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Abstract

Electrospinning is commonly used to generate polymeric scaffolds for tissue engineering. Using 

this approach, we developed a small-diameter tissue engineered vascular graft (TEVG) composed 

of poly-ε-caprolactone-co-L-lactic acid (PCLA) fibers and longitudinally assessed its performance 

within both the venous and arterial circulations of immunodeficient (SCID/bg) mice. Based on in 
vitro analysis demonstrating complete loss of graft strength by 12 weeks, we evaluated neovessel 

formation in vivo over 6-, 12- and 24-week periods. Mid-term observations indicated physiologic 

graft function, characterized by 100% patency and luminal matching with adjoining native vessel 

in both the venous and arterial circulations. An active and robust remodeling process was 

characterized by a confluent endothelial cell monolayer, macrophage infiltrate, and extracellular 

matrix deposition and remodeling. Long-term follow-up of venous TEVGs at 24 weeks revealed 

viable neovessel formation beyond graft degradation when implanted in this high flow, low-

pressure environment. Arterial TEVGs experienced catastrophic graft failure due to aneurysmal 

dilatation and rupture after 14 weeks. Scaffold parameters such as porosity, fiber diameter, and 

degradation rate informed a previously described computational model of vascular growth and 

remodeling, and simulations predicted the gross differential performance of the venous and arterial 

TEVGs over the 24-week time course. Taken together, these results highlight the requirement for 

in vivo implantation studies to extend past the critical time period of polymer degradation, the 

importance of differential neotissue deposition relative to the mechanical (pressure) environment, 

and further support the utility of predictive modeling in the design, use, and evaluation of TEVGs 

in vivo.
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1. Introduction

Autologous vascular grafts are commonly utilized for vascular bypass procedures and 

demonstrate low rates of thrombosis and restenosis; however, they are limited in supply and 

quality, and add to procedure time and complexity [1,2]. In contrast, synthetic vascular grafts 

fabricated from materials such as Gore-Tex® and Dacron® are readily available, but do not 

assimilate in vivo and are susceptible to complications arising from infection/rejection, 

neointimal hyperplasia/stenosis, thrombosis, and calcification [2–4]. In small-diameter 

applications (<6mm), such as coronary bypass procedures, synthetic grafts are plagued by 

poor performance and their usage is contraindicated [5]. Thus, there exists a pressing clinical 

need for a readily available, durable, functional vascular conduit for small diameter vascular 

bypass applications.

Tissue engineering offers the potential to construct such an ideal vascular graft: one that is 

easily implanted, biomimetic, resists infection, rejection, thrombosis, stenosis, aneurysm, 

and ultimately transforms into a living vessel capable of growth, remodeling, and repair 

[2,6,7]. So called tissue-engineered vascular grafts (TEVGs) can be created from a 

biocompatible and bioresorbable polymeric scaffold whose structural and mechanical 

properties guide cellular infiltration and extracellular matrix (ECM) formation in vivo as the 

scaffold degrades, ultimately resulting in a scaffold-free neovessel that is similar in structure 

and function to native tissue. Our group has demonstrated successful clinical application of 

this approach in a high-flow, low pressure configuration for congenital heart repair with 

favorable long-term outcomes [8]. The growth potential of TEVGs is especially desirable for 

pediatric patients, who eventually outgrow traditional synthetic grafts and require additional 

“upsizing” operations, which carry significant risk of morbidity and mortality [7,9].

A variety of methodologies have been developed in pursuit of the ideal TEVG and are 

discussed in detail elsewhere [10–14]. Interestingly, few, if any, strategies have received as 

much attention as those using electrospinning [15]. Control over process parameters such as 

the polymer type(s), solution flow rate, solution concentration, and applied voltage permits 

careful engineering of scaffold properties such as fiber diameter, pore size (3-D void space 

between fibers), mechanical strength, compliance, and scaffold degradation rate [16–19]. 

Microfiber textiles, those having average fiber diameters of less than 1 μm, offer unique 

benefits for cellular interactions including attachment, proliferation, and differentiation, as a 

result of similarity in size and orientation to extracellular matrix components such as 

collagen fibrils [20–23]. Electrospun vascular conduits are fabricated by collecting the fibers 

around a grounded, rotating mandrel, and when implanted, improve cellular infiltration and 

endothelialization rates over standard synthetic grafts [24]. Despite these potential 

advantages, there has yet to be a report of an electrospun vascular conduit yielding a viable 

neovessel past complete polymer degradation. A literature review of electrospun TEVGs 

identified 28 published reports of in vivo implantation in a variety of animal models through 

2014 [25]. An updated supplementary review highlights a striking observation: there has yet 

to be a report of an electrospun TEVG fully degrading and remodeling into a functional 

neovessel in vivo (Table 1).
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To help understand the evolving biomechanical and morphologic characteristics of such 

TEVGs, computational growth and remodeling (G&R) models have been developed that 

capture salient aspects of the experimental data using numerical simulations [26,27]. These 

models have shown utility in predicting long-term graft behavior [28], and parametric 

studies have examined the effects of varying scaffold parameters on TEVG performance 

[29]. A computational model able to accurately predict TEVG G&R would favor an 

approach in which in silico studies could reduce the need for iterative in vivo 
experimentation during the initial stages of tissue engineering scaffold design. With this 

framework, simulated behavior of various scaffold iterations can be rapidly performed, thus 

allowing a more rational selection of candidate scaffolds to validate in vivo.

In the absence of adequate long-term studies on the performance of electrospun TEVGs in 
vivo, we sought to assess both in vivo and in silico the long-term performance of a rapidly 

degrading electrospun TEVG. The objectives of this study were twofold: 1) to design and 

evaluate in vivo an electrospun microfiber TEVG and assess safety and efficacy in high and 

low-pressure environments for a duration exceeding polymer degradation observed in vitro 
and 2) to test the predictive capacity of our computational G&R framework as applied to this 

novel scaffold over a 24-week time course in the arterial and venous circulations of the 

mouse. In this report, we demonstrate the importance of in vivo implantation studies 

extending beyond loss of scaffold integrity and extend the utility of our computational model 

in predicting TEVG behavior.

2. Materials and Methods

2.1 Scaffold Fabrication

Electrospinning process parameters, including solution concentration, voltage, flow rate, and 

distance to collector, were optimized to produce consistent, smooth fibers approaching 1 μm 

in diameter. Scaffolds were fabricated using a 6% (w/v) solution of a 50:50 co-polymer of 

poly (ε-caprolactone) and poly (ı-lactic acid) (PCLA, Gunze Corporation, Tokyo, Japan) 

dissolved in dichloromethane (Fisher Scientific, Pittsburgh, PA). The electrospinning 

apparatus consisted of a syringe pump (Harvard Apparatus, Holliston, MA), high-voltage 

power supply (Glassman High Voltage, High Bridge, NJ), and a rotating fiber-collection 

mandrel (Malin Company, Cleveland, OH). A positive voltage of 20 kilovolts was applied to 

an 18-gauge stainless steel blunted syringe tip (Popper & Sons, New Hyde Park, NY) 

through which copolymer solution was expelled at a controlled rate of 3.0 ml/hr. Extruded 

polymer fibers were collected around a revolving grounded mandrel, set 35.0 cm from the 

syringe tip, measuring 0.61 mm in diameter, and spinning at a frequency of 250 rpm. 

Resulting scaffolds were removed from the mandrel and cut to desired length (3.0 mm).

2.2 Scanning Electron Microscopy

Electrospun fiber formation and scaffold characteristics were evaluated using a FEI XL-30 

scanning electron microscope (SEM, FEI, Hillsboro, OR). Average fiber diameter and 

average pore diameter were measured and calculated from representative SEM images using 

ImageJ software (n=300 images). Pore size measurements were further characterized using 
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both maximum and minimum Feret diameter using ImageJ software (National Institutes of 

Health, Bethesda, Maryland).

2.3 In vitro scaffold degradation

Scaffold degradation was characterized in vitro by incubating grafts in PBS at 37°C (without 

shaking) and evaluating changes in tensile strength, mass, and surface topography (n=6 per 

time point). The incubation solution was exchanged weekly, and the pH of the solution 

remained stable for the duration of the study. Ultimate tensile strength was serially assessed 

by vertically hanging a tensile load and increasing the load at a rate of 10g/min until failure. 

Mass loss was determined gravimetrically at each time point using an analytical balance 

(Mettler Toledo, Columbus, OH). Surface topography was imaged by SEM after sputter-

coating with palladium.

2.4 In vivo study

The Institutional Animal Care and Use Committee at Yale University approved the use of 

animals and all procedures described in this study. Electrospun PCLA scaffolds were 

implanted as abdominal aortic interposition grafts (n=6) or inferior vena cava interposition 

grafts (n=6) in female C.B-17 severe combined immunodeficient-beige (SCID/bg) mice 

(Taconic, Rensselaer, NY), aged 16 weeks with body mass between 19 and 23 grams. Mice 

were anesthetized using an intraperitoneal injection of ketamine and xylazine (100μl/g) and 

opened with an abdominal midline incision. Abdominal organs were eviscerated, and a 3.0 

mm portion of the infrarenal abdominal aorta (IAA) or inferior vena cava (IVC) was 

exposed under 5× magnification, clamped, and excised. 3.0mm long scaffolds (luminal 

diameter: 526.4±22.6μm and wall thickness: 234.8±20.3μm) were then implanted as 

interposition grafts using a running 10-0 nylon suture for the end-to-end anastomoses. The 

animals received routine postoperative care and were maintained without any anti-

coagulation or anti-platelet therapy.

2.5 Serial monitoring of TEVG lumen diameter

TEVGs and the adjacent vessel were monitored postoperatively over 9 weeks using high-

frequency doppler ultrasound (Vevo Visualsonics, Toronto, Canada). All imaging sessions 

were performed under anesthesia induced with 1.5% inhaled isoflurane. Mean luminal 

diameters of venous and arterial TEVGs were normalized to adjacent native vessel diameters 

measured using ImageJ software (n=3 measurements / vessel region of interest).

2.6 Histology and immunohistochemistry

Explanted grafts from each group were fixed in 10% (v/v) neutral buffered formalin, 

embedded in paraffin, and serially sectioned using previously described methods[52]. 

Histological staining included hematoxylin and eosin (H&E) and Masson’s Trichrome 

(MT). Endothelial cells, smooth muscle cells, macrophages, and matrix metalloproteinase-2 

(MMP-2) were identified by immunohistochemical staining using rabbit-anti human von 

Willebrand Factor (vWF, 1:1000, Dako, Carpinteria,CA), mouse-anti-human alpha smooth 

muscle actin (α-SMA, 1:1000, Dako), rat-anti-mouse F4/80 (1:1000, AbD Serotec, Oxford, 

UK), and rabbit-anti-human matrix metalloproteinase-2 (MMP-2, 1:200, Abeam, 
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Cambridge, UK), respectively. Antibody binding for vWF, α-SMA, F4/80, and MMP-2 was 

detected using biotinylated goat-anti-rabbit IgG (1:200, Vector Laboratories, Burlingame, 

CA), biotinylated goat-anti-mouse IgG (1:200, Vector), biotinylated goat-anti-rat IgG 

(1:200, Vector), and biotinylated goat-anti-rabbit IgG (1:200, Vector), respectively. This was 

followed by binding of streptavidin horseradish peroxidase (Vector) and chromogenic 

development with 3,3-diaminobenzidine (Vector). Sections were counterstained with 

hematoxylin (Gills Formula, Vector) to identify cell nuclei and cover slipped. Bright field 

photomicrographs were obtained at 20× magnification with a Zeiss Axio lmager.A2 

microscope and associated Zeiss AxioCam MRc5 digital camera. Histologic and 

immunohistochemical stains were evaluated qualitatively.

2.7 Computational modeling

We used our constrained mixture model-based G&R framework [53], specialized for TEVGs 

[26], to predict the evolving geometries of the implanted grafts [27]. Individual, structurally 

significant constituents α = 1,…, n are given rates of production and degradation, as well as 

material properties, that vary with time. Each constituent is constrained to deform with the 

graft as a whole, such that the constituent-specific deformation gradient at a current G&R 

time s for material produced at an intermediate G&R time τ is written as 

Fn(τ)
α = F(s)F−1(τ)Gα(τ), where F is the deformation gradient for the bulk material and Gα is 

the constituent deposition stretch. We use a simple rule of mixtures such that the stored 

energy of the bulk material is the sum of constituent stored energy densities with W = ∑Wα, 

which allows a classical continuum formulation of the wall mechanics with Cauchy stress t 
= 2det (F)F∂W/∂C FT, where C = FT F is the right Cauchy-Green tensor. G&R is assumed to 

yield a series of quasi-static states such that equilibrium is satisfied by divt = 0. Constituent-

specific stored energy density evolves as

ρ(s)Wα(s) = ρα(0)Qα(s)Wα(Fn 0)
α (s) + ∫0

s
mα(τ)qα(s, τ)Wα Fn(τ)

α (s) dτ,

where ρ(s) is the overall graft density, ρα(0) is the initial apparent mass density of each 

constituent, Wα Fn(0)
α (s)  is the stored energy density of the material produced at or before 

time 0, mα(τ) is the mass density production rate, qα(s,τ) is the survival fraction of material 

produced at time τ that remains at time s, and Wα Fn(τ)
α (s)  is the energy stored in the cohort 

of constituent α produced at time τ that remains at time s. Mechanical and immunological 

stimuli are both considered to have an effect on matrix and cellular properties with distinct 

behaviors prescribed for constituents mediated by either stimulus. Generally, production and 

degradation rates are higher for immune-mediated constituents, which also show elevated 

stiffness. Scaffold microstructure modulates the immune-mediated kinetics due to the 

reported effects of pore size and fiber diameter on infiltration and phenotype of cells [54,55]. 

The porosity of the scaffold can be calculated from statistical arguments using pore size and 

fiber diameter, which then characterizes scaffold mechanical behavior. Mechano-mediated 

kinetics are regulated by deviations from the homeostatic mechanical state [56], as cells are 

known to seek to maintain mechanobiological homeostasis [57].
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The polymeric scaffold, denoted by α = p, is present initially with no subsequent mass 

production, i.e. mp (τ) = 0. Degradation of PCLA is characterized by a sigmoidal 

degradation Qp(s) = (1 + exp (−kpζp)) / (1 + exp (kp(s − ζp))) with kp the polymer 

degradation rate and ζp a polymer degradation shape parameter. Polymer degradation is 

accelerated in vivo, hence we let kp = γD
i kE

p and ζp = ζE
p γD

i . A neo-Hookean form for the 

stored energy density of the polymer is W p(Fn(0)
p (s)) = μp(s)(tr(Cn(0)

p (s)) − 3) where the loss of 

mechanical integrity in the scaffold is captured by a varying shear modulus 

μp(s) = 0.03EB
p(1 − εp(s))2 with EB

p the Young’s-like modulus of the bulk polymer and εp(s) 

the evolving porosity of the scaffold.

The evolving biomechanical and geometric behavior of a porous TEVG implanted in the 

IVC of the SCID/bg mouse was previously captured with these G&R methods [27]. As the 

scaffold in this work is a different material and fabricated with different methods, the 

parameters describing the polymer microstructure and mechanical properties were adjusted 

to reflect data from the literature or matched to data collected experimentally (Table 2). For 

the venous circulation, hemodynamic parameters were the same as in previous works 

[26,27]. For the arterial circulation, hemodynamic parameters were varied to reflect luminal 

pressure and wall shear stress consistent with experimentally observed values [56].

2.8 Statistical methods

Data are reported and visualized as mean ± standard deviation unless indicated otherwise. 

No statistical hypothesis testing was performed as this was an exploratory observational 

study.

3. Results

3.1 Scaffold morphology

Electrospinning produced a non-woven scaffold with a fiber diameter of 882±226 nm and a 

3-dimensional porosity as confirmed by SEM (Figure 1 A–E). Seamless conduits resulted 

from rotating the collection mandrel and the final conduits had a lumen diameter of 

526.4±22.6μm and a wall thickness of 234.8±20.3 μm. Each conduit measured 

approximately 3.0 mm in length following trimming to meet appropriate surgical dimensions 

(Figure 1 F). The maximum and minimum Feret pore diameters were 6.33±0.21 μm and 

3.34±0.12 μm, respectively (Figure 1 G).

3.2 In vitro scaffold degradation

Complete loss of tensile strength was observed by week 12, yet 71.45% of original scaffold 

mass remained after 21 weeks (Figure 2 A). Surface topography of the graft remained intact 

at 12 weeks (Figure 2 B), but degradation was evident at week 18 (Figure 2 C).

3.3 In vivo evaluation

The surgical handling characteristics of the graft were satisfactory with no observed 

transmural bleeding, thus eliminating the need for a clotting agent. There was also no 

indication of an acute thrombotic response in these SCID/bg mice. Serial ultrasound 

Best et al. Page 7

Acta Biomater. Author manuscript; available in PMC 2020 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



confirmed 100% vessel patency in both groups. After 10 weeks, the arterial TEVG 

evidenced spontaneous pulsation consistent with motion of the native mouse artery. No 

significant dilation or narrowing was observed in either group during the initial 12-week 

period, and TEVGs were characterized by luminal matching with the adjacent host vessel 

without aneurysm formation or stenosis (Figure 3 A). Two animals from each group were 

maintained for long term evaluation up to 24 weeks, corresponding to loss of mechanical 

integrity based on our in vitro scaffold degradation studies. Mice with venous TEVGs 

remained healthy to 24 weeks, and explants showed viable neovessel formation after 

considerable scaffold degradation. However, animals from the arterial TEVG group expired 

at 14 weeks secondary to aneurysm and catastrophic graft rupture (Figure 3 B).

3.4 Histology and immunohistochemistry

H&E staining of arterial TEVGs at 6 and 12 weeks revealed cellular infiltration (Figure 4 A–

B), but neither cell density/organization nor morphology approached that observed in the 

native artery (Figure 4 C). Similarly, venous TEVGs demonstrated increasing cellular 

infiltration over the course of 24 weeks (Figure 4 D–F) and the organization and morphology 

of the luminal cell layer at 24 weeks resembled that of native IVC (Figure 4 G). Masson’s 

Trichrome staining confirmed cellular infiltration of implanted TEVGs in both groups, 

evidenced by integration of the adventitial layer with surrounding basal tissue, with positive 

staining for collagen (blue) by 12 weeks in both groups indicating the deposition of 

extracellular matrix (ECM) (Figure 5 A–E). Both arterial and venous TEVGs 

endothelialized by 6 weeks as evidenced by positive immunohistochemical staining for 

endothelial cells (vWF) (Figure 5 F, H). F4/80 staining was used to confirm macrophage 

presence and assess the degree of infiltration, and positive staining was observed through 12 

weeks in both groups (Figure 5 K–N). Consistent with previous data, macrophage residence 

within the venous TEVG appeared to decrease by 24 weeks [59], (Figure 5 O) Staining for 

MMP-2 demonstrated slightly increased ECM turnover within the arterial graft wall at 6 

weeks compared to 12 weeks (Figure 5 P–Q). In the venous grafts, MMP-2 expression was 

greatest at 6 weeks and gradually decreased at 12 and 24 weeks (Figure 5 R–T). Evidence of 

smooth muscle cell proliferation and integration into the neovessels was not observed; 

staining for α-SMA in both groups was negative (micrographs not shown).

3.5 Predictive modeling

The G&R simulations predicted a 30% dilatation in the IAA TEVG after 14 weeks of 

implantation, which coincides with the rapid decrease in PCLA modulus and is consistent 

with the time of experimentally observed rupture and increase in luminal diameter observed 

with ultrasound (Figure 6 B, Figure 3 A–B). The model does not currently include rupture 

mechanics. There was, in contrast, little predicted change in the IVC TEVG with only a 5% 

decrease in diameter occurring after PCLA degradation (Figure 6 A). This likely results 

from the accumulation of ECM that is pre-stretched, as assumed by the G&R model. This 

decrease in diameter is also qualitatively similar to that observed in the ultrasound 

measurements (Figure 3 A). As these G&R simulations were informed by grafts implanted 

in the IVC, the material properties for the collagenous matrix were an order of magnitude 

lower than those which have been previously observed for arteries in their homeostatic state 

(cf. Table 1 in [56]).
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4. Discussion

A focused review of publications featuring in vivo evaluation of electrospun TEVGs 

highlights a critical remaining need in the field: demonstrating viability of an electrospun 

scaffold transforming from polymer construct to polymer-free living neovessel in vivo [25] 

(Table 1). Our current study was designed to fabricate a model electrospun TEVG, 

characterize graft properties and degradation rate, and evaluate the scaffold beyond 

degradation following implantation in a murine model. We then utilized G&R simulations to 

successfully predict for the first time the evolving diameter of electrospun scaffolds 

implanted in both the IVC and IAA based on previously fit G&R parameters. Our results 

highlight the utility of pairing in silico modeling with in vivo experimentation, and our hope 

is that the present study will provide practical feedback to improve the rational design 

process.

Despite many promising in vivo studies of electrospun TEVGs, none have reported 

neovessel formation beyond the point of complete polymer degradation and absorption 

[24,60–65]. A representative case study is presented by Walpoth and Moeller, who 

investigated an electrospun PCL scaffold for in vivo evaluation in a rat aortic interposition 

model for durations of 12, 24 and 78 weeks [24,62,63]. The PCL constructs lost 20% of the 

initial 80kDa molecular weight at 3 months, 51.5% at 12 months, and 78.1% at 18 months. It 

is not known, however, whether the vessel would remain mechanically stable upon 100% 

graft degradation because the slow degradation kinetics of PCL cannot be fully assessed in a 

rodent model with a lifespan of only 2 years. Our group recently showed that neovessel 

remodeling to a mechano-biologic steady state continues well beyond total polymer 

degradation [47,59,66,67]. Another recent study featured a novel scaffold composed of salt-

leached poly(glycerol sebacic acid) which fully absorbed in less than three months resulting 

in a viable neovessel, yet residual PCL persisted at 90 days [68]. These findings at late time 

points illustrate the importance of long-term in vivo experimentation before clinical or even 

preclinical investigation.

With these considerations in mind, our initial design criteria required a TEVG scaffold 

whose degradation would occur during the lifespan of the C.B-17 SCID/bg mouse. We 

selected a 50:50 co-polymer of poly (ı-lactic acid) and poly (ε-caprolactone) due to the 

underlying mechanical properties of both strength and distensibility in combination with 

successful usage of this polymer in our clinical trial to treat congenital heart defects. In vitro 
we confirmed a complete loss of tensile strength by 3 months [69] (Figure 2). From a review 

of the relevant literature, it appears that grafts composed of randomly-oriented electrospun 

fibers measuring less than 1 μm in diameter inhibit transmural cellular infiltration that, in 

our experience, is a critical step towards forming a viable neovessel [12,25,70,71]. During 

electropsinning, random deposition of overlapping fibers creates void spaces between fibers 

resulting in a porous 3D structure: the smaller the fiber, the smaller the void space or pore, 

and the lower potential for cellular infiltration and tissue engraftment. However, nanofibers 

(fiber diameters < 1μm) have favorable cellular interactions due to similarity in scale to 

ECM components such as collagen fibrils.[72] This creates a challenge in choosing the ideal 

electrospun fiber diameter for tissue engineering: porosity comes at the cost of diminished 

cellular interaction. We hypothesized that a compromise between these two competing 
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considerations was a fiber diameter around 1μm; therefore, we iterated process parameters 

until we achieved fiber diameter of 882±226nm, corresponding to a pore distribution of 

1-20μm (Figure 1). Since the tensile properties of the scaffold upon implantation could 

withstand systemic mouse arterial and venous pressures (Figure 3), we implanted the 

conduit in both circulations to contrast the process of neotissue formation and scaffold 

degradation in different hemodynamic environments.

Preliminary results were promising: implanted TEVGs in both the arterial and venous 

circulations demonstrated 100% patency, cellular infiltration (Figure 4), and active G&R 

processes (Figure 5), and they were well-integrated with adjacent native vessel as 

demonstrated by a high degree of luminal matching on ultrasound (Figure 3 A). Grafts were 

free of stenosis, thrombosis, or aneurysm formation up to 12 weeks post-implantation, which 

corresponds to the duration required for complete loss of graft mechanical integrity in vitro 
(Figure 1 G). Venous TEVGs remained intact up to 24 weeks and explanted specimens 

demonstrated a viable endothelial cell monolayer, macrophage infiltration, and ECM 

deposition indicative of previously reported TEVGs from our group [52,71,73,74]. 

Longitudinal ultrasonic analysis demonstrated that the implanted constructs integrated with 

native vessel over time, transitioning from a purely tubular polymeric scaffold to a living 

conduit with a more tortuous, vessel-like appearance. We believe this is the first report of a 

patent electrospun TEVG at or beyond polymer degradation in vivo. The animals intended 

for long-term follow up from the arterial implantation group experienced catastrophic graft 

rupture at 14 weeks, however (Figure 3 B). Critically, the TEVG failures occurred two 

weeks beyond the total loss of scaffold mechanical integrity as measured in vitro, which 

suggests that either neotissue formation stabilized the construct or the in vivo degradation 

rate was slower, or possibly both. The presence of organized luminal tissue, transmural 

cellular infiltration, and ECM deposition in both groups by week 12 suggests that the 

scaffold porosity permitted cellular infiltration, but overall cellularity was underwhelming 

(Figure 4 B, E, Figure 5 B, D, L, N, Q, S). Matrix metalloproteinase-2 was greatest at 6 

weeks, indicating an active and ongoing extracellular matrix remodeling process which 

confirms previous reports from our group that found a peak in MMP-2 production and 

expression by 6 weeks that gradually decreased by 24 weeks [59,66,67] (Figure 5 P–T). 

However, smooth muscle cell migration and proliferation were particularly limited; our 

TEVG lacked formation of a robust medial layer as compared to native vessels. The small 

diameter electrospun PCLA scaffold presented in the current study, when implanted as an 

IVC interposition graft in the mouse model, demonstrated encouraging long-term results in 

terms of patency, engraftment, and neotissue formation.

We suggest that the catastrophic failure seen in our electrospun arterial TEVG at 14 weeks 

resulted from inadequate vascular neotissue formation due to three primary factors. First, 

electrospun nanofibers generated a relatively dense scaffold. While this did not preclude 

cellular infiltration, it limited the available space for macrophage infiltration and/or robust 

extracellular matrix deposition and subsequent remodeling. We have previously 

demonstrated that the degree of macrophage infiltration into the scaffold has significant 

impact on vascular neotissue formation, including smooth muscle cell invasion and media 

formation [12]. Additionally, our group has compared small-pore electrospun scaffolds to 

larger-pore scaffolds created by a freeze-drying process and found an improved regenerative 
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response using the larger-pore scaffold [47]. Taken together, these results suggest that 

unmodified electrospun nanofiber-scaffolds have a limited capacity for neotissue formation 

in vivo. Second, the relatively stiff nature of the scaffold under physiological loadings 

attenuated the mechanical stimuli experienced by the vascular neotissue (a phenomenon 

known as stress shielding), thereby attenuating ECM production. SMC recruitment, and 

subsequent remodeling. Third, polymer loss of tensile strength preceded mass loss, resulting 

in a non-supportive polymer structure that yet inhibited space for ECM deposition. In the 

absence of scaffold tensile strength, the nascent neoartery alone was unable to withstand 

sustained arterial pressure and likely led to the sudden rupture. This phenomenon highlights 

a distinction between mechanical and chemical factors, and it is critical to account for the 

kinetics of both processes when assessing and characterizing scaffold polymer degradation 

for elucidating the mechano- and immuno-mediated mechanisms of neovessel G&R.

While our current G&R simulations were not designed to predict rupture (i.e., we did not 

include a material damage model), the predicted rapid dilatation at long times corresponded 

well with experimentally observed failure and illustrates again the utility of a computational 

G&R model for understanding and predicting graft outcomes. Furthermore, we can change 

the scaffold parameter values in the model to understand their effect on the simulated time 

course and guide understanding of TEVG design. Modifying the scaffold modulus EB
p to half 

of its original value (100 MPa) and double its original value (400 MPa) in the G&R model 

did little to alter the kinetics of the predicted dilatation (Supplemental Figure 1), suggesting 

that large changes in modulus can have limited effects on G&R when the values are orders 

of magnitude larger than that of the native artery [75]. Additionally, shifting the onset of 

rapid degradation either earlier or later did little to alter the amount of dilatation 

(Supplemental Figure 2). In the case where degradation did not occur in the simulated time 

course (solid black line, Supplemental Figure 2), no change in geometry occurred, 

highlighting again the need to follow experiments through to complete loss of mechanical 

integrity. As a proof of concept for improving outcomes, we performed alternate simulations 

with increased collagen material property values, and there was limited predicted dilation in 

the IAA TEVG (data not shown). These findings suggest that if the initial material produced 

by infiltrating cells had properties that approached or matched those of the native arterial 

ECM, it is less likely that the graft would have ruptured, as the model predicted minimal 

luminal changes for this case. The lack of mechanical loading of the extracellular matrix in 

the presence of the stiff scaffolding material could have contributed to their diminished 

ability to bear the arterial load. Future work will thus be aimed at utilizing our model to 

iteratively simulate combinations of scaffold parameters to identify those which could yield 

collagen with more “arterial-like” material properties, with the goal of rationally designing a 

small diameter arterial TEVG that resists dilation after polymer degradation and absorption. 

Coupling these experiments with serial bi-axial mechanical testing of the evolving neo-

arteries and adjacent vessels or assessing the molecular weight loss of the remaining 

polymer would provide valuable insight to the fidelity of the model. Similarly, by utilizing 

recent advances in our computational approach, implantations in C57BL/6 Wild Type mice 

could inform the rational design of scaffolds for use in an immune-competent host [27].
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Previous experiments demonstrated that chronic mechanical conditioning of cellular 

constructs in bioreactors improves mechanical behavior [76]. Similarly, slow transfer of load 

to the arterial neotissue could allow improved cross-linking and organization of collagenous 

material, such that it attains material properties similar to those of the native vessel. This 

highlights the importance of preventing stress shielding in developing tissues. Indeed, 

parametric studies extending the onset of degradation did little to alter graft outcome 

(Supplemental Figure 2) with dilatation occurring as polymer integrity was rapidly lost in 

the absence of compensatory matrix stiffening. Therefore, without following an implantation 

study through to complete loss of polymer mechanical integrity, it becomes difficult to 

conclude that the implanted design will not eventually rupture. Furthermore, gradual loading 

has been predicted to improve G&R outcomes for vein grafts as well, with incremental 

pressurization over 8 days yielding ideal mechanical adaptation [77]. This limitation 

underscores the critical importance of cross-talk between computational simulations and in 
vivo performance data. Ultimately, each approach can help to inform the other, permitting 

rapid and readily available predictions for various combinations of scaffold parameters, 

identifying promising iterations for in vivo trials.

5. Conclusions

We addressed a pressing challenge to progress in the field of small diameter tissue 

engineered vascular grafts, namely, the lack of a successful biodegradeable electrospun 

scaffold yielding a viable neovessel after complete polymer degradation in vivo. We used an 

improved rapidly degrading PCLA scaffold and demonstrated promising venous neotissue 

formation in vivo. In contrast, the same graft implanted in the arterial circulation succumbed 

to sudden catastrophic rupture after a loss of scaffold integrity. These results were consistent 

with predictions by a computational model of tissue engineered vascular graft G&R. Taken 

together, our data support a paradigm wherein computational modeling should inform the 

rational selection of scaffold parameters to fabricate TEVGs that must be followed in vivo 
for time courses extending beyond complete polymer degradation, which ultimately must be 

verified experimentally.
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Abbreviations:

TEVG tissue engineered vascular graft

G&R growth and remodeling

ECM extracellular matrix

PCL poly-ε-caprolactone

PCLA poly-ε-caprolactone-co-lactic acid

P(LLA-CL) poly (L-lactide-co-ε-caprolactone)

PGS poly (glycerol sebacic acid)

PU polyurethane

SEM scanning electron microscope

SCID/bg severe combined immunodeficient-beige

vWF von Willebrand Factor

α-SMA alpha smooth muscle actin

MMP-2 matrix metalloproteinase-2

EC endothelial cell

SMC smooth muscle cell

BM-MSC bone marrow mesenchymal stem cell

EPC endothelial progenitor cell

CCA common carotid artery

IAA infrarenal abdominal aorta

IVC inferior vena cava

FA femoral artery
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Statement of Significance

Herein, we apply a biodegradable electrospun vascular graft to the arterial and venous 

circulations of the mouse and follow recipients beyond the point of polymer degradation. 

While venous implants formed viable neovessels, arterial grafts experienced catastrophic 

rupture due to aneurysmal dilation. We then inform a previously developed 

computational model of tissue engineered vascular graft growth and remodeling with 

parameters specific to the electrospun scaffolds utilized in this study. Remarkably, model 

simulations predict the differential performance of the venous and arterial constructs over 

24 weeks. We conclude that computational simulations should inform the rational 

selection of scaffold parameters to fabricate tissue engineered vascular grafts that must be 

followed in vivo over time courses extending beyond polymer degradation.
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Fig. 1. 
Electrospun scaffold characterization. Scanning electron microscope (SEM) imaging of the 

graft wall at (A) 100×, (B) 500×, and (C) 4000× demonstrating the microstructural 

characteristics of the electrospun scaffold. Sub-1 μm diameter polymeric fibers (average 882 

± 226 nm) overlap to form a porous tubular conduit. SEM images of the scaffold in cross-

section at (D) 100× and (E) 400× highlight the wall thickness (average 234.8 ± 20.3 μm), 

three-dimensional porosity, and luminal diameter (average 526.4 ± 22.6 μm) of the graft. A 

gross image (F) of the TEVG prior to implantation demonstrates the scale of the murine 

graft. (G) Pore size distribution based on measurements of maximum and minimum Feret 

diameters.
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Fig. 2. 
In vitro degradation of electrospun PCLA grafts. Grafts were incubated in PBS at 37 °C and 

longitudinally assessed for mass and uniaxial tensile strength. (A) Graph of resulting data 

(mean ± SEM) reported as percentages of original values as measured at day 0. Grafts lost 

approximately 50% of original tensile strength by 7 weeks and exhibited complete loss of 

tensile strength by week 12. In comparison, graft mass was approximately 94% of the 

original value at 12 weeks and decreased to approximately 70% at 21 weeks. Scanning 

electron images of the graft surface at (B) 12 weeks present no evidence of degradation but 

at (C) 18 weeks signs of fiber degradation and fissuring were apparent.

Best et al. Page 21

Acta Biomater. Author manuscript; available in PMC 2020 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
In vivo assessment of venous and arterial TEVGs. Serial ultrasound measurements of graft 

and adjacent native inferior vena cava or abdominal aortic segments were performed over 10 

weeks. (A) Plot comparing average luminal diameters of implanted TEVGs normalized to 

the adjacent vessel diameter as acquired by transabdominal ultrasound. There was no 

significant change in luminal diameter over this period between groups. However, after 4 

weeks arterial grafts demonstrated progressive dilation and venous grafts progressive 

narrowing. (B) In situ image of an electrospun PCLA vascular graft 6 weeks after surgical 
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implantation in the arterial circulation compared with a ruptured arterial TEVG 14 weeks 

after implantation. In both images: A) Proximal aorta. B) Electrospun PCLA graft. C) Distal 

aorta. Arrows indicate observed areas of electrospun TEVG degradation.
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Fig. 4. 
TEVG Histology. Hematoxylin and eosin (H&E) staining of explanted arterial grafts at 6 (A) 

and 12 (B) weeks post-implantation compared to native SCID/bg IAA (C), and venous grafts 

at 6 (D), 12 (E), and 24 (F) weeks post-implantation compared to the native IVC (G). All 

photomicrographs acquired at 20× magnification. Scale bar = 100μm.
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Fig. 5. 
Neotissue formation and remodeling in arterial and venous TEVGs. Histologic and 

immunohistochemical evaluation of explanted arterial grafts at 6 (A, F, K, P) and 12 (B, G, 

L, Q) weeks post implantation and explanted venous grafts at 6 (C, H, M, R), 12 (D, I, N, S), 

and 24 (E, J, O, T) weeks post implantation. MT (A-E) identified extracellular matrix 

deposition, vWF (F-J) demonstrated the development of a confluent endothelial cell 

monolayer by 12 weeks in both groups, F4/80 (K-O) identified macrophage infiltration and 

proliferation and MMP-2 (P-T) evidenced ECM turnover and active tissue remodeling. All 

photomicrographs at 40× magnification. Scale bar = 50μm.
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Fig. 6. 
Predicting electrospun TEVG modulus and diameter over 15 weeks. Simulated evolution of 

normalized loaded TEVG diameter and PCLA modulus in the IAA (A) and IVC (B), as 

predicted by G&R. Diameters are normalized by initial unloaded graft diameter and 

modulus is normalized by initial modulus. Computational predictions indicated a slight 

narrowing of IVC TEVG diameter associated with modulus loss of the scaffold due to the 

pre-stretch of deposited matrix in G&R. Parameters incorporated into the model are defined 

in Table 2. In the artery, the TEVG was predicted to rapidly dilate concurrent with loss of 
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scaffold integrity. The simulated trends in diameter change are similar to those observed in 

vivo and validate the utility of in silico studies prior to in vivo experiments when assessing 

novel biodegradable vascular conduits.
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Table 2.

Parameters characterizing G&R of the electrospun PCLA scaffolds. With the exception of PCLA modulus, all 

scaffold parameters were determined by data collected in this study. a from [56]

Parameter Description Value Units

rp Scaffold pore size 3.34 μm

ωp Scaffold fiber diameter 0.88 μm

εp Scaffold porosity 85 %

EB
p PCLA Young’s-type modulusa 200 MPa

kE
p PCLA degradation rate 0.075 1/days

ζE
p PCLA degradation shape 150 days

γD
i In vivo degradation modifier 1.25 -
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