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ARTICLE INFO ABSTRACT

Keywords: Drug-coated balloons (DCBs) are effective tools for cardiovascular interventions, ensuring uniform drug delivery
Drug-coated balloons to occluded arteries. This research investigates the potential of Pluronic P123 (P123), a micelle-forming polymer,
Everolimus to solubilize and release Everolimus (EVE) from DCBs. Furthermore, it seeks to understand how the ratio of P123
3;3:1?;: P123 to EVE affects release rates and micelle formation under physiological conditions. We tested three P123 to EVE
Excipient ratios: 90:10, 75:25, and 50:50. Microscopy revealed that increasing EVE proportions resulted in more uniform

coatings. Fourier-transform infrared spectroscopy (FTIR) analysis confirmed the successful incorporation of EVE
into the P123 matrix without altering its chemical properties. Differential scanning calorimetry (DSC) studies
showed that EVE incorporation affected the crystalline structure of P123, leading to more uniform coatings. In
vitro release studies showed that all formulations had <1% drug loss in the first minute (the tracking phase);
furthermore, the 90:10 ratio exhibited optimal drug release in the following 3 min, corresponding to the
deployment phase in DCB angioplasty. Analysis of micelle loading capacity (LC), encapsulation efficiency (EE),
size, and structure indicated an increase in both LC and EE with higher EVE content and a corresponding
enlargement in micelle size. Given these findings, the optimized formula provided a consistent coating on
commercial balloons, highlighting the potential of using P123 for DCB drug coating and release.

Drug delivery

1. Introduction

Atherosclerosis, a significant predisposing factor for cardiovascular
disease (CVD), remains the predominant cause of mortality worldwide
(Jebari-Benslaiman et al., 2022), (Libby et al., 2019). This disease in-
volves endothelium activation, a phenomenon that precipitates a
sequence of events including lipid accumulation, fibrous element
deposition, and calcification. These processes lead to the narrowing of
blood vessels and ignite inflammatory pathways (Jebari-Benslaiman
et al., 2022). The resultant atheroma plaque formation engenders car-
diovascular complications (Jebari-Benslaiman et al., 2022). Given the
ubiquitous prevalence of CVDs and the mounting societal and economic
implications, a compelling case can be made for the exploration and
enhancement of current therapeutic strategies (Xue et al., 2023), (Wang
et al., 2023b).

Reflecting on the critical need for advanced therapeutic strategies in
combating CVDs, we turn our focus to innovative treatment options. One
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promising approach involves the use of drug-coated balloons (DCBs),
recognized for their effectiveness in treating a range of cardiovascular
diseases. DCBs function by opening up occluded arteries and delivering
antiproliferative drugs locally to impede restenosis (Lee et al., 2020),
(Giacoppo et al., 2023), (Dash et al., 2022), (Li et al., 2022), (Cai et al.,
2022), (Yerasi et al., 2020). The DCB angioplasty technique allows for
the delivery of antiproliferative drugs into the arterial wall during
balloon inflation and leaves no residual structure (Kasbaoui et al.,
2023). Moreover, DCBs proffer potential long-term benefits over stent-
related adverse effects that can instigate restenosis, thrombosis, and
accelerated neoatherosclerosis (Giacoppo et al., 2023), (Abbott et al.,
2023), (Ali et al., 2019). Despite these advantages and because of certain
drawbacks, the current recommendation limits the use of DCBs in
certain scenarios. They are used mainly where stents are deemed un-
suitable in the treatment of coronary artery disease and peripheral ar-
tery disease, such as in-stent restenosis, small vessel lesions, and
bifurcation lesions (Wang et al., 2020), (Cortese et al., 2020), (Giacoppo
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et al., 2020).

However, while DCBs offer a significant advancement in the treat-
ment of cardiovascular diseases, they are not without their challenges
and limitations. This becomes evident when examining the intricacies of
their current usage and effectiveness. Current DCBs use carriers like
shellac resin, butyryl trihexyl citrate plasticizer, iopromide contrast
medium, urea, and polysorbate emulsifier mainly to boost drug pene-
tration into tissue, not for effective drug delivery at the disease site. A
significant issue with these DCBs is uncontrolled drug release, leading to
drug loss during tracking and inefficient therapeutic dose delivery
(Anderson et al., 2016). Studies have shown that current DCBs lead to
excessive drug loss rates (60-70%) and comparatively inferior drug
transfer rates (< 20%) (Ang et al., 2018). Additionally, certain DCBs
generate many particulates, posing safety risks like micro-occlusions
and subsequent tissue damage. Higher-dose coatings can increase
thrombotic occlusion risk, and embolization may contribute to high
amputation rates seen in trials. These issues highlight the need for
improved drug coating systems and strategies to limit particulate
embolization (Ang et al., 2018).

In light of these challenges, recent advancements in computational
modeling have significantly contributed to the understanding and
enhancement of drug delivery mechanisms in DCBs. These models,
varying in complexity from 1D to 3D, are instrumental in analyzing drug
transport dynamics, including diffusion and advection, and the role of
drug binding within the arterial wall. The unique challenges posed by
the short drug delivery window of DCBs and the need for high drug
loading have been addressed in these models (Escuer et al., 2022). For
instance, Tzafriri et al.’s research (Tzafriri et al., 2019) presents an
example where a coupled reaction-diffusion model was developed to
understand the dissolution and tissue distribution of paclitaxel-coated
balloons. This model predicts the kinetics of tissue-delivered drugs,
focusing on the relative dissolution rates and the residual amounts of the
coating, both in the lumen and tissue-embedded, as well as the con-
centration of the dissolved drug during and post-dissolution. These
computational efforts align with our study’s objective to optimize drug
release from DCBs, ensuring effective and safe drug transfer to the
arterial wall.

Building on the discussion of the limitations inherent in current DCB
technologies, it is crucial to examine the specific characteristics of the
antiproliferative drugs used for coating these balloons. Balloons can be
coated with antiproliferative drugs like Taxanes, predominantly Pacli-
taxel, or Limus drugs such as Sirolimus, Tacrolimus, and Everolimus
(EVE) (Wang et al., 2023a). In the realm of DCBs, Paclitaxel is commonly
used for its antiproliferative effects, but concerns about its cytotoxicity
have shifted focus to limus drugs like sirolimus and EVE. These alter-
natives offer similar benefits without inducing apoptosis and require
smaller doses (Lee et al., 2023). EVE has demonstrated inhibitory action
against kinase, specifically the mammalian target of rapamycin (mTOR),
which is advantageous in averting atherosclerosis formation (Jumat
etal., 2022). Additionally, this drug exhibits the capacity to suppress the
proliferation of smooth muscle cells, thereby forestalling in-stent reste-
nosis and neointimal hyperplasia (Jumat et al., 2022), (Akhmetzhan
et al., 2023), (Park et al., 2018).

The aim of this study is to develop a coating for DCBs that reduces
drug washout and maximizes drug delivery to lesion sites. Our focus is
on designing a formulation with EVE-loaded Pluronic P123, intending to
enhance the efficiency and effectiveness of DCBs in cardiovascular
treatments. P123 has been extensively studied as an amphiphilic drug
delivery polymer capable of encapsulating hydrophobic drugs within
their micelle structure. It is known to be a non-toxic drug delivery
vehicle with minimal adverse effects (Nguyen et al., 2021), (Batrakova
and Kabanov, 2008), (Anirudhan et al., 2021), (Sastry and Hoffmann,
2004), (Kouser Qadri et al., 2022). P123 is a tri-block amphiphilic
copolymer consisting of PEO20-PPO68-PEO20 with hydrophilic PEO
segments and hydrophobic PPO segments allowing it to form micelles in
water at low concentrations. This intrinsic characteristic allows the
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loading of large quantities of hydrophobic drugs within the hydrophobic
core of PPO segments of P123 (Nguyen et al., 2021), (Batrakova and
Kabanov, 2008). This versatile polymer can be used as a drug carrier in a
diverse array of forms, including vesicles, micelles, mixed micelles, in-
situ gels, tablets, and emulsions (Nguyen et al., 2021), (Sastry and
Hoffmann, 2004). P123 forms micelles with a hydrophobic core that is
ideally suited for encapsulating drugs with poor water solubility (Patel
et al.,, 2022). Furthermore, amphiphilic excipients facilitate uniform
dispersion of the hydrophobic drug during the coating process, likely
aiding the tracking of DCBs with minimal drug loss (Xiong et al., 2016).
With the unique properties of Pluronic outlined, and its suitability as a
carrier for EVE established, we then delve into the crucial aspect of our
research: the formulation. This includes examining various EVE to P123
ratios, an essential part of the process aimed at optimizing drug delivery
in DCBs for enhanced treatment efficacy in cardiovascular diseases.

For this purpose, EVE-loaded P123 was prepared in varying ratios
and applied onto a PEBAX angioplasty balloon substrate thin film,
serving as a surrogate for drug-eluting balloon surfaces, using a micro-
pipetting technique. The physical and chemical attributes of the pre-
pared coatings were initially analyzed using scanning electron micro-
scopy (SEM), Fourier-transformed infrared spectroscopy (FTIR), and
differential scanning calorimetry (DSC). Furthermore, the release profile
of EVE from the coatings was determined through High-Performance
Liquid Chromatography-Ultraviolet Detection (HPLC-UV). Finally, the
study characterized the micelle formations from the coatings using
Transmission Electron Microscopy (TEM) and Dynamic Light Scattering
(DLS). Feasibility was demonstrated for the optimal coating formulation
by coating commercial angioplasty balloons.

2. Materials and methods
2.1. Materials

PEBAX® 7233 pellets were generously donated by Arkema, France.
These pellets were used to make thin film substrates to simulate com-
mercial balloon surfaces. Everolimus (EVE) (Cs3HgsNOq4
MW 958.224 g/mol) and Mustang™ Percutaneous Transluminal An-
gioplasty (PTA) Balloon Dilatation Catheter were kindly provided by
Boston Scientific Limited (Galway, Ireland). Pluronic P123 (P123)
(Mn ~ 5,800) was purchased from Sigma Aldrich. All other reagents and
chemicals used were of analytical grade.

2.2. PEBAX 7233 thin films as coating substrates

PEBAX 7233 thin films were used as a coating substrate for EVE-
loaded P123. This PEBAX polymer is used as the outer surface of com-
mercial drug-coated balloons (DCBs). The PEBAX 7233 thin films were
prepared from pellets heated to 210°C using a heat press machine. 2 g
polymer pellets were placed between thin Teflon sheets and these Teflon
sheets were allowed to reach the set temperature and compressed at
200 bar for 5 min.

2.3. Sample preparation

PEBAX thin film specimens, used as balloon material, were coated
with EVE-loaded P123 in various P123 to EVE ratios (Fig. 1). Initially,
P123 and EVE were each dissolved in ethanol (EtOH) at a concentration
of 10%(wt/v). These prepared formulations, with P123 to EVE ratios of
90 :10, 75 : 25, and 50 : 50, were subsequently used to coat the balloon
material samples via micro-pipetting. The target applied dose of EVE
was consistently maintained at 3 yg/mm2 across all three formulations.
The coated samples were then dried in a vacuum chamber overnight, at
room temperature, and in the absence of light. Details of the different
P123 and EVE formulations are presented in Table 1.
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Fig. 1. Graphical representation for Everolimus-Loaded Pluronic P123 coating. Original image made with the online Biorender program.

Table 1

Pluronic P123 to Everolimus (wt/wt%), Pluronic P123 concentration (wt/vol%), Everolimus concentration (wt/vol%), weight of Pluronic P123 per mm? (ug), weight of
Everolimus per mm? (ug), and the amount of formulation applied per cm? of PEBAX thin film (ul) used in the preparation of three different coating.

Pluronic P123: Initial Pluronic Initial Final Concentration of Final Concentration of ~ Weight of Weight of Amount of

Everolimus Concentration of Concentration of Pluronic P123 in the Everolimus in the Pluronic Everolimus per formulation applied

(wt/wt%) P123 (wt/vol%) Everolimus formulation (wt/vol%) formulation (wt/vol%)  P123 per mm? (ug) per cm? of PEBAX
(wt/vol%) mm? (ug) thin film (ul)

90:10 10 10 9 1 27 3 30

75:25 10 10 7.5 2.5 9 3 12

50 : 50 10 10 5 5 3 3 6

2.4. Microscopy observation

The surface of the different coatings and the pure drug powder was
observed by a digital microscope (Keyence, VHX-7000) and scanning
electron microscope (SEM, HITACHI S4800) at 2 kV energy. Before SEM
measurement, the samples were sputter-coated for 15s with 1 nm of
Platinum.

2.5. Fourier transform infrared spectroscopy

A Thermo Scientific Nicolet iS50 FT-IR equipped with an attenuated
total reflectance cell (ATR) was used to collect Fourier transform
infrared spectroscopy (FTIR) spectra. In order to analyze the collected
data, Thermo Scientific’s OMNIC Series 8.2 software was used. All FTIR
spectra were captured with scans ranging from 4000 to 750 cm™!.

2.6. Differential scanning calorimetry

NETZSCH DSC200F3 calorimeters were used for the differential
scanning calorimetry (DSC) examination. Thermal transitions of 10 mg
of the sample were recorded between —20°C and 150°C at a rate of 10°C
per minute in a perforated aluminum pan under a nitrogen purge.

2.7. Micelle formation characterization

P123 can form micelles in an aqueous solution. The critical micelle
concentration (CMC) of P123 can vary from 25°C to 40°C approximately
from 0.03 to 0.005%wt/v (Alexandridis et al., 1994). The formed mi-
celles from the EVE-loaded P123 coatings were collected from the
dispersed medium by centrifuging at 10,000 rpm for 20 min for further
characterization. The encapsulation efficiency (EE) and drug loading
capacity (LC) were determined by using HPLC-UV at 277 nm. Both an-
alyses were conducted in triplicate and determined by using the
following equations (Eq. (1)), (Eq. (2)):

W, — W,
%EE = (‘Tf) x 100

t

@

W, — W
%LC = (‘W—‘) x 100 @

m

where”W,” is the weight of the total actual amount of drug utilized in the
micelles, the”W; is the amount of free drug examined in the superna-
tant, and the'W,,” is the total weight of micelles.

2.8. Dynamic light scattering

The size and size distribution of micelles were measured using the
Nano ZS zetasizer system (Malvern Instruments). Measurement param-
eters were as follows: a scattering angle of 173°, a measurement tem-
perature of 25°C, and at 37°C, a medium refractive index of 1.330.
Before DLS measurement, the micelles were diluted in H,O at a con-
centration of 1 mg/ml.

2.9. TEM analysis

Transmission electron microscopy (TEM) was carried out on a JEOL
1400 FLASH instrument, functioning at an acceleration voltage of
120 kV. To prepare the TEM samples, a 5 ul volume of the mixture was
set on carbon-coated 300 mesh grids for one minute, then dried by
making contact with absorbent paper. Subsequently, it was situated atop
a droplet of a 2% uranyl acetate solution. After one minute, any surplus
dye was gently eliminated by touching the periphery to absorbent paper,
and the grid was left to dry under ambient conditions prior to exami-
nation.

2.10. HPLC-UV analysis

Chromatography was performed on HPLC-UV with the use of
Kinetex™, 2.6 ym Phenyl-Hexyl; 2.1 x 50 mm (Phenomenex, Aschaf-
fenburg, Germany) at 25°C temperature with a flow rate of
0.4 mL.min"! . An isocratic elution method was employed in the anal-
ysis, in which a constant composition of the mobile phase was used
throughout the analysis. The mobile phase consists of 20% of mobile
phase A (mixture of 20 mmol.L~! ammonium formate in water +0.1%
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formic acid) and 80% methanol as mobile phase B. EVE, the target
compound, was detected with UV detection at 277 nm. A volume of
10 uL of a prepared sample was injected into the HPLC and a single run
was completed in 10 min.

2.11. Drug release measurement from the coatings

The total amount of drug in the coating on the PEBAX thin film
surface was quantified using the following method. Coated samples were
immersed in 10 mL of PBS solution (10 mM, pH 7.4) and subjected to
continuous horizontal shaking at 37°C, simulating body temperature, at
a speed of 300 rpm for 1 min. The release of EVE was tracked over a span
of 4 min, with measurements taken at 1 min intervals. At each time point,
1 ml of the release medium was removed to measure the quantity of EVE
using HPLC-UV and replaced with fresh PBS. After 4 min, the samples
were rinsed in 10 mL of EtOH to remove any residual EVE. The initial
one-minute duration represents the tracking stage during the balloon
angioplasty procedure, while the following three minutes simulate the
deployment phase.

2.12. Balloon coating feasibility

Mustang™ Percutaneous Transluminal Angioplasty (PTA) Balloon
Dilatation Catheter (Boston Scientific Limited, Galway, Ireland) was

HhlJ
A
( S-4800xB0p"

$-4800 x600 $-4800 x600
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used for the EVE-loaded P123 coatings. Balloons were coated by a
micro-pipetting method by keeping the target dose of EVE at 3 yg/mm2
across the whole coated area. The coated samples were then dried in a
vacuum chamber overnight, at room temperature, and in the absence of
light. The bare and coated balloon surface was observed by using ZEISS
Stemi 508 Stereo Microscopes.

2.13. Statistical analysis

The statistical differences in the obtained results were evaluated
using one-way ANOVA and Tukey’s post hoc analysis via SPSS (IBM
SPSS 25, USA). All data was depicted as mean values + standard de-
viations, with differences considered significant at p-values below 0.05.
All experiments were carried out three times.

3. Results and discussion
3.1. Morphology of the P123:EVE coatings on PEBAX

The digital microscopy and SEM analysis, Fig. 2, provided morpho-
logical characteristics of pure P123, and P123:EVE formulations in ra-
tios of 90:10, 75:25, and 50:50, as well as the structure of the EVE
powder. The pure P123 coating shows non-uniform and heterogeneous
coating aspects throughout the surface. As the drug was introduced with

£-4800.x608; 7

Fig. 2. Digital microscopy images of (a) Pure Pluronic P123 and various ratios of Pluronic P123: Everolimus (P123:EVE) (b) 90:10, (c) 75:25, and (d) 50:50.
Scanning electron microscopy (SEM) images of (e) Pure Pluronic P123 and various ratios of Pluronic P123: Everolimus (f) 90:10, (g) 75:25, (h) 50:50 and (i)

Everolimus Powder.
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increasing ratios in the P123, the surface quality of the film started to
increase in homogeneity. The 90:10 formulation presented a more
complete surface coverage than the pure P123, despite some visible
asperities. For the 75:25 and the 50:50 ratios, surface homogeneity was
more obvious, and smooth surface coverage can be observed. This
behavior points to better surface coverage as the drug ratio increases.
The introduction of the hydrophobic drug allows better interaction of
the formulation with the hydrophobic PEBAX surface thus favoring
spreadability and surface coverage. Indeed, no phase separation or
visible drug particles are seen on the microscopy images with these two
formulations. The absence of distinctly visible drug particles in all the
formulations suggests that the EVE was maintained dispersed into the
P123 matrix, with no crystallization or agglomeration of drug mole-
cules. This is an indication of good miscibility between the drug mole-
cules and the P123 polymer matrix.

The morphological characteristics of the P123:EVE coatings on
PEBAX, as revealed in our study, are significant in advancing DCB
technology. Our findings demonstrate an improvement in uniformity
and surface coverage which directly addresses the challenges faced by
drug-eluting stents (DES). In DES, non-uniform drug distribution is a
notable drawback, leading to higher concentrations at stent struts and
lower in between, potentially increasing risks of inflammation, delayed
endothelialization, and thrombosis (Dash et al., 2022), (Cortese and
Bertoletti, 2012). In contrast, the enhanced homogeneity in DCBs, as
shown in our results, aligns with the objective of maintaining effective
local drug concentrations to counteract the hyperproliferative response
to vascular injury (Tesfamariam, 2016).

3.2. EVE dispersion in P123 determined by FTIR and DSC
Fig. 3 shows the Fourier Transform Infrared (FTIR) spectra of Pure

P123, and various ratios of P123: EVE and EVE powder. The P123-
related stretching modes are associated with the peaks at
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2970 cm~! (asymmetric CH, stretching), 2871 cm! (symmetric
CHj, stretching), 1465 cm™! (-C-O-C- stretching vibrations), 1343 cm™!
(bending vibrations of -C-H), and 1100 cm~! (-C-O-C-vibration) (Ulu
et al., 2022). In the case of the FTIR spectra of EVE, peaks at 3416 cm™?,
2930 cm™!, 1642 cm™!, 1449 cm~1, and 989 cm~! corresponding to -O-H
stretching vibrations, (-CH3), (C=0), (-C-O-C-), and out-of-plane -C-H
bending vibrations in -CH=CH- bonds, respectively (Maki et al., 2019),
(Zhang et al., 2022). As the concentration of EVE increases, the corre-
sponding peaks (989, 1642, 1718, 3416 cm™!) strengthen coherence
with the composition. Similarly, a decrease in the intensity of the 2871
cm~!peak is seen as the concentration of P123 decreases diminishing the
contribution from the P123 functional groups. As no significant shifts or
new peaks are introduced and there is a consistency of peak positions
and the relative increase or decrease in peak intensity with the change in
ratios, it is possible to put forward that P123 and EVE do not specifically
interact together. Their molecular structures and functional group vi-
brations are maintained.

As shown in the thermograms of Fig. 4, for pure P123, a melting
point at 36°C consistent with the literature is observed (Song et al.,
2010), (Ahmed et al., 2021). EVE demonstrated a glass transition tem-
perature of 82.5°C consistent with its amorphous structure and as re-
ported previously (Ma et al., 2020), (Wyttenbach and Kuentz, 2017).
The DSC results for the different P123 to EVE formulations (90:10,
75:25, 50:50) exhibit a downward shift in the melting temperatures
compared to the pure P123. The 90:10 and 75:25 formulations exhibit a
melting peak at 31.5°C and 29°C, respectively. The lowering of the
melting point in the 90:10 and 75:25 formulations compared to pure
P123 can be attributed to the disruption of the crystalline structure of
P123 due to the incorporation of EVE. This can indicate a good degree of
miscibility between P123 and EVE in these formulations. Furthermore,
the 50:50 formulation does not display a discernible melting point
leaning toward the hypothesis of good miscibility and P123 crystallinity
inhibition by the EVE molecules. These observations are coherent with
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Fig. 3. Fourier transform infrared (FTIR) spectrum of Pure Pluronic P123, various ratios of Pluronic P123: Everolimus (P123:EVE), 90:10, 75:25, 50:50 and

Everolimus powder.
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the explanations of the increased smoothness and coating homogeneity
observed by SEM. The transition to an amorphous state raises important
considerations in the context of drug-coated balloon (DCB) technology.
While crystalline coatings are recognized for providing higher tissue
levels and prolonged drug retention, their brittleness and potential

Cumulative

Tracking

o 80

N> N
w S 3 3

Cumulative release (%
N

1 2
Time (min)

International Journal of Pharmaceutics: X 7 (2024) 100230

fragility can lead to challenges. According to previous studies, the ad-
vantageous use of amorphous coatings in DCBs stems from their ability
to offer more uniform balloon coverage and reduced risk of particulate
generation during balloon inflation, a significant consideration for pa-
tient safety and the efficacy of drug delivery (Gongora et al., 2015),
(Tesfamariam, 2016). Furthermore, the crystalline form of drugs like
paclitaxel, though effective in retaining drugs within the arterial wall,
can lead to greater risks of distal embolization and related complications
(Caradu et al., 2019), (van den Berg, 2017). Amorphous coatings, as our
study suggests, may offer a safer alternative with higher solubility and a
lower propensity for particulate embolization, albeit with traditionally
reduced stability (Woolford et al., 2019), (Heinrich et al., 2020). Our
research contributes to this ongoing discussion in the field of DCB
technology. The transition toward an amorphous structure in our coat-
ings may offer a more balanced approach in terms of safety and efficacy,
aligning with the evolving needs for drug coatings that not only ensure
effective drug transfer and retention but also prioritize patient safety.

3.3. Study of loading capacity (LC) and encapsulation efficiency (EE) in
Everolimus loaded Pluronic P123 self-assembled micelles

EVE-loaded P123 micelles were fabricated by the thin-film hydration
method (Sahu et al., 2011). Fig. 5 (a and b) indicates the schematic
representation of micelles formation from coatings and the results of the
drug loading capacity (LC) and encapsulation efficiency (EE) percent-
ages of micelle formulations of P123 and EVE in the ratios of 90:10,
75:25, and 50:50. Regarding the drug loading capacity (LC), for the
90:10 formulation, the LC was measured to be 5.12 & 0.78%. The LC
markedly improved to 16.31 + 2.46% and the highest LC was noted
with the 50:50 formulation, at 38.36 + 1.39%. This sequential increase

Simulating deployment

%
—

loo:10
W75:25

3 4

Fig. 5. (a) Schematic representation of micelles formation from coatings, original image made with the online Biorender program, (b) drug encapsulation efficiency
(EE%), and drug loading capacity (LC%) of various ratios of Pluronic P123: Everolimus (P123:EVE), 90:10, 75:25, and 50:50, (c and d) Average micelle size and
polydispersity (PDI) of Pure Pluronic P123, various ratios of Pluronic P123: Everolimus (P123:EVE), 90:10, 75:25, and 50:50.
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in LC with an increase in EVE content suggests a direct relationship
between the EVE content and the micelles’ drug-loading capacity. This is
potentially due to the enhanced hydrophobic interactions between EVE
and the P123 micelle core, which enables more efficient drug loading. In
terms of encapsulation efficiency (EE), the 90:10 formulation achieved
an EE of 48.61 + 7.83%. The EE rose to 58.68 + 10.38% in the 75:25
formulation and further to 62.28 + 3.65% in the 50:50 formulation. The
incremental increase in EE with increasing EVE content could be
attributed to the increased hydrophobicity with higher EVE percentages.
This increased hydrophobicity enhances the interaction between EVE
and the micellar core, leading to better drug encapsulation.

3.4. DLS Analysis of Everolimus loaded Pluronic P123 self-assembled
micelles

Fig. 5 (c and d) show the experimental results obtained from Dy-
namic Light Scattering (DLS) provide information about the size and
polydispersity index (PDI) of micelles formed from pure P123 and the
different formulations with EVE at different ratios (90:10, 75:25, 50:50).
These measurements were conducted at two distinct temperatures, 25 °C
and 37 °C, which mimic ambient and physiological conditions, respec-
tively. At 25 °C, the size of pure P123 micelles was measured to be 18.52
+ 0.03 nm with a PDI of 0.03 + 0.01. This indicates small, homogeneous

a

Everolimus

o . .
i tax Pluronic P123 micelle
f%»

/ PEBAX thin film
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micelles. However, as the proportion of EVE was increased in the
formulation, both the size of the micelles and their PDI increased. The
90:10 formulation produced micelles with a size of 54.68 + 0.70 nm and
aPDI of 0.31 + 0.01. Further increase in EVE concentration to the 75:25
ratio resulted in even larger micelles with a size of 88.45 + 0.36 nm and
a PDI of 0.33 + 0.03. Finally, the 50:50 formulation resulted in the
largest micelles with a size of 123.20 + 2.954 nm and a PDI of 0.22 +
0.01. This trend implies that as the EVE concentration increased, the size
of the micelles became larger and more heterogeneous. At physiological
temperature (37 °C), a similar trend was observed. The size of pure P123
micelles slightly increased to 20.84 + 1.19 nm, and their PDI marginally
reduced to 0.02 + 0.01. As the EVE concentration increased, the size of
the micelles generally grew. The 90:10, 75:25, and 50:50 formulations
resulted in micelles of size 61.27 + 3.30 nm, 100.60 + 2.28 nm, and
116.40 + 4.27 nm, respectively. The increase in micelle size with
increasing EVE concentration could be attributed to the hydrophobic
interactions between the EVE and the PPO core of the P123, leading to
the formation of larger micelle structures. This seems to be in correlation
with LC and EE in which more drugs are encapsulated as the drug
concentration rises. The increase in PDI with increasing EVE concen-
tration suggests increased heterogeneity in the micelle size distribution,
likely due to differing degrees of incorporation of EVE into the micelles.
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3.5. TEM Analysis of Everolimus loaded Pluronic P123 self-assembled
micelles

Fig. 6 shows the experimental results obtained through Transmission
electron microscopy (TEM) and particle size distribution curve of the
micelles formed from P123, and its formulations with EVE at various
ratios: 90:10, 75:25, and 50:50. For pure P123, the average micelle size
was found to be 29.10 £+ 6.97 nm. This indicates the small size of the
micelles formed solely by the P123 copolymer. However, the inclusion
of EVE impacted the size of the resultant micelles. The 90:10 P123 to
EVE formulation resulted in a significantly larger micelle size, averaging
84.50 + 16.42 nm. Upon further increasing the EVE amount in 75:25
and 50:50 formulations, there is a slight decrease in micelle size to 77.66
+ 17.66 nm and 74.67 + 16.29 nm, respectively. The different sizes
observed in TEM images compared to dynamic light scattering may be
due to the drying effect during sample preparation for TEM measure-
ments (Tang et al., 2019).

3.6. In vitro EVE release studies

DCB treatment for vascular conditions consists of two main phases
after introduction into the vasculature: tracking and deployment. During
the tracking, the undeflated drug-coated balloon navigates the vascular
system from the insertion site to the target lesion site; During this phase,
one requirement of the DCB is to avoid drug loss in the bloodstream.
After reaching the lesion site, deployment can occur. During deploy-
ment, the DCB is inflated and the drug should be delivered to the lesion
tissue and its surroundings at therapeutic dosages (Woolford et al.,
2022). The standard curve of EVE was obtained through EVE solutions
in a concentration gradient (y = 66682x + 4139, R2 =0.9990), wherey
and x correspond to absorbance and EVE concentration (ug.mL7!),
respectively. Fig. 7 indicates the release profiles of EVE from P123
coatings with different P123:EVE ratios (90 : 10, 75 : 25, 50 : 50). The
release was evaluated over a span of 4 min (1-min intervals), repre-
senting the tracking and deployment phases of a DCB angioplasty pro-
cedure. During the tracking phase (first minute), the 90 : 10 formulation
showed the highest release (0.95+1.51%), followed by the
75 :25(0.07 £ 0.03%) and 50 : 50 (0.42 + 0.22%) formulations. The
increased initial release in the 90 : 10 formulation may be due to the
larger proportion of P123 on the surface of the coating, leading to a
higher initial release. Particulate generation downstream has been a
safety concern since the inception of first-generation DCBs due to
coating matrices separating from the DCB surface during tracking and
inflation. Optimal coatings resist cracking and delamination upon
inflation, while factors like improper storage and manufacturing can
also cause delamination (Xiong et al., 2016), (Huang et al., 2023).
Notably, using P123 as a coating has effectively minimized drug loss
during the simulated tracking time. Upon simulating deployment over
the next three minutes, the 90 : 10 formulation also exhibited the
greatest release (56.78 +15.57%), whereas the 75:25 and 50 : 50
formulations showed lower release (1.92 4+ 0.76% and 1.51 + 0.88%
respectively). This suggests that a higher proportion of P123 in the
coating matrix might lead to a more efficient delivery of the therapeutic
agent at the site of action. The lower release rates for the 75 : 25 and 50 :
50 formulations during the deployment phase (1.92 4+ 0.76% and 1.51 +
0.88% respectively) are due to the higher proportion of EVE, and thus a
more hydrophobic formulation. The cumulative release over the 4-min
duration increased with time for all formulations, with the highest
release observed for the 90 : 10 formulation (57.72 + 16.97%), followed
by the 75:25 formulations (1.99+ 0.77%), and the 50 :50
(1.93 £ 0.70%). The results suggest that the ratio of P123 to EVE im-
pacts the drug release characteristics during both the tracking and
deployment phases. While our study primarily models the peripheral
artery context, the 4-min timeframe for drug release, as derived from
(Woolford et al., 2022), should be interpreted with caution for coronary
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applications. According to (Byrne et al., 2014), shorter balloon inflation
times are recommended for coronary arteries (30-60 s) compared to
peripheral arteries (up to 180 s). Our findings are in alignment with the
study by (Woolford et al., 2022), which indicates that increased excip-
ient amounts in the coating composition enhance drug release under
physiological conditions.

The P123 coating developed for this study is designed to function as a
vehicle for delivering EVE-loaded self-assembled micelles directly to the
lesion area. This aligns with the findings from the DLS and TEM analyses
(Sections 3.4 and 3.5 respectively), which confirm that Pluronic forms
micelles in an aqueous environment. These micelles are likely to facili-
tate a sustained, slow release of the drug at the lesion site, thereby
potentially enhancing the treatment’s efficacy.

The release mechanism of the drug from these polymeric micelles is
primarily attributed to two processes: drug diffusion from intact micelles
and micelle disassembly (Ghezzi et al., 2021). Additionally, incorpo-
rating the insights regarding the micelle internalization pathways into
our discussion of the in vitro EVE release studies provides a deeper
understanding of the potential mechanisms at play in our novel DCB
coating methodology. As highlighted in previous studies (Nelemans and
Gurevich, 2020), (Maysinger et al., 2007), (Ghezzi et al., 2021), micelles
have a pivotal role in delivering drugs to specific targets at a subcellular
level, with endocytosis being the main pathway for their internalization.
This involves the micelle interaction with the cellular membrane, fol-
lowed by its uptake into cells, and transport within endosomes to ulti-
mately reach the cell’s cytoplasm. The self-assembled EVE-loaded P123
micelles are likely to interact with cellular membranes and undergo
similar internalization processes. It has been found that polymeric mi-
celles often disassemble at the plasma membrane or degrade within
lysosomes (Maysinger et al., 2007), which could have implications for
how EVE is released at the target site. This disassembly could lead to the
release of the drug either inside or outside the cells, potentially in dis-
aggregated unimer forms, resulting in drug accumulation in various
cellular compartments (Lee et al., 2013), (Cui et al., 2013), (Ghezzi
et al., 2021). This behavior is critical to consider, as it might influence
the efficacy of EVE delivery to the lesion tissue during the deployment
phase of DCB treatment.

Furthermore, this approach to drug delivery finds resonance with
previous studies in the field. Notably, Lemos et al. (Lemos et al., 2013),
conducted a seminal study revealing that sirolimus-loaded nano-car-
riers, delivered via a coronary stent-plus-balloon system or a standalone
balloon, were effective in transferring the drug throughout all layers of
the arteries. Following this line of research, nanoparticle eluting bal-
loons have demonstrated a remarkable capacity for both maximizing
local drug delivery and achieving sustained in vitro drug release (Iyer
et al., 2019). This is particularly pertinent to our study as it underscores
the potential of nano-carriers, akin to our micelles, in enhancing drug
delivery efficiency. The implication here is that our coating, through its
innovative use of micelles, could potentially offer similar benefits in
terms of targeted and effective drug distribution within arterial regions.

3.7. Coating efficiency onto the angioplasty balloon

The Mustang™ PTA Balloons were used for applying EVE-loaded
P123 coatings, with a target dose of EVE at 3 pg/mm? over the entire
coated surface. The coating was done using the micro-pipetting method
(Supplementary Video 1). Micro-pipetting brings several benefits
including uniformity and precise control over the application, distinct
placement of the drug/excipient solution in pockets underneath folds,
and total control over the dose (Xiong et al., 2016).

Fig. 8 shows the homogenous surface coating of the balloon. The
coating applied on the balloon covered the whole surface of the balloon
which could be effective for uniform drug transfer toward the arterial
wall.

Considering the drug release aspect, the non-compliant nature of the
balloon material used in our study plays a crucial role. Non-compliant
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Fig. 8. Picture and Stereo Microscopes image of Mustang™ Percutaneous Transluminal Angioplasty (PTA) Balloon Dilatation Catheter (a) uncoated inflated balloon,

and (b) coated inflated balloon with EVE-loaded P123 with a ratio of 90:10.

balloons are designed to maintain their shape and size under pressure,
leading to a minimal increase in surface area upon inflation. According
to the balloon’s Directions for Use, in our case, the diameter varies from
9.97 mm to 10.34 mm when inflated between 8 atm and 14 atm, the
rated pressure. This translates to only a 3.71% increase in surface area
for a 40 mm balloon if deployed at the rated pressure. Therefore, the
impact of inflation on drug release in our study is considerably less than
what might be observed with compliant or semi-compliant balloons.
This minimal change in surface area may suggest the applicability of our
drug release studies conducted on coated thin films. Although these
films were not directly characterized for similarity, they could provide
an initial insight into the potential behavior of drug release from the
actual balloon surface in practical applications.

4. Summary

This study investigated the feasibility of using different P123:EVE
coating ratios, for a micellization release of antiproliferative drugs from
DCBs. Polymeric micelles, which self-assemble into a hydrophilic shell
and hydrophobic core, are highly suited for delivering hydrophobic
drugs such as EVE. The microscopy images, FTIR, and DSC results
showed that the P123:EVE coatings were homogeneous and the EVE was
molecularly dispersible and miscible in the P123 matrix. The DSC
findings in our study are further contextualized by literature indicating
that while crystalline drug forms ensure better retention in the arterial
wall, they also pose a higher risk of distal embolization and downstream
tissue necrosis. In contrast, amorphous forms provide more uniform
coverage and lower toxicity, aligning with our observations of the P123:
EVE coatings. These findings highlight the importance of achieving a
balance between acute drug transfer and long-term tissue retention,
which our P123:EVE micelle formulations aim to optimize. Additionally,
DCBs often face significant drug loss in the bloodstream during balloon
tracking, resulting in sub-therapeutic levels at the treatment site.
However, our drug release studies indicated that with <1% drug loss in

10

the tracking phase, the 90:10 P123:EVE formulation excelled in drug
release during deployment, suggesting its efficacy in therapeutic de-
livery. The micellization study demonstrated that with an increase in the
content of EVE in the P123:EVE formulation, both the LC and EE of the
assembled micelles also increased, attributed to stronger hydrophobic
interactions. DLS and TEM analysis indicated that increasing EVE pro-
portion also led to an increase in micelle size. Finally, the study showed
proof of concept feasibility by coating commercial balloons. The results
showed a homogeneous coating over the entire balloon surface, thereby
potentially promoting uniform drug transfer to the arterial wall. In
conclusion, this study demonstrates the potential use of P123 as an
alternate micellization drug delivery platform for drug-coated balloons.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijpx.2024.100230.
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