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Abstract: Drug cluting balloons (DEBs) are semi-compliant angioplasty balloons covered with an antiproliferative drug
which is rapidly released locally into the vessel wall during balloon contact. Their advantages include a broader area of drug
contact, more homogenous drug-tissue transfer for stent-based local drug delivery, no implant leaving as well as shortened
dual antiplatelet therapy. DEBs application was first recommended by the European Society of Cardiology (ESC) and
European Association for Cardio-Thoracic Surgery (EACTS) guidelines for the treatment of in-stent restenosis (ISR) after
prior bare-metal stent (BMS) (Class IIA, Level B) in 2010. Since then, rapid progress has been made in the use of DEBs for
treatment of in-stent restenosis, bifurcation, small vessel diseases, and other de novo occlusive coronary artery diseases even
the symptomatic peripheral arterial disease. However, a meta-analysis of 28 randomized controlled trials (RCTs) with 4663
patients investigating paclitaxel-coated devices (DEBs & drug-eluting stent) in the femoral and/or popliteal arteries showed a
highly significant association between risk of death and paclitaxel exposure in a dose-time-dependent manner. Safety issues
associated with clinical application of paclitaxel DEBs in femoropopliteal artery was widely discussed. This study reviewed the
issues, different molecular mechanisms of paclitaxel and sirolimus in antiproliferative effects, and progress of sirolimus-eluting
balloons.
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recommended by the European Society of Cardiology (ESC)
and European Association for Cardio-Thoracic Surgery
(EACTS) guidelines for the treatment of in-stent restenosis
(ISR) after prior bare-metal stent (BMS) (Class IIA, Level B)
in 2010 [2]. Then, DEB was recommended by the
ESC/EACTS guidelines for the treatment of in-stent
restenosis (ISR) (within BMS or DES, Class TA) in 2014 [3]
and 2018 [4]. Besides ISR, DEBs have demonstrated safety
and efficacy in the treatment of bifurcation, small vessel
diseases, and other de novo CADs in a number of clinical
trials [1, 5]. Furthermore, DEB research on the treatment of

1. Introduction

Since the 1970s, the invention of balloon angioplasty and
percutaneous coronary intervention (PCI) have made rapid
progress in treatment of occlusive coronary artery disease
(CAD). Drug eluting balloons (DEBs) are semi-compliant
angioplasty balloons covered with an antiproliferative agent
that is rapidly released locally into the vessel wall during
balloon contact [1]. They allow a broader area of surface
contact and more homogenous drug-tissue transfer for
stent-based local drug delivery. DEB application was first
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symptomatic peripheral artery disease has also been
performed with favorable outcomes. The U.S. has also
approved paclitaxel-eluting balloons for peripheral artery
disease (PAD) above the knee. Table 1 illustrates the
characteristics of different paclitaxel-coated balloons in PAD.
However, a recent meta-analysis of randomized clinical trials
warranted the increased risk of long-term mortality following
application of paclitaxel-coated balloons and stents in the
femoropopliteal artery of the lower limbs [6]. In addition,
clinical analysis of a paclitaxel stent (Boston Scientific,
Marlborough, MA) showed a significant increase in long-term
death and myocardial infarction after one year following
implantation [7, 8]. A five-year follow-up study and

randomized comparison studies on paclitaxel and sirolimus
DESs further confirmed these events [9-12]. Consequently,
paclitaxel DES has been shown to result in vessel wall tissue
inflammation, aneurysm formation, and late stent thrombosis,
eventually delisting from the coronary field [13, 14].
Therefore, more studies should investigate paclitaxel-coated
balloon safety, different molecular mechanisms of paclitaxel
and sirolimus in antiproliferative effects, as well as progress
in treatment with sirolimus-eluting balloons. This study
reviewed the conflict issues, different molecular mechanisms
of paclitaxel and sirolimus in antiproliferative effects, and
progress of sirolimus-eluting balloons to put a forward to the
DEBs research and application.

Table 1. Design characteristics of paclitaxel-eluting balloons in PAD.

Brand name Paclitaxel dose Excipient/spacer Manufactor (Country) Indication
. De novo FP and TP

2
IN.PACT 3.5pug/mm Urea Medtronic (US) stenosis, ISR in SFA
Passeo-18 Lux 3.0pg/mm’ Butyryl-tri-n-hexyl citrate (BTHC) Biotronik (Germany) De novo FP stenosis
Lutonix 2.0pg/mm? Polysorbate and sorbitol Becton Dickinson (US) De novo FP stenosis
Ranger 2.0pg/mm? acetyl tributyl citrate - ATBC (Transpax) Boston Scientific (US) FP and IP stenosis
Freeway 3.0pg/mm’ Shellac Eurocor (Germany) FP and IP stenosis
LegFlow 3.0pug/mm? Nanocrystalline 0.1-pum paclitaxel in ammonium salt Cardionovum Germany) SFA and BTK stenosis
FemFlow 3.0pg/mm? Magnesium stearate Acotec Scientific (China) De novo FP stenosis
Cotavace 3.0pg/mm’ Paccocath (Iopromide iodinated contrast) Lubrizol (US) De novo FP stenosis
Luminor 3.0pug/mm? Organic ester iVascular (Spain) FP and IP stenosis
Stellarex 2.0pg/mm? Polyethylene glycol Philips (Holland) FP and IP stenosis
Primus 3.0pg/mm’ Shellac Cardionovum (Poland) FP and IP stenosis

FP: Femoropopliteal; TP: Tibialpedal; IP: Infrapopliteal; SFA: Superficial femoral artery; BTK: Below-the-knee.

2. Safety Issues: Paclitaxel DEB in
Femoropopliteal Artery

A meta-analysis of 28 randomized controlled trials (RCTs)
with 4663 patients investigating paclitaxel-coated devices in
the femoral and/or popliteal arteries was published in the
Journal of the American Heart Association [6]. The results
showed that all-cause patient death at one year (28 RCTs with
4432 cases) was similar between paclitaxel-coated devices
and control arms (2.3 vs. 2.3%). All-cause death at two years
(12 RCTs with 2316 cases) was significantly increased in the
case of paclitaxel vs. control (7.2 vs. 3.8%) with an increased
relative risk ratio of 68%. All-cause death up to five years (3
RCTs with 863 cases) increased further in the case of
paclitaxel (14.7 vs. 8.1%) with an increased relative risk ratio
of 93%. Random effects meta-regression analysis was
proposed, identifying a highly significant association between
risk of death and paclitaxel exposure in a dose-time-dependent
manner. However, a nationwide, multicenter, retrospective
cohort study including 16,560 patients from 1883 medical
centers who were admitted for femoropopliteal artery
revascularization was performed to verify the above
conclusion [15]. After a multivariable statistical analysis,
drug-coated devices were not associated with a difference in
all-cause mortality compared to non-drug-coated devices. In
addition, an independent patient-level meta-analysis was
conducted based on four IN.PACT trials, where no statistically
significant differences were observed in all-cause mortality

between DEBs and percutaneous transluminal angiography
(PTA) over the course of 5 years (9.3 vs. 11.2%) [16]. No
deaths were adjudicated by an independent clinical event
committee as device-related. This finding was also supported
by other published research [17, 18]. Warnings were proposed
by the American Food and Drug Administration (FDA) for the
applications of DEBs for femoropopliteal artery
revascularization. Although essential result components of
current studies for safety evaluation of DEB/DES are still
pending, the FDA has stated that “The benefits continue to
outweigh the risks for approved paclitaxel-coated balloons
and paclitaxel-eluting stents when used in accordance with
their indications for use” and that “Decision to use such
devices should only be made only after full disclosure of the
potential adverse outcomes to patients for whom their use is
clearly indicated” [19]. More studies are needed to assess the
magnitude of increased mortality, causality, and patient
sub-groups at risk. Many aspects may impact clinical
outcomes and safety concerns should not be ignored.
Paclitaxel DES had been reported to have a significantly
higher cardiovascular mortality compared to sirolimus DES
when used in cardiology PCI, possibly caused by vessel wall
tissue inflammation, aneurysm formation, and late stent
thrombosis [20-22]. The possible reasons were thoroughly
investigated using in vitro cell cytotoxicity assays and autopsy
of animals and patients implanted with paclitaxel DESs. The
dramatic differences in molecular mechanisms by which
sirolimus or paclitaxel affect smooth muscle cell proliferation
contributed to adverse cardiovascular events. Sirolimus is a
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macrocyclic antibiotic immunosuppressant produced by
Streptomyces hygroscopicus that binds to the immunophilin
FK-506 binding protein-12 (FKBP-12). The resulting
sirolimus/FKBP-12 complex inhibits the kinase activity of
mammalian target of rapamycin, subsequently reducing the
activity of multiple kinases associated with mitogen-induced
cell proliferation (P70°%, cyclin E/CDK-2). This process leads
to cell cycle arrest at the G1/S transition point without
inducing apoptosis. In addition, the antiproliferative effect can
be reversed upon drug washout [23, 24]. More importantly,
sirolimus is an immunosuppressive agent that blocks the
inflammatory response in infants. By contrast, paclitaxel is a
naturally occurring antineoplastic agent that is extracted from
Taxus brevifolia bark. It achieves its antiproliferative effects
by disrupting microtubule dynamics through binding to the
aminoterminus of B-tubulin, preventing normal microtubule
depolymerization and subsequently resulting in cell arrest in
the M phase of the cell cycle and cell death [25, 26]. Moreover,
the antiproliferative effects of paclitaxel are more durable and
highly effective than those of sirolimus, inhibiting migration
of smooth muscle and endothelial cells, which is critical for
reestablishment of a functional endothelium following
coronary artery stenting [27]. Delayed endothelialization may
cause sustained inflammation and stent thrombosis.

Coating properties are determined by the crystal state of
paclitaxel, type of excipient, and manufacturing process and

also need to be considered. An intact arterial wall poses a
significant barrier to drug penetration. About 80-90% of the
drug load may remain unabsorbed. Increased paclitaxel
crystallinity helps achieve a higher tissue uptake and retention
and improved biological effect. However, the crystallized
paclitaxel may increase the microparticle formation which
may embolize in the downstream systemic circulation. (Figure
1). But amorphous paclitaxel cannot be used because it is
easily washed out into the blood. Drug over-uptake in a local
vessel can also result in neointimal inhibition, sustained
inflammation, and stent thrombosis. In the early stages of
paclitaxel DEB development, safety profile of this
first-generation technology was questioned due to high
amounts of coating particulate produced following balloon
inflation. A comparative drug-coated balloon study in the
familial hypercholesterolemic swine model of superficial
femoral in-stent restenosis has been conducted to evaluate the
impact of paclitaxel dose on tissue pharmacokinetics and
vascular healing [13]. Results showed that compared to a
lower paclitaxel density (2 pg/mm®), a higher paclitaxel
density (3 pg/ mm’) exhibited slightly higher levels of
neointimal inhibition, reduced neointimal maturity, and higher
fibrin deposition, suggesting that reduced paclitaxel density
leads to a slightly lower neointimal inhibition but better
healing profiles.
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Figure 1. Particulate formation following paclitaxel balloon inflation [13]. (4) Qualitative appearance of coating particulate produced by each tested
drug-coated balloon. (B) Quantitative analysis including particles >300 um in size. Ranger PCB (2 ug/mm?) employs acetyl tributyl citrate as excipient. IN.PACT
PCB (3 ug/mm?) uses urea as excipient. Lutonix PCB (2 ug/mm®) uses non-polymer-based poly-sorbate/sorbitol as excipient.

3. Sirolimus-Eluting Balloons

The ideal DEBs are defined as those achieving a uniform
coating that minimizes the quantity of particles released and

provides maximal drug retention with minimal vascular
toxicity. Paclitaxel is the first choice for good lipophilicity
and tissue retention characteristics. = Technological
developments in the DEB field continue to evolve. Many
companies and institutions have started to research and
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manufacture various sirolimus DEBs.

Polymer-free  phospholipid  encapsulated  sirolimus
nanocarriers have been introduced into the process of
controlled drug release (Figure 2) [28]. Nanoparticles provide
a stable and homogenous coating for the DEBs (Magic Touch,
Concept Medical Research Private Limited, India). A nominal
drug dose is ~1.27 pg/mm?®. Pre-clinical assessment of safety
and efficacy showed that the most appropriate identification
of the best nanoparticle structure is associated with an
extremely efficient drug transfer to all layers of the vessel
wall, achieving high tissue concentrations that persisted for
days after the application, with low systemic drug leaks [29].
The Nanoluté registry was designed to observe the clinical
performance of Magic Touch for the treatment of coronary de
novo and restenotic lesions [30]. A total of 394 Magic Touch
DEB:s at Indian centers were used in 332 patients to treat 356
lesions. In-stent restenosis and small coronary vessel disease
occurred in 46 and 43% of the patients, respectively. Mean
balloon length and diameter (average+SD) were 21.83+6.70
mm and 2.69+0.45 mm, respectively. All patients with data for
the one-year follow-up were included. Overall major adverse
cardiac event (MACE) rate was 4.2% (n=14), which included
deaths (0.3%, n=1), target lesion revascularization (TLR)
(3.6%, n=12), and myocardial infarction (0.3%, n=1). Magic
Touch DEBs was approved by the CE mark in 2016. In a
multicenter, prospective, and real-world study, 438 patients
were included, with a total of 516 PCI procedures on 465
lesions, all treated with Magic Touch DEBs [31]. Of the 465
lesions, 45.81% were in-stent restenotic lesions, where de
novo accounted for 54.19%. Among those de novo lesions,
43.87% were located in small coronary vessels (reference
vessel diameter, RVD 2.75 mm). MACE rates were 4.33, 5.1,
and 7.72% at 1, 2, and 3 years, respectively. There were no
increments in events at 2- and 3-year follow-ups.

Lipophilic tail

20 - 200 nanometers

Figure 2. Schematic illustration of nanoparticle ultrastructure containing
sirolimus (nucleus, in green) and incorporating combination of two excipient
carriers to allow penetration and release of active agent [28]. Excipient 1 is a
lipid-based component with a hydrophilic head and two lipophilic tails, which
is the basic unit of a bilayer membrane that encapsulates the particle (note the
detail in the right upper panel). Excipient 2 is integrated in the particle
envelope, comprising ~5% of the coating mass. It is a
calcium-phosphorus-based component with enhanced hemocompatibility that
is readily absorbed into the vessel wall and releases the encapsulated drug
upon variation in pH.

The sequent please paclitaxel-coated balloon was the first
and most widely used deb in cad. A novel sequent sirolimus

deb was fabricated with a drug concentration of 4 pg/mm?2
(figure 3) [32]. A randomized, multicenter trial enrolling 50
patients has been proposed to compare safety and efficacy [33].
A quantitative coronary angiography at six months revealed
that in-segment late lumen loss was 0.21£0.54 mm in the
paclitaxel deb group vs. 0.19+0.56 mm in the sirolimus deb
group. No differences were observed in clinical events
between the groups.

Figure 3. Sirolimus-coated balloon, Vb coating with a dose of 4 ug/mm’ on

SeQuent Neo balloon platform. Vb indicates crystalline sirolimus coating

[32].

The SELUTION DEB (Med Alliance SA, CH) uses
sirolimus-containing poly (lactic-co-glycolic acid) (PLGA)
microspheres in a phospholipid transfer membrane. The
microspheres are transferred by balloon expansion to the
vessel wall and provide a sustained drug release similar to a
DES [34]. Detailed technical parameters and clinical results of
these studies are not available yet.

Design of the Virtue sirolimus-eluting angioplasty balloon
(Caliber Therapeutics, New Hope, Pennsylvania) is
completely different from the above-mentioned sirolimus
DEBs [35]. It combines a promising approach involving
encapsulation of sirolimus in submicron particles with
angioplasty without a balloon coating (Figure 4). Thus, a
liquid formulation is delivered through precise micropores in
the balloon concurrently with angioplasty [36]. In a
single-arm feasibility study at 9 European centers, 50 ISR
patients were treated with the Virtue balloon. The in-segment
late lumen loss at six months was 0.3140.52 mm. The MACE
rates were 10.2% and 14.3% at six months and one year,
respectively, underscoring the need for further evaluation of
dedicated randomized studies.

Figure 4. Virtue sirolimus-eluting angioplasty balloon with precise
micropores [36].

4. Conclusion

The risks associated with foreign implants, such as tissue
inflammation, delayed healing, and thrombosis, have recently
been attracting more attention. Vascular restoration therapy
with no or few foreign implants is the goal for future
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development in percutaneous coronary interventions.
Although paclitaxel DEBs have had great success in CADs,
especially in in-stent restenosis, challenges still remain: 1)
paclitaxel is more toxic and less effective than sirolimus and
its analogs, which may cause delayed endothelialization,
sustained inflammation, and stent thrombosis; 2) balloon
coating has the potential to flake off (>50%), decreasing the
drug effect and causing downstream embolism; and 3)
undefined coating loss greatly influences drug bioavailability.
Sirolimus has a superior safety profile compared to paclitaxel,
but its pharmacokinetic properties make it a challenging
therapeutic candidate for single-time delivery. A packaging
technique for sirolimus nano-molecules within particles seems
to present a viable option. Nevertheless, both
nanoparticle-containing and conventional balloon coatings
still face the challenges of releasing downstream particulates
from the balloon. Coating firmness, release, and
pharmacokinetic drug properties require further study. In
addition, paclitaxel DEBs safety concern is only present in the
femoropopliteal arteries. Its excellent performance in CAD
and other PADs should not be ignored. Moreover, successful
application of sirolimus DEBs in CAD should not be
transferred directly to PADs, especially in femoropopliteal
artery diseases, due to the differences in these disease areas
(artery diameter, pathway, and lesion length). Head to head
clinical trials of sirolimus and paclitaxel DEBs, DEBs and
PTA balloons, and DEBs and DESs should be carried out with
strict evaluation criteria and intensive care.
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