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Abstract

Peripheral arterial disease is a leading cause of morbidity and mortality. The most commonly 

utilized prosthetic material for peripheral bypass grafting is expanded polytetrafluoroethylene 

(ePTFE) yet it continues to exhibit poor performance from restenosis due to neointimal 

hyperplasia, especially in femoral distal bypass procedures. Recently, we demonstrated that 

periadventitial delivery of all-trans retinoic acid (atRA) immobilized throughout porous poly(1,8 

octamethylene citrate) (POC) membranes inhibited neointimal formation in a rat arterial injury 

model. Thus, the objective of this study was to investigate whether atRA immobilized throughout 

the lumen of ePTFE vascular grafts would inhibit intimal formation following arterial bypass 

grafting. Utilizing standard ePTFE two types of atRA-containing ePTFE vascular grafts were 

fabricated and evaluated: grafts whereby all-trans retinoic acid was directly immobilized on 

ePTFE (atRA-ePTFE) and grafts where all-trans retinoic acid was immobilized onto ePTFE grafts 

coated with POC (atRA-POC-ePTFE). All grafts were characterized by SEM, HPLC, and FTIR 
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and physical chararcteristics were evaluated in vitro. Modification of these grafts, did not 

significantly alter their physical characteristics or biocompatibility, and resulted in inhibition of 

intimal formation in a rat aortic bypass model, with atRA-POC-ePTFE inhibiting intimal 

formation at both the proximal and distal graft sections. In addition, treatment with atRA-POC-

ePTFE resulted in increased graft endothelialization and decreased inflammation when compared 

to the other treatment groups. This work further confirms the biocompatibility and efficacy of 

locally delivered atRA to inhibit intimal formation in a bypass setting. Thus, atRA-POC-ePTFE 

grafts have the potential to improve patency rates in small diameter bypass grafts and warrant 

further investigation.

Graphical Abstract

Keywords

Peripheral vascular disease; Restenosis; Intimal hyperplasia; atRA; endothelium; Nitric oxide

INTRODUCTION

Peripheral arterial disease is associated with significant morbidity and mortality, often 

necessitating vascular bypass grafting. Although great saphenous vein remains the gold 

standard conduit for small diameter bypass grafting, it is only suitable for use in one-third of 

the patient population.[1] The most commonly utilized prosthetic material, expanded 

polytetrafluoroethylene (ePTFE), continues to exhibit poor performance with 5-year primary 

patency rates for femoral below-the-knee popliteal and tibial artery targets of 43% and 22%, 

respectively.[2] There have been multiple prior approaches to improve ePTFE graft patency 

rates. Some of these strategies include: surgical modification to improve flow dynamics, 

alternative graft materials and coatings, and endoluminal modifications with proteins and 

drugs.[3] However, to date, a viable alternative has not made its way to the clinical area. 

Limitations of these modifications include no improvement in graft endothelialization or 

worsening of graft-artery compliance mismatch, leaving the exposed graft surface vulnerable 

to intimal formation. While there have been attempts to endothelialize grafts via 1- and 2-

staged procedures, the success of these procedures has been limited due to the low density of 

endothelial cell seeding and the need for a 2-staged procedure, respectively.[3–5] Thus, the 

ideal graft modification should incorporate an agent that will promote graft 

endothelialization, not alter the physical properties of the graft, and inhibit intimal 

formation.
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Retinoids are derivatives of vitamin A that occur in many isoforms. All-trans retinoic acid 

(atRA) is one isoform that has demonstrated versatile biological activities including: 1) 

involvement in embryogenesis, including vasculogenesis, 2) regulation of immune function 

and inflammation, and 3) effects on cell proliferation, differentiation, and migration.[6–8] 

Retinoids have classically been described to act on steroid nuclear receptor altering cellular 

transcription; however, retinoids can also influence signal transduction by activation of 

kinase cascades.[9] The utility of of atRA to inhibit intimal hyperplasia has been supported 

by numerous studies.[8–15] Several in vitro studies have demonstrated that atRA has 

favorable effects on vascular smooth muscle cells influencing their proliferation, 

differentiation, and migration.[8, 9, 11] Collectively these effects address the elements 

involved in the pathogenesis of intimal hyperplasia and arterial restenosis. Several in vivo 
studies have demonstrated that atRA not only inhibits intimal hyperplasia in various animal 

models, but also has been shown to accelerate reendothelialization after vascular injury.[10–

15] While atRA is used clinically to treat a wide range of non-vascular human disease 

conditions, atRA has not been utilized clinically to treat vascular restenosis, despite the wide 

body of evidence in animal models demonstrating the efficacy of atRA to inhibit intimal 

formation.[13–15] The likely reason for this is that the dose required to achieve inhibition of 

intimal hyperplasia in animal studies is approximately 30-fold higher than the dose to treat 

cancer in humans.[14] Thus, a safer, more effective approach to atRA delivery is needed.

Unlike systemic diseases such as cancer, neointimal formation and restenosis are localized 

pathologies that are amenable to a localized therapy. Local delivery of atRA is expected to 

simplify delivery and significantly reduce the body’s exposure to the drug, thereby avoiding 

off-target systemic effects. Thus, the objective of this research study was to assess if the 

incorporation of atRA into a standard ePTFE grafts would be effective at inhibiting intimal 

formation and/or accelerating graft endothelialization in a rat aortic interposition bypass 

model. We hypothesized that atRA- eluting ePTFE vascular grafts would be biocompatible, 

stimulate an endothelial cell monolayer, and inhibit intimal formation following bypass 

grafting. We also hypothesized that the surface atRA is immobilized onto (ePTFE vs POC) 

would impact the atRA loading and release profile and thus impact the efficacy of the graft 

to inhibit intimal hyperplasia. To test these hypotheses, atRA was immobilized via 

physisorption directly on the ePTFE vascular grafts or on POC-coated ePTFE vascular 

grafts. In this study we: 1) characterize the graft physical properties and the atRA loading 

and release profiles; 2) evaluate intimal formation and endothelialization of these grafts in a 

rat aortic bypass graft model; and 3) assess the safety and biocompatibility of these grafts.

Materials and Methods

Fabrication of POC-, atRA-, and atRA-POC-ePTFE grafts

POC-ePTFE, atRA-ePTFE and atRA-POC-ePTFE grafts were fabricated starting from 

standard ePTFE grafts (1.53 mm, IND 25 μM, wall thickness 100 μM, Zeus, Orangeburg, 

SC). Briefly, atRA-ePTFE was prepared by soaking ePTFE grafts in the dark for 24 hours in 

a 20 mg/mL solution of atRA (Sigma, St. Louis, MO) dissolved in dimethyl sulfoxide 

(Sigma, St. Louis, MO). To create POC-ePTFE grafts, POC pre-polymer was synthesized 

from equimolar amounts of citric acid and 1,8-octanediol. ePTFE grafts with the distal end 
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occluded were infused with a 30% (w/v) POC pre-polymer solution in ethanol until sweating 

of the grafts occurred, coating the entire luminal surface and wall thickness of the graft. The 

coated grafts were then post-polymerized at 80 C for 4 days, forming POC-ePTFE.[16, 17] 

Similar to atRA-ePTFE, atRA-POC-ePTFE grafts were prepared by soaking POC-ePTFE 

grafts in the dark for 24 hours in a 20 mg/mL solution of atRA (Sigma, St. Louis, MO) 

dissolved in dimethyl sulfoxide (Sigma, St. Louis, MO). Grafts were then rinsed with 

distilled water and lyophilized. All grafts were gas sterilized with ethylene oxide gas and 

soaked in DMEM cell culture media to leach out any acidic products. The DMEM was 

changed daily until no further DMEM discoloration was observed. The grafts were rinsed 3 

times with phosphate buffered saline (PBS). Once prepared, the grafts were protected from 

light and stored at −20 C (Figure 1A).

In vitro characterization of POC-, atRA- and atRA-POC-ePTFE

3 mm sections from each graft were analyzed by scanning electron microscopy (SE, Hitachi 

3500 N, EPIC, Northwestern University) to visualize atRA and POC loading. In addition, 

the endoluminal surface of 1 mm sections of graft divided lengthwise was evaluated utilizing 

Fourier transform infrared (FTIR) spectra in the attenuated total reflection mode, at room 

temperature using a Bruker Tensor II FTIR spectrometer (Billerica, MA) to further confirm 

atRA and POC loading. The elastic modulus for each graft type was assessed via radial 

compression. Briefly, 25 mm long graft sections were placed between two circular flat plates 

(2” diameter) attached to the InstronR Tester and the plates were advanced toward each 

other. All tests were performed on wetted graft samples. The force required to compress the 

graft radially from 0 to 0.8 mm (50%) was measured. Utilizing a similar method described 

by Gluhih et al., the compression data were utilized to calculate the elastic modulus for each 

of these materials. Briefly, the modulus for each point of compression was calculated 

utilizing the formula derived from the unified loading diagram, to determine the average 

modulus throughout the range of compression.[18]

Quantification of atRA loading and release profiles of atRA, 9-cis RA, and 13-cis RA 
release profiles

To quantify the amount of atRA loaded, 6 mm segment of grafts were washed 3 times with 

deionized water (500 ul/graft, 2 min), then air dried for 5 min. Grafts were then immersed in 

1 ml of acetonitrile for 5 minutes to extract all the drug and the graft turned clear. The 1 ml 

of acetonitrile was evaluated using high performance liquid chromatography (HPLC) to 

determine that amount of atRA loaded. HPLC analysis was carried out using a Shimadzu 

HPLC system set at 35ºC with a SPD-20A diode array detector similar to published methods 

and the percent loading was calculated.[19] Samples of the were injected into an Ascentis 

RP-Amide column (150 mm × 2.1 mm, 3 μm particle size) (Sigma-Aldrich; St. Louis, MO). 

The solvent system consisted of HPLC-MS grade water (solvent A) and acetonitrile (solvent 

B) (each containing 0.1% (v/v) formic acid) with the following linear gradient at 400 μL/

min: 0–3 minutes, hold at 70% B; 3–15 minutes, 70% B to 95% B; 15–20 minutes, hold at 

95% B; 20–21 minutes, 95% B to 70% B; 21–26 minutes, re-equilibrate at 70% B. atRA was 

monitored using diode array detector set at 350 nm.[19] Quantification was based on the 

diode array peak area of retinoic acid and comparison to a standard curve of known 

concentration of atRA. To quantify the atRA release from all graft types, 6 mm sections of 
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graft were soaked in 48-well plates using 200 μL sterile LC/MS grade water at 37 C and 

protected from light. The water was collected and replaced daily for 32 days. The collected 

samples were lyophilized to recover any atRA released, dissolved in 100 μL acetonitrile, and 

quantified using HPLC as described previously. As atRA is known to isomerize to 9-cis RA 

and 13-cis RA, the release of all 3 isomers was quantified by the same method for each graft 

type. The amount of atRA released and the amount of atRA loaded at time of synthesis were 

used to calculate the percent atRA released.

Assessment of in vitro complement activation and platelet aggregation

Functional complement activation assays were performed on all grafts according to 

published methods.[19] Briefly, we utilized sheep red blood cells (RBC) obtained from 

whole blood (VWR, Chicago, IL) and human serum (Sigma, St. Louis, MO). Red blood 

cells were washed and sensitized with hemolysin diluted with PBS to the optimal 

concentration previously identified. 2×2 mm sections of graft material were incubated in 

serum (0.5 mg/ml and 1 mg/ml) at 37°C for 1 hour. After incubation, the serum was diluted 

to different concentrations and incubated with sensitized sheep RBC adjusted to 1.25 × 108 

cells/ml) at 37°C for 1 hour. The samples were then read via plate reader at 412 nm to 

quantify the release of hemoglobin.

To evaluate platelet aggregation we utilized a method described by Messora et al.[20] Blood 

was collected from Sprague Dawley rats into citrate containing tubes. Platelet rich plasma 

(PRP) and platelet poor plasma (PPP) were isolated from these samples at room temperature 

via centrifugation of fresh blood at 150 g for 15 minutes (PRP) and 840 g for 20 minutes 

(PPP). The PRP was diluted with PPP to make a final platelet concentration between 2–3 × 

108/ml. The platelet admixture was incubated with 2×2 mm sections of graft material at 

37ºC for 15 minutes. The platelet suspension was aspirated and the grafts were rinsed 3 

times with warmed PBS and transferred to a clean 96-well plate. The adherent platelets were 

then lysed using 100 μl of Triton-PBS. To quantify the platelets, lysates were quantified for 

the amount of lactate dehydrogenase read via plate reader at 650 nm.

Animal surgery

All animal procedures were performed in accordance with the Guide for the Care and Use of 

Laboratory Animals published by the National Institutes of Health (NIH Publication 85-23, 

1996) and approved by the Northwestern University Animal Care and Use Committee. 

Twenty-eight 11-week-old male Sprague Dawley rats weighing between 350 and 400 g 

underwent an aortic interposition graft model as previously described.[21] Briefly, animals 

were anesthetized with isoflurane (1.5–5%) and treated preoperatively with carprofen 

subcutaneously (0.15 mg kg −1) for pain control. Utilizing the Leica Wild M8 confocal 

microscope (Leica, Buffalo Grove, IL) via a midline incision the retroperitoneum was 

exposed and approximately 1.5 cm of the abdominal aorta was mobilized from the spermatic 

arteries to the aortic bifurcation. The left and right iliolumbar and/or the proximal lumbar 

arteries were ligated. Subcutaneous heparin (100 units/kg) was administered 20 minutes 

prior to cross clamping of the aorta. Once crossed clamped the aorta was transected 2–4 mm 

below the left iliolumbar artery. Proximal and distal anastomosis were constructed with 12 

interrupted 9-0 nylon sutures (9-0 nylon BV130 needle, Suture express, Lenexa, KS). The 
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rectus abdominis muscle and skin were closed separately with a running 4-0 nylon suture. 

Groups included ePTFE, POC-ePTFE, atRA-ePTFE, and atRA-POC-ePTFE (n = 6–7 per 

treatment group).

Harvest and specimen processing

At 28 days, the animals were anesthetized as previously described and sacrificed via 

bilateral thoracotomy.[21] Blood was collected via cardiac puncture and the graft and 5 mm 

of native aorta proximal and distal to the anastomoses were harvested after in situ perfusion-

fixation with PBS (500 mL) and 2% paraformaldehyde (500 mL) via the left ventricle. Once 

explanted the specimen was divided into proximal and distal segments and frozen in optimal 

cutting temperature compound using liquid nitrogen. The specimen blocks were cut into 5 

μm sections. Each graft was analyzed at 4 regions including PA, PG, DG, and DA.

Morphometric analysis

Specimens were examined histologically for evidence of intimal formation utilizing 5-μm 

hematoxylin and eosin (H&E)-stained cross sections. Five to six equally-spaced sections 

from each of the 4 regions were stained from each animal. Digital images of stained sections 

were collected with light microscopy using a Zeiss Imager-A2 microscope (Hallbergmoos, 

Germany). At each location the luminal area, intimal area, medial area, and circumference 

were determined using ImageJ software (NIH; Bethesda, MD). In addition, when applicable, 

the intima-to-media area ratio (I/M), percent of the arterial wall composed of the intima 

(intimal area/intimal area + medial area or I/I+M), and percent stenosis (intima area/intimal 

area + lumen area * 100) were calculated.

Immunohistochemistry

To assess endothelialization and inflammation, for each animal 4 equally-spaced sections 

from the proximal and distal graft regions were stained with: CD31, a marker for endothelial 

cells; ED1, a marker for macrophages; or; CD45, a marker for leukocytes. Briefly, all 

sections were fixed as follows: CD31 and ED1 were fixed with 2% paraformaldehyde for 20 

minutes at room temperature; CD45 sections were fixed with ice-cold acetone for 5 minutes. 

All sections were then rinsed with PBS for 2 minutes. CD45 and ED1 sections were 

permeabilized with 0.3% Triton X-100 in PBS, CD45 for 10 minutes and ED1 for 20 

minutes. Sections were rinsed with PBS 2 minutes. Primary antibodies were applied as 

follows: CD31 (anti-CD31/PECAM/1 NOVUS, cat no. ab24590; Abcam, Cambridge, MA) 

diluted 1:500; CD45 (anti-Rat CD45, cat no. MCA43R, AbD serotec, Raleigh, NC) diluted 

1:1000; ED1 (CD68, cat no. sc-59103; Santa Cruz Biotechnology, Santa Cruz, CA) diluted 

1:50. All antibodies were diluted in immunohistochemistry-Tek (IHC-Tek diluent, pH 7.4, 

cat. no. 1W-1000; IHC World, Woodstock, MD). Specimens were incubated for 1 hour at 

room temperature and then rinsed with PBS for 2 minutes. The appropriate secondary 

antibodies (Invitrogen, Carlsbad, CA) were applied: Alexa Fluor 555, goat anti-rabbit IgG, 

1:1000 dilution (cat. no. A-21429) for CD31; Alexa Fluor 555, goat anti-mouse IgG, 1:1000 

dilution (cat. no. A-21424) for CD45; and Alexa Fluor 555, goat anti-mouse IgG, 1:500 

dilution, (cat. no. A-21424) for ED1. All secondary antibodies were diluted with PBS and 

specimens were incubated for 1 hour at room temperature followed by a 2 minute PBS rinse. 

Nuclei were stained with DAPI in PBS (1:500, cat. no. D3571, Invitrogen) then rinsed in 
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sterile water and coverslipped with ProLongGold (cat. no. P36930, Invitrogen). For all 

stained sections, digital fluorescent images were acquired using Spot Advanced software 

(Diagnostic Instruments, Sterling Heights, MI) on a Nikon Eclipse 50i Microscope (Nikon 

Instruments, Melville, NY). The red staining was quantified for each graft section at four 

quadrants. Briefly, using ImageJ software (NIH) the area of red staining was quantitated for 

the intima (CD31) or the intima and graft (CD45, ED1). To quantitate the area of red 

staining the images were split into RGB-format, the green and blue images were subtracted 

from the red and the number of red pixels were quantified.

Statistical analysis

All results are expressed as mean ± standard error of the mean (SE). The difference between 

two groups was analyzed using Student’s t-test while the differences between multiple 

groups were analyzed using one-way analysis of variance (ANOVA) with the Student-

Newman-Keuls post hoc test to assess all pairwise comparisons, and for ANOVA on ranks 

the Dunn’s Method was utilized (SigmaStat; SPSS, Chicago,IL). Statistical signi cance was 

assumed when P ≤ 0.05.

RESULTS

Loading atRA onto ePTFE vascular grafts with or without POC did not significantly alter 
their microarchitecture or mechanical properties

Three grafts types were successfully fabricated: 1) poly(1,8 octamethylene citrate)-coated 

ePTFE (POC-ePTFE); 2) all-trans retinoic acid-coated ePTFE (atRA-ePTFE); and 3) all-

trans retinoic acid coated onto POC-ePTFE (atRA-POC-ePTFE). A schematic of the 

preparation of atRA-POC-ePTFE is detailed in Figure 1A. ePTFE grafts served as controls 

for all experiments. Figure 1B depicts the scanning electron microscopy (SE) of the luminal 

surface of each graft (top) as well as the node and fibril structure of the different ePTFE 

grafts (bottom). Figure 1C–D summarizes the results of our compression testing to 

characterize the elastic modulus for each material. Using force to compress each graft from 

0 to 0.8 mm, the plots of force versus compression resulted in lines with a classic toe region 

followed by a linear region from 0.4–0.6 mm. Analyzing these data via a method described 

by Gluhih et al. revealed an elastic modulus of 0.22, 0.14, 0.29, and 0.17 MPa for ePTFE, 

atRA-ePTFE, POC-ePTFE, atRA-POC-ePTFE, respectively.[18] In addition, comparison of 

the force required to compress the grafts by 25% and 50% revealed no significant 

differences between the grafts when compared to ePTFE controls (Figure 1C, P=NS)

atRA was successfully loaded onto atRA- and atRA-POC-ePTFE grafts with minimal 
isomerization and without activation of complement or platelet aggregation in vitro

Figure 2A–D show representative FTIR spectra for each graft denoting peaks specific to 

bonds for each material ePTFE, POC-ePTFE, atRA-ePTFE and atRA-POC. The carbon-

fluorine bonds for ePTFE are present at 1200 (C–F symmetric stretch), 1150 (C–F 

asymmetric stretch) and 964 (CF2 rocking). (Figure 2A–D). Figures 2B and 2D demonstrate 

methylene and ester carbonyl bonds found in POC with peaks at 2920 (CH2-C), 2856 (CH2-

O) and 1734 (C=O). Alkene and ester carbonyl bond in atRA result in peaks at 2927 (=C-H, 

strong stretch), 1734 (C=O), 1576 (C=C) and 964 (=C-H, out of plane bending). While 
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peaks are present for atRA-POC-ePTFE (Figure 2D) only the peak at 964 was present for 

atRA-ePTFE (Figure 2C). Figure 2E–F summarizes changes in the FTIR spectra graft 

material from synthesis and after 30 days of soaking revealed little changes in spectra at 30 

days for either graft type. While the atRA-ePTFE spectra only revealed a peak at 2927 (=C–

H, strong stretch), the atRA-POC-ePTFE spectra revealed peaks at 2927 (=C–H, strong 

stretch) and 1734 (C=O). The presence of atRA on these grafts was further supported by 

HPLC. Table 1 summarizes the amount of atRA loaded onto each graft, with 5.9 μg of atRA 

loaded onto atRA-ePTFE and 103 μg onto atRA-POC-ePTFE. Next, we evaluated atRA 

release from the grafts for a period of 30 days. The chromatogram of a standard sample of 

retinoic acid (Figure 3A) demonstrated three peaks of similar amplitude at elution times 

specific for each isomer: 13-cis retinoic acid (13-cisRA, 10.84 minutes), 9-cis retinoic acid 

(9-cisRA, 11.59 minutes), and all-trans retinoic acid (atRA, 12.04 minutes). The 

superimposed chromatograms for the releasate collected from atRA-ePTFE and atRA-POC-

ePTFE grafts revealed the most prevalent peak at 12.04 minutes, corresponding to the 

elution time for atRA (Figure 3A). Cumulative release of each isomer, atRA, 9-cisRA, and 

13-cisRA was quantitated over 30 days for each graft type. All 3 isomers were released from 

the atRA-eluting ePTFE grafts (Figure 2A–D); however, atRA-POC-ePTFE resulted in 

significantly greater release of all 3 isoforms as compared to atRA-ePTFE. In particular, 

atRA release was 3.7-fold higher with atRA-POC-ePTFE as compared with atRA-ePTFE 

(Figure 3B, P<0.05). Table 1 summarizes the amount of atRA released after incubation for 

30 days with the calculated percent released for each graft type. To assess biocompatibility 

of our material, we performed complement activation and platelet aggregation studies. No 

differences in complement activation or platelet aggregation were observed between POC-

ePTFE, atRA-ePTFE, or atRA-POC-ePTFE grafts when compared to ePTFE grafts (Figure 

3E–F, P=NS).

atRA-POC-ePTFE grafts exhibit reduced intimal hyperplasia, percent stenosis, and greater 
lumen area when compared to ePTFE grafts

After demonstrating successful atRA release and biocompatibility of the grafts in vitro, 

grafts were implanted as aortic interposition grafts in rats (Figure 4A). The distribution of 

intimal formation was assessed for each graft type after 4 weeks of implantation at the 

following areas: proximal artery (PA), proximal graft (PG), distal graft (DG) and distal 

artery (DA) (Table 2). For all 3 graft types the majority of the intimal formation was located 

at the graft anastomoses, with the intimal area at the PG being greater than the DG. Figure 

4B–C demonstrates that the distribution of intimal formation for animals treated with ePTFE 

and POC-ePTFE was the same, with the proximal and distal graft sections exhibiting greater 

intimal area than both the proximal and distal arterial sections (*,**P<0.05). This pattern 

was altered in animals treated with the atRA-eluting ePTFE grafts. The intimal area at the 

DG was reduced in animals treated with atRA-ePTFE, thus only the intimal area at the PG 

was greater than the proximal and distal arterial segments. Similarly, treatment with atRA-

POC-ePTFE reduced the intimal area at the PG and DG and the intimal area at the PG was 

only greater than the distal arterial segment (Figure 4D–E,†,†† P<0.05). Comparing the 

intimal formation at the proximal and distal graft sections for all treatment groups, animals 

treated with the atRA-ePTFE demonstrated a 48% reduction in intimal area at the DG as 

compared to those treated with the ePTFE grafts (Figure 5B). However, animals treated with 

Gregory et al. Page 8

J Control Release. Author manuscript; available in PMC 2019 March 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the atRA-POC-ePTFE demonstrated a 50% and 56% reduction in intimal area as compared 

to those treated with the ePTFE grafts at both the PG and DG respectively (Figure 5A–B, * 

P<0.05). Representative hematoxylin and eosin stained images are shown in Figure 5C. 

Other positive morphometric findings found in animals treated with either atRA-eluting 

ePTFE graft included an increase in medial and lumen areas and decrease in percent stenosis 

at both arterial and graft segments. However, only the animals treated with atRA-POC-

ePTFE grafts demonstrated an increase in lumen area and decrease in percent stenosis at the 

PG, the site of the greatest intimal formation (Table 2).

atRA-POC-ePTFE grafts endothelialize more rapidly, are biocompatible, and do not elicit 
changes in liver and renal chemistries in vivo

As endothelialization greatly affects the degree of intimal formation, we investigated the 

differences in endothelialization of each graft type (Figure 6). Compared to ePTFE controls, 

animals treated with the atRA-POC-ePTFE graft demonstrated a 2.7-fold and 2.2-fold 

increase in graft endothelialization at the PG and DG, respectively (Figure 6A–B, *P<0.05). 

To further establish the biocompatibility of these grafts we assessed the inflammatory 

response to these materials in vivo, by examining the infiltration of macrophages (ED1) and 

total leukocytes (CD45) evoked by each graft type. Overall, we observed that most 

inflammatory cells were located in the graft material (Figure 7). At the proximal and distal 

graft sections, animals treated with atRA-POC-ePTFE grafts exhibited an 85% and 60% 

decrease in graft infiltration of ED1 and a 57% and 39% decrease in graft infiltration of 

CD45, respectively (*P<0.05). Lastly, to establish the biosafety profiles of these materials, 

liver and renal chemistries were analyzed on blood collected 30 days after implantation. No 

significant differences were observed among all groups (Table 3).

DISCUSSION

There is a clear need for new biomaterials and strategies to address the poor patency rates of 

currently available prosthetic vascular grafts. In this current study we investigate two 

strategies to prepare atRA-eluting ePTFE grafts: direct immobilization of atRA onto the 

ePTFE material (atRA-ePTFE) and atRA immobilization onto POC-coated ePTFE (atRA-

POC-ePTFE). In vitro characterization revealed successful loading of POC-ePTFE, atRA-

ePTFE, and atRA-POC-ePTFE with atRA release profiles demonstrating sustained atRA 

release with minimal isomerization to the 9- or 13-Cis-RA isomers with atRA-POC-ePTFE 

resulting in a 17.5 fold increase in atRA loading and a 4 fold increase of atRA release at 30 

days when compared to atRA-ePTFE. The loading and release profiles of these materials 

were within the 100 μM range, previously demonstrated to be safe even under static 

conditions and several orders of magnitude less than is currently utilized clinically.[22, 23] 

Further evaluation of the in vitro biocompatibility of these materials revealed no changes in 

the platelet aggregation or complement activation. Utilizing a rat aortic interposition graft 

model, we observed the proximal neointimal growth is greater than the neointima observed 

in the distal graft. This finding differs from what is commonly found in human bypass 

grafting where the distal anastomosis results in greater restenotic lesion. However, our 

finding is in agreement with previous reports in murine models of interpositional graft.[24] 

Importantly, we demonstrated that treatment with atRA-ePTFE and atRA-POC-ePTFE 
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resulted in improvements in morphometric parameters including decreased intimal area, 

decreased percent stenosis, increased lumen, and medial areas. In addition, animals treated 

with the atRA-POC-ePTFE grafts demonstrated increased graft endothelialization, with a 

concomitant reduction in macrophage and leukocyte infiltration into the graft material. 

Finally, evaluation of hepato-renal chemistries at 30-days after implantation revealed no 

differences compared to ePTFE controls, suggesting that these modifications did not alter 

the biosafety of these materials.

The efficacy of atRA to inhibit intimal hyperplasia has been widely described in the 

literature.[12–15, 25, 26] Initial studies investigating atRA utilized balloon injury models. 

Initial studies by Miano and Derosa et al. demonstrated the efficacy of systemic delivery of 

atRA (5–25 mg/kg/day orally), using balloon injury models, reporting decreases in intimal 

area of 25–45% with favorable geometric remodeling, as evident by increased intima/media 

ratios, lumen area, and arterial circumference.[13, 14] Other investigators utilized a carotid 

interposition reversed vein bypass model to investigate the efficacy of orally delivered atRA 

(10 mg/kg/day) to inhibit intimal formation in a bypass setting. Initial investigations in this 

setting failed to show reduction in intimal area, but did report a reduction intimal thickness, 

increased medial area, and decreased intima/media ratio, which was encouraging.[10] 

However subsequent studies, utilizing a similar model reported that systemically delivered 

atRA decreased the proliferative index and increased the apoptotic index of graft neointimal 

cells.[11]

Later investigations investigated the efficacy of atRA to inhibit intimal formation when 

delivered locally.[25, 26] Initial investigations utilizing localized atRA delivery by Herdeg et 

al delivered 10 μM atRA endoluminally for 5 minutes failed to reveal significant decreases 

in intimal area.[25] Understanding that atRA delivery to the vasculature is effective, but 

depends on the route and concentration of delivery, our lab recently demonstrated that local 

delivery of atRA using a periadventitial membrane fabricated from POC resulted in a 56% 

decrease in intimal area and a reduction in intima/media area ratio and percent stenosis in a 

rat carotid balloon injury model.[26] Our current study supports these data by demonstrating 

that local delivery of atRA from atRA-eluting ePTFE grafts also reduces intimal area, 

percent stenosis, and increases lumen area and the inhibition of intimal formation that is 

comparable to reductions reported with studies utilizing other anti-proliferative agents such 

as rapamycin and paclitaxel coated ePTFE grafts.[22, 27]

Our in vivo findings are consistent with the effects that retinoids have been reported to exert 

on the vasculature and are likely being executed via the mechanisms previously described.[6, 

8, 9, 11, 15, 28] It is accepted that retinoids exert their effects on the vasculature by binding 

steroid nuclear receptors Retinoic Acid Receptor (RAR) and Retinoic X Receptor (RXR), 

resulting in transcriptions of genes that regulate important cellular functions including 

proliferation, migration, differentiation, apoptosis and inflammation. Moreover, it has also 

been demonstrated that the effects of retinoids differ based on cell type and cell location 

(intima vs media).[6, 8, 9, 11, 15, 28] Rhee et al. reviews much of the relevant research that 

has been done to detail the complex mechanisms of action of retinoids on the vasculature in 

the setting of vascular injury and in the development of atherosclerosis. Briefly, previous 

work suggests that atRA inhibits neointimal hyperplasia by maintaining the differentiation 
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of medial VSMC, preventing their migration into the intima.[28] In addition, atRA inhibits 

the proliferation of intimal VSMC while simultaneously increasing the proliferation of 

endothelial cells and increasing their synthesis of nitric oxide (NO). The pleiotropic effects 

of retinoids on the cells of the vasculature might elucidate the advantages of their use over 

other antiproliferative agents previously investigated.[28]

Early research demonstrated that rapamycin and paclitaxel effectively inhibited intimal 

hyperplasia when incorporated into vascular stents. [29, 30] Therefore, subsequent studies 

examined the utility of these agents when incorporated into ePTFE.[22, 27] Cagiannos et al. 

utilized a porcine aortioiliac bypass model and demonstrated a 68% reduction in intimal 

hyperplasia but no change in graft endothelialization in animals treated with rapamycin 

coated ePTFE grafts.[22] Utilizing paclitaxel coated ePTFE grafts in a porcine arteriovenous 

bypass model, Lee et. al. demonstrated a 93% reduction in intimal area at the 

perianastomotic regions in a porcine arteriovenous graft model.[27] While these reductions 

of intimal formation are equal to or greater than the reduction we achieved with atRA-POC 

ePTFE, treatment with atRA has the benefit of increasing the rate of endothelialization, 

which was not reported with paclitaxel or rapamycin. In fact, clinically paclitaxel and 

rapamycin have been shown to have antiproliferative effects on both VSMC and endothelial 

cells. Thus, despite their efficacy to inhibit intimal hyperplasia, they have demonstrated a 

delay in endothelial healing when compared to bare metal stents.[29, 30] As intimal 

hyperplasia is a complex pathophysiological response to vascular injury, an agent that can 

offer selective effects on the proliferation of various cell types of the vasculature would be 

advantageous. Moreover, hastened endothelialization of the graft material supplies source of 

other vasoprotective molecules such as nitric oxide that act synergistically to further 

endothelization and inhibit intimal hyperplasia.

Given that intimal formation and long-term biocompatibility are greatly influenced by 

inflammation, we explored if atRA would exacerbate the inflammatory response to the graft 

material. The beneficial effects of atRA therapy on inflammation observed in this study was 

consistent with reports in prior publications.[7, 31] Zhang et. al. investigated the efficacy of 

systemic atRA to inhibit cardiac allograft vasculopathy in a rat abdominal heart transplant 

model and reported a 45% reduction in macrophage infiltration (CD68) with the addition of 

atRA (10 mg/kg/day orally) to the standard cyclosporine therapy.[7] Similarly, Kishimoto et 

al reported decreased macrophage infiltration (F4/80) in a ureteral obstruction model in 

animals treated with intraperitoneal injections of atRA 20 mg/kg/day.[32] In addition, our 

previous investigation of localized atRA delivery via atRA-POC periadventitial membranes 

found a similar decrease of 76% in macrophage infiltration (ED1) as demonstrated in our 

current study.[26] Thus, in addition to the favorable effects on the proliferation and 

migration of endothelial cells and VSMC, the anti-inflammatory effect of atRA-POC-ePTFE 

may also impact intimal formation and confirm the biocompatibility of this material.

Our study has limitations. While we demonstrated for the first time that localized atRA 

delivery was effective in inhibiting intimal formation in an aortic interposition graft model, 

we did not attempt to further elucidated the cellular mechanism for this finding. Given that 

the effects of atRA are complex, this initial study was to establish the feasibility of this 

technology based on mechanisms reported by us and other using different delivery methods. 
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Therefore, elucidation of the mechanism of action was outside the scope of this current 

investigation. Similarly, while we demonstrated that this decrease in intimal formation is 

associated with increased graft endothelialization, we did not identify the mechanism of 

increased endothelialization. Once established, EC can generate other vasoprotective 

molecules that may be acting synergistically to inhibit intimal formation. This may impact 

the application of our study to the clinical arena as there are three mechanisms of graft 

endothelialization -- trans-anastomotic, fall-out from circulating endothelial cells, and 

transmural migration -- only endothelial cell fall out and transmural migration have been 

reported to contribute to endothelialization of bypass grafts clinically.[33–35]

Another limitation of our study was that we did not pursue the differences in FTIR spectrum 

or difference in loading of atRA-ePTFE and atRA-POC-ePTFE. The presence of only some 

the atRA peaks on the atRA-ePTFE and atRA-POC ePTFE spectrum is most likely related 

to the small amount loaded onto the grafts, as confirmed by HPLC. Thus, this discrepancy 

most likely reflects limitation of detection by FTIR. The improvement in atRA loading is 

attributed to the increase of available surface areas as POC is deposited in the lumen and 

between the nodes and fibrils of the graft material.

Similarly, another limitation of our study is that we have not stablished the kinetic release 

pattern of atRA or identified the optimal dosage. This is important because unlike balloon 

angioplasty models, which simulate a time-limited injurious event to the vasculature, bypass 

grafting permanently alters the flow dynamics at the proximal and distal anastomosis 

generating a constant stimulus for endothelial cell dysfunction and intimal formation. Thus, 

to improve patency rates, sustained release of atRA is likely necessary and further 

investigation into the release characteristics and dosing of this agent in conjunction with 

POC and other viable polymer materials is warranted. Moreover, as with all initial animal 

studies, extrapolation of our results to the clinical arena may be limited for several reasons: 

1) the rate of endothelialization is species-specific, 2) length of the conduits utilized are only 

a fraction of the length used clinically, 3) the duration of implantation is much shorter and 4) 

the flow dynamics differ greatly, lacking the distal atherosclerotic disease and resulting 

increased resistance seen clinically.[36] However, this work clearly demonstrates that the 

local delivery of atRA via direct immobilization onto a vascular graft can inhibit intimal 

formation while simultaneously increasing reendothelialization. Thus, future work should 

attempt to quantify release characteristics, the kinetic modeling of these grafts in vivo, and 

test different amounts of immobilized atRA to induce optimal inhibition of neointimal 

hyperplasia. In addition, further in vivo studies utilizing atRA-POC-ePTFE should be 

pursued in other animal models with similar vascular physiology to humans, utilizing longer 

graft segments, increased implantation times, and ideally under atherosclerotic conditions to 

further establish its clinical utility.

CONCLUSION

The findings of our current study showed that treatment with atRA-eluting ePTFE grafts 

significantly decreased intimal area with evidence of favorable remodeling, including 

increased lumen and medial areas and decreased percent stenosis. atRA-POC-ePTFE 

appeared to be more effective than atRA-ePTFE as it: 1) resulted in greater loading and 
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release of atRA in vitro, 2) had greater effect on intimal area, acting at both the proximal and 

distal graft segments 3) increased graft endothelialization, and 4) demonstrated greater 

inhibition of inflammation. These data strongly support the efficacy of atRA-POC ePTFE to 

inhibit intimal formation and hasten endothelialization that could potentially translate to 

improved patency and rate of prosthetic grafts as compared to traditional ePTFE grafts.
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Figure 1. Synthesis and in vitro characterization of ePTFE, POC-ePTFE, atRA-ePTFE, and 
atRA-POC-ePTFE
(A) Schematic of atRA-POC-ePTFE synthesis. (B) Scanning electron microscopy image of 

the luminal surface of ePTFE, POC-ePTFE, atRA-ePTFE and atRA-POC-ePTFE 

demonstrating the node and fibril structure. (C) Mechanical testing of the grafts via radial 

compression measurements. (D) Quantification of force required to compress each graft to 

25 and 50%. Data represent the mean ± SE (n=3), analysis via one-way ANOVA. Scale bar 

= 20 μm, original magnification = 2.0k. ePTFE: extended polytetrafluroethylene, POC-

ePTFE: poly(1,8 octamethylene citrate) ePTFE, atRA-ePTFE: all-trans retinoic acid-coated 

ePTFE, and atRA-POC-ePTFE: all-trans retinoic acid- poly(1,8 octamethylene citrate) 

ePTFE.
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Figure 2. FTIR spectra of ePTFE, POC-ePTFE, atRA-ePTFE, and atRA-POC-ePTFE
Representative FTIR spectrum indicating characteristic peaks for each graft after synthesis 

and after 30 day release (A) ePTFE. (B) POC-ePTFE. (C) atRA-ePTFE and (D) atRA-POC-

ePTFE. (E) atR-ePTFE at 0 and after 30 day release. (F) atRA-POC-ePTFE at 0 and after 30 

day release. FTIR: Fourier transform infrared, ePTFE: extended polytetrafluroethylenePOC-

ePTFE: poly(1,8 octamethylene citrate) ePTFE, atRA-ePTFE: all-trans retinoic acid-coated 

ePTFE, and atRA-POC-ePTFE: all-trans retinoic acid- poly(1,8 octamethylene citrate) 

ePTFE
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Figure 3. atRA-ePTFE and atRA-POC-ePTFE exhibit sustained release of atRA for 30 days and 
are biocompatible in vitro
(A) Representative high performance chromatography (HPLC) performed on samples of 

retinoic acid (RA, standard), and releasate from atRA-ePTFE and atRA-POC-ePTFE. (B–D) 

Quantification of the isoforms of RA released from ePTFE, POC-ePTFE, atRA-ePTFE, and 

atRA-POC-ePTFE grafts including: (B) atRA, (C) 9-cis RA, and (D) 13-cis RA over 32 

days. (E) Assessment of the percent complement activation elicited by POC-ePTFE, atRA-

ePTFE, atRA-POC-ePTFE grafts as compared with ePTFE alone. (F) Assessment of the 

percent platelet aggregation elicited by POC-ePTFE, atRA-ePTFE, and atRA-POC-ePTFE 

as compared with ePTFE alone. ADP (100 μM). Data represent the mean ± SE (n=3), 

analysis via one-way ANOVA. ePTFE: extended polytetrafluroethylene, POC-ePTFE: 

poly(1,8 octamethylene citrate) ePTFE, atRA-ePTFE: all-trans retinoic acid-coated ePTFE, 

and atRA-POC-ePTFE: all-trans retinoic acid- poly(1,8 octamethylene citrate) ePTFE
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Figure 4. Grafts containing atRA exhibit an altered distribution of intimal formation
(A) Schematic of sample processing, and representative harvested sample. (B–E) 

Quantification of intimal area at all 4 regions: proximal artery, proximal graft, distal graft, 

and distal artery for (B) ePTFE, (C) POC-ePTFE, (D) atRA-ePTFE and (E) atRA-POC-

ePTFE grafts. Data expressed as mean ± SE, represents 5–6 sections at each location from 

each rat (n=6–7/treatment group), analysis via one-way ANOVA. *P < 0.05 and **P < 0.05 

versus PA and DA; ↑P < 0.05 versus PA, DG and DA; ↑↑P < 0.05 versus DA. PA: proximal 

artery, PG: proximal graft, DG: distal graft, DA: distal artery, ePTFE: extended 

polytetrafluroethylene, POC-ePTFE: poly(1,8 octamethylene citrate) ePTFE, atRA-ePTFE: 

all-trans retinoic acid-coated ePTFE, and atRA-POC-ePTFE: all-trans retinoic acid- poly(1,8 

octamethylene citrate) ePTFE.
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Figure 5. Grafts containing atRA exhibited decreased intimal area at the proximal and distal 
ends of the graft
(A–B) Quantification of the intimal area at the (A) proximal graft (PG) and (B) distal graft 

(DG). (C) Representative cross sections used to perform morphometric analysis for each 

graft and region. Data expressed as mean ± SE, represents 5–6 sections at each region for 

each rat (n=6–7/treatment group), analysis via one-way ANOVA. *P < 0.05 versus ePTFE. 

Scale bar = 50 μm, original magnification = x 2.5. PG: proximal graft, DG: distal graft, 

ePTFE: extended polytetrafluroethylene, POC-ePTFE: poly(1,8 octamethylene citrate) 

ePTFE, atRA-ePTFE: all-trans retinoic acid-coated ePTFE, and atRA-POC-ePTFE: all-trans 

retinoic acid- poly(1,8 octamethylene citrate) ePTFE.
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Figure 6. atRA-POC-ePTFE grafts exhibited increased graft endothelialization
(A–B) Representative CD31 staining (red) of graft cross section and quantification of 

staining for the (A) proximal graft and (B) distal graft. Blue = nuclei stained with DAPI; red 

= endothelial cells; and green = autofluorescence. Data expressed as mean ± SE, represents 

4–5 sections at each region for each rat (n=6–7/treatment group), analysis via one-way 

ANOVA. *P < 0.05 versus ePTFE. Original magnification = x 2.5, quadrants = x 20. PG: 

proximal graft, DG: distal graft, ePTFE: extended polytetrafluroethylene, POC-ePTFE: 

poly(1,8 octamethylene citrate) ePTFE, atRA-ePTFE: all-trans retinoic acid-coated ePTFE, 

and atRA-POC-ePTFE: all-trans retinoic acid- poly(1,8 octamethylene citrate) ePTFE.
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Figure 7. atRA-POC-ePTFE grafts exhibited decreased macrophage (ED1) and leukocyte 
(CD45) infiltration
(A–D) Representative cross sections and quantification of staining in the intimal and graft 

layers for: (A–B) ED1 staining (red), and (C–D) CD45 staining (red) at the (A,C) proximal 

graft and (B,D) distal graft regions. Blue = nuclei stained with DAPI; red = ED1 or CD45 

staining; and green = autofluorescence. Data expressed as mean ± SE, represents 4–5 

sections at each region for each rat (n=6–7/treatment group), analysis via one-way ANOVA. 

*P < 0.05 versus ePTFE. Original magnification = x 2.5, quadrants = x 10. PG: proximal 

graft, DG: distal graft, ePTFE: extended polytetrafluroethylene, POC-ePTFE: poly(1,8 

octamethylene citrate) ePTFE, atRA-ePTFE: all-trans retinoic acid-coated ePTFE, and 

atRA-POC-ePTFE: all-trans retinoic acid- poly(1,8 octamethylene citrate) ePTFE.
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Table 1

atRA and percent release at 30 days.

Graft atRA loading per graft (μg) atRA release 30 days (μg) Percent atRA release 30 days (%)

atRA 5.9 ± 1.2 0.70 ± 0.02 3.00 ± 0.01

atRA-POC 103.3 ± 8.7 3.1 ± 0.3 11.20 ± 0.03

% 30 day release = (30 day release mass / loading total) * 100)
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