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1 | INTRODUCTION

Abstract

Drug-coated balloons (DCBs) are a recent technology developed to treat peripheral
artery disease (PAD). Along with a suitable formulation of antiproliferative drug and
excipient, coating method is an important aspect of a DCB as these factors affect
coating characteristics and drug delivery to the treatment site. The multiple release
tailored medical devices DCB (MR-TMD-DCB), designed to achieve multiple infla-
tions to treat complex PAD, contains paclitaxel (PAT) as the antiproliferative drug
and polyethylene axide (PEQ) as the exciplent. In our previous studies, the MR-TMD-
DCB was coated using a manual dip coating method. In this study, an automated
micropipette coating method was developed using a modified spray coating instru-
ment to coat the MR-TMD-DCB. First, the coating formulation and strategy was
optimized. A drug formulation of 16 wt PAT and 4% wt/vol PEO, a polymer formu-
ation of 2.5% wt/vol PEO, and a total of two drug layers produced a mostly uniform
and thin coating with no defects and acceptable drug load. The balloon also had opti-
mal drug uptake in arterial tissue in an in vitro flow model. Next, the reproducibility
of the coating strategy was improved by optimizing the instrument parameters. The
optimized Instrument parameters (translational speed = 0150 in/s, revolution
rate = 100 rpm, flow rate = 0.6 mi/min) resulted in improved reproducibility of the
drug load and similar coating properties as the DCB. This study demonstrated the
ability to automate the micropipette process to obtain a balloon with optimal coating
properties and drug tissue uptake.

KEYWORDS
angioplasty, dip coating method, drug-coated balloon, micropipetting method, peripheral
artery disease

site and improve drug fransfer to the artery wall (Tesfamariam, 2016).
Once the antiproliferative drug and excipient are established, it is

Drug-coated ballbons (DCBs) are the proven gold standard treatment
for peripheral artery disease (PAD). The antiproliferative drug, poly-
mer excipient, and coating method are all important aspects to con-
sider when developing DCBs. Paclitaxel is the most common
antiproliferative drug used in DCBs due to its lipophilic nature and
rapid uptake by the arterial wall (De Labriolle et al, 200%; Speck,
Stolzenburg, Peters, & Scheller, 2015) Polymer excipients are chosen
based on their ability to reduce drug loss in fransit to the treatment

important to choose an optimal coating method as this can affect vari-
ous coating properties and drug delivery to the treatrment site. In
addition, the coating method is important to consider for manufactur-
ing purposes as this can determine the manufacturability and
reproducibility.

Micropipetting is a commonly used coating method for DCBs and
is used to coat the Pantera Luoe (Biotronik, Germany), DIOR (Eurocor,
Germany), and Elutax (ab medica, Germany) DCBs, all of which are
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used to treat coronary artery disease in Europe (Cortese & Bertoletti,
2012} In the micropipette method, drug and excipient solution is
manually added to a rotating balloon using a micropipette to produce
reproducible coating uniformity and drug load (Cortese & Bertoletti,
2012; Petersen et al, 2013). Other methods for coating balloons
include dip coating and spray coating Dip coating i a simplistic
method where the balloon is manually dipped into the drug and excip-
ient solution (Anderson, Lamichhane, Remund, Kelly, & Mani, 2016
Petersen et al., 2013). While the dip coat method is easy to carry out
and produces a smooth coating, it is limited by its reproducibility in
terms of coating uniformity and drug load (Petersen et al, 2013;
Speck et al, 2015). The dip coat method is ako generally performed
ranually, limiting its use in a manufacturing setting Spray coating in
which the formulation is sprayed onto a balloon using an airbrush sys-
tem, produces a highly uniform coating and reproducible drug loads.
However, spray coafing i complicated, produces a high amount of
waste, and is limited by the viscosity of the solution as viscous solu-
tions clog the spraying apparatus (Petersen et al, 2013; Turner, Atigh,
Erwin, Christians, & Yazdani, 2018).

Recently, a multiple release taillored medical devices DCE (MR-
TMD-DCB) was developed for the treatment of complex PAD
with long, diffuse, and multiple lesions using a single balloon that
allows multiple inflations (Anderson et al, 2019). These DCBs
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showed great potential in short term animal studies. Howewver, the
manufacturing reproducibility of MR-TMD-DCB i limited by its
coating method. Currently, a manual dip coat method is used to
coat the MR-TMD-DCB, producing nonreproducible results in
terms of drug loading (Anderson et al, 2019). The formulations
used to coat the MR-TMD-DCE (polyethylene oxide [PEC] and pac-
litacel) are also highly viscous, limiting the use of spray coating
(Petersen et al., 2013; Turner et al, 2018). The micropipette
method may be an alternative method to coat the ME-TMD-DCB
as it works well with viscous coating solution, and can be auto-
mated to obtain reproducible coating uniformity and druog load
(Petersen et al., 2013).

Woaolford et al. recently modified a stent spray coater to coat bal-
loons using an automated micropipette method (Woolford et al,
2019). By modifying different parameters of the instrument such as
revolution rate, flow rate, and translational speed, an optimal, wuniform
balloon coating was achieved. The resulting coating was alko repro-
ducible and demonstrated appropriate drug release kinetics in vitro
(Woolford et al., 2019).

In this study, an automated micropipette method was devel-
oped to coat the MRE-TMD-DCB. The coating formulation was first
optimized by assessing different combinations of drug formulation,
excipient formulation, and the number of drug layers for coating

Image of coated
balloon catheter

FIGURE 1
devices drug-coated balloons

Schematic for the preparation process of coating formulation and dip coafing meth od used for multiple-release tailored medical
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FIGURE 2 Micropipette instrument setup. (a) A Sono-Tek Medi-Coat DES ultrasonic spray coater prior to medification for micropipette
coating (b) The modified spray coater for micropipette coating application. The system consists of a syfAnge pump connected to drug delivery
tubing. A ring stand with a tubing stabilizes the balloon. A hair dryer was used to dry the balloon. (c) The guide wire and distal end of the balloon
insert into a mandrel connected to a stepper motor to rotate and move the balloon translationally. The end of the drug delivery tubing is
positioned just above the balloon during coating and acts as the micropipette tip

morphology, drug load, chemical and thermal properties, and per-
formance in an in vitro peripheral artery flow model Mext, instru-
ment parameters including translational speed, flow rate, and
revolution rate were optimized to improve the reproduocibility
of the balloon coating. The micropipette DCE (Mp-DCEB) with opti-
mized coating formulation and instrument parameters was then
compared to the previously developed DCE developed using the
dip coating method (Dp-DCE)

2 | METHODS

21 | Materials

PEQ (average M, 100,000), ethanal (200 proof), phosphate
buffered saline (PBS), methanol, high performance liquid
chromatography (HPLC) grade water, and acetonitrile were
purchased from Sigma-Aldrich (5t. Louis, MO). Paclitaxel (PAT)
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FIGURE 3 Representative images for coating uniformity grades using low magnification images from a camera attached to a light microscope

Coating Uniformity Grade:

Grade 1 = Non-uniform
Grade 2 = Low-uniform
Grade 3 = Semi-uniform
Grade 4 = Mostly-uniform
Grade 5 = Fully-uniform

FIGURE 4 Experimental strategy
for optimization of formulation and
coating strategy for the micropipette
method

was purchased from ChemieTek (Indianapolis, IM) and the 22 | Preparation of coating formulations

balloon inflation device was purchased from Boston Scientific

(Marlborough, MA)L All chemicals purchased were used as PEC was sterilized prior to use by ethylene oxide. The coating formu-
recelved. lation was prepared as previously described (Anderson et al, 2019).
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TABLE 1

Optimization of formulation and coating strategy for the micropipette method. Different combinations of drug formulation, polymer

formulation, and drug coafing layers were assessed for the total drug amount loaded unto the balloon using HPLC and the uniformnity of the
coating using a grading scale. Bolded text indicates balloon was used for further characterization. For HPLC, n = 3 balloons were used and for
coating uniformity, n = 2 balloons were used. Total drug amount is shown as mean = 5D

Balloon Polymer
number Drug formulation formulafion
1 4wt PAT, 1% wt/vol PEO 2.5% wt/val PEO
2 10wt PAT, 2.5% wifvol PEQ  2.5% wt/vaol PEO
3 20wk PAT, 5% wt/vol PEO 2.5% wt/val PEO
4 25 wid PAT, 6.25% wt/vol PEO  2.5% wt/vol PEO
5 26 with PAT, 6.5% wifvol PEQ 2.5% wt/vol PEO
& 30 with PAT, 7.5% wtfvol PEQ 2.5% wt/vaol PEO
7 4wt PAT, 1% wt/vol PEO 5% wtfvol PEO
] 10wt PAT, 2.5% wifvol PEO 5% wtivol PEO
-l 20wtk PAT, 5% wt/vol PEO 5% wtfvol PEO
10 24wt PAT, 6% wt/vol PEO 5% wt/vol PEO
11 25w PAT, 6.25% wt/vol PEO 5% wit/vol PEO
12 26w PAT, 6.5% wthol PEO 5% wt/vol PEO
13 30wtk PAT, 7.5% wtivol PEO 5% wtivol PEO
14 4wt PAT, 1% wt/vol PEO 2.5% wt/val PEO
15 10wt PAT, 2.5% wifvol PEO  2.5% wt/vaol PEO
14 16 wi¥ PAT, 4% wt/vol PEO 25% wt/vol PEO
17 16.7 with PAT, 4.17% wtfvol 2.5% wt/val PEO
PEC
18 17 wits PAT, 4.25% wtfvol PEO  2.5% wt/vol PEO
19 18wtk PAT, 4.5% wtfival PEO  2.5% wt/vol PEO
20 4wt PAT, 1% wt/vol PEO 5% wt/vol PEO
21 10wt PAT, 2.5% wifvol PEO 5% wtivol PEO
22 16 wi¥ PAT, 4% wt/vol PEO 5% wt/vad PEO
23 16.7 witia PAT, 4.17% wtfvol 5% wt/vol PEO
PEC
24 17 wit PAT, 425% wtfval PEO 5% wt/vol PEO
25 18 wii PAT, 45% wtfvol PEO 5% wt/vol PEO
26 4wt PAT, 1% wt/vol PEO 25% wtval PEO
27 10wt PAT, 2.5% wifvol PED  2.5% wt/vaol PEO
28 4wt PAT, 1% wt/vol PEO 5% wt/vol PEO
29 10wt PAT, 2.5% wifvol PEO 5% wt/vol PEO
Dip coat A0 with PAT, 10% wi/vol PEO 5% wt/vaol PEO

Abbreviations: HPLC, high performance liquid chromatography; PAT, paclitasel;

The PAT-PED solution was prepared by dissolving PEO (10%, wt/vol)
in deionized water and allowed to stir at 400 rpm for & hr at room
temperature. Concurrently, PAT (40 wt®) was dissolved in ethanol by
sonicating for 1 hr. After & hr of stirring the dissolved PAT solution
was added dropwise to the PEO solution and allowed to stir at
400 rprm overnight at room temperature. The 5% wt/vol PEO solution
was prepared in the sarme manner, but instead of adding PAT solution,
the equivalent amount of ethanol was added. For micropipette coat-
ing, PAT-PED and PEOQ formulations were diluted to the desired con-
centration using ethanol.

Drug coating Total drug amount Coating uniformity
byers {ng/mm?) (scale)

1 0.41 = 009 Grade 2
1 123+026 Grade 2
1 457 =080 Grade 3
1 9951145 Grade 4
1 1448 + 250 Grade 4
1 17.69 + 187 Grade 3
1 056 £013 Grade 2
1 151 + 061 Grade 2
1 588 +137 Grade 4
1 772z03 Grade 4
1 BA2 =148 Grade 4
1 126+ 1.82 Grade 4
1 1766 £ 521 Grade 4
2 041011 Grade 2
2 2152028 Grade 4
2 10.08 £ 1.97 Grade 4
2 1129134 Grade 4
2 1153+ 192 Grade 4
2 1293+ 110 Grade 4
2 055010 Grade 4
2 25320664 Grade 4
2 901223 Grade 4
2 1151115 Grade 4
2 1566 £ 424 Grade 4
2 1129071 Grade 4
3 067 =022 Grade 4
3 34632114 Grade 4
3 049 = 004 Grade 4
3 4022092 Grade 4
1 984154 Grade 5

PEQ, polyethylene oxide.

23 | Dip coating process

Dip Coated DCB (Dp-DCB) consisted of an inner layer of pohymer-
drug formulation and an outer layer of polymer only formulation as
previously described (Anderson et al., 2019). For the dip coating pro-
cess, plain balloons (EverCross PTA Balloon Catheters, 5 = 20 rnrnl}
were inflated to 4-6 atm and then dipped into the PAT-PED formula-
tion (10% wit/vol PEO, 40 wt?% PAT) for 1 min and dried in a 50°C
oven for 30 min. Next, the balloons were briefly submerged into the
PEO (5%, wtfval) formulation and dried in a 50°C oven for 15 min.
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FIGURE 5 Experimental strategy
for optimization of instrument

parameters for Mp-DCE

Coated balloons were finally deflated and stored at room temperature
until ready for use. A schemafic for the dip coat process is shown in
Figure 1.

24 | Micropipette coating process
Micropipette DCB (Mp-DCB) consisted of one to three layers of
polymer-drug formulation and one layer of polymer only formulation.
A Sono-Tek Medi-Coat DES 1000 ultrasonic spray coater (Sono-Tek
Corporation, Milton, NY) designed to coat stents (Figure 2a) was mod-
ified for the micropipetting process to coat balloons (Figure 2hb).
A syringe pump attached to the spray coater pumps the coating for-
mulation through polytetrafluoroethylene microtubing. The end of the
tubing is positioned just above the balloon surface and acts as the
micropipette tip to coat the balloon. Following inflation of the balloon
to 4-6 atm, a guide wire & inserted through the balloon catheter and
is attached at the distal end of the balloon to a mandrel. The mandrel
is attached to a stepper motor that moves the balloon translationally
aswell as rotates the balloon while coating (Figure 2c).

Following coating, the balloon continued to rotate for 5 min while
a hair dryer on low setting positioned toward the balloon blew warm
air (40-50°C) to dry the coating. This process of coating and drying
was repeated for subsequent PAT-PEQ layers (if applicable) and for
the final PED layer for each balloon. Following coating balloons wene

Fﬁﬁ%ﬁﬂu—WI LEY_L 2

either used immediately for HPLC and coating uniformity analysis or
deflated and stored at room temperature

25 | Image characterizations

251 | Light microscope imaging

Coating uniformity was assessed using an Olympus SZX10 dissecting
microscope (Olympus Corporation, Tokyo, Japan). Following coating
balloons were imaged in the inflated position and a minimum of three
images at different rotational positions of each balloon were obtained.
Coating uniformity was assessed using a grading scale (Figure 3).

252 | Scanning electron microscopy

Surface morphology and coating thickness were assessed using a
Quanta 450 scanning electron microscope (SEM) (FEI, Hillkbom, OR).
For surface morphology, the balloons were deflated then re-inflated
and imaged in the inflated state. Images were obtained of the whaole
balloon and the distal, middle, and prosdmal sections at 50« magnifica-
tion. Images were also obtained at 200x magnification. For coating
thickness, cross sections were obtained by cutting the balloon in such
away to separate the balloon coating from the balloon surface. Cross
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TABLE 2 Optimization of micropipette instrument parameters. Parameters tested included translational speed, flow rate, and revoluion rate
Each parameter combination was assessed for total drug amount loaded unto the balloon via HPLC and for coating uniformity using a grading
scale. Bolded text indicates the Mp-DCE that was used for further characterization and comparison to the Dp-DCB. At least n = 3 balloons were
used for total drug amount and at least n = 2 balloons were used for coating uniformity. The total drug amount is shown as mean £ 5D

Balloon  Transhtional speed(in/s)  Flow rate (nl/min)  Revolutionrate rpm)  Total drug amount (pg/mm?  Coating uniformity (scale)
A 0.050 04 100 195+ 56 2
B 0.100 04 75 135+ 08 4
c 0.100 04 100 124+17 4
] 0.100 04 150 126+ 20 3
E 0.100 04 200 122+07 2
3 0.125 04 100 12209 4
G 0.150 02 100 92422 4
H 0.150 03 100 13743 3
[ 0.150 04 75 9709 4
J 0.150 04 100 117421 3
K 0.150 04 125 125+ 09 4
L 0.150 04 150 93419 4
M 0.150 04 175 128412 3
M 0.150 04 200 100+19 2
(o] 0.150 05 100 115+ 24 4
P 0.150 0.6 100 91103 4
Q 0.150 07 100 84+05 4
R 0175 04 100 109 £ 02 4
5 0.200 04 100 119+07 3

Abbreviations: Dp-DCB, dip coated DCB; HPLC, high performance liquid dhromatography.

sections were obtained from the distal, middle, and proximal sections
of the balloon. A minimum of three images were taken of each cross
section, with five areas measured for coating thickness per image for
a minimum of 45 measurements taken per each balloon.

26 | Thermal and chemical characterizations

To assess thermal properties of the balloon coating and crystallinity
of PAT, a Q200 differential scanning calorimeter (DSC)
(TA Instruments, Mew Castle, DE) was used. To assess chemical
properties of balloon coatings, a Micolet 6700 Fourier transform
infrared (FTIR) spectrometer (Thermo Scientific, Waltham, MA)
equipped with an attenuated total reflectance accessory was used.
For both DSC and FTIR, PEQ powder and PAT powder were used
as controls. Mylon 12 balloon matedal was used as an additional
control for DSC. PAT powder mixed with PEC powder in the same
rafio as the balloon coating formulations was used as an additional
control for FTIR.

27 | Drug quantification

For quantification of total drug loaded onto the balloon, coated bal-
loons were placed in 30 ml of waterethanol (50:50) solution and

sonicated for 5 min or until the coating was completely dissolved
from the balloon. A sample of the drug/ethanol solution was then
analyzed for PAT concentration using our previously developed
method using HPLC (Anderson et al., 201E).

28 | In vitro peripheral artery flow model analysis

281 | Invitro peripheral artery flow model

A previously developed in vitro flow model (Anderson et al., 2019)
using explanted porcine carotid arteries (Smithfield Foods, Inc.
Sioux Falls, 5D) was used to assess drug loss, tissue uptake, and
coating uniformity. The flow model was developed using a peristal-
tic pump that can generate a variable flow rate. A masterflex tubing
of 6.4 mm diameter was used to obtain a flow of 37°C PBS solution
at a rate of 200 ml/min to mimic the blood flow in peripheral arter-
ies. A DCEB insertion site was dedigned using a 7 Fr sheath to allow
the insertion of balloon into the tubing toward the flow direction of
the PBS solution. A standard inflation device designed for angio-
plasty balloon application was used to provide the desired inflation
and deflation of the balloon. A standard guidewire was used to
guide the balloon during insertion in and removal out of the in vitro
model
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Balloon 2

Balloon 6

Balloon 11 Balloon 12

Balloon 16 Balloon 17

Balloon 22

Balloon 21

Balloon 26 Balloon 27

Balloon 3

Balloon 18

Balloon 23

Y s WILEY-_L28

Balloon 4 Balloon 5

Balloon 10

Balloon 15

Balloon 20

Balloon 25

Balloon 28

FIGURE & Coating uniformity of different coating formulations and strategies using the micropipette coating method. Coating formulations
of varying drug formulation concentrations, polymer formulation concentrations, and number of drug layers were assigned uniformity grades
ranging frorm nonuniform {Grade 1) to fully-uniform {Grade 5) For each coating formulation, n = 2 balloons were imaged. Representative images

are shown

282 | Druguptake analysis using an in vitro
peripheral artery flow model

The drug uptake into the tissues was measured using a previously
developed method (Anderson et al., 2018). Briefly, the deflated bal-
loon was inserted through the sheath into the tubing using standard
vascular technigues while 37°C PBS flowed through at a rate of
200 ml/min for 30 s to mimic the transit time to the first treatment
site. Mext, the balloon was inserted into an artery submerged in 40 mil
of PBS and inflated for 30 s to assess drug uptake at the first treat-
ment site. The balloon was then deflated and removed from the
artery. Additional 37°C PBS flowed over the balloon for 30 s to mimic
transit to the second treatment site. The balloon was then inserted

into a second artery subrmerged in 40 ml of PBS and inflated for 3 min
to assess drug uptake at the second treatment site. The inflation pres-
sure of 10-12 atm was used to obtain tight fit of the balloon in the
arteries during the first and second inflations. HPLC was performed
on all drug containing samples (both tissues and testing fluid). A total
of n= 3 balloons were used for each balloon type.

283 | Assessing coating uniformity using an
in vitro peripheral artery flow model

To assess coating uniformity prior to each inflation (Anderson et al.,
2019), the balloon was imaged using a dissecting microscope
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In vitro drug release of the four optimized micropipette balloon types using an in vitro peripheral artery flow model. Both the

TABLE 3

FLMGLSEY T s

amount of drug and percentage of drug released are shown. Additional drug was lost during the inflation periods in the PBS containing solutions.
For each coating formulation, n = 3 balloons were used. The mean £ 5D is shown

30 s iritial loss Drugin first artery 30 s intermediate loss ~ Drugin secondartery  Residual drug on balloon

Balloon 4

Dirug amounts 19 % 04 pg/mm’ 572+ 183 ng/mg 14 0.3 pgfmm® 342 + 187 ng/fmg 12 %05 pg/mm®
% of drug released 2+ 6% 16+ 4% 22+ 5% Tx2% 19+ 8%

Balloon 11

Dirug amounts 0.9 £ 0.3 pg/mm? 793+ 104 ngfmg 18 % 0.3 pgfmm? 756 £ &4 pg/mm? 17 %19 pg/mm®
% of drug released 12 + 3% 19+ 4% 23+ 5% 17 £ 1% 21+ 24%
Balloon 14

Diug amounts 14 £ 0.1 pg/mmr 445 2 107 ng/mg 1.2 £ 0.2 pg/mm? 475 £ 105 ng/mg 3.3 £ 08 pg/mnt
% of drug released 16+ 1% 15+ 3% 14 + 2% 12 + 0% 38+ 9%
Balloon 22

Drug amounts 14+ 01 pg/mm”® 1,166 + 274 ngfmg 1.0 £ 0.2 pg/mm> 1045 + 332 ng/mg 18 £ 0.2 pg/mm’
% of drug released 16 = 2% 252 T% 12 = 2% 18 = X% 21+ 3%

following the 30 s initial transit period and prior to inflation in the first
artery. Two balloons were used for each balloon type to obtain a total
of six images, with a minimum of three images obtained from each
balloon. The balloon was imaged again prior to inflation in the second
artery.

29 |
strategy

Optimization of coating formulation and

Figure 4 shows the study design to optimize the formulation and coat-
ing strategy of the different balloon types A maximum of three coat-
ing layers were used to keep the coating within the desired thickness
(=75 pm) and for ease of execution. Light microscopy and HPLC wene
used to assess coating uniformity (n = 2) and HPLC (n = 3), respec-
tively, on each set of drug formulation, drug coafing layers, and poly-
mer formulation balloon type combinations. Additional combinations
were added until acceptable coating uniformity (Grades 4 and 5), drug
load (B-10 pg/mm® chosen based on our previous study (Anderson
et al, 2019 to deliver drug to multiple sites), and reproducibility
(=25% variance) were observed in four of the balloon type combina-
tions. The different combinations of drug formulation, polymer formu-
lation, and drug coating layers tested are listed in Table 1. Based on
the full characterization results, one balloon with the best owerall
results was used for optimizing the parameters on the micropipette
instrument.

210 |
strategy

Optimization of instrument parameter

Figure 5 shows the study design to optimize the instrument parame-
ters for Mp-DCB. A complete list of parameters tested can be found
in Table 2. Once a combination of instrument parameters with the

best coating uniformity (=Grade 4), drug load (B-10 pg/mm’), and
reproducibility (lowest variance) was established, full characterization
was performed. These results were then compared to the Dp-DCB.

211 | Statistical analysis

Unless otherwise specified, n = 3 balloons were used to carryout experi-
ments. The data collected is represented as mean * 5D. A one-way anal-
ysis of variance was used to determine statisfical significance at p < 05,

3 | RESULTS

3.1 | Formulation and coating strategy
optimization

Prior to assessing the optimal coating formulations for micro-
pipetting, the drug formulation containing 4 wit®% PAT and 1%
wit/vol PEC was determined to have the lowest viscosity that can
still adhere to the balloon. The drug formulation containing 30 wi
PAT and 7.5% wt/vol PEQ was determined to have the highest vis-
cosity that can be pumped by the syringe pump through the drug
delivery tubing The remaining coating formulations tested were
between these two concentrations. Different concentrations of PEQ
for the polymer only top layer were also tested in order to minimize
drug loss during the initial transit period while keeping the top layer
thin. The polymer formulation containing 2.5% wt/vol PEOQ was
determined to be the lowest concentration of PEO that could stil
adhere to the balloon while the polymer formulation containing 5%
wi/vol PEC was determined to be the highest concentration of PEOQ
that did not cause the coating to be too thick It was also observed
that coating more than two drug layers resulted in a dramatic
increase in coating thickness while not increasing the drug load onto
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Balloon 4

Balloon 11
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Balloon 22

Thickness: 56.3

b
Balloon Balloon
I | A

200 pm SO0 pm
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200K Light Microscopy

2 mm

Grade 4

Thickness: 44.5 £ 7.8 um{ 39 Thickness: 55.0 £ 12.8 pm

Coating cross-section Coating cross-section

g T 3—7—"--&..__--- I
H-

3 Balloon
Balloon

200 pm 200 pm

FIGURE 7 Characterization of coafing marphology, uniformity, and thickness for different coating formulations. (a) Coating morp hology was
amessed using the following scanning electron microscope (SEM) images: full balloon, proximal section, middle section, distal section, and the
surface at 200= magnification. Coating uniformity was assessed using light microscopy and assigning a grade based on uniformity. For both SEM
and light microscopy, n = 3 balloons were imaged. Representative images are shown. (b) Cross sections were obtained from the proximal, middle,
and distal sections for each different coating formulation and imaged via SEM. The thickness of the coating was measured for each cross section,
with three images taken per cross section and five measurements taken per image. Representative images are shown

the balloon. Coating more than two drug layers alko increased the
manufacturing time. The drug formulation, polymer formulation, and
number of drug layers for each coating formulation tested can be
found in Table 1. Each different coating formulation was assessed
for coating uniformity using light microscopy and assigning a unifor-
mity grade based on a coating uniformity scale (Figure 3). Represen-
tative images for each balloon type are provided in Figure 6. The
total amount of drug loaded onto the balloon was also assessed
using HPLC (Table 1). The following four balloons from Table 1 were
chosen for further characterization based on acceptable coating uni-
formity (Grades 4 or 5), total drug load (B-10 pg/mm?), and repro-
ducibility (=25% variance): Balloons 4, 11, 16, and 22.

3.2 | Characterization of four optimized
formulation and coating strategy balloons

321 |
thickness

Coating uniformity, morphology, and

The light microscopy images all showed mostly-uniform coatings
(Grade 4) for Balloons 4, 11, 16, and 22 (Figure 7a). SEM images taken
of the full balloon, prosdmal section, middle section, distal section, and
high magnification dermonstrated homogenous coatings for all the Bal-
loons 4, 11, 16, and 22 (Figure 7a)l Balloons 11 and 16 demonstrated
no major defects such as cracking peeling off, or delamination.
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{a] T FIGURE 8 Differential scanning
1 calorimeter (DSC) (a) and Fourier
j (1) PEQ Powder transform infrared (FTIR) (b) of the four
54 optimized Mp-DCB
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TABLE 4 Invitro drug release of the Dp-DCB and optimized Mp-DCB using a porcine explanted carotid artery model. Both the percentage

and amount of drug released are shown. Additional drug was lost during the inflation periods in the PBS containing solutions. A total ofn =3

balloons were tested for each coating method. The mean £ 5D is shown

30sinifialloss  Druginfistatery 30 sintermediate loss  Drug insecond artery
Dp-DCB

Drug amounts 13202 pgfmm® 569 + 45 ng/mg 13 % 04 pgfmm® 411 + 244 ng/mg

% of drug released 19 = 3% 20 = 0% 18 = 5% 122 7%

Mp-DCB

Dirug amounts 15 £0.2pg/mm® 443 & 66 ng/mg 1.3 £ 0.3 pe/mm? 544 + 302 ng/mg

% of drug released 24 2 4% 15+ 1% 20 % 4% 152 7%

Residual drug on balloon

11+ 07 pg/mm’?
16+ 10%

10 £ 0.3 pg/mm®
16 % 5%

Abbreviations: Dp-DCB, dip coated drug coated balloon; Mp-DCB, micropipette drug coated balloor; PBS, phosphate buffered saline.
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Balloon 11

Balloon 4

Prior
Inflation 1

Prior
Inflation 2

Y s WILEY-_L2%

Balloon 16 Balloon 22

FIGURE 9 Coating uniformity of four optimized Mp-DCB balloon types prior to the first and second inflations in an in vitro peripheral artery

flow model. For each coating formulation, n = 2 balloons were tested

Balloon 22 demonstrated minor cracking while Balloon 4 had signifi-
canthy more cracking (Figure 7 a).

The coating thickness for each balloon was measured using
SEM images of cross sections obtained from the proximal, middle,
and distal sections for each balloon. The average coating thickness
for Balloons 4, 11, 16, and 22 were 56.3% 254 pm, 590
+ 152 pm, 44.5 = 7.8 pm, and 550 % 138 pm, respectively. Bal-
loon 16 had a coating thickness most similar to the DCB previ-
ously reported along with the most uniform thickness amongst the
four balloon coating formulations (Figure 7b) {Anderson
et al., 2019).

322 | Thermal and chemical properties

DSC spectra comparing Balloons 4, 11, 14, and 22 to control PEO
powder, PAT powder, and nylon 12 balloon material revealed a melt-
ing point for PEO powder at 69°C. Balloons 4, 11, 16, and 22 had sim-
ilar melting points at 63, 63, 60, and 61°C, respectively. The peak
observed at approximately 178°C on each of the four balloons was
from the nylon 12 balloon material The PAT powder demonstrated
an endothemnic peak at 221°C, indicating a crystalline nature for the
PAT powder. Importantly, this peak does not exist for Balloons 4, 11,
16, or 22, indicating that PAT is in the amorphous form in the balloon
coatings (Figure Ba) as previously reported (Anderson et al, 2018,
Anderson et al, 2019).

For FTIR spectra, the characteristic peaks of PEOQ were observed
in all the PEO containing samples (Anderson et al, 2016). The charac-
teristic PAT peaks were observed only in the PAT control and PAT-
PEC physical powder mixture and not in the any of the balloon sam-
ples (Anderson et al, 2016). This suggests that the PAT s molecularly
dispersed in the PEO matrix of the balloon coatings (Figure Bb) as we
have previously seen (Anderson et al, 2014; Anderson et al, 2018;
Anderson et al, 2019).

3.23 | Invitro peripheral artery flow model

Prior to in vitro artery flow model studies, the total amount of drug
loaded on to each balloon was quantified using HPLC {n = &). Balloons
4, 11, 16, and 22 had total PAT amounts of 9.9 + 1.4 pg/mm®, 9.2
+ 1.5 pg/mm?, 103 + 2.1 pg/mn’, and 9.0 + 22 pg/mm?, respectively.
in witro drug release and tissue uptake was assessed for each opimized
balloon formulation wsing an in vitro peripheral flow model with
explanted porcine carotid arteries. A complete list of amount and per-
centage of drug released at each step in the mode is listed in Table 3.
For each different formnulation, n = 3 balloons were tested. During the
initial 20 s transit period to the first treatrment site (20 s initial loss), 29
+ 6%, 12 + 3%, 14 + 2%, and 16 = 2% of total drug loaded was lost for
Balloons 4, 11, 16, and 22, respectively. During the 30 s intermedate
loss period representing the transit from the first inflation site to the
second inflation site, 22 + 5%, 23+ 5%, 16 % 1%, and 12 + 2% of drug
was lost for Balloons 4, 11, 16, and 22, respectively. Balloon 4 {first
artery: 572 + 183 ng/mg second artery: 342 + 187 ng/mg), Balloon
11 (first artery: 793 = 104 ng/mg; second artery: 756 £ &4 ng/mg), Bal-
loon 16 (first artery: 465 £ 107 ng/mg; second artery: 475 = 105 ng/
mg), and Balloon 22 {fist artery: 11467 = 274 ng/mg; second artery:
1066 + 332 ng/mg) did not show significant differences in drug
amounts between the first and second treatment arteries. Out of the
four balloons, Ballbon 16 provided the optimal results in the in vitro
flow model based on its low drug loss during the transit periods while
ako delivering similar drug uptake in both the first and second treat-
ment artefes.

The in vitro peripheral artery flow mode was akko used to assess
coating uniformity before the first and second inflations. Based on
observations from light microscopy images in Figure 9, the coating uni-
formnity prior to the first inflation was mosthy uniform for all four balloon
types with Balloons 16 and 22 displaying a higher degree of uniformity.
Prior to the second inflation, Balloon 16 had the most uniform coating
compared to the other three balloon types Therefore, Balloon 16 was
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Balloon A Balloon B

Balloon C Balloon D

Balloon E

Grade 2

Balloon |

Grade 4

Balloon M

Balloon F

Grade 4

Balloon J

Balloon N

Grade 4

Balloon K

Balloon H

Grade 3

Balloon L

Grade 4

Balloon P

Grade 4 Grade 4

Grade 4

Balloon 5 Dip Coat

FIGURE 10 Coating uniformity of balloons developed using different instrument parameters. Each balloon was assigned a grade based on
uniformity with Grade 1 being nonuniform and Grade 5 being fully uniform. At least n = 2 balloons were imaged for each different set of
parameters. Representative images are shown. The Dp-DCE is shown for comparison

chosen as the opfimal coating formulation based on the following fac-
tors: smooth and uniform coating appearance with no visible cracks,
thin and uniform coating thickness, similar drug uptake in both treat-
ment arteres, and mosthy uniforn coating available prior to each treat-
ment However, the balloon demonstrated low drug load reproducibility
50 further instrument parameter optimization was performed.

33 | Optimization of micropipette instrument
parameters

Balloon 16 coating formulation and strategy were used for all instru-
ment parameter optimizations. The following instrument parameters

were optimized: translational speed, flow rate, and revolution rate
For each parameter optimization, the lowest and highest parameter
values were determined based on limitations of the instrument and
the ability to produce a uniform coating. Parameter values between
the lowest and highest limitations were then assessed for coating uni-
formity, total drug load, and reprodocibility. A list of parameters
tested and the results for each balloon are provided in Table 2. Coat-
ing uniformity was assessed using a light microscope and the grading
system in Figure 3. Representative images of the coating uniformity
for each instrurnent parameter are shown in Figure 10. Balloon P had
the set of parameters with the optimal combination of coating unifor-
mity (=Grade 4), acceptable drug load {E-10 L@fl‘ﬂl‘ﬂz'l. and drug load
reproducibility (lowest wvariance) (Table 2). Ballbon P {optimized
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(a)  Full Balloon Proximal Middle

Dip Coat

Micropipette

C;

Dip Coat

Thickness: 38.6 + 11.6 pm

Coating cross-section

T

*
Balloon

FIGURE 11

2 mm

| EEY LEY |2

Distal 200% Light Microscopy

Grade 5

2 mm Grade 4

Micropipette
Thickness: 46.9 + 10.4 um

Coating cross-section

[ 3

Balloon

Coating unifarmity, morphology, and thickness of the dip coat and the optimized micropipette balloon. (a) Scanning electron

micrescope (SEM) images of the full balloon, proximal section, middle section, distal section, and surface at 200= magnification and light
microscopy images displaying the uniformity grade. For both SEM and light microscopy, n = 3 balloons were imaged. Representative images are
shown. (b) Representative SEM cross-sectional images showing average coating thickness. Cross sections were obtained from the proximal,
middle, and distal sections. A minimum of three images were taken for each cross secion, with five measuremnents taken per image

micropipette balloon) was further characterized for coating uniformity,
morphology, thickness, themnal and chemical properties, and in vitro
peripheral artery flow mode analysis. These results were compared to
the Dp-DCB to assess the differences between each coating method.

34 | Characterization of optimized micropipette
and dip coated DCBs

341 |
thickness

Coating uniformity, morphology, and

Coating uniformity was assessed using light microscopy images
taken of the balloons developed using each of the coating methods.
The optimized Mp-DCB was determined to be mostly wniform

(Grade 4) while the Dp-DCE was fully uniform (Grade 5, Figure 11a),
indicating that the dip coat method provides a more uniform coating
along the axis length of the balloon. To assess coating morphology,
SEM images of the full balloon, proximal section, middle section, dis-
tal section, and at high magnification were obtained. Both the Dp-
DCB and Mp-DCB displayed smooth, homogenous coatings. Mo
major defects were observed in the Dp-DCB whereas some minor
cracking was observed in the Mp-DCE (Figure 11a).

SEM was used to measure coating thickness of proximal, middle,
and distal balloon cross sections. The average coating thickness for
the Dp-DCB was 3B.6 % 11.6 pm giving a variance of 30% while the
Mp-DCB had an average thickness of 46.9 £ 10.4 pm giving a variance
of 22% (Figure 11b). Therefore, the micropipette method provided a
more uniforn thickness of the coating compared to the dip coat
method.
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(a) s+ FIGURE 12 Differential scanning
1 (1) PEO Powder calorimeter (D5C) (a) and Fourier
transfom infrared (FTIR) (b) of the
731 Dp-DCB and optimized Mp-DCB
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342 | Thermal and chemical properties

Figure 12a shows the DSC spectra comparing the optimized Mp-
DCB, the Dp-DCB, PEC powder, PAT powder, and mydon 12 bal-
loon material. The PED powder had a melting point of 69°C. The
dip coat and micropipette balloons had similar melting points at
&4 and 59°C, respectively. A melting peak for the nylon 12 balloon
material was observed at 172°C and a similar peak at 1BO°C
was present in both the dip coat and micropipette balloon.
The PAT powder had an endothermic peak at 221°C, indicating
its crystalline state. Meither the dip coat nor the optimized micro-
pipette balloons contained this peak, indicating PAT remained in
the amorphous nature despite the coating method uwsed
(Figure 12a).

The FTIR spectra demonstrated the characteristic peaks of PEO
in the PEO powder control, PAT/PED physical powder mixture, Dp-
DCB, and optimized Mp-DCE (Anderson et al, 2016L The PAT
powder and the PAT/PEO physical powder mixture demonstrated
the characteristic peaks of PAT previously mentioned (Anderson
et al., 2016). These peaks were absent in the dip coat and micropi-
pette balloons, indicating that PAT remained molecularly dispersed
in the PEOQ matrix of each balloon coating type (Figure 12h).

343 | Invitro peripheral artery flow model

Prior to in vitro studies, the total amount of drug loaded onto each
balloon (n = &) was determined to be 9.8 + 1.4 pg/mm” for the Dp-
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FIGURE 13 Coating uniformity
of dip coat and optimized
micropipette balloons prior to the first
and second inflations in an in vitro
model using explanted porcine carotid
arteries. For each coating method,

n = 2 balloons were imaged

Prior
Inflation 1

Prior
Inflation 2

TABLE 5 Advantages and disadvantages of the dip coat and
micropipette coating methods for MR-TMD-DCB
Dp-DCB Mp-DCB
Advantages * Ease of process s Automated process
+ Uniform coating + Uniform coating
morphology thickness
+ Coating morphology  «  Improved drug load
contains no major reproducibility
defects * Paclitaxel exists in
» Paclitaxel exists in the amorphous form
the amorphous form  «  Optimal drug tissue
« Optimal drug tissue uptake inan in vitro
uptake in aninvitro flow model
flow model * Manufacturable in
industry setting
Disadvantages = Manual prooess * More waste of

* Increased variability oating formulation
in coating thickness  »  Increased complexity
+ Decreased of coating process
reproducibility of + Possible chances of
drug load minor defeds in
oating momphology
Abbreviaions: Dp-DCB, dip-coated DCB; Mp-DCB, micropipette DCE;
MR-TMD-DC B, multiple release tailored medical devices DCB.

DCBand 24 £ 08 pg.-’rnmj for the optimized Mp-DCE. Table 4 shows
the results from the in vitro peripheral artery flow model comparing
the Dp-DCB and Mp-DCB. During the initial 30 s transit period,
19+ 3% of drug was lost with the Dp-DCE and 24 * 4% of drug was
lost with the Mp-DCEB. During the 30 s intermediate loss period, the
Dp-DCB lost 1B + 5% of drug and the Mp-DCB lost 20 £ 4%. For
the Dp-DCB, drug uptake in the first artery was 569 £ 45 ng/mg and

Dip Coat

Y sear, WILEY_| 222

Micropipette

411 + 244 ng/mg in the second artery. For the Mp-DCB, drug uptake
in the first artery was 443 + 66 ng/mg and 544 + 302 ng/mg in the
second artery. Mo significant differences in drug amount were found
between the first and second arteries for either the Dp-DCB or
Mp-DCB.

Figure 13 shows the images prior to the inflation in the treatment
arteries in the in vitro peripheral artery flow model. The Dp-DCB and
Mp-DCB were both mosthy uniform prior to the first and second infla-
tions in the treatment arteries. These results indicate that the type of
coating method did not affect the drug uptake or coating uniformity
through an in vitro peripheral artery flow model.

4 | DISCUSSION

The method used to coat DCBs can determine coating uniformity,
morphology, thickness, drug load, drug crystallinity, and drug release,
all of which are important aspects to consider when developing DCBs
(Tesfamariam, 2016; Xiong et al, 2016). The coating should be uni-
form to deliver drug evenly to the artery wall (Seidlitz et al., 2013).
Additionally, the coating should be thin, smooth, and contain minimal
defects to minimize drug loss and particulate formation (Kaule et al.,
2015; Seidlitz et al, 2013). The drug load should also be sufficient
to deliver a therapeutic amount of drug to the treatment site
(Tesfamariam, 2014). The crystallinity of PAT is also important to con-
sider as crystalline PAT may form embolism causing particulates, an
issue with current FDA approved DCBs (Kolodgie et al, 2016
Krishman et al, 2017; Torii et al, 2019} Conversely, amorphous PAT
reduces the risk of particulate formation and improves drug solubility
in the tissue (Krishnan et al, 2017). The concentration of excipient
and drug in the coating formulation, and the number of coating layers
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applied onto the balloons can be properly tuned to reduce drug loss
during transit periods and maximize the amount of drug delivered to
the treatment site (Anderson et al, 2019; Tesfamariam, 2016; Xiong
et al., 2014).

In this study, an automated micropipette method using a modified
stent spray coater was developed and optimized for the coating of
the MR-TMD-DCE. Micropipetting was chosen as the coating method
based on its ability to be automated, produce a uniform and reproduc-
ible coating, and its ability to accommodate viscous drug formulations
(Petersen et al, 2013). The formulation and coating strategy were first
opfimized by assessing the drug amount lcaded onto the balloon and
coating uniformity of different combinations of drug formulation,
polymer formulation, and the number of drug layers coated onto bal-
loons. Four balloons with the best combination of drug load and uni-
form coatings where chosen for further characterization: Balloons
4,11, 16, and 22

When optimizing the Mp-DCB coating, two different concentra-
tions of polymer formulation (2.5 and 5% wt/vol PEQ) were assessed.
The purpose of the PEC layer in the balloon coating is to reduce the
amount of drug loss in transit to the treatment site in order to deliver
an optimal, therapeutic amount of PAT to the artery tissue (Anderson
et al, 2019). It is also important for the PEO layer to not add too
much thickness to the balloon, as this can impose difficulties in folding
the balloon, increase the cross-sectional profile of the balloon, and
thus complicate the passage of the balloon through the sheath (Kaule
et al, 2015). When characterizing Balloons 4, 11, 16, and 22, formula-
tions containing 2.5% PED as the top layer was determined to be the
opfimal concentration of PEQ to minimize drug loss in the in vitro
flow model while keeping the coafing thin. A drug load of B-10 pg/
mm’ PAT was used as a desirable range 50 as to achieve the required
tissue drug uptake in multiple treatment sites. Moreover, the MR-
TMD-DCE is designed for the treatment of multiple lesions with a sin-
gle balloon. If a patient was treated for two lesions with the FDA
approved IN.PACT DCEB, two DCBs would be used, exposing the
patient to 7 pg/mm® of PAT as a single INPACT DCE contains
3.5 pg/mm® PAT (Peterson, Hasenbank, Silvestro, & Raina, 2017). A
study by Kelsch et al. (2011) also demonstrated a balloon coated with
9 pgi/mm? PAT was tolerated well in porcine model with no adverse
events.

Of the four balloons, Balloon 16 demonstrated optimal drug load,
coating uniformity and momhology, chemical, and thermal properties,
and equivalent drug delivery into two separate arteries in an in vitro
peripheral artery flow model. Different instrument parameters wene
then optimized to reduce drug load variance The following combina-
tion of instrument pararmeters was determined to have optimal drug
load, coafing uniformity, and reproducibility: 0.150 in/s translational
speed, 0.6 mlfmin flow rate, and 100 rpm revolution rate. This opti-
mized Mp-DCE was then compared to the Dp-DCB. The summary of
comparison between the optimized Mp-DCB and Dp-DCB is provided
in Table 5. In general, the micropipette balloon had similar properties
to the DCB with better uniformity of coating thickness, and an
improved drug loading reproducibility. In contrast, the dip coat
method had better overall uniformity in coating morphology

compared to the micropipette balloon. Importantly, PAT remained
amomphous and molecularly dispersed in the PEQ matrix in the Mp-
DCE (Anderson et al, 2018; Anderson et al, 201%).

While the optimized Mp-DCB demonstrated similar characteris-
tics compared to the Dp-DCB, further optimization is needed. This
includes improving the coating uniformity along the axis length of the
balloon to consistently achieve a fully uniform coating with no defects
such as cracking. Moreover, further optimization of the micropipette
may improve the reproducibility to a greater extent. The micropipette
process may be improved by encasing the system in an inert atmo-
sphere, which may help to spread the coating more evenly around the
balloon. Moreowver, in the current micropipette apparatus, a hair dryer
was used to dry the balloon coating. Airflow was therefore based on
hair dryer settings and the temperature was controlled based on the
distance the dryer was placed from the ballbon. The addition of a
built-in heating systern may improve the micropipette system as it
would be easier to control the temperature and airflow to dry the
coating. In the future, it may also be beneficial to develop an auto-
mated dip coat method and compare the coating to the automated
micropipette method.

5 | CONCLUSIONS

This study demonstrated the feasibility to develop an automated
micropipette method for coating a DCB designed to treat multiple
lesions. The coating formulation and strategy along with instru-
ment parameters were optimized to produce a balloon with a
mostly uniform, thin coating with minimal defects and a desirable
reproducible drug load. Moreover, the resulting micropipe tte coat-
ing demonstrated optimal drug uptake in arterial tissue in an
in vitro flow model and had characteristics similar to a balloon
coated using the dip coat method.
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