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CHAPTER 1: INTRODUCTION AND MOTIVATION 

 

Dialysis is the primary lifeline for nearly half a million patients with end-stage renal 

disease (ESRD). Unfortunately, failure rates at dialysis access sites for arteriovenous 

fistulas (AVFs) and arteriovenous grafts (AVGs), the two preferred modes of hemodialysis, 

are very high at 40 - 60% within a year.1-3 The main culprit of these failures is stenosis at 

the venous anastomosis caused by neointimal hyperplasia (NH), as well as negative 

vascular remodeling processes for AVF maturation failure. Therapeutic approaches 

attempting to improve access patency have achieved limited success, in part because they 

do not provide a sustained solution as vein walls continue to thicken beyond 12 weeks as 

they adapt to the arterial circulation.4 Along these lines, several studies employing Dacron5-

9 or Nitinol10, 11 external stents have exhibited some promise to reduce NH by promoting 

positive vascular remodeling processes and/or alleviating mechanical factors contributing 

to NH. Unfortunately, this has failed to translate to the clinic thus far.12-14 For example, a 

2007 Extent study had to be terminated because all 20 coronary artery bypass graft (CABG) 

patients treated with a Dacron/polytetrafluorethylene (PTFE) external stent experienced 

thrombosis within the first 6 months post-surgery.14 The authors admitted that the failures 

may have been due to inappropriate material selection and/or device design which led to 

too rigid or soft of mechanical support, too tight or loose stent-to-vein spacing, and 

unforeseen complications such as kinking of the vein graft. Improper biomaterial selection 

and inadequate device design optimization therefore currently hinder clinical translation. 



 2 

 

Figure 1-1 SMP External Stent 

Animated geometric configuration of a shape memory polymer (SMP) external stent 

applied to the venous anastomosis of a hemodialysis patient utilizing a PTFE graft. 

 

To address these shortcomings encountered with other external stent approaches, a 

novel class of poly(ε-caprolactone)-based shape memory polymers (SMPs) was 

developed15 that possesses unique properties potentially beneficial for external stenting. 

These SMPs are biocompatible, slowly biodegradable, and mechanically-compliant in 

order to provide durable, flexible mechanical support. As a SMP with a melting 

temperature below body temperature, it allows for automatic custom-fitting to each 

patient’s uniquely-shaped venous anastomosis. This potentially reduces NH arising from 

asymmetric wall thickening 5, 16-19 and improves ease-of-use for surgeons because it does 

not require sutures like other competitive products such as Vascular Therapies’ collagen 

membrane that elutes sirolimus, Coll-R™.20 Based on the material characteristics of these 

SMPs and an understanding of contemporary scientific literature on external stenting, it is 

hypothesized that a SMP external stent can mitigate NH and subsequent vein graft and 

hemodialysis access failures by promoting neoadventitial growth and providing compliant 

mechanical support to the venous anastomosis. While a significant amount of work remains 

to translate a SMP external stent approach to the clinic, these hypothesis are examined in 

part via the following specific aims: 
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Aim 1: Synthesize and characterize a library of shape memory polymers (SMPs). 

Poly(ε-caprolactone) (PCL) is a biocompatible, slowly biodegradable 

polymer with favorable elasticity and toughness for vascular applications 

that can be chemically modified and crosslinked to form SMPs with 

excellent shape memory properties. However, PCL SMPs possess a melting 

temperature (Tm > 50oC) that is too high for moldability at operating 

temperatures. It is anticipated that copolymerization with a novel monomer 

will produce a new class of PCL-based SMPs with Tm ~37oC and desirable 

mechanical and shape memory properties for external stents.   

Aim 2: Rationally design an external stent prototype comprised of pores that 

promote neovascularization while minimizing fibrosis and inflammation. 

SMP scaffolds comprised of different pore sizes and spacings will differ in 

the degree to which they elicit neovascularization, fibrogenesis, and 

inflammation. Candidate designs can be identified that stimulate new blood 

vessel formation while minimizing fibrogenesis and inflammation. Such 

responses are expected to promote constructive tissue remodeling, which 

can be further characterized by a transition from a pro-inflammatory M1 to 

an immunomodulatory, tissue remodeling M2 macrophage phenotype.21 It 

is hypothesized that relative trends in responses to designs will translate to 

the arteriovenous environment in larger animals/humans and correlate with 

a mitigation in neointimal hyperplasia (NH) when applied as an external 

stent.   
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Other work in progress requiring further efforts includes developing an ex 

vivo anastomosis model that can be used to evaluate hemodynamic effects 

associated with NH from external stent treatments. As other works corroborate 

preliminary data showing that flow conditions may be necessary to observe external 

stent effects in an ex vivo environment,22 it is desired to achieve artery-mimetic 

flow in an ex vivo model. Venous anastomoses can be constructed using vein 

segments leftover from heart bypass surgery and GORETEX tubing to more closely 

recapitulate the end-to-side anastomosis geometry encountered in hemodialysis 

access patients. Doppler ultrasound can be used to detect flow patterns within the 

anastomosis geometry and this information can be inputted into a computational 

fluid dynamic (CFD) model to quantify hemodynamic effects. Once established, 

various external stent designs can be evaluated in terms of their ability to reduce 

NH as well as hemodynamic factors associated with NH to determine promising 

design candidates. 

Another avenue of exploration involves determining a therapeutic that can 

act synergistically with external stent effects to further mitigate NH and further 

improve vein graft and hemodialysis access site patency, albeit at the cost of adding 

years or even a decade to the commercialization process. Without foreknowledge 

of the precise mechanism of action of an SMP external stent treatment, it is unclear 

which therapeutic is optimal. One promising candidate is a peptide inhibitor 

targeted against Mitogen Activated Protein Kinase II (MK2i), as it has shown 

promise to reduce NH. 23, 24  However, serial ultrasound measurements in a murine 

inferior vena cava interposition model suggest that vein grafts progressively thicken 
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following an initial NH reduction after 7 days.25 This indicates the need for more 

localized, sustained release of MK2i to the vein, especially considering that the 

half-life of MK2i is only 3 days and the majority of VSMC proliferation and 

migration occurs over the first 4 weeks.4 Co-immobilization of heparin and MK2i 

to the surface of a polymer substrate provides a convenient means to localize and 

sustain release to the venous tissue.   
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CHAPTER 2: BACKGROUND AND SIGNIFICANCE 

 

2.1 The Clinical Problem of Vein Graft and Hemodialysis Access Failure 

Vein graft and hemodialysis access failures impose significant morbidity and 

mortality risks for patients and place a particular financial burden on the Centers for 

Medicare & Medicaid Services (CMS) as the primary payer for treatments. Autologous 

saphenous vein grafts (SVGs) are connected to arteries to serve as conduits for bypassing 

arterial occlusions in approximately 250,000 annual coronary artery bypass grafting 

(CABG) and 80,000 peripheral artery bypass grafting (PABG) surgeries, respectively.26-28 

Despite intensive study and some advances in percutaneous techniques such as balloon 

angioplasty and intraluminal stenting, bypass grafting remains the gold standard for 

coronary artery disease (CAD) patients and for peripheral artery disease (PAD) patients 

with severe femoropopliteal lesions.29 Peripheral artery bypass is also employed in more 

than 100,000 annual vascular access creation surgeries, where the access site created 

functions as a portal for hemodialysis in end-stage renal disease (ESRD) patients.30 

Hemodialysis serves as the primary lifeline for ESRD patients awaiting kidney 

transplantation. Typically in the arm, a vein-to-artery connection (i.e. arteriovenous fistula 

(AVF)) effectively creates an access site to the entire bloodstream, allowing a means to 

filter out toxins in the blood through an external dialyzer. Synthetic expanded 

polytetrafluoroethylene (ePTFE) arteriovenous grafts (AVGs) are also employed to create 

access sites in approximately 20% of cases.30 

Although CABG is considered the gold standard for treating CAD patients with 

severe occlusions, 10 – 20% of SVGs fail within the first year after surgery, and up to 50% 

fail within 10 years.31-35 Similarly, in the lower extremities of PAD patients, 30 – 50% fail 
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within 5 years.36 The metric for vein graft or hemodialysis access failure is commonly 

defined as ≥ 70% occlusion of the grafted vessel that necessitates either revision via 

angioplasty, intraluminal stenting, or other surgical intervention, or replacement due to 

total graft/access loss.37, 38 Primary patency is defined as the intervention-free interval 

following surgery, whereas secondary patency describes the total survival of the graft or 

access regardless of whether interventional procedures are required to maintain it.37, 38 

Graft failure can lead to disease progression, recurrent angina, myocardial infarction, and 

death.30, 39-41 Failures are even more pronounced at hemodialysis access sites. Primary (i.e. 

intervention-free access survival) and secondary (i.e. access survival until abandonment)37, 

38 patency rates for fistulas are 60% and 71% at 12 months (i.e. 40% failure), and 51% and 

64% at 24 months (i.e. 49% failure), respectively. Even worse, PTFE grafts exhibit primary 

and secondary patency rates of 58% and 76% at 6 months (i.e. 42% failure) and 33% and 

55% at 18 months (i.e. 67% failure), respectively.1-3 This affects the quality and length of 

life of patients, and also leads to disproportionate financial dispositions for CMS. For 

example, patients with graft failure are approximately $78,654 more expensive to treat per 

patient-year, which translates to $1.8 - 2.9 billion in direct costs primarily absorbed by 

Medicare for the hemodialysis graft population alone.30 

 

2.2 Neointimal Hyperplasia 

Neointimal hyperplasia (NH), a process in which the intimal layer of the vein wall 

thickens leading to stenosis and occlusion, is the primary culprit (>70%) for vein graft and 

hemodialysis access site failures.26, 42 It is therefore an important process to understand for 

developing therapies that effectively prevent vein failures. Thrombosis (i.e. clotting) is a 
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typical cause of acute graft failures (within the first 30 days) whereas NH plays a dominant 

role in early vein failures (1 - 24 months) and contributes to atherosclerosis, the main cause 

of late-stage graft failures (2 years after surgery). NH is an excessive, pathological venous 

remodeling process in which myofibroblasts and vascular smooth muscle cells (VSMCs) 

migrate to the intimal layer and proliferate extensively, subsequently depositing 

extracellular matrix (ECM) proteins to form a “neointima”.43 Mitra et al. breaks down NH 

into five sequential events: 1) platelet activation, 2) inflammation and leukocyte 

recruitment, 3) coagulation, 4) VSMC migration and 5) proliferation (Figure 2-1).44 

Transdifferentiation of fibroblasts to myofibroblasts, and their subsequent migration and 

proliferation from the adventitia to the intima, are also involved in NH.45, 46 Migration and 

proliferation of VSMCs and myofibroblasts and their deposition of ECM proteins 

culminates in stenosis of the graft/access that impedes blood flow, leads to disease 

progression, and increases the risk of adverse cardiac events, other complications, and 

death. 

NH occurs as a result of intimal, medial, and adventitial damage to the vein graft 

before, during, and after surgery. In the case of CABG and PABG, significant endothelial 

and adventitial damage is also incurred from the vein harvesting process – as early as 4 

hours after implantation, the endothelium is either denuded or attenuated with infiltrating 

inflammatory cells, other cells, and protein constituents present.27, 47-49 Certain genetic 

factors, pre-existing NH, and medical conditions such as uremia in ESRD patients leave a 

patient predisposed to NH.45, 50-53 During surgery, trauma from suturing damages all three 

layers of the vein wall.51, 54 Injury and denuding of the protective endothelium exposes 

VSMCs directly to blood flow as well as pro-coagulatant and pro-inflammatory 
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constituents,44 while damage to the adventitial vasa vasorum leads to hypoxia and 

subsequent NH development.55-57 After surgery, exposure of the vein to an order of 

magnitude increase in pressure and flow in the arterial circulation causes abnormal 

distention of the vein, resulting in diameter mismatch between vein and artery, high 

tangential wall stresses, and low fluid shear stresses58-61. The vein walls thicken to 

normalize tangential shear stress regulated by the ratio of luminal radius to wall thickness.62 

Subsequent turbulent flow, especially around the distal (venous) anastomosis, damages the 

endothelium.25, 50 In the case of hemodialysis patients, adventitial injury from repeated 

needling to perform dialysis and immune/inflammatory responses from PTFE implantation 

are thought to play a role in NH-mediated stenosis.45, 51 Percutaneous techniques used to 

correct the ensuing obstructions in blood flow, namely balloon angioplasty and 

intraluminal stenting, have been shown to further damage the endothelium, adventitia, and 

perivascular tissue, thus promoting a proliferative and inflammatory response leading to 

recurrent stenosis.63, 64 These procedures add pain and suffering to patients and are 

expensive, with balloon angioplasty alone adding more than $18,000 per patient-year for 

hemodialysis graft patients.65 While placing an intraluminal stent has been shown to 

increase primary patency of AVGs from 23% to 46% over the first 6 months, 2 year patency 

remains very low at 9.5% compared to 4.5% for angioplasty alone.66, 67 Poor clinical results 

such as those using the current standard-of-care, and the large expenses associated with 

their ineffective use, indicate the need for better therapies to prevent hemodialysis access 

and vein graft failure. 
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Figure 2-1 Neointimal Hyperplasia 

Neointimal hyperplasia is triggered by injury at the time of surgery as well as from the high 

pressure and flow of the arterial environment. Endothelial injury exposes the VSMCs and 

subendothelial matrix containing tissue factor to the circulating blood, which activates 

platelets and causes their aggregation. Immune cells such as leukocytes and inflammatory 

cells are then recruited to the site, and a milieu of cytokines and growth factors are released 

from these cells. This causes a phenotypic switch in VSMCs that leads to their migration 

and proliferation into the intima along with myofibroblasts. An excessive amount of 

extracellular matrix milieu is also deposited into the intima from these migratory cells to 

form the neointima. Reproduced with permission.44 Copyright 2006, Nature Publishing 

Group. 

 

2.3 Use of Systemic Delivery of Therapeutics to Reduce Vein Failures 

Current medical innovations used to sustain vein graft or hemodialysis access 

integrity have underperformed relative to desired long-term outcomes. Anti-platelet agents 

such as dipyridamole with aspirin inhibit thrombotic events and may improve early 

graft/access patency. In a study following angioplasty revision of SVGs in 343 CABG 

patients one year-post surgery, Chaser et al. revealed that dipyridamole plus aspirin 

treatments reduced SVG occlusions from 27% in the placebo to 16%.32 In AVGs, this same 

treatment produced a modest, statistically significant improvement in one-year patency 
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compared to the placebo, from 23% to 28%.68 However, Goldman et al. observed no effect 

on SVG patency 1 – 3 years post-CABG from these treatments,69 and some studies have 

observed no benefit for SVGs of PABG patients.70, 71 Some modest benefits of lipid-

lowering agents (e.g. statins) on long-term SVG patency have been observed; a 1351 

patient, 7.5 year Post CABG Trial revealed that moderate and aggressive administration of 

lipid-lowering drug lovastatin reduced revascularization procedures by 24% and 30%, 

respectively.72 A 172 patient study demonstrated improved secondary patency of SVGs in 

PABG after 2 years with statin treatment (97% vs. 87% control),73 but Pisoni et al. showed 

no improvement from statins in fistula or graft outcomes in a 601 hemodialysis patient 

study.74 Antiplatelet agents and lipid-lowering drugs generally help and are part of the 

current CABG treatment paradigm,75 but should not be considered “game-changers” on 

their own given the significant patency issues still reported with their administration.58  

Cell cycle regulation is another possible approach to prevent NH. In a large, 1,404 

patient study, an edifoligide oligonucleotide acting as a transcriptional cell cycle regulator 

of proliferation exhibited no patency benefit.76, 77 This lack of efficacy despite drug 

functionality against a known NH target may suggest that sustained, localized release is 

required to make an impact. A one-time, localized application to the external surface of 

AVFs or AVGs with an aqueous solution containing vonapanitase (PRT-201®, Proteon 

Therapeutics), a recombinant human elastase that degrades elastin fibers to prevent NH, is 

one approach that has shown some promise to improve hemodialysis access patency and is 

currently in Phase III clinical trials.78, 79 A plethora of other gene and drug delivery-based 

approaches have been investigated on the pre-clinical level and can be reviewed 

elsewhere.80 In general, they aim to inhibit inflammatory, hypoxic, fibrotic, proliferative, 
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or migratory processes correlated with NH formation, or they promote vascularization to 

minimize hypoxia-induced effects. While positive effects have been observed in many of 

these animal models and in some clinical trials, the fact remains that there is no drug 

currently used on the market that effectively prevents vein graft or hemodialysis access 

failures on its own. 

 

2.3.1 MK2i as a Pharmacological Agent 

With its anti-fibrotic and anti-inflammatory properties (Figure 2-2), a mitogen-

activated protein kinase (MAPK)-activated protein (MAPKAP) kinase 2 inhibitory peptide 

(MK2i) has shown promise as an agent to prevent intimal hyperplasia23, 24. MK2 

phosphorylates transcription factors such as hnRNPA0 and tristetraprolin that interact with 

AU-rich regions of mRNA to control mRNA stability, particularly the stability of mRNA-

encoding inflammatory cytokines. Inhibition of the phosphorylation of these transcription 

factors leads to degradation of the RNA that encodes these cytokines, thus reducing 

inflammation.  MK2 also phosphorylates LIM kinase and HSP27, both of which have been 

implicated in stabilizing actin, the formation of actin stress fibers, and the development of 

the myofibroblast phenotype that leads to ECM production and fibrosis. MK2 is 

downstream of the TGFβ-p38 stress-activated protein kinase pathway, conferring 

specificity and limiting off-target toxicity.  Thus, MK2 represents a unique target for the 

prevention of intimal hyperplasia. With this in mind, an inhibitor of MK2 (MK2i) was 

rationally designed and optimized based on the substrate (HSP27) binding site to the 

kinase81 by collaborators at Purdue University. The peptide was rendered cell permeant by 

the covalent addition of an optimized protein transduction domain.81 
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Figure 2-2 MK2i inhibits MAPKAP Kinase II (MK2). 

MK2 is in the stress-activated protein kinase cascade.  Stress, injury, TGFβ, cytokines and 

lysophosphatidic acid (LPA) activate p38 map kinase which in turn activates MK2.  MK2 

activates fibrotic pathways via LIM kinase and the small heat shock protein HSPB1 which 

lead to myofibroblast formation and the deposition of extracellular matrix (ECM).  MK2 

also activates hnRNPA0 and TTP, transcription factors which lead to cytokine production.  

Thus, MK2i inhibits both fibrosis and inflammation, two processes integral to the 

formation of the neointima. 

 

Treatment of human saphenous veins (HSVs) with MK2i in an ex vivo organ culture 

model led to decreases in intimal thickening (Figure 2-3). In a murine inferior vena cava-

to-aorta interposition model, a single 20 minute, 100 μM treatment of the vein graft prior 

to implantation decreased wall thickness by 72% at 28 days (Figure 2-4).  Serial ultrasound 

evaluation of the grafts showed that while treatment with MK2i decreased intimal 

thickening, there remained progressive intimal thickening after the day 7 time point (Figure 

2-5). This suggests a need for localized, sustained release of MK2i to more effectively 

minimize intimal hyperplasia. 
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Figure 2-3 Effect of MK2i on development of neointimal thickening in human 

saphenous vein 

Rings of human saphenous vein were cultured in RPMI medium supplemented with 30% 

fetal bovine serum for 14 days. The rings were either untreated (positive control) or treated 

with MK2i (50 µM) for either 2 hrs prior to organ culture or for 14 days with continuous 

treatment. After 14 days, rings were fixed in formalin, sectioned (5 µm) and stained using 

Verhoeff Van Gieson stain. Intimal thickening was measured morphometrically.   * p < 

0.05 compared to control, n = 4 – 5. Reproduced with permission.25 Copyright 2012, 

Elsevier. 

 

 

Figure 2-4 Effect of MK2i on vein graft wall thickness in vivo. 

Vein grafts were either treated with 100 µM MK2i (i.e. MMI-0100) or saline (PBS) for 20 

minutes prior to implantation in an inferior vena cava-to-aorta interposition model. A) 

Representative photomicrographs, with arrowheads indicating the internal elastic lamina 

separating medial and intimal layers. B) After 4 weeks, histological staining reveals a 

dramatic 72% decrease in wall thickness. ** p < 0.05, n = 5 – 6. Reproduced with 

permission.25 Copyright 2012, Elsevier. 
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Figure 2-5 Murine vein graft wall thickness over time.  

Ultrasound measurements of vein graft wall thickness over time compared to wall 

thickness at the time of implantation.  **p < 0.0001 at 4 weeks. Reproduced with 

permission.25 Copyright 2012, Elsevier. 

 

 

2.4 External Stents 

 

2.4.1 Seminal Studies of External Stenting 

As vein graft disease is also defined by mechanical failures and drugs have not 

shown a great efficacy in preventing long-term failures, the biomedical community 

inquired if use of mechanical supports could reduce NH via external stents or sheaths 

comprised of a variety of materials. Parsonnet et al. became the first to apply external 

sheaths around vein grafts in 1963; their team observed that external sheaths comprised of 

knitted monofilament polypropylene fibers prevented over-distention of vein grafts and 

integrated into the host perivascular tissue in an end-to-end jugular vein-to-common carotid 

artery canine model.82 The authors speculated that by preventing over-distention, the 

diameter of the vein could better match that of the artery and reduce turbulence that leads 

to thrombosis. Using the same canine model in 1978, Karayannacos et al. became the first 

to observe that an external mesh around a vein could reduce NH by preventing dilation of 
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the vein graft.83 Given that the loose-fitting Dacron (poly(ethylene terephthalate)) meshes 

promoted a higher degree of neovasa vasorum and less intimal-medial thickness than a 

tightly woven Dacron sheath, the authors deduced that Dacron meshes reduced NH by 

promoting formation of neovasa vasorum that minimize ischemic conditions inducing 

VSMC proliferation. Going off of subsequent studies demonstrating the positive effect of 

constrictive meshes on jugular vein grafts to protect endothelium84 and reduce cross-

sectional wall area, VSMC volume, and matrix deposition compared to loose wraps,85 

Violaris et al. discovered that pig saphenous vein-to-carotid artery grafts constricted with 

a tight-fitting (4 mm diameter) PTFE graft had lower luminal cross-sectional area and 

greater NH, with only the media thinner.86 This implied to the authors that restricting the 

ability of SVGs to distend may damage the adventitia and ultimately be disadvantageous. 

Following this result, Angelini et al. applied a nonrestrictive (6 mm diameter), highly 

porous Dacron stent helically wound with polypropylene in the same pig model.5 Four 

weeks after implantation, the authors discovered that the lumen was larger, while the intima 

and media were almost four-fold thinner than the paired unstented control SVGs. Seeking 

to determine the ideal fit around the vein grafts, Angelini’s team discovered in the same 

pig model8 that the oversized (8 mm diameter) mesh performed better than the 

nonrestrictive (6 mm) mesh used earlier5, and both of these sizes were superior to the mildly 

restrictive (5 mm) mesh in terms of both total wall thickness (in order of reducing diameter: 

81%, 66% and 40% reduction compared to untreated control) and neointimal thickness 

(72%, 62% and 0% reduction for 8 mm, 6 mm, and 5 mm, respectively).8  

Based on these findings, Mehta et al. applied the 8 mm Dacron mesh design to 

examine the underlying mechanism and long-term impact of external stent implantation in 
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pigs.9 Compared to unstented controls, treated SVGs resulted in a significant reduction in 

intimal (93%) and medial (75%) thickness after 6 months (Figure 2-6). This correlated with 

decreases in cell proliferation in the intima and media of the stented grafts, as the 

proliferating cell nuclear antigen (PCNA) index of the unstented grafts were 18.7 and 3.9, 

respectively, compared to zero for both in the stented group (Figure 2-7A - B). PDGF, a 

potent mitogenic and chemotactic regulator of VSMCs,87 was also significantly attenuated 

by 38 – 50% overall in the stented group at both 1 and 6 months (Figure 2-7C - F). Positive 

staining for endothelial cells by Dolichos bifluorus agglutinin (DBA) (Figure 2-8) and 

proliferating cells by PCNA (Figure 2-7A – B) in the adventitia of the stented group after 

6 months indicates neovasa vasorum growth that is largely absent in the unstented grafts. 
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Figure 2-6 Absence of intimal thickening from Dacron external stent treatment 

Histological sections from a) the ungrafted vein (negative control) compared to vein grafts 

6 months after surgery that were either b) wrapped with an 8 mm Dacron external stent or 

c) unwrapped (positive control). Small arrows point out the internal elastic lamina defining 

the intimal-medial line, while the large arrow points out the external elastic lamina defining 

the boundary between medial and adventitial layers. Pronounced intimal and medial 

thickening in the untreated control is largely absent in the stented graft. Reproduced with 

permission. Copyright 1998, Nature Publishing Group.9 
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Figure 2-7 Extensive adventitial proliferation from Dacron external stent treatment 

Immunohistochemical staining for proliferating cell nuclear antigen (PCNA) in a) an 

unstented and b) a stented graft after 6 months. Marked brown nuclear staining is present 

in the adventitia but not the media of stented grafts, indicating significant adventitial 
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proliferation forming the neoadventitia. Immunohistochemical staining for total PDGF 

protein (brown staining) in unstented grafts after c) 1 month and d) 6 months compared to 

stented grafts at e) 1 month and f) 6 months reveals increased PDGF staining in the 

untreated group, indicating extensive proliferation in the adventitia of stented grafts. Scale 

bars in a) and c) apply to the entire panel and represent 50 μm. Reproduced with 

permission. Copyright 1998, Nature Publishing Group.9 

 

 
Figure 2-8 Dacron external stent treatment induces adventitial vessel growth to 

form a neoadventitia  

Dolichos bifluorus agglutinin (DBA) staining demonstrating an intact luminal endothelium 

(large arrow) in both a) unstented and b) externally stented grafts after 6 months. 

Pronounced brown cytoplasmic staining in the adventitia of stented grafts indicates the 

presence of endothelial-lined vessel growth comprising a neoadventitia. Reproduced with 

permission. Copyright 1998, Nature Publishing Group.9 

 

 

To understand the role of pore size on NH, the 8 mm macroporous Dacron mesh 

and an 8 mm microporous PTFE were implanted in the same pig model7. One month after 

surgery, pig SVGs treated with the macroporous stents exhibited a greater reduction in NH 

(Figure 2-9) that accompanied an increase in adventitial microvessel growth (Figure 2-10) 

and a decrease in PDGF expression and cell proliferation, suggesting the need for 
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macroporosity. Further mechanistic insights were gleaned in 2002 from a 

hypocholesterolemic pig model to better mimic vascular disease conditions.6 After 3 

months, mesh-mediated reductions in SVG NH correlated with significant reductions in 

graft cholesterol concentrations and atheroma markers, as well as vascular cell adhesion 

molecule 1 (VCAM-1) in the absence of atheroma precursor foam cells. This suggested 

that the macroporous Dacron stent can potentially inhibit both NH and atherosclerosis. 

 
Figure 2-9 Dramatic morphometric differences in saphenous vein grafts treated 

with two different external stents  

Trichrome staining of porcine SVGs after one month wrapped with a) an 8 mm loos-fitting 

macroporous Dacron stent and b) an 8 mm loose-fitting microporous PTFE. The internal 

elastic lamina marked by small arrows and the external elastic lamina marked by large 

arrows clearly shows a large reduction in NH with the macroporous Dacron stents 

compared to the PTFE stent. The neointima in the PTFE-wrapped SVGs is highly 

collagenous, as indicated by the green-blue staining. Orange/brown staining represents 

VSMCs. There are large, abundant microvessels present in the Dacron-treated grafts, 

whereas the microvessels in b) are clearly absent, with no large microvessels outside the 

stent. Scale bare in a) applies to b) as well, and represents 50 mm. Reproduced with 

permission.88 Copyright 2001, Elsevier. 
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Figure 2-10 Macroporous Dacron external stent induces adventitial microvessel 

growth. 

Endothelial staining with lectin A demonstrates a marked increase in microvessels present 

in the adventitia of a) the macroporous Dacron stent, while b) this is absent in the 

microporous PTFE stent. Scale bare in a) applies to b) as well, and represents 50 mm. 

Reproduced with permission.88 Copyright 2001, Elsevier. 

 

 

2.4.2 Disappointing Clinical Trials with Dacron Meshes 

Although these results are informative and promising, the first external Dacron 

stent clinical trial ended tragically, and a subsequent trial in 2011 using a different Dacron 

stent (ProVena®, B. Braun) (Figure 2-11) to reinforce varicose or ectatic vein grafts in 

PABG patients demonstrated no patency benefit 24 months after surgery (Table 2-1).89 In 

the 2007 Extent study, an external Dacron stent reinforced with PTFE ribs spaced 1 cm 

apart (Extent®, Vascutek Inc.) (Figure 2-12) was implanted over the SVGs of 20 CABG 

patients, resulting in thrombosis for every patient within 6 months.14 The authors were 

transparent that these failures could be the result of fatal miscalculations in the material 

selection or scaffold design that render inappropriate mechanical strength (e.g. too rigid or 
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too soft), stent-to-vein spacing (e.g. under or oversizing), or unforeseen complications (e.g. 

kinking of the graft). It is therefore prudent to consider and understand the function and 

tradeoffs of each component of the external stent design at the research stage in order to 

avoid making such costly mistakes in the clinic, beginning with the material selection. 

Alteration of external stent properties by material selection, mesh type (e.g. knitted, warp-

knitted, woven, nonwoven, electrospun, ablated sheets)90 or geometric design can be 

considered “passive” approaches to stent design, whereas incorporation of therapeutic 

agents and/or surface modifications can be described as “active” design approaches (Figure 

2-13). By mastering passive design approaches, first-generation therapies can be created 

that effectively prevent vein graft or hemodialysis access failure with the possibility of 

lower regulatory hurdles relative to drug alone or drug-device combination products. The 

opportunity then exists to improve upon these initial methodologies with later generation 

products that incorporate active approaches. 

 
Figure 2-11 Provena, a macroporous Dacron mesh 

Wrapping of the saphenous vein to bypass between superficial femoral to posterior tibial 

artery with ProVena®, a macroporous Dacron mesh. Reproduced with permission.89 

Copyright 2011, Elsevier. 
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Figure 2-12 Extent, a macroporous Dacron sheath reinforced with PTFE ribs 

Extent®, a macroporous Dacron sheath reinforced with PTFE ribs. The flange permitted 

placement after completion of both anastomoses. Reproduced with permission.14 

Copyright 2007, Elsevier. 
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Table 2-1 Recent Clinical Trials Utilizing External Supports and/or Localized 

Therapeutics 

Reproduced with permission.272 Copyright 2016, John Wiley & Sons. 

Technology Intended use, Reference (Year) Outcome 

Dacron reinforced with 

PTFE ribs spaced 1 cm 

apart (Extent®, 

Vascutek Inc.) 

Saphenous vein grafts of CABG 

patients, Murphy et al. (2007).14  

Thrombosis observed in all 20 CABG 

patients within 6 months. 

Dacron mesh with 750 

μm pores (ProVena®, 

B. Braun) 

Varicose or ectatic vein grafts utilized 

in peripheral bypass patients, Carella 

et al. (2011).89  

Safety demonstrated in initial trial, but no 

patency benefit observed in 21 treated 

patients compared to untreated control 

group. 

Nitinol mesh (eSVS 

Mesh®, Kips Bay 

Medical) 

Saphenous vein grafts in CABG 

patients, Emery et al. (2015).91 

Clinical trial terminated in September 2015 

due to low patency rates 

Braided Phynox mesh 

(Fluent®, Vascular 

Graft Solutions) 

Saphenous vein grafts of CABG 

patients, Taggart et al. (2015).92 

Reduced intimal hyperplasia, less ectasia, 

and more lumen uniformity observed after 

1 year in 30 patient trial.  

Nitinol mesh (VasQ®, 

Laminate Medical) 

Arteriovenous fistula anastomoses, 

Chemla et al. (2016).93 

Adequate safety with high maturation and 

patency rates observed after 6 months in 20 

patient trial.  

Replication-deficient 

adenoviral vector 

expressing a VEGF-D 

gene localized to the 

anastomosis with a 

collagen collar 

(Trinam®, Ark 

Therapeutics Group) 

Arteriovenous graft (PTFE-vein) 

anastomoses of hemodialysis patients, 

Fuster et al. (2001).94  

Phase III trial was terminated due to 

“strategic reasons” in November 2010. 

Collagen gel loaded 

with allogenic 

endothelial cells 

(Vascugel®, Shire 

Pharmaceuticals) 

Arteriovenous graft or fistula 

anastomoses of hemodialysis patients, 

Conte et al. (2009).95  

No patency benefit demonstrated in two 

Phase II clinical trials, one of these studies 

was terminated in October 2014. No longer 

an active program at Shire. 

Nonbiodegradable 

ethylene vinyl acetate 

wrap eluting paclitaxel 

(Vascular Wrap®, 

Angiotech 

Pharmaceuticals) 

Arteriovenous graft (PTFE-vein) 

anastomoses in hemodialysis patients. 

Initially applied to PTFE-vein 

anastomoses of patients undergoing 

peripheral bypass surgeries, Mátyás et 

al. (2008).96 

Phase III clinical trial terminated in April 

2009 due to a higher infection rate in the 

treated group, with no demonstrated 

patency benefit. Initial trial in peripheral 

bypass patients showed lower amputation 

rates in treated group.  

Sirolimus-eluting 

collagen membrane 

(Coll-R®, Vascular 

Therapies) 

Arteriovenous graft or fistula 

anastomoses of hemodialysis patients, 

Paulson et al. (2008).97 

Safety and technical feasibility 

demonstrated in Phase I/II trial. Currently 

recruiting patients for Phase III trial. 
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Figure 2-13 Design consideration for external stents 

External stents have demonstrated an ability to reduce neointimal hyperplasia by promoting 

exudate accumulation in the interstitial space between the graft and stent, promoting 

adventitial angiogenesis, and reducing tangential wall stress. The external stent design 

should be carefully considered to maximize vein graft and hemodialysis access patency. 

Passive design approaches take into account material selection and device geometry. 

Active approaches incorporate therapeutics and/or modify the surface to change the 

bioactivity of the external stent. Reproduced with permission.272 Copyright 2016, John 

Wiley & Sons. 
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2.5 Design Considerations for External Stenting 

2.5.1 Passive Approaches – Material and Geometric Design Considerations 

2.5.1.1 Seminal Studies Shifting from Nondegradable to Biodegradable External Stents 

The type of material selected will influence the biodegradability, biocompatibility, 

and mechanical properties of the device, among other considerations.91-93  Like the other 

materials used as external sheaths at the turn of the 21st century such as Nitinol10, 11, 94 and 

Phynox (a wrought Cobalt-Chromium-Nickel-Molybdenum-Iron Alloy)95-98 metals or 

polymers such as polypropylene82 or ePTFE,85, 99-103 Dacron is nonbiodegradable. This is 

of concern because long-term implantation of nondegradable material carries a greater risk 

of infection, chronic inflammation, and/or compliance mismatches at different 

interfaces.104-111 In contrast, hydrolytically degradable polyesters such as polyglactin 

(PGA) and poly(ε-caprolactone) (PCL), natural polymers (e.g. collagen or hyaluronic acid), 

or combinations thereof meet this criterion in addition to exhibiting good 

biocompatibility.93 In 2004, Jeremy et al. and Vijayan et al. became the first researchers to 

employ a biodegradable material for external stenting of SVGs (Figure 2-14).106, 107 In two 

separate studies, they demonstrated the ability of a PGA sheath to prevent neointimal and 

medial thickness in a bilateral saphenous vein-to-common carotid artery interposition graft 

model.106, 107 Not only was there an effect in the one month following surgery when the 

PGA device was still intact,106 but also well after its presumed 60 - 90 day degradation 

period112, 113 at 6 months.107 An abundance of inflammatory cells such as macrophages and 

giant cells, as well as endothelial cells, VSMCs, and microvessels in and around the 

material, were observed at both 1 and 6 months (Figure 2-15, Figure 2-16, Figure 2-17). 

These cells, particularly the macrophages and giant cells, accelerate degradation of the 

scaffold. The authors also postulated that the battery of chemokines and growth factors 
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released by these cells could help to attract VSMC migration towards the external stent 

instead of the intima while simultaneously spurring angiogenesis that prevents hypoxia 

(Figure 2-18). However, it stands to reason that a careful balance of this phenomena should 

be reached, as the authors concede that such an intense biological response as that seen at 

6 months is partially fibrotic and can lead to encapsulation of the scaffold with fibrotic 

tissue107 that could result in complications for a patient.114, 115 A strong inflammatory 

response could also trigger NH and/or thicken the vessel enough that hypoxia-induced NH 

becomes an issue.56, 57, 80 

 

 
Figure 2-14 Dacron and polyglactin external stents 

A Dacron external sheath (top) as compared to polyglactin sheath from Vascutek Ltd 

(bottom). Both are 8 mm in diameter. Reproduced with permission.106 Copyright 2004, 

Elsevier. 
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Figure 2-15 Porcine vein graft responses to PGA external stent treatment 

Photomicrographs of pig SVGs fitted with an 8 mm PGA external stent after one month. 

In and around the PGA sheath, there is a high density of a) microvessels (white arrows), b) 

macrophages as revealed by immunostaining for MAC387, c) endothelial cells (blue 

arrow) and proliferating cells (PCNA positive, red arrow). Immunostaining for d) α-actin 

(brown) and giant cells (purple) reveals that VSMCs and giant cells have also accumulated 

in the interstitial space. In contrast, microvessels, macrophages, endothelial cells, and 

proliferating cells are largely absent in the media of the graft. Scale bar for 100 μm for a) 

and b), and 50 μm for c) and d). Reproduced with permission.106 Copyright 2004, Elsevier. 
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Figure 2-16 Neoadventitial growth from PGA external stent treatment 

After one month treatment of pig SVGs with the PGA external stent, a notable 

neoadventitia has formed with endothelial cells lining microvessels and undergoing active 

angiogenesis. a) Lectin staining (brown) reveals a prominence of adventitial endothelial 

cells. The black arrow shows blood cells filling microvessels, while some VSMCs surround 

endothelial cells (white arrow). b) VEGF is also present, indicating active angiogenesis is 

taking place. Scale bar 50 μm. Reproduced with permission.107 Copyright 2004, Elsevier. 
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Figure 2-17 Multilobed giant cells present within interstitial space from PGA 

external stent application 

A PGA external stent fitted around pig SVGs after one month demonstrates multilobed 

giant cells (arrows) with dark blue nuclei located within the interstitial space. Reproduced 

with permission.107 Copyright 2004, Elsevier. 
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Figure 2-18 Speculative mechanism of action of external stent treatment deduced by 

Jeremy et al. 

Schematic illustrating the main events stipulated to be responsible for the ability of external 

stents to reduce NH. First, an exudate forms in the interstitial space between the graft and 

sheath. The fibrin-rich exudate may trigger adventitial angiogenesis and promote cell 

migration. Second, macrophage and giant cell infiltration creates a chemotactic gradient, 

promoting VSMC migration from the media to the sheath. As endothelial cells are also 
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drawn to the external stent by chemotaxis, they can act as building blocks along with 

VSMCs to promote neovasa vasorum formation. The neovasa vasorum is then further 

promoted by the battery of angiogenic factors that are secreted by the infiltration 

macrophages and giant cells. Reproduced with permission.116 Copyright 2007, Elsevier. 

 

2.5.1.2 Bodily Response to Implantation 

Like any other implant, implantation of an external stent around the vein results in 

some degree of injury to the surrounding tissue that perturbs homeostasis and results in a 

complex wound healing response.91 As alluded to earlier, the intensity and duration of this 

inflammatory response may play an important role in the function of the external stent and 

defines the biocompatibility of the device. Physicochemical and geometric properties of 

the external stent  partially govern this response, which is characterized by the degree of 

acute inflammation, chronic inflammation, granulation tissue formation, foreign body 

reaction, and fibrosis.91 The foreign body reaction, comprised of foreign body giant cells 

and granulation tissue (i.e. macrophages, fibroblasts, capillaries), is a critical step in the 

type of biological response elicited and is highly dependent upon the topology and surface 

chemistry of the implant. These properties mediate the type and quantity of proteins 

adsorbed on the surface of the substrate, which provide ligands for monocyte or 

macrophage attachment and may also signal the macrophage fusion process that generates 

foreign body giant cells.91  

It is unclear what degree of inflammation and foreign body reaction is ideal for 

external stenting. However, it has been shown that complement and mast cells migrate onto 

NH-reducing macroporous polyester sheaths and deposit ECM proteins. Lymphocytes, 

neutrophils, giant cells, and T-cells were shown to be entrapped by these sheaths,7 but not 

with the ineffective microporous ePTFE stents.83, 117 In general, substrates with higher 

surface area-to-volume ratios such as porous materials exhibit higher ratios of macrophages 
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and foreign body giant cells, whereas smooth surfaces with low surface area-to-volume 

ratios exhibit a significant degree of fibrosis. From this perspective, porous substrates may 

be preferable to nonporous or less porous ones as fibrosis is intrinsically linked to NH,115 

but a balanced response is desired for a normal wound healing process to occur.90 As 

meshes tend to be highly porous, comparative studies in the hernia repair environment have 

shown that the foreign body reaction is fairly uniform regardless of mesh type, but different 

raw materials affect the extent of the reaction.90, 118 Studies comparing inflammatory 

responses between different materials are limited. In one such study, Dacron meshes 

exhibited the greatest foreign body reaction and chronic inflammatory response compared 

to ePTFE and polypropylene meshes in a mouse subcutaneous implantation model.119 

Meanwhile, ePTFE meshes were encapsulated with fibrotic tissue, exhibiting a significant 

amount of fibrosis at 12 weeks. Of the three materials compared, polypropylene exhibited 

the greatest biocompatibility, with less fibrosis and foreign body reaction. Coating 

polypropylene with a rapidly degrading material such as polyglactin increased 

inflammation after 40 days in a rat abdominal wall implantation model,120 supporting the 

notion that degradation products elicit inflammatory responses. Of course, the nature of 

these degradation products and the rate by which the polymer is degraded will influence 

the type of inflammatory response observed. The nature of degradation products is 

determined by the material selected, whereas the rate of degradation is also influenced by 

the polymer’s molecular weight, crystallinity, and porosity.92, 121 In concert with studies 

that elucidate optimal inflammatory responses for external stenting, biocompatible, 

biodegradable materials can be devised that minimize NH and vein failures by promoting 

some degree of adventitial angiogenesis and meeting other axiomatic criterion. 
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2.5.1.3 Choosing Biomaterials Based on Biodegradation Timescale 

Fundamentally, implanted materials should not evoke a toxic or exacerbated 

inflammatory response and should have a degradation profile and mechanical properties 

that match the adaptive needs of the vein in the arterial circulation.93 While the critical 

adaptive period of vein grafts is not exactly known and may vary depending on the patient, 

vein wall thickening has been shown to continue for over 12 weeks into arterial exposure 

in a rabbit jugular vein-to-carotid artery model.4 Although further study may be required 

to verify whether wall kinetics in CABG, PABG, and ESRD patients precisely resemble 

this timeline, this suggests that a sheath should remain relatively intact for at least 3 months. 

PGA loses its strength when hydrolyzed over 1 – 2 months, as well as polydioxanone 

(PDX),92 and therefore may not be ideal materials through the completion of vein 

remodeling around 3 months. Mechanical integrity is not an issue for nondegradable 

materials such as Dacron or metals but, as previously discussed, these types of implants 

carry a greater risk of infection, compliance mismatches, or other complications. Materials 

that degrade more slowly than PGA may provide a happy medium between 

biodegradability and mechanical integrity. For example, copolymers of PGA (85/15 

poly(lactic-co-glycolic acid) (PLGA)) and PDX (50:50 poly(dioxanone-co-

cyclohexanone) (PDS)) degrade over 5 – 6 months,93, 122 which may be a sufficient amount 

of time to provide mechanical support. On the other hand, PCL degrades very slowly (2 – 

3 years), and since some studies suggest degradation can act as a chemoattractant for 

external migration of VSMCs,106, 107 it may be desirable to reduce the degradation time. 

This can be done with a 75/25 poly(ι-lactide-co-ε-caprolactone) (P(LA/CL) copolymer that 

has approximately 95% of its mass remaining 3 months after rat implantation.123 The 

potential of these approaches for external stenting has not been extensively explored.124-126 
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Recently, Sato et al. examined 6 – 12 month patencies in 24 canine femoral vein-to-femoral 

artery interposition grafts reinforced with either a loose (8 mm) 75/25 poly(ι-lactide-co-ε-

caprolactone) (P(LA/CL)) mesh, a nonabsorbable stent, or no stent (control).126 The 6 - 12 

month patencies for the P(LA/CL)-treated grafts (100%) were significantly better than both 

the nonabsorbable stent group (72.2%) and control groups (63.6%) despite the absorbable 

and nonabsorbable groups exhibiting equivalent NH reduction relative to control. The 

authors speculated that the more variable luminal perimeters and intimal-medial 

thicknesses for the nonabsorbable group may suggest that compliance mismatches played 

a role in the lower patency rates for this group. Follow-up studies examining potential flow 

disturbances will be needed to verify this claim. 

 

2.5.1.4 Type and Amount of Mechanical Support Provided by External Stents 

Another important consideration for an external stent is the amount of mechanical 

support that it provides to the thin, compliant venous walls in the high pressure, high flow 

arterial environment. Preventing overdistention of the vein was hypothesized in early 

studies as one way to avert structural collapse by limiting turbulence caused by diameter 

mismatches between vein and artery.82-85 Upon examination of several mechanical factors 

involved in wall thickening in canine autogenous vein grafts, Dobrin et al. observed that 

intimal and medial thickening associated most with low fluid shear stress and distention, 

respectively.62 Likewise, Kohler et al. postulated that external supports preventing 

distention limit wall thickening because these hyperplastic responses are regulated in part 

by tangential wall stress - the ratio of luminal radius to wall thickness.85 However, Violaris 

et al. showed in a pig SVG model that constrictive 4 mm PTFE external stents lowered the 

luminal cross-sectional area and increased NH despite medial thinning, which may 
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compromise blood flow through the graft.86 Comparing pig SVG responses to 4, 6, and 8 

mm Dacron sheaths, Izzat et al. demonstrated that loose-fitting Dacron meshes 8 mm in 

diameter exhibit the greatest attenuation of NH.8 Since this time, numerous studies have 

adopted these findings to show the positive effects of loose-fitting external meshes to 

improve patencies and reduce NH.6, 7, 9, 106, 107, 126 In these studies, the luminal area of 

stented grafts tended to increase to areas close to that of the carotid artery that it was 

replacing. Although some unstented grafts dilated while others did not relative to treated 

grafts, untreated grafts were consistently far thicker in terms of total wall thickness, with 

more NH and luminal encroachment. External stents did not suppress or restrict dilation, 

as the total cross-sectional areas (luminal + wall) were similar between untreated and 

treated grafts, but did promote interstitial adventitial growth between the graft and stent. 

Taken together, these observations imply that the adventitial growth promoted by external 

stenting may absorb some of the wall stresses experienced by the vein. The role of the 

neoadventitia in reducing wall tension may help explain why both constrictive metal 

meshes10, 11, 94, 97, 98, 127-129 and loose-fitting polymeric approaches promoting adventitial 

angiogenesis can reduce NH. Metal based approaches have been shown to reduce wall 

tension, asymmetric wall thickening, and turbulence without promoting vascularization,94, 

97, 98, 127-132 but may ultimately suffer from fibrotic responses (Figure 2-19) and tissue 

buckling or kinking.10 Although there is some promise with ongoing clinical trials utilizing 

a braided Phynox mesh (Fluent®, Vascular Graft Solutions)97, 129 to support vein grafts in 

CABG and a Nitinol mesh to support fistulas for hemodialysis patients (VasQ®, Laminate 

Medical),133 a recent clinical trial reinforcing vein grafts in CABG with a Nitinol mesh 
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(eSVS Mesh®, Kips Bay Medical) was terminated due to lower patency rates. It is possible 

that this also may have been due in part to tissue buckling or kinking.134, 135  

 

Figure 2-19 Effects of a constrictive Nitinol mesh on baboon infrainguinal bypass 

grafts 

Macroscopic comparison of vein grafts 6-weeks after baboon infrainguinal bypass 

supported by 6.7 mm meshes (left, a and c) and more constrictive 3.3 mm meshes (right, b 

and d). Fibrosis and NH are rampant in the less constrictive meshes, while NH is 

suppressed from the 3.3 mm ones. Reproduced with permission.10 Copyright 2008, 

Elsevier. 

 

Superior biocompatibility, biodegradability, and flexibility warrant further studies 

that examine the mechanical impact of adventitial growth from polymeric external stenting, 

and how these variables might govern wall remodeling. Moreover, the diameter of the 

device is not the only factor involved in the type of mechanical support that is provided. 
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The inherent stiffness and biodegradability of the material, type of mesh (e.g. knitted, warp-

knitted, woven, nonwoven, electrospun, ablated sheets),90 thickness,136, 137 and porosity138-

141 all factor into the mechanical support that it imparts. For example, reducing the 

thickness and increasing porosity limits stiffness and increases flexibility. Few studies to 

date have examined the influence of other variables besides device diameter on mechanical 

support and its ultimate effect on venous responses, hemodynamics, and graft patency. 

 

2.5.1.5 Role of Pore Parameters on the Effects of External Stenting 

Pore size, porosity, and pore spacing (i.e. interconnectivity) clearly impact the 

mechanical properties of an external stent; greater void space from larger and more 

interconnected pores means less mechanical force applied to expanded venous tissue unless 

other properties are simultaneously altered such as mesh type and thickness. Pore 

parameters also affect the surface area-to-volume ratio and topology of the external stent, 

and play a large role in the extent of inflammatory reactions observed.90, 140, 142 As 

previously discussed, the degree and duration of inflammation influences anti-neointimal 

angiogenic and chemoattractant responses.116, 143 The positive effects observed from 

neoadventitial vascularization and accumulation of chemoattractants within the interstitial 

space between polymeric supports and venous tissue suggests that pore designs should be 

implemented that promote these characteristics to some degree. Few studies have directly 

examined the effect of an external stent’s pore size on neoadventitial growth and NH, and 

analysis is made difficult by the fact that pore sizes of the meshes used are often unspecified. 

George et al. observed that external macroporous (presumably 750 μm diameter like 

ProVena®) Dacron sheaths helically wound with polypropylene significantly reduced NH 
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relative to microporous PTFE stents after one month in a porcine saphenous vein-to-carotid 

artery interposition graft model.88 This reduction in NH was accompanied by an increase 

in adventitial microvessel growth and a decrease in PDGF expression and cell proliferation. 

However, the analysis from this study is complicated by the fact that two different materials, 

Dacron and PTFE, were used to compare effects of pore size. These materials bestow 

different mechanical and immunogenic properties. For example, Dacron exhibits a greater 

foreign body reaction and more chronic inflammation, while PTFE exhibits a significant 

amount of fibrosis.90, 119 Future studies should isolate the effects of pore size by utilizing 

the same material. 

It is difficult to determine what pore sizes are ideal for an external stent’s ability to 

reduce NH and maintain patency without controlled studies isolating influences of the 

material and other parameters. It is generally accepted that pores and interconnections must 

be larger than 50 – 100 μm to promote blood vessel ingrowth, cell invasion, and enhanced 

biological responses without filling the pores with scar tissue.90, 144, 145 In general, larger 

pores exhibit less scarring, inflammatory infiltrate, and connective tissue.90, 146, 147 However, 

pore size requirements will differ depending on the material selected as well as the tissue 

environment where it is applied. For example, polypropylene requires pores larger than 1 

mm while pores smaller than 650 μm are adequate for PVDF to obviate scarring between 

pores in abdominal wall hernias.148 To enhance bone tissue formation by vascularization, 

pore sizes greater than 300 μm are recommended.149, 150 Complicating matters further, 

when most studies vary one pore variable, another is changed. For example, no significant 

differences in vascularization or bone tissue ingrowth were detected over 8 weeks for PCL 

scaffolds (pore sizes of 350, 550, and 800 μm), but Roosa et al. admitted that simultaneous 
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changes in porosity between the groups may have influenced the results.150 In light of these 

compounding factors, Bai et al. varied pore size while holding both interconnectivity and 

porosity constant.145 In a rabbit model, β-tricalcium phosphate (TCP) cylinders with pores 

greater than 400 μm (i.e. 415, 557, and 632 μm) implanted into the fascia lumbodarsalis 

exhibited far more neovascularization than the 337 μm scaffolds.145 More studies like this 

are needed with external supports in the venous environment to properly isolate variables 

and engineer supports that optimize mechanical, biological, and hemodynamic effects. 

 

2.5.1.6 Localization and Length of External Support 

External stents should be designed that properly support veins and grafts in the 

areas most prone to failure, namely, directly around and adjacent to the distal (venous) 

anastomosis. Approximately 60% of stenoses in ePTFE hemodialysis grafts occur at or 

within 1 cm of the venous anastomosis, with another 4 – 29% at the proximal (arterial) 

anastomosis.52 Venous injury from surgical trauma, compliance mismatches between the 

artery, vein, and/or graft,111 and powerful, pulsatile arterial flow at the irregularly-shaped 

end-to-side geometry of the anastomoses gives rise to intense wall shear stress gradients 

and complex turbulent flow conditions (Figure 16).151 This ultimately leads to significant 

NH at the shoulder and cushioning regions of the venous anastomosis, 152 which yields 

more drastic wall shear stress gradients and turbulent flow conditions that cause more NH 

in a vicious cycle.153, 154 Few, if any, external stents today have been engineered to stop 

this vicious turbulence-induced NH cycle by effectively reducing compliance mismatches, 

tangential wall stresses, and asymmetric wall thickening. Trubel et al. demonstrated that 

sheep vein grafts wrapped with 8 mm Dacron meshes increased NH at the venous 

anastomosis with an approximately 2.5-fold increase in NH at this location compared to 
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unstented controls.155 This indicated to the authors that these meshes should not be applied 

at the anastomosis, and may be the result of encompassing this region asymmetrically.116 

Similarly, it was advised after poor patency results in clinical trials135, 156 that the 

constrictive Nitinol eSVS mesh not be applied to the anastomoses as it could restrict the 

blood flow through the graft.12 A different Nitinol design, VasQ®, was devised by 

Laminate Medical to more easily fit around the venous anastomosis of hemodialysis fistula 

patients. Early clinical trials demonstrated adequate primary patency of 79% at 6 months 

for 20 patients133 compared to historical levels of 60% at 12 months.2 Although VasQ® 

still needs to go through significant clinical trials to become available in the US, it 

highlights how practical considerations related to surgery time, ease of use, and avoidance 

of injury from surgical implantation should be incorporated in designs to make wrapping 

around the critical venous anastomosis a more straightforward and beneficial process than 

in the past. The optimal geometry and length to achieve desirable biological and 

hemodynamic responses is still unclear and may vary depending on the material selected.  
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Figure 2-20 Spatial distribution of neontimal hyperplasia in CABG vs AVGs 

The spatial distribution of NH a) in SVGs from CABG and b) in AVGs. WSS denotes wall 

shear stress, WSSG represents the WSS gradient, and OSI is the oscillatory shear index 

(i.e. the amount of turbulence). Reproduced with permission.61 Copyright 2003, Springer. 

 

 

2.5.2 Active Approaches – Applying Therapeutics to the Adventitia to Reduce Vein 

Failures 

2.5.2.1 Rationale for Localized, Sustained Delivery of Therapeutics 

Incorporation of therapeutic agents into external supports can also be considered to 

improve vein graft and hemodialysis access patency. Localized, sustained release of a 

therapeutic with mechanisms that align with or are complimentary to the external stent can 

result in even greater positive outcomes. However, many of the current approaches 

employing therapeutics to-date have put more focus on the therapeutic itself without as 
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much consideration on the material choice and stent design. The main strategy behind this 

methodology is to create a therapeutic depot for longer lasting effects and administer higher 

localized concentrations of drugs to the outer adventitial layer while minimizing damage 

to the endothelium.45  

 

2.5.2.2 Clinical Trials for Therapeutic-Eluting External Supports 

A handful of such approaches have reached clinical trials for improving 

hemodialysis access patency, but none have been successfully translated to-date. Two of 

them employed a collagen hydrogel that degrades within weeks, and therefore largely 

isolated the effects of the therapeutic without the added benefit of longer-term mechanical 

support. Both aimed to reduce NH by promoting angiogenesis, one by loading the gel with 

an adenoviral vector containing the VEGF-D gene (Trinam®, Ark Therapeutics Group)157, 

and the other by loading the gel with allogenic endothelial cells (Vascugel®, Shire 

Pharmaceuticals).158 Trinam® completed a Phase IIb clinical trial but its Phase III trial was 

terminated for “strategic reasons”,157 while Vascugel® completed two clinical trials 

without showing significant patency benefit, terminated a Phase II study, and is no longer 

a publically-active program at Shire.158 A third approach loaded a nonbiodegradable 

ethylene vinyl acetate wrap with paclitaxel (Vascular Wrap®, Angiotech 

Pharmaceuticals),159 but the Phase III clinical trial was terminated due to higher infection 

rates in the paclitaxel-treated group. Currently, a sirolimus-eluting collagen membrane 

(Coll-R®, Vascular Therapies) is recruiting patients for Phase III clinical trials after 

completing a first-in-man study demonstrating safety and technical feasibility.160 Although 

Coll-R® is biodegradable, it may still bestow infection risks as the immunosuppressant 
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activity of sirolimus has been shown to increase superficial wound infections and other 

complications following kidney transplantation.161, 162 Furthermore, the collagen matrix is 

unlikely to provide much in the way of beneficial mechanical support as it degrades rapidly. 

For these reasons, alternative therapeutics such as those mentioned on page 10 may 

ultimately be a better option than sirolimus, and other polymeric delivery platforms may 

be preferable to collagen. 

 

2.5.2.3 Improving Localization and Release Duration of Therapeutics 

To maximize NH reduction and simultaneously minimize the risk of adverse 

complications, external supports should be engineered that sustain effective yet non-toxic 

drug concentrations localized within the vein walls without affecting the surrounding tissue. 

Several techniques have been investigated that aim to achieve these objectives by creating 

multi-layered systems, microneedles, altering the crosslinking density, copolymerizing, or 

combinations thereof.163-173 For example, biodegradable, elastomeric poly(1,8-

octanediolcitrate) copolymer membranes eluting vitamin A derivative all-trans retinoic 

acid (aTRA) exhibited a reduction in NH and restenosis in a rat carotid artery balloon injury 

model.173 In another approach, Sanders et al. created a tunable platform to release drugs 

unidirectionally towards the adventitia. 166 It involved the creation and iteration of a multi-

layer system consisting of a non-porous polymer layer ± a porous polymer layer ± a 

hyaluronic acid (HA) hydrogel layer loaded with the model drug sunitinib. The groups 

without the hydrogel had the drug loaded in the non-porous or porous layers instead of the 

hydrogel, and both PCL and PLGA were examined. The non-porous PCL layer sustained 

release 4-fold longer than the porous PCL construct (22 days vs. 5 days), while non-porous 

PLGA delayed release 3-fold (9 days vs. 3 days). It was demonstrated in an external jugular 
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vein porcine model that the non-porous PLGA bilayer evades drug loss, as significantly 

more drug was detected in the wrapped vein segment versus the adjacent extravascular 

muscle; at 1 week, 1048 ng g-1 were detected in the vein segment versus none in the 

extravascular tissue, while at 4 weeks, the amounts were 1742 and 52 ng g-1, respectively. 

Unidirectional approaches such as this more effectively localize and sustain release of 

therapeutics, but the effect of a nonporous layer on NH and angiogenesis was not examined. 

 

2.5.2.4 Comparing Material- and Therapeutic-Based Effects 

Material-based effects on graft/access patency should be thoroughly examined and 

understood before incorporating a therapeutic. While such combinatorial approaches are 

lacking, some recent approaches have compared material-independent effects to material-

drug combined effects.165, 170, 172 Skalsky et al. loaded 70/30 P(LA/CL) with the 

immunosuppressant sirolimus and compared graft responses at 3 - 6 weeks in a rabbit 

jugular vein-to-common carotid artery model.172 The group observed a significant 

reduction in intimal, medial, and intimal-medial thickening with both the mesh only and 

sirolimus-eluting mesh groups. Both groups exhibited a 73% reduction in intimal 

thickening after 3 weeks compared to the untreated graft. Levels of intimal thickening were 

the same compared to the untreated graft after 6 weeks for the sirolimus-eluting mesh, 

while that of mesh alone was 59% reduced at this timepoint. Medial thickness was 

relatively unchanged for the stent-alone group compared to the unstented graft, while the 

sirolimus-eluting mesh’s medial thickness was reduced 65% and 20% at 3 and 6 weeks, 

respectively. Therefore, the sirolimus-eluting mesh reduced the total wall thickness in 

comparison to mesh alone by 60% and 13% at 3 and 6 weeks. It stands to reason that 

through more optimization of stent design and a better understanding of its NH-reducing 
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mechanism, a drug better tailored to the external stent’s effects could be identified to 

maximize long-term patency.  

 

2.6 Conclusions 

Neointimal hyperplasia is the primary culprit for vein graft failure and hemodialysis 

access dysfunction. While several promising innovations have been devised, there is still 

no therapeutic approach currently available to patients to robustly prevent NH. External 

stents offer a particularly promising therapeutic avenue, as regulatory constraints may be 

lower for some of these devices, and it also offers the opportunity to combine a synergistic 

therapeutic payload. In order to translate these approaches to the clinic, a better 

understanding of NH that is specific to the material selected should be devised. Copolymers 

and modular iteration of design parameters can ultimately optimize external stent solutions. 

The effect of material chemistry, biodegradation timeline, mechanical properties, and 

geometry of the device and pores should all be carefully considered and tested for future 

devices. In combining biomedical engineering, clinical, and molecular biology insights, 

better solutions finding success in the clinic can be devised. 
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CHAPTER 3: AIM 1- CREATION OF SMP LIBRARY 

3.1 Introduction 

Shape memory polymers (SMPs) contain chemical and/or physical crosslinks that 

afford the ability to be programmed and fixed into a temporary shape until provoked by a 

specific external stimulus to recover their original, permanent shape 174. A diverse array of 

SMPs have been developed that recover their permanent shape in response to light 175, 

magnetic fields 176, electricity 177, moisture 178, or pH 179 for a variety of industrial, 

aeronautical, and biomedical applications and can be reviewed elsewhere 174, 180, 181. In 

contrast to their shape memory alloy counterparts, SMPs can be created with diverse, multi-

functional chemistries to enable drastic yet highly-controllable shape responses to various 

stimuli.182-185 SMPs that are thermo-responsive remain the most convenient and widely 

studied, drawing extensive interest in the biomedical field in part because of the high 

predictability and consistency of the body temperature stimulus.174, 186-188 The capability of 

thermo-responsive SMPs to recover their permanent shape near body temperature after 

programming into a distinct temporary shape provides an opportunity to develop the next 

generation of minimally-invasive medical devices 174, 186-188. For example, their temporary 

shape can be programmed to fit through a small-bore incision for catheter insertion at room 

temperature and, when heated at or near body temperature, the polymeric device recovers 

its original functional shape, such as a stent mesh for intraluminal expansion 188-190, an 

expandable foam to fill an aneurysm 191-193, a tubular graft to bypass bloodflow in the 

advent of minimally invasive bypass grafting procedures 194, or a corkscrew shape to 

remove endovascular blood clots 195-197. 
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To be used in such vascular applications, materials should exhibit mechanical 

strengths that accomplish intended functions and minimize adverse compliance mismatch-

induced host responses 108, 110, 198, 199, be biodegradable to prevent infectious complications 

105, 200-202, and demonstrate switch-like shape recovery near body temperature 202, 203 with 

favorable biocompatibility 204-206. SMPs triggered by melting temperature (Tm) may be 

more appropriate for many biomedical applications because they tend to exhibit sharper 

phase transitions and higher, more switch-like shape recovery than SMPs that respond to 

glass transition temperature (Tg) 
202, 207. Moreover, covalently-crosslinked SMP networks 

are often preferable to physically-crosslinked ones because they tend to undergo less creep 

and irreversible deformation during programming steps 174, 208, exhibiting superior shape 

memory properties and thermal stability 209. However, current approaches to synthesize 

Tm-triggered SMP thermosets require an additional methacrylate functionalization step or 

multistep monomer synthesis.203, 210, 211 

In this study, a new class of Tm-responsive SMPs with pendant, photocrosslinkable 

allyl groups, x%poly(ε-caprolactone)-co-y%(α-allyl carboxylate ε-caprolactone) (x%PCL-

y%ACPCL), are created in a robust, facile manner with readily tunable material properties. 

While Tg-triggered SMPs have been created via thiol-ene crosslinking between monomers 

containing thiol and allyl groups 212 or via pendant crosslinking of acrylate groups 213, this 

is the first study to create SMPs by photocrosslinking pendant allyl groups. The x%PCL-

y%ACPCL copolymerization format offers a convenient, combinatorial approach to fine-

tune material properties of SMPs. The pendant allyl carboxylate-based crosslinkers enable 

pendant conjugation to growth factors, therapeutics, and extracellular matrix-derivatives 

via thiol-ene click chemistry 214, 215 or photocrosslinking of modified peptides 216 to control 
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cell and tissue responses. Allyl composition (y%) can be used to simultaneously control 

both the spacing of netpoints and crystallinity, offering an efficient means to tune 

thermomechanical, shape memory, and biological functions. Further tweaking of material 

properties and functions can be attained by altering other physicochemical properties such 

as molecular weight and gel content. Therefore, the new copolymerization format provides 

a unique, finely-tunable platform for studying structure-function relationships in order to 

better control biological responses and meet application requirements 217. 

PCL notably has many desirable properties for vascular applications including 

biocompatibility/bioresorbability, slow biodegradability (2 – 3 years in vivo), and 

mechanical compliance 121, but its Tm (> 50 oC) is too high for physiological applications. 

Previous efforts to lower its Tm near 37 oC and achieve either dual- or triple-shape memory 

functions involve incorporation or complexation of rigid and/or soft components, blending, 

branching, and molecular weight alteration 203, 210, 211, 218-223. In this study, the Tm is tuned 

near body temperature primarily through subtle alteration in the molar composition of 

x%PCL-y%ACPCL. This new pendant-crosslinking system with photocrosslinkable ally-

based crosslinkers offers the advantages of facile fabrication, robust tunability of material 

properties, and further functionalization with bioactive molecules. Molecular weight and 

gel content can also be controlled in this copolymerization format to fine-tune properties 

such as mechanical compliance and extensibility to more closely match that of the native 

artery, in turn reducing thrombotic and restenotic risks 121, 187, 199, 224. These SMPs exhibit 

exceptional shape memory properties with high elastic recovery and switch-like shape 

responses near 37 oC. In addition, these SMPs are compatible with vascular endothelial 

cells (ECs), as indicated by high levels of cell viability (≥ 85% after 91 hours relative to 
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tissue culture polystyrene (TCPS)) and healthy cell morphologies. These material features 

(e.g. high elastic recovery, ease of manufacturing and programming, low cost, vascular 

compatibility, tunable material properties, mechanical compliance, and biodegradability) 

are advantageous towards minimally invasive deployment of bulky, complex implantable 

devices for various biomedical applications 186-188, such as the aforementioned intraluminal 

stents, bypass grafts, or clot removal devices.  

 

3.2 Methods 

3.2.1 Materials 

Lithium diisopropyl amine (LDA), allyl chloroformate, anhydrous tetrahydrofuran 

(THF), diethylzinc solution (15 wt% in toluene), dichloromethane (DCM), ethyl acetate, 

hexanes, poly(vinyl alcohol) (PVA), and ethanol were used as purchased from Sigma-

Aldrich (St. Louis, MO). ε-caprolactone (CL) was dried with calcium hydride and vacuum 

distilled. To purify the synthesized α-allyl carboxylate ε-caprolactone (ACCL), Silica Gel 

Premium Rf (Sorbent Technologies, Norcross, GA) was first loaded into a glass column 

and wetted with 100% hexanes. Poly(methyl methacrylate) (PMMA) standards (Agilent 

Technologies, Inc., Santa Clara, CA) were used as purchased. SYLGARD® 184 Silicone 

Elastomer Kit (Dow Corning, Inc., Midland, MI) was used to prepare polydimethylsiloxane 

(PDMS) molds for preparing SMP shapes. MesoEndo Endothelial Cell Growth Media 

(Cell Applications, Inc., San Diego, CA) was used as purchased with passage 5-cultured 

human umbilical vein endothelial cell (HUVEC) and human coronary artery endothelial 

cell (hCAEC) lines (Cell Applications, Inc., San Diego, CA). Resazurin sodium salt 

(Sigma-Aldrich) was further diluted from prepared sterile 5 mM stock aliquots. Ethidium 

Homodimer-1 and Alexa Fluor® 488 Phalloidin were used as purchased (Molecular 
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Probes, Eugene, OR). For animal experiments, 5-0 Prolene sutures (Ethicon, Somerville, 

NJ) and optimal cutting temperature compound (OCT, Sakura Finetek USA, Inc., 

Torrance, CA) were used as purchased. 

 

3.2.2 Synthesis of ACCL monomer 

Analogous to other works 225-227, distilled CL (13.9 mL, 125 mmol) was added 

dropwise to a 250 mL round-bottom flask containing LDA (125 mL of 2 M in THF/n-

heptane/ethylbenzene, 250 mmol) in anhydrous THF (200 mL) at -78 °C. After 1 hour, the 

temperature was raised to -30 oC and allyl chloroformate (13.3 mL, 125 mmol) was added 

dropwise. Thirty minutes later, the temperature was raised to 0 °C and quenched with 

saturated NH4Cl (30 mL). The crude ACCL was diluted in H2O (100 mL), extracted with 

ethyl acetate (300 mL x 3), dried with Na2SO4, filtered, evaporated, and purified by column 

chromatography using Silica Gel Premium Rf (Sorbent Technologies) with 10% ethyl 

acetate in hexanes to yield the novel monomeric compound (58% yield, 14.3 g, 72 mmol).  

 

3.2.3 Synthesis of x%PCL-y%ACPCL copolymers 

Analogous to other works 225, 228, varying molar ratios of dried ACCL and CL (100 

mmol total) were introduced to a pre-dried test tube containing 1,6-hexanediol (0.5 mmol). 

The polymerization mixture was degassed with two freeze-purge-thaw cycles, submerged 

in a 140 oC oil bath, and catalyzed with dropwise addition of Zn(Et)2 (1 mmol, 15 wt% in 

toluene) for 1 hour. The solution was precipitated in cold diethyl ether and dried under 

vacuum to yield the novel polymeric compound. 
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3.2.4 Fabrication of crosslinked x%PCL-y%ACPCL and 100%PCL-dimethacrylate 

SMP Films 

Films of uniform thickness (~0.3 mm) were produced from a DCM solution (10 

wt% polymer, 1 wt% 2,2-dimethoxy-2-phenylacetophenone) via a thin film applicator 

(Precision Gage & Tool, Co., Dayton, OH) and 365 nm irradiation (4.89 J cm-2, 18.1 mW 

cm-2, 4 min) with a Novacure 2100 Spot Curing System (Exfo Photonic Solutions, Inc., 

Mississauga, Ontario, Canada). Films were then solvent casted and vacuum dried. 

 

3.2.5 Characterization of monomer, polymers, and crosslinked SMP films 

To characterize molar compositions of compounds, 1H-NMR was performed on 5 

wt% solutions in CDCl3 with a 300 MHz spectrometer (Bruker Instruments, Inc., Billerica, 

MA). Molecular weight properties were determined by gel permeation chromatography 

against PMMA standards using a Phenogel 10E3A column (Phenomenex Inc., Torrance, 

CA) in THF. Polydispersity (PDI) was determined by the Mw / Mn ratio. 

Equation 3-1: 

𝑋𝐺 = 𝑚𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑒𝑑 𝑚𝑖𝑛𝑖𝑡𝑖𝑎𝑙⁄ × 100% 

Thermal properties were determined by subjecting samples (n = 3 – 4) to two cycles 

from -80 oC to 150 oC on a Q1000 differential scanning calorimeter (DSC) (TA 

Instruments, Inc., New Castle, DE). Tm, crystallization temperature (Tc), Tg, enthalpy of 

fusion (∆Hm), and enthalpy of crystallization (∆Hc) are reported from the second cycle. 

Percent crystallinity, XC, is calculated as: 

Equation 3-2: 

𝑋𝐶 = ∆𝐻𝑚 ∆𝐻𝑚
𝑜⁄ × 100% 

where ∆𝐻𝑚
𝑜  = 139.5 J/g, the enthalpy of fusion for 100% crystalline PCL 229. 
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  To determine mechanical and shape memory properties of the SMP films, 

rectangular strips (~8 mm x ~2.2 mm x ~0.3 mm) were loaded (n = 3 – 4) into a tensile 

clamp affixed within a dynamic mechanical analyzer (TA Instruments Q2000). Similar to 

Guo et al. 230, tensile mechanical properties were determined isothermally at 37 oC with a 

stress ramp of 0.1 MPa min-1. The modulus at 37 oC, Etn(37 oC), was determined by 

measuring the slope in the initial linear region of the stress vs. strain curve. 

Shape memory properties were determined in controlled force mode by stress-

controlled thermomechanical cycling in which shape programming is controlled by stress 

and strain recovery is recorded under stress-free conditions 230-232. SMP films were (1) 

heated to Tm + 15 oC, equilibrated for 10 minutes to achieve the original permanent shape, 

εp(0), and programmed into an elongated shape by subjecting to tensile stress (0.004 MPa 

min-1 to 0.039 MPa), (2) cooled (2 oC min-1 to 0 oC) and equilibrated isothermally for 10 

minutes at 0 oC to yield the maximum strain, ε1(N), and (3) relieved of stress (0.004 MPa 

min-1 to 0 MPa) to yield the temporary shape, εu(N). (4) Heating (2 oC min-1) above Tm 

yielded the permanent shape, εp(N), after a final 10 minute isothermal equilibration step at 

Tm + 15 oC. Shape recovery, Rr(N), describes how well shape is recovered (εp(N)) in 

comparison to the beginning of the Nth cycle (εp(N-1)) after deforming to maximum strain 

ε1(N). Shape fixity, Rf(N), defines the ability to maintain programmed shape ε1(N) after 

unloading of stress to yield the temporary shape εu(N). 

Equation 3-3: 

Rr(N) =
ε1(N) −  εp(N)

ε1(N) − εp(N − 1)
× 100% 

Equation 3-4: 

𝑅𝑓(𝑁) =
𝜀𝑢(𝑁)

𝜀1(𝑁)
× 100% 
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3.2.6 Shape programming 

Closed-end polymer tubes (~1.0 – 2.0 cm length, ~0.90 mm in I.D., ~1.0 - 1.6 mm 

O.D.) were prepared by dipping a polyvinyl alcohol (PVA)-coated 0.90 mm O.D. glass 

capillary in the polymer film preparatory solution and UV-crosslinking as above. 

Capillaries containing the tubes were dried and immersed in deionized H2O and 100% 

ethanol before manually pulling the tubes off the capillaries. The tubes were washed with 

H2O, dried, and the open side of the tube was closed by dipping it in polymer solution and 

UV crosslinking. A guitar shape comprised of 96%PCL-04%ACPCL was prepared by first 

laser etching (Epilog Laser, Golden, CO) a 2 mm PDMS mold containing a CAD-designed 

guitar, then pouring the 94%PCL-06%ACPCL polymer solution into the mold and UV 

crosslinking  (365 nm, 26.1 J cm-2, 290 mW cm-2) on a 48 oC hotplate. 

 

3.2.7 Analysis of structure-function relationships 

A 13  10 matrix was constructed containing the mean values of each variable to 

be compared (13 variables) for each of the 10 polymer films. Matrix values were 

standardized to their z-score for more apt comparison between variables, and a covariance 

matrix was computed and plotted using MATLAB (MathWorks Inc., Natick, MA). To 

highlight structure-function relationships and minimize redundancy, only a portion of this 

matrix is presented. 
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3.2.8 HUVEC viability 

To prevent cell attachment on TCPS underneath test films, wells were coated with 

1% agarose solution. Agarose-coated wells were dried, washed with 100% ethanol, UV 

sterilized, and washed with MesoEndo Endothelial Cell Growth Media. Ethanol-leached, 

media-soaked polymer disks (~31 mm2, ~50 µm thick) were then placed on the agarose-

coated wells, and Passage 5 HUVECs (470 cells mm-2) were seeded directly on the film 

surfaces, TCPS (positive control), and 1% agarose (negative control) (n = 4). After 1.5 

hours, 150 µL of media was added. Viability was assessed at 9, 35, and 91 hour time points 

via the resazurin assay 233.  Briefly, resazurin was added to each well to achieve a 5 µM 

concentration in MesoEndo, incubated for 4 hours at 37 oC, and 560/590 nm 

excitation/emission of the supernatant was read on an Infinite® M1000 Pro plate reader 

(Tecan Group Ltd, San Jose, CA). Viable cell number was calculated based on a standard 

curve of fluorescence intensity from HUVECs on TCPS, and % cell viability was 

normalized to TCPS controls. All samples were tested in biological quadruplicates. 

 

3.2.9 HCAEC viability and morphology 

Cell viability was assessed for Passage 5 hCAECs seeded on TCPS (380 cells mm-

2) and subsequently co-incubated with ethanol-leached, media soaked films (n = 4). The 

resazurin assay was utilized in the same manner as that described above at 24 and 80 hours. 

Cell morphology was evaluated by seeding the Passage 5 hCAECs directly onto 

polymer disks (n = 4). After 3 days on the polymer disks or TCPS controls, cells were fixed 

with 4% paraformaldehyde (15 minutes), permeabilized with 0.5% Triton X-100 (10 min), 

and blocked with 10% bovine serum albumin (30 min). Cells were then incubated with 2 

µM Ethidium Homodimer-1 (10 min) and 50 µM Alexa Fluor® 488 Phalloidin (20 min). 
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Cells on polymer surfaces were imaged on a LSM 510 META Inverted Confocal 

Microscope (Carl Zeiss, LLC, Thormwood, NY), while TCPS controls were imaged with 

a Nikon Eclipse Ti inverted fluorescence microscope (Nikon Instruments Inc. Melville, 

NY). Images were post-processed and analyzed using ImageJ software (NIH, Bethesda, 

MD). 

3.2.10 Statistical Analysis 

All data are reported as mean  standard deviation (n = 3 - 4). In comparisons 

between individual groups, an unpaired, two-tailed Student’s t-test was used and p < 0.05 

was considered statistically significant. 

 

3.3 Results and discussion 

3.3.1 Synthesis and characterization of x%PCL-y%ACPCL copolymers 

To prepare this new class of SMP library, a novel α-allyl carboxylate ε-caprolactone 

(ACCL) monomer was first synthesized in a single reaction by lithium diisopropyl amine-

mediated carbanion formation at the α-carbon of ε-caprolactone (CL) and subsequent 

addition of allyl chloroformate (Figure 3-1A) 225, 227. 1H-NMR confirmed formation of the 

desired ACCL product, as indicated by characteristic allyl (5.92 (Gi) , 5.31 (Hii) and 4.63 

(Fii) ppm) and CL peaks (Figure 3-1C) 225, 226, 228, 234. Ring-opening (co)polymerization 

(ROP) of ACCL with CL using a diethylzinc catalyst and 1,6-hexanediol initiator generated 

a library of novel x%PCL-y%ACPCL (x and y: molar ratio) copolymers with y = 4.16 – 

14.5% as determined by the ratio of allylic CH protons (Gi, δ = 5.92 ppm) to CH2 protons 

at the ε-carbon of PCL and ACPCL units (εii, δ = 4.15 ppm) (Figure 3-1B and D, Table 

3-1) 225, 226, 228, 234. As a control, 100%PCL [Table 3-1, Mn = 11300 Da, PDI = 1.54] was 
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similarly synthesized by ROP of CL using stannous octoate and terminally-functionalized 

via reaction with 2-isocyanatoethyl methacrylate to yield 100%PCL-dimethacrylate 

[100%PCL-DMA, Table 3-1, Mn = 11628 Da, PDI = 1.41] with a terminal hydroxyl-to-

methacrylate conversion (DM) of 90.5% (Figure A-1 Synthesis of 100%PCL-DMA, 

Equation A-1:) 208, 235. Allylic compositions attained were lower than the ACCL:CL feed 

ratios due to lower reactivity of the ACCL monomer (Table 3-1, Figure 3-1E) 225, 228.  

Molecular weight [Table 3-1, Mn = 12 – 19 kDa, polydispersity index (PDI) = 1.78 – 2.50] 

was controlled by the 1,6-hexanediol initiator: total monomer ratio but was also influenced 

by the feed ratio of the less reactive ACCL monomer.225, 228 The higher PDIs and lower 

yields (22.6 – 56.6%) attained for these copolymers may be due to transesterification 

reactions involving both the polyester backbone and pendant allyl carboxylates.211, 225, 228 

There is a clear inverse relationship between several thermal properties and allyl 

composition, as the amorphous ACPCL disrupts PCL crystallinity, lowering the Tm and 

percent crystallinity (Xc) (Table 3-1).  
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Figure 3-1 Synthesis of PCL-ACPCL shape memory polymers 

(A) Synthetic scheme for ACCL and (B) x%PCL-y%ACPCL SMP networks. (C) 1H-NMR 

of ACCL (400 MHz, CDCl3, 25 oC, TMS): δ = 5.92 (m, 1H;, -CH=CH2 (Gi)), 5.31 (m, 2H; 
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-CH=CH2 (Hii)), 4.63 (m, 2H; -CH=CH2O (Fii)), 4.20 (m, 2H; -OCH2 (eii)), 3.73 (d, 
3J(H,H) = 10.7 Hz, 1H; -CHCH2CH2 (Ai)), 2.40 – 1.50 (m, 6H; -CH2 (bii,cii,dii)). (D) 1H-

NMR of 96%PCL-04%ACPCL (400 MHz, CDCl3, 25 oC, TMS): δ = 5.92 (m, 1H;, -

CH=CH2 (Gi)), 5.31 (m, 2H; -CH=CH2 (Hii)), 4.63 (m, 2H; -CH=CH2O (Fii)), 4.15 (m, 

2H; -OCH2 (eii)), 3.35 (m, 1H; -CH-CH2 (Ai)), 2.33 (t, 3J(H,H) = 7.5 Hz, 2H; -CH2 (aii)), 

1.96 (m, 2H; -CH2 (Bii)), 1.62 (m, 4H; -CH2 (bii,dii)), 1.39 ppm (m, 2H; -CH2 (cii)). (E) 

Influence of ACCL:CL feed ratio on x%PCL-y%ACPCL molar composition. Reproduced 

with permission.15 Copyright 2015, Elsevier.  

 

Table 3-1 Characterization of x%PCL-y%ACPCL copolymers.  

 

Reproduced with permission.15 Copyright 2015, Elsevier 

 

3.3.2 Fabrication and characterization of crosslinked x%PCL-y%ACPCL SMP 

networks 

A subset of x%PCL-y%ACPCL copolymers and the 100%PCL-DMA control were 

photocrosslinked to create the shape memory effect and evaluated in terms of gel content, 

thermal, mechanical, and shape memory properties. It was desired to produce SMPs with 

Tm’s both slightly above and below 37 oC as surgical preferences for the onset of shape 

recovery depend on the particular application 188, 236, 237. In order to be used for various 

vascular applications (e.g. endovascular stents, bypass grafts), it was also desired that the 

SMP library exhibits tunable mechanical properties, with sufficient compliance and 

extensibility. Moreover, complete and repeatable shape recovery with an on-off “switch-

like” response to small temperature changes is sought after in order to tightly control shape 
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memory behavior and preserve implant integrity and function following shape 

programming and recovery.  

Gel content, which relates to the percent crosslinking of the material, is independent 

of composition (Figure 3-5, subset) and was an average of 57.3  7.2% for the x%PCL-

y%ACPCL films after photocrosslinking (365 nm, 4.89 J cm-2, 18.1 mW cm-2), well above 

the 10% 238 or 30% 239 threshold for achieving the shape memory effect in other SMP 

networks (Table 3-2). Higher gel content films can be achieved for each composition by 

increasing the UV dosage, but are not included here because they exhibit hindered shape 

memory functions due to low crystallinity. Crosslinking of the materials resulted in a Tm 

reduction from 45.9 – 32.5 oC to 43.4 – 29.7 oC for y = 4.16 – 14.5% copolymer films 

(Table 3-1 and Table 3-2) due to the restricted mobility of the crosslinked polymer chains. 

203, 211, 230 This reduced chain mobility also disrupts the alignment of chains after melting, 

as indicated by a reduction in the percent crystallinity (XC) after crosslinking 211.  There is 

a clear dependence of all thermal properties (except for Tg) on molar composition for the 

crosslinked polymers (Table 3-2, Figure 3-2 and Figure 3-5), as amorphous ACPCL 

disrupts the crystallinity of PCL and simultaneously lowers the Tm, XC, crystallization 

temperature (Tc), and enthalpy of crystallization (∆Hc). Copolymers with > 15%ACPCL 

follow the same trend, but were not considered for this paper because their low crystallinity 

inhibits their shape memory utility. The XC generated is similar to branched PCL 

crosslinked films 203, indicating that switch-like shape recovery behavior is feasible with 

these SMPs. Crosslinking produced a library of SMPs with ideal switching temperatures 

(i.e. Tm’s near 37 oC) and sufficient XC for complete shape recovery and switch-like 

behavior in physiological applications. 
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Table 3-2 Gel content and thermal properties of crosslinked x%PCL-y%ACPCL 

SMP films. 

 

Reproduced with permission.15 Copyright 2015, Elsevier. 

 

 

Figure 3-2 Thermal properties of crosslinked SMP networks 

(A) DSC overlay and (B) correlation between y%ACPCL and thermal properties for 

crosslinked x%PCL-y%ACPCL SMP networks. Reproduced with permission.15 Copyright 

2015, Elsevier. 

 

Mechanical properties of the SMP test films were assessed isothermally at 37 oC to 

determine suitability for vascular applications. The elasticity was of the same order of 

magnitude or one lower than the 100%PCL-DMA control [Table 3-3, for y = 4.16 – 14.5%: 

tensile modulus at 37 oC (Etn(37oC)) = 70.8 - 2.48 MPa], which may be considered desirable 

compliance for vascular applications considering that this is only marginally less compliant 

than arteries 121, 187, 199, 203, 224. By comparison, healthy human coronary arteries exhibit an 

average physiological elastic modulus of 1.48 MPa 240. The higher y%ACPCL crosslinked 
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copolymer films displayed an order of magnitude lower Etn(37oC) that more closely 

matches that of native arteries and is primarily the result of these materials partially or fully 

melting at 37 oC 203. Stress-to-break, σmax, exhibits a similar trend as XC, decreasing from 

3.15 to 0.46 MPa as y% increased from 4.16 to 14.5%.  All materials exhibit good ductility 

at 37 oC, with >100% strain-to-break, εmax, for every test film but 85%PCL-15%ACPCL 

(εmax = 71.5 ± 40.6%), which may be adversely affected by its low crystallinity (Table 3-3). 

These experiments demonstrate that the library of crosslinked SMPs has appropriate 

extensibility and compliance for vascular applications. 

 

Figure 3-3 Mechanical properties of crosslinked SMP films 

Stress vs. strain curves for crosslinked x%PCL-y%ACPCL SMP networks at 37 oC. 

Reproduced with permission.15 Copyright 2015, Elsevier. 

Table 3-3: Mechanical and shape memory properties of crosslinked SMP films.  

 

a A 96%PCL-04%ACPCL test film with XG = 36.7  8.6% had Rr(1) = 99.9  0.2, Rr(N) 

= 99.8  0.4%, and Rf(N) = 99.8  0.1%. Reproduced with permission.15 Copyright 2015, 

Elsevier. 
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Next, their shape memory properties were evaluated by stress-controlled 

thermomechanical cycling in which shape programming is controlled by stress and strain 

recovery is recorded under stress-free conditions (Figure 3-4A – C).230-232 Some of the SMP 

films, most notably 96%PCL-04%ACPCL, exhibit shape changes when heated above their 

Tm for the first time during the equilibration step at Tm + ~15 oC before any stress is applied 

(i.e. ~39% negative strain at 60 oC in Figure 3-4A). Similar to crosslinked semi-crystalline 

SMPs utilized in heat-shrink tubing applications,174, 241-243 this indicates that the film 

fabrication process (i.e. UV irradiating the SMPs below their Tm) can effectively fix the 

films in an ambient temporary shape. Heating beyond their Tm for the first time triggers 

recovery of an entropically-favored permanent shape, εp(0), that may differ from the 

temporary shape formed during the crosslinking event at room temperature. SMPs should 

therefore be photocrosslinked above their Tm in the future to avoid any possible 

unanticipated alterations in the permanent shape. Smaller stresses than those in Figure 3-3 

are required to achieve comparable levels of strain because the programming step is carried 

out at temperatures higher than 37 oC (Tm + ~15oC). Shape fixity (Rf) represents the ability 

of materials to be programmed and fixed into a temporary shape (e.g. thread-like shape) 

and was > 98% for select films of every composition (Table 3-3). This indicates that even 

less crystalline materials have strong enough interactions between polymer chains 174, at 

least at freezing temperatures, to properly immobilize and fix a temporary shape. Shape 

recovery after the first cycle, Rr(N), which indicates the quantitative ability of materials to 

recover their permanent shape (e.g. tubular shape), was > 98% for test films of every 

composition except for 85%PCL-15%ACPCL (Rr(N) = 86.9  4.7%) (Table 3-3). The 
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lower Rr, XC, and ductility of crosslinked 85%PCL-15%ACPCL films indicate that the 

lower crystallinity and energy associated with the melting transition of materials with ≥ 

15%ACPCL hinders their shape memory utility. The highly repeatable nature of shape 

programming and recovery for these SMPs with < 15%ACPCL is illustrated in three 

consecutive thermomechanical cycles with 96%PCL-04%ACPCL and 89%PCL-

11%ACPCL along with the 100%PCL-DMA control (Figure 3-4A – C). This indicates 

their promising utility in biomedical applications involving deployment and recovery from 

minimally-invasive surgical devices such as catheters or laparoscopes.174, 186-188 Shape 

memory demonstrations further affirm this potential capability to be programmed into and 

recover complex shapes in biomedical applications (Figure 3-4D – L, Video S1), including 

a thread-to-tube transition for possible minimally-invasive catheter/laparoscope 

deployment in endovascular stenting, bypass grafting, or clot removal at 37 oC. Shape 

recovery occurs rapidly (within seconds) and fully once the SMPs are exposed to a 

temperature at or beyond their midpoint Tm (Video S1). All copolymers, especially those 

with < 15% ACPCL, possess exceptional, tightly-controllable shape memory capabilities. 
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Figure 3-4 Shape memory properties of crosslinked PCL-ACPCL films 

(A-C) Stress-controlled thermomechanical cycling of crosslinked x%PCL-y%ACPCL and 

100%PCL-DMA SMP networks. (D-L) Shape memory demonstrations. (D, G) 88%PCL-

12%ACPCL tubular permanent shape is (E, H) deformed into a thread by heating at 50 oC, 

applying strain, and fixing in an ice bath. (F, I) Heating at 37 oC results in recovery of the 

original, permanent tube shape. (J) 96%PCL-04%ACPCL guitar shape is (K) heated to 50 
oC, strained, contorted, and fixed at 4 oC before (L) ultimate recovery of the complex guitar 

shape at 48 oC. Reproduced with permission.15 Copyright 2015, Elsevier. 

 

3.3.3 Elucidation of structure-function relationships 

To better elucidate correlations of material properties (Tm, ΔHm, Tc, Etn(37oC), σmax, 

εmax, Rr(N), Rf(N)) with physicochemical properties (y%ACPCL, Mn, Mw, PDI, XG), a 

standardized covariance matrix was constructed from mean property values of an expanded 

polymer library (Figure 3-5). Covariances (covs) closest to the absolute value of 1 indicate 

the strongest correlations between variables, with positive and negative values indicating 

direct and inverse relations, respectively. While it should be cautioned that the low number 

of polymer test groups (n = 10), inherent variance in data, interdependent relationships, 
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and experimental parameters used to derive mechanical and shape memory properties (e.g. 

stress or strain rate, fixation and deformation temperature) can skew these correlations, 

some basic and useful conclusions can be drawn from this analysis. Thermal properties 

(Tm, ∆Hm, Tc, ∆Hc), Etn(37oC), and σmax correlate most strongly with y%ACPCL (cov = -

0.80 – -0.94), indicating the dominant role of molar composition in modulating thermal 

properties. The effect of molar composition on many material properties can be explained 

by the fact that altering allyl content simultaneously changes both the crystallinity and 

spacing of netpoints of the crosslinked networks. Rr(N) was also most impacted by molar 

composition (cov = -0.60), although it is conceivable that programming parameters (e.g. 

fixation and deformation temperature, stress or strain rate) could be adjusted to improve 

Rr(N) for higher y%ACPCL copolymers 244-246. Also of note, Mn only correlates strongly 

with εmax (cov = 0.78), indicating that increasing Mn may be able to improve the 

extensibility of these SMPs if that is deemed a rate-limiting factor in implant performance. 

Along the same lines, it may be possible to increase Rf(N) (cov = -0.54) and ∆Hm (cov = -

0.46) by adjusting XG. While a low number of polymer test groups, variability in the data, 

interdependencies, and the potential influence of experimental parameters convolute this 

analysis, it appears that the majority of material properties are most affected by molar 

composition. Furthermore, it appears that many material properties can be tweaked via 

modulation of other physicochemical properties to comprise PCL-ACPCL SMPs with 

optimal thermal, mechanical, and shape memory properties for a particular application. 

Firmer conclusions can be derived from these correlations if the polymer library is further 

expanded, thereby minimizing variance in the data and interdependent effects. 
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Figure 3-5 Evaluation of structure-function relationships 

Standardized covariance matrix reveals structure-function relationships for the crosslinked 

SMP library. * does not indicate statistical significance, but rather the strongest 

Structural/Physicochemical Property correlation(s) with each Functional/Material 

Property. Molar composition (y%) has the strongest influence on the majority of material 

properties. The inset showing the correlation of y% with the other physicochemical 

properties provides context (i.e. interdependence information) for the structure-function 

relationships generated from the SMP library. Reproduced with permission.15 Copyright 

2015, Elsevier. 

 

 

3.3.4 Cell viability studies 

To assess biocompatibility of the films in vitro, HUVECs were seeded on washed 

polymer films and their viability was measured and normalized to TCPS over the course 

of four days using the resazurin assay (Figure 3-6A) 233. The 85%PCL-15%ACPCL 

copolymer was not considered for this test due to its lower ductility and shape memory 

utility.  100%PCL (Sigma-Aldrich, Mn = 70 – 90 kDa) is an appropriate control film as the 

base polymer of x%PCL-y%ACPCL films and is well known to be biocompatible 205, 247.  

Nine hours post-seeding, there was no statistically significant difference in HUVEC 

viability on test SMP films (60.0 – 65.2% relative to TCPS) compared to 100%PCL (59.4 

 4.9%), affirming that cell seeding was equivalent across the films. At later timepoints, 
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HUVEC viability on all copolymer films (102.9 – 106.7% for 35 hours and 85.0 – 103.0% 

for 91 hours) was comparable to that on the TCPS control (100%) and greater than that on 

100%PCL (66.0  14.4% and 64.1  32.0%, respectively). hCAECs seeded on TCPS and 

immediately co-incubated with polymer films exhibited a viability of > 79% at 24 hours 

and > 85% at 80 hours relative to TCPS, with no statistically significant differences 

observed between test substrates (n = 4) (Figure A-2). In a separate experiment, hCAECs 

seeded directly on films demonstrate a trademark cobblestone morphology indicative of 

their excellent viability on all films three days post-seeding (Figure 3-6B - F)248. These 

experiments therefore demonstrate that the SMPs are compatible with vascular ECs. 

 
Figure 3-6 Evaluation of cell viability 

(A) Viability of HUVECs seeded directly on polymer surfaces at specified timepoints, 

where @ = significantly different from TCPS, * = significantly different from 1% agarose, 

and ** = significantly different from 100%PCL as well as 1% agarose (if located above 

the 1% agarose bar, the only significant difference is to 100%PCL) (n = 4, p < 0.05). 

Confocal microscopy images of human coronary artery endothelial cells (hCAECs) 3 days 

post-seeding on (B) TCPS, (C) 100%PCL, (D) 96%PCL-04%ACPCL, (E) 89%PCL-

11%ACPCL, and (F) 88%PCL-12%ACPCL exhibit trademark cobblestone morphology 

(Green: F-actin, Blue: Nuclei). Reproduced with permission.15 Copyright 2015, Elsevier. 
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3.4 Conclusions 

In conclusion, x%PCL-y%ACPCL crosslinked networks are the first SMPs with 

crosslinked pendant allyl groups, providing a robust, facile pendent crosslinking method to 

control material properties for biomedical applications. As allyl composition controls both 

the crystallinity and spacing of netpoints, subtle changes in molar composition result in 

drastic alterations in thermomechanical properties. Molecular weight and gel content can 

also be adjusted in this copolymerization format to fine-tune material properties. Such a 

convenient approach can be readily adapted to other promising polymer systems, and 

bioactive compounds can be incorporated into the crosslinked SMP networks to provide 

additional functionality. The SMPs possess excellent shape memory properties (Rf and Rr 

> 98% for most test films) and a suitable range of melting temperatures (43.4 – 29.7 oC) 

for physiological applications. Films are compliant and ductile with appropriate elastic 

moduli (70.8 – 2.48 MPa) for vascular applications. Moreover, these SMPs are compatible 

with vascular endothelial cells (ECs), as indicated in vitro by high levels of cell viability 

(≥ 85% after 91 hours relative to TCPS) and healthy cell morphologies. 

Switch-like shape responses near body temperature, tunable mechanical properties, 

hydrolytic degradability and vascular compatibility of x%PCL-y%ACPCL copolymers 

indicate a promising material for constructing stents, vascular grafts, and other medical 

devices. However, further studies are required before any of this translational potential can 

be realized. While preliminary short-term results suggest vascular compatibility, a long-

term examination of in vivo biocompatibility and biodegradability with relevant controls 

and endpoints is required to adequately ensure the absence of strong host inflammatory 

reactions to x%PCL-y%ACPCL copolymers and its degradation products.206 

Hemocompatibility tests to assess thrombotic risks from these materials are mandatory. 
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Scalable fabrication techniques, packaging and storage requirements, and other additional 

testing requirements specific to the type of device desired would also need to be 

determined. For example, stents comprised of an x%PCL-y%ACPCL copolymer would 

also require a rational determination of device surface area and surface roughness and 

evaluation of radial expansion forces, pressure test ratings, fatigue, hysteresis, and radio 

opacity.189, 202, 237, 249 

Another critical element that needs to be addressed for the ultimate utilization of 

these x%PCL-y%ACPCL copolymers in minimally-invasive applications is the 

demonstration of their deployment and recovery from minimally-invasive devices.250 

Depending on whether immediate or delayed onset of actuation is desired in the minimally-

invasive surgical procedure and the mechanical requirements of the particular application, 

the physicochemical properties (i.e. molar composition, molecular weight, and gel content) 

of the material can be adjusted such that the implant recovers its original device-specific 

shape at body temperature or slightly above it via very mild resistive heating. In the latter 

scenario, safe and consistent supplemental heating requirements and methods would need 

to be determined that achieve sufficient, reliable shape recovery. Direct heating or more 

nuanced localized heating techniques involving ultrasound,251 magnetic fields,176, 252 

electrical currents, 177, 253 or photothermal activation254-258 have all been utilized towards 

this end. However, these latter three modes may require incorporation of magnetic 

nanoparticles (e.g. iron oxide), conductive materials (e.g. carbon nanotubes), or light 

absorbers (e.g. graphene, gold nanorods, metal complexes, carbon nanotubes, or organic 

dyes) 182 to produce enough heat for full shape recovery. 
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The readily-tunable, combinatorial nature of this SMP library provides a unique 

platform to elucidate unknown structure-function relationships to advance biomaterial and 

SMP fabrication techniques and optimize material properties for a particular application. 

A rationale optimization approach would involve 1) first defining the ideal outcome from 

administering the device (e.g. maximized radial expansion and endothelialization with 

minimal platelet adhesion to achieve long-term patency with no thrombotic events from 

stent implantation), 2) hypothesizing the ideal material characteristics to achieve these 

functional goals (e.g. stiffer material with enhanced surface roughness), and 3) carrying 

out all tests required for the specific application. 4) Examination of other studies, modeling 

approaches such as finite element analysis depicting the characteristic equations that 

determine the functional or material properties, and covariance or principle component 

analysis could aid in determining the physicochemical properties (e.g. molar composition, 

molecular weight, crosslinking density, surface roughness, surface area) that generate the 

desired material or functional properties. If necessary or desired, the existing x%PCL-

y%ACPCL copolymer library can be iteratively expanded upon to more precisely elucidate 

these relationships. Future studies can examine the adaptability of this unique material 

design involving pendant allyl crosslinkers to other polymer systems, as well as the effects 

of incorporating bioactive molecules. This may be desired to achieve material and 

functional properties that cannot be achieved within this x%PCL-y%ACPCL copolymer 

library for other biomedical, aeronautical, or industrial applications.  
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CHAPTER 4: AIM 2 – DESIGN OF POROUS EXTERNAL STENT 

4.1 Introduction 

The material characteristics of these SMPs - switch-like shape memory function, 

ductility, mechanical compliance, biodegradability and endothelial cell biocompatibility - 

render them potentially useful for a number of biomedical and industrial applications. A 

sampling of possible applications are provided by Lendlein et al.,188 which includes uses 

in minimally invasive vascular and surgical applications. Based on our collaborative 

expertise, understanding of scientific literature, and recognition of unmet clinical needs for 

coronary (CABG) and peripheral bypass grafting patients (PABG) patients, it was 

determined to seek application of this material in the form of an external stent to improve 

patency of coronary and peripheral bypass grafts. Upon interviewing more than one 

hundred physicians and healthcare professionals through the NSF I-Corps program, a 

specific focus is placed on hemodialysis access patients requiring grafts due to the more 

acute clinical need and shorter clinical trials required for regulatory clearance. Neointimal 

hyperplasia is the primary culprit (>70%)26, 42 of failures for both vein grafts and 

hemodialysis access sites. Another problem frequently encountered with arteriovenous 

fistulas (28 – 53%) is a lack of maturation or dilation to the extent that the site fails to ever 

be fit to support the high flow rates (>~500 mL/min) required for dialysis.259-262  

As discussed in Chapter 2 and in Boire et al.,263 several studies have demonstrated 

the promise of external stents to reduce neointimal thickening via promotion of 

neovascularization in the adventitia as well as through mechanical support. However, 

limited clinical success of these approaches has been achieved thus far, which may be due 

to inappropriate material selection (e.g. nondegradable, too stiff) and geometric design (e.g. 
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pore size and spacing, diameter, length). The overarching goals of this aim are to 1) 

synthesize and fabricate shape memory polymers in a manner conducive to scale up by a 

contract manufacturer, and 2) identify promising external stent designs in terms of their 

ability to promote neovascularization while minimizing inflammation and fibrosis. 

Immune and inflammatory responses as well as mechanical properties are also evaluated 

for the candidate designs. It is anticipated that SMP scaffolds comprised of different pore 

sizes and spacings will differ in the degree to which they elicit neovascularization, 

fibrogenesis, and inflammation. Candidate designs can be identified through this work that 

stimulate neovascularization while minimizing fibrogenesis and inflammation. Such 

responses are expected to promote constructive tissue remodeling, which can be further 

characterized by a transition from a pro-inflammatory M1 to an immunomodulatory, tissue 

remodeling M2 macrophage phenotype.21 It is hypothesized that relative trends in 

responses to designs will translate to the arteriovenous environment in larger 

animals/humans and correlate with a mitigation in neointimal hyperplasia (NH) when 

applied as an external stent.   

Pore parameters affect the surface area-to-volume ratio and topology, and play a 

large role in the extent and type of inflammatory reactions observed.90, 140, 142 However, 

few studies have directly examined the effect of external stent pore size on neoadventitial 

growth and NH.  George et al. observed that external macroporous (presumably 750 μm 

like ProVena) Dacron sheaths helically wound with polypropylene significantly reduced 

NH relative to microporous PTFE stents after one month in a porcine saphenous vein-to-

carotid artery interposition graft model.7 This reduction in NH was accompanied by an 

increase in adventitial microvessel growth (i.e. neovascularization) and a decrease in PDGF 
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expression and cell proliferation. Neovascularization and associated accumulation of 

chemoattractants (e.g. lymphocytes, neutrophils, T cells) in the interstitial space between 

external stent and venous tissue was observed to be inversely correlated with NH in other 

external stent studies.5, 9 Although macrophage phenotypes were not characterized in these 

studies, this may indicate a transition to an immunomodulatory M2 phenotype. 

Macrophage phenotype transitions from M1 to M2 at early time points (7 – 14 days) have 

been shown to be predictive of more positive outcomes (i.e. constructive tissue remodeling) 

at later time points (e.g. 35 days)264 and will be characterized in this study. Excessive 

fibrosis is undesirable as it can lead to fibrotic encapsulation265 and has the potential to 

promote transdifferentiation of fibroblasts to myofibroblasts and exacerbate NH, at least to 

the intimal layer.114, 115 While accumulation of chemoattractants within the interstitial space 

correlated with NH reduction,5, 9 excessive inflammatory responses could also result in 

fibroblast transdifferentiation and lead to significant vessel wall thickening with associated 

hypoxia-induced NH.56, 57, 80 

It is difficult to determine what pore sizes are ideal for an external stent’s ability to 

reduce NH and maintain patency without controlled studies isolating influences of the 

material and other parameters. It is generally accepted that pores and interconnections must 

be larger than 50 – 100 μm to promote blood vessel ingrowth, cell invasion, and enhanced 

biological responses without filling the pores with scar tissue.90, 144, 145 In general, larger 

pores exhibit less scarring, inflammatory infiltrate, and connective tissue.90, 146, 147 

However, pore size requirements will differ depending on the biomaterial selected and 

tissue applied to. For example, polypropylene requires pores larger than 1 mm while pores 

smaller than 650 μm are adequate for PVDF to obviate scarring between pores in 
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abdominal wall hernias.148 To enhance bone tissue formation by vascularization, pore sizes 

greater than 300 μm are recommended.149, 150 While no significant differences in 

vascularization or bone tissue ingrowth were detected over 8 weeks for PCL scaffolds (pore 

sizes of 350, 550, and 800 μm), Roosa et al. admitted that simultaneous changes in porosity 

and spacing between the groups may have influenced the results.150 In light of these 

confounding factors, Bai et al. varied pore size while holding both interconnectivity and 

porosity constant.145 In a rabbit model, β-tricalcium phosphate (TCP) cylinders with pores 

> 400 μm (i.e. 415, 557, and 632 μm) implanted into the fascia lumbodarsalis exhibited far 

more neovascularization than the 337 μm scaffolds.145 Based on this information, it is 

hypothesized that pore sizes should be > 300 μm with spacings > 100 μm. 

 

4.2 Methods 

4.2.1 Synthesis of x%PCL-y%ACPCL copolymers 

To significantly shorten and simplify the synthesis of PCL-ACPCL in order to 

make it amenable to scale up for a contract manufacturer, 10 kDa PCL was directly 

modified with LDA and allyl chloroformate instead of synthesizing α-allyl carboxylate ε-

caprolactone (ACCL) monomer, purifying by column chromatography, and 

copolymerizing with ε-caprolactone as before. A set of reactions were conducted in which 

the molar ratio of LDA:CL and allyl chloroformate:CL (A:CL) were varied. Moles of CL 

were calculated by the following, with moles of PCL determined assuming its molecular 

weight is exactly 10 kDa: 

 

Equation 4-1: 

𝑚𝑜𝑙 𝐶𝐿 =
𝑚𝑜𝑙 𝑃𝐶𝐿 × 10,000

𝑔
𝑚𝑜𝑙

𝑃𝐶𝐿

114.14
𝑔

𝑚𝑜𝑙
 𝑃𝐶𝐿
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Standardized conditions were established from this set of reactions. To modify 1.0 

gram of 10 kDa PCL, a 4 w/v% solution of PCL in THF was added dropwise to a round-

bottom flask equipped with a stir bar that contained LDA (3.6 mL of 2 M in THF/n-

heptane/ethylbenzene) and 25 mL of additional THF at – 72 oC. After transferring all of 

the PCL solution and maintaining the temperature at – 72 oC for 45 more minutes, allyl 

chloroformate (0.80 mL) was added. The reaction vessel was then allowed to equilibrate 

to -30 oC, where the temperature was maintained for 30 minutes before quenching the 

reaction with saturated ammonium chloride solution (6.8 mL at 0.28 g/mL). Contents were 

then transferred to a separatory funnel for extraction with ethyl acetate and deionized water 

(1:1:0.15 reaction contents: ethyl acetate: water). The organic layer was collected and 

solvent removed by rotary evaporation before precipitating in cold diethyl ether and 

vacuum drying. Yields were consistently > 90%. 

 

4.2.2 Characterization of x%PCL-y%ACPCL copolymers 

To calculate molar compositions of x%PCL-y%ACPCL copolymers, 1H-NMR 

spectra of 5 wt/v% polymer solutions in CDCl3 on a 400 MHz spectrometer (Bruker 

Instruments, Inc., Billerica, Massachusetts) were used to determine the ratio of allylic (5.92 

(Gi), 5.31 (Hii) and 4.63 (Fii) ppm) (5.92, 5.31, and 4.63 ppm) to CL (4.20 ppm) proton 

peaks. Molecular weight properties were determined by dissolving polymer samples at a 

concentration of 10 mg/mL in DMF mobile phase containing 0.1% LiBr and running gel 

permeation chromatography (Agilent Technologies, Santa Clara, California) through three 

serial TSKGel Alpha columns (Tosoh Biosciences, Tokyo, Japan) at 60 oC.  Using 

empirically determined dn/dc values determined from refractometer measurements of 
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polymer dilutions, absolute molecular weight was calculated from GPC using inline 

Agilent refractive index and a Wyatt miniDAWN TREOS light scattering detectors (Wyatt 

Technology Corp. Goleta, California).  

Thermal properties were measured on a Q1000 differential scanning calorimeter 

(DSC) (TA Instruments, Inc., New Castle, DE). Tm, crystallization temperature (Tc), Tg, 

enthalpy of fusion (∆Hm), and enthalpy of crystallization (∆Hc) are reported from the 

second cycle. Percent crystallinity, XC, is calculated as: 

 

Equation 4-2: 

 
𝑋𝐶 = ∆𝐻𝑚 ∆𝐻𝑚

𝑜⁄ × 100%, where ∆𝐻𝑚
𝑜  = 139.5 J/g, the enthalpy of fusion for 100% crystalline 

PCL.229. 

 

4.2.3 Fabrication of crosslinked PCL-ACPCL meshes 

A chloroform solution (30 wt/vol% polymer, 1 wt/v% 2,2-dimethoxy-2-

phenylacetophenone) was prepared, poured onto a flat glass sheet or dish (810 mm2/mL 

solution) and crosslinked under UV light using a Novacure 2100 Spot Curing System (Exfo 

Photonic Solutions, Inc., Mississauga, Ontario, Canada). Films were then solvent casted 

and vacuum dried. 

To induce pores, 8 x 4 mm spherical pore arrays spaced evenly apart were drawn 

in CAD designs and cut using a Laser Engraver (KERN Laser Systems, Wadena, 

Minnesota) at a power of 1.5 W, speed of 0.08 in/sec, and frequency of 500 Hz. Films were 

then thoroughly washed in ethanol. 
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4.2.4 Pore characterization 

Pore size and spacing were characterized by scanning electron microscopy 

(SEM). Samples were mounted onto aluminum studs covered by carbon adhesive, 

coated with gold and palladium, and imaged on a Quanta 250 Environmental SEM 

(Thermo Fisher Scientific, Waltham, Massachusetts). Pore diameter and spacing 

were determined by calculating the mean ± SD from individual measurements on 

ImageJ software (NIH, Bethesda, MD). Porosity was calculated as the ratio of void 

area: total area by assuming that pore diameter does not vary as a function of height 

and assuming that pores are exactly equidistant from one another: 

 

Equation 4-3: 

𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 (%) =
2𝜋 (

𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟𝑝𝑜𝑟𝑒

2 )2

√3(𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟𝑝𝑜𝑟𝑒 + 𝑆𝑝𝑎𝑐𝑖𝑛𝑔𝑝𝑜𝑟𝑒)2
 

 

4.2.5 Mechanical and shape memory characterization of PCL-ACPCL mesh designs 

To determine mechanical and shape memory properties of the SMP films, pore 

designs (~12 mm x ~6 mm x ~0.4 mm) and nonporous controls (~12 mm x ~2 mm x ~0.4 

mm) were loaded on the tensile clamp of a dynamic mechanical analyzer (TA Instruments 

Q2000). Similar to other works,15, 230 tensile mechanical properties were determined 

isothermally at 37 oC using a stress ramp of 0.1 MPa min-1. The initial slope of the stress 

vs. strain curve was used to determine the modulus at 37 oC, Etn(37 oC). Shape memory 

properties were determined in the same manner as Boire et al (Equation 3-3 and Equation 

3-4). 
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4.2.6 Fabrication of PCL-ACPCL external stents 

A viscous polymer solution (60 wt/vol%, 1% DMPA in chloroform) was prepared 

in a glass vial and sequentially dipped and exposed to UV light in an automated fashion 

utilizing a Mitsubishi RV-65DL (Mitsubishi Electric Corporation, Tokyo, Japan).   

To cut pores into the stents, stainless steel mandrels were mounted onto a 3D 

printed holder attached to a rotary motor. The mandrel was centered under the laser to cut 

one line of pores on the y-shape cylinder at a time. The rotary motor was then rotated using 

command functions and another cut was made. This was repeated until pores covered the 

entire surface of the main cylinder. 

 

 

4.2.7 Cell viability 

To test cell viability of the polymers, polymer disks washed three times each with 

acetone, 100% ethanol, and fully supplemented DMEM under mixing were transferred to 

black clear-bottom 96 well plates. Human dermal fibroblast cells transfected with red 

fluorescent protein (HDF-RFPs) were seeded at a density of 6300 cells/cm2 onto either 

TCPS or polymer film substrates (PCL-ACPCL and PCL positive control). After seeding, 

cells were supplemented with either fresh DMEM media or media leached from a 24 hour 

incubation with polymer films. In another test group, polymer disks were transferred into 

wells 30 minutes after supplementing with fresh media. At 24, 48, 96, and 168 hour 

timepoints, an equal volume of Cell Titer Glo solution was added to the media of each well 

and plates were imaged on an IVIS Lumina III imaging system (Caliper Life Sciences, 

Hopkinton, Massachusetts) to detect luminescence. The total number of viable cells in each 
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well was calculated by a standard curve of total flux (p/s) generated by TCPS controls, and 

%viability was calculated normalized to TCPS controls of the same seeding density.   

 

4.2.8 Animal model 

All animal experiments were approved by the Vanderbilt Institutional Animal Care 

and Use Committee (IACUC) in accordance with the NIH Guide for the Care and Use of 

Laboratory Animals. An initial pilot study was conducted in which a single midline 

incision was made on the back of 4 wild type A/J male mice for implantation of 6 different 

candidate PCL-ACPCL scaffold designs in the subcutaneous pocket. Scaffolds were 

washed with ethanol and gas sterilized prior to implantation. The 6 different designs, 

denoted 1A, 2A, 3A, 1B, 2B, 3B, were 4 mm x 4 mm porous arrays, sized approximately 

6 mm x 6 mm x 0.4 mm in total size, with different sizes of spacing and pore diameter 

(Figure 4-9 and Table 4-5 Pore parameter characterization for individual and grouped 

designs). Mean ± standard deviation were computed for group variables (A, B, 1, 2, 3) by 

combining individual measurements from each design. The mice were euthenized at 14 

days and the scaffolds and surrounding tissue were excised, fixed in 10% phosphate 

buffered formalin, sectioned 4 – 5 μm and stained with hematoxylin & eosin (H&E) by 

ASCP-certified biotechnicians for subsequent histological analysis by a board-certified 

veterinary pathologist. 

Based on these results, a follow up study was conducted in which 21 mice were 

implanted with six 6 mm x 8 mm scaffolds: 4 candidate PCL-ACPCL porous scaffold 

designs (~0.4 mm thickness), a nonporous PCL-ACPCL control (~0.4 mm thickness), and 

a piece of Standard Wall GORETEX tubing (0.64 mm thickness). Placement of each 
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scaffold was randomized in terms of location. To ensure separation and minimize 

movement of each scaffold within the subcutaneous pocket, a separate small incision was 

made for each mouse. Mice were sacrificed after 4 (N = 5), 14 (N = 8), and 28 days (N = 

8).  Tissue embedding within and directly surrounding the samples was either flash frozen 

in liquid nitrogen for proteomics analysis, fixed in 2.5% glutaraldehyde with 0.1M sodium 

cacodylate buffer for scanning electron microscopy (SEM) imaging of scaffold-tissue 

interfaces, or fixed in 10% phosphate buffered formalin for immunhistochemical analysis. 

 

4.2.9 Scanning electron microscopy of scaffold-tissue interfaces 

After storing the glutaraldehyde-fixed samples at 4 oC for 24 hours, samples were 

post-fixed with 1% osmium. Graded ethanol dehydration was then applied before critical 

point drying of the tissue. Once dried, samples were mounted on sticky carbon adhesive on 

aluminum stubs and coated with gold and palladium. Coated studs were imaged on a 

Quanta 250 Environmental SEM. Images were post-processed and analyzed using ImageJ 

software (NIH, Bethesda, MD).  

 

4.2.10 Histological Analysis 

All tissue samples fixed in 10% phosphate buffered formalin were processed, 

sectioned, and stained in Vanderbilt University’s Translational Pathology Shared Resource 

(TPSR) by ASCP-certified biotechnicians. Samples were oriented sideways for paraffin 

embedding such that sections comprised a “sandwich” of polymer scaffolds surrounded by 

tissue on either side. Thin sections (4 - 5 μm) were cut at the polymer-tissue interface and 
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first stained with hematoxylin and eosin (H&E). Histological analysis was performed by a 

board-certified veterinary pathologist blinded to experimental conditions. Each sample was 

assigned semi-quantitative scores to assess the degree of neovascularization, inflammation, 

and fibrogenesis utilizing an established scoring criterion adapted from elsewhere.140, 266 A 

composite score was calculated for samples of each design by summing the scores for each 

of these three categories.  

 

 

Table 4-1 Histological scoring criterion 
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Figure 4-1 Illustration of Histological Scoring 

Sample histological sections of the polymer-tissue interface illustrate tissue responses that 

correspond to a given score from 0 to 3. (Top) From left to right, sections depict a low to 

a high amount of neovascularization at 400x magnification. (Middle) From left to right, 

fibrogenesis is less apparent. (Bottom) From left to right, inflammation is milder and less 

marked.  

 

 

 

4.2.11 Immunohistochemistry 

Paraffin-embedded tissue blocks intentionally oriented to expose the polymer-

tissue interface of explants were sectioned at 4-5µm and stained by ASCP-certified 

histotechnicians at Vanderbilt’s TPSR for immunohistochemical labeling. Primary 

antibodies were subjected to quality control and validation processes using control tissue 

blocks established in TPSR. IHC was performed in a fully automated system on Leica 

Bond-Max autostainers (Leica Biosystems, Wetzlar, Germany). To quantify 

neovascularization, slides were first stained against CD31 and counterstained with DAB 



 85 

(page 186 for details) before digitally imaging and scanning with an Aperio Versa 200 

automated scanning microscope connected to a Leica SCN400 scanner (Leica 

Microsystems, Wetzlar, Germany). Using the Digital Image Hub, a web-based digital slide-

viewing tool provided by the Digital Histology Shared Resource (DHSR) at Vanderbilt 

University, slides were imaged and quantified for neovascularization via modification of a 

pre-established, colorimetric-based DAB Microvessel Detection algorithm. The algorithm 

was optimized and regions of interest (ROIs) were drawn with the aid of a board-certified 

veterinary pathologist experienced in digital pathology. Algorithm specifications and ROIs 

were established to maximize specificity for the formation of new blood vessels contained 

within the tissue reaction site in close proximity (within a few hundred microns) of the 

polymer surface. Positive background staining of non-vascularized tissue, the polymer 

surface, and highly-organized, preexisting vessels were excluded from detection as much 

as possible. Specifications of the algorithm enables exclusion of vessels that are 

insignificantly small (< 60 pixel) or too large in size (> 5000 pixel) or aspect ratio (>1000) 

to be considered representative of a newly formed blood vessel. Further details of the 

algorithm are provided in the Appendix (Table C-2). The algorithm computed total number 

of vessels, total and average vessel area, average perimeter, and microvessel density.  

To characterize macrophage phenotypes of tissue responses, primary antibodies 

against F4/80 (pan macrophage marker), CD206 (M2 macrophage marker), and iNOS (M1 

macrophage marker) were used (See Table for a full list of antibodies). Stained slides were 

digitized using a Pannoramic 250 scanner. A board-certified veterinary pathologist 

experienced in digital pathology performed tissue image analysis in Aperio ImageScope 

using the Positive Pixel Count v9 algorithm. All slides were interpreted blinded to 
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experimental conditions. For each antibody, the algorithm was optimized in positive 

control tissues (primarily mouse spleen, lung, and skin) before applying to the polymer-

tissue specimens; tuning mock-ups of each macrophage stain to the polymer-tissue 

interface are provided (Figure 4-2). For each tissue section, ROIs ranging from 1-12 total 

per specimen were defined prior to analysis. Depending on chronicity of the tissue 

response, the 50-150 µm surrounding an implant was selected for analysis, specifically 

excluding any undesired positively labeled structures or artifacts such as hair shafts or 

nonspecific DAB staining of the polymer material. Parameters reported for each specimen 

represent measures of positivity, which approximates the expression of a given protein 

within a tissue section. The output of positivity was defined for a given ROI as: 

 

Equation 4-4: 

 

% 𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 =
𝑇𝑜𝑡𝑎𝑙 # 𝑜𝑓 𝑚𝑜𝑑𝑒𝑟𝑎𝑡𝑒𝑙𝑦 𝑜𝑟 𝑠𝑡𝑟𝑜𝑛𝑔𝑙𝑦 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑝𝑖𝑥𝑒𝑙𝑠

𝑇𝑜𝑡𝑎𝑙 # 𝑜𝑓 𝑝𝑖𝑥𝑒𝑙𝑠
 × 100% 

 

Depending on the signal to noise ratio of the stain, weakly positive pixels were also 

included as positive in some of the samples. Similar to Brown et al.,264 macrophage 

phenotype was further characterized by the ratio of M2 (CD206+) to M1 (iNOS+) cells: 

 

Equation 4-5: 

𝑀2: 𝑀1 =
# 𝑜𝑓 𝑀2 𝑐𝑒𝑙𝑙𝑠

# 𝑜𝑓 𝑀1 𝑐𝑒𝑙𝑙𝑠
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Figure 4-2 Macrophage Phenotype Characterization 

Histological sections of polymer-scaffold interfaces used to optimize colorimetric-based 

quantitative algorithms to characterize macrophage phenotypes. Tissues were stained for 

total macrophage count by F4/80 (top), M2 macrophage phenotype by CD206 (middle), 

and M1 macrophage phenotype by iNOS (bottom). The three sections on the left side 

correspond to DAB staining results of three different histological sections, while the three 
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images on the right correspond to quantitative readouts of these sections using the 

established colorimetric detection algorithm. In the images on the right, intensity of DAB 

staining is depicted as a heat map, wherein blue pixels represent negative staining, yellow 

pixels represent weak positive staining, orange pixels represent moderate positive staining, 

and red pixels represent strong positive staining. 

 

In addition to the CD31 and macrophage stains, polymer-tissue specimens were 

also stained for several different MMPs (MMP-3, 9, 12, 13, and 14) to further characterize 

the wound healing response. Slides were digitally scanned utilizing a Leica SCN400 (Leica 

Microsystems, Wetzlar, Germany) and quantified in terms of percent positive area utilizing 

color intensity-based algorithms of DAB counterstains. Masson’s trichrome stain was also 

applied to visualize the prevalence and localization of collagen deposition as it relates to 

fibrogenesis induced by the scaffolds.  

 

4.2.12 Proteomics analysis 

Sections of the tissue-scaffold explants were immediately placed in a cryovial and 

submerged for approximately 1 minute to flash freeze the tissue. Samples were then kept 

on dry ice for a short period of time before transferring to a -80 oC freezer. Tissue samples 

were then thawed, immediately cut finely with a sterile surgical blade, and submerged in 

an NP-40 lysis buffer cocktail (10 mL of 50 mM Tris, 150 mM NaCl, pH 7.8 with 1% NP-

40 added to protease inhibitor cocktail P2714-10TL from Sigma) under sonication for 2 – 

3 minutes. The turbid solution was spun down at 2000 g for 2 minutes and the supernatant 

was transferred to a separate vial for storage at -80 oC. Protein concentrations of the lysed 

tissue samples were determined by BCA assay.  

Protein homogenates (50ug) were precipitated with ice-cold acetone overnight at -

20°C. The samples were centrifuged at 14,000 g at 4°C for 30minutes, and the precipitated 
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protein pellets were washed with cold acetone, dried, and reconstituted in 500mM Tris with 

50% Trifluoroethanol (TFE).  Protein lysates were reduced with TCEP and available 

cysteine residues were alkylated with Iodoacetamide. Next, lysates were diluted 10-fold 

with Tris to obtain a final concentration of 10% TFE, and proteins were digested with 

sequencing-grade trypsin at 37C overnight.   

Following digestion, protein digests were diluted 9-fold with 0.1% formic acid and 

each sample was analyzed by LC-coupled tandem mass spectrometry (LC-MS/MS). An 

analytical column (360 μm O.D. x 100 μm I.D.) was packed with 24cm of C18 reverse 

phase material (Jupiter, 3um beads, Phenomenex) directly into a laser-pulled emitter tip.  

Peptides aliquots (1.2ug of digested protein) were loaded on the capillary reverse phase 

analytical using a Dionex Ultimate 3000 nanoLC and autosampler  and were introduced 

via nano-electrospray into a Q Exactive Plus mass spectrometer (Thermo Scientific, San 

Jose, CA). Each sample was analyzed using a 2-hour LC gradient. The Q Exactive Plus 

was operated in data-dependent mode, and the instrument method consisted of an MS1 

scan following by up to 20 HCD MS/MS scans. Normalized collision energy was set to 27, 

dynamic exclusion was set to 30 s, and peptide match and isotope exclusion were enabled.   

Comparisons of relative peptide and protein amounts were performed using 

MaxQuant-LFQ software (https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4159666/). It 

utilizes full-scan peptide intensity determination and normalization both within and across 

samples. Missing values were imputed and cross group significance estimated via t-test 

with benjamini-hochberg correction for multiple testing.  

 

 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4159666/
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4.2.13 Statistical Analysis 

Multiple group comparisons from histological scores were done using the 

nonparametric Kruskal-Wallis ANOVA test to detect likely differences in data distribution 

followed by Dunn’s multiple comparison test corrected for multiple comparisons using 

statistical hypothesis testing. For non-ordinal data, normality was confirmed by the 

Shapiro-Wilk normality test and a two-way ANOVA was applied to determine whether 

there were sources of Type I error before doing Tukey’s post-hoc tests corrected for 

multiple comparisons. In all cases, p < 0.05 is considered statistically significant. Mean ± 

standard deviation is reported, unless otherwise noted. 

 

4.3 Results 

4.3.1 Synthesis and characterization of PCL-ACPCL copolymers 

A previous SMP library comprised of x%PCL-y%ACPCL copolymers (y = 0 – 

15%) demonstrated promising material properties for biomedical applications such as 

switch-like shape recovery at body temperature, good shape fixity, mechanical compliance, 

and in vitro biocompatibility.15 However, their synthesis required time-consuming 

purification of a novel monomer, ACCL. In order to avoid time-consuming purification 

and reduce the number of synthetic steps to make it more conducive to scale-up by a 

contract manufacturer for industrial and biomedical applications, x%PCL-y%ACPCL 

compositions were made from direct modification of PCL via LDA-induced carbanion 

formation and subsequent addition of allyl chloroformate at low temperatures (Figure 

4-3A). A set of reactions were conducted to determine the conditions necessary to 

synthesize copolymers with melting temperatures and shape memory properties just below 

body temperature. The degree of modification, represented by y%ACPCL, was determined 



 91 

by the ratio of allylic to caprolactone proton peaks as before (Figure 4-3B) and depended 

in large part on the mol:mol ratio of LDA:CL, with moles of CL determined from Equation 

4-1:. Increasing the LDA:CL ratio from 0.2:1 to 1.2:1 results in a linear increase in 

y%ACPCL from 0.62% ± 0.11 to 26.4% ± 9.6 (R2 = 0.99, Figure 4-4). The degree of 

modification continues to increase past a 2:1 LDA:CL ratio before saturating at y = 45 – 

50%, as evidenced by 2.5:1 and 7.7:1 reactions yielding y = 45.0 and 47.3%, respectively. 

A small series of 8 test reactions were also run at fixed LDA:CL ratios to examine the 

effect of allyl choroformate addition (i.e. the A:CL ratio) on allyloxycarbonyl substitution 

(Figure B-1).  The reaction does not appear to be nearly as sensitive to the amount of allyl 

chloroformate added. When LDA:CL was held constant at 0.99 ± 0.05 and A:CL was 

varied from 0.76 to 1.37 in four different reactions, allyloxycarbonyl substitution remained 

consistent at y = 15.3% ± 2.3. This implicates the LDA-induced carbanion formation step 

of the reaction as rate-limiting. Obviously, some amount of allyl chloroformate addition is 

too low and would affect the degree of allyloxycarbonyl substitution. In one pair of 

reactions, a 9-fold decrease in A:CL from 1.2 to 0.14 while keeping the LDA:CL ratio 

constant at 0.43 ± 0.02 reduced y from 5.3% to 1.7%, although it is unclear whether this 

change is significant. An excess amount of allyl chloroformate at an approximate A:CL 

ratio of 1:1 was used for all subsequent reactions to more definitively ensure complete 

reaction of allyloxycarbonyl groups with carbanion intermediates. A moderate increase in 

molecular weight properties was also observed when y%ACPCL surpasses 20%. This was 

encountered in previous studies and may be the result of the susceptibility of both PCL’s 

polyester backbone and pendant allyl carboxylates to undergo transesterification 

reactions.211, 225, 228, 267  
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Also consistent with the previous x%PCL-y%ACPCL copolymer library, 

increasing allyl content (y%) resulted in a decrease in thermal properties such as melting 

temperature (Tm), enthalpy of fusion (∆Hm), crystallization temperature (Tc), and enthalpy 

of crystallization (∆Hc) (Figure 4-6). This shift, however, required a higher amount of 

allyloxycarbonyl substitution than the previous copolymerization reaction to reach a Tm 

close to body temperature for the uncrosslinked polymers. Increasing y% from 0% to 20.8 

± 0.52% reduced Tm from 53.0 ± 0.52 oC to just 45.3 ± 2.2 oC, which compares to a y = 4 

– 6% to achieve the same reduction with the previous copolymerization reaction. Further 

increasing y%ACPCL via an increase in the LDA:CL ratio resulted in y = 29.0% and 33.5 

± 1.5% copolymers with melting temperature of 38.2 ± 0.45 oC and 35.8 ± 2.7 oC. This 

apparent disruption of PCL crystallinity also predictably coincided with a decrease in % 

crystallinity (XC) and crystallization properties (Tc, ∆Hc). As expected, crosslinking the 

polymers under UV light to form covalent bonds between the allyl groups of polymer 

chains further disrupted PCL crystallization and in turn further reduced Tm, ∆Hm, Tc, ∆Hc 

(Figure 4-6C and D). In crosslinked form, increasing y from 4.1 ± 1.8% to 20.8 ± 0.52%, 

29.0%, and 33.5 ± 1.5% decreased the melting temperature from 50.4 ± 2.2 oC to 39.1 ± 

1.1 oC, 34.4 ± 0.51 oC and 31.0 ± 2.7 oC, respectively. Similar trends were observed for 

other properties. 
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Figure 4-3 Synthetic Scheme for x%PCL-y%ACPCL synthesis via direct LDA 

modification by LDA 
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(A) PCL is mixed in dropwise to a solution containing LDA in THF at -72 oC before 

addition of allyl chloroformate, equilibration to -30 oC, and quenching with a saturated 

ammonium chloride solution. (B) 1H-NMR of 79.8%PCL-20.2%ACPCL synthesized by 

this reaction (400 MHz, CDCl3, 25 oC, TMS): δ = 5.92 (m, 1H;, -CH=CH2 (Gi)), 5.31 (m, 

2H; -CH=CH2 (Hii)), 4.63 (m, 2H; -CH=CH2O (Fii)), 4.15 (m, 2H; -OCH2 (eii)), 3.35 (m, 

1H; -CH-CH2 (Ai)), 2.33 (t, 3J(H,H) = 7.5 Hz, 2H; -CH2 (aii)), 1.96 (m, 2H; -CH2 (Bii)), 

1.62 (m, 4H; -CH2 (bii,dii)), 1.39 ppm (m, 2H; -CH2 (cii)). 

 

 

 
Figure 4-4 Effect of LDA:CL feed ratio on y%ACPCL  

The degree of allyloxycarbonyl substitution, represented as y%ACPCL in the x%PCL-

y%ACPCL copolymer, is dependent on the amount of LDA fed into the reaction with PCL. 

This relationship is linear beyond a 1.2:1 ratio and increases past a 2:1 ratio before 

apparently saturating at y = 45 – 50%. Where replicate reactions are combined, error bars 

indicate mean ± standard deviation. 

 

 
Figure 4-5 Effect of y%ACPCL on molecular weight properties 

A moderate increase Mw (less so in Mn) appears to accompany an increase in y%ACPCL 

as y is increased past 20%. The higher Mw and polydispersity index (PDI, Mw/Mn) is 

consistent with previous studies and may be due to an increase in transesterification 

reactions at higher allyl compositions.  
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Figure 4-6 Effect of y%ACPCL on Thermal Properties 

Increasing allyl content (y%ACPCL) results in a decrease in melting temperature (Tm), 

enthalpy of fusion (∆Hm), crystallization temperature (Tc), and enthalpy of crystallization 

(∆Hc) and indicates the strong dependence of thermal properties of this copolymer system 

on this molar ratio. 

 

Table 4-2 Thermal Properties of x%PCL-y%ACPCL Copolymers from LDA-based 

modification before crosslinking 

 

Table 4-3 Thermal Properties of UV-crosslinked x%PCL-y%ACPCL Copolymer 

Films from LDA-based modification 

 

y% in x%PCL-y%ACPCL T
m
 (

o
C) ∆H

m
 (J g-1) X

C
 (%) T

c
 (9C) ∆H

c
 (J g-1) T

g
 (

o
C) 

0% (10 kD PCL) 53.0  0.6 73..3  2.4 52.6  1.7 23.6  0.55 73.7  0.49 -66.5  0.79 

4.1  1.8% 53.1  1.0 66.7  2.5 47.8  1.8 24.5  5.4 69.3  5.1 -66.9  0.35  

16.5  1.3% 52.5  2.1 41.2  1.1 29.5  0.75 19.3  0.74 42.6  0.11  -56.4  2.6  

20.8  0.52% 45.3  2.1 41.0  12.8 29.4  9.2 11.1  2.4 41.4  12.8 -52.8  4.1 

29.0% 38.2  0.45 26.6  1.6 19.0  1.1 -5.64  0.58 25.3  1.3 -49.5  1.9 

33.5  1.5% 35.8  2.7 17.3  4.8 12.4  3.5 -7.62  8.8 11.9  3.3 -53.7  1.5 
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After generating consistent results using a 1:1:1 ratio of LDA:CL:allyl 

chloroformate, it was desired to scale up polymer synthesis to do extensive experiments 

including in vivo studies and external stent prototype fabrication, and make PCL-ACPCL 

copolymers more palatable for commercial applications. A cGMP contract manufacturer 

(Silar Laboratories, Scotia, New York) was hired to synthesize a 200 g batch of PCL-

ACPCL utilizing the optimized LDA modification protocol. As it was its first time 

conducting this synthesis, Silar prudently decided to break up the reaction into two separate 

100 g batches and verify whether allyloxycarbonyl substitution on PCL was successfully 

achieved. This substitution was verified by Silar by running FTIR on the resultant polymer 

after quenching the reaction with ammonium chloride solution and working up a small 

quantity of the reaction. FTIR spectra for the two 100 g batches were consistent with this 

substitution: the appearance of a C=C bond stretch (1649 cm-1), an olefinic C-H stretch 

(3085 cm-1), and a more pronounced carbonyl C=O peak (1728 cm-1) (Figure 4-7). The 

quenched reaction solution was shipped to Vanderbilt University where it was extracted 

with ethyl acetate and water, dried on a rotary evaporator and under vacuum, washed 

several times with methanol solution, and precipitated with cold diethyl ether. After drying 

the solution under vacuum, allylic and CL peaks on 1H-NMR spectra (Figure 4-3) 

determined the composition of the synthesized polymer batch to be 67.6%PCL-

32.4%ACPCL. (68%PCL-32%ACPCL). GPC run in DMF running buffer on an Agilent 

system equipped with refractive index and light scattering detectors determined its absolute 

molecular weight properties, indicating an Mn = 9390 Da and polydispersity index (PDI, 

Mw/Mn) = 2.20. Thermal properties measured by DSC revealed this polymer composition 

to have a Tm = 38.2 ± 0.13 oC and 32.8 ± 2.8 oC before and after cross-linking, respectively. 
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This melting temperature is ideal for biomedical engineering applications that rely on the 

ability of shape memory polymers to recover their device form (i.e. in the shape of a stent) 

from a minimally invasive surgical device at body temperature. It could also prove 

advantageous in the context of external stenting by potentially obviating the need for 

addition sutures to fit around venous anastomoses. A summary of the polymer’s thermal 

properties before and after crosslinking are provided in Table 4-4below.  

 

Figure 4-7 FTIR Spectra from x%PCL-y%ACPCL Synthesis by Silar Laboratories 

FTIR spectra reveal the appearance of a C=C bond stretch (1649 cm-1), an olefinic C-H 

stretch (3085 cm-1), and a more pronounced carbonyl C=O stretch peak (1728 cm-1). This 

provided evidence of the successful substitution of the allyl carboxylates, which was also 

confirmed by 1H-NMR. 

 

Table 4-4 Thermal properties of 68%PCL-32%ACPCL synthesized by Silar 

 

 

4.3.2 External stent fabrication 

An in-house method for external stent fabrication involving dip casting and laser 

ablation has also been realized in consultation with Medical Murray that is conducive to 

high volume prototyping and production manufacturing by a cGMP manufacturer (Fig. 4). 
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Viscosity, speed of withdrawal, and spinning while exposed to UV light have been 

optimized to enable fabrication of external stents with relatively uniform thickness. 

Consistent pores can be generated utilizing a KERN laser engraver affixed to a rotary 

motor. 

 

Figure 4-8 External Stent Fabrication 

A) Dip-casting of stainless steel mandrels into polymer solutions while exposed to UV 

light enables crosslinking of y-shape external stents (B). C) KERN laser engraver affixed 

to a rotary motor enables line by line cutting of pores into prototypes. 

 

4.3.3 Pilot animal study 

All animal work was done in accordance with Vanderbilt University’s Institutional 

Animal Care and Use Committee (IACUC). To provide some indication of which pore 

layout in terms of pore size (i.e. pore diameter) and spacing may elicit more 

neovascularization with more favorable inflammatory and fibrogenic responses, 6 different 

PCL-ACPCL pore arrays with varying pore sizes and spacings were first prepared for 

implantation. Numbers of the design denote pore diameter size (1 = 293 ± 41 μm, 2 = 665 

μm ± 24 μm, 3 = 1067 ± 35 μm), whereas letters indicate spacing distance (A = 172  55 

μm, B = 224  56 μm). Two weeks after implantation of the scaffolds in the subcutaneous 

pocket in the back of 4 mice, H&E-stained subcutaneous mouse tissue directly surrounding 

and embedded with the porous PCL-ACPCL scaffold designs revealed varying degrees of 

neovascularization, inflammation, and fibrogenesis (Figure 4-1). The semi-quantitative 
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histological scoring criterion adapted from elsewhere (Table 2-1)140, 266 was applied to each 

sample for neovascularization, inflammation, and fibrogenesis by a board-certified 

veterinary pathologist, and a cumulative score was calculated by summing of each 

histological criterion (Figure 4-10). A nonparametric Kruskal-Wallis one-way ANOVA 

indicated that no significant differences in distribution were detected amongst the groups 

for the 4 categorical values that were tabulated (p-values of neovascularization = 0.3547, 

inflammation = 0.1207, fibrogenesis = 0.1547, cumulative score = 0.1013). Nonetheless, 

some interesting observations can be derived from this power-limited pilot study. For all 

of the groups tested except for Design 1A, neovessels bridged the implant in at least one 

focus (Neovascularization Score = 3, Table 4-1) on day 14 for at least one of the 3 – 4 

samples tested. All of the designs tested except for 1B and 3B also had a sample with no 

observable neovessels by H&E staining (Neovascularization Score = 0). Extent of 

inflammation was assessed by the relative abundance of multinucleated giant cells, 

histiocytes (i.e. tissue macrophages or dendritic cells), lymphocytes, plasma cells, and 

neutrophils. Marked inflammation, as evidenced by a thick, circumferential cuff of 

inflammatory cells around the implant, was detected for at least one of the samples of 

Designs 1A and 3A. Inflammatory responses of other samples, including at least one of 

those from Designs 1A and 3A, were more moderate or mild in nature, with less aggressive 

aggregation of multinucleated giant cells, fewer neutrophils, and the area surrounding the 

implant less affected (Inflammation Score ≥ 1, with Inflammation Score = 3 being the 

mildest). Connective tissue bridges the implant at multiple foci for at least one sample of 

Designs 2A, 3A, and 1B (Fibrogenesis Score = 0) and at least bridges the implant focally 

for at least one sample of each design except for Design 1A. Designs 1A and 3B both had 
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at least one sample in which fibrosis was limited to the periphery of the implant 

(Fibrogenesis Score = 3). Cumulative scores for the designs ranged from 2 – 7, with the 

highest median and mean score (Cumulative Score = 6) achieved from Design 3B. 

 

Figure 4-9 PCL-ACPCL porous scaffold designs for pilot in vivo study 

SEM micrographs of porous scaffold designs are displayed with equivalent pore spacing 

in rows and pore sizes in columns (scalebar = 400 μm). 

 

Table 4-5 Pore parameter characterization for individual and grouped designs of 

pilot study 
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Figure 4-10 Histological Scoring Results from pilot study 

Box & whiskers plots of histological data from pilot study (N = 3 – 4 mice), with large 

horizontal lines indicating median values, solid vertical lines indicating range, and boxes 

indicating standard deviation. A nonparametric Kruskal-Wallis one-way analysis of 

variance (ANOVA) of each output indicated no statistically different differences in 

distributions amongst the groups (p-values of neovascularization = 0.3547, inflammation 

= 0.1207, fibrogenesis = 0.1547, cumulative score = 0.1013).        

 

The overall winning design of this study is unclear because no statistically 

significant differences were detected between the groups by Kruskal-Wallis ANOVAs and 

Dunn’s post-hoc tests, and preferences of the desired responses depend on how these 

criterion are prioritized for the particular in vivo application. Based on previous external 

stent studies that have found a reduction in neointimal hyperplasia to vein grafts to be 
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correlated inversely with the degree of adventitial angiogenesis, it is hypothesized that 

prioritization should be placed on neovascular responses to implant designs. It may also be 

desirable to mitigate inflammation and fibrosis to promote constructive remodeling and 

avoid potential complications such as immune rejection which could compromise the 

safety and performance of the device. Therefore, although it is a highly-imperfect measure 

based only on semi-quantitative information, it is hypothesized that a higher Cumulative 

Score is also indicative of a more favorable and/or biocompatible outcome. Although no 

statistically significant differences were detected for these ordinal, semi-quantitative 

variables as previously discussed, combining the designs into groups of equivalent pore 

size (Groups 1, 2, and 3) and spacing (Groups A and B) (Table 4-5) did render some 

interesting results. A summary table of statistical comparisons is summarized in Table 3. 

Before making any conclusions from this analysis, statistical differences between pore 

sizes for the pore size groups (1, 2, and 3) and between pore spacing for the pore spacing 

groups (A and B) were confirmed through statistical testing, assuming that these 

parameters approximate a normal distribution with equivalent variances between groups. 

A one-way ANOVA analysis followed by Tukey’s post-hoc indicated statistically 

significant differences in pore size between groups 1, 2, and 3 (p < 0.0001), and an unpaired 

student t-test comparing pore spacing of groups A and B also detected statistically 

significant differences in pore spacing between A and B (p = 0.0031). Grouping designs in 

this way provided a means to more meaningfully compare the effects of pore size and 

spacing on histological outcomes. While the Kruskal-Wallis test of Groups 1, 2, and 3 on 

histological outcomes did not detect any significant differences in distribution, a two-tailed 

Mann-Whitney test detected a statistically significant difference in Cumulative Score when 
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comparing pore spacing groups A and B (p = 0.0099) (Table 4-6). This suggests that semi-

quantitative assessment of overall tissue responses from the established histological 

scoring criterion are likely to differ between groups A (pore spacing = 172  55 μm) and 

B (pore spacing = 224  56 μm). This statistical result and the observation of a higher 

median and mean Cumulative Score for Group B compared to Group A (Figure 4-11) 

suggests that it is possible PCL-ACPCL scaffolds with more spaced out pores elicit more 

favorable tissue responses by some combination of more neovascularization and/or less 

inflammation and fibrosis in comparison to closer-spaced pores.  

Table 4-6 Statistical Comparison Summary of Designs Grouped by Equivalent Pore 

Size and Spacing from Pilot Study 

 

 

Figure 4-11 Side-by-side Comparison of Pore Size and Spacing Effects on 

Histological Outcomes for Pilot Study 

Grouped designs in terms of pore size and pore spacing are plotting for each outcome from 

the pilot study. A statistically significant difference was detected from a Mann-Whitney 

test, which suggests that there is likely some difference in overall tissue responses for 

designs with different pore spacings. 
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4.3.4 Larger mouse cohort 

4.3.4.1 Pore Design Characterization 

To further evaluate this hypothesis and see if a promising candidate design can be 

identified for external stenting applications, a larger mouse study was planned that, 

according to the proportional odds model,268, 269 was to provide > 80% power to detect 

meaningful differences (p < 0.05) in Cumulative Score between high and low spacing 

groups on a logarithmic scale, assuming a similar distribution to the smaller study (Figure 

C-1). The scaffolds used for the in vivo study were 4 different candidate pore designs of 

68%PCL-32%ACPCL (A – D) paired for pore size and spacing as well as two nonporous 

or microporous controls: non laser-ablated 68%PCL-32%ACPCL (E) and a ~6 mm x 8 mm 

x 0.64 mm piece of commercially-available Standard Wall GORETEX tubing comprised 

of expanded polytetrafluoroethylene (ePTFE) and reported to have micropores 10 – 30 μm 

in diameter (F) (Table 4-7). Prior to implantation, pore size and spacing were measured 

from SEM images of 4 – 8 different scaffolds for each porous design (Figure 4-12). Results 

were statistically analyzed with a one-way ANOVA followed by Tukey’s post-hoc tests 

adjusted for multiple comparisons in order to evaluate how closely paired designs were in 

terms of size and spacing (Table 4-8). Designs intended to have different pore spacings 

(i.e. A,B vs. C,D) had a mean difference of 68.1 – 88.0 μm (p < 0.0001), whereas paired 

designs (i.e. A and B,C and D) had mean differences of 7.1 and 12.7 μm that were not 

statistically significant. Mean differences between designs with different pores sizes were 

> 500 μm (p < 0.0001) compared to just 13.4 and 41.0 μm for groups paired by pore size 

(A,C and B,D) that were not significant. The design library therefore possesses only two 
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unique pore spacings (151 ± 50 μm (A,B) and 229 ± 51 μm (C,D) paired) and two unique 

pore sizes (635 ± 51 μm (A,C) and 1160 ± 64 μm (B,D) paired), providing a convenient 

means to separately evaluate pore size and spacing effects on material properties and in 

vivo responses. 

 

Table 4-7 Pore properties for larger mouse cohort 

  
1Values reported from Lai et al for 12 mm x 4 mm x 1 mm thick ePTFE specimens in a dog bone shaped-

design strained at a rate of 0.1 mm/s from.270 For the sake of comparison, displacement reported was 

converted to a % by dividing by the original length of 12 mm and multiplying by 100%. 
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Figure 4-12 Pore designs for larger mouse cohort 

SEM micrographs of the six scaffolds used as implants in the larger mouse cohort 

evaluating neovascularization, inflammation, and fibrogenesis over the course of 28 days. 

Macroporous Designs A - D are paired by equivalent size and spacing to evaluate the 

influence of these parameters on in vivo responses. Images are scaled to the same 

magnification for A - D (top yellow scale bar = 500 μm), while nonporous PCL-ACPCL 

(Design E) and microporous ePTFE (Design F) implants are shown at 10X of this 

magnification (bottom green scale bar = 50 μm). 
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Table 4-8 Statistical Summary of Pore Parameter Comparisons for Scaffold Designs 

 

Mechanical properties were evaluated for the pore designs as they are an important 

consideration for external stents and other implantable devices. Young’s modulus at body 

temperature (Etn(37oC), maximum stress (σmax), and maximum strain (εmax) were measured 

isothermally at 37 oC using a Dynamic Mechanical Analyzer in tensile Controlled Force 

mode with a stress ramp of 0.1 MPa s-1 as was done in a previous study. Interestingly, the 

Young’s modulus of both nonporous (2.4  0.86) and porous (mean = 0.57 – 1.11 MPa) 

68%PCL-32%ACPCL designs were very close to the average physiological modulus of 

healthy human coronary arteries (1.48 MPa),240 suggesting suitability of the designs for 

vascular and soft tissue applications from a mechanical perspective. As expected, ablating 

pores in the crosslinked polymer designs resulted in significant decreases in Etn(37oC) and 

σmax for all of the designs (p < 0.003). Decreasing the spacing of the pores from 229  51 

μm (C,D) to 151  51 μm (A,B) further reduced both Etn(37oC) and σmax, but not in a 

statistically significant manner when evaluated as part of the 5 group cohort of mechanical 

data. However, pairwise comparisons of pore spacing and size revealed a statistically 

significant decrease in σma when spacing is reduced from 230 to 150 μm (p = 0.0025) but 

not when pore size is changed approximately two-fold (p = 0.3662). These results suggest 

that pore spacing is a better predictor of mechanical properties than pore size. 
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4.3.4.2 Histological Scoring and Characterization of the Polymer-Tissue Interface 

To evaluate the effect of pore size and spacing on neovascularization, 

inflammation, and fibrosis, 21 mice were implanted with the 6 different scaffolds (Table 

4-7) separated by 6 small independent incisions in the back. Placement of all 6 designs in 

each mouse were randomized in terms of positioning in the subcutaneous pocket of the 

back. A total of 5, 8, and 8 mice were sacrificed on Days 4, 14, and 28, respectively, and 

evaluated using the histological scoring schematic (Figure 4-13, Figure 4-14, Table 4-9, 

Table 4-1). SEM microscopy was also performed on tissue explants of each design on Day 

4 (Figure 4-15), 14 (Figure 4-16), and 28 (Figure 4-17) to provide a three-dimensional 

visualization of certain architectural features of the polymer-tissue interfaces such as 

deposition of sheets of extracellular matrix components, connective tissue, and cellular 

milieu on and surrounding scaffold surfaces, including within pores (Figure 4-15C). On 

day 4, histological analysis of H&E staining revealed that there was very little fibrosis 

(Fibrosis Score = 3) or neovascularization (Neovascularization Score = 0) detected for any 

of the samples, while inflammation was mostly mild with some multifocal aggregates of 

multinucleated giant cells, histiocytes, lymphocytes, and plasma cells present but no 

abundance of neutrophils. SEM micrographs of the polymer tissue interface on Day 4 

corroborate this finding, as the surrounding tissue appears separated from the polymer 

surface prior to the formation of fibrovascular tissue (Figure 4-15). No statistically 

significant differences in distributions for the semi-quantitative measures were observed 

on Day 4. On Day 14, there was an increase in the presence of neovessels and connective 

tissue restricted primarily to the periphery of the implant (Neovascularization = 1, Fibrosis 

= 3) but beginning to invest interstices (Neovascularization = 2, Fibrosis = 2) and bridge 

the implant (Neovascularization = 3, Fibrogenesis = 1) for some of the samples. This is 
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reflected in the higher neovascularization scores and lower fibrogenesis scores for Day 14, 

which was detected as statistically significant from Day 4 to 14 for Neovascularization 

only (p < 0.0001) when applying a Kruskal-Wallis and Dunn’s post hoc comparison of the 

combined Neovascularization Scores of all designs at the three different time points. SEM 

micrographs on Day 14 do not allow for evaluation of margins of all of the designs, but it 

appears that the tissue-implant interface begins to blur together multi-focally in porous 

designs (Figure 4-16A-D). This likely indicates some minor level of inflammation-

mediated degradation and replacement by fibrovascular tissue, which is largely absent in 

the nonporous controls (Figure 4-16E-F). The only statistical differences detected between 

individual designs over time or between groups on Day 14 for the four histological criterion 

were Neovascularization from Day 4 to 14 for Design E (p = 0.0082) and a difference in 

Cumulative Scores between Designs A and F (p = 0.0177). Design E actually had the 

lowest mean Neovascularization Score (0.875 ± 0.356) and same median 

Neovascularization Score (1.0) of all of the other designs on Day 14, but the Dunn’s post 

hoc test comparing rank sums was able to detect this difference from Day 4 because it also 

had the lowest standard deviation (0.356). The difference in Cumulative Score detected 

between Designs A and F on Day 14 also corresponded with the greatest mean difference 

in this semi-quantitative measure. This result, combined with the observation that the mean 

Neovascularization Score of Design A was higher than F, implies that the significantly 

lower Cumulative Score for Design A is likely due to more aggressive inflammation and 

fibrogenesis on Day 14 (i.e. lower Inflammation and Fibrogenesis Scores). Pairing the 

cohort into groups of equivalent spacing (150 μm (A,B) vs. 230 μm (C,D) vs. 

non/microporous (E,F)) revealed that there was a significant difference in the Cumulative 
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Score of the 150 μm group (5.41 ± 0.71) compared to both the 230 μm (6.19 ± 0.85, p = 

0.0178) and non/microporous controls (6.38 ± 0.53, p = 0.0022), but no difference between 

the 230 μm and non/microporous controls (p > 0.9999). In contrast, paring the cohort into 

groups of equivalent pore size (640 μm (A,C) vs. 1160 μm (B,D) vs. 0-30 μm (E,F)) 

revealed no significant difference between groups. Statistical analysis of Inflammation 

Scores followed the same pattern, with significant differences between 150 μm (1.81 ± 

0.83) and 230 μm spacing groups (1.81 ± 0.83, p = 0.0369) as well as 150 μm group and 

non/microporous groups (2.50 ± 0.66, p = 0.0295), but no difference between 230 μm 

spacing and non/microporous groups (p > 0.9999) as well as no difference when comparing 

pore sizes. These results therefore suggest that there is more intense inflammation with 

lower spacing designs at 14 days, and pore sizes of the designs do not have as much of an 

influence on the inflammatory reaction. 

 

Figure 4-13 Histological Scoring of Designs 

Representative H&E stained slides of designs and their corresponding scores for each of 

the metrics. Neo = Neovascularization, Inf = Inflammation, Fib = Fibrogenesis, CS = 

Cumulative Score. 
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Figure 4-14 Histological Scores from 28 Day Subcutaneous Implantation 

Side-by-side comparisons of neovascularization, inflammation, fibrogenesis, and 

cumulative score semi-quantitative assessments for Designs A – F (Top 4) and Days 4, 14, 

and 28 (Bottom 4). * = p <0.05, ** = p < 0.01, *** = p < 0.001. 
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Table 4-9 Descriptive Statistics from Histological Scoring 
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Figure 4-15 Representative SEM images of polymer-tissue interfaces on Day 4 

SEM micrographs of the polymer-tissue interface on Day 4 reveal some of the three-

dimensional tissue architecture in and around the polymer-tissue interface. Polymers 

appear dark and relatively uniform in structure, while the tissue appears more illuminated 

and finely structured. Architectural features in these images include threaded sheets of 

extracellular matrix deposition on the polymer surface (A, D, E) and cellular milieu within 

pores (C).  

 
Figure 4-16 Representative SEM images of polymer-tissue interfaces on Day 14 

SEM micrographs of the polymer-tissue interface on Day 14 reveal some of the three-

dimensional tissue architecture in and around the polymer-tissue interface. Polymers 

appear dark and relatively uniform in structure, while the tissue appears more illuminated 

and finely structured. In general, fibrovascular connective tissue layers appear thicker with 

a more diverse array of cell shapes and sizes than on Day 14. 



 115 

 

 

 

 
Figure 4-17 Representative SEM images of polymer-tissue interfaces on Day 28 

SEM micrographs of the polymer-tissue interface on Day 28 reveal some of the three-

dimensional tissue architecture in and around the polymer-tissue interface. Polymers 

appear dark and relatively uniform in structure, while the tissue appears more illuminated 

and finely structured. Similar features are detected for these designs in comparison to Day 

14. 

 

 

 
Figure 4-18 Masson’s Trichrome Staining of Designs A – F 
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Masson’s Trichrome staining of tissue explants from each design indicate the increase in 

fibrogenesis over time for porous designs. At 28 days, connective tissue bridges implants 

at multiple foci for most pore designs but not for nonporous ones. 

 

Neovascularization and fibrogenesis continued to progress in the porous designs 

from Day 14 to Day 28, with vessels bridging implants in at least one focus (median 

Neovascularization Score of 3 for Designs A - D) and connective tissue bridging at multiple 

foci (median Fibrogenesis Score of 0 or 0.5 for A - D) for most of the porous samples. The 

increase in connective tissue bridging can be visualized by Masson’s Trichrome staining 

on the designs at the three different timepoints (Figure 4-18). Nonporous controls E and F 

were the opposite, with minimal neovascularization (Neovascularization Score = 1.16 ± 

0.81) and fibrogenesis (Fibrogenesis Score = 2.63 ± 0.62). All porous and nonporous 

designs were statistically significant from each other by Neovascularization and 

Fibrogenesis Scores. Inflammation remained mild (Inflammation Score = 2) to minimal for 

(Inflammation Score = 3) for all of the designs except for Design A, which was more 

moderate overall (1.69 ± 0.92).  As such, a statistically significant difference was detected 

between Design A and Design F for Inflammation Score (p = 0.0318) and this was also the 

only comparison that was significantly different by Cumulative Score (p = 0.0182). 

Comparing groups by pore spacing and size also revealed significant differences in 

Inflammation Scores and Cumulative Scores for small spacing vs. nonporous groups (p ≤ 

0.001) and small pore size vs. nonporous groups (p ≤ 0.0029). Although no significant 

differences were detected in the semi-quantitative histological criterion between pore 

design groups on Day 28, these results intimate that a small pore spacing and size 

combination elicits a more moderate inflammatory response from x%PCL-y%ACPCL 

implants. 
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4.3.5 CD31 Quantification 

To further assess and compare neovascularization responses of designs, a 

microvessel detection algorithm was run that quantified the total number of vessels, total 

and average vessel area, average vessel perimeter, and microvessel density by 

colorimetrically detecting DAB that was used to stain against CD31. Consistent with trends 

observed through the Neovascularization Score over time, there was a statistically 

significant increase in the number of blood vessels for all of the porous designs from Day 

4 to Day 28 (p ≤  0.0027), with no difference detected over time for nonporous designs. A 

significant difference in the number of blood vessels was also detected for Design B from 

Day 4 to Day 14 (p = 0.0101). On Day 14, the total number of blood vessels from Design 

B were significantly different than non/microporous Designs E (p = 0.0008) and F (p = 

0.0136) as well as smaller pore-sized Design A (p = 0.0121). Total vessel area was also 

different between Design B and nonporous controls on Day 14 (p ≤ 0.04), but not between 

Designs B and A (p = 0.0762). Coupling the designs based on equivalent spacing revealed 

that both spacings were different from nonporous controls in terms of both total vessel 

number (p ≤ 0.0285) and total vessel area (p ≤ 0.0226). When comparing between groups 

coupled by pore size, only the 1160 μm group was statistically different from nonporous 

controls for both total vessel number (p = 0.0003) and total vessel area (p = 0.0006). A 

difference in total vessel number was detected between the 635 μm and 1160 μm diameter 

groups on Day 14 (p = 0.0155) that was not by total vessel area (p = 0.0666). 
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Figure 4-19 CD31 Quantification of Neovascularization 

Colorimetric detection of DAB staining was used to quantify CD31 and detect the presence 

of newly formed vessels within a few hundred microns of the implants.  

 

 

On Day 28, trends in total vessel number and area were virtually identical. All 

porous designs had greater vessel number and vessel area than nonporous designs as 

expected. Design C had the highest total number of vessels and area, followed by Design 

D. Both of these designs were significantly different from Design F (p ≤ 0.0037) for both 

metrics. Design C was also significantly different than Design E in terms of total vessel 

number (p = 0.0431). In corroboration with this trend, microvessel density was highest for 

Design C at 28 days, which was statistically significant in comparison to the smaller spaced 

and larger sized Design B (p = 0.0048). Comparisons based on pore spacing and pore size 

groups revealed that all were different than nonporous controls for total vessel number and 

area on Day 28 as expected. The 230 μm group (C,D) was also different from the 150 μm 
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spaced group for both total vessel number (p = 0.02111) and area (p = 0.0241), which 

implied that the larger spacing is more conducive to neovascularization over the course of 

one month. 

 

4.3.6 Macrophage Phenotype Characterization 

Macrophages are phagocytic cells that are central to the inflammatory response as 

they are recruited to damaged or disrupted tissue sites through chemotaxis. They secrete a 

vast array of stimulating factors themselves to regulate the inflammatory response in a 

number of ways. Depending on their function as a pro-inflammatory or wound healing 

stimulator, they tend to classified into two broad categories, pro-inflammatory M1 and pro-

wound healing M2, but also have several subset phenotypes and are quite fluid in nature. 

In general, it is understood that a shift from a “classically-activated”, pro-inflammatory M1 

macrophage phenotype to an “alternatively-activated”, pro-tissue remodeling M2 

macrophage phenotype indicative of constructive wound healing responses such as 

neovascularization.271 Although macrophage phenotype characterization of external 

supports is currently underexplored and largely unknown, it is hypothesized that this shift 

from M1 to M2 over 28 days is desirable to fully resolve tissue and promote neovascular 

effects that are favorable towards reducing neointimal hyperplasia.116, 272 For example, a 

recent study evaluating murine laser-induced choroidal neovascularization demonstrated 

that new blood vessel formation correlated with a transient upregulation in M1 phenotype 

followed by a sustained shift to M2.273 However, macrophage phenotypes exist across a 

diverse spectrum and some recent studies have found that both M1 and M2 phenotypes are 

significantly upregulated in scaffolds such as glutaraldehyde-crosslinked ones that 
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exhibited an increase in new blood vessel formation after 10 days when implanted in 

subcutaneous mouse tissue.274 Inflammation has been shown to be beneficial for 

neovascularization, such as when bone marrow mononuclear cells (BMCs) promoted early 

monocyte recruitment by secreting significant amounts of monocyte chemoattractant 

protein-1, which help tissue engineered vascular grafts (TEVGs) transform into functional 

neovessels.275 In most contexts, ePTFE is a relatively inert polymer owing to its strong 

carbon-fluoride bond and non-degradability. In its microporous format, it exhibited 

minimal adhesion with a mean implantation lifetime of 420 days after laparoscopic ventral 

hernia repair in 65 repoerative patients, and it also reduced adhesions in a rabbit peritoneal 

model of laparoscopic ventral hernia repair relative to polypropylene and 

HA/polypropylene meshes.276 It did not promote the substantial inflammatory and 

neovascularization response that Dacron external meshes did when applied to porcine vein 

grafts, and was ineffective in this context while Dacron meshes correspondingly reduced 

neointimal formation.83, 117 Meanwhile, the specific roles that macrophages play in 

fibrogenesis are largely unknown, but fibrotic lesions are accompanied by a high degree of 

chronic inflammatory cell infiltration where monocytes and macrophages are present.277 

ePTFE also exhibited less neovascularization and fibrogenesis than the PCL-ACPCL 

scaffolds in this study, so it was anticipated that it would have less macrophages. The effect 

of the presence of pores as well as pore size and spacing parameters are explored for 

macrophage phenotypes to investigate their role in the tissue responses observed and 

elucidate any corresponding geometric relationships to this behavior. 

A pan macrophage marker (F4/80), M1 macrophage marker (iNOS), and M2 

macrophage marker (CD206) were utilized to characterize macrophage phenotypes of 
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histiocytes observed to be present within tissue constructs to varying degrees, from 

minimal and part of a foreign body cellular response affecting less than half of the implant 

circumference, to more marked and part of the formation of a thick cuff around the 

circumference. It was expected that designs eliciting more favorable and less marked 

inflammatory responses would also exhibit more of a switch to an M2 macrophage 

phenotype over time. To avoid Type I errors while aiming to detect significant differences 

between each design at a given timepoint as well as the given designs over time, two 2-

way ANOVA analyses followed by post-hoc Tukey’s tests were conducted to define the 

distinctiveness of interactions for each test case (i.e. same design over time or different 

designs at each time). It was anticipated that the relatively inert, microporous ePTFE 

control would have lower F4/80 and iNOS positivity than porous Designs A - D. On Days 

14 and 28, Design F had the lowest positivity for F4/80 (0.583 ± 0.091 and 0.546 ± 0.15, 

respectively) and was distinct from all other designs in this regard (p < 0.0001), which 

implied less macrophages present from ePTFE implantation as expected. iNOS was also 

significantly lower on Day 4 than porous Designs B and C, possibly due to a lack of M1-

mediated angiogenesis. iNOS expression was also significantly lower on Day 28 than 

Designs A – C. 

The iNOS positivity was significantly lower for Design A relative to Designs B and 

C, which implies that larger pore sizes and spacings may promote an M1 macrophage 

phenotype at early timepoints; this transient upregulation of an M1 phenotype at early 

stages has been shown to promote neovascularization.  Conversely, scaffolds which 

promote an eventual switch toward an M2 macrophage phenotype are expected to fully 

resolve their wound healing process. On Day 28, Design D had significantly lower iNOS 
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positivity than Design B, which implies that the wider-spaced design (D) may better 

promote wound healing resolution. On Day 28, Design F exhibited a significantly higher 

CD206/iNOS ratio than all other designs. This may mean that the wound has been more 

fully resolved with the ePTFE microporous control, whereas inflammation-mediated 

neovascularization and fibrogenic processes may still be ongoing without full wound 

resolution in the other designs. 

Combining staining data of groups based on equivalent pore size and spacing 

revealed some interesting insights with regards to this characterization of macrophage 

phenotype. On Day 14, smaller pores (A+C, 635 μm diameter) exhibited significantly 

greater CD206 positivity (mean difference = 0.0452, p = 0.141), lower iNOS positivity 

(mean difference = - 0.0655, p = 0.0017), and a higher CD206/iNOS ratio (mean difference 

= 0.463, p = 0.0004) than larger pores (B+D, 1160 μm diameter). On Day 28, smaller pores 

again were more positive for CD206 (mean difference = 0.0322, p = 0.0147), while larger 

spacings (C+D, 230 μm) had significantly lower iNOS positivity (mean difference = 

0.0687, p = 0.0304). No differences were detected for F4/80 positivity. Taken together, this 

implies that the ~635 μm diameter, ~230 μm spacing group (Design C) elicits an 

inflammatory response characterized by more of the “tissue remodeling” M2 phenotype. 

This also coincides with the design exhibiting the greatest amount of neovascularization as 

measured by total blood vessel number, total vessel area, and microvessel density by the 

CD31 microvessel detection algorithm (Figure 4-19).  
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Figure 4-20 Macrophage Phenotype Characterization 

Tissues were immunohistochemically stained to identify macrophage phenotype, with 

F4/80 as a pan macrophage marker, iNOS as an M1 marker, and CD206 as an M2 marker. 

Greek symbols correspond to statistically significant differences detected between test 

group and the English-equivalent of the Greek design: α = p < 0.05 between Design A and 

test, β = p < 0.05 from Design B, γ = diff. from C, δ = diff from D, ε = diff from E, θ = diff. 

from F.  
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4.3.7 MMP Staining 

Matrix metalloproteinases (MMPs) are a family of 25 endopeptidases that are 

known to play an important role in regulating wound healing processes, primarily by 

processing of bioactive molecules such as cytokines, chemokines, and growth factors 

located within or around extracellular matrix (ECM) proteins.278 It was desired to 

determine whether the MMPs detected were indeed localized, at least in part, around the 

polymer-tissue interface, especially whether they co-localized with monocyte-

macrophages, the primary orchestrators of the wound healing response. As differences in 

neovascularization were detected between designs grouped by spacing and 

non/microporous controls, and some modest yet insignificant differences were observed 

from a limited set of samples from each design type, it was also thought possible that 

perhaps some differences in the presence of MMPs could be detected between groups. 

MMP-3 and MMP-9 (along with MMP-1) are known to regulate the most widespread array 

of chemokine signals that are important drivers of the inflammatory response.274 MMP-9 

has notably been shown to be secreted in high levels by M2 macrophages known to 

promote angiogenesis, especially by the M2c subgroup.274 While MMPs primarily function 

by impacting chemokines, growth factors, and their respective receptors, MMP-1, 3, 9, 13 

and 14 all have also shown the ability to degrade collagen directly, an essential aspect of 

the final, resolution stage of wound healing.279 

Tissue sections containing the polymer-tissue interface were 

immunohistochemically stained for MMPs 3 (Figure 4-21), 9 (Figure 4-22), 12 (Figure 

4-23), 13 (Figure 4-24) and 14 (Figure 4-25), as all of these MMPs were detected from 

proteomics analysis of tissue extracts and are known to play a role in the wound healing 
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process. Cells labeled positively for MMPs are separated into those observed immediately 

adjacent to the implant (within approximately 100 µm distance) and the associated reactive 

neotissue (“peri-polymer localization”), and those observed at a greater distance, separated 

by a fascial plane (“other cells labeled”) (Table 4-10). For each, cell types are listed from 

strongest/most intense staining to weakest/least intense staining. Granular, cytoplasmic 

staining for MMPs was observed in several cell types in the experimental tissue specimens, 

but notably co-localized with macrophages peripheral to the polymer-tissue implant the 

strongest of any other cell type. This implies that MMPs are secreted by macrophages that 

infiltrate the polymer-tissue interface. MMP-9 primarily digests gelatin and has been 

shown to be secreted in high levels by M2 macrophages known to promote angiogenesis, 

especially by the M2c subgroup.274 MMP-3 and MMP-9, along with MMP-1, are known 

to regulate the most widespread array of chemokine signals that are important drivers of 

the inflammatory response.274 IHC staining of MMP-9 co-localized with 

monocyte/macrophages and multinucleated giant cells, as did all of the MMPs. 
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Table 4-10 Summary of observations from MMP IHC staining 

 
 

 

 
Figure 4-21 MMP-3 IHC Labeling 

Immunohistochemical labeling for MMP-3 on the polymer-tissue interface of slides for 

Designs A – F on Days 4 (top), 14 (middle), and 28 (bottom). Monocyte-macrophages, 
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multinucleated giant cells, and endothelium stain positive (brown) at the peri-polymer 

localization. Other cells labeled are dermal monocyte-macrophages, neutrophils, epidermal 

sebocytes, and striated myocytes. 

 

 

 
Figure 4-22 MMP-9 IHC Labeling 

Immunohistochemical labeling for MMP-9 on the polymer-tissue interface of slides for 

Designs A – F on Days 4 (top), 14 (middle), and 28 (bottom). Monocyte-macrophages and 

multinucleated giant cells stain positive (brown) at the peri-polymer localization. Other 

cells labeled are dermal monocyte-macrophages and neutrophils. 

  

 

 
Figure 4-23 MMP-12 IHC Labeling 

Immunohistochemical labeling for MMP-12 on the polymer-tissue interface of slides for 

Designs A – F on Days 4 (top), 14 (middle), and 28 (bottom). Monocyte-macrophages, 
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multinucleated giant cells, endothelium, and fibroblasts stain positive (brown) at the peri-

polymer localization. Other cells labeled are striated myocytes, apocrine epithelial cells, 

epidermal sebocytes, dermal macrophages, neutrophils, and epidermal keratinocytes. 

 

 
Figure 4-24 MMP-13 IHC Labeling 

Immunohistochemical labeling for MMP-13 on the polymer-tissue interface of slides for 

Designs A – F on Days 4 (top), 14 (middle), and 28 (bottom). Monocyte-macrophages, and 

multinucleated giant cells stain positive (brown) at the peri-polymer localization. Other 

cells labeled are dermal monocyte-macrophages and neutrophils. 

 

 
Figure 4-25 MMP-14 IHC Labeling 

Immunohistochemical labeling for MMP-14 on the polymer-tissue interface of slides for 

Designs A – F on Days 4 (top), 14 (middle), and 28 (bottom). Monocyte-macrophages, 

multinucleated giant cells, and endothelium stain positive (brown) at the peri-polymer 
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localization. Other cells labeled are dermal monocyte-macrophages, neutrophils, epidermal 

sebocytes, striated myocytes, and epidermal keratinocytes. 
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4.4 Discussion 

PCL-based SMPs were synthesized via direction PCL modification, a synthetic 

process that was able to be emulated by a contract manufacturer. A 1:1:1 ratio of 

LDA:CL:allyl chloroformate produced 68%PCL-32%ACPCL, which possessed a melting 

temperature below body temperature (32.8 ± 2.8 oC), indicating that this material could be 

useful in biomedical applications where shape recovery and/or moldability at body 

temperature is beneficial. Such applications possibly include implementation in minimally-

invasive surgical devices and constructs. Another potential utility of the material is in the 

form of an external stent to mitigate neointimal hyperplasia in vein grafts and hemodialysis 

access sites. As applying external stents in these applications has been shown in large 

animal models to correlate with a mitigation in neointimal hyperplasia, it was desired to 

test the ability of this material to promote this process in the format of a porous scaffold. 

In an initial pilot study, it appeared that a larger spaced design (~220 μm vs. 170 μm) could 

possibly result in a design with a higher Cumulative Score (semi-quantitative summation 

of Neovascularization (high score = more vascularization), Inflammation (high score = low 

inflammation), and Fibrogenesis (high score = low fibrogenesis). This suggested that 

wider-spaced pores may promote a more favorable response through promotion or 

downregulation of some combination of these factors. 

To investigate this, 4 porous 68%PCL-32%ACPCL scaffolds paired by equivalent 

pore size (635 ± 63 μm, 1159 ± 64 μm) and spacing (151 ± 50 μm, 229 ± 51 μm)  were 

implanted subcutaneously in mice along with nonporous 68%PCL-32%ACPCL and 

microporous ePTFE controls. Prior to implantation, porous designs (Designs A –D) and 

the nonporous PCL-ACPCL control (Design E) were evaluated in terms of their 

mechanical properties. Comparison of pore size and spacing effects revealed a statistically 



 131 

significant decrease in maximum stress (σma) when spacing is reduced from 230 to 150 μm 

(p = 0.0025), but not when pore size is changed approximately two-fold (p = 0.3662). These 

results suggest that pore spacing is a better predictor of mechanical properties than pore 

size. To evaluate the effects of pore size and spacing of these PCL-ACPCL constructs on 

tissue response, a total of 21 mice were implanted with Designs A – F and sacrificed on 

Days 4, 14, and 28. Semi-quantitative histological scoring of these samples by a board-

certified veterinary pathologist revealed that porous designs promoted both 

neovascularization and fibrogenesis relative to non/microporous controls.  All porous and 

nonporous designs were statistically significant from each other by Neovascularization and 

Fibrogenesis Scores. Inflammation remained mild (Inflammation Score = 2) to minimal for 

(Inflammation Score = 3) for all of the designs except for Design A, which was more 

moderate overall (1.69 ± 0.92).  As such, a statistically significant difference was detected 

between Design A and Design F for Inflammation Score (p = 0.0318) and this was also the 

only comparison that was significantly different by Cumulative Score (p = 0.0182). 

Comparing groups by pore spacing and size also revealed significant differences in 

Inflammation Scores and Cumulative Scores for small spacing vs. nonporous groups (p ≤ 

0.001) and small pore size vs. nonporous groups (p ≤ 0.0029). Although no significant 

differences were detected in the semi-quantitative histological criterion between pore 

design groups on Day 28, these results intimate that a small pore spacing and size 

combination elicits a more upregulated inflammatory response from x%PCL-y%ACPCL 

implants. 

Neovascularization was further characterized via a microvessel detection algorithm 

that quantified the total vessel number, total and average vessel area, average vessel 
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perimeter, and microvessel density of each design via colorimetric quantification of DAB 

staining against CD31. On Day 28, trends in total vessel number and area were virtually 

identical. All porous designs had greater vessel number and vessel area than nonporous 

designs as expected. Design C had the highest total number of vessels and area, followed 

by Design D. Both of these designs were significantly different from Design F (p ≤ 0.0037) 

for both metrics. Design C was also significantly different than Design E in terms of total 

vessel number (p = 0.0431). In corroboration with this trend, microvessel density was 

highest for Design C at 28 days, which was statistically significant in comparison to the 

smaller spaced and larger sized Design B (p = 0.0048). Comparisons based on pore spacing 

and pore size groups revealed that all were different than nonporous controls for total vessel 

number and area on Day 28 as expected. The 230 μm group (C,D) was also different from 

the 150 μm spaced group for both total vessel number (p = 0.02111) and area (p = 0.0241), 

which implied that the larger spacing (Designs C and D) is more conducive to 

neovascularization over the course of one month. 

Macrophage are known to be integral to the regulation of tissue responses and, 

although their phenotypic behavior exists across a spectrum, are classically characterized 

to either promote inflammation (M1) or wound healing (M2).  Macrophage phenotypes 

were characterized in terms of their M1 and M2 phenotypes via immunohistochemical 

staining with F4/80 as a pan macrophage marker, iNOS as an M1 macrophage marker, and 

CD206 as an M2 marker. Designs B and C were shown to express more of a pro-

inflammatory M1 phenotype on Day 4 compared to the low pore size, low pore spacing 

design (A). As transient upregulation of M1 phenotypes has been shown to stimulate pro-

angiogenic processes, this result may help explain why the wider spaced 230 μm group 
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elicited more neovascularization as assessed by the CD31 microvessel detection algorithm. 

Conversely, iNOS positivity in Designs C and D was significantly reduced at 28 days for 

each group relative to Day 4, unlike the shorter-spaced Designs A and B. This suggests 

that Designs C and D may induce less chronic inflammation and undergo more of a wound 

healing response than shorter spaced designs, although it is unclear to what degree this 

occurs without longer-term studies. IHC staining for MMPs 3, 9, 12, 13, and 14 revealed 

some granular, co-localized staining of monocyte-macrophages peripheral to the implant, 

suggesting their possible role in the inflammatory, fibrotic, and neovascular processes 

observed. 

Like any other implant, implantation of an external stent around the vein results in 

some degree of injury to the surrounding tissue that perturbs homeostasis and results in a 

complex wound healing response.91 As alluded to earlier, the intensity and duration of this 

inflammatory response may play an important role in the function of the external stent and 

defines the biocompatibility of the device. Physicochemical and geometric properties of 

the external stent  partially govern this response, which is characterized by the degree of 

acute inflammation, chronic inflammation, granulation tissue formation, foreign body 

reaction, and fibrosis.91 The foreign body reaction, comprised of foreign body giant cells 

and granulation tissue (i.e. macrophages, fibroblasts, capillaries), is a critical step in the 

type of biological response elicited and is highly dependent upon the topology and surface 

chemistry of the implant. These properties mediate the type and quantity of proteins 

adsorbed on the surface of the substrate, which provide ligands for monocyte or 

macrophage attachment and may also signal the macrophage fusion process that generates 

foreign body giant cells.91  
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Comparison of neovascularization, inflammatory, and fibrotic tissue responses 

elicited by macroporous 68%PCL-32%ACPCL scaffolds and microporous ePTFE 

implants reveals that the PCL-ACPCL scaffolds are more pro-inflammatory, pro-

neovascular, and pro-fibrotic than ePTFE. It is hypothesized that materials promoting more 

neovascularization will more effectively mitigate neointimal hyperplasia by helping the 

vein adapt more readily to the intense pressure and flow conditions experienced by the vein 

in the arteriovenous environment. The positive impact of neovascularization on the 

performance of tissue-engineered bypass grafts supports this notion.275 It is unclear what 

degree of inflammation and foreign body reaction is ideal for external stenting, but it has 

been shown that complement and mast cells migrate onto NH-reducing macroporous 

polyester (Dacron) sheaths and deposit ECM proteins. Lymphocytes, neutrophils, giant 

cells, and T-cells were shown to be entrapped by these sheaths,7 but not with the ineffective 

microporous ePTFE stents.83, 117 Qualitatively, these scaffolds appear to promote a similar 

inflammatory and immune response to that described. A side-by-side comparison between 

PCL-ACPCL and Dacron meshes would more clearly answer how these scaffolds compare 

in terms of neovascularization, fibrosis, and inflammatory responses. Also, even if 

comparative subcutaneous mouse experiments such as these could be done, it is unclear 

whether more intense inflammatory and/or fibrotic processes are favorable for mitigation 

of intimal hyperplasia in a venous environment.  Further studies more precisely evaluating 

the role that these processes play in neointimal hyperplasia would be instrumental to 

improving external stent function and patency outcomes for hemodialysis, coronary 

bypass, and peripheral bypass patients. Evaluation of subcutaneous mouse tissue response 
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to porous 68%PCL-32%ACPCL scaffold implantation appears to promote 

neovascularization processes that are desirable for vascular engineering applications. 
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4.5 Conclusions 

In this Aim, x%PCL-y%ACPCL copolymers were synthesized through direct 

modification of PCL in a manner much quicker and more conducive to scale up. A contract 

manufacturer, Silar Laboratories, synthesized a large batch of 68%PCL-32%ACPCL, 

which was used in subsequent in vivo experiments to evaluate the role of pore size and 

spacing on neovascularization, inflammation, and fibrogenic processes. Characterization 

of mechanical properties of porous scaffolds revealed that the differences caused by an 

increase in spacing from 150 μm to 230 μm has a greater impact on mechanical properties 

such as maximum stress than an approximate two-fold increase in pore size.  As polyester 

(Dacron) external stents have demonstrated an ability to mitigate neointimal hyperplasia, 

which also correlate with an increase in adventitial angiogenesis, it is hypothesized that 

external supports promoting neovascularization are beneficial for external stenting of 

venous tissue in hemodialysis and bypass grafting environments. Neovascularization, 

inflammation, and fibrogenesis were evaluated through semi-quantitative histological 

adapted from elsewhere. Results show that macroporous 68%PCL-32%ACPCL scaffolds 

upregulate neovascularization and fibrogenesis relative to ePTFE microporous grafts. It 

was desired to evaluate the ability of porous scaffolds to induce neovascularization, as it 

has been shown to be an indirect corollary to mitigating intimal hyperplasia in large animal 

studies. After 28 days, histological semi-quantitative measures as well as CD31 

microvessel detection algorithms quantifying total vessel number, total vessel area, and 

microvessel density revealed that porous PCL-ACPCL scaffolds promoted 

neovascularization relative to microporous ePTFE. Fibrogenesis also appeared to be 
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upregulated, as assessed by the degree of connective tissue bridging of the implants after 

28 days as well as Masson’s trichrome staining. Immunohistochemistry-based macrophage 

phenotype characterization indicated that pro-inflammatory M1 macrophages were 

significantly upregulated in porous designs B (~1160 μm diameter, 150 μm spacing) and 

C (635 μm diameter, 230 μm spacing) relative to A (635 μm pore size, 150 μm spacing). 

iNOS positivity indicating the pro-inflammatory M1 macrophage phenotype was 

significantly reduced from Days 4 to 28 with the wider-spaced pore designs C and D, but 

not with smaller spaced ones. This may imply more a shift towards the M2 “wound-

healing” macrophage phenotype with these designs relative to smaller spaced ones, 

although M2/M1 ratio was highest for microporous ePTFE at 28 days IHC staining of 

MMPs 3, 9, 12, 13, and 14 suggests co-localization of these important wound healing 

regulators with monocyte-macrophages at the polymer-tissue interface. Further studies are 

required to determine whether the neovascularization, inflammatory, and fibrotic processes 

are beneficial for external stenting applications, but this study warrants further 

investigation. 
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CHAPTER 5: SUMMARY AND FUTURE DIRECTIONS 

 

5.1 Summary 

In Aim 1, a new class of PCL-based shape memory polymers were synthesized and 

characterized for their mechanical, shape memory, and endothelial cell compatibility 

effects. The polymer library exhibited tunable thermomechanical properties, good 

ductility, high shape fixity and shape recovery, and switch-like shape recovery around body 

temperatures for many compositions. In vitro endothelial cell compatibility was assessed 

via a resazurin viability assay and demonstrated >85% viability relative to TCPS. These 

SMPs appear to represent a promising new biomaterial for biomedical applications such as 

external stenting of vein grafts and hemodialysis vascular access sites as partially moldable, 

ductile, and slowly biodegradable material with apparent cytocompatiblity. 

In Aim 2, the x%PCL-y%ACPCL synthetic scheme was simplified and standardized 

to enable scaled up synthesis by a contract manufacturer. Porous polymer scaffolds with 

wider spaced pores (230 μm vs. 150 μm) were resilient to higher stresses, and exhibited a 

tensile modulus close to that of healthy coronary arteries (0.57 – 1.11 MPa for porous 

scaffolds compared to 1.48 MPa). Semi-quantitative assessment of neovascularization, 

inflammation, and fibrogenesis was evaluated by a board-certified veterinary pathologist 

and revealed that macroporous scaffolds promoted more neovascularization and 

fibrogenesis than nonporous controls. CD31 quantification via a microvessel detection 

algorithm determined that the total number and area of vessels was upregulated in pores, 

especially those with wider spacing. Macrophage phenotype characterization by IHC 

indicated that some designs show higher positivity for M1 macrophages at early time 

points, and this is significantly downregulated at later timepoints, which indirectly implies 
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that more constructive tissue remodeling processes may be occurring in three of the four 

porous scaffolds. These results warrant further investigation into the application of this 

material in the form of an external stent, as other large animal studies have shown that 

promotion of neovascularization processes may help to mitigate neointimal hyperplasia.     

 

5.2 Future Work 

5.2.1 Evaluation of vein responses to external stents in relevant experimental models 

In order to optimize external supports, models that are most relevant to the human 

physiology and most conducive to attaining mechanistic insights of external stents should 

be employed. No ideal model directly mimetic of NH and human disease conditions 

currently exists. However, models chosen should match the conduit caliber, hemodynamics, 

and thrombogenicity as closely as possible to that of the disease state in humans.280, 281 

Larger native vessel diameters should be chosen to best simulate the low shear stress 

conditions of the anastomoses encountered clinically. This means that large animals such 

as nonhuman primates, pigs, canines, and sheep are more appropriate selections than small 

animals for studying an external support’s effects on NH. Nonhuman primates represent 

the closest approximation to humans in terms of blood compatibility, thrombosis, and 

endothelialization of devices, but may not always be an option due to high cost and low 

availability. Other factors that play a role in experimental relevance of external stent 

assessment are the type of artery and vein employed, length of implantation, and type of 

anastomosis used (i.e. end-to-side or end-to-end). An end-to-side anastomosis geometry 

should be employed whenever possible in order to better mimic clinical flow conditions. 
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A detailed assessment of variables to consider when selecting an animal model and 

differences between them can be found elsewhere.280, 281  

Ex vivo and in vitro models are often more appropriate in terms of time, cost, and 

throughput to optimize and screen design parameters. For example, it may be more efficient 

to assess mechanical properties of external stents in an ex vivo flow-based model. Such ex 

vivo flow systems have emerged as a useful tool to study human venous tissue responses 

to treatments while under the duress of physiologically relevant flow and pressure 

conditions in the absence of blood components.22, 282 In one study, Longchamp et al. 

demonstrated that a 4 mm Dacron mesh with 750 μm, diamond-shaped pores (Provena®, 

B. Braun Medical SA) could reduce distention and NH in an engineered perfusion system 

that exposed SVGs to physiological pressures (120/80 mmHg at 1 Hz) for 3 or 7 days. The 

mesh also reduced VSMC apoptosis and subsequent medial fibrosis, while preventing 

upregulation of matrix metalloproteinases (MMP-2, MMP-9) responsible for depositing 

the ECM that comprises the neointima. Endothelial function, as measured by gene 

expression of endothelial nitric oxide synthase (eNOS), was also improved with mesh 

treatments relative to the unstented veins. The meshes exhibited these effects significantly 

more while exposed to physiological pressures, indicating that the mechanical support 

provided by the mesh was important in mitigating NH (at least in a blood component-free 

system). While such findings ultimately need to be proven in a more physiologically-

relevant model, this study provides a preliminary example of how ex vivo models can 

provide unique insights into external stent design parameters. 

While a few approaches have evaluated the effects of external stents on human 

venous responses in ex vivo models with artery-mimetic pressure and flow,22 very little, if 
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any, optimization of external stent designs has been done with these models, in part because 

they are still not very high-throughput. Moreover, despite the role that the end-to-side 

geometry of the anastomosis has been shown to play in WSSGs, turbulence, and NH,111, 

283, 284 few, if any, end-to-side ex vivo models exist to account for this. Likewise, 

hemodynamic effects that external supports elicit are thought to play an important role but 

are currently understudied, limited to a few small-scale clinical trials.98, 128 In addition, 

comparative studies examining the role of design parameters on positive remodeling effects 

(e.g. vascularization) and inflammatory responses are essentially limited to hernia repair 

mesh evaluations.90, 140 

Future work will attempt to overcome these critical knowledge gaps besetting prior 

external stents with a more appropriate, informed selection of material and device design. 

Parameters will be optimized via a high-throughput computational fluid dynamic (CFD) 

model recapitulating external stent application to the venous anastomosis. The CFD model 

will be tested, adjusted, and validated from human AVG responses to artery-mimetic 

pressure and flow in an end-to-side ex vivo flow chamber. Effects of external stent 

parameters can be iteratively evaluated and understood in this way to better ensure optimal 

device design early on in development. Evaluation of designs to promote 

neovascularization while minimizing inflammation and fibrosis will also aid in identifying 

the most promising design candidates. 

An ex vivo flow chamber has been developed that can generate artery-mimetic 

pressure and flow (e.g. 120/80 mm Hg pressure at 1 Hz) (Figure 5-1). The precise geometry 

of the venous anastomosis can be captured and input into a CFD model using Computed 

Tomography (CT) (Figure 5-1and Figure 5-2). An initial experiment has been conducted 
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in the flow system evaluating flow through a y-shape tubular-mimetic of the venous 

anastomosis in Dr. Byram’s Laboratory (Figure 5-1B). An ultrasound transducer was 

placed across pre-determined areas of the anastomosis285 (Figure 5-3), and a sequence was 

used to extract cross-sectional fluid flow measurements. Hemodynamic parameters such 

as wall shear stress (WSS), wall shear stress gradients (WSSGs), oscillatory shear index 

(OSI), relative residence time (RRT), and turbulence intensity can now be computed using 

scripts developed by Dr. Luo’s Laboratory. These experimental results demonstrate the 

feasibility of utilizing the methods described herein to characterize anastomosis 

hemodynamics. 

 
Figure 5-1 Ex vivo flow System and CT Image of venous anastomosis 

A) Ex vivo flow system consisting of 1) gearing and 2) air pump in a circulating loop with 

3) glass pressure column connected to 4) flow chamber with 5) pressure transducers. B) 

Flow Chamber and C) CT image of AVG anastomosis. 

 

 
Figure 5-2 CT Image of venous anastomosis using Syndaver Labs synthetic vein 

An arteriovenous anastomosis was constructed using a synthetic vein and CT scanned. 
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Figure 5-3 Ultrasound Flow Experiment 

Ultrasound flow experiments show flow downstream of the tubular anastomosis toe. 

Flow rates are synchronized with pressure. 

 

A CFD model of the venous anastomosis will be created in ANSYS and validated 

in an ex vivo flow chamber to robustly and expediently optimize biomechanical effects of 

stent parameters. Ex vivo experiments will first be conducted using phantom veins before 

transitioning to human veins. 

 

5.2.1.1 CFD model creation for fluid-structure interaction (FSI) 

The pulsatile flow and compliant vein wall together with the flexible external stent 

represents a coupled FSI problem that will be modeled by CFD using the commercial 

package, ANSYS. The CFD model will include transient solutions of vein wall 

deformation and transitional/turbulent flow. To simulate vein wall mechanics, a 

hyperelastic model286, 287 will be adopted in order to incorporate nonlinear and large 

expansion of the vein under arterial pressure. Anisotropic effects will also be included to 

accommodate the difference between circumferential loading and axial loading;288 for 

human veins, Young’s modulus varies from 0.03 - 2.5 MPa (depending on loading) 

circumferentially and from 0.16 - 0.5 MPa axially. Young’s modulus of the graft is ~ 80 
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MPa, with a Poisson’s ratio of 0.5 assumed for both graft and vein.289 Blood flow is 

assumed to be incompressible and Newtonian as non-Newtonian effects did not 

significantly alter flow patterns.290 As the Reynolds number is moderate, direct numerical 

simulations will be used to capture flow separation and 3D vortices.290 Outputs of the 

model include time-dependent expansion of the vein wall and tensile stress and strain in 

tissue; hemodynamic variables include WSS, WSSG, OSI, RRT, and turbulence intensity. 

 

5.2.1.2 Model validation with phantom veins 

To mimic the physical experiment, the 3D geometry of the anastomosis from CT 

imaging (Figure 5-2) will be imported into ANSYS along with flow data from ex vivo 

experiments. To validate the model, vein wall expansion and flow velocity will be 

compared at several specified locations both within and downstream of the anastomosis 

Figure 5-4A). Both the centerline and near-wall locations at each cross section will be used 

for fluid velocity comparison and quantification. 

Vein phantoms from Syndaver Labs (4 mm ID, up to 15 cm length) will initially be 

used for model validation to save time and conserve resources. Phantoms will be tied end-

to-side at 45o to 6 mm GORE PTFE Standard Wall tubing in the ex vivo flow chamber 

using double-armed 6-0 prolene monofilament sutures. The constructed AVG will then be 

secured to the ex vivo flow chamber flush with Blood Mimicking Fluid (CIRS Inc.). As 

described in Preliminary Experiments, an ATL L12-5 ultrasound transducer will be placed 

across pre-determined areas around the anastomosis,285 and a sequence will be used to 

extract cross-sectional fluid flow measurements spaced approximately 156 μm apart at a 

sampling frequency of 9 MHz. The matrix of flow data will be analyzed in Matlab to assess 
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maxima, minima, and average flow rates at each cross-section and project these flows onto 

contour and 3D maps (Figure 5-4B) in addition to hemodynamic outputs (WSS, etc.). A 

total of 20 AVGs (10 with/without external stent) will be evaluated in this manner. 

 

 
Figure 5-4 Hemodynamic Characterization of Flow 

Depiction of cross-sectional velocity profiles (orange lines signify sectioning locations  

for paraffin embedding) and B) projection of time-averaged WSS (TAWSS) across the 

venous anastomosis (adapted from Loth et al).285 

 

After model validation, batch CFD simulations will be run by systematically 

changing the following design parameters because they affect static and dynamic vein wall 

expansion under pulsatile flow conditions; as a result, they can alter flow separation 

patterns in the anastomosis and shear layer stability causing flow transition to turbulence.154 

Scaffold stiffness [E’(37oC) = 1, 5, 10 MPa] – These values are within the range measured 

for the compliant SMP library, accounting for a reduction in stiffness from pores.15 

Diameter [ID = 4, 6, 8 mm] – Looser-fitting, 8 mm diameter external supports better 

reduced NH than tighter-fitting ones,8 presumably due to more neoadventitial 

angiogenesis. In contrast, more constrictive Nitinol external stents were better,10, 11 

although this may have caused buckling and patency issues in clinical trials.134, 135 The 

range proposed acknowledges typical vein sizes of 3 – 4 mm. Length [L = 2, 4, 8 cm] – It 
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is unclear how long an external stent should extend beyond the anastomosis before the 

separated flow becomes reattached, as there has been no such investigation. This range is 

reasonable given that ~59% and 19% of AVG failures occur within 1 and 6 – 10 cm, 

respectively.52 Thickness [T = 0.3, 0.5, or 1 mm] – Scaffolds should be thick enough for 

facile handling, bearing in mind that a thicker construct 1) could impede connectivity 

between vein and surrounding connective tissue, risking hypoxia-induced NH, and 2) 

require more material. Pore size and spacing  [750, 1000, 1250 μm and 150, 250, 350 μm] 

– Based on preliminary data and diffusion limits beyond ~350 μm, parameters chosen 

reside medial to the design eliciting the highest cumulative score. Approximately 100 runs 

are expected to be required to perform the parametric study. In the end, 7 external stent 

designs (6 most promising, 1 less promising) will be applied to phantom AVGs (N = 10) 

in a 37 oC, 5% CO2 incubator. Videos will be taken of the external stent wrapping around 

the anastomosis to assess and improve ease of use. Flow measurements will be taken as 

described. 

 

5.2.1.3 Model validation with human AVGs 

After study with vein phantoms, de-identified human cadaver veins will be used for 

flow experiments. Untreated control segments will be assessed for viability (stress > 0.025 

x105 N/m2) in muscle baths.291 If viable, two ~10 cm segments will be used to construct a 

treated and control AVG. Both will be cultured at 37 oC, measured by ultrasound, and CT 

scanned at 24 hours. This process will be repeated for 7 stent designs in order to refine the 

parametric CFD model for human veins. Using the updated model, the three most 

promising external stent designs elucidated from the simulations will then be evaluated 
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under standard flow conditions by quantitatively assessing flow and biomechanical 

response after 1, 3 and 7 days. Vein morphometry and proliferative densities will also be 

determined to test the overarching hypothesis that NH correlates with biomechanical 

observations. AVGs will be fixed in 10% formalin immediately following CT scans and 

sectioned into 6 segments prior to paraffin embedding (Fig. 8D). Each section will be 

stained with Mason’s Trichrome and BrdU. Vein morphometry (intimal and medial area, 

recalculated lumen diameter, intimal/medial thickness) and proliferative densities in the 

intimal and medial layers will then be assessed according to Berceli et al.292 Correlations 

of morphometric and proliferative measures to biomechanical outputs (WSS, etc.) 

predicted from the CFD model will be evaluated. 

 

5.2.1.4 Potential Problems and Alternative Approaches 

Simulation results from the CFD model may not match the experimental results very 

well initially. To improve the model, lower flow speeds (and thus lower Reynolds numbers) 

can be utilized while keeping the pressure at the same level. This would make it easier to 

run flow simulations and afford focus on vein deformation only. Similarly, flow simulation 

can be validated separately by using a stiffer phantom with little wall deformation. After 

both vein mechanics and flow simulations are successfully achieved, we can then move to 

realistic, coupled FSI simulation. 

It is expected that there will be some clear correlations between WSSGs, RRT, and 

OSI, and that reinforcement with the most promising external stent designs will result in a 

greater attenuation of these outputs than the least promising designs. These factors are also 

expected to correlate with a reduction in NH and proliferative densities within the intima. 
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If there are incongruences in these observations, the number of biological replicates will 

be increased and additional ultrasound measurements such as vein-wall vibration velocities 

corresponding to activation of mechanotransductive pathways (e.g. densitometric analysis 

of phosphorylated ERK1/2 Westerns) will be investigated.285 In addition, underlying 

mechanisms related to switches in behavior of smooth muscle cells and myofibroblasts 

from contractile to synthetic phenotypes can be further explored on the immunostaining 

and/or genetic levels. For example, Berceli et al. evaluated phenotypic smooth muscle cell 

markers (e.g. tangelin, MYH11, α-actin) indicative of a switch from contractile to 

synthetic.  

 

5.2.2 Incorporation of a therapeutic to further reduce neointimal hyperplasia 

As previously discussed in Sections 2.3 and 2.5.2, localized, sustained release of 

therapeutic molecules to the adventitia is another promising approach to reduce neointimal 

hyperplasia. Combining the positive effects of an external support with therapeutics can, 

in theory, work synergistically to abrogate neointimal hyperplasia.  As eluded to in Section 

2.3.1, one promising therapeutic candidate is a peptide inhibitor targeted against Mitogen 

Activated Protein Kinase II (MK2i), as it has shown promise to reduce NH and exhibits 

anti-fibrotic and anti-inflammatory properties.23, 24 However, serial ultrasound 

measurements in a murine inferior vena cava interposition model suggest that vein grafts 

progressively thicken following an initial NH reduction after 7 days.25 This indicates the 

need for more localized, sustained release of MK2i to the vein, especially considering that 

the half-life of MK2i is only 3 days and the majority of VSMC proliferation and migration 
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occurs over the first 4 weeks.4 It is hypothesized that sustained release of MK2i over 2 – 4 

weeks may be desirable for internal and/or external stent applications. 

 

5.2.2.1 Gelatin hydrogels as a therapeutic depot 

5.2.2.1.1 Pro-angiogenic effects of a gelatin hydrogel 

In situ crosslinkable, gelatin-derived hydrogels provide tunable mechanical 

properties to potentially control release of therapeutics and also promote 

vasculogenesis.293, 294 Injectable hydrogels were developed by conjugating hydroxyphenyl 

propionic acid to gelatin (GHPA) that crosslinks in situ via a horseradish peroxidase 

(HRP)-mediated reaction (Figure 5-5A). This process enables rapid gelation of hydrogels 

with tunable mechanical strengths as determined by crosslinking density (Figure 5-5B and 

excellent long-term biocompatibility (up to 2 weeks) with murine mesenchymal stem cells 

(MSCs) when encapsulated in 3D culture.294 Encapsulated MSCs began to form tubular 

networks with upregulation of CD31 and Flk1 in vitro (Figure 5-5C), suggesting that the 

gelatin-derived hydrogel has the potential to promote the differentiation of MSCs into an 

endothelial lineage. The angiogenic potential of these hydrogels was recently confirmed 

with encapsulated Flk1-LacZ MSCs implanted ventral subcutaneously on polyvinyl 

alcohol sponges in CL53/B16 mice after 2 weeks, with robust neovasculature and 

upregulation of EC markers (Figure 5-5D). These results indicate that adding in situ 

crosslinked gelatin hydrogel supports could promote neo-vasa vasorum formation in 

HSVs. 
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Figure 5-5 Crosslinkable gelatin hydrogels 

A) Schematic of GHPA crosslinking. B) Storage moduli (G’) of crosslinked GHPA 

hydrogels with varying GHPA (%w/v) and H2O2 (%w/v) concentrations (N = 3), with 

indicated compositions used for biological experiments. C) qRT-PCR MSC expression for 

endothelial cell markers CD31 and Flk-1 after 15 day culture in GHPA hydrogels compared 

to TCPS controls (N = 3, * = p<0.05). D) Fluorescent microangiography images of 

harvested scaffolds from subcutaneous mouse implantation 2 weeks post-implantation. 

Images adapted from Lee et al.294 Copyright 2014, John Wiley & Sons.  

 

 

5.2.2.1.2 Sustained release of MK2i from gelatin hydrogels 

The tunable crosslinking densities of GHPA hydrogels offer a means to control the 

release therapeutic molecules such as MK2i. MK2i was conjugated to carboxylfluorescein 

(FAM) via standard NHS coupling295 to enable facile release quantification by fluorescent 

measurement of the released supernatant.  The conjugate was loaded into the three 

hydrogels (7.0 wt% GHPA; 0.5%, 0.05%, or 0.0025% H2O2) by incorporating it into PBS 

solution containing the gelatin prior to crosslinking. A total of 0.2 and 0.91 mg of MK2i 

can be loaded into the hydrogels as at least one of these amounts should allow ~14 µg/day 

of MK2i to be released (if zero-order kinetics can be achieved) over 28 days to achieve 100 

µM/day in a volume equivalent to a typical cephalic vein anastomosis (3 mm diameter, 230 
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µm thickness, and 30 mm length equivalent to 60 µL). This dose (100 µM) effectively 

prevented intimal hyperplasia when used ex vivo during the time of explant in the mouse 

and rabbit venous interposition models and is the equivalent to the minimal effective dose 

delivered daily in a bleomycin mouse model of idiopathic pulmonary fibrosis.25, 296 

Different amounts can be screened because the diffusion coefficients driving 

release of the MK2i from the gelatin hydrogels are unknown and should be determined to 

better control and predict MK2i release.297-300 After crosslinking, hydrogels can be 

incubated in PBS for 28 days; fresh PBS is exchanged at each timepoint to mimic the 

“infinite sink” condition experienced in vivo. The collected supernatants will be read on a 

plate reader at an excitation/emission of 494/517 nm and compared to unloaded gelatin 

hydrogels and MK2i-FAM controls without gelatin from which a standard curve will be 

derived. 

GHPA hydrogels (7% w/v) with 3 different H2O2 concentrations [0.5%, 0.05%, and 

0.0025%] were crosslinked in a 24-well plate (n = 4) and incubated in 800 µL PBS at 37 

oC. At each time point, samples of the supernatant were transferred to a 96-well plate, and 

the remainder of the media was exchanged in an attempt to mimic the “infinite sink” 

condition experienced in the body. Initially, frequent timepoints were taken (15 minutes, 

30 minutes, 2 hours), followed by every 12 hours and every 24 hours.  As expected, release 

rates of MK2i are dependent on the crosslinking degree (e.g. H2O2 concentration) of the 

GHPA hydrogels (Figure 5-6). Notably, the lowest crosslinked GHPA hydrogel 

(7%;0.0025%) contains the largest pores and has the most burst release. Conversely, the 

highest crosslinked GHPA hydrogel (7%;0.5%) contains the smallest pores and allows the 

least amount of burst release. 
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Figure 5-6 Release of MK2i-FAM from GHPA hydrogels 

The A) Concentration vs. time. The GHPA hydrogel with the higher crosslinking density 

(more H2O2, i.e. 0.5%) releases MK2i (160 g = 100 M loading) at a slower rate than the 

less crosslinked GHPA hydrogels, as expected. Arrows indicate a shift towards zero-order 

release of MK2i-FAM for the two more highly crosslinked GHPA hydrogels (7%;0.5% 

and 7%;0.05%). B) Concentration vs. t0.5 do demonstrate a fit to a Fick’s second law of 

diffusion. Note the transition from a Fickian to non-Fickian release profile. 
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As expected,301 there is an initial burst release of MK2i from the hydrogels within 

the first 2 hours (Figure 18). The high degree of initial burst release is due to i) peptide 

near the surface of the hydrogel-solvent interface and ii) peptide release that is more rapid 

through larger pores of the hydrogel matrix than through smaller ones301.  The initial linear 

portion of the plot represents diffusion-controlled release of MK2i, which can be 

represented by the 1-D unsteady-state form of Fick’s second law of diffusion for a hydrogel 

matrix containing dispersed peptide.301-304 It states that for small values of time (t), 

Equation 5-1: 

𝑀𝑡

𝑀∞
= (

16𝐷𝑎𝑝𝑝∗𝑡

𝜋𝐻2 )
0.5

  

In this equation, Dapp is the apparent diffusivity, and Mt and M∞ are the cumulative mass 

of MK2i release after time t and infinite time, respectively. H represents the thickness of 

the hydrogel. 

 Following this initial, rapid diffusion-controlled release phase (i.e. Fickian phase) 

is a pseudo-Fickian phase in which release is still relatively linear with respect to t0.5 

(Figure 18B), but it is slowed by smaller pore sizes and/or specific interactions between 

MK2i and the gelatin hydrogel.301-304  Essentially all of the MK2i is released from the 

lowest crosslinked GHPA hydrogel (7%;0.0025%) within the first 3 – 4 days.  However, 

at this point 7%;0.05% hydrogel exudes near zero-order release of MK2i through the next 

two weeks (16 days total), albeit with uneven release kinetics. Meanwhile, the 7%;0.5% 

hydrogels appears to reach an equilibrium state until around day 17 or 18, at which point 

it also experiences a near zero-order release profile. The shift in release towards zero-order 

kinetics for 7%;0.05% and 7%;0.0025% indicated by the arrows in Figure 18A is desirable 

to maintain high concentrations of MK2i in tissue and may be the result of hydrogel 

degradation.  Follow up experiments can be conducted to quantify degradation over time 



 154 

as well as to evaluate fluorescent changes over time from unloaded gelatin hydrogels to 

ensure that this shift in release detected is not the result of autofluorescence from GHPA 

degradation products.  

It should be cautioned that release kinetics in vivo will deviate substantially from 

those observed from GHPA depots in this in vitro experiment. The presence of 

collagenases and the multitude of mechanical forces enacting upon the hydrogel in an in 

vivo setting could dramatically alter and would likely abbreviate release kinetics. This 

emphasizes the need to test this type of approach in an in vivo setting. Moreover, it is a 

significant challenge from a fabrication standpoint to reliably incorporate hydrogels into 

polymeric scaffolds. Unless and until these challenges can be overcome, it may be 

advisable to pursue another avenue for sustaining release of therapeutics such as MK2i to 

the adventitia. 

5.2.2.2 Immobilized heparin as a therapeutic depot 

Electrostatic interactions can be leveraged to sustain release of cationic therapeutics 

such as MK2i. Such interactions can be established to control release by modifying the 

surface with an anionic polymer, or even altering positively- and negatively-charged 

polymers in a layer-by-layer assembly.305-307 Heparin is a prime candidate to induce this 

type of effect as a highly-sulfated glycosaminoglycan with a strong negative charge. Its 

negative charge not only can limit burst release of positively charged molecules, but it also 

can prevent platelet adhesion and improve hemocompatibility of synthetic biomaterials due 

to its anti-fouling effects.308-310 

One simple method for adhering heparin to the hydrophobic surface of PCL or PCL-

ACPCL is to dip the polymer surface into 3,4-dihydroxy-L-phenylalanine (DOPA), a 
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highly-adhesive molecule that binds to a wide variety of surface chemistries and 

polymerizes fairly rapidly via oxidation under ambient conditions.311, 312 DOPA is a 

catecholic amino acid and is an important component of muscle adhesive proteins (MAPs). 

Oxidation converts the catechol to o-quinone which, as an electrophilic Michael acceptor, 

reacts with catechol groups to stabilize itself and form crosslinks between DOPA 

molecules. Zhu et al. previously immobilized heparin to the surface of poly(vinylidene 

fluoride) (PVDF) microporous membranes by subsequent dipping in DOPA and heparin 

solutions.313 Initial experiments were conducted aiming to replicate this work and to 

determine optimal conditions that maximize the amount of heparin bound to the surface. 

 

Figure 5-7 Heparin binding to PCL-ACPCL surfaces via DOPA pre-treatment 

Crosslinked PCL-ACPCL films are dipped into DOPA solution and allowed to oxidize for 

more than 12 hours to enable polymerization and induce an adhesive DOPA surface 

coating. This coating is then dipped into a heparin solution to enable bonding between 

DOPA quinone species and amine groups of heparin. Adapted with permission from Zhu 

et al (Copyright 2009, Elsevier).313 
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Similar to Zhu et al., PCL-ACPCL films were incubated in 2.0 g/L DOPA with a 7:3 

volumetric ratio of Tris (10 mM, pH 8.5): ethanol for 12 hours. After washing in a 45 oC 

water bath for 24 hours, the films were immersed in aqueous heparin solutions at either 1, 

10, or 50 mg/mL. The amount of heparin bound to the surface was quantified by a Toluidine 

Blue O stain. Films were incubated in 0.01 M HCL, 0.02 wt% NaCl, 0.04 wt% TBO, 

shaken at 37 oC for 4 hours and rinsed twice with deionized water to form the heparin-TBO 

complex. This complex was solubilized with a 4:1 volumetric ratio of ethanol: 0.1 M NaOH 

and the absorbance at 530 nm was measured for all samples. The amount of immobilized 

heparin was quantified by a standard curve of varying heparin concentrations. A 

preliminary result indicated that increasing heparin concentration of the solution from 1 to 

10 to 50 mg/mL resulted in an increase in μg/cm2 immobilized heparin from 61.3 ± 11.0 to 

85.7 ± 26.7 to 114 ± 14.0 (Figure 5-8). However, the 530 nm absorbance of DOPA-only 

dipped films was 78.2 μg/cm2, which made this result a little bit difficult to interpret. 

Subsequent experiments quantified by the TBO assay followed similar trends, with higher 

absorbances observed from dipping into more concentrated heparin solutions, but 

significant absorbances read from DOPA-only coated films. 



 157 

 

Figure 5-8 Immobilized Heparin onto DOPA-coated PCL-ACPCL Films 

TBO staining results for polymer films dipped in heparin solutions of 0, 1, 10, and 50 

mg/mL.  

 

In an attempt to increase heparin bound to the surface, polymer surfaces were 

plasma-treated between DOPA and heparin dipping steps and 1-Ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC) was added to attempt to increase bonding of 

DOPA carboxyl groups with primary amines on heparin. The combination of mixing with 

the DOPA solution with EDC and plasma treating for 10 minutes before dipping into a 

saturated solution of heparin (200 mg/mL) resulted in the highest immobilized heparin 

concentration 21.9 μg/cm2 (Figure 5-9), which was on par with the maximum immobilized 

heparin concentration from Zhu et al. It should be cautioned that further experiments 

utilizing complimentary assays should be conducted in order to verify that these conditions 

are indeed superior to others in immobilizing the maximum amount of heparin to the 

surface of PCL-ACPCL films.  
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Figure 5-9 Optimization of DOPA and heparin coating steps 

PCL-ACPCL films were dipped in 1) either DOPA or DOPA solution containing EDC 

(DOPA-EDC), followed by 2) either no plasma treatment, treatment for 1 min, or treatment 

for 10 minutes, and 3) dipped in either 200 mg/mL heparin solution or 200 mg/mL heparin 

solution containing EDC (Hep-EDC). 

 

 

5.2.2.3 Co-immobilization of heparin-tyramine and MK2i to PCL surfaces  

Prolonged exposure of DOPA to air reduces its adhesiveness and may result in 

inconsistencies in heparin grafting.  Moreover, DOPA can take a considerable amount of 

time (> 12 hours) to be grafted to the surface. To improve reliability of this DOPA surface 

coating strategy and reduce processing time, heparin was functionalized with phenol 

groups that enable polymerization when oxidized and catalyzed with tyrosinase. Heparin 

density, wettability, and atomic composition of heparin-tyramine (i.e. HT, or heparin-

DOPA) coatings immobilized to the surface of PCL substrates were characterized. The 
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non-fouling or anti-thrombogenic potential of these coatings were also evaluated in vitro.  

MK2i loading and release from these PCL-HT were evaluated over 28 days. The ability of 

this drug-release platform to inhibit VSMC migration and phosphorylation of target 

proteins involved with NH were also assessed in vitro. Fluorescence microscopy of human 

saphenous veins (HSV) wrapped with MK2i-loaded PCL-HT tubes over 6 hours and 3 days 

indicated that MK2i was penetrating HSV tissue. Methods and data described herein were 

courteously provided by Dr. Yunki Lee. 

 

5.2.2.3.1 Materials and Methods 

5.2.2.3.1.1 Materials 

Heparin sodium (molecular weight = 12,000–15,000 g/mol) was supplied from 

Acros Organics (Geel, Belgium). Polycaprolactone (average molecular weight = 80,000 

g/mol; PCL), tyramine hydrocholoride (TA), 1-ethyl-3-(3-dimethylamino-propyl)-

carbodiimide (EDC), N-hydroxysuccinimide (NHS), toluidine blue O (TBO) and 

tyrosinase (from mushroom, 3610 units/mg solid) were obtained from Sigma-Aldrich (St. 

Louis, MO, USA). MK2i peptide (YARAAARQARAKALARQLGVAA) was supplied 

from EZBiolab (Carmel, IN, USA). Dulbecco’s phosphate-buffered saline (DPBS) was 

purchased from Gibco BRL (Grand Island, NY, USA), and Tris-HCl buffer (10 mM, pH 

8.5) was purchased from bioWORLD (Dublin, OH, USA). 

For in vitro cell studies, rat vascular smooth muscle cells (VSMCs) were purchased 

from ATCC (Manassas, VA, USA), and were cultured at 37 °C and 5% CO2 in Dulbecco’s 

modified Eagle medium (DMEM; Gibco, USA) supplemented with 10% fetal bovine 

serum (FBS) and 1% penicillin/streptomycin (PS). For western blot analysis, the specific 
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antibodies for total HSP27 and phosphor-HSP27 (serine 15) were obtained from Santa 

Cruz Biotechnology (Dallas, TX, USA) and Thermo Fisher Scientific (Waltham, MA, 

USA), respectively. The antibodies for CREB and phosphor-CREB were obtained from 

Cell signaling Technology (Danvers, MA, USA). 

 

5.2.2.3.1.2 Synthesis of heparin-tyramine (HT) polymer 

To synthesize tyrosinase-reactive HT polymer, tyramine (TA) was grafted to 

carboxylic groups of heparin using EDC/NHS coupling reaction. Briefly, heparin (1 g), 

EDC (1.53 g, 8 mmol) and NHS (0.58 g, 5 mmol) were dissolved in deionized water (DW, 

100 mL), and the solution pH was then adjusted to 4.5–5 with HCl. After activation of 

carboxylic groups on heparin for 1 h, TA (0.55 g, 3 mmol) dissolved in DW was added to 

the heparin solution, and the reaction was carried out at room temperature for 24 h. The 

resulting solution was purified using a dialysis bag (molecular weight cut off = 3.5 kDa) 

for 3 d in DW. The purified solution was filtered using a bottle top filter with a pore size 

of 0.2 μm, and lyophilized for 3 d to obtain the HT polymer. The chemical structure of the 

HT conjugate was characterized by 1H NMR and UV spectrophotometry (V-750, Jasco, 

Japan). 1H NMR was performed on 5 wt% HT solution in D2O with a 300 MHz 

spectrometer (Bruker Instrument Inc., Billerica, MA, USA) to verify the corresponding 

peaks of phenol group in the HT polymer. For quantitative analysis on substitution degree 

of tyramine, the absorbance of HT polymer solution (1 mg/mL) was measured at 275 nm, 

and phenol content was determined against a calibration curve of tyramine hydrochloride 

solution. 
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5.2.2.3.1.3 Surface immobilization of HT via tyrosinase-triggered oxidative reaction 

Prior to heparin-functionalization, PCL substrates were prepared by solvent 

casting.314, 315 PCL solution (10 wt%) dissolved in 150 mL of THF was poured onto a glass 

Petri dish, and the solvent was evaporated slowly at room temperature. Round-shape PCL 

substrates (13 mm diameter) were collected by a hole puncher and washed three times with 

DW to remove residual THF. 

HT-immobilized PCL substrates (PCL-HT) were prepared by simply dipping PCL 

into an HT polymer solution as previously described.312 Briefly, the PCL substrates were 

immersed in a solution of HT polymer (1 wt%) dissolved in Tris-HCl buffer (10 mM, pH 

8.5), and then 0.4 kU/mL of tyrosinase was added. After 3 h of incubation at room 

temperature, they were washed thoroughly with DW, and dried under vacuum. 

 

5.2.2.3.1.4 Characterization of HT-immobilized PCL surfaces 

After tyrosinase treatment, the immobilized heparin amount on the surface was 

quantified using a TBO assay.316-318 Briefly, the bare PCL, PCL/HT (without tyrosinase) 

and PCL–HT samples were immersed in 1 mL of PBS (pH 7.4) solution containing 0.002 

wt.% TBO, and were shaken for 30 min at room temperature. Then, 2 mL of hexane was 

added and vortexed for 5 min. The absorbance of aqueous phase was measured at 620 nm 

using a microplate reader (M1000, Tecan, Switzerland), and heparin amount was 

determined by a calibration curve of heparin solution.  

To characterize HT-immobilized PCL substrates, changes in the surface wettability 

were analyzed by measuring static water contact angle using a contact angle analyzer 

(SEO, Phoenix 150, South Korea). A droplet of DW on the surface of pure PCL and PCL–
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HT samples was visualized using an equipped camera. Changes in the surface atomic 

composition after HT immobilization on PCL surface were also analyzed by X-ray 

photoelectron spectroscopy (Thermo Electron, K-Alpha, USA) at the Center for Research 

Facilities, Kyunghee University, Korea. 

 

5.2.2.3.1.5 In vitro protein/platelet adhesion tests on HT-immobilized PCL surfaces 

Substrates (bare PCL and PCL–HT) were immersed and incubated in PBS medium 

containing fibrinogen (100 μg/mL) at 37 °C for in vitro protein absorption tests. After 3 h 

of incubation, the surface of each sample was gently rinsed three times with PBS, and then 

treated with 1% SDS to collect the absorbed protein. The amount of absorbed fibrinogen 

on the surface was quantified using a Micro BCA assay kit (Pierce, USA). 

For in vitro platelet adhesion test, the platelet was obtained from fresh rat whole 

blood in accordance with the guidelines of Yonsei Laboratory Animal Research Center 

(YLARC; Seoul, Korea). Briefly, Sprague-Dawley (SD) rat (weights: 250–300 g) blood 

was collected using a syringe containing 0.1 M sodium citrate. By centrifuging the whole 

blood at 2,500 rpm for 10 min, platelet rich plasma (PRP) and platelet poor plasma (PPP) 

were separated from the red blood cells (RBC). After that, to isolate high concentration of 

platelet from the collected PRP, the samples were further centrifuged at 2,500 rpm for 10 

min. The platelet pellets were diluted with buffer solution, and added to bare PCL and 

PCL–HT substrates (13 mm in diameter). Following incubation in platelet solution at 37 

°C for 1 h, each sample was thoroughly washed three times, and fixed with 2% 

glutaraldehyde in PBS (0.1 M, pH 7.4) for 6 h. They were then fixed with 1% osmium 

tetroxide (OsO4) for 90 min, and dehydrated using a Critical Point Dryer (EM CPD300, 
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Leica, Austria). The adhered platelets on the surface were observed using the SEM (FE-

SEM, Carl ZEISS, Germany) after platinum sputter coating (EM ACE600, Leica, Austria), 

and were quantified from the SEM images on random positions. 

5.2.2.3.1.6 Characterization of MK2i-loaded PCL-HT substrates 

To confirm the electrostatic interaction between MK2i and HT polymer, changes 

in zeta potential of HT/MK2i nanoparticles were analyzed by increasing MK2i feed 

amounts, as previously reported.316 The nanoparticles formed with 1 mg/mL of HT (500 

μL) and 0.1–50 mg/mL MK2i (500 μL) were prepared in PBS medium, and their zeta 

potential was measured using a DLS Zetasizer (Nano ZS, Malvern, USA). The 

concentration of HT polymer was fixed at 1 mg/mL, and mixing ratio (w/w) was varied 

from [MK2i]/[HT] = 0.1 to 50 to investigate the molecular interactions. 

For in vitro MK2i release study, the MK2i peptides with different concentrations 

(100, 500 and 1000 μg/mL) were first loaded on the PCL–HT substrates by a simple 

dipping method. Briefly, 13 mm diameter substrates were immersed in 1 mL of Tris-HCl 

buffer (10 mM, pH 8.5) containing MK2i peptide, and the reaction was allowed at room 

temperature for 24 h. Then, the dehydrated PCL–HT/MK2i discs were placed in 24-well 

plate, and PBS (1 mL) was added to each well. The release experiment was carried out at 

37 °C for 28 d. At predetermined time intervals, the supernatant was collected and replaced 

with the same volume of fresh buffer media for the next time point. The amounts of the 

released MK2i peptide in the collected media were measured at 562 nm using a Micro BCA 

assay kit (Pierce, USA), and the cumulative MK2i release kinetics were drawn as a function 

of time. As a negative control for heparin functionalization, the bare PCL incubated in 

MK2i solution was used. In addition, FITC-conjugated MK2i peptides (EZBiolab, USA; 
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100, 500 and 1000 μg/mL) were also loaded on the PCL–HT surfaces with the same 

protocol as described above, and the dried samples were visualized by fluorescence 

microscopy (Axio Observer, Zeiss, Germany) to confirm the distribution and loading 

amount of MK2i on the surface. In follow-up studies, 1 mg/mL of MK2i solution was used 

to prepare PCL–HT/MK2i substrates. 

 

5.2.2.3.1.7 In vitro cytotoxicity of PCL-HT//MK2i substrates 

To assess PCL-HT in vitro biocompatibility, cytotoxicity to mouse fibroblasts 

(NIH3T3) was investigated using both WST-1 assay (Sigma-Aldrich, USA) and live/dead 

staining assay (Invitrogen, USA). Bare PCL, PCL–HT and PCL–HT/MK2i samples were 

incubated in cell culture medium for 24 h, and then the extracted solution from each sample 

was collected. NIH3T3 cells were seeded onto 24-well plates (2 × 104 cells/well), and 

incubated for 24 h under standard culture condition (37 °C and 5% CO2) to allow for cell 

adhesion. Then, the adhered cells were treated with each extracted solution (1 mL) and 

incubated. As a control, the fresh medium without sample incubation was used. After 24 

h, the WST-1 reagents (100 μL) were added to each well, and the plates were incubated for 

2 h at 37 °C. Optical density (O.D.) was measured at 450 nm using a microplate reader 

(M1000, Tecan, Switzerland) to quantify the mitochondrial activity of the cells. The 

experiments were performed in triplicate. 

Morphological change and cell viability of NIH3T3 cells cultured with each 

extracted solution were also observed using an optical and a fluorescence microscope 

(Axio Observer, Zeiss, Germany). For live/dead staining assay, cultured cells with extracts 
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were incubated for 30 min in a mixture solution containing both calcein AM and ethidium 

homodimer-1 (Invitrogen, USA), and then were imaged. 

 

5.2.2.3.1.8 In vitro studies of VSMC migration and proliferation 

To investigate the inhibitory effect of released MK2i on cellular migration, in vitro 

scratch-wound assays were performed using a Culture-Insert 2 well migration assay kit 

(Ibidi, USA) according to the manufacturer’s instructions. VSMCs were seed within Insert 

2 wells at a seeding density of 1 × 104 cells/well, and cultured to be reached at confluency 

(90–95%) for 1–2 d in DMEM-supplemented with 10% FBS and 1% PS, under standard 

culture condition. After gently removing the Culture-Insert 2 well to create the scratch 

wound, the culture medium was replaced with low serum growth medium containing 1% 

FBS to minimize cellular growth, and incubated overnight.23, 291 Then, the cells were 

covered with samples (bare PCL, PCL–HT and PCL–HT/MK2i), and incubated in the 

medium containing 50 ng/mL of PDGF (R&D systems, USA). To prevent direct physical 

contact of sample discs with the adhered cells on the plate, a rubber O-ring with 13 mm in 

diameter (Parker, USA) was placed as a spacer between the bottom plate and disc-type 

sample. As a positive and negative control, the medium with and without 200 μg/mL of 

MK2i peptide was used, respectively. After 24 h of treatment with each sample, the wound 

areas were imaged under optical microscopy (Axio Observer, Zeiss, Germany), and 

quantified using an ImageJ software (NIH, USA). The wound closure rate (%) was 

determined by measuring the wound area (𝑊") at 24 h post sample treatment with respect 

to the initial scratch-wound area (𝑊#) using the following equation: (𝑊# − 𝑊") / 𝑊# × 

100. Each migration assay was repeated three times. 
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In vitro VSMC proliferation assay was also performed as a control for cell 

migration test. As described above, the same experiment condition with the scratch-wound 

assay was used. VSMCs were incubated with the culture medium containing 1% FBS in 

24-well plate for 24 h, and then treated with 50 ng/mL of PDGF and samples (culture 

medium, bare PCL, PCL–HT, PCL–HT/MK2i and 200 μg/mL of MK2i). After 24 h of 

treatment, the WST-1 reagents (100 μL) were added to each well, and their optical density 

(O.D.) was measured at 450 nm to confirm VSMCs proliferation in each test condition. 

 

5.2.2.3.1.9 Western blot analysis of target protein phosphorylation in VSMCs 

VSMCs were grown to 90–95% confluence in a cell culture Petri dish (60 mm in 

diameter) with normal culture media (10% FBS and 1% PS). Separately, bare PCL and 

PCL–HT/MK2i were incubated in low serum growth medium (1% FBS), and the extracts 

were collected at predetermined time intervals (6 h, 1 d, 3 d and 7 d). Adhered cells were 

serum-starved for 24 h to minimize cell growth, and then treated with pre-extracted MK2i 

solutions for 2 h. As positive and negative control, the medium with and without 200 μg/mL 

of MK2i peptide were used, respectively. Following 2 h of treatment with the extracts, 30 

μM lysophosphatidic acid (LPA; Tocris Bioscience, UK) was treated to each well. As a 

control for LPA treatment, the medium without LPA was also treated in the same condition. 

After 30 min of incubation with LPA at 37 °C, the cells were lysed, and then centrifuged 

at 14,000 rpm for 15 min at 4 °C. The total protein amount in the collected supernatant was 

measured using a Bio-Rad Protein assay kit. Equal amounts of protein (50 μg/lane) were 

loaded into 10% TGX Precast Gels (Bio-Rad, USA); the proteins were separated by 

electrophoresis, and they were transferred to a nitrocellulose membrane. For analysis of 
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heat shock protein 27 (HSP27) phosphorylation, the membrane was stained overnight at 4 

°C with specific antibodies for total HSP27 (1:500 dilution) and phosphor-HSP27 (1:1000 

dilution). For analysis of cAMP-response element binding protein (CREB) 

phosphorylation, the membrane was stained overnight at 4 °C with specific antibodies for 

total CREB (1:500 dilution) and phosphor-CREB (1:1000 dilution). After washing three 

times, the blots were treated with appropriate secondary antibodies for 1 h at room 

temperature, and imaged using Odyssey infrared scanner (Li-COR Bioscience, USA). 

Signal intensity of each band was quantified with Li-COR Odyssey software at 800 and 

680 nm wavelengths. Each western blot experiment was repeated three times. 

 

5.2.2.3.1.10 Ex vivo MK2i delivery into human saphenous veins (HSVs) 

For ex vivo study using MK2i-releasing PCL–HT sheath, the discarded human 

saphenous vein (HSV) was obtained from the patients undergoing peripheral or coronary 

vascular bypass surgery in accordance with approved IRB guidelines provided by 

Vanderbilt University Medical Center (VUMC). The HSV segment was cut into 

consecutive rings (2–3 mm in width), and PEG-based hydrogel was then filled inside HSV 

rings to prevent shrinkage. After that, the HSV rings were wrapped with each sample 

sheath (bare PCL or PCL–HT/Alexa 568–MK2i), and then they were incubated in RPMI 

1640 medium containing 30% FBS, 1% L-glutamine and 1% PS under standard culture 

condition (37 °C and 5% CO2). To visualize the delivered MK2i in the HSV tissue, Alexa 

568 (red fluorescence) was conjugated to MK2i peptide before loading on the surface of 

PCL–HT sheath (3/3.5 mm in internal/external diameter and 3 mm in width). After ex vivo 

organ culture for 6 h and 3 d, the HSV tissues were frozen in NEG-50 medium (Thermo 
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Scientific, USA), and sectioned (10 μm in thickness). The cross-sectioned tissues were 

stained with 4¢,6-diamidino-2-phenylindole (DAPI; Invitrogen, USA), and then imaged 

using a fluorescent digital scanner (Aperio VERSA 200, Leica, Germany). 

 

5.2.2.3.2 Results and Discussion 

5.2.2.3.2.1 Synthesis and characterization of HT polymers and PCL-HT substrates 

To obviate challenges associated with heparin binding to DOPA-coated surfaces, a 

synthetic scheme was adopted from Park et al. that enables direct conjugation of DOPA to 

heparin for facile binding of heparin to polymeric surfaces.319 Heparin was functionalized 

with conjugated phenol groups that enable conversion of monophenol groups to o-

dihydroxyphenol (DOPA) and o-quinone under oxidative conditions in the presence of 

tyrosinase. Utilizing EDC/NHS coupling, tyramine (TA) was grafted to heparin to create 

the heparin-tyramine (HT) polymer (Figure 5-10A). The presence of phenol groups was 

confirmed by phenolic proton peaks in 1H-NMR spectra (Figure 5-10B) and quantified by 

absorbance at 275 nm to be 350 μmol/g of polymer (Figure 5-10C). The phenol-conjugated 

HT polymer was then immobilized to PCL surfaces by dipping 13 mm diameter PCL disks 

into 1 wt% HT solution under oxidative conditions (10 mM Tris, pH 8.5) in the presence 

of tyrosinase catalyst (Figure 5-11A). The darkening of solution after 90 minutes indicated 

successful conversion of phenol groups to DOPA (Figure 5-11B), but the reaction was 

carried out for 3 hours to better ensure efficient conversion. The amount of heparin 

immobilized to the surface was quantified by the TBO assay, and appeared saturated 

around 17 μg/cm2 (Figure 5-12A). Immobilized heparin content was minimal 

(approximately 1 μg/cm2) in the absence of tyrosinase treatment and was absent on the bare 
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PCL substrates (Figure 5-12B). Coating of heparin onto PCL substrates changed the water 

contact angle of the surface from 80o to 20o, indicating a shift from a hydrophobic to a 

hydrophilic surface that may resist protein adsorption and platelet adhesion. X-ray 

photoelectron spectroscopy (XPS) revealed the an increase in amine (1.61% to 8.65%) and 

sulfur groups (0% to 3.19%) on PCL-HT compared to bare PCL surfaces, confirming 

successful immobilization of heparin onto PCL surfaces (Figure 5-12D-E, Table 5-1).   

 

Figure 5-10 Synthesis and characterization of phenol-conjugated heparin (HT) 

derivatives 

A) Synthetic route of HT polymer by an EDC/NHS coupling reaction, B) 1H NMR 

spectrum of HT polymer dissolved in D2O, and C) UV absorbance spectra of heparin and 

HT polymers. 
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Figure 5-11 Schematic illustration of tyrosinase-catalyzed heparin immobilization 

and MK2i loading and release 

A) PCL substrates (13 mm in diameter) were immersed in aqueous polymer solution 

containing heparin-tyramine (HT; 1 wt.%), and heparin was then immobilized on the PCL 

surface by the tyrosinase-triggered oxidative reaction. MK2i was then loaded on the 

heparinized PCL layer through electrostatic interactions between the MK2i peptide and HT 

polymer. (b) Photographs of the HT solution, and PCL–HT substrate after the 3 hour 

tyrosinase (0.4 kU/mL) treatment. 
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Figure 5-12 Characterization of PCL-HT substrates 

Surface density of heparin: A) PCL–HT substrates with different tyrosinase-reaction times 

(1–12 h), and B) bare PCL, PCL/HT (without tyrosinase treatment) and PCL–HT (with 

tyrosinase treatment) for 3 h. C) Surface wettability and water contract angles before and 

after HT functionalization. XPS analysis: D) wide scan and E) narrow scan spectra for 

S2p/N1s in bare PCL and PCL–HT surfaces. Results in A)–C) are shown as mean ± S.D. 

(n = 3). 

 

Table 5-1 XPS elemental composition of bare PCL and PCL-HT surfaces 

Sample C (%) O (%) N (%) S (%) 

Bare PCL 81.92 16.47 1.61 - 

PCL-HT 58.91 29.25 8.65 3.19 

 

 

5.2.2.3.2.2 Hemocompatibility of PCL and PCL-HT surfaces 

Protein adsorption and number of platelets adhering to PCL and PCL-HT surfaces 

were determined to assess the non-fouling potential of these substrates. Protein adsorption, 

as measured by fibrinogen adhering to the surface of polymer disks after 3 hours via BCA 

assay, was significantly reduced on PCL-HT surfaces. Platelets isolated from rat blood 
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were incubated on polymer surfaces for 1 hour, and the number of platelets quantified by 

SEM were also significantly reduced on PCL-HT compared to PCL substrates according 

to these measurements. These results correlate with the reduction in water contact angle 

observed on PCL-HT, implying that the increased hydrophilicity of these surfaces may be 

responsible for the decrease in protein adsorption and platelet adhesion observed. 

 

 
Figure 5-13 In vitro hemocompatibility of PCL-HT substrates 

A) Absorbed fibrinogen amounts on bare PCL and PCL–HT surfaces. The substrates were 

incubated in protein solution (100 μg/mL), and then the absorbed fibrinogen amount was 

measured by a Micro BCA assay. B) Adhered platelet amounts on bare PCL and PCL–HT 

surfaces (left). The platelet isolated from rat whole blood was treated to the substrates for 

1 h, and then the number of adhered platelet was determined from the images observed by 

SEM (right). Scale bars indicate 20 μm. All results are shown as mean ± S.D. (n = 3; *P < 

0.05 compared to bare PCL). 

 

5.2.2.3.2.3 Characterization of MK2i-loaded PCL-HT substrates 

PCL-HT substrates were dipped into MK2i solutions of varying concentrations. 

First, electrostatic interactions between HT polymers and MK2i were assessed. Zeta 

potential measurements of MK21/HT solutions revealed the near neutralization of charge 

as the MK2i/HT ratio increased from 0.1 to 50, implying that significant electrostatic 

interactions occur between MK2i and HT and that MK2i loading amounts may increase 

with increased MK2i concentrations (at least within the range tested) as expected. Loading 

of MK2i onto PCL-HT substrates showed sustained release over the course of 28 days for 

all three concentrations tested (100, 500 and 1000 μg/mL), compared to minimal sustained 
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release and low loading efficiency (< 5%) when bare PCL is simply mixed with 1000 

μg/mL MK2i. Cumulative release of MK2i was highest for the highest concentration of 

MK2i tested (1 mg/mL) and was also most sustained. Fluorescence microscopy showed an 

increase in loading of FITC-MK2i as MK2i loading concentration increased. These results 

indicate that the 1 mg/mL MK2i coating has the most sustained release profile (97 – 272 

μg/mL), with the 272 μg/mL representing a 100 μM concentration that was shown to be an 

effective MK2i concentration for limiting NH in other studies.23, 291 This 1 mg/mL MK2i 

loading concentration was used to prepare substrates for all subsequent experiments. 

 

 
Figure 5-14 Characterization of MK2i-loaded PCL-HT substrates 

A) Zeta potential values of HT/MK2i complex by varying the MK2i feed amount at fixed 

concentration of HT polymer (1 mg/mL). The mixing ratio (w/w) was varied from 

[MK2i]/[HT] = 0.1 to 50. B) In vitro release kinetics of MK2i peptide loaded on bare PCL 

and PCL–HT substrates. The MK2i peptides (100, 500 and 1000 μg/mL) were treated to 

the PCL–HT surfaces, and then the released MK2i amounts in the collected media were 

measured over 28 d. The cumulative MK2i release kinetics were drawn as a function of 

time. C) Fluorescence images on the surfaces of PCL–HT after treating FITC–MK2i 

peptides (100, 500 and 1000 μg/mL). Results in A) and B) are shown as mean ± S.D. (n = 

3). 

 

 

5.2.2.3.2.4 Effect of PCL-HT/MK2i on VSMC migration and proliferation 

Migration and proliferation of VSMCs were assessed in vitro for PCL-HT/MK2i 

substrates as an initial assessment of its ability to inhibit factors associated with NH. 

Migration was evaluated by the scratch wound assay in which cells were placed in close 
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proximity with substrates and incubated in media containing PDGF to induce wound 

closure. PCL-HT/MK2i mitigated wound closure and VSMC migration significantly more 

so than both PCL-HT and bare PCL, indicating that drug elution limited VSMC migration 

(Figure 5-15A and B). The MK2i drug alone also reduced VSMC migration and wound 

closure, but not by as dramatic of an amount. VSMC proliferation, on the other hand, was 

not affected by MK2i or any substrate conditions as measured by optical density at 450 nm 

(Figure 5-15C). This lack of effect of substrates on VSMC proliferation could be related to 

the ability of extracts from these substrates to maintain high cell viability; > 90% viability 

of NIH3T3 fibroblasts relative to TCPS was maintained on all substrates over the course 

of 24 hours (Figure 5-16). 

 
Figure 5-15 In vitro migration and proliferation of VSMCs 

A) Representative images and B) quantified wound closure of the migrated VSMCs treated 

with MK2i-loaded PCL–HT. The cells were incubated in the medium containing PDGF 

(50 ng/mL) for 24 h. The wound closure (%) was determined by measuring the wound area 

at 24 h compared to the initial scratch wound area. As positive and negative controls, the 



 175 

medium with or without 200 μg/mL of MK2i were used, respectively. Scale bars represent 

200 μm. C) Effect of the released MK2i on proliferation of VSMCs. To prove that wound 

closure is not affected by cell proliferation, the proliferation assay was performed in the 

same experimental condition via the scratch wound assay. Results in B) and C) are shown 

as the mean ± S.D. (n = 3; *P < 0.05 compared to NT, #P < 0.05 compared to bare PCL 

and PCL–HT). 

 

 
Figure 5-16 Cytotoxicity of substrate extracts 

Cell viability of extracts from substrates was assessed by the A) WST-1 assay, and no 

significant differences were detected between test conditions. B) No differences in cell 

viability or cell morphology were detected by calcein/ethidium-1 homodimer live/dead 

staining either.    

 

 

 To determine the mechanism of action behind the observed inhibition in VSMC 

migration for MK2i and PCL-HT/MK2i, Western blots of known downstream MK2 targets 

that play a role in VSMC migration were performed from these in vitro experiments.23, 291 

One-time pre-treatment of VSMCs with 200 μg/mL of MK2i significantly reduced 

activation of both HSP27 and CREB (Figure 5-17). PCL-HT/MK2i also inhibited both of 

these targets in a similar fashion over the course of 7 days. Given that the half-life of MK2i 

is approximately 4 days, this result suggests that extended elution of MK2i from the PCL-

HT substrates may continue and sustain this inhibitory effect of VSMC migration. Delivery 

of MK2i-Alexa 568 to HSVs ex vivo over the course of 6 hours and 3 days revealed the 

increased dispersion of the MK2i target through the HSV. This result suggests that MK2i 

can effectively penetrate and potentially accumulate in the HSV over time, possibly 

providing better long-term effects than the drug alone (Figure 2-5).  
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Figure 5-17 Effect of released MK2i from PCL-HT/MK2i on phosphorylation of 

HSP27 and CREB in VSMCs 

A) Representative images of western blots showing the phosphorylation of target proteins 

(pHSP27 and pCREB) in VSMCs treated with the released MK2i. The PCL–HT/MK2i 

samples were incubated in low serum growth medium (1% FBS), and the extract solutions 

were collected after 6 h, 1 d, 3 d and 7 d. Following treatment of each extract to VSMCs 

for 2 h, LPA (30 μM) was exposed for 30 min. As a positive and negative control, the 

medium with or without 200 μg/mL of MK2i was used. B) Quantification of the relative 

ratios (phosphor-HSP27/total HSP27 and phosphor-CREB/total CREB). Results are shown 

as the average values ± S.D. (n = 3; *P < 0.05 compared to NT). 

 

 
Figure 5-18 MK2i delivery of PCL-HT/Mk2i to human saphenous veins (HSVs) 

Representative fluorescence images of the HSVs wrapped with bare PCL and PCL–

HT/MK2i sheaths for 6 h and 3 d. MK2i peptide was labeled with Alexa 568 (red) before 
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loading on the surface of PCL–HT sheath. The cross-sectioned HSVs were stained with 

DAPI (blue). Scale bars indicate 200 μm. 

 

 

5.2.2.3.3 Conclusions 

Heparin was effectively immobilized to the surface of PCL by simply dipping 

method employing a tyrosinase-mediated oxidation reaction, providing a convenient means 

to sustain localized release of cationic therapeutics such as MK2i. Subsequent dipping into 

a 1 mg/mL solution of MK2i resulted in 92 – 272 μg/mL of cumulative MK2i release, and 

this significantly inhibited VSMC migration but not proliferation over the course of 7 days 

in vitro. This anti-migratory of effect of the PCL-HT/MK2i substrates correlated with a 

decrease in phosphorylation of target proteins associated with neointimal hyperplasia, 

HSP27 and CREB. This may lead to a more sustained reduction in intimal thickness over 

time, which was not sustained well in a previous study evaluating one-time MK2i effects 

on murine vein graft wall thickness. It is unclear how the combination of MK2i with a 

PCL-ACPCL shape memory polymer substrate might work together in the form of an 

external without evaluating PCL-ACPCL external stent effects in a relevant model such as 

a porcine arteriovenous graft study. This approach, however, provides one fairly 

convenient method for sustaining release of MK2i, which may prove useful if additional 

in vivo experiments determine that a reduction in VSMC migration, as it relates 

inflammation and fibrosis, is desirable. 
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5.3 Future Perspectives in External Stenting  

5.3.1 Modular Iteration of External Supports 

While several promising studies have been conducted that clearly demonstrate the 

ability of external stents to reduce NH, there is still no external stent available for patients. 

More controlled, comparative studies will need to be conducted to isolate variable effects 

and garner more mechanistic insights on how external stents function. A variety of 

materials and copolymers should be explored for these purposes. These materials should 

be biodegradable so as to avoid infection risks from long-term implantation, macroporous 

to promote neoadventitial growth, and provide some level of mechanical support to reduce 

tangential wall stresses, either directly or indirectly, through adventitial angiogenesis. 

Copolymers are useful tools to examine phenomena such as how degradation profiles 

influence patency,320 as numerous systems can be devised with tunable degradability by 

simple alterations in molar composition or molecular weight,92, 93 and their effects on NH 

and graft patency can be observed over time. In the same way, copolymer systems can be 

used to tune mechanical properties and elucidate the level and timeline of support that is 

most beneficial towards minimizing NH.15 The extent and timeframe of support-induced 

angiogenesis most beneficial for reducing NH should also be studied, perhaps by 

implanting external supports that have angiogenic and/or inflammatory 

agonists/antagonists incorporated in them.321 

 

5.3.2 Advances in Active Approaches 

Further mechanistic insights into passive external design parameter effects on NH 

reduction can also inform active design approaches. For example, a sustained inflammatory 

responses from degradation products of an external support could prove to at first be 
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beneficial in reducing NH, but have the opposite effect at later time points due to fibrosis 

and/or promotion of a synthetic, proliferative VSMC phenotype. In this case, a drug 

delivery platform can be incorporated that delays release until a later timepoint. Conversely, 

iterative modulation of active design approaches can inform the passive external support 

design. For example, a pro-angiogenic drug eluted from an external support may at first 

have a positive impact, before leading to an increase in NH later on. In this case, a more 

biocompatible and/or more slowly degrading polymer may be a more appropriate material 

selection to couple with this drug to mitigate the negative effects that were observed from 

an overly active angiogenesis.  

In a classical scaffold design where the passive external support also serves as the 

depot for therapeutic agents, it may be difficult to decouple parameter interdependencies 

in the design such as amount of drug loaded and stent stiffness. The multi-layer polymer 

wrap or hydrogel systems previously discussed163-172 may help to isolate these parameters 

in the design. Another means to accomplish this besides circumscribing polymer or 

hydrogel layers is to coat the surface with bioactive compounds. For example, heparin 

coatings can serve a dual purpose of imparting antithrombotic effects while also serving as 

a drug depot to deliver cationic therapeutics.322 A common way to render such a surface is 

to co-employ highly adhesive polymers such as poly(dopamine)313 or plasma treat the 

surface.323 Although not definitively known in the external stenting context, it may also 

prove beneficial to improve endothelialization of the device, which could be done by 

coating or modifying the surface with cell-adhesive proteins or peptides such as fibronectin, 

collagen, gelatin, laminin, or Arg-Gly-Asp (RGD).322 The topography of the material 
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surface could also be altered via techniques such as electron beam lithography to influence 

cell behavior and adhesion.324, 325 

Advanced drug delivery approaches can also be applied to further improve the 

localization, specificity, and activity of drugs eluted from external supports, thereby 

reducing NH. For example, PLGA 90/10 microneedles loaded with paclitaxel were recently 

demonstrated to reduce NH more than free paclitaxel with two orders of magnitude more 

efficient delivery to the tunica media and adventitia in a rabbit balloon injury model.168 In 

another study, Evans et al. demonstrated that pH-responsive nanopolyplexes enable 

dramatically more efficient intracellular uptake and activity of a mitogen-activated protein 

kinase (MAPK)-activated protein (MAPKAP) kinase 2 inhibitory peptide (MK2i), 

significantly reducing NH in human SVGs ex vivo and in an in vivo rabbit vein graft 

interposition model.291 While significant regulatory hurdles remain with such approaches, 

active external stents designs may evolve in the coming years to incorporate more 

sophisticated and efficient drug delivery systems such as these. 

 

5.3.3 Improving or Replacing Grafts 

Many other approaches to reducing vein graft and hemodialysis access failure are 

currently being pursued. One area of intensive research has been to improve the 

performance of the graft itself by either modifying it or replacing it with an alternative 

material source. Modifications of ePTFE include approaches such as cross-helical yarn 

coverings to improve flow dynamics, tapering of size to gradually transition from vein to 

artery, and surrounding the ePTFE with a cuff to reduce regional turbulence, which can be 

reviewed elsewhere.51 Alternative graft materials to replace ePTFE or SVGs include other 
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synthetic polymers,326-330 combinations of synthetic and natural polymers,331-339 and tissue-

engineered vascular grafts (TEVGs) containing either cellularized synthetic/natural 

polymers340-347 or decellularized natural materials.348-354 While none of these alternative 

grafts have achieved significant adoption, Niklason et al. recently demonstrated safety and 

functionality of a decellularized TEVG (HUMACYL®, Humacyte Inc.) for hemodialysis 

patients.350 HUMACYL is a human acellular vessel (HAV) derived from decellularized 

human tissue. In the 60-person cohort, secondary patency was 89% at one year and 

Humacyte is now recruiting patients for a Phase III trial. However, despite this promising 

development, NH will likely remain an issue with these grafts given that primary patency 

was only 38% for the 60 patients at one year, which compares closer to the 18 month 

patency rate (33%) than the 6 month patency rate (45%) from Huber et al.1 Ultimately, a 

combination of complimentary approaches serve as hope for improving the quality and 

length of life of CAD, PAD, and ESRD patients. 

In a classical scaffold design where the passive external support also serves as the 

depot for therapeutic agents, it may be difficult to decouple parameter interdependencies 

in the design such as amount of drug loaded and stent stiffness. The multi-layer polymer 

wrap or hydrogel systems previously discussed163-172 may help to isolate these parameters 

in the design. Another means to accomplish this besides circumscribing polymer or 

hydrogel layers is to coat the surface with bioactive compounds. For example, heparin 

coatings can serve a dual purpose of imparting antithrombotic effects while also serving as 

a drug depot to deliver cationic therapeutics.322 A common way to render such a surface is 

to co-employ highly adhesive polymers such as poly(dopamine)313 or plasma treat the 

surface.323 Although not definitively known in the external stenting context, it may also 
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prove beneficial to improve endothelialization of the device, which could be done by 

coating or modifying the surface with cell-adhesive proteins or peptides such as fibronectin, 

collagen, gelatin, laminin, or Arg-Gly-Asp (RGD).322 The topography of the material 

surface could also be altered via techniques such as electron beam lithography to influence 

cell behavior and adhesion.324, 325 

Advanced drug delivery approaches can also be applied to further improve the 

localization, specificity, and activity of drugs eluted from external supports, thereby 

reducing NH. For example, PLGA 90/10 microneedles loaded with paclitaxel were recently 

demonstrated to reduce NH more than free paclitaxel with two orders of magnitude more 

efficient delivery to the tunica media and adventitia in a rabbit balloon injury model.168 In 

another study, Evans et al. demonstrated that pH-responsive nanopolyplexes enable 

dramatically more efficient intracellular uptake and activity of a mitogen-activated protein 

kinase (MAPK)-activated protein (MAPKAP) kinase 2 inhibitory peptide (MK2i), 

significantly reducing NH in human SVGs ex vivo and in an in vivo rabbit vein graft 

interposition model.291 While significant regulatory hurdles remain with such approaches, 

active external stents designs may evolve in the coming years to incorporate more 

sophisticated and efficient drug delivery systems such as these. 
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: Synthesis and Characterization of 100%PCL-DMA Control 

 

A.1 100%PCL-DMA 

 
Figure A-1 Synthesis of 100%PCL-DMA 

A) Synthetic scheme for 100%PCL-dimethacrylate control. B) 1H-NMR spectra of 

100%PCL (top) and 100%PCL-dimethacrylate (bottom). 100%PCL 1H NMR (400 MHz, 

CDCl3, 25 oC, TMS): δ = 4.06 (m, 2H; -OCH2 (eii)), 3.66 (m, 2H; -CH2 (t’ii)), 2.33 (t, 
3J(H,H) = 7.5 Hz, 2H; -CH2 (aii)), 1.65 (m, 4H; -CH2 (bii,dii)), 1.38 ppm (m, 2H; -CH2 

(cii)). 100%PCL-dimethacrylate 1H NMR (400 MHz, CDCl3, 25 oC, TMS): δ = 6.12 (m, 

1H, CH2=C (z’ii)), 5.61 (m, 1H, CH2=C (y’ii)), 5.00 (m, 1H, -CH2NH (u’i)), 4.24 (m, 2H, -

OCH2CH2N (w’ii)), 4.06 (m, 2H; -OCH2 (eii)), 3.78 (m, 2H, -CH2N (v’ii)), 2.33 (t, 3J(H,H) 

= 7.5 Hz, 2H; -CH2 (aii)), 1.97 (m, 3H, -CH3 (x’iii)), 1.65 (m, 4H; -CH2 (bii,dii)), 1.38 ppm 

(m, 2H; -CH2 (cii)). 

 

 

Similar to Lendlein et al,355 the terminal hydroxyl-to-methacrylate conversion rate, or 

degree of methacrylation (DM), is calculated by summing the normalized methacrylate 

proton integrals from 6.12 (I6.12) and 5.61 ppm (I5.61) peaks for 100%PCL-dimethacrylate, 
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and then dividing by the normalized integral from the CH2 protons adjacent to the terminal 

hydroxyls for unmodified 100%PCL at 3.66 ppm (I3.66,notfunc): 

 

Equation A-1: 

𝐷𝑀 = (𝐼6.12 + 𝐼5.61) 𝐼3.66,𝑛𝑜𝑡𝑓𝑢𝑛𝑐⁄ × 100% 

 

 

 

A.2 HCAEC Viability 

 
Figure A-2 HCAEC Viability 

Viability of hCAECs co-incubated with polymer films at specified timepoints. No 

statistically significant differences were observed between test substrates (n = 4). 
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Appendix B: Further details of x%PCL-y%ACPCL 

 

B.1 Effect of Allyl Chloroformate:CL (A:CL) on y%ACPCL 

 
Figure B-1 Effect of A:CL on y%ACPCL 

For most reactions tested, varying A:CL at fixed LDA:CL ratios within ± 0.05 did not 

appear to have much of an impact on the extent of allyloxycarbonyl substitution within the 

ranges tested. This further implicated the carbanion formation step via LDA addition as the 

rate limiting step. Based on these results, a 1:1:1 A:CL:LDA ratio represents an excess 

amount of allyl chloroformate to more definitively ensure complete reaction of 

allyloxycarbonyl groups with  carbanion intermediates. An approximate 1:1 A:CL ratio 

was used for all subsequent reactions. 
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Appendix C: Immunohistochemistry Protocols 

 

C.1 Antibody Table 

Table C-1: Antibody Table with Dilutions for IHC 

 

Antibody Manufacturer Species Dilution Clonality Cat. number 

CD31 Dianova Rat 1:100 Monoclonal DIA-310 

F4/80 Novus Biologicals Rat 1:900 Monoclonal NB600-404 

CD206 Bioss Rabbit 1:100 Polyclonal bs-4727R 

iNOS Bioss Rabbit 1:100 Polyclonal bs-2072R 

MMP3 Bioss Rabbit 1:400 Polyclonal bs-0413R 

MMP9 Bioss Rabbit 1:100 Polyclonal bs-4593R 

MMP12 Cloud-Clone Corp Rabbit 1:1000 Polyclonal PAC056Hu01 

MMP13 Abcam Rabbit 1:750 Polyclonal ab39012 

MMP14 Cloud-Clone Corp. Rabbit 1:250 Polyclonal PAC056Mu01 

 

C.2 IHC Staining Protocol Details 

C.2.1 CD31 

Slides were placed on the Leica Bond Max IHC stainer. All steps besides dehydration, 

clearing and cover slipping are performed on the Bond Max. Slides are deparaffinized. 

Heat induced antigen retrieval was performed on the Bond Max using their Epitope 

Retrieval 2 solution for 20 minutes. Slides were incubated with anti-CD31 (Cat.# DIA-310, 

Dianova, Hamburg, Germany) for one hour at a 1:100 dilution and followed by a 

biotinylated anti-rat secondary antibody (Cat.# BA-4000, Vector Laboratories, Inc., 

Burlingame, CA) for 15 minutes at a 1:200 dilution. The Bond Polymer Refine detection 

system was used for visualization. Slides were then dehydrated, cleared and cover slipped. 

 

C.2.2 F4/80 

Slides were placed on the Leica Bond Max IHC stainer. All steps besides dehydration, 

clearing and cover slipping are performed on the Bond Max. Slides are deparaffinized. 

Enzymatic induced antigen retrieval was performed on the Bond Max using Proteinase K 

(Dako, North America, Inc) for 5 minutes. Slides were incubated with anti-F4/80 (NB600-

404, Novus Biologicals) for one hour at a 1:900 dilution and then incubated in a rabbit anti-

rat secondary antibody (BA-4001, Vector Laboratories, Inc.) for 15mins at a 1:200 dilution.  

The Bond Polymer Refine detection system was used for visualization. Slides were the 

dehydrated, cleared and cover slipped. 

 

C.2.3 NOS-2/iNOS 

Slides were placed on the Leica Bond Max IHC stainer. All steps besides dehydration, 

clearing and cover slipping are performed on the Bond Max. Slides are deparaffinized. 
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Heat induced antigen retrieval was performed on the Bond Max using their Epitope 

Retrieval 2 solution for 20 minutes. Slides were incubated with anti-iNOS/NOS-2 (Cat# 

bs-2072R, Bioss Antibodies, Woburn, Massachusetts) for one hour at a 1:00 dilution. The 

Bond Polymer Refine detection system was used for visualization. Slides were then 

dehydrated, cleared and cover slipped. 

 

C.2.4 CD206 

Slides were placed on the Leica Bond Max IHC stainer. All steps besides dehydration, 

clearing and cover slipping are performed on the Bond Max. Slides are deparaffinized. 

Heat induced antigen retrieval was performed on the Bond Max using their Epitope 

Retrieval 2 solution for 20 minutes. Slides were incubated with anti-MRC1/CD206 (Cat# 

bs-4727R, Bioss Antibodies, Woburn, Massachusetts) for one hour at a 1:00 dilution. The 

Bond Polymer Refine detection system was used for visualization. Slides were then 

dehydrated, cleared and cover slipped. 

 

 

C.2.5 MMP3 

Slides were placed on the Leica Bond Max IHC stainer. All steps besides dehydration, 

clearing and cover slipping are performed on the Bond Max. Slides are deparaffinized. 

Heat induced antigen retrieval was performed on the Bond Max using their Epitope 

Retrieval 1 solution for 20 minutes. Slides were incubated with anti-MMP3 (Cat# bs-

0413R, Bioss Antibodies, Woburn, Massachusetts) for one hour at a 1:400 dilution. The 

Bond Polymer Refine detection system was used for visualization. Slides were then 

dehydrated, cleared and cover slipped. 

 

C.2.6 MMP9 

Slides were placed on the Leica Bond Max IHC stainer. All steps besides dehydration, 

clearing and cover slipping are performed on the Bond Max. Slides are deparaffinized. 

Heat induced antigen retrieval was performed on the Bond Max using their Epitope 

Retrieval 1 solution for 20 minutes. Slides were incubated with anti-MMP9 (Cat# bs-

4593R, Bioss Antibodies, Woburn, Massachusetts) for one hour at a 1:100 dilution. The 

Bond Polymer Refine detection system was used for visualization. Slides were then 

dehydrated, cleared and cover slipped. 

 

C.2.7 MMP12 

Slides were placed on the Leica Bond Max IHC stainer. All steps besides dehydration, 

clearing and cover slipping are performed on the Bond Max. Slides are deparaffinized. 

Heat induced antigen retrieval was performed on the Bond Max using their Epitope 

Retrieval 1 solution for 20 minutes. Slides were incubated with anti-MMP12 (Cat# 

PAA402Mu01, Cloud-Clone Corp., Katy, TX) for one hour at a 1:1000 dilution. The Bond 
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Polymer Refine detection system was used for visualization. Slides were then dehydrated, 

cleared and cover slipped. 

 

C.2.8 MMP13 

Slides were placed on the Leica Bond Max IHC stainer. All steps besides dehydration, 

clearing and cover slipping are performed on the Bond Max. Slides are deparaffinized. 

Heat induced antigen retrieval was performed on the Bond Max using their Epitope 

Retrieval 2 solution for 10 minutes. Slides were incubated with anti-MMP13 (Cat# 

Ab39012, Abcam, Cambridge, MA) for one hour at a 1:750 dilution. The Bond Polymer 

Refine detection system was used for visualization. Slides were then dehydrated, cleared 

and cover slipped. 

 

C.2.9 MMP14 

Slides were placed on the Leica Bond Max IHC stainer. All steps besides dehydration, 

clearing and cover slipping are performed on the Bond Max. Slides are deparaffinized. 

Heat induced antigen retrieval was performed on the Bond Max using their Epitope 

Retrieval 1 solution for 20 minutes. Slides were incubated with anti-MMP14 (Cat# 

PAC056Mu0, Cloud-Clone Corp., Katy, TX) for one hour at a 1:250 dilution. The Bond 

Polymer Refine detection system was used for visualization. Slides were then dehydrated, 

cleared and cover slipped. 

 

 

C.3 Quantification of protein expression by IHC Staining Detection Algorithms 

 

Table C-2 CD31 

 

*** Algorithm Inputs *** *** Algorithm Inputs *** 

Algorithm Microvessel Detection 

Segmented Tissue from Background by Intensity 210 

Segment vessels from tissue 175 

Eliminate vessels with area less than this value 60 

Eliminate vessels with area greater than this value 5000 

Eliminate vessels with aspect ratio greater than 
this value = max(length/width)*100 

1000 

0 = Do not separate, 1 = Separate 0 

Number of dilation/erosion iterations 6 

Color Definition File “My Own DAB”, very 
similar to “Default DAB” 

 

“My Own DAB” Color Definition File Script: 
99 66 66 132 99 66 99 55 55 55 22 0 132 88 66 55 33 22 55 33 33 55 

22 22 55 22 33 33 22 22 88 55 22 33 22 33 88 55 33 88 66 66 121 99 
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66 88 55 55 121 88 55 121 88 66 121 99 88 88 66 55 66 33 0 66 22 0 

66 33 22 66 33 33 88 33 22 99 66 33 66 22 22 99 55 33 99 66 55 44 22 

33 88 33 11 99 44 33 66 33 11 121 77 44 55 11 0 44 22 0 77 55 44 55 

22 11 77 33 11 66 44 33 77 44 22 110 88 77 143 110 77 121 88 77 44 

11 0 66 55 44 132 99 77 110 66 44 77 44 33 55 44 33 110 77 77 44 33 

22 66 33 44 88 44 11 88 44 22 88 44 44 55 33 44 121 77 55 88 44 33 

99 55 44 99 66 44 77 66 55 77 33 22 143 110 88 110 66 66 77 44 11 44 

22 11 121 77 66 55 44 44 55 33 11 44 22 22 44 33 44 77 44 44 110 77 

44 99 77 55 88 55 44 143 99 77 77 55 55 132 77 55 66 44 22 110 66 33 

66 44 44 110 77 55 0 0 0 77 55 66 66 44 55 77 33 33 44 33 33 

 

 

Table C-3 F4/80 Detection Algorithm 

 

*** Algorithm Inputs *** *** Algorithm Inputs *** 

Algorithm Positive Pixel Count v9 

Version 9.1 

View Width 1000 

View Height 1000 

Overlap Size 0 

Image Zoom 1. 

Classifier None 

Class List 
 

Classifier Neighborhood 0 

Pixel Area (millimeter-squared) 1.51282e-007 

Hue Value (Center) 0.1 

Hue Width 0.5 

Color Saturation Threshold 4.e-002 

Intensity Threshold WEAK (Upper Limit) 190 

Intensity Threshold WEAK (Lower Limit) 175 

Intensity Threshold MEDIUM (Upper Limit) 175 

Intensity Threshold MEDIUM (Lower Limit) 100 

Intensity Threshold STRONG (Upper Limit) 100 

Intensity Threshold STRONG (Lower Limit) 0 

Intensity Threshold Negative Pixels -1 

 

 

Table C-4 CD206 Detection Algorithm 

 

*** Algorithm Inputs *** *** Algorithm Inputs *** 

Algorithm Positive Pixel Count v9 

Version 9.1 

View Width 1000 

View Height 1000 
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Overlap Size 0 

Image Zoom 1. 

Classifier None 

Class List 
 

Classifier Neighborhood 0 

Pixel Area (millimeter-squared) 1.51282e-007 

Hue Value (Center) 0.1 

Hue Width 0.5 

Color Saturation Threshold 4.e-002 

Intensity Threshold WEAK (Upper Limit) 175 

Intensity Threshold WEAK (Lower Limit) 150 

Intensity Threshold MEDIUM (Upper Limit) 150 

Intensity Threshold MEDIUM (Lower Limit) 120 

Intensity Threshold STRONG (Upper Limit) 120 

Intensity Threshold STRONG (Lower Limit) 0 

Intensity Threshold Negative Pixels -1 

 

 

Table C-5 iNOS Detection Algorithm 

 

*** Algorithm Inputs *** *** Algorithm Inputs *** 

Algorithm Positive Pixel Count v9 

Version 9.1 

View Width 1000 

View Height 1000 

Overlap Size 0 

Image Zoom 1. 

Classifier None 

Class List 
 

Classifier Neighborhood 0 

Pixel Area (millimeter-squared) 1.51282e-007 

Hue Value (Center) 0.1 

Hue Width 0.5 

Color Saturation Threshold 4.e-002 

Intensity Threshold WEAK (Upper Limit) 220 

Intensity Threshold WEAK (Lower Limit) 150 

Intensity Threshold MEDIUM (Upper Limit) 150 

Intensity Threshold MEDIUM (Lower Limit) 100 

Intensity Threshold STRONG (Upper Limit) 100 

Intensity Threshold STRONG (Lower Limit) 0 

Intensity Threshold Negative Pixels -1 
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C.4 Power analysis to justify sample size calculations for planning the larger mouse 

cohort 

 

 
Figure C-1 Power analysis 

Distribution of cumulative scores (top) reveals a significant shift in distribution between 

treatment (high spacing) and control (low spacing) groups on a logarithmic scale. There is 

a close match between the treatment group in the preliminary data to that predicted by the 

proportional odds model. Plotting power as a function of sample size (bottom) shows that 

N = 8 has 52% power and an N of 15 is required for ~80% power, assuming data from 

preliminary experiments represents those of the larger study planned. 
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