Poly(methyl methacrylate) Grafting onto
Stainless Steel Surfaces: Application to
Drug-Eluting Stents

Yulia Shaulov,” Regina Okner,™¥ Yair Levi,” Noam Tal, Vitaly Gutkin,® Daniel Mandler,T
and Abraham J. Domb*"T

Institute of Chemistry, Hebrew University of Jerusalem, Jerusalem 91904, Israel, Department of Medicinal
Chemistry and Natural Products, School of Pharmacy, Faculty of Medicine, Hebrew University of Jerusalem,
Jerusalem 91120, Israel, and Unit for Nanoscopic Characterization, Harwey Kreuger Family Center for Nanoscience
and Nanotechnology of the Hebrew University of Jerusalem, Jerusalem 91904, Israel

ABSTRACT Drug-eluting stents (DESs) have been associated with adverse clinical effects. Moreover, recent publications have shown
that the coating of DESs suffers from defects. The purpose of this contribution is to examine a three-step process for surface modification
as a means of improving the durability of DESs. In the first step, 4-(2-bromoethyl)benzenediazonium tetrafluoroborate was
electrografted onto a stainless steel (SS) stent. X-ray photoelectron spectroscopy (XPS) of the modified stent confirmed the formation
of the organic layer. In the second step, methyl methacrylate was polymerized onto the grafted surface by atom-transfer radical
polymerization. XPS, electrochemical impedance spectroscopy, and contact-angle measurements were used to characterize the
polymer brushes. The last step involved spray-coating of the stent with a drug-in-polymer matrix [poly(n-butyl methacrylate)/
poly(ethylene-co-vinyl acetate) + paclitaxel]. Scanning electron microscopy confirmed the considerably improved durability of the
drug-in-polymer matrix. Bare controls showed greater cracking and delamination of the coating than did the two-step modified stents
after incubation under physiological (37 °C) and accelerated (60 °C) conditions. Finally, paclitaxel controlled release from the modified
SS DESs was moderate compared with that of nontreated samples. In conclusion, the proposed method significantly improves the
durability of drug-in-polymer matrixes on a SS DESs.
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1. INTRODUCTION to physiological environments (8, 10). Therefore, the com-

rug-eluting stents (DESs) are designed to release an

antirestenotic agent. During their preparation, the

metallic scaffold is coated with a functional layer
that releases the drug intended to block cell proliferation,
and thereby prevent the reocclusion of the artery (restenosis)
(1, 2). Two intensively investigated and FDA-approved DESs
are the Sirolimus—Cypher stent (by Cordis), which elutes
rapamycin (3), and Taxus (by Boston Scientific), which elutes
paclitaxel (4). In both DESs, the backbone is made of
stainless steel (SS), and nonbiodegradable polymers are used
as drug carriers.

Stents are manufactured using various metallic alloys,
including cobalt chromium (CoCr) (5), nitinol (6), and SS
(1, 7). The surfaces of SS stents are usually coated with an
oxide layer (10—50 A) and hydroxides (8, 9). The oxide layer
is fragile and mechanically unstable under stress conditions.
Its chemical composition can also be altered with exposure
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mon approach is to modify the metallic stent surface to
enhance its biocompatibility. For example, coating the stent
with iridium oxide or diamondlike carbon layers was inves-
tigated as a means of blocking the diffusion of toxic metallic
ions such as nickel, chromate, and molybdenum (7, 8) into
living tissues.

To improve the biocompatibility of DESs, hemocompat-
ible coatings were applied, such as heparin- (11) and phos-
phorylcholine-based (12, 13) polymers (because of their
nonthrombogenic characteristics). In general, the backbones
of DESs are coated with either a biostable (2, 4, 7, 14) or
biodegradable polymeric matrix (15, 16) that encapsulates
the drug. The polymeric matrix allows loading of different
drugs/agents and doses, resulting in diverse physicochemical
properties of the DES. The durability of the drug-in-polymer
matrix is crucial because the stent is a permanent implant
that goes through various mechanical constraints, including
crimping, delivery (implantation), and balloon inflation.

DESs were found to be superior to bare stents in clinical
trials and implantations (17, 18). However, in the past few
years, because of the adverse clinical effects (e.g., late-stage
thrombosis) of some commercially available DESs, the long-
term safety of DESs has been questioned (19—21). More-
over, recent publications revealed findings of defects in the
coating of the commercial DESs (22).
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A possible method for improving the durability and
adhesion of drug-in-polymer coatings of SS surfaces involves
modification of the stent surface by the covalent attachment
of organic species. It is known that aromatic diazonium
(phenyldiazonium) salts can be electrochemically reduced
to form a covalent bond with conducting surfaces. Phenyl-
diazonium and its para-substituted derivatives have been
successfully electrografted onto carbon (23, 24), semicon-
ductors (23), and diverse metals (23—28), but until now, only
a few studies have examined the electrografting of diazo-
nium salts onto SS surfaces (29).

Aromatic diazonium molecules can support various func-
tionalities and initiate further polymerization. The “grafting
from” method involves the covalent immobilization of small
initiator molecules onto a surface (producing high-density
initiators on the surface) followed by subsequent polymer-
ization (30).

In recent years, there has been extensive investigation
of the grafting of styrene, methacrylate, and acrylate mono-
mers onto multiwalled carbon nanotubes (24), gold (30), and
iron (31, 32) using atom-transfer radical polymerization
(ATRP). Poly(methyl methacrylate) (PMMA) is a biocompat-
ible polymer widely used in bone cements (33), load-bearing
applications, and medical devices (34). The formation of
PMMA brushes using a brominated aryldiazonium salt has
been demonstrated on iron disks (24, 31). Although not part
of this work, covalently bound PMMA polymer brushes on
stent surfaces may enhance the durability of drug-in-polymer
matrixes; still, its hemocompatibility should be determined.
Recent publications have demonstrated the effectiveness of
electrografting 4-(1-dodecyloxy)phenyldiazonium tetrafluo-
roborate (C;,H»50-phenyldiazonium) onto both CoCr and SS
stents and that the ultrathin layers that were formed en-
hanced the durability of various drug-in-polymer matrixes
(29).

We examined a three-step coating process to enhance the
durability of the drug-in-polymer matrix on a SS stent. In the
first step, 4-(2-bromoethyl)benzenediazonium tetrafluorobo-
rate (BrD) was electrochemically reduced on a SS stent,
forming a carbon—metal covalent bond. X-ray photoelectron
spectroscopy (XPS) and electrochemical impedance spec-
troscopy (EIS) of the BrD-modified stent were used to study
the formation of the thin organic layer. In the second step,
BrD-derived coating was used to initiate ATRP of methyl
methacrylate (MMA). The PMMA brushes on the SS surface
were characterized using XPS, EIS, and contact-angle mea-
surements. The last step involved spray coating of the
modified stents with a drug-in-polymer matrix [poly(n-butyl
methacrylate) (PBMA)/poly(ethylene-co-vinyl acetate) (PEVA)
+ paclitaxel]. The durability of the drug-in-polymer matrix
was visualized by scanning electron microscopy (SEM).
Paclitaxel controlled release was tested for 3 weeks using
high-pressure liquid chromatography (HPLC).

2. EXPERIMENTAL SECTION

2.1. Materials. 316 L stainless steel (SS) stents (Classic
Infinite-1 design, with a length of 9 mm, a surface area of ca.
49 mm?, and a closed diameter of 1.4 mm) and 316 L SS plates
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(10 x 30 mm?) were obtained from STI Laser Industries, Ltd.,
Israel. SS plates were used for contact-angle and EIS measure-
ments of the modified surfaces, and 316 L SS stents were used
for EIS measurements, XPS analysis, durability studies, and in
vitro drug release.

Tetrabutylammonium tetrafluoroborate (BusNF4B), CucCl,
CuCly, N,N,N',N”,N”-pentamethyldiethylenetriamine (PMDETA),
I-phenylethyl bromide (1-PhEtBr), poly(n-butyl methacrylate)
(PBMA; molecular weight 340 000 Da; polydispersity 2.58), and
methyl methacrylate (MMA) were obtained from Sigma-Aldrich,
Israel. Sodium dodecyl sulfate (SDS), disodium hydrogen phos-
phate dodecahydrate, and sodium dihydrogen phosphate mono-
hydrate were received from Reidel-de Haén, Germany. Poly-
(ethylene-co-vinyl acetate) (PEVA; molecular weight 116 467 Da;
polydispersity 3.1) was obtained from DuPont, USA. Paclitaxel
was obtained from Bioxefarma, Canada. All aqueous solutions
were prepared using double-distilled water (DDW; Barnstead
Easypure UV system, USA). Organic solvents were all analytical
grade and purchased from Biolab, Israel. Acetonitrile was
ultradry (ACN, 5—10 ppm of H,O). Solvents used for the coating
and treatment of the SS surfaces were purged with nitrogen
before use.

2.2. Methods. 2.2.1. 4-(2-Bromoethyl)benzenediazoni-
um Tetrafluoroborate (BrD) Synthesis. The diazonium salt BrD
was synthesized in a process described previously (24, 31). In
the first step, the free amine bromide was prepared from
commercially available 2-(4-aminophenylethanol. In the sec-
ond step, crystalline diazonium salt (CsHgN,BrBF,4) was obtained
by diazotation of the bromoethenylaniline. '"H NMR and Fourier
transform IR (FTIR) analyses were used to confirm the chemical
structure of the product.

'H NMR (D,0): 6 8.30 (d, ] = 9.0 Hz, 2H, CH-f), 7.66 (d, ] =
8.7 Hz, 2H, CH-a), 3.59 (t, ] = 6.6 Hz, 2H, CH,Br), 3.28 (t, ] =
6.6 Hz, 2H, ArCH,).

FTIR: 3005—3097 (CH,, C—H), 2254 ([RC=N=N"] diazo-
nium salt), 1627—1399 (C—C, aromatic ring), 1081 (aromatic
ring in-plane C—H vibrations), 633 (C—Br).

2.2.2. Electrocoating of BrD. Electrochemical measure-
ments were conducted with a 630B electrochemical analyzer
(CH Instruments, Austin, TX, USA) using a three-electrode cell,
with Ag/AgBr (or a Pt wire) as the reference electrode and a Pt
wire as the counter electrode. The working electrodes were
either 316 L SS plates or stents. The 316 L SS plates were treated
with 2000 grit emery paper (Buehler Ltd., Lake Bluff, IL),
followed by gentle polishing with 1 and 0.05 um alumina paste
suspensions. Cleaned plates and stents were washed in an
ultrasonic bath with DDW and ACN (15 min for each solvent)
and dried with a gentle stream of nitrogen.

To expose the elemental metal, mostly iron, the SS plates
were electrochemically reduced at —2.5 V vs Pt for 30 min in a
deaerated and dry 0.1 M TBATFB/ACN solution (35). Next, 1 mL
of dry ACN with BrD was injected to produce a final concentra-
tion of 8 mM. A potential sweep was applied (30 cycles)
between 0 and —1.6 V vs Pt at a scan rate of 100 mV/s. The
electrochemical conditions for the SS stents were similar to
those of the plates, but a potential of —1.6 V was applied (for
15 min) during cathodic pretreatment. Finally, the coated
samples (abbreviated as BrD stents; Scheme 1) were immersed
in an ultrasonic bath with ACN for 15 min to remove the excess
of unbound material and dried with a gentle steam of nitrogen.
The blocking characteristics of the modified surfaces were
examined by cycling the potential from —0.4 to 1.2 V vs Ag/
AgBr in the presence of 1 mM ferrocene (Fc) and 0.1 M TBATFB,
before and after BrD grafting.

2.2.3. Surface-Initiated ATRP of MMA. Polymerization of
MMA using the ATRP process to form PMMA brushes was
previously reported by Matrab et al. (24, 31, 32) (see Scheme
1). In this study, both BrD-derived SS stents and bare stent
controls (B2 stents) were inserted into two separate reactors.
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Scheme 1. Schematic Illustration of the
Subsequent Steps of the Stents Coating Process”
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“In the first step, electrochemical reduction of BrD on an SS stent
and then BrD-derived coating were used to initiate ATRP of MMA. The
last step involved spray coating of the modified stents with a single-
layer coating of PBMA/PEVA + paclitaxel or with an additional layer of
PBMA (double-layer coating) to receive DESs.

Each reactor (a 50 mL two-neck flask) was deoxygenated using
vacuuming and then purged with an argon gas. The flask was
equipped with a magnetic stirrer and sealed with a rubber
septum. Stents, 15 mg of dehydrated CuCl (15 x 10~°mol) and
10 mg of dehydrated CuCl, (7.6 x 107° mol), were introduced
into each working flask. MMA monomers (10 mL, 0.093 mol),
PMDETA ligand (50 uL, 2.24 x 10~* mol), and a free initiator
[-PhE(Br (65 uL, 4.49 x 107* mol) were injected into each
working flask. The reaction was carried out under an argon
atmosphere at 95 °C for a period of 3 h. The polymerization of
MMA was carried out both on the surface and in the bulk and
was terminated by exposing the product to air and cooling the
vessel. Stents were removed from the bulk by dissolving the
polymer in 50 mL of chloroform. The resulting polymeric
solution was passed through a neutral alumina column to
remove the copper complex. Stents (BrD and B2) were thor-
oughly rinsed under sonication using tetrahydrofuran, chloro-
form, dichloromethane, and ethanol for 15 min in each solvent.
The molecular weight (M,,) of the bulk polymer was determined
by gel permeation chromatography (GPC) using a Waters 1515
isocratic HPLC pump with a Waters 2410 refractive-index
detector set-point temperature of 40 °C and a Rheodyne (Cotati,
CA) injection valve with a 20 uL loop (Waters, Milford, MA).
Samples were eluted with CHCI5 through a linear Ultrastyragel
column (Waters; 500 A pore size) at a flow rate of 1 mL/min.
The polymer molecular weight was calculated based on poly-
styrene standards (M,, of 1000—260 000 Da; Polyscience, War-
rington, PA).

2.2.4. Characterization of the Grafted Stents. 2.2.4.1. EIS.
EIS was performed with the electrochemical instrumentation
described above (630B electrochemical analyzer, CH Instru-
ments, Austin, TX). The working electrode was either a 316 L
SS disk (0.78 cm?), insulated in Teflon, or a stent. The stent was
held by a conducting wire, and an exact volume of solution was
injected into the electrochemical cell, which determined pre-
cisely the depth of the stent that was immersed into the solution.
The experiment was performed at the formal potential of the
Fe(CN)s> /Fe(CN)*~ couple (0.5 mM of each of the species in
0.1 M KCl) determined by cyclic voltammetry (0.23 V vs Ag/
AgCl). Spectra were recorded in the frequency range of 1 Hz to
100 kHz using a 5 mV root-mean-square perturbation with 12
steps per each decade.
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2.2.4.2. XPS. XPS measurements were performed on a
Kratos Axis Ultra X-ray photoelectron spectrometer. Spectra
were acquired with a monochromated Al Ka. (1486.7 eV) X-ray
source with a 0° takeoff angle. The pressure in the test chamber
was maintained at 1.5 x 107% Torr during the acquisition
process. The survey spectra were collected from +1200 to —5
eV (binding energy), with a pass energy of 80 eV. High-
resolution XPS scans were collected for C 1s, O 1s, Fe 2p, Cr
2p, and Br 3d peaks with a pass energy of 20 eV. The step size
was 1.0 eV for the survey scans and 0.1 eV for the high-
resolution spectra. The XPS binding energy was calibrated with
respect to the peak position of Fe® 2p5, at 707.0 eV (36). Data
analysis and processing were performed with Vision Processing
data reduction software (Kratos Analytical Ltd.) and CasaXPS
(Casa Software Ltd.).

2.2.4.3. Water Contact Angle. Contact angles were evalu-
ated using a Ramé-Hart model 100 contact-angle goniometer
equipped with Dropimage software. Measurements were re-
peated three times for each sample. Each type of surface
modification was studied in duplicate, and the average of all six
measurements was calculated and reported.

2.2.5. Spray Coating of Drug-in-Polymer Matrixes. As the
final coating step, stents (B2, BrD, and PMMA-BrD) were loaded
with a drug-in-polymer matrix. Each tested group consisted of
three stents. A designated apparatus (Sono-Tek-USA) was used
to spray-coat the stents. Two solutions were used for coating
the SS stents: drug-in-polymer solution I, 2 % (w/v) PEVA/PBMA
ata 3:7 (w/w) ratio and 1.33 % (w/v) paclitaxel in ethyl acetate,
and polymer solution 11, 2% (w/v) PBMA in ethyl acetate.

Two types of coating models were used, double- and single-
layered. In a double-layer coating model, the stent was first
spray-coated with drug-in-polymer solution I and subsequently
with polymer solution II as a secondary layer. In a double-layer
coating, the top polymer layer (PBMA) acts as a diffusion barrier
for the drug release (“slow release”). A single-layer coating was
applied using the drug-in-polymer solution I without any ad-
ditional diffusion barrier (“fast release”). After coating, the stents
were left to dry under a gentle nitrogen flow. To ensure that
the stents were not damaged in the preparation process, the
coated samples were inspected using light microscopy (Zeiss).
The coating weight of the samples was established using a
microbalance, based on weighting of the stents before and after
spraying with a drug-in-polymer matrix and drying. The spray-
coating method resulted in adsorption of about 1.4 & 0.14 ug/
mm? paclitaxel on the stent in both types of coating models.
The thickness of the drug-in-polymer coating in single-layer-
coated stents was about 3 um, while the thickness of the
drug-in-polymer coating in double-layer-coated stents was
about 4 um.

Stability tests were used to evaluate the durability of the drug-
in-polymer matrix and its adhesion to the stent backbone. To
this end, single-layer coatings of the drug-in-polymer solution I
were applied to B2, BrD, and PMMA-BrD stents. These tests
were carried out in triplicate.

2.2.6. Characterization of Drug-in-Polymer Matrixes. The
durability of the drug-in-polymer matrix was studied by com-
paring DESs made from B2, BrD, and PMMA-BrD stents. Single-
layer-coated stents (with drug-in-polymer solution I) were in-
cubated in a phosphate buffer (0.1 M, pH of 7.4 with 0.3 % SDS)
to assess the effect of incubation on the surfaces. Incubation at
37 °C was considered as exposure to physiological conditions
and that at 60 °C to accelerated conditions. All tested stents
were inflated at room temperature before incubation. SS stents
with an initial diameter of 1.4 mm were mounted on a balloon
catheter system (balloon-expandable stent system from Bx-
sonic) and inflated with air to a final pressure of 10 bar
(Biometrics, inflation device 200 cm?). A final diameter of 3 mm
was established.
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2.2.6.1. SEM. The stents were removed from the solution,
allowed to dry for 24 h, and then placed on conductive carbon
paper. Samples were coated with gold to a thickness of 10 nm
using a sputtering deposition machine and were imaged by a
scanning electron microscope (FEI E-SEM Quanta 200) at an
acceleration voltage of 30 kV.

2.2.6.2. Paclitaxel Controlled Release. DESs were pre-
pared in triplicate using B2, BrD, and PMMA-BrD stents. The
stents were coated according to “slow release” and “fast
release” models, as described above. All tested DESs were
inflated before incubation to a final diameter of 3 mm, as
described above. Each DES was incubated in 1 mL of phosphate
buffer (0.1 M, pH 7.4) with 0.3% SDS at 37 °C and rotated at
100 rpm to mimic physiological conditions (to maintain “sink
conditions”, 0.3% SDS was added to the phosphate buffer).
Drug release was examined for more than 3 weeks, during
which the buffer solution was drawn out and replaced by a fresh
one at specified times. Release samples were obtained for the
following 26 days. Portions of 20 uL of each sample were
injected into the HPLC system (Waters, LC-Module-I). Paclitaxel
was measured by reverse-phase HPLC on a C-18 column with
a mobile water/ACN (45:55, v/v) phase, with the isocratic mode
set to a rate of 15 min per sample (the typical retention time
was ca. 7.3 min.), a flow rate of 1 mL/min, and a wavelength of
227 nm. The residual quantities of paclitaxel were extracted in
chloroform and separated using an ACN/DDW (6:4, v/v) mix-
ture, as in a previously described procedure (37).

3. RESULTS AND DISCUSSION

3.1. Electrocoating of BrD. As previously described
(23), phenyldiazonium and its derivatives can be chemically
attached to various conducting surfaces using chemical or
electrochemical reduction. The reduction produces para-
substituted phenyl radicals, a highly reactive species that
tend to bind to a wide range of metals and carbonaceous
materials (23). Thus, SS stents and plates were electrochemi-
cally coated with 2-bromoethylbenzene groups by cycling
the potential between 0 and —1.6 V vs Ag/AgBr in the
presence of BrD (Scheme 1). A broad and irreversible
cathodic peak observed during the first scan disappeared in
the second cycle (Figure 1), suggesting that the irreversible
reduction of BrD is followed by the rapid formation of a
blocking layer on the surface upon reduction of the diazo-
nium derivative, BrD. The thickness of the organic layer
formed on SS in such a reduction is on the order of a few
molecular layers, that is, less than 10 nm.

The formation of a 2-bromoethylbenzene layer on the SS
surface is also evident from the cyclic voltammetry of the
modified electrodes in a solution of a redox couple. Figure
2 shows the cyclic voltammetry of a stent before and after
BrD grafting in the presence of ferrocene. Almost complete
blocking of electron transfer is attained after grafting of BrD
on the SS surface.

3.2. Surface-Initiated ATRP of MMA. Grafted aryls
terminated with bromide (BrD-derived stents) were used to
initiate the surface polymerization of MMA and to form
poly(methyl methacrylate) (PMMA) brushes. BrD-derived
and bare (B2) stents were placed in separate reactors. In this
process, the surface polymerization of MMA and polymer-
ization in bulk were carried out simultaneously. At the end
of the reaction, the bulk polymer (PMMA) was dissolved
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FIGURE 1. Repetitive cyclic voltammetry of 8 mM 4-bromoethylphe-
nyldiazonium salt in 0.1 M Buy;NF,B in dry ACN recorded with a SS
stent as a working electrode, where line a is a first scan and line b
is a second scan. The scan rate was 0.1 V/s.
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E/V vs. Ag/AgBr

FIGURE 2. Cyclic voltammetry of 1 mM ferrocene in 0.1 M Bu;NF,B
in dry ACN recorded with a SS stent before (a) and after (b)
electrochemical reduction of 4-bromoethylphenyldiazonium salt.
The scan rate was 0.1 V/s.

using chloroform. The stents were cleaned with various
organic solvents to remove the physisorbed polymer chains.

3.3. PMMA Molecular Weight Analysis. The mo-
lecular weight (M,,) of bulk PMMA was measured using GPC.
M, values varied within a range of 50—65 kDa, with a
polydispersity index of about 1.3. These values were deter-
mined for polymerization reactions carried out with either
BrD-derived or control B2 stents. The length of the polymeric
chain formed on the surface of the stents is similar to that
of the bulk PMMA (24, 32). The radius of gyration, Rq, can
be calculated using eq 1, where M, is the molecular weight
in Da and Ry is given in A. Ry of the grafted PMMA is
therefore about 8 nm.

R, = (0.096M,°%%)'"” (1)

3.4. Characterization of the Grafted Stents. The
SS surface modifications were studied using EIS, XPS, and
contact-angle analysis.

3.4.1. Impedance Spectroscopy Analysis. EIS
was used to determine the electrochemical characteristics
of each grafting stage. Electron-transfer resistance was
determined in the presence of an equimolar mixture of
Fe(CN)s>"/Fe(CN)s*~ in a 0.1 M KCl solution. Figure 3 shows
the Nyquist plot of bare SS, BrD-coated stents (BrD), PMMA
grafted on a BrD layer (PMMA-BrD), and a control sample
(B2). The latter is a bare SS plate that was not grafted with
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FIGURE 3. Nyquist plot of bare SS (B, @), bare SS control after PMMA
grafting (B2, W), BrD electrocoated (A), and PMMA coating on a BrD
layer (¥) in the presence of 0.5 mM [Fe(CN)s]* >~ and 0.1 M KCl.

Scheme 2. Electrical Circuit That Was Used To
Analyze the Impedance Response of the Coating”

I
S
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“R, and R; are the resistances of the solution and charge transfer,
respectively, and G is the coating capacity.

BrD but treated with PMMA exactly as the other samples. It
is evident that the plots of the imaginary part of the imped-
ance (Z”) versus the real part (Z) have semicirclular shape.

Therefore, the results of EIS measurements can be fit to
a simple electrical circuit in which the resistance of the
solution (R,) is in series with the resistance of charge transfer
(Ry) and the capacity (C,) of the layer that are in parallel
(Scheme 2).

In many cases (38), C, is frequency-dependent and
therefore usually described as a constant phase element
(CPE). Its impedance is given in eq 2, where Q is the
admittance, w is the angular frequency, j is the imaginary
unit, and a is a constant describing the nature of the CPE.
Specifically, when a = 1, the CPE is a capacitor, whereas for
a = —1, the CPE is an inductor.

7= 1 -
O(jw)

-1 <a=1 (2)

The total impedance can be described by eq 3:

RZ
Zf)y=R + —— ()
R,Q(w)” + 1

The data shown in Figure 3 indicate that a CPE must be taken
into account. A best fit of the curves produces constant a

www.acsami.org

Table 1. Electrochemical Parameters (R;, R, and
C,) Obtained from the Nyquist Plot (Figure 3)

electrochemical

parameters® B® B2° BrD? PMMA-BrD?
R, (R/cm?) 160 167 150 144

R, (@lcm?) 105 x 10° 164 x 10> 741 x 10> 1020 x 10
C, (uF/cm?) 1.28 1.47 1.28 x 107" 1.28 x 1072

“ Electrochemical parameters: R;, resistance of the solution; R,
charge-transfer resistance; C,, coating capacity. ” Acronyms: B, bare
SS; B2, bare SS control after PMMA grafting; BrD, electrocoated SS;
PMMA-BrD, two-step grafted SS plates.

values of 0.83 and 0.88 for the bare and modified surfaces,
respectively. These values are considerably lower than those
reported for a blocking layer, such as a long-chain alkanethiol
on gold (39, 40), suggesting that ions are likely to penetrate
the organic layer.

The electrochemical parameters obtained from the Nyquist
plot are presented in Table 1. The solution resistance (R)) is
relatively low because of the high concentration of KCI in
the solution. R, obtained from curve-fitting analysis, in-
creases with every layer. The control sample (B2) yields an
R, value of 164 k2, which is greater than that produced by
a bare SS (105 kQ). It is possible that some products are
formed as a result of PMMA grafting, which partly blocked
electron transfer. These results are in good agreement with
XPS and contact-angle analysis of the same samples.

3.4.2. XPS Analysis. Table 2 summarizes the ele-
ment atomic percentage determined by XPS and data col-
lection in high-resolution mode. The atomic values measured
for bare stents (B) are in agreement with the literature (8).
The absence of copper, used as the ATRP catalyst, on the
surface of the stents attested to the efficiency of the stent
cleaning procedure used after PMMA grafting.

The Fe 2p 710.0 eV content was highest for B2 and lowest
for PMMA-BrD. The major contributors to the Fe 2p peak are
the iron oxides naturally present on the SS surface. The
position of the Fe 2p peak in nonorganic compounds under
various coordination environments is at ca. 707.0 eV,
whereas in Fe,Os5, it was observed at 710.9 eV (36). The Fe
2p peak was moderately reduced from bare to BrD stents,
and even more for PMMA-BrD stents. Detection of a Fe 2p
signal at 707.0 eV on the PMMA-BrD stents indicates that

Table 2. Surface Chemical Composition of the
Elements (in Atom %) in the Modified Stents
Determined by XPS

VOL. 1 «NO. 11 ¢ 2519-2528 « 2009

% atom”
Fe 2p Cr2p O 1s Cls Br 3d
sample 710—723eV  577eV  532eV 285eV  70.7eV
B” 0.84 2.47 48.03  47.22
B2 3.39 2.65 33.07 60.48
BrD? 1.30 1.67 26.58 69.48 0.97
PMMA-BrD” 0.92 1.23 21.40 76.13 0.33

“Only the main components (Fe 2p, Cr 2p, Ots, C Is, and Br 3d)
are detailed. ® Acronyms: B, bare stents; B2, bare stents treated with
PMMA; BrD, electrocoated stents; PMMA-BrD, two-step grafted
stents.
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FIGURE 4. High-resolution XPS spectra of O 1s in different stents:

(a) B control stent, (b) BrD electrochemically treated stent, (c) B2
control stent; (d) two-step grafted stent PMMA-BrD.

coverage by the polymer brushes is incomplete or that the
thickness of the coating is lower than about 10 nm. The Cr
2p content profile was similar to that of Fe 2p. Again, Cr 2p
was detected least in the PMMA-BrD stents. The Cr 2p
originates from Cr,05, and its position is 576.9 eV (36). The
SSis naturally coated with a layer of metallic oxides (mainly
Cr,05) of thicknesses of about 10—50 A (8).

The percentage of coverage cannot be calculated directly
from the XPS data and therefore can only be a qualitative
measure of the density of coverage. The atomic percent of
iron and chromium decreased by more than 30% (from
4.31% to 2.97 %), yet it only means that the multilayer of
BrD that is formed is not dense and therefore does not totally
attenuate the ejected electrons coming from the surface.

The presence of the PMMA brushes was supported by the
collection of high-resolution spectra of O 1sand C 1s. These
peaks changed significantly after BrD and PMMA grafting
(see Figures 4—7).

The oxygen concentration in bare stents was highest
because of the thick oxide layer (~50 A) (8), and it consti-
tuted 100 % of the peak at 531.7 eV. Similarly, B2 and BrD
stents revealed 100 % of inorganic oxygen, probably from
metallic hydroxide oxides (41). A significant difference in the
oxygen signal was detected between the diazonium-coated
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FIGURE 6. High-resolution XPS spectra of C 1s in different stents:
(a) two-step grafted stent PMMA-BrD, (b) BrD electrochemically
treated stent, and (c) B2 and (d) B control stents.

stent, BrD, and the two-step grafted stent (PMMA-BrD),
where for PMMA-BrD 71.4 % of the oxygen peak shifted to
533.4 eV. This shift to higher energy (533.4 eV) alludes to
an organic oxygen neighborhood that originates with the
ester groups (—COO—) in PMMA brushes and not with the
typical inorganic oxides of SS (42, 43). Inorganic oxygen
originating with iron(lll) oxide (529.7 eV) (32) and chro-
mium(Ill) oxide (529.9 eV) (44) was present in all three
systems (Figures 4 and 5). It appears, therefore, that surface
pretreatment by electrochemical reduction was not complete.

Similarly, C 1s peak (285—289.3 eV) components varied
between bare, BrD-derived, and BrD-PMMA stents (Figures
6 and 7). These changes can again be attributed to the
formation of the PMMA brushes. For PMMA-BrD stents, the
C 1s peak (Ill) appeared at 289.3 eV, which can be attributed
to the ester bond in the PMMA-grafted layer (31, 32, 45).

The contribution of the —COO— peak (289.3 eV) to the
total carbon atomic concentration intensified from 9.4 % at
the bare stent to 13.4% at the BrD stent and to 22.8% for
the PMMA-BrD stent. Furthermore, the total percentage of
carbon contributions increased from 69.5% to 76.1% for
the BrD- and PMMA-BrD-modified stents and was 47.2 % for
the bare stents.

The data derived from XPS analysis confirmed the pres-
ence of a (2-bromoethyl)benzene layer on stents and the

(b)
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FIGURE 5. High-resolution O 1s peak composition of (a) the diazonium electrocoated stent BrD and (b) the two-step grafted stent PMMA-

BrD.
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FIGURE 7. High-resolution XPS spectra of the C 1s peak of (a) the diazonium electrocoated stent BrD and (b) the two-step grafted stent

PMMA-BrD.

further formation of PMMA brushes on this primer layer. It
also appears that coverage by the polymer brushes was not
homogeneous and its thickness was lower than about 10
nm.

3.4.3. Water Contact-Angle Analysis. The water
contact-angle value measured on SS plates was 62 £ 2.8°.
Contact-angle measurements, performed using B2, BrD-
derived, and BrD-PMMA plates, produced typical values of
72.4 +£3.2°,851 £7.1° and 71.8 £ 2.1°, respectively.
These data provide a direct indication of the success of
various grafting procedures. The literature contact-angle
value for PMMA sheets is 64° (31). The higher measured
value may be attributed to the primer aryl layer, which
enhances the hydrophobicity of the surface, or to an incom-
plete coverage of the PMMA brushes. The contact angle for
the drug-in-polymer matrix (7:3 PBMA/PEVA with paclitaxel
ina 6:4 ratio) on SS was 84.6 + 1.6°, while the contact angle
without the drug was somewhat higher, 87.7 £ 0.8°.

3.5. Characterization of Drug-in-Polymer Ma-
trixes. Control (B2), BrD-derived, and PMMA-BrD stents
were spray-coated with a drug-in-polymer matrix using a
designated spray-coating machine (Medicoat; Sonotek, USA).
DESs were inflated to a nominal diameter of 3 mm. At zero
time, stent coatings were highly flexible and the inflated
stent coatings showed no detectable cracking or delamina-
tion (data not shown, similar to Figure 8a,b). Accordingly,
the durability of the coating was further studied after DES
incubation in either physiological (37 °C) or accelerated (60
°C) conditions (phosphate buffer, 0.1 M, pH 7.4, 0.3 % SDS
100 rpm; Figures 9 and 10). Following the incubation period,
samples were pulled from the buffer, dried at room temper-
ature, and tested using SEM and light microscopy.

3.5.1. Stent Coating Durability after Incu-
bation in a Physiological Buffer. Control (B2), BrD-
derived, and PMMA-BrD stents were spray-coated with a
drug-in-polymer matrix according to the single-layer model
[paclitaxel-in-(PBMA/PEVA) matrix; paclitaxel loading of
about 1.4 £ 0.14 ug/mm?].

Figure 9 shows SEM images for these stents after 3 days
of incubation in a phosphate buffer (0.1 M, pH 7.4) at 60 °C
and under continuous stirring at 100 rpm. Single-layer

www.acsami.org
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FIGURE 8. Light microscope images of stents loaded with a drug-
in-polymer matrix and a polymer top-coat (double-layer coating),
inflated to a final open diameter of 3 mm: (a) B2 stents’ and (b)
PMMA-BrD stents’ struts. The stents were photographed after 2
weeks of drug release (incubation in a phosphate buffer of 0.1 M,
pH 7.4, 0.3% SDS at 37 °C, 100 rpm). (c) B2 control stent coating
which delaminated and became white. (d) PMMA-BrD showing
almost unaltered morphology of the polymer coating.

coatings of a drug-in-polymer matrix on both bare control
(B2) and electrocoated (BrD) stents showed significant peal-
ing and delamination (Figure 9a,b,d,e). However, the drug-
in-polymer coating on PMMA-BrD DESs remained unaltered
(see Figure 9c¢,f). Light microscopy images show that the
delaminated coating became white (light reflection as a
result of delaminated polymer layers from the metal and
buffer diffusion into the porous matrix). By contrast, the
coatings of PMMA-BrD-treated stents behaved similarly to
zero-time samples (data not shown, similar to Figure 8c,d).

Similar results were obtained for the single-layer-coated
DESs (“fast release model”) incubated under physiological
conditions for 3 days (see Figure 10). B2 metal struts suffered
from poor adhesion to the drug-in-polymer matrix, wide
areas of polymer were detached from the stent backbone,
and the metal surface was exposed (Figure 10a,c). The
PMMA-BrD stents showed a uniform polymer surface, on
which only the drug was released (Figure 10b,d).

Figure 11 shows SEM images of DESs after 14 days of
incubation at physiological conditions. In this study, control
(B2), BrD-derived, and PMMA-BrD stents were spray-coated
according to the double-layer model (“slow release”). First,
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FIGURE 9. Comparison of a paclitaxel-in-(PBMA/PEVA) coating on bare B2, BtD, and PMMA-BrD stents. SEM visualization of the polymer
coating was done with DESs after incubation under accelerated conditions for 3 days: (a and d) bare stent B2; (b and e) diazonium-electrocoated
BrD; (c and f) two-step grafted PMMA-BrD. Accelerated conditions: phosphate buffer, 0.1 M, pH 7.4, 0.3% SDS at 60 °C, 100 rpm.

FIGURE 10. SEM images of B2 stents (a and c) and PMMA-BrD stents
(b and d) coated with a single layer of the drug-in-polymer matrix
and then incubated under physiological conditions for 3 days
(phosphate buffer, 0.1 M, pH 7.4, 0.3% SDS at 37 °C, 100 rpm).

FIGURE 11. SEM images following 14 days of incubation under
physiological conditions of double-layer-coated DESs. Bare (B2)
stents (a) and two-step grafted (PMMA-BrD) stents (b) were loaded
with paclitaxel-in-(PBMA/PEVA) and additional polymer top coat
(PBMA) and then incubated under physiological conditions for 14
days (phosphate buffer, 0.1 M, pH 7.4, 0.3% SDS at 37 °C, 100 rpm).

the paclitaxel-in-(PBMA/PEVA) matrix was applied, resulting
in a drug distribution of about 1.4 & 0.14 ug/mm?; next, an
additional top coat of PBMA was applied. The coating of
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these DESs showed no significant cracking or delamination
for either the control or the modified group, but the light
microscopy images of the drug-in-polymer coatings on B2
DESs appeared white because of delamination and buffer
diffusion into the already porous inner layers of the polymer
(Figure 8c). BrD-derived and PBMA-BrD DESs drug-in-
polymer matrixes generally preserved their original mor-
phology (Figure 8d).

3.5.2. Controlled Release of Paclitaxel. Durability
studies carried out under both accelerated and physiological
conditions demonstrated that PMMA-grafted brushes sub-
stantially enhanced the stability of the drug-in-polymer
matrix. It was, therefore, important to study whether these
differences also affected the main functional requirement
of DESs, which is to release an antirestenotic agent in a
controlled manner. SS stents (B2, BrD, and PMMA-BrD) were
spray-coated with either a single- or a double-layer coating.
The drug content was 1.44 + 0.05 ug/mm? for B2 stents,
1.40 £ 0.12 ug/mm? for BrD stents, and 1.40 £ 0.13 ug/
mm? for PMMA-BrD stents.

Figure 12 shows the cumulative paclitaxel release profile
in vitro from the spray-coated DESs. A significant change
was observed in the release pattern between BrD and B2
stents, which were spray-coated with a single layer, and the
drug release rate increased gradually between the two tested
groups. BrD-derived and bare control (B2) stents had initial
bursts of 52 % and 64.5 %, respectively, after 1 day. Similar
trends were observed for double-layer-coated stents, where
the secondary polymer coating (PBMA) was responsible for
the moderate drug release. The PMMA-BrD, BrD, and B2
DESs were characterized by initial bursts of 20.8, 31.8, and
34 %, respectively, at 1 day. After 14 days in a physiological
buffer, PMMA-BrD DESs released less than 60 % of the drug,
whereas B2 DESs released almost 80 % of the initial drug
load.

In the last study, we observed again the beneficial
effects of introducing a thin organic layer as the interface
between the rather hydrophilic SS (with a water contact
angle of ca. 62°) and the hydrophobic drug-in-polymer
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FIGURE 12. In vitro cumulative paclitaxel release profile from
different DESs for a period of 3 weeks. A “fast release profile” was
obtained for the B2 stents (gray ¢) and for BrD stents (H) coated with
a single layer of the drug-in-polymer matrix [paclitaxel-in-(PBMA/
PEVA)]. A “slower release profile” was obtained for the B2 stents
(), BrD stents (%), and PMMA-BrD stents (®) coated with the drug-
in-polymer matrix and additional polymer top coat (PBMA).

matrix (with a water contact angle of ca. 85°). The
enhanced durability and stability of the drug-in-polymer
matrix had a gradual effect on the drug release charac-
teristics of the BrD and PMMA-BrD DESs. Both organic
layers, BrD and PMMA-BrD, showed the beneficial effects
for the DESs. However, the effect was intensified by the
PMMA-BrD layer, possibly as a result of the similar
chemical structure of PMMA brushes and the drug-carry-
ing polymer PBMA. This may also indicate that a more
significant SS surface coverage is desirable than that
achieved by a thin layer of BrD. Similar results were
obtained in parallel work performed by our research
group, in which the surface was modified with an aromatic
diazonium salt with a long aliphatic chain, 4-(1-dodecyl-
oxy)-phenyldiazonium tetrafluoroborate (29).

4. CONCLUSIONS
SS stents were electrochemically modified with a layer

of 4-(2-bromoethyl)benzenediazonium salt, which served
as a radical initiator for further ATRP of MMA. XPS and
electrochemical analysis confirmed the formation of a
uniform organic coating. This covalently attached layer
significantly improved the drug-in-polymer matrix adhe-
sion to the SS stent backbone. Durability of the drug-in-
polymer coatings was demonstrated through stability
testing under physiological and accelerated conditions.
Paclitaxel controlled release from the modified SS DESs
demonstrated a moderate profile relative to nontreated
samples. It is clear, therefore, that the PMMA-BrD layer
substantially improved the durability of the polymer/drug-
in-polymer matrix on SS stents.
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