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Abstract
Drug-coated balloons (DCB), which have emerged as a therapeutic alternative to drug-eluting

stents in percutaneous cardiovascular intervention, are well described with regard to clinical

efficacy and safety within a number of clinical studies. In vitro studies elucidating the correla-

tion between coating additive and DCB performance are however rare but considered impor-

tant for the understanding of DCB requirements and the improvement of established DCB. In

this regard, we examined three different DCB-systems, which were developed in former stud-

ies based on the ionic liquid cetylpyridinium salicylate, the body-own hydrogel hyaluronic acid

and the pharmaceutically well-established hydrogel polyvinylpyrrolidone, considering coating

morphology, coating thickness, drug-loss, drug-transfer to the vessel wall, residual drug-con-

centration on the balloon surface and entire drug-load during simulated use in an in vitro ves-

sel model. Moreover, we investigated particle release of the different DCB during simulated

use and determined the influence of the three coatings on the mechanical behavior of the bal-

loon catheter. We could show that coating characteristics can be indeed correlated with the

performance of DCB. For instance, paclitaxel incorporation in the matrix can reduce the drug

wash-off and benefit a high drug transfer. Additionally, a thin coating with a smooth surface

and high but delayed solubility can reduce drug wash-off and decrease particle burden. As a

result, we suggest that it is very important to characterize DCB in terms of mentioned proper-

ties in vitro in addition to their clinical efficacy in order to better understand their function and

provide more data for the clinicians to improve the tool of DCB in coronary angioplasty.
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Introduction
In recent years, drug-coated balloons (DCB) providing a short-term transfer of the antiproli-
ferative drug paclitaxel (PTX) to the arterial wall have emerged as an upcoming therapeutic al-
ternative to drug-eluting stents (DES) in the field of vascular intervention [1]. In fact, they shall
reduce the ongoing complications of in-stent restenosis and late stent thrombosis associated
with stent implantation by a high initial drug delivery to the vessel wall with little impact on
long-term healing [2]. Furthermore, the absence of a remaining foreign body in the artery and
high deliverability are opening the opportunity of their use in small vessels, bifurcations or
long lesions, which are hardly accessible by stents [2] [3]. In the past ten years a lot of clinical
research has been done to prove the clinical efficacy of DCB either in comparison to bare metal
stents (BMS) or DES [4] [5]. However, the development of DCB is complex as especially the
coating should be robust enough to physically maintain the drug on the surface of the balloon
during transit of the device through hemostatic valves, introducers, guiding catheters and the
vascular system while still allowing a rapid, uniform and efficient drug transfer to the vessel
wall during balloon dilatation. As aforementioned the currently engaged drug is PTX, which
has proven a rapid uptake by the intima, a high retention rate and a sustained biological effect
[6]. Often, transfer agents are additionally applied in order to enhance the drug transfer capa-
bility [1] [7]. Some of them are well studied as e.g. the contrast agent iopromide [8], urea [9]
and plasticizers [10].

While DES coatings are designed as a drug reservoir in order to allow a sustained drug re-
lease over a long time period [11], described coating matrices used for DCB are rather hydro-
philic and loose to guarantee an entire drug transfer during balloon dilatation. For that reason
especially drug wash-off rates during transit of the device through the vascular system should
not be underestimated. For instance, while Kelsch et al. [5] reported PTX wash-off rates of up
to 26% and 36% for urea- or iopromide-based DCB, respectively, Berg et al. [7] observed drug
wash-off rates of 42% for an iopromide-based formulation during an in vitro passage through a
hemostatic valve and a guiding catheter.

In this regard, we developed and established three different matrices for DCB based on (i)
the ionic liquid (IL) cetylpyridinium salicylate (Cetpyrsal) [12], (ii) the natural and body-own
hydrogel hyaluronic acid (HA) [13] and (iii) the synthetic but pharmaceutically often applied
hydrogel polyvinylpyrrolidone (PVP) [14] in previous studies. We considered IL as attractive
matrix for DCB, because important physical, chemical and biological properties are tunable
[15] by combination of various e.g. pharmaceutical active anions and cations within a broad
range [16] [17]. The use of a body-own hence highly biocompatible coating like HA or phar-
maceutically well-established PVP as drug reservoir and transfer agent was assumed of high in-
terest for DCB, having in mind that many of the interventional cardiovascular devices already
incorporate a hydrophilic lubricious coating in order to ease movement through the vascula-
ture [18] [19].

In our first in vitro studies, the IL- and both hydrogel-based coatings evidenced good perfor-
mance with regard to drug loss and transfer. For example, we determined drug wash-off rates
of 28% for the Cetpyrsal/PTX,< 5% for the HA/PTX and 34% for the PVP/PTX coating and
drug transfer rates of 40%, 50% and 49%, respectively [12] [13] [14]. Although values are not
comparable as different in vitromodels were used for their determination, we like to conclude
from these data that the application of either IL or hydrogels approved as promising matrices
for DCB at first sight. Chosen additives seem to indeed guarantee good adherence of the drug
to the balloon surface by low water solubility and efficient drug transfer upon balloon dilatation
by swelling combined with drug elution upon compression.
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Within this study, we compare the three established DCB with the aim of correlating coat-
ing characteristics with DCB performance, which should be considered as highly important for
the understanding of the DCB coating requirements and hence the improvement of established
DCB. In this regard, we provide identical conventional balloon catheter with the different coat-
ings and evaluate their coating morphology, coating thickness, drug loss, drug transfer, and re-
sidual drug load as well as particle release during simulated use in the same in vitro vessel
model. Moreover, we determine the influence of the three coating additives on the mechanical
behavior of the balloon catheter. Besides the aforementioned correlation of DCB properties
with their performance, this thorough in vitro evaluation, considering the specific requirements
and challenges of DCB, should furthermore provide a testing platform for further DCB.

Experimentals

Materials
All chemicals were purchased from Sigma-Aldrich (Taufkirchen, Germany), Mallinckrodt
Baker (Griesheim, Germany), SERVA Feinbiochemica (Heidelberg, Germany), Thermo Scien-
tific (Karlsruhe, Germany), or Merck (Darmstadt, Germany) in p.a. quality or higher if not
indicated differently.

HA sodium salt from streptococcus equi (Mw = 1,500,000 g/mol,<1% protein impurities,
Fluka, Taufkirchen, Germany), PVP (K90, Mw = 360,000 g/mol, Sigma-Aldrich, Taufkirchen,
Germany), Cetpyrsal (self-synthesized, see following paragraph) and PTX (>99.5%, Cfm
Oskar Tropitzsch e.K., Marktredwitz, Germany) were used as coating matrices and model
drug, respectively.

For the characterization of the coating thickness, tubes of polyetherblockamide (PEBAX
7033 SA01), known as standard material for the balloons of balloon catheters, of 5 mm in
length and diameter (Ao = 78.5 mm²), provided by Biotronik SE & Co. KG (Erlangen, Ger-
many), were drawn on stainless steel bars of the same diameter (5 mm) for better handling and
used as model balloon surface.

For all other experiments folded and uncoated PEBAX balloon catheters of 4 mm in diame-
ter (nominal diameter in expanded state) and 30 mm in length (Ao = 377.0 mm²) were kindly
provided by Biotronik SE & Co. KG.

Synthesis of Cetpyrsal
Cetpyrsal was synthesized according to Bica et al. [20] and Petersen et. al. [12]. Briefly, 10.32 g
cetylpyridinium chloride and 4.48 g of sodium salicylate were dissolved in 50 mL of water/ace-
tone (1:1, v/v) and the solution was stirred at 23°C ± 2°C overnight. Subsequently, 100 mL of
water was added to the reaction solution prior to extraction with dichloromethane for at least 5
times. In order to remove residual sodium chloride (NaCl), the combined extracts were washed
with water until no more chloride ions could be detected in the washings (checked by addition
of AgNO3 solution). Finally, the extract was dried over a molecular sieve and dichloromethane
was evaporated under reduced pressure. The resulting Cetpyrsal was a crystalline slightly yel-
low powder. 1H and 13C NMR spectra were recorded in DMSO-d6 at 23°C on a Bruker
AVANCE 300 III spectrometer (Coventry, UK) for verification of the structure.

Preparation of different PTX-loaded coatings on tubular PEBAX and on
balloon catheter

Cetpyrsal-based coating. Firstly, PTX and Cetpyrsal were dissolved separately in metha-
nol (MeOH) to obtain concentrations of 4.72 mg/mL. Secondly, the PTX solution was diluted
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1:1 with the Cetpyrsal solution in order to obtain a PTX concentration of 50% (w) in Cetpyrsal.
Thirdly, we slowly pipetted 100 μL of the resulting Cetpyrsal-PTX solution on the PEBAX tube
(78.5 mm2) in order to acquire the established PTX surface load of 3 μg/mm2 [21]. The volume
of 100 μL turned out to be best manageable for the coating of a surface of the aforementioned
78.5 mm2 in preliminary experiments [12]. The constant PTX concentration of 2.36 mg/mL
in the solution thus resulted from the predefined volume of 100 μL and PTX surface load of
3 μg/mm2. For the coating of balloon catheters, which were left in folded condition, the pi-
petted volume was adapted in accordance to the surface to be covered. During the manual pi-
petting the tubes as well as the balloons were rotated in a weak air stream to guarantee a full
evaporation of the solvent. Finally, all coatings were dried at 23°C ± 2°C overnight.

HA-based coating. The HA-based coating was developed and optimized with regard to
adherence to the balloon surface and crosslinking condition in our previous research [13]. Op-
timized coating conditions were applied here. Briefly, we silanized the PEBAX tubes, drawn on
stainless steel bars, or the balloon catheter with 3-glycidoxypropyl-trimethoxysilane (GPTMS)
to enhance the adhesion of the HA coating on the substrate. Therefore, PEBAX samples were
treated by O2-plasma at 45 W for 3 min with a radio frequency plasma generator (frequency
13.56 MHz, Diener electronic GmbH & Co. KG, Ebhausen, Germany) at a low pressure of 0.3
mbar in order to generate free hydroxyl groups on the surface. For subsequent silanization,
4 mL of 1% (w) GPTMS dissolved in dry toluene was poured over each sample and stirred for
16 h at 23°C ± 2°C. Finally, the samples were rinsed with water and dried in a vacuum chamber
at 40°C and 50 mbar overnight.

As a second step, we attached a HA base layer to the silanized PEBAX surfaces. This chemi-
cal attachment was achieved via direct reaction of terminal epoxy groups at the modified sur-
face and hydroxyl groups of HA and afforded no crosslinker. Therefore, tubes or balloons were
immersed into 1 mL or respectively 4 mL of distilled water (dH2O) containing 5 mg/mL HA
after adjustment to pH 6 by adding 0.1 M HCl. After 1 h reaction at 65°C, samples were washed
three times with Dulbecco’s phosphate buffered saline (DPBS, pH 7.2) containing 0.05% (w)
polyoxyethylene (20) sorbitan monolaurate (Tween 20) and dH2O and dried in a vacuum
chamber at 40°C and 50 mbar overnight.

After chemical attachment of the HA base layer, further HA layers were deposited to the
modified surfaces via manual dip coating. After each dipping of the tube or the balloon into ei-
ther 1 mL or 4 mL of 5 mg/mL HA in DPBS for 30 s, samples were immersed for 5 min into a
1 mL or respectively 4 mL 1 mMN-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydro-
chloride (EDC) and N-hydroxysuccinimide (NHS) solution in DPBS for crosslinking. The dip-
ping process was repeated ten times with drying for 5 min at 23°C ± 2°C after each dipping
step. Afterwards, samples were washed again three times with DPBS/Tween 20 and dH2O and
dried in a vacuum chamber at 40°C and 50 mbar overnight.

In contrast to our previous study, PTX incorporation was performed via pipetting after the
drying process in order to guarantee a consistent surface load of 3 μg/mm2. Therefore, PTX was
dissolved in ethanol/dH2O (8/2 (v/v)) mixture to yield a concentration of 2.36 mg/mL. 100 μL of
this solution were then slowly pipetted per PEBAX tube under rotation in a weak air stream. The
solvent mixture has been chosen as it provides good PTX stability and enough swelling of the hy-
drogel allowing interpenetration of the drug [14]. For the coating of balloon catheters, which
were left in folded condition, the pipetted volume was adapted in accordance to the surface to be
covered. Finally, all coatings were again dried in a vacuum chamber at 23°C ± 2°C overnight.

PVP-based coating. For improved PVP covering of PEBAX tubes or balloon catheter, we
established a spray-coating process in previous researches [14]. Briefly, PVP was dissolved in
chloroform to yield a concentration of 0.25% (w). For the spraying, either the PEBAX tubes,
drawn on stainless steel bars, or the balloon catheter were inserted into a holder of an electro
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pneumatic airbrush system, which guaranteed homogeneous coating by continuous rotation
along their longitudinal axis. By means of coating-intermediate weighing using a microbalance
(UMX5, Mettler Toledo, Giessen, Germany), we determined the spraying time needed for the
deposition of total coating mass of 706 μg for the PEBAX tubes and 3390 μg for the balloon
catheter. Prior to crosslinking, all coatings were dried in a vacuum chamber at 40°C and 50
mbar overnight.

Crosslinking of the PVP coatings was performed by irradiations using a 3UV lamp (Ultra
Violet Products, P/N 95-0343-02, 254-302-365 nm, 8 W/230 V,*50 Hz/0.16 A, Cambridge,
UK) after drying and prior to PTX incorporation via pipetting. Therefore, coated PEBAX tubes
or balloon catheters were placed underneath the lamp in a distance of 15 mm. The lamp of
8 W was set to 254 nm, which produces a radiant flux of 1670 μW/cm² at 2’’ distance (manu-
facturer specification). The PEBAX tubes or the balloon catheter were rotated intermediately
during the 10 min crosslinking process. Higher wavelengths and shorter irradiation times re-
sulted in inefficient crosslinking, as evidenced in former studies [14].

PTX incorporation was performed via pipetting after the drying process in order to guaran-
tee a consistent surface load of 3 μg/mm2 in accordance to [14] and the described PTX incorpo-
ration within the HA coating.

Characterization
Scanning electron microscopy. Coating morphologies were examined in a Philips XL 30

Environmental Scanning Electron Microscope (Philips Electron Optics, Eindhoven, The Neth-
erlands) operating in the ESEMmode with a water vapor pressure of 1.2 mbar. The accelerat-
ing voltage was fixed to 10 kV and the beam current to 11 μA. The working distance was
adapted to each sample and varied from 9.5 mm to 23.7 mm, as indicated as WD in the legend
of each micrograph. Samples were attached to the specimen mount as obtained after the coat-
ing process and examined at four different positions along the coating.

Confocal microscopy. Coating thickness of the different PTX-loaded coatings was evalu-
ated with PEBAX-tubes pulled on stainless steel bars for better handling in the confocal micro-
scope. The coating thickness was measured at eight positions along the PEBAX surface (Fig. 1)
by means of the microscope LEXT OLS 3000 (Olympus, Hamburg, Germany). We determined
the coating thickness at all eight positions by ten different measurements applying the lens
Plan Achromat MP lan Apo 100x numerical aperture 0.95. Since drug-loaded coatings were
opaque and thus not penetrable with the laser light it was necessary to generate small defects
on the homogeneous coatings to measure the coating thickness at the one and the other side of
the defect.

Simulated use of different DCB in an in vitro vessel model
Drug loss, transfer and residual load. We simulated the process of a coronary balloon an-

gioplasty using an in vitromodel which has been recently described in literature [22]. The
model consists of a guiding catheter (Cordis Vista Brite Tip; 5 F; 100 cm; ID = 1.4 mm) with a
guide wire (Biotronik Galeo M014) and a tortuous path revetted with a PTFE tube. The ana-
tomic model was equivalent to the model described in ASTM F2394-07, X.2.4 surrounded by
37°C ± 2°C heated water. The connection between the guiding catheter and the inner PTFE
tubing of the vessel model was sealed to avoid fluid loss or contamination of the inner lumen of
the test path. On the distal end of the test path a silicone test tube (ID = 3 mm) was placed as
model of the target vessel. All test samples were manually advanced over the guide wire
through the guiding catheter and the test path of the model until the balloon was placed in the
silicone tube. The guiding catheter and vessel model were then flushed with 30 mL of 0.9%
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NaCl to recover particles and PTX lost during tracking (“after track 1”). Afterwards the balloon
was dilated to its nominal pressure of 7 bar and held for 30 s. After deflation of the balloon, the
solution contained in the silicone tube was collected and filled up to 30 mL for particle and
drug analysis (“after dilatation 1”), while the silicone tube was removed from the vessel model
and stored in an empty flask. The balloon was cut and also stored in an empty flask for mor-
phology assessment and residual drug content determination. The entire test path was then
flushed with 30 mL MeOH for determination of the residual PTX content lost during tracking
(“after track 2”) and afterwards with 0.9% NaCl in preparation of the next test.

The cut balloon and the silicone tube were then extracted for 30 min with 20 mL of MeOH
at 23°C ± 2°C (“residual balloon drug load”, “after dilatation 2”). Then the drug content in all
collected solutions (“after track 1”, “after track 2”, “after dilatation 1”, “after dilatation 2” and
“residual balloon drug load”) was determined by means of HPLC after 1:10 dilution with
MeOH using conditions described in the following section. The determined drug content in
the collected solutions “after track 1” and “after track 2” as well as in the solutions “after dilata-
tion 1” and “after dilatation 2” are summed up and presented in the results as drug loss during
track and drug transfer in silicone tube, respectively. The calculated total drug load is the sum
of all measured PTX amounts. We evaluated the drug loss, transfer and load of the different
DCB with n = 5 balloons per coating.

Fig 1. Coating thickness of differently coated DCB. Representative light microscopic micrographs (left) and height profiles (xz scans, right) determined by
confocal microscopy of Cetpyrsal/PTX coating (top), HA/PTX coating (middle) and PVP/PTX coating (bottom). The indicated thickness ± SD has been
averaged over 8 positions along the PEBAX tube fitted to a stainless steel pin with ten measurement points each (right).

doi:10.1371/journal.pone.0116080.g001
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HPLC parameters. 20 μL of the test solutions were injected into an Eurospher column
100-5, C18, 120 × 4 mm ID (Wissenschaftlicher Gerätebau Dr.-Ing. Herbert Knauer GmbH,
Berlin, Germany). The chromatographic conditions were: column temperature 23°C, isocratic
eluent PBS (0.005 M, pH 3.5)—acetonitrile 50–50% (v/v), flow rate 1.0 mL/min and UV detec-
tion at 230 nm with calibrated measurement range 0.5–20.0 mg/L and detection limit approxi-
mately 0.05 mg/L.

Particle counting test: Sub visible particles (�10 μm and�25 μm) were analyzed according
to USP 788 „particulate matter in injections” and were adopted from assessment of surface and
coating damage of stent delivery catheters using the particle counter HIAC ROYCO 9703 de-
vice (sensor model HRLD400, HACH, Loveland, Colorado, USA). The vials to be measured
were filled with 30 mL of test liquid (“after track 1”, “after dilatation 1”). Before measurement
all vials were degassed for 1 h at 23°C ± 2°C and carefully inverted 20 times to provide homoge-
nous distribution of particles in the test solution. Visual investigation of the whole solution was
made to check for visible particulate matter or other irregularities. Measurement of sub visible
particles was performed on 4 test portions with 5 mL of the whole test liquid each. The result
from the first test portion was discarded and only measurements 2–4 were used for averaging
in order to ensure equilibration of the measurement system prior to particle analysis. The re-
sults were calculated for the total volume of 30 mL, thus representing the total burden received
from the balloon. We evaluated the particle loss and transfer of the different DCB with n = 5
balloons per coating.

Investigation of the mechanical performance of different DCB. We characterized the
influence of the different PTX-loaded coatings on the mechanical behavior of the balloon cath-
eter by measuring two different functional parameters recently described in literature [22]: the
trackability and crossability of the catheters. For the measurements, each DCB was introduced
into a guiding catheter (Cordis Vista Brite Tip; 5 F; 100 cm; ID = 1.4 mm) over a 0.014’’ guide
wire (Biotronik Galeo M014) to complete the interventional system. Neither the guiding cathe-
ter nor the guide wire was changed during testing to ensure a constant test environment. All
measurements were performed in a 37°C heated water basin at a travel speed of 7.5 mm/s deliv-
ered by a guide (maximum travel distance 500 mm, Cleveland Präzisionssysteme GmbH, Löf-
fingen, Germany), which is driven by a DC servo motor (type tendo PM 41, Chr. Mayr GmbH,
Mauerstetten, Germany).

The details of both investigated mechanical properties are given in the following. The guid-
ing catheter and the vessel model were flushed prior to each testing series with 50 mL
dH2O. Mechanical tests were estimated using vessel models developed by Schmidt et al., the
models were derived from typical vessel anatomy but adapted to the individual tests [23].

Measurement of Trackability. According to Schmidt et. al. [23], we considered the track-
ability as the ability of the DCB to track or move easily through a curved vascular pathway. To
characterize the trackability we used the same set up as Schmidt et. al. In fact, the proximal
push force required to advance the DCB through the tubing system was measured. The track-
ability indicates the resistance force at the proximal end of the DCB moving through a curved
vessel pathway. The lower the push force, the better is the trackability [22]. All measurements
of forces were performed using a standardized experimental model of the left coronary circula-
tion developed in the Institute of ImplantTechnology und Biomaterials e.V. (IIB).

The model consists of two PMMA plates (thickness: 10 mm), with a milled path for the
guiding catheter, which leads to the model of the coronary arteries. The two PMMA plates are
pinned and bolted together. The diameter of the path for the guiding catheter is 2 mm, and the
milled path diameter for the coronary arteries is 2.5 mm (Fig. 2). Out of the total of eight vessel
paths, we have chosen test path 2 for the characterization of the trackability of the DCB. Previ-
ous experiments with stent delivery systems have shown that this is the most challenging path
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to pass [22]. The investigated DCB were advanced over the test path from point A, which is
still inside of the guiding catheter, until the tip of the balloon catheter has reached point E. The
total travel distance was 240 mm. All measurements were performed in a 37°C heated water en-
vironment with n = 3 balloons of each DCB variant. To obtain a measure of the DCB’s track-
ability, the proximal track forces Fprox of each single measurement were averaged from all three
measurements, and a mean track force was calculated from the curves as follows:

Trackability :
Xn

i¼1
FproxðiÞ

where n is the number of force measurements along the entire travel path ðn ¼ 440Þ:
Measurement of Crossability. Also according to Schmidt et. al. [23], we considered the

crossability as the ability of DCB to pass through the target lesion. To characterize the cross-
ability we used again the same experimental set up as Schmidt e. al. [22]. In fact the distal reac-
tive force developed during the crossing maneuver was measured. The lower the reactive force
developed during crossing of the lesion, the better is the crossability [22]. To measure the cross-
ability, the experimental setup used during investigation of the trackability was modified by in-
tegrating a stenotic lesion model at the end of the test path (Fig. 3). This lesion model from
PMMA is characterized by an eccentric narrowing of the vessel lumen from 2.5 mm to 1.0 mm
with a conical transition. A load cell was mounted to the lesion model to provide measure-
ments of the distal reactive force Fdist in addition to the proximal push force Fprox. The proxi-
mal travel distance (driven by the linear actuator) was 50 mm beginning at the end of the vessel
simulation (point A) until the entire balloon has passed the stenosis model (point B). All mea-
surements were performed in a 37°C heated water environment with n = 3 balloons of each

Fig 2. Trackability of differently coated DCB. Trackability as the resulting force at the proximal end of the catheter during the passage of a vessel model,
diagram shows force-distance curves of differently coated balloon catheter in comparison to an uncoated catheter of the same type. The insert shows a
scheme of the test set up according to [23]. In fact, the curves show averages of 3 experiments per balloon type (3 different coatings or uncoated).

doi:10.1371/journal.pone.0116080.g002

Correlating Coating Characteristics with the Performance of DCB

PLOSONE | DOI:10.1371/journal.pone.0116080 March 3, 2015 8 / 18



DCB variant. The distal reactive forces were averaged over the three measurements. To obtain
a measure of the DCB’s crossability, the distal cross forces Fdist of each single measurement
were averaged from all three measurements, and a mean cross force was calculated from the
curves as follows:

Crossability :
Xn

i¼1
FdistðiÞ

where n is the number of force measurements along the entire travel path (n = 50).
Statistics. Mean values and standard deviations (SD) were analyzed using IBM SPSS soft-

ware 20.0. Indicated statistical differences were analyzed using the non-directional Mann–
Whitney U-test, assuming p<0.05 as significantly different and p<0.01 as very significantly
different.

Results

Surface morphology of different DCB
We assessed the surface morphology of differently coated DCB in comparison to an uncoated
balloon via electron microscopy. Representative ESEMmicrographs (Fig. 4) revealed a homo-
geneous coating for the three compared DCB. In fact, the coating integrity appears complete
and homogenously distributed irrespectively of the coating matrix. The morphology of the Cet-
pyrsal/PTX DCB is uniform, no differences between the drug and the matrix are recognizable
and no PTX crystals are visible. In contrast, the HA/PTX coating shows a different

Fig 3. Crossability of differently coated DCB.Crossability as the resulting force at the distal end of the catheter during the passage of a model stenosis,
diagram shows force-distance curves of differently coated balloon catheter in comparison to an uncoated catheter of the same type. The insert shows a
scheme of the test set up according to [23]. In fact, the curves show averages of 3 experiments per balloon type (3 different coatings or uncoated).

doi:10.1371/journal.pone.0116080.g003
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morphology. Large PTX crystals, which are only attached to the balloon surface and not incor-
porated within the HA matrix, dominate the micrograph. In comparison, the PVP/PTX coat-
ing depicted a similar morphology. The PTX also formed large crystalline structures but in
contrast to HA the PVP is more likely incorporating the drug.

Coating thickness of different DCB
We evaluated the coating thickness of the three mentioned DCB by means of confocal height
profiles with ten measurements at eight positions along the PEBAX tube. Fig. 1 shows repre-
sentative height profiles. The coating thickness of the Cetpyrsal/PTX coating is lower and
seems more uniform in contrast to the two hydrogel coatings, visualized by the observed lower
standard deviation. In fact, we measured a coating thickness of 18.94 μm ± 3.40 μm for the Cet-
pyrsal/PTX coating, 32.98 μm ± 10.07 μm for the HA/PTX coating and 34.11 μm ± 12.15 μm
for the PVP/PTX coating.

In vitro PTX loss and transfer of different DCB during simulated use
In order to simulate the use of the different DCB in a vessel model, we advanced the balloon
catheter manually through a vessel model, consisting of a guiding catheter with a guide wire
and a tortuous vessel path under measurement of drug loss and transfer during transit of the
balloon. This in vitro test set up should include the mechanical stress on the coating during in-
sertion of the catheter to the area of clinical interest. We observed a drug wash off of 28% for
the Cetpyrsal/PTX DCB, 21% for the HA/PTX DCB and 39% for the PVP/PTX DCB (Fig. 5).
Furthermore, the Cetpyrsal/PTX DCB could deposit 40% of its entire drug load in the exempla-
ry vessel wall (silicone tube) during dilatation, while we quantified a drug transfer of 22% for
the HA/PTX DCB and 44% for the PVP/PTX DCB. After dilatation we determined the residual

Fig 4. Morphological analysis of differently coated DCB. Representative photos (a-d) and ESEM-micrographs (e-l) for the examination of the surface
morphology of differently coated balloon catheter in comparison to an uncoated balloon, e-h: magnification 40x, i-l: magnification 500x.

doi:10.1371/journal.pone.0116080.g004
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drug load on the balloon in order to characterize the efficacy of the different systems. In con-
clusion, we ascertained residual drug loads of 32% on Cetpyrsal/PTX DCB, 54% on HA/PTX
DCB and 17% on PVP/PTX DCB.

After passage through the vessel model and dilatation the different DCB show a uniform
coating appearance without any cracks, see Fig. 5A-C. In comparison to the detected residual
drug loads, the ESEMmicrographs underline the measurements. The Cetpyrsal/PTX coating
shows some brighter, nearly white, areas which are probably generated from the remaining
PTX on the balloon surface. Similarly the HA/PTX coating shows also some brighter areas. In
addition, some residual PTX crystals can be seen on the surface what again underlines the high-
est residual drug load measured in this test. The PVP/PTX coating only shows a few brighter
areas on the top side of the balloon what corroborates the lowest residual drug load of 17%
measured in this test.

In vitro particle loss and transfer of different DCB during simulated use
Additionally to the drug loss and transfer, we measured the loss and transfer of particles (� 10 μm,
� 25 μm) during track and upon balloon expansion. As aforementioned these size limits are
adopted from assessment of surface and coating damage of stent delivery catheters [24]. The re-
sults for the particle counting test are given in Table 1 and given in number of particles per mm²
balloon surface (#/mm²). The Cetpyrsal/PTX coating lost 100 ± 106 particles� 10 μm and 16 ± 12
particles� 25 μm. In contrast, the HA/PTX coating lost 418 ± 198 particles� 10 μm and 25 ± 9
particles� 25 μmwhile the PVP/PTX coating lost 790 ± 191 particles� 10 μm and 53 ± 11

Fig 5. Results of simulated use test of differently coated DCB. Drug loss during track, drug transfer in silicone tube, residual drug load and totalized drug
load of differently coated DCB after simulated use in a vessel model according to ASTM F2394-07, X.2.4. Bars showmean ± SD of 5 experiments (* p<0.05),
a-c: representative ESEM-micrographs of the differently coated balloon catheter after simulated use in the vessel model.

doi:10.1371/journal.pone.0116080.g005
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particles� 25 μm. Furthermore, we detected 70 ± 37 particles� 10 μm and 18 ± 10 particles� 25
μm transferred from the Cetpyrsal/PTX DCB during dilatation, 37 ± 7 particles� 10 μm and 3 ±
1 particles� 25 μm transferred from the HA/PTX DCB and 93 ± 53 particles� 10 μm and 12 ± 7
particles� 25 μm transferred from the PVP/PTX DCB, respectively.

Trackability of different DCB
The resulting force–distance graphs were derived from the passage of the different DCB
through the test path 2 of the vessel model described in [22], see Fig. 2. The initially low track
forces began to rise as the distance of DCB advancement increased. Only negligible differences
were observed between the differently coated DCB and in comparison to the uncoated balloon
catheter of the same type. The mean track forces ranged from 0.69 N ± 0.36 N for the Cetpyr-
sal/PTX DCB over 0.73 N ± 0.41 N for the HA/PTX DCB to 0.66 N ± 0.43 N for the PVP/PTX
DCB. For comparison, a mean track force of 0.75 N ± 0.43 N was determined for the uncoated
reference balloon catheter.

Crossability of different DCB
The measured distal reactive forces Fdist of the DCB and the uncoated balloon catheter across
the total distance of 50 mm (A to B) required to pass through the stenotic lesion (ID = 1 mm)
are given in Fig. 3. In contrast to the Trackability, the mean crossing forces for the DCB ranged
from 0.02 N ± 0.01 N for the Cetpyrsal/PTX DCB over 0.07 N ± 0.04 N for the HA/PTX DCB
to 0.06 N ± 0.03 N for the PVP/PTX DCB. For comparison, a mean crossing force of 0.02 N ±
0.02 N was determined for the uncoated reference balloon catheter.

Discussion
In order to correlate DCB coating characteristics with performance regarding drug delivery,
which should be considered as highly important for the understanding of the DCB coating re-
quirements and hence the improvement of established DCB, we provide a thorough in vitro
evaluation at the example of three different DCB matrices. Because we established our own
coatings we were able to guarantee optimized coating conditions. In addition, using the same

Table 1. Particles lost and released after simulated use in in vitro vessel model.

Particle
Size [μm]

Results Statistical Analysis

Cetpyrsal/
PTX-DCB

HA/
PTX-
DCB

PVP/
PTX-
DCB

Cetpyrsal/PTX- vs.
HA/PTX-DCB

Cetpyrsal/PTX-vs.
PVP/PTX-DCB

HA/PTX- vs.
PVP/PTX-DCB

Number of particles lost
during track [#/mm²]

�10 100 ± 106 418 ±
198

790 ±
191

** ** *

�25 16 ± 12 25 ± 9 53 ± 11 n.s. ** **

Number of particles
transferred after dilatation
[#/mm²]

�10 70 ± 37 37 ± 7 93 ± 53 n.s. n.s. n.s.

�25 18 ± 10 3 ± 1 12 ± 7 ** n.s. **

Number of particles (�10 μm, �25 μm) per mm² balloon surface released from differently coated DCB after simulated use in an in vitro vessel model

according to ASTM F2394-07, X.2.4. Values show mean ± SD of 5 experiments

n.s.: not significant

* significant: p<0.05

** very significant: p<0.01

doi:10.1371/journal.pone.0116080.t001
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type of balloon catheter for every experiment allows us to compare the three different matrices
objectively and independently of the catheter characteristics.

The first coating characteristic investigated, was the coating morphology evaluated by elec-
tron microscopy. Here, the Cetpyrsal/PTX coating seems to differ from both hydrogel coatings.
While Cetpyrsal and PTX form a nearly homogenous coating matrix, PTX crystals are clearly
distinguishable from both smooth hydrogels (Fig. 4). We assume that this difference results
from the one or two step coating technique. While the Cetpyrsal/PTX coating is pipetted in
one step from a single solution, the hydrogel-based DCB were coated in a two-step process
firstly either dipping (HA) or spraying (PVP) and secondly pipetting the PTX on the hydrogel
coating. The two step process was however necessary when applying hydrogels in order to pro-
vide sufficient crosslinking and thereby decreased water solubility of hydrogels afforded for
minimized drug loss during simulated use as shown in previous studies [13] [14] without af-
fecting PTX availability and stability. For instance, applying PTX with HA or PVP in one step
and performing hydrogel crosslinking with EDC/NHS or UV light irradiation, respectively, in
presence of PTX might either cause its crosslinking within the hydrogels as described in [13]
[14] [25] [26] or in case of UV light irradiation even its photodecomposition [14] [27] [28].
Both processes would lower the bioavailability of PTX and thereby possibly DCB efficacy.

Considering differences between the two hydrogel coatings, we determined a different grade
of incorporation of the PTX crystals into the matrix. Although both coatings show nearly the
same thickness (Fig. 1) and the PTX solution pipetted as second step was the same, the PVP
seems to better surround the PTX crystals than HA. Searching for an explanation, we measured
the coating thickness without PTX to underline the statement of different grades of drug incor-
poration into the two hydrogels. As mentioned in [13], the coating thickness of the HA coating
without PTX is about 2.8 μm. In contrast, we measured a coating thickness of about 9.7 μm for
the PVP coating without PTX incorporation (S1 Table) which is nearly a triple of the coating
thickness and may additionally underline that PVP can surround the drug better than HA. Fur-
thermore, we compared the different swelling properties of HA and PVP from previous and
other own experiments. In fact, a water uptake of 5.0 mg per mg initial coating mass of the HA
coating [13] and 7.5 mg per mg initial coating mass of the PVP coating [14] after 1 min elution
in DPBS was detected, which is equal to the time needed for the coating of one balloon. Al-
though swelling of the two hydrogels in EtOH/H2O is estimated to be considerable lower, the
same tendency may be expected, giving indication for better drug incorporation within PVP.

The second characteristic investigated was coating thickness after drug incorporation. The
observed differences in drug integration from the morphological analyses are also recognizable
in coating thickness measurements. The better integration of PTX into Cetpyrsal results in a
decreased coating thickness (Cetpyrsal/PTX: 18.9 μm ± 3.4 μm, HA/PTX: 33.0 μm ± 10.1 μm,
34.1 μm ± 12.2 μm) as well as a decreased standard deviation in contrast to the two hydrogels.

For DCB performance, we detected a correlation of drug loss and transfer with coating mor-
phology. Obviously a good incorporation of PTX within the matrix, as seen in Fig. 4 for the
Cetpyrsal/PTX and PVP/PTX coatings, refers to a high drug transfer during dilatation, as re-
sults of 40% for Cetpyrsal/PTX DCB and 44% for PVP/PTX DCB evidence. Drug transfer of
Cetpyrsal/PTX DCB is even significantly higher (p = 0.016) in comparison to HA/PTX DCB
(22%) where the PTX crystals are not incorporated properly into the matrix.

However, also drug loss enhanced from 21% for HA/PTX DCB, to 28% for Cetpyrsal/PTX
DCB to 39% for PVP/PTX DCB, see Fig. 5, probably due to an increased water uptake which
benefits both drug loss as well as drug transfer. If PTX is not well incorporated into the matrix,
it builds a kind of lipophilic barrier and inhibits the water uptake as shown for HA/PTX DCB.
Furthermore, the nearly pure PTX sticks on the HA coated balloon surface and cannot be
transferred to the vessel wall during dilatation. Additionally, a residual drug load of 54% for
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the HA/PTX DCB (32% for Cetpyrsal/PTX DCB, 17% for PVP/PTX DCB, Fig. 5) underlines
this hypothesis.

Besides incorporation, drug loss seems to be furthermore defined and influenced by other
coating characteristics. For instance, increasing drug wash-off rates are assumed to be associat-
ed with rough surfaces and enhanced coating thicknesses as a result of increasing friction when
the balloon is passing the access path and the arterial system. Accordingly, we observed a lower
drug loss of 28% for the smooth and thin Cetpyrsal/PTX coating (18.94 μm ± 3.40 μm) com-
pared to 39% determined for the rough and thicker PVP/PTX coating (34.11 μm ± 12.15 μm),
see Fig. 1,4 and 5.

The overall objectives when developing a DCB are the combination of a low drug loss and a
high drug transfer. Results of our study verify that this is best achievable via good PTX incorpo-
ration within the coating matrix, low surface roughness and thin coating. In this context,
among tested specimens especially the Cetpyrsal/PTX DCB but also the PVP/PTX DCB show
promising drug delivery characteristics in comparison to established DCB. During simulated
use in the in vitro vessel model, we determined PTX losses of 28% and 39% of the entire drug
load which are in the same range as above mentioned PTX losses of 26%–42% reported in liter-
ature for balloons coated with urea or iopromide, respectively, during in vitro passage through
a hemostatic valve and a guiding catheter [5] [7]. However, mechanical strain on the coating in
our study can be estimated higher due to the additional passage of the DCB through the tortu-
ous path simulating the anatomy of coronary arteries. Regarding drug transfer of established
DCB to the vessel wall in vivo, 20% of initial PTX load 15–20 min and 17% of initial PTX load
40–60 min post stent implantation were reported by Kelsch et. al. [5] and Scheller et. al. [8], re-
spectively. Own results of 40% drug transfer for Cetpyrsal/PTX DCB and 44% for PVP/PTX
DCB in a silicone tube, which are similar to data obtained in the previous in vitro studies [12]
[14], are hence promising, although data might again not be directly correlated to in
vivo performance.

The HA/PTX DCB evidence lower drug transfer rates what does not directly correlate with
former published data in [13] where we determined a promising drug loss< 5% and transfer
rates of about 50%. The difference might be a result of the testing method. In our former stud-
ies we did not simulate the use of the DCB in a tracking model. Drug wash-off was only deter-
mined by simple elution for 1 min in DPBS and drug transfer via subsequent dilation in a
silicone tube. In fact, mechanical strain, which has an enormous influence on the wash-off rate,
was not considered. Furthermore, the wash-off due to elution was probably that low because of
the lipophilic barrier built from non-incorporated PTX crystals. Consequently, the drug trans-
fer during subsequent dilatation and cracking of the coating benefitted from the low wash-off
in this experimental set-up. Hence we assume that the reported high drug transfer rate in the
former study can be rather compared to the sum of both parameters, drug loss and drug trans-
fer observed in the actual set-up involving the simulation of the insertion procedure within the
in vitro vessel model.

As further performance parameter of DCB, we measured the generation of particles�10
μm and�25 μm during transit of the balloon and upon balloon dilatation in the stenotic
model. While the estimated mechanism of drug delivery from DCB indeed involves delivery of
drug particles to the inner lumen of coronary arteries, release of drug particles or coating frag-
ments in the coronary arteries might be associated with complications such as occlusions of
small vessels or capillaries, possibly leading to micro embolization [21]. For the Cetpyrsal/PTX
coating it can be assumed that all measured particles are most likely PTX particles since we
could determine that Cetpyrsal does not generate any detectable particles in aqueous medium
at 38 μg/mL, corresponding to the maximal obtainable concentration during our set-up [12].
This is in accordance with the obtained result that the summed amount of particles lost and
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released upon dilatation from Cetpyrsal/PTX DCB is the lowest among tested DCB (Cetpyrsal/
PTX: 204 ± 165 #/mm², HA/PTX: 483 ± 215 #/mm², PVP/PTX: 1124 ± 83 #/mm²), see Table 1.
The number of lost and released particles from hydrogel-based coatings is very significantly
higher (p = 0.008) which does not correlate with determined drug loss and drug release results.
It could hence be assumed that measured particles are also generated from the coating matri-
ces. Undoubtedly, crosslinking of the hydrogels either through EDC/NHC (HA) or UV (PVP)
led to an insolubility of the polymers in aqueous media. Besides the effects of coating matrix,
the morphology of the DCB coating has an influence on the lost and released particles. Espe-
cially when PTX forms large crystals, it can be expected that the number of lost and released
particles exceeding diameters of 10 μm increases as shown for Cetpyrsal/PTX DCB with a total
amount of 204 ± 165 particles #/mm² in comparison to PVP/PTX DCB with a total amount of
1124 ± 83 #/mm² particles.

Interestingly, the particle burden of Cetpyrsal/PTX DCB is even lower in comparison to
commercially available DCB with an urea-based coating (340 #/mm², data not shown), tested
under same experimental conditions, and corresponding in vivo studies concerning efficacy
and safety of the same commercial DCB are favorable [2], PTX particle burden of the devel-
oped Cetpyrsal-based DCB is not expected to be harmful.

In addition to the drug delivery performance, we considered the influence of the different
drug-loaded matrices on the mechanical behavior of the balloon catheter as an important fac-
tor. If the balloon catheter is only hardly deliverable through the vascular system, mechanical
stress and friction would increase which could lead to a severe injury of the vessel lumen.
Moreover, the balloon coating might be harmed resulting in increased drug wash-off rates
which on the other hand would decrease the drug transfer and furthermore the efficacy of the
DCB.

During the transit of the tortuous path, we observed a mentionable difference in trackability
of the different DCB or in comparison to an uncoated balloon catheter of the same type. The
force-distance curves of the trackability measurements reflect the geometry of the tortuous test
path. The increasing forces at 80 mm, 115 mm and 140 mm travel distance represent the pas-
sage of the balloon at the respective curves of the vessel model (Fig. 2).

In comparison, differences between the different DCB and the uncoated reference balloon
catheter when passaging the stenotic model during the performed crossability test could be de-
termined. We assume that because the coating thickness of the hydrogel-coated DCB, thus the
outer diameter of the balloon, is more than doubled, the difference in distal reaction force
while passing the lesion is up to 0.04 N higher for the hydrogel-coated DCB (Fig. 3). In addi-
tion, a rougher surface morphology of the hydrogel-coated DCB might enhance the friction of
the coated balloon in the target vessel. But as seen from the results, the differences were proba-
bly inconsiderable during further in vivo experiments. Obviously, the PVP/PTX DCB had
minor problems entering the stenotic model although we used a conventional guide wire re-
sulting in force peaks between 10 mm and 20 mm.

To summarize we conclude that the studied coating matrices had only a minor influence on
the mechanical behavior of the balloon catheter because the coated area respectively the coated
balloon is very small in contrast to the balloon shaft and the catheter. As a result we could not
detect decreased frictional properties of the hydrogel-coated balloons, as one might have imag-
ined, as the influence of the coated balloon on the catheter is negligible.

Conclusion
Within this study, we evaluated three new coating matrices developed in former studies con-
cerning their coating morphology and coating thickness and investigated their performance
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during a simulated angioplasty in an in vitro vessel model according to ASTM standards. Addi-
tionally, we examined the influence of the coatings on the mechanic behavior of the balloon
catheter. In particular, we have shown that different additives lead to DCB with different coat-
ing morphologies and thicknesses, drug wash-off rates, drug transfer rates and particle burden.
As a result, we worked out the following requirements for good DCB performance, being low
drug-wash and high drug transfer during dilatation combined with low particle burden: (i)
good PTX incorporation within the coating, (ii) thin coating with a smooth surface and (iii)
good but delayed water solubility of the coating additive. This kind of solubility is important
for the transfer of the drug into the stenosis, on the one hand the coating should not dissolve
during tracking or before dilatation but on the other hand a water insoluble coating could gen-
erate particles due to friction within the vasculature. Among tested matrices, the IL Cetpyrsal
combines all these requirements and thus achieved efficient drug transfer at low particle bur-
den. For sure, further applicability of all presented coating designs concerning sterilizability
and storage stability but most notably the in vivo safety and efficacy of the developed DCB
however affords further research.

To summarize, it is very important to characterize DCB in terms of mentioned properties
in addition to their clinical efficacy clarifying the differences between a well and insufficient
performing DCB system, e.g. higher drug loss during transit of the balloon than during dilata-
tion. We hereby suggest a series of methods to evaluate either established DCB as well as new
developed ones concerning an efficient use, to work out differences between especially the ma-
trices and to provide more data for the clinicians to improve the tool of DCB in coronary
angioplasty.

Supporting Information
S1 Table. Coating Thickness of PVP-Coated PEBAX-Tubes. Coating Thickness of PVP-
Coated PEBAX-Tubes without PTX incorporation, the indicated thickness ± SD has been aver-
aged over 8 positions along the PEBAX tube fitted to a stainless steel pin with ten measurement
points each.
(PDF)

Acknowledgments
The authors thank Thomas Reske, Martina Schröder and Christopher Schwerdt for their expert
technical assistance, Andreas Hofmann and Jürgen Köcher for their helpful suggestions and
the Biotronik SE & Co. KG, Erlangen for the generous supply of uncoated balloon catheter.

Author Contributions
Conceived and designed the experiments: SP KS KPS. Performed the experiments: SK IM FS
WS. Analyzed the data: SK SP. Contributed reagents/materials/analysis tools: FS UKWS.
Wrote the paper: SK SP KS IMWS.

References
1. Loh JP, Waksman R (2012), Paclitaxel Drug-Coated Balloons—A Review of Current Status and

Emerging Applications in Native Coronary Artery De Novo Lesions. JACC Cardocascular Interv 5:
1001–1012. doi: 10.1016/j.jcin.2012.08.005 PMID: 23078727

2. De Labroille A, Pakala R, Bonello L, Lemesle G, Scheinowitz M et al. (2009) Paclitaxel-eluting balloon:
From bench to bed. Catheterization Cardiovasc Interv 73: 643–652. doi: 10.1002/ccd.21895 PMID:
19309715

Correlating Coating Characteristics with the Performance of DCB

PLOSONE | DOI:10.1371/journal.pone.0116080 March 3, 2015 16 / 18

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0116080.s001
http://dx.doi.org/10.1016/j.jcin.2012.08.005
http://www.ncbi.nlm.nih.gov/pubmed/23078727
http://dx.doi.org/10.1002/ccd.21895
http://www.ncbi.nlm.nih.gov/pubmed/19309715


3. Waksman R, Pakala R (2009), Drug-eluting balloon: The comeback kid?, Circ Cardiovasc Interv 2:
352–358. doi: 10.1161/CIRCINTERVENTIONS.109.873703 PMID: 20031739

4. Brachmann H, Sinha A, Rittger H (2012), A randomized, multicenter, single-blinded trial comparing pac-
litaxel-coated balloon angioplasty with plain balloon angioplasty in drug-eluting stent restenosis: the
PEPCAD-DES study, J Am Coll Cardiol 59: 1377–1382. doi: 10.1016/j.jacc.2012.01.015 PMID:
22386286

5. Kelsch B, Scheller B, Biedermann M (2011), Dose Response to Paclitaxel-Coated Balloon Catheters in
the Porcine Coronary Overstretch and Stent Implantation Model, Invest Radiol 46: 255–263. doi: 10.
1097/RLI.0b013e31820577df PMID: 21285890

6. Baumbach A, Herdeg C, Kluge M, Oberhoff M, Lerch M et al. (1999), Local drug delivery: Impact of
pressure, substance characteristics, and stenting on drug transfer into the arterial wall, Catheterization
Cardiovasc Interv 47: 102–106. PMID: 10385171

7. Berg MC, Kolodziej H, Cremers B, Gershony G, Speck U (2011), Drug-Coated Angioplasty Balloon
Catheters: Coating Compositions and Methods, Advan Eng Mat 14: B45–B50. doi: 10.1002/adem.
201180067

8. Scheller B, Speck U, Romeike B, Schmitt A, Sovak M (2003), Contrast media as carriers for local drug
delivery successful inhibition of neointimal proliferation in the porcine coronary stent model, European
Heart Journal 24: 1462–1467. doi: 10.1016/S0195-668X(03)00317-8 PMID: 12909076

9. Cremers B, Clever Y, Schaffner S, Speck U, BöhmMet al. (2010), Treatment of coronary in-stent reste-
nosis with a novel paclitaxel urea coated balloon, Minerva Cardioangiology 28: 583–588.

10. Joner M, Byrne R, Lapointe J, Radke P, Bayer G et al. (2011), Comparative assessment of drug-eluting
balloons in an advanced porcine model of coronary restenosis, Thromb Haemost 105: 864–872. doi:
10.1160/TH10-11-0698 PMID: 21301785

11. Sternberg K, Grabow N, Petersen S, Weitschieß W, Harder C et al. (2013), Advances in coronary stent
technology—Active drug-loaded stent surfaces for prevention of restenosis and improvement of
biocompatibility, Curr Pharm Biotechnology 14: 76–90. PMID: 23092260

12. Petersen S, Kaule S, Stein F, Minrath I, Schmitz KP et al. (2013), Novel paclitaxel-coated angioplasty
balloon catheter based on cetylpyridinium salicylate: Preparation, characterization and simulated use
in an in vitro vessel model, Mater Sci Eng C 33: 4244–4250. doi: 10.1016/j.msec.2013.06.021 PMID:
23910339

13. Petersen S, Kaule S, Teske M, Minrath I, Schmitz KP et al. (2013), Development and In VitroCharacter-
ization of Hyaluronic Acid-Based Coatings for Implant-Associated Local Drug Delivery Systems, J
Chem 2013. http://dx.doi.org/10.1155/2013/587875 doi: 10.1155/2013/248534 PMID: 24377055

14. Petersen S, Minrath I, Kaule S, Schmitz KP, Sternberg K (2013), Development and in vitro characteri-
zation of photochemically crosslinked polyvinylpyrrolidone coatings for drug-coated balloons, Coatings
3: 253–267. doi: 10.3390/coatings3040253

15. Wasserscheid P, KeimW (2000), Ionic Liquids—New “Solutions” for Transition Metal Catalysis, Angew
Chem Int Ed 39: 3772–3789. PMID: 11091453

16. HoughW, Rogers R (2007), Ionic Liquids Then and Now: From Solvents to Materials to Active Pharma-
ceutical Ingredients, Bull Chem Soc Jpn 80: 2262–2269.

17. Ferraz R, Branco L, Prudencio C (2011), Ionic Liquids as Active Pharmaceutical Ingredients, Chem
Med Chem 6: 975–985. doi: 10.1002/cmdc.201100082 PMID: 21557480

18. Kallmes D, McGraw J, Evans A (1997), Thrombogenicity of hydrophilic and nonhydrophilic microcath-
eters and guiding catheters, AJNR am J Neuroradiology 18: 1243–1251. PMID: 9282849

19. Nagoaka S, Akashi R (1990), Low-friction hydrophilic surface for medical devices, Biomaterials 11:
419–424. PMID: 2207232

20. Bica K, Rijksen C, Nieuwenhuyzen M, Rogers R (2010), In search of pure liquid salt forms of aspirin:
ionic liquid approaches with acetysalicylic acid and salicylic acid, Phys Chem Chem Phys 12: 2011–
2017. doi: 10.1039/B923855G PMID: 20145871

21. Cortese B, Bertoletti A (2012), Paclitaxel coated balloons for coronary artery interventions: a compre-
hensive review of preclinical and clinical data, Int J Cardiol. 161(1):4–12. doi: 10.1016/j.ijcard.2011.08.
855 PMID: 21955612

22. Schmidt W, Lanzer P, Behrens P, Topolesk LD, Schmitz KP (2009), A Comparison of the Mechanical
Performance Characteristics of Seven Drug-Eluting Stent Systems, Catheterization and Cardiovascu-
lar Interventions 73:350–360. doi: 10.1002/ccd.21832 PMID: 19085917

23. Schmidt W, Grabow N, Behrens P, Schmitz KP (2002), Trackability, crossability, and pushability of cor-
onary stentsystems—An experimental approach, Biomed. Tech. 47: 124–126. PMID: 12090140

24. Schmidt W, Lanzer P (2013), Instrumentation in Catheter-Based Cardiovascular Interventions: A
Knowledge-Based Approach, Lanzer P., Ed., Heidelberg/Berlin, Springer Berlin: 445–471.

Correlating Coating Characteristics with the Performance of DCB

PLOSONE | DOI:10.1371/journal.pone.0116080 March 3, 2015 17 / 18

http://dx.doi.org/10.1161/CIRCINTERVENTIONS.109.873703
http://www.ncbi.nlm.nih.gov/pubmed/20031739
http://dx.doi.org/10.1016/j.jacc.2012.01.015
http://www.ncbi.nlm.nih.gov/pubmed/22386286
http://dx.doi.org/10.1097/RLI.0b013e31820577df
http://dx.doi.org/10.1097/RLI.0b013e31820577df
http://www.ncbi.nlm.nih.gov/pubmed/21285890
http://www.ncbi.nlm.nih.gov/pubmed/10385171
http://dx.doi.org/10.1002/adem.201180067
http://dx.doi.org/10.1002/adem.201180067
http://dx.doi.org/10.1016/S0195-668X(03)00317-8
http://www.ncbi.nlm.nih.gov/pubmed/12909076
http://dx.doi.org/10.1160/TH10-11-0698
http://www.ncbi.nlm.nih.gov/pubmed/21301785
http://www.ncbi.nlm.nih.gov/pubmed/23092260
http://dx.doi.org/10.1016/j.msec.2013.06.021
http://www.ncbi.nlm.nih.gov/pubmed/23910339
http://dx.doi.org/10.1155/2013/587875
http://dx.doi.org/10.1155/2013/248534
http://www.ncbi.nlm.nih.gov/pubmed/24377055
http://dx.doi.org/10.3390/coatings3040253
http://www.ncbi.nlm.nih.gov/pubmed/11091453
http://dx.doi.org/10.1002/cmdc.201100082
http://www.ncbi.nlm.nih.gov/pubmed/21557480
http://www.ncbi.nlm.nih.gov/pubmed/9282849
http://www.ncbi.nlm.nih.gov/pubmed/2207232
http://dx.doi.org/10.1039/B923855G
http://www.ncbi.nlm.nih.gov/pubmed/20145871
http://dx.doi.org/10.1016/j.ijcard.2011.08.855
http://dx.doi.org/10.1016/j.ijcard.2011.08.855
http://www.ncbi.nlm.nih.gov/pubmed/21955612
http://dx.doi.org/10.1002/ccd.21832
http://www.ncbi.nlm.nih.gov/pubmed/19085917
http://www.ncbi.nlm.nih.gov/pubmed/12090140


25. Collins M, Birkinshaw C (2004), Attachment of hyaluronan to metallic surfaces, Journal of Biomedical
Materials Research A 68(1): 95–106.

26. Mädler S, Bich C, Touboul D (2009), Chemical crosslinking with NHS esters: a systematic study on
amino acid reactivities, Journal of Mass Spectrometry 44(5): 694–706. doi: 10.1002/jms.1544 PMID:
19132714

27. Tonnesen H (1996), The Photostability of Drugs and Drug Formulations, London, UK: Taylor &
Francis.

28. Chen S, Farina V, Gao Q (1994), Studies on the photochemistry of taxol, Tetrahedron 50: 8633–8650.

Correlating Coating Characteristics with the Performance of DCB

PLOSONE | DOI:10.1371/journal.pone.0116080 March 3, 2015 18 / 18

http://dx.doi.org/10.1002/jms.1544
http://www.ncbi.nlm.nih.gov/pubmed/19132714


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


