minimum object
size threshold and standard morphological operations, and cells were counted from the
resulting masks. The material-associated signal was quantified from the maleimide channel
using the same masking approach. Cell density was determined within user-defined
regions corresponding to the material area and normalized to the analyzed area.

2.8. Multiphoton Imaging and ECM Quantification

Multiphoton microscopy was performed on paraffin-embedded, unstained sections
following the approach described in our previous work [25,29]. Briefly, sections were
deparaffinized and rehydrated before imaging. Second harmonic generation (SHG) and
two-photon excitation fluorescence (TPEF) were used to visualize collagen and elastin,
respectively. The images were acquired on a multiphoton microscope using near-infrared
excitation, and selected fields were analyzed to quantify native tissue distribution.

Quantitative analysis was performed using MATLAB. Twenty images per group
were analyzed (two from each end section and three from the mid-section). Histogram-
based thresholds for collagen (red) and elastin (green) were determined per image; pixels
exceeding threshold values within the material area mask were counted. ECM content (col-
lagen/elastin density) was normalized to total analyzed area for inter-sample comparison.
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2.9. Data Statistical Analysis

All quantitative results were exported to an Excel file and analyzed in Origin Pro 2025.
Statistical analyses on kinking radius, compliance, burst pressure, and cell counting results
were performed in Origin Pro. Statistical significance between the two groups was assessed
using a two-tailed unpaired t-test (p < 0.05). The error bars represent standard deviations
(SD), which capture sample-to-sample variability.

3. Results
3.1. Mechanical Testing

The mechanical properties of the reinforced electrospun graft were compared with
PTFE controls and additional reinforcement strategies.

Kinking resistance was first evaluated across five graft types: PTFE, electrospun graft,
PTFE with external rings, electrospun graft reinforced with sutures, and electrospun graft
with external rings (Figure 3A). The kink radius values were 1.24, 1.28, 0.105, 0.120, and
0.187 cm, respectively. Both ring-reinforced grafts (PTFE and electrospun) showed signifi-
cantly reduced kink radius compared with their non-reinforced counterparts, demonstrat-
ing the effectiveness of circumferential reinforcement in preventing lumen collapse. Among
the electrospun designs, both the ring-reinforced and suture-reinforced grafts exhibited
significantly greater kink resistance than the unreinforced graft (p < 0.05). No significant
difference was observed between the two reinforced configurations. Although the suture-
reinforced graft showed a trend toward lower kink radius (i.e., higher kink resistance),
the circumferential independence and uniformity provided by the ring reinforcement are
expected to offer practical advantages for structural stability.

Figure 3. Mechanical testing. (A) Mean kink radii (top) and representative samples (bottom).
(B) Compliance and (C) burst pressure. (*) statistical difference p < 0.05. (ns) not significant.
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Compliance and burst pressure were assessed on the unreinforced electrospun graft
and on PTFE to characterize the intrinsic material properties without the influence of
external reinforcement. Compliance was calculated from pressure–diameter data between
80 and 120 mmHg using the standard formula. The compliance of the electrospun graft
with rings was 1.04 ± 0.29%/100 mmHg, compared with 1.50 ± 0.58%/100 mmHg for
PTFE with rings (Figure 3B).

The burst pressure of the electrospun graft with rings was 1505 ± 565 mmHg, while
PTFE with rings exceeded the upper limit of the test apparatus (>2000 mmHg) (Figure 3C).
These values are within the physiological range required for surgical implantation and
comparable to literature reports for native saphenous vein grafts [30].

Together, these data demonstrate that ring reinforcement significantly improved kink
resistance of electrospun grafts while maintaining clinically relevant compliance and burst
pressure suitable for vascular access applications.

3.2. Histological Evaluation

Histological analysis of explanted grafts using H&E and Masson’s Trichrome staining
revealed clear differences in cellular infiltration and tissue remodeling between experimen-
tal electrospun grafts and PTFE controls (Figure 4). For each graft type, three representative
cross-sections from a single animal were selected, corresponding to proximal (arterial),
mid-graft, and distal (venous) regions (left to right).

Figure 4. Histological evaluation of explanted vascular grafts. Representative cross-sections of
electrospun grafts (top row) and PTFE grafts (bottom row) stained with H&E (A) and Masson’s
Trichrome (B) at 20× magnification. For each graft type, three locations along the graft are shown
from left to right: proximal (arterial) region, mid-graft, and distal (venous) region. Electrospun
grafts display extensive cellular infiltration, collagen deposition (blue), and muscle-rich tissue (red),
while PTFE grafts show minimal infiltration. (#) indicates tissue delamination during handling.
Scale bar = 100 µm.

High-magnification (20×) images of electrospun grafts showed extensive host cell
infiltration across all locations, with abundant nucleated cells visible throughout the porous
scaffold on H&E staining. Masson’s Trichrome staining demonstrated dense collagen
deposition (blue) and muscle-rich regions (red), indicating active extracellular matrix
remodeling and smooth muscle ingrowth. Regions marked with ‘#’ represent tissue areas
that delaminated during histological sectioning.

In contrast, PTFE grafts exhibited minimal cell infiltration across all three regions
and showed a sharply defined boundary between the graft material and adjacent tissue,
consistent with limited integration. No stenosis or thrombus formation was observed in
electrospun grafts.
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3.3. Immunofluorescence and Cell Counting

Immunofluorescence analysis revealed pronounced differences in cellularity and cell
phenotype between the electrospun and PTFE grafts (Figure 5).

Figure 5. Immunofluorescence and quantitative analysis of cell infiltration in explanted grafts.
(A) Representative images of electrospun grafts (top) and PTFE grafts (bottom) stained for nuclei
(DAPI, blue), smooth muscle actin (SMA, red), and endothelial marker CD31 (green) at 10× mag-
nification. Merged images highlight the spatial organization of infiltrating cells. Electrospun grafts
demonstrated abundant nuclear staining with SMA+ infiltrating cells and CD31+ endothelial cov-
erage, in contrast to the sparsely populated PTFE grafts. Regions marked with (#) indicate tissue
delamination during handling; (L) denotes the luminal surface. The quantification confirms signifi-
cantly greater DAPI nuclei counts in electrospun grafts versus PTFE controls. Both cell number per
field (B) and cell number normalized by area (C) show statistically significant differences (*), p < 0.05.
Scale bar = 100 µm.

PTFE grafts exhibited weak DAPI signal, indicating low cellular density, and minimal
expression of both smooth muscle α-actin (SMA) and CD31, suggesting a lack of vascular
cell integration. In contrast, electrospun grafts showed intense, widespread nuclear staining
throughout the graft wall, with distinct SMA+ regions corresponding to smooth muscle-like
cell infiltration within the medial layer and CD31+ staining along the luminal surface,
consistent with endothelial cell coverage. Quantitative analysis confirmed significantly
greater DAPI+ cell number and cell density in electrospun grafts compared with PTFE
controls (p < 0.05).
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These findings corroborate histological evidence of collagen-rich, muscle-positive
tissue remodeling in electrospun grafts, demonstrating that electrospun grafts support
robust cellular infiltration and vascular-like phenotype development, unlike PTFE grafts,
which remain largely acellular.

3.4. Multiphoton Imaging and ECM Quantification

Multiphoton imaging was performed to evaluate ECM composition and organization
in the explanted grafts (Figure 6). In electrospun grafts, SHG imaging revealed dense,
interwoven fibrillar collagen networks extending through the graft wall, while TPEF
demonstrated elastin presence within both luminal and medial regions. Quantitative image
analysis confirmed significantly higher collagen and elastin content in electrospun grafts
compared to PTFE controls (p < 0.05).

Figure 6. Multiphoton imaging of ECM remodeling in explanted grafts. (A,B) Representative multi-
photon images of electrospun (A) and PTFE (B) grafts at 25× magnification. Collagen and elastin
were visualized using SHG (green) and TPEF (red), respectively. Each panel includes three repre-
sentative images obtained from explants of three locations along the graft, shown from left to right:
proximal (arterial) region, mid-graft, and distal (venous) region. “#” in magenta denotes delamination
artifacts from sectioning; “L” in cyan indicates the luminal side of the graft. (C,D) Quantitative
analysis of elastin (C) and collagen (D) densities per unit area, demonstrating significantly higher
levels of both ECM components in electrospun grafts compared with PTFE controls, where limited
collagen and elastin signals were restricted to the luminal surface. (*) statistical difference p < 0.05.
Scale bar = 50 µm.

These two ECM components—key to vascular elasticity and strength in the native
arterial architecture—were well organized, suggesting active, vascular-like matrix remodel-
ing in electrospun grafts. In contrast, PTFE grafts displayed weak SHG and TPEF signals
confined mainly to the luminal surface, consistent with limited host remodeling. Overall,
these findings reinforce that electrospun grafts not only permit cellular infiltration but
also drive the deposition and spatial organization of structural ECM proteins critical for
long-term functional vascular integration.

4. Discussion
This study presents a reinforced, biofunctionalized TEVG evaluated in a porcine ar-

teriovenous (AV) graft model, a platform that closely replicates the hemodynamic and
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biological complexities of human dialysis access. Although small-diameter TEVGs have
been widely investigated, most prior evaluations have relied on rodents [31,32] or ovine
carotid interposition models [33,34] or on decellularized biological scaffolds [35,36] rather
than fully synthetic materials designed for in situ regeneration. Large animal AV configura-
tions, which are arguably the most clinically relevant context for dialysis access [23], remain
notably underexplored. By implementing a porcine AV configuration, this study bridges a
critical translational gap and provides one of the few demonstrations of functional host-
driven tissue regeneration within a synthetic acellular scaffold exposed to dialysis-relevant
high-flow and high-pressure conditions.

A central focus of this study was to engineer a circumferentially reinforced coaxial
graft that enhances kink resistance without impeding biological integration. Reinforcement
is essential for AV grafts, which undergo repeated bending, cannulation, and substantial
pressure fluctuations. However, traditional reinforcement strategies, such as embedded
rings or dense weaves, often obstruct cellular infiltration and exacerbate compliance mis-
matches [33]. Here, external discrete PTFE rings provided mechanical stability while
maintaining open inter-ring regions that preserved scaffold porosity and permeability, al-
lowing cell and matrix penetration for tissue integration. This configuration sustained burst
pressure within the industry-acceptable range and markedly improved kink resistance,
demonstrating that mechanical reinforcement and regenerative potential are not mutually
exclusive design requirements. Rather, the findings underscore that reinforcement geome-
try and spatial distribution, rather than material stiffness alone, are decisive for balancing
structural stability and biological performance.

A defining feature of our graft is its ability to promote in situ cellular infiltration
and ECM formation without pre-seeding. The hybrid design, combining a durable PCL
mechanical core with a PEG-NB sheath, was intended to pair long-term mechanical fidelity
with a biofunctional, antifouling interface. PEG-NB chemistry enables incorporation of
custom biological motifs while mitigating thrombus formation, whereas the PCL core
provides structural stability as the scaffold remodels. The thiol–norbornene crosslinking of
the 4-arm PEG-NB network allows stable covalent attachment of RGD and VEGF-mimetic
peptides, which provide localized biochemical cues that enhance endothelial and smooth
muscle cell infiltration and support tissue integration. Consistent with these design goals,
the explanted grafts exhibited substantial host cell infiltration, including α-SMA+ smooth
muscle–like cells and CD31+ endothelial cells, distributed across the graft wall. In contrast,
PTFE grafts remained largely acellular and demarcated from surrounding tissue, reinforcing
the importance of scaffold chemistry and microarchitecture in directing host response.

Quantitative analyses corroborated these qualitative observations and further revealed
a significant increase in total cell density and ECM deposition in coaxial graft compared
with ePTFE controls. Multiphoton imaging further identified collagen and elastin fibers
interwoven throughout the graft wall, indicating early organization of neotissue resembling
native vascular structure. These data confirm that the TEVG is not merely infiltrated, but
actively remodeled by host cells, supporting synthesis of structural ECM components
critical for long-term mechanical maturation.

The porcine AV graft model was deliberately selected because it more closely mimics
human vascular access in vessel caliber, flow rate, coagulation physiology, and hemo-
dynamic stress, compared to other models [37,38]. The observed extensive neotissue
formation under standard antiplatelet therapy after a four-week timepoint underscore the
hemocompatibility of the PEG-NB–functionalized surface and the regenerative potential
of the coaxial architecture. The absence of early thrombosis or perianastomotic stenosis
suggests that the graft’s antifouling and bioactive features act synergistically to facilitate
early integration.
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Despite these encouraging findings, several limitations warrant consideration. First,
one graft occluded prior to Day 21, and although all grafts remained pulsatile at Day
21, two of the remaining three were occluded by Day 28, reflecting short-term patency
challenges that require further optimization. The four-week implantation period provides
only a snapshot of early remodeling, limiting assessment of long-term patency, material
degradation, and tissue maturation. Additional extended-duration studies will be essential
to evaluate whether early ECM deposition and endothelialization progress toward sta-
ble, functional neovessels. Second, although the burst pressure and kink resistance met
industrial requirements, the graft’s compliance remained below that of native vessels or
commercial ePTFE grafts, suggesting room to refine fiber alignment, wall thickness, or
multilayer design to better match native biomechanics. Third, the sample size was modest,
and procedural success rates were influenced by the technical complexity of porcine AV
graft implantation, which may introduce variability in local hemodynamics and healing re-
sponses. Lastly, only one reinforcement geometry and one biofunctional formulation were
evaluated. Systematic exploration of ring spacing, wall architecture, and ligand density
could enhance the interplay between mechanical integrity and biological integration.

A clinically significant finding of this study is that a substantial proportion of grafts
occluded within 28 days, including one early occlusion at 18 days. For hemodialysis vas-
cular access, patency is the primary determinant of clinical utility, and these occlusions
therefore represent a critical outcome rather than a minor technical limitation. The porcine
AV configuration subjects grafts to an extreme hemodynamic environment, characterized
by high volumetric flow, elevated wall shear stress, and complex, turbulent flow at the
anastomotic regions, all of which are known to accelerate thrombosis and neointimal hy-
perplasia in both experimental and clinical settings. In this context, the observed occlusions
underscore both the stringency of the model and the challenges inherent to developing
durable AV grafts, even with advanced biofunctional and mechanically optimized designs.
While commercial ePTFE grafts also exhibit high early failure rates, these findings highlight
the need for further refinement of graft architecture, surface bioactivity, and reinforcement
strategy, as well as longer-term evaluation, to improve patency under clinically relevant
loading conditions.

In addition, although the porcine AV model provides a highly relevant anatomical
and hemodynamic environment for vascular access research, important physiological
and healing differences exist between pigs and human hemodialysis patients. Species-
specific variations in immune response, vascular remodeling kinetics, and coagulation may
influence graft integration and patency. Moreover, patients with end-stage kidney disease
commonly present with comorbidities such as uremia, diabetes, and vascular calcification,
as well as repeated cannulation injury, all of which can substantially alter inflammatory
responses, endothelialization, and long-term tissue remodeling. Consequently, the extent
of cellular infiltration and extracellular matrix deposition observed in this model may not
directly predict clinical outcomes. These factors represent an important limitation for direct
translation and motivate future studies incorporating longer implantation periods and
disease-relevant or chronic-use models.

Overall, this study demonstrates that mechanical reinforcement and regenerative per-
formance can be successfully integrated within a single scaffold architecture. The externally
reinforced coaxial TEVG maintained mechanical integrity under physiological loading
while enabling host-driven regeneration characterized by endothelialization, smooth mus-
cle infiltration, and ECM deposition. These findings establish a foundation for longer-term
studies to investigate sustained patency, progressive remodeling, and material degradation.
Further optimization of the reinforcement pattern and biofunctionalization chemistry may
enhance compliance matching and accelerate vascular maturation.
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Collectively, this work provides compelling evidence that rationally engineered electro-
spun grafts with biofunctional interfaces can overcome the dual mechanical and biological
limitations of conventional synthetic vascular grafts, advancing the field toward durable,
regenerative solutions for hemodialysis access.

5. Conclusions
This study demonstrates the successful development and evaluation of a biofunctional,

mechanically reinforced electrospun vascular graft designed for hemodialysis access appli-
cations. The grafts supported robust host integration, characterized by cellular infiltration,
endothelial coverage, and ECM deposition of both collagen and elastin —hallmarks of early
vascular remodeling. Compared with commercial PTFE grafts, the electrospun scaffolds
exhibited superior tissue ingrowth, reduced acellularity, and clear evidence of vascular-like
neotissue formation, highlighting their potential to improve long-term patency.

Future efforts will focus on extended-duration preclinical studies to evaluate graft
durability, remodeling kinetics, and sustained patency, alongside comprehensive mechani-
cal characterization under cyclic loading and fatigue. Parallel optimization of scaffold de-
sign, including multilayer structures, tunable reinforcement spacing, and targeted bioactive
coatings, will aim to refine the balance between mechanical resilience and biological perfor-
mance. Together, these efforts will advance the translational readiness of electrospun grafts
and lay the groundwork for their eventual clinical application as next-generation vascular
access grafts capable of uniting structural durability with regenerative healing potential.
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