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ABSTRACT 

In recent years, controversial findings regarding the long-term safety profile of paclitaxel-

coated balloons and paclitaxel-eluting stents have raised concerns among the cardiovascular 

community and pushed researchers to investigate alternative therapeutics and modes of delivery 

for the treatment of peripheral artery disease (PAD). Liquid drug delivery (LDD) devices once 

dominated the market as delivery systems for anticoagulants like heparin, but as advancements 

were made in stent and balloon delivery platforms, the preferred choice of therapeutic also shifted 

toward antiproliferatives like paclitaxel and sirolimus. Paclitaxel has long since been the leading 

antiproliferative used for treatment of PAD, delivered primarily via drug-coated balloons. 

Meanwhile, the use of sirolimus has been limited to coronary interventions and cancer therapeutics, 

as its poor bioavailability and reversible binding mechanisms make it more difficult to deliver and 

retain within the arterial wall. The four LDD systems examined in this study have exhibited 

favorable safety and efficacy profiles following successful delivery of liquid therapeutics to target 

lesions in both preclinical and clinical trials. Within the ex-vivo bioreactor system utilized in this 

study, it has been shown that sirolimus is capable of being delivered via LDD and retained within 

the tissue of an explanted porcine carotid artery. The addition of the excipients probucol and 

butylated hydroxytoluene to the liquid solutions containing sirolimus served to increase the average 

tissue sirolimus concentration at the 1-hour time-point, thereby increasing the uptake of sirolimus 

in the ex-vivo model. 
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CHAPTER I: INTRODUCTION AND BACKGROUND 
 

Systemic atherosclerotic disease in the coronary or cerebral arteries can lead to the 

development of ischemic heart disease, cerebrovascular disease, or peripheral artery disease 

(PAD).1 PAD, the manifestation of atherosclerosis in the upper and lower extremities, impacts more 

than 200 million people around the world.2 Risk of PAD increases with age, sedentary behavior, 

cigarette smoking, and presence of diabetes mellitus (DM).3 Patients presenting with DM are twice 

more likely than those without to develop PAD.4 Treatments for PAD have shifted in recent years 

away from surgical interventions and more toward primary endovascular therapies. 

Femoropopliteal (FP) lesions and infrapopliteal (IP) lesions in the vessels are proving difficult to 

treat using endovascular approaches, leading to higher rates of in-stent restenosis (ISR) and lower 

patency rates, respectively.2 Restenosis often occurs as a result of endothelial injury following 

percutaneous intervention, such as stent implantation and balloon angioplasty. Specifically, balloon 

injury can lead to the release of molecules including thrombin and histamine, which in turn leads 

to thrombosis and vasoconstriction.5  

Various categories of drugs have been used to prevent and treat restenosis, including 

antiproliferative, anticoagulant, and anti-inflammatory agents. Systemic delivery of these agents 

has proven to be more inefficient, toxic, and damaging in comparison to localized, targeted delivery 

in both the coronary and peripheral vasculature.6 In the 1960s, heparin was first used to treat 

thrombosis via polyvinyl alcohol (PVA) applied to the adventitia, and in the decades following 

heparin was then used very commonly as an anticoagulant to prevent the excessive aggregation of 

platelets and smooth muscle cells causing the narrowing of the blood vessels in which the 

endothelial injury occurred.7 The local drug delivery systems used in the past for targeted delivery 

of heparin include PVA, other polymer sheets, and various catheters such as the Infusasleeve (Local 

Med, Palo Alto, CA).5 Heparin stopped being used quite as often in part due to the high dosage 

required for effective therapeutics resulting at times in hemorrhaging, and researchers and medical 
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professionals shifted treatment to use antiproliferative agents like paclitaxel and sirolimus instead. 

When the standard treatment shifted to antiproliferative agents, the standard mode of drug delivery 

shifted as well. Metal stent implants and balloon angioplasty became more frequently used, and the 

coating and eluting technologies evolved from there into novel drug-eluting stents (DES) and drug-

coated balloons (DCB). 

Even though great strides were made in the late 1990s and early 2000s to improving liquid 

drug delivery (LDD) systems, the development of the DES and its success in treating lower 

extremity restenosis pulled nearly all attention away from liquid delivery devices, before 

researchers and scientists were able to identify the most well-suited and effective therapeutic agent. 

Thus, exploration of catheters such as the InfusSleeve, Infiltrator, and Iontophoretic catheters to 

treat local lesions in the peripheral vasculature practically ceased.8 However, no significant 

difference in safety and efficacy between LDD systems and DES or DCB for the localized and 

targeted treatment of restenosis in the peripheral vasculature has been reported when using 

paclitaxel or sirolimus. Studies such as the THUNDER trial reported that patients treated via 

delivery of dissolved liquid paclitaxel following balloon angioplasty had a much higher rate of 

target lesion revascularization (TLR) six-months post-treatment in comparison to the DCB-treated 

group. At 24 months, those rates increased from 29% to 40% and 4% to 15%, respectively. It is 

critically important to note, however, that this delivery of dissolved liquid paclitaxel was performed 

systemically, not locally, as well as in the coronary vasculature and not the peripheral.9 

Paclitaxel in PAD Treatment 

As percutaneous transluminal angioplasty (PTA) and DES have been solidified as the standard 

treatments for PAD worldwide, paclitaxel has become the clear preferred therapeutic agent used 

for its antiproliferative qualities and proven ability to decrease restenosis. Paclitaxel’s mechanism 

of action that adds to its appeal involves the irreversible inhibition of microtubules, which allows 

for long-lasting and cell-specific effects in vascular cells.10 The lipophilic characteristics of 
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paclitaxel permit rapid uptake of the drug through the hydrophobic barrier of cell membranes. 

Despite good initial safety profiles and proven clinical success in decreasing restenosis, a 

systematic review and meta-analysis of RCTs concluded there was an increased risk of death 

following application of paclitaxel-coated balloons (PCB) and paclitaxel-eluting stents (PES) in 

the femoropopliteal artery of the lower extremities. The major limitation of this meta-analysis was 

that many of the RCTs did not report the cause of death for their patients up five years post-

treatment, including only all-cause deaths. With no statistical difference in one-year follow-ups but 

a dramatic increase in all-cause deaths between two and five years, Katsanos and his group urgently 

called for further preclinical investigation of the long-term effects of PCB and stents.11  

Sirolimus: An Alternative Approach 

 Until additional studies publish findings that confirm or deny the concerns regarding 

potential late mortality signals, the use of PCB and stents has been limited to only the most severe 

cases of restenosis in peripheral extremities. Belonging to the –limus family of drugs, sirolimus has 

emerged as the leading alternative therapeutic of interest.12 While it has dominated coronary 

interventions, the extent of the use of sirolimus in PAD has been left relatively unexplored. 

Sirolimus is cytostatic as opposed to the cytotoxic nature of paclitaxel, and it functions by 

reversibly binding FKBP 12 and preventing progression into the S phase of the cell cycle by 

forming a complex with the mammalian target of rapamycin (mTOR).10 In the case of systemic 

circulation of antiproliferative agents like sirolimus and paclitaxel, a higher dose of paclitaxel could 

be detrimental to a patient’s health because of its cytotoxicity if not contained to the target lesion; 

thus, it is within reason to investigate a targeted, localized mechanism of delivering sirolimus, such 

as LDD systems. 
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CHAPTER II: SELECTING A LIQUID DRUG DELIVERY SYSTEM 

Introduction 

The potential benefits of LDD systems include but are not limited to the minimization of 

drug deposits on the inner luminal surface, the ability to deliver a wide range of therapeutic agents 

and varying particle sizes, and the flexibility to reuse these systems at multiple target lesions within 

a patient.13 Four LDD devices intended for use primarily in the peripheral vasculature for localized 

delivery of therapeutic agents have been investigated in this study (Table I). These four devices 

have exhibited favorable safety and efficacy profiles in reported preclinical and clinical trials, with 

no significant difference in treatment results of commercially available DCB. 
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Table I. Endovascular Liquid Drug Delivery Devices: Diam. = diameter; mm = millimeter; 

Fr = Frenches; atm = atmospheres; µm = micrometer 

Company Device Diameter 
Treatment 

Length 

Introducer 
Sheath 

Compatibility 
Device Design 

Mercator 
Medsystems 

Inc. 

Bullfrog Micro-
infusion Device 

2-8mm 
Localized to 
microneedle 

5-7 Fr 

Microneedle 
(130µm diam., 
0.9mm length) 
pierces vessel 

adventitia 
upon inflation  

Atrium 
Medical 

Corporation 

ClearWay RX 
Catheter 

1-4mm 10-50mm 4-5 Fr 

Microporous 
PTFE balloon, 
low pressure 

(1-4atm) 

Advanced 
Catheter 

Therapies, Inc. 

Occlusion 
Perfusion 
Catheter 

1.67-
5mm 

30-150mm 6 Fr 

Fiber optic 
pressure 

sensor, two 
occlusion 
balloons 

Thermopeutix, 
Inc. 

Targeted 
Adjustable 

Pharmaceutical 
Administration 

System 

>1.8mm 15-300mm 7 Fr 

Adjustable 
treatment zone 

with two 
occlusion 

balloons, four 
lumens 

 

The Bullfrog Micro-Infusion Device 

The Bullfrog Micro-Infusion Device (Mercator Medsystems Inc., Emeryville, CA) was 

designed for the direct injection of therapeutic drugs into the adventitia through blood vessel walls 

or perivascular areas. While the balloon is closed, the microneedle contained on the balloon surface 

lies flat for safe traversing through the vessels to the target lesion; upon low-pressure inflation (2 

atm) once the target site is reached, the microneedle pierces the vessel wall without causing vascular 

damage, and the selected therapeutic agent is then injected into the adventitial tissue. 
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Figure 1 Bullfrog Micro-infusion Device (A) The back end of the Bullfrog catheter is 

composed of two lumens, one for balloon inflation (top) and the other for drug injection 

(bottom). (B) A close-up of the balloon inflated at low pressure (2atm) with the microneedle 

deployed (green arrow). (C) A 2x magnification of the balloon inflated at low pressure (2 

atm), causing the microneedle (1.637mm) to deploy. 

An initial single-center pilot study was published in 2013 assessing the efficacy of the 

Bullfrog device in delivering the steroid dexamethasone to the adventitial tissue as an adjunctive 

treatment following balloon angioplasty. This study cohort consisted of 20 patients with a mean 

age of 66, all with femoropopliteal lesions treated by angioplasty. The 6-month preliminary results 

indicated dexamethasone was a promising anti-inflammatory agent that could improve patient 

outcomes following angioplasty.14 Researchers were encouraged then to expand the study into a 

multi-center trial. The DANCE (Dexamethasone to the Adventitia to Enhance Clinical Efficacy 

After Femoropopliteal Revascularization) trial was the first large scale trial assessing the efficacy 

of the Bullfrog device in delivering dexamethasone to tissues surrounding arteries previously 

damaged by endovascular interventions, including PTA and atherectomy (ATX). The trial cohort 

consisted of 262 patients presenting with symptomatic PAD; the primary motivation for this trial 

was to reduce inflammation and restenosis and improve the patency for these patients following 
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PTA and ATX. The researchers selected dexamethasone over the frequently used paclitaxel in this 

study due to paclitaxel’s known cytotoxicity as well as dexamethasone’s reduction of 

hyperproliferative responses. The 12-month primary patency rates of DANCE were 74.6%, with 

no statistically significant differences in primary patency between the PTA and ATX groups. As 

compared to historically pivotal studies using DCBs, the Bullfrog device primary patency rates 

were noninferior, despite a large fraction of the cohort presenting with complex disease more 

susceptible to restenosis.15 In modern medicine, DCBs are typically coated with chemotherapeutic 

agents, such as sirolimus and paclitaxel; DANCE showed that using dexamethasone in targeted, 

localized therapy with a device such as the Bullfrog to decrease inflammation can provide similar 

results in harder-to-reach arteries with more control over the agent dosage.16 

The ClearWay RX Catheter 

The ClearWay rapid-exchange therapeutic infusion catheter (Atrium Medical Corporation, 

Hudson, NH) was designed for the local delivery of therapeutic drugs to target lesions in both 

coronary and peripheral vasculature. Atrium Medical developed two versions of the device, one 

primarily intended for deployment in the coronary vasculature, and the other for peripheral 

vasculature. After flushing the catheter, a syringe containing the desired therapeutic agent is 

attached to the catheter; the device is then inserted into the artery to the target site, and the drug is 

injected as the balloon catheter is simultaneously inflated.17 ClearWay combines occlusion, 

containment, and infusion in a single procedure termed “OCI therapeutics”. The drug is infused 

through micropores in the polytetrafluoroethylene (PTFE) balloon, occluding blood flow for 

localized drug delivery to the target site. This procedure is low pressure (1-4 atm) to minimize 

vessel wall injury. Because the infusion is localized and contained, bioavailability of the drug is 

improved and the treatment lasts much longer than non-occluding, systemic delivery systems.18 
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Figure 2 The ClearWay RX Catheter (A) The single inflow lumen through which the drug 

can be injected. (B) The balloon inflated at low pressure (2atm) with saline. (C) A 2x 

magnification of the balloon inflated at low pressure (2atm), with saline ejecting from the 

micropores on the PTFE balloon surface. 

In 2011, Hawkins and Hennebry published their findings and considerations for optimizing 

delivery of paclitaxel based on device design. As an irrigating balloon, the ClearWay’s favorable 

characteristics that would lead to optimizing paclitaxel delivery include the irrigation dosing 

method, the low pressure mechanism, and the OCI therapeutics to localize delivery to a target 

lesion.18,19 Latif and Hennebry had previously published their results from a short-term study in 

2008 assessing the local delivery of paclitaxel using the ClearWay catheter to revascularize re-

stenosis in lower extremity arteries. The study showed promising results, both patients having 

received the ClearWay treatment showing no signs of reoccurring or new symptoms four months 

after treatment.20  

An additional study was performed by Dr. Patrick Bagan and his group on the use of the 

ClearWay catheter to treat acute limb ischemia as compared to in situ infusion (ISI), the results of 

which were published in June 2013. The cohort for this study consisted of 21 patients with a mean 

age of 64.6 years presenting with acute lower limb ischemia. Of the 21 patients, 7 received 

urokinase via the ISI method while the remaining 14 were treated with urokinase using the 

ClearWay catheter. The researchers selected urokinase as opposed to tPA for dethrombosis because 
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it was comparably efficient to tPA with fewer reported bleeding complications. Dr. Bagan and his 

group found that the urokinase dosage required was significantly lower for patients receiving 

treatment with the ClearWay catheter, and those patients had to remain in the intermediate care unit 

for a much briefer time than the ISI group. These findings are indicative of the potential of the 

ClearWay catheter as an effective system to use in the treatment of acute peripheral arterial 

occlusions.21 

The Occlusion Perfusion Catheter 

The Occlusion Perfusion Catheter (OPC) (Advanced Catheter Therapies, Inc., 

Chattanooga, TN) was first developed in 2008 as a universal, targeted drug delivery device. 

Featuring a unique built-in fiber optic pressure sensor, the OPC delivers therapeutic agents 

uniformly in both a circumferential and longitudinal manner to a target lesion while occluding the 

blood flow of that target area to prevent systemic circulation of the drug through the bloodstream. 

Upon inflation, the OPC delivers the selected therapeutic agent, originally paclitaxel, directly to 

the medial layer of the vessel wall. The device is deemed “universal” due to its ability to deliver a 

wide variety of agents. The inflation of the occlusion balloons on this novel catheter in the target 

area creates a “treatment chamber,” where the built-in pressure sensor permits constant monitoring 

of the applied pressure and control over the volume of the therapeutic agent being delivered. Inside 

the treatment chamber, a saline flush washes out any remaining blood, preventing any potential 

contact between the blood and the therapeutic agent. Once the drug is delivered, the outflow port 

is reopened and another saline flush rinses the treatment chamber; when using cytotoxic drugs such 

as paclitaxel, this methodology minimizes the risk of circulating toxic agents throughout the 

bloodstream. The OPC can be removed once the occlusion balloons and center balloon are deflated, 

and then the OPC can be reused on a different lesion within the same patient if necessary.22 
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Figure 3. The OPC (A) The back-end of the catheter features five lumens, including the 

occlusion balloon lumen (red), the center balloon lumen (black), the inflow lumen (blue), the 

outflow lumen (yellow), and the guidewire lumen (white). (B) The fiber optic pressure sensor 

(white arrow) and inflow port (red arrow) are located nearest the POB, and the outflow port 

is located nearest the DOB. (C) The pressure monitor system connected to (D) the OPC 

pressure sensor for constant monitoring of the pressure within the treatment chamber. 

Bench-top experiments and preclinical assessments of the OPC system published in 2017 

showed that the OPC uniformly delivered fluorescent paclitaxel (Flutax-1) to the artery wall. The 

bench-top and animal models also exhibited uniform delivery of paclitaxel at therapeutic levels into 

the medial layer wall. The first clinical trial assessing the efficacy of the OPC in delivering liquid 

paclitaxel was a multi-center, first-in-human registry trial conducted with a cohort of 10 patients. 

The early 6-month results of this trial showed a promising safety and efficacy profile. Combined, 

the results of these preclinical assessments and the early results of clinical trials were encouraging 

of the potential of the OPC to treat PAD, especially for below-the-knee (BTK) applications.23 
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Horizons International Peripheral Group (HIPG) sponsored The Occlusion Perfusion 

Catheter for Optimal Delivery of Paclitaxel for the Prevention of Endovascular Restenosis 

(COPPER-A and COPPER-B) multicenter, single-arm trials, completed in November 2019 and 

February 2017, respectively. While both studies assessed BTK applications, COPPER-A assessed 

above-the-knee (ATK) applications as well. The cohort of COPPER-A consisted of 112 patients 

presenting with PAD, divided into two sub-groups of BTK and ATK; this study took place over 

the course of 12 months, with primary patency at 6 months and 12 months, secondary patency at 1, 

3, 6, and 12 months.24 The data acquired from the COPPER-A trials supported and expanded on 

the initial results from the early clinical trial, the researchers deeming the OPC a safe and efficient 

delivery system of liquid paclitaxel for the treatment of heavy atherosclerotic disease burden BTK. 

When compared to the clinical studies assessing the safety and efficacy of commercially available 

DCBs in the United States, such as the Lutonix 014 DCB global BTK registry study 6-month 

follow-up (87.9%) and the IDEAS (Infrapopliteal Drug-Eluting Angioplasty Versus Stenting) trial 

6-month follow-up (86.4%), the reported freedom from clinically driven target lesion 

revascularization (CD-TLR) from the COPPER-A trial was marginally higher at 96.4%. A more 

accurate comparison between the OPC LDD system and DCBs requires longer term follow-up and 

larger cohorts in future studies.25,26 

The COPPER-B trial was smaller than COPPER-A, with a cohort of only 11 patients 

presenting with PAD eligible for infrapopliteal percutaneous intervention. After treatment, 6-month 

follow-ups were conducted to measure the residual restenosis in the OPC- treated lesions.27 The 

OPC was successful in delivering paclitaxel to 93% of the target lesions, with the only unsuccessful 

delivery being caused by incompatible vessel size with the catheter. At six months, the CD-TLR 

was reported at 30%, with no adverse events. Combined, these results show the promising potential 

of this universal novel catheter to treat heavy atherosclerotic disease burden BTK. As with the 
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COPPER-A trial, COPPER-B was small, short-term, and did not include comparison groups for 

DCB or control balloon angioplasty.9 

The Targeted Adjustable Pharmaceutical Administration System 

The Targeted Adjustable Pharmaceutical Administration System (TAPAS) (Thermopeutix, 

Inc., San Diego, CA), similar to the Occlusion Perfusion Catheter, features two occlusion balloons. 

The proximal occlusion balloon (POB) and the distal occlusion balloon (DOB) are adjustable to 

better fit a target lesion within the peripheral vasculature.28,29 The TAPAS catheter is also 

comprised of four lumens: the proximal infusion lumen can connect to external devices and is larger 

than the remaining three lumens; two of the smaller lumens are responsible for the inflation of the 

POB and DOB; the remaining lumen is responsible for monitoring the pressure distal to the POB. 

The POB and DOB can be simultaneously inflated, which then permits the localized injection of a 

liquid therapeutic agent to a target lesion.28 This approach serves to minimize systemic circulation 

of the selected agent. This catheter can also be used for the purpose of controlling blood flow in a 

target area. 
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Figure 4. The TAPAS Catheter (A) The back end of the catheter, featuring the distal occlusion 

balloon (DOB) lumen, proximal infusion lumen (red), pressure lumen (yellow), and proximal 

occlusion balloon (POB) lumen. (B) The adjustable treatment zone featuring the DOB and 

POB. The POB can be moved in the directions indicated by the white arrow to adjust the 

length of the target zone when necessary. The inflow port is nearest to the POB (red arrow), 

and this is where the injected agent will enter the target zone from. 

In a study published in October 2012, researchers assessed the effectiveness of the TAPAS 

catheter in delivering paclitaxel within the peripheral vasculature of 12 pigs, targeting a total of 48 

artery segments. They tested three concentrations of liquid paclitaxel: 0.67 mg/ml, 1.2 mg/ml, and 

2.0 mg/ml. There was no statistically significant difference in the amount of paclitaxel detected in 

the vessel walls between the different concentration groups, and overall 77% of the agent was 

aspirated from the treated artery segments. Additionally, there were no significant adverse effects 

on the vessel wall detected after drug delivery. Taken together, these findings indicate the TAPAS 

catheter is a successful delivery system for treating targeted peripheral artery segments with 

paclitaxel in a localized manner.30 

The PacTAP (Local Delivery of Paclitaxel via the TAPAS Catheter to Prevent Restenosis 

from Percutaneous Intervention) clinical trial was a double-blind, randomized control study started 

in January 2012 and completed in January 2014.This trial evaluated the safety and efficacy of the 
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TAPAS catheter in delivering paclitaxel to femoropopliteal arteries on a cohort of 100 patients 

presenting with PAD; the aim of this treatment  was to prevent restenosis in these patients following 

percutaneous intervention. Primary and secondary patency were measured at 6 and 12 months. The 

results of this trial are not yet published.29 

Comparing the LDD Systems 

 Having established the preclinical and clinical successes of the ClearWay, the Bullfrog, the 

OPC, and the TAPAS LDD systems, the objective of these initial trials was to compare the efficacy 

and suitability of each of the LDD catheters for the ex-vivo bioreactor system. The LDD system 

deemed most effective and most well-suited for this model would be used in the succeeding trials 

for liquid delivery of solutions containing paclitaxel and sirolimus in varying formulations. 

Methods 

Deploying the LDD Systems 

 To observe and compare the performance of the ClearWay, the Bullfrog, the OPC, and the 

TAPAS catheters, each LDD system was deployed in an ex-vivo bioreactor model at zero-time to 

deliver Flutax-1 (Bio-Techne Corporation, Minneapolis, MN) to a porcine carotid artery. The 

Flutax-1 was dissolved in DMSO and mixed with a 1:1 solution of saline and contrast medium. 

Arterial Sectioning and Imaging 

To determine drug penetration, the cut arterial segments were frozen fresh in an optical 

cutting temperature (O.C.T.) compound (Sakura Finetek USA, Inc., Torrance, CA, USA). Arterial 

cross-sections were sectioned at a thickness of 12 microns using cryosection and imaged with an 

Echo Revolve Fluorescence Microscope (Discover Echo, a BICO Company, San Diego, CA, USA) 

using the FITC filter. The length of penetration for each section was measured from the IEL to 

maximum penetration depth and normalized to the thickness of the medial layer or wall thickness 

(Fig. 5-7).31  
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Statistical analysis 

All values were expressed as mean ± standard deviation (SD). Continuous variables were 

compared between groups using one‐way analysis of variance (ANOVA) using GraphPad Prism 9 

(GraphPad Software, La Jolla, CA, USA). A value of p ≤ 0.05 was considered statistically 

significant. The comparison of quantitative data of the groups was performed by post hoc tests with 

a Bonferroni Correction. 

Results and Discussion 

Each LDD system resulted in a unique fluorescent coating in each of the vessel sections. 

Within the ex-vivo model, the microneedle on the Bullfrog catheter pierced through artery wall, 

and the Flutax-1 was delivered through the microneedle directly into the saline surrounding the 

artery in the vessel housing compartment, resulting in a thicker coating on the outside of the vessel 

wall (Fig. 5A). For the second round of trials, the Bullfrog was unsuccessful in delivering any 

concentration of Flutax-1 that could be retained in the adventitial layer or on the inner luminal 

surface (Fig. 6A). Minimal fluorescence was able to be detected on the inner luminal surface after 

the third round of trials with the Bullfrog catheter (Fig 7A). Taking these observations and the 

general design of this catheter combined, it was evident the Bullfrog would be unsuitable for the 

subsequent studies utilizing this ex-vivo model. 
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Figure 5. Fluorescent microscope images of artery sections treated with Flutax-1 in the first 

round of trials. The higher images were taken using 10x objective and exposed at 65ms. A 

lower image of the entire section is shown in the bottom left corner of each panel, taken using 

a 2x objective and exposed at 685ms. All images were taken at high gain with 100% light 

intensity. (A) Artery treated using Bullfrog catheter. (B) Artery treated using the ClearWay 

RX catheter. (C) Artery treated using the OPC. (D) Artery treated using the TAPAS catheter. 
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Figure 6. Fluorescent microscope images of artery sections treated with Flutax-1 in the second 

round of trials. The higher images were taken using 10x objective and exposed at 65ms. A 

lower image of the entire section is shown in the bottom left corner of each panel, taken using 

a 2x objective and exposed at 685ms. All images were taken at high gain with 100% light 

intensity. (A) Artery treated using Bullfrog catheter. (B) Artery treated using the ClearWay 

RX catheter. (C) Artery treated using the OPC. (D) Artery treated using the TAPAS catheter. 
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Figure 7. Fluorescent microscope images of artery sections treated with Flutax-1 in the third 

round of trials. The higher images were taken using 10x objective and exposed at 65ms. A 

lower image of the entire section is shown in the bottom left corner of each panel, taken using 

a 2x objective and exposed at 685ms. All images were taken at high gain with 100% light 

intensity. (A) Artery treated using Bullfrog catheter. The white arrow denotes the minimal 

fluorescence on the inner lumen. (B) Artery treated using the ClearWay RX catheter. (C) 

Artery treated using the OPC. (D) Artery treated using the TAPAS catheter. 
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Table II. Quantifying the penetration of Flutax-1 within the vessel walls across three rounds of trials per catheter. 

LDD System 

Depth of Flutax-1 Within Vessel 

(µm) 
Average Penetration of 

Flutax-1 in Tissue Sample 

(µm) 

p-value 
LDD System(s) 

Significantly Different 
Trial 1 Trial 2 Trial 3 

Bullfrog 5.94 0 0 2.12 ± 3.78 

<0.001 

ClearWay, OPC, TAPAS 

ClearWay 207.43 88.11 47.11 117.55 ± 76.87 Bullfrog, OPC 

OPC 427.33 92.28 158.95 233.65 ± 160.80 Bullfrog, ClearWay, TAPAS 

TAPAS 207.08 90.27 69.96 127.22 ± 67.76 Bullfrog, OPC 
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Selecting from the remaining three catheters was resolved by quantifying the average depth 

reached within the vessel walls by the Flutax-1 particles following delivery. Measurements were 

drawn and averaged across the three trials for each of the four tested LDD systems (Table II). There 

was an overall statistically significant difference in the average levels of penetration of Flutax-1 in 

the tissue samples between the four examined LDD systems, as the obtained p-value was less than 

the alpha value of 0.05. Bonferroni post hoc analyses were run to identify specifically which of the 

four catheters’ results were significantly different from each other. Through these tests, statistically 

significant differences between each of the four LDD systems were revealed, with the single 

exception being the pairwise comparison between the ClearWay RX catheter and the TAPAS. It 

was determined that the Flutax-1 particles delivered via the OPC on average reached the deepest 

level of penetration within the vessel wall. Taking these findings into consideration, along with its 

established preclinical and clinical success, the OPC was selected as the LDD system to use in the 

succeeding trials. 
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CHAPTER III: DELIVERY OF PACLITAXEL AND SIROLIMUS 

Introduction 

The extent of the use of sirolimus in clinical applications to this date has been limited to 

coronary interventions and various cancer therapeutics. The potential of this –limus drug in 

peripheral applications is relatively unexplored due to its poor bioavailability in comparison to the 

lead agent paclitaxel. However, its cytostatic properties and effective reduction of neointimal 

proliferation qualify sirolimus as a therapeutic agent well worth investigating as a safer alternative 

for peripheral interventions. In order to effectively reduce neointimal proliferation, sirolimus 

delivered via DES requires slow release mechanisms prolonging drug release over the course of 

several weeks.10 The approach of this next study was to first obtain baseline pK values following 

liquid delivery of paclitaxel and sirolimus, the succeeding trials serving to investigate the potential 

of excipients to compensate for the poor bioavailability of sirolimus and increase the retention of 

this agent in the tissue. 

The initial three variable groups used in these experiments were solutions of solid 

paclitaxel (LC Labs, Woburn, MA), liquid paclitaxel (Actavis Pharma, Inc., Parsippany, NJ), and 

solid sirolimus (LC Labs, Woburn, MA). Liquid sirolimus is not commercially available and thus 

could not be incorporated into the present study. The solid formulations of paclitaxel and sirolimus 

were partially dissolved in ethanol to permit liquid delivery using the OPC. Furthermore, as this 

study presents the opportunity to focus on increasing the retention of sirolimus, specifically, the 

effect of incorporating the excipients butylated hydroxytoluene (BHT) (MP Biomedicals, Solon, 

OH) and probucol (bri Biosciences, Bristol, UK) into respective solutions with sirolimus was 

investigated. 

BHT and probucol were selected in particular as excipients for sirolimus in this study 

because their effects have been investigated in in-vivo experiments as additives to sirolimus DCB 

(SCB) coating formulations.32 The role of the excipients in this study is to aid in overcoming the 
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reversible binding on mTOR through increased retention of sirolimus in the vessel tissue and 

prolonging the delayed release of the agent. BHT is an organic chemical compound that carries out 

the autoxidation of unsaturated organic compounds and is commonly used in pharmaceuticals and 

the food industry. While the use of BHT and other antioxidants in solid pharmaceutical 

formulations has not yet been rationalized, studies show that BHT is an agreeable candidate for 

liquid pharmaceutical formulations for oral solutions. Additionally, BHT exhibited promising 

results as an SCB coating additive.32,33 Probucol is an antioxidant and anti-inflammatory that has 

been shown to control the release of sirolimus and to decrease the risk of restenosis in several 

studies.34 The exploration of the uses of these two antioxidants, BHT and probucol, in SCB coating 

formulations and drug-eluting stent technology for coronary interventions presented an intriguing 

case, and so they were incorporated into the present study as excipients for the LDD of sirolimus. 

Methods 

Ex-vivo Bioreactor System 

The harvested porcine carotid arteries used in these studies were purchased from local and 

regional abattoirs. Upon arrival, the arteries were rinsed in saline, and excess fat, connective tissue, 

and fascia were removed from each artery. The arteries were cut to lengths ranging from 

approximately 5-cm to 8-cm and stored in 15mL falcon tubes at -20℃ until needed.  
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Figure 8. Schematic illustration of the ex-vivo bioreactor system. (A) An incubator houses the ex-vivo system connected through a series of 

tubes that circulates cell culture medium from the flask (white arrow), through the explanted porcine carotid arteries, and back into the 

flask. (B) Two bioreactors connected in parallel in the flow circuit. The valves (yellow arrows) connected to the front of each bioreactor 

permit access for the OPC to be inserted into the flow and the artery. (C) The pump (blue arrow) and the ultrasonic flow meter (blue arrow) 

that controls the mechanical conditions within the bioreactor system. 
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The bioreactor system used in this study consisted of a flow reservoir, pump, vessel 

housing compartment, and a distal flow constructor (Figure 8). The pressure was monitored by a 

catheter pressure transducer (Millar Instruments, Houston, TX, USA). The flow was monitored by 

an ultrasonic flow meter (Transonic Systems Inc., Ithaca, NY, USA). A custom LabVIEW program 

was used to generate pulsatile waveforms and to control and monitor the flow and pressure within 

the bioreactor system. The bioreactor flow medium consisted of Dulbecco’s Modified Eagle’s 

Medium containing low glucose [1000 mg/L], 4.0 mmol/L L-glutamine, 110 mg/L sodium 

pyruvate, pyridoxine hydrochloride, 10% fetal bovine serum (Gibco), and 1% antibiotic-

antimycotic (Gibco). 

Solution Preparation 

 A total of six groups were prepared, defined according to the drug being delivered and the 

additive being used with the aim of increasing retention of the drug (Table III). The first three 

groups served as the preliminary trials to obtain baseline pK values measuring the concentration 

and retention of the selected drug following LDD using the OPC within the ex-vivo model.  
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Table III. Summary table of the variable and control groups tested. The solid paclitaxel and 

solid sirolimus formulations were partially dissolved in ethanol to permit liquid delivery. 

Conc. = concentration; Sal = saline; CM = contrast medium; Excip. = excipient.  

  
Group 

Time-
Points 

Drug 
Formulation 

Solution 
Preparation 

Drug 
Conc. 

(mg/mL) 

Excipient 
Used 

Total 
Samples 
Analyzed 

1 1 hour,  
1 day 

Solid Paclitaxel 2:1:2 
Drug: Sal: CM 

2.4 None 8 

2 1 hour,  
1 day 

Liquid Paclitaxel 2:1:2 
Drug: Sal: CM 

2.4 None 8 

3 1 hour,  
1 day 

Solid Sirolimus 2:1:2 
Drug: Sal: CM 

2.4 None 8 

4 1 hour, 
1 day 

Solid Sirolimus 2:3 
Drug: Sal 

2.4 None 8 

5 1 hour, 
1 day 

Solid Sirolimus 2:3 
Drug: Excip. 

2.4 Probucol 8 

6 1 hour, 
1 day 

Solid Sirolimus Drug: Excip. 2.4 BHT 8 

  

Drug Delivery 

 Following bioreactor assembly, the OPC was used to deliver the selected group to the ex-

vivo arteries. The transit time, the duration from insertion of the OPC into the circulating flow until 

inflation of the occlusion balloons and center balloon, sequentially, was 30 seconds. The inflation 

pressure of the occlusion balloons and center balloon was 2atm. During injection of the selected 

group, the pressure inside the treatment chamber formed within the vessel ranged from 0.2- 0.4atm. 

The balloons were inflated to permit injection of the agent into the treatment chamber for two 

minutes. The vessel segments containing the treated zones were marked on the outer sheath of the 

vessel housing compartment during inflation; these segments were evaluated using 
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pharmacokinetic analysis to determine the concentration of the selected agent retained in the vessel 

following delivery. Artery samples were frozen at -70°C and shipped overnight on dry ice to the 

bioanalytical laboratory for quantification of paclitaxel and sirolimus using a validated high-

performance liquid chromatography - tandem mass spectrometry assay (LC-MS/MS, iC42 Clinical 

Research and Development, Aurora, CO, USA). 

Quantification of Paclitaxel Tissue Concentrations 

 The LC-MS/MS system consisted of a series 1260 HPLC system (Agilent Technologies, 

Santa Clara, CA, USA) and an ABSciex 5000 triple-stage quadrupole mass spectrometer (ABSciex, 

Concord, ON, Canada). Briefly, paclitaxel and the internal standard paclitaxel -D5 were purchased 

from Toronto Research Chemicals (Toronto, ON, Canada). Tissue calibration curves were prepared 

using homogenized untreated pig artery tissues and had the following concentrations: 0, 0.5, 1, 2.5, 

5, 10, 25, 50, and 100 ng/mL, and the quality control samples run during study sample analysis had 

the following concentrations: 0.75, 7.5, and 75 ng/mL. Vessel samples were removed from the 

storage freezer and fully thawed at room temperature. Unique numbers were assigned to each 

sample. Tissues were weighed and weights were recorded. Phosphate buffer (1mL) was added to 

the tissue samples. The samples were then homogenized using an electric wand homogenizer 

(VWR 200, VWR International, Radnor, PA, USA). 200µL of the diluted sample, calibrator, and 

quality control samples was aliquoted, and 800 µL of 0.2 mol/L ZnSO4 30% water/70% methanol 

v/v containing the internal standard (10ng/mL) was added. Samples were vortexed for 5 minutes, 

centrifuged (16000, 4C, 15 minutes), and transferred into HPLC vials. Study samples were diluted 

as necessary for detector signals to fall within the reliable range of quantification of the assay.  

100 µL of the samples was injected onto a 4.6×12.5 mm 5 μm extraction column (Eclipse 

XDB C-8, Agilent Technologies, Palo Alto, CA, USA). Samples were washed with a mobile phase 

of 15% methanol and 85% 0.1% formic acid. The flow was 3 mL/min, and the temperature for the 

extraction column was set to 65°C. After 1 minute, the switching valve was activated and the 
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analytes were eluted in the backflush mode from the extraction column onto a 150×4.6 mm C8, 

3.5 μm analytical column (Zorbax XDB C8, Agilent Technologies). The mobile phase consisted of 

methanol/acetonitrile (1/1 v/v) plus 0.1% formic acid (solvent B) and 0.1% formic acid in HPLC 

grade water (solvent A). The following gradient was run: 0-1 minutes: 60% solvent B, 1-2 minutes: 

60%-98% solvent B, 2-4 minutes, held at 98% solvent B, 4-4.1 minutes: 98%-60% solvent B, and 

stayed at 60% acetonitrile/methanol plus 0.1% formic acid for the next 0.5 minute. The MS/MS 

was run in the positive multireaction mode. For paclitaxel, the following ion pair was 

detected: m/z=876.6 [M+Na]+→308.2. Paclitaxel-D5, the internal standard, was detected using the 

transition m/z=881.6 [M+Na]+→313.1. Paclitaxel tissue concentrations were calculated based on 

the peak area ratios of the drugs and their internal standards. A quadratic regression equation with 

1/x weighting was used. The range of reliable response was 0.5-100 ng/mL tissue homogenate. 

Interday imprecision was less than 15%, and accuracy was within 85%-115% of the nominal 

concentrations. There were no significant matrix interferences, carryover, or matrix effects.35,36 

Quantification of Sirolimus Tissue Concentrations 

Vessel samples were removed from the storage freezer and fully thawed at room 

temperature. Unique numbers were assigned to each sample. Tissues were weighed and weights 

were recorded. Phosphate buffer (1mL) was added to the tissue samples. The samples were then 

homogenized for thirty seconds using an electric wand homogenizer (VWR 200, VWR 

International, Radnor, PA, USA). 200µL of the diluted sample, calibrator, and quality control 

samples was aliquoted, and 800 µL of 0.2 mol/L ZnSO4 30% water/70% methanol v/v containing 

the internal standard Sirolimus-13C, D3 was added. Samples were vortexed for 2.5 minutes, 

centrifuged (13,000g, 4°C, 10 minutes), and transferred into HPLC vials, which were placed into 

the autosampler at 4°C and injected within 24 hours. Study samples were diluted as necessary for 

detector signals to fall within the reliable range of quantification of the assay.  



28 
 

100 µL of the samples was injected onto a 4.6×12.5 mm 5 μm extraction column (Eclipse 

XDB C-8, Agilent Technologies, Palo Alto, CA, USA). Samples were washed with a mobile phase 

of 10% acetonitrile and 90% 0.1% formic acid in HPLC grade water. The flow rate was 4 mL/min, 

and the temperature for the extraction column was set to room temperature. After 1 minute, the 

switching valve was activated and the analytes were eluted in the backflush mode from the 

extraction column onto a 4.6 x 250 mm analytical column filled with C8 material of, 5 μm particle 

size (Zorbax XDB C8, Agilent Technologies). The following gradient was run: 60% 

acetonitrile/0.1% formic acid to 95% acetonitrile/0.1% formic acid within 1.75 minutes and stayed 

at 95% acetonitrile/0.1% formic acid until 5.4 minutes. Hereafter, from 5.5 to 6.8 minutes, the 

analytical column was re-equilibrated to starting conditions. The flow rate was 1.0 mL/min and the 

analytical column was kept at 65°C. The MS/MS was run in the positive mode. The following ion 

transitions were monitored for sirolimus: m/z=936.5 [M+Na]+→ 409.3. Sirolimus-13C, D3 was 

detected using the transition m/z=940.5 [M+Na]+→ 409.3. After the analysis was completed, peaks 

were integrated and the results were printed. Sirolimus tissue concentrations were quantified based 

on the sirolimus/ internal standard ratios using 1/x weighed and quadratic fitted calibration curves 

included in each batch. All calculations were carried out using the Sciex Analyst Software (version 

1.6.2., Sciex, Redwood City, CA, USA).35,36 

Statistical analysis 

All values were expressed as mean ± standard deviation (SD). Continuous variables were 

compared between groups using one‐way and two-factor with replication analysis of variance 

(ANOVA) using GraphPad Prism 9 (GraphPad Software, La Jolla, CA, USA). A value of p ≤ 0.05 

was considered statistically significant. If statistical significance was shown, comparison of 

quantitative data of multiple groups would be performed by Tukey’s multiple comparisons post 

hoc test. 
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Results and Discussion 

Preliminary Trials 

 The time-points for all trials were selected to be one hour and one day because the greatest 

decrease, or “drop-off”, in drug tissue retention occurs in the first 24 hours after treatment. These 

time-points permitted a closer inspection of whether the drug could be retained within the vessel 

tissue after being treated via LDD, and if so, how much drug is lost in those initial 24 hours. 

Analysis of the data revealed that of these three tested groups, the vessels treated with the solution 

containing solid sirolimus, Group 3, had the lowest average tissue drug concentration among the 

1-day trials. This data aligns with the published characteristics of sirolimus, specifically its poor 

bioavailability without the presence of excipients in comparison to paclitaxel. Group 1, the solution 

containing solid paclitaxel, exhibited the highest average drug tissue concentration among the 1-

hour samples. Group 2 showed the highest average drug tissue concentration for the 1-day samples 

(Table IV). 
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Table IV. Summary table of the average concentration of drug retained for both the 1-hour and 1-day trials for Groups 1-3. 

Time-Point Group Drug Delivered Sample Size 
Average Tissue Drug 

Concentration (ng/mg) 
p-value 

1-hr 

1 Solid Paclitaxel 4 18.80 ± 25.61 

0.48 2 Liquid Paclitaxel 4 9.87 ± 6.28 

3 Solid Sirolimus 4 5.17 ± 4.48 

1-day 

1 Solid Paclitaxel 4 1.77 ± 2.41 

0.34 2 Liquid Paclitaxel 4 3.06 ± 2.50 

3 Solid Sirolimus 4 0.78 ± 0.55 

 

Table V. Summary table of the “drop-off,” or decrease in average tissue drug concentration, between the samples for the 1-hour and 1-day 

time-points for Groups 1-3. 

Group Drug Delivered Total Samples Analyzed 
"Drop-off" from 1-hour to 1-day 

(ng/mg) (%) 

1 Solid Paclitaxel 8 17.03 90.6 
2 Liquid Paclitaxel 8 6.81 69.02 
3 Solid Sirolimus 8 4.38 84.86 
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Among the three groups, Group 2 exhibited the lowest loss of drug in 24 hours, while 

Group 1 showed the greatest amount of drug lost between the 1-hour and 1-day samples. Group 3 

lost ~85% of the retained sirolimus between the two time-points (Table V). With regards to the 

average drug concentration in the tissue samples, there is no statistically significant difference 

between the three groups, as the p-values measured between the groups at both time-points are 

greater than the alpha value of 0.05. Both Bonferroni and Tukey’s multiple comparisons post hoc 

analyses were run to determine if there were any significant differences revealed by pairwise 

comparisons of each group, but no p-values indicating statistically significant differences were 

obtained. Taking these results combined, the clear objective for the next phase of experiments was 

to increase the uptake of sirolimus into the vessel wall, as it has now been established that it is 

possible to deliver and retain sirolimus within our ex-vivo porcine carotid artery model using the 

OPC. The approach taken in order to achieve this goal was to incorporate excipients into the 

sirolimus formulations for LDD. 

Sirolimus Excipient Trials 

The primary objective of these succeeding trials was to increase the average sirolimus tissue 

concentration taken up in the vessel wall, thereby improving the uptake of sirolimus within the 

tissue due to the incorporation of a new excipient into the solution. The improved uptake and 

improved retention of sirolimus should in combination lead to a prolonged release of the drug to 

compensate for the reversible binding of FKBP 12. 
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Table VI. Summary table of the average tissue sirolimus concentrations obtained for both the 1-hour and 1-day trials for Groups 4-6. 

Time-Point Drug Delivered Group Sample Size 
Average Tissue Drug 

Concentration (ng/mg) 
p-value 

1-hr Solid Sirolimus 

4 4 4.39 ± 5.17 

0.49 5 4 29.05 ± 29.36 

6 4 22.40 ± 40.86 

1-day Solid Sirolimus 

4 4 0.23 ± 0.38 

0.82 5 4 0.42 ± 0.72 

6 4 0.22 ± 0.25 

 

Table VII. Summary table of the “drop-off,” or decrease in average tissue drug concentration, between the samples for the 1-hour and 1-

day time-points for Groups 4-6. 

Drug Delivered 
 

Total Samples Analyzed 
"Drop-off" from 1-hour to 1-day 

Group 
(ng/mg) (%) 

Solid Sirolimus 

4 8 4.16 94.79 
5 8 28.63 98.55 
6 8 22.18 99.00 
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 It is evident that the incorporation of both probucol and BHT in their respective groups had 

a positive impact on the uptake of sirolimus into the tissue, as the average tissue sirolimus 

concentration for Group 5 and Group 6 were ~29.05 ng/mg and ~22.40 ng/mg, respectively, at the 

1-hour time-point. Recall that the average tissue sirolimus concentration for Group 3, which only 

used the standard excipient contrast medium, was ~5.17ng/mg at the 1-hour time-point. 

Additionally, there is little difference between the values of average tissue sirolimus concentration 

for the 1-hour samples of Group 3 and Group 4, which did not incorporate any excipient. This 

finding suggests the presence of contrast medium as a standard excipient could have very little 

impact on increasing the uptake of sirolimus (Table VII). 

 While the presence of the excipients probucol and BHT in their respective groups did 

increase the uptake of sirolimus into the vessel tissue, it is apparent that the retention of sirolimus 

in the tissue was not improved. This observation is made evident by the large decrease in average 

tissue sirolimus concentration from the 1-hour samples to the 1-day samples for all groups, 

including Group 5 and Group 6 (Table VIII). These findings indicate that probucol and BHT have 

the potential to increase the uptake of sirolimus when incorporated in liquid solutions and delivered 

via the OPC, and future studies should investigate alternative methods and formulations to then 

increase the retention of sirolimus and prolong the release of the agent. 
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CONCLUSION 

Following the recent publishing of concerning findings regarding the long-term safety and 

efficacy of endovascular devices delivering paclitaxel for the treatment of PAD, an urgent call was 

made for further investigation of the long-term effects of not only paclitaxel as a therapeutic used 

for the treatment of PAD, but also for the modes of delivering the agent. In these studies, the 

capabilities of LDD systems for the delivery of Flutax-1 were investigated within an ex-vivo 

bioreactor system housing an explanted porcine carotid artery. It was determined that the OPC 

achieved the highest average penetration of Flutax-1 within the vessel wall, and thus that LDD 

system was used for the succeeding trials delivering liquid formulations of paclitaxel and sirolimus. 

The results of these succeeding trials were consistent with published findings regarding the poor 

bioavailability of sirolimus, as the group containing sirolimus exhibited the lowest average tissue 

drug concentration across both the 1-hour and 1-day time-points. As anticipated, the groups 

containing formulations of paclitaxel achieved higher levels of uptake. Moving forward into the 

final trials of this study, the primary goal was to then increase the uptake of sirolimus through the 

addition of the excipients probucol and BHT. It was determined that the incorporation of these 

excipients into their respective solutions did increase the average tissue sirolimus concentration, 

thereby improving the uptake of the drug. The presence of the excipients did not improve the 

retention of sirolimus from the 1-hour time-point to the 1-day time-point. Future studies should aim 

not only to increase uptake but also to increase retention and prolong the release of sirolimus. One 

method currently being investigated to achieve this objective is the formulation of liposomes as 

delivery vehicles for sirolimus. The findings of the present study indicate it is possible to deliver 

and retain sirolimus via liquid delivery using the OPC, and the incorporation of the excipients 

probucol and BHT both increase the uptake of sirolimus into the vessel tissue, partially 

compensating for the challenges presented by the poor bioavailability of sirolimus in the treatment 

of restenosis. 
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