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Polymer-based platforms in drug-eluting stents �DESs� can cause adverse reactions in patients.
Hence, the development of a polymer-free drug delivery platform may reduce adverse reactions to
DES. In this study, the use of a polymer-free platform, self-assembled monolayers �SAMs�, is
explored for delivering an antiproliferative drug �paclitaxel �PAT�� from a stent material
�cobalt-chromium ��CouCr� alloy�. Initially, carboxylic acid terminated phosphonic acid SAMs
were coated on CouCr alloy. Two different doses �25 and 100 �g /cm2� of PAT were coated on
SAM coated CouCr surfaces using a microdrop deposition method. Also, control experiments
were carried out to coat PAT directly on CouCr surfaces with no SAM modification. The PAT
coated specimens were characterized using the Fourier transform infrared spectroscopy �FTIR�,
scanning electron microscopy �SEM�, and atomic force microscopy �AFM�. FTIR spectra showed
the successful deposition of PAT on SAM coated and control-CouCr surfaces. SEM images
showed islands of high density PAT crystals on SAM coated surfaces, while low density PAT
crystals were observed on control-CouCr alloy. AFM images showed molecular distribution of
PAT on SAM coated as well as control-CouCr alloy surfaces. In vitro drug release studies showed
that PAT was released from SAM coated CouCr surfaces in a biphasic manner �an initial burst
release in first 7 days was followed by a slow release for up to 35 days�, while the PAT was burst
released from control-CouCr surfaces within 1–3 days. Thus, this study demonstrated the use of
SAMs for delivering PAT from CouCr alloy surfaces for potential use in drug-eluting stents.

© 2011 American Vacuum Society. �DOI: 10.1116/1.3575530�
I. INTRODUCTION

Coronary artery disease �CAD� is one of the leading
causes of death for both men and women throughout the
world.1 CAD occurs mainly due to the deposition of plaque
in the blood vessels which supply oxygen-rich blood to the
heart.1 Balloon angioplasty is the technique that has been
commonly used to treat CAD.2,3 However, restenosis �renar-
rowing of arteries� occurs in 30%–40% of the patients within
6 months after angioplasty treatment.4,5 To overcome this
limitation, coronary stents are implanted following balloon
angioplasty to help keeping the artery open.4,5 However, en-
dothelial cell damage occurs during stent implantation and it
causes a whole cascade of events resulting in neointimal hy-
perplasia �NH�.6 NH is characterized by the migration and
proliferation of smooth muscle cells followed by extracellu-
lar matrix synthesis and deposition.7 NH is primarily respon-
sible for in-stent restenosis �renarrowing of the arteries after
stent implantation�.8 Drug-eluting stents �DESs� are currently
implanted to treat in-stent restenosis.9 Stents are coated with
an antiproliferative drug and the drug is released for a period
of time to control the growth the smooth muscle cells.9 Al-
though the implantation of DES significantly reduced the
incidences of in-stent restenosis, some drawbacks are still
associated with its use.10 Most commercially available DESs
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use polymers to coat and release drugs. The limitations of
using some polymeric carriers in DES are as follows: �a�
polymer coatings undergo cracks, fissures, waviness, and
other irregularities during stent expansion;11 �b� inflamma-
tory and hypersensitivity reactions to polymer coatings;12–18

and �c� polymer coatings affect the normal vessel healing
process17,19,20 and this could cause late stent
thrombosis.18,19,21 Hence, there is a need for developing
polymer-free drug delivery platform for coronary stents.

Recently, we successfully demonstrated the use of self-
assembled monolayers �SAMs� as a polymer-free drug deliv-
ery platform for stents with no adverse response from endot-
helial cells.22,23 However, some technical challenges
remained in the use of SAMs as an effective drug delivery
platform for stents. The objectives of this study are to over-
come the technical challenges listed below. First, our previ-
ous studies were carried out using model substrates �gold and
titanium� and a model drug �flufenamic acid�.22 Hence, the
first objective of this study is to adapt SAM based platform
to release an antiproliferative drug �paclitaxel �PAT�� from a
stent material �cobalt-chromium �CouCr� alloy�. Second,
the amount of drug that was coated using SAMs was in
ng /cm2.22 Hence, the second objective of this study is to
increase the amount of drug coated using SAM platform to
levels comparable to those employed in currently available

2
DES �in �g /cm �.
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II. EXPERIMENT

A. Materials

Ethanol �200 proof� was purchased from Pharmco-
AAPER �USA�. Acetone, methanol, 16-
phosphonohexadecanoic acid �16-PHDA�, and phosphate
buffered saline with 0.05% tween-20 �PBS/T-20� were all
purchased from Sigma-Aldrich �USA�. Anhydrous tetrahy-
drofuran �THF� was purchased from Alfa-Aesar �USA�. PAT
was purchased from ChemieTek �Indianapolis, IN�. All
chemicals were used as received. CouCr alloy �L605� was
purchased from High Temp Metals. Inc. �Sylmar, CA�.

B. Preparation of control-CoACr alloy

CouCr alloy samples �length�width� thickness
=1 cm�1 cm�1 mm� were chemically cleaned by soni-
cation in ethanol, acetone, and methanol twice for 10 min
each. The samples were then dried under nitrogen �N2� gas.
Thus, prepared chemically cleaned CouCr alloy samples
are referred to here as control-CouCr �Ctrl-CouCr�.

C. Coating of SAMs on CoACr alloy

The chemically cleaned CouCr alloy samples were im-
mersed in 1 mM solution of 16-PHDA in THF for 18 h. The
samples were taken out of the THF solution and transferred
to an oven without rinsing. In the oven, the samples were
heated in air at 120 °C for 18 h. The samples were then
sonicated in THF and double-distilled water �dd-H2O� for 1
min each followed by N2 gas drying. Thus, prepared SAM
coated CouCr alloy samples are referred to here as
SAM-CouCr.

D. Coating of PAT on control and SAM coated
CoACr alloy

PAT was coated on control and SAM coated surfaces by a
microdrop deposition method as reported previously with
slight modification.24 Briefly, PAT solutions were prepared in
ethanol at two different concentrations of 0.5 and 2 mg/ml.
Two different drug doses of 25 and 100 �g /cm2 were pre-
pared by dropping a 50 �l aliquot of the prepared PAT so-
lutions of concentrations of 0.5 and 2 mg/ml, respectively, on
control and SAM coated alloy surfaces �1�1 cm2�. The eth-
anol was allowed to evaporate under ambient laboratory con-
ditions for 3 h leaving behind a residue of PAT on the alloy
specimens. All PAT coated specimens were then transferred
to an oven and heated in air at 140 °C for 3 h.

A schematic of the preparation of PAT coated samples is
shown in Fig. 1. Control-CouCr alloy samples with PAT
loadings of 25 and 100 �g /cm2 are referred to here as Ctrl-
PAT-25 and Ctrl-PAT-100, respectively. SAM coated
CouCr alloy samples with drug loadings of 25 and
100 �g /cm2 are referred to here as SAM-PAT-25 and SAM-
PAT-100, respectively. A list of abbreviations used in the ar-

ticle and their descriptions is provided in Table I.
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E. Surface characterization

The control, SAM coated, and PAT coated CouCr alloy
specimens were characterized using Fourier transform infra-
red spectroscopy �FTIR�, scanning electron microscopy
�SEM�, and atomic force microscopy �AFM�. X-ray photo-
electron spectroscopy �XPS� was also used to characterize
control and SAM coated specimens.

FIG. 1. �Color online� Schematic of the preparation of PAT deposited control
and SAM coated CouCr alloy samples.

TABLE I. List of abbreviations used in the study and their descriptions.

Abbreviations used Descriptions

CouCr alloy Cobalt-chromium alloy
Ctrl-CouCr Chemically cleaned cobalt-chromium alloy
SAM-CouCr SAM coated CouCr alloy
Ctrl-PAT PAT deposited control-CouCr alloy
Ctrl-PAT-25 25 �g /cm2 of PAT deposited control-CouCr alloy
Ctrl-PAT-100 100 �g /cm2 of PAT deposited control-CouCr allo
SAM-PAT PAT deposited SAM coated CouCr alloy
SAM-PAT-25 25 �g /cm2 of PAT deposited SAM coated CouCr al

SAM-PAT-100
100 �g /cm2 of PAT deposited SAM coated CouC

alloy
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1. FTIR

A Nicolet 6700 FTIR instrument �Thermo Scientific�
equipped with an attenuated total reflection accessory was
used in this study. The number of scans used to collect each
infrared spectrum was 32 and a spectral resolution of 4 cm−1

was used. All the IR spectra reported in this study were base-
line corrected using OMNIC software.

2. SEM

A EVO-40SEM from ZEISS �Germany� was used in this
study. An accelerating voltage of 10.00 kV was used at a
working distance of 30–32 mm. The specimens were sputter
coated with a 5 nm thin layer of carbon or gold-palladium
prior to SEM imaging.

3. AFM

A Nanoscope III multimode AFM from Digital Instru-
ments, Inc. �Santa Barbara, CA� was used in this study. All
images were captured using tapping mode at a scan size of
10�10 �m2. Silicon nitride cantilevers with a spring con-
stant of 20 N/m were used to scan the specimens. The imag-
ing was carried out in air at room temperature. All captured
images were subjected to flattening according to third degree
polynomial fit. The rms roughness values represent the
mean�standard deviation of data collected from three dif-
ferent spots �10�10 �m2� of a specimen.

4. XPS

XPS measurements were carried out using a Kratos Axis
Ultra instrument equipped with a monochromatized Al K�
x-ray source �E=1486.7 eV, 227 W�, a hemispherical en-
ergy analyzer, and a channeltron detector array. A photoelec-
tron takeoff angle of 90° from the surface was used in this
study. Survey scans were obtained using a pass energy of
160 eV and high resolution scans were obtained using pass
energies of 20 eV for C 1s and O 1s spectra and 40 eV for all
the other elements �Co 2p, Cr 2p, W 4f , Ni 2p, P 2p, and N
1s� analyzed in this study. Data calibration for all the ob-
tained spectra was carried out by setting the C 1s hydrocar-
bon peak at 285 eV. CASA XPS software was used to decon-
volute the spectra, to analyze the peak areas, and to calculate
the atomic percentage concentrations of elements and molar
percentage concentrations of components.

F. Drug-elution studies

PAT coated control �n=4� and SAM coated �n=4� alloy
samples were immersed in 2 ml of PBS/T-20 solution �PBS
containing 0.05% Tween-20, pH=7.4� and placed in a water
bath at 37 °C for up to 35 days. Tween-20, a nonionic sur-
factant, was added to the PBS to increase the solubility of
PAT and to maintain sink conditions.25–28 At predetermined
time points �1, 3, 5, 7, 14, 21, 28, and 35 days�, the alloy
samples were taken out of the incubated PBS/T-20 solution
and immediately transferred to fresh PBS/T-20 solution for
the next time point. The PBS/T-20 solutions collected at each

time point were then used to calculate the amount of drug
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released using high performance liquid chromatography
�HPLC�. As previously described,24 1 ml of ethanol was
added to the polypropylene tubes in which the PBS/T-20
solutions were collected. This step was carried out before
analyzing the collected solutions using HPLC. Ethanol addi-
tion was carried out to remove any PAT molecules physically
adsorbed on the polypropylene tube surfaces and to improve
the solubility of PAT in PBS/T-20.24,29,30 This would improve
the accuracy of quantifying the released PAT using HPLC.

1. High performance liquid chromatography

HPLC analysis was carried out using a Waters Alliance
System which included a Waters e2695 separations module,
a Waters 2489 UV/visible detector, and a reverse-phase Wa-
ters Nova-Pak C18 4 �m column. The separations were car-
ried out using a mobile phase composition of 45% water and
55% acetonitrile at a flow rate of 1 ml/min. The column
temperature was maintained at 35 °C during the separation.
A sample volume of 10 �l was used for the analysis. UV
detection was carried out at a wavelength of 227 nm. Cali-
bration standards were prepared from the solution of PAT in
ethanol. PAT solutions at concentrations ranging from
100 �g /ml to 1 ng/ml in ethanol were prepared. Calibration
graphs of PAT were obtained by plotting the area of the peak
��V /s� in y-axis and concentrations of the drug ��g /ml or
ng/ml� in x-axis. The graphs were linear over the concentra-
tion ranges of 100 �g /ml-99 ng /ml and 99–1 ng/ml with
correlation coefficients of R2 values of 0.9922 and 0.9969,
respectively. All HPLC data were analyzed using a WATERS

EMPOWER 2 software system.

G. Statistical analysis

The experimental data collected in this study are pre-
sented as mean�standard deviation. A one-way analysis of
variance �ANOVA� was used to determine the statistical sig-
nificant differences at p�0.05.

III. RESULTS

A. Surface characterization of Ctrl-CoACr and
SAM-CoACr before and after PAT coating

XPS and FTIR were used to characterize the SAM coat-
ing on CouCr alloy. PAT deposited alloy specimens �Ctrl-
PAT series and SAM-PAT series� were characterized using
FTIR, SEM, and AFM for studying the coating, morphology,
and distribution of PAT on alloy surfaces.

1. XPS characterization

High resolution XPS C 1s, O 1s, N 1s, Co 2p, Cr 2p, W
4f , Ni 2p, and P 2p spectra were collected for control and
SAM coated specimens. The atomic percentage concentra-
tions of all the elements scanned in this study were provided
in �a� in Table II. No XPS peak for phosphorous was de-
tected for Ctrl-CouCr alloy specimens. However, after the
deposition of phosphonic acid SAM, the P 2p peak at
133.6�0.3 was observed. The atomic percentage concentra-

tion of P 2p for SAM coated CouCr alloy was 2.9%�1%
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��a� in Table II�. Also, a significant increase in the concen-
tration of carbon was accompanied by a significant decrease
in the concentrations of oxygen, cobalt, chromium, tungsten,
and nickel atoms after the deposition of SAM ��a� in Table
II�. Since the SAM is primarily composed of carbon atoms,
the concentration of carbon is expected to increase after the
deposition of monolayer. Also, the concentrations of oxygen
�the primary element in the surface oxide layer of CouCr�
and other elements �Co, Cr, W, and Ni� in the alloy substrate
are expected to decrease due to the attenuation of XPS sig-
nals. The C 1s spectrum of Ctrl-CouCr alloy was deconvo-
luted into three components: the peaks at 285, 286.4�0.1,
and 288.8 eV were assigned to carbon atoms in CuC,
CuOH, and CvO species of hydrocarbon contaminants
��b� in Table II�. Several studies have showed the presence of
such hydrocarbon contaminant species on different metal
oxides.31–34 Also, the CuC peak of hydrocarbon contami-
nation at 285 eV has been commonly used as an internal
standard for XPS calibration.34 The C 1s spectrum of
SAM-CouCr alloy was deconvoluted into three compo-
nents as well. The peaks at 285, 286.2�0.3, and 289 eV
were assigned to carbon atoms in CuC, CuO, and CvO
species of SAM molecules ��b� in Table II�. The O 1s spec-
trum of Ctrl-CouCr alloy was deconvoluted into three com-
ponents: the peaks at 530, 531.6, and 533.7� .1 eV were
assigned to metal oxide �O2

−�, metal hydroxide �OH−�, and
water �H2O� species, respectively ��c� in Table II�. After
SAM coating, the peaks of O 1s components at 530.4�0.4,
532.1�0.3, and 533.7�0.3 eV were assigned to oxygen at-
oms in metal oxide, PuOumetal /PvO, and
PuOH /CuOH, respectively ��c� in Table II�. These results
are in agreement with the literature on the formation of phos-

35,36

TABLE II. XPS determined atomic percentage concentrations �a�, molar pe
coated, and PAT coated specimens.

Samples C 1s O 1s N 1s

Ctrl 48.5�1.9 38.2�1.4 1.0�0.2
SAM coated 57.4�8.3 32.9�6.9 0.9�0.4

Samples

C 1s �1�
BE

�eV�
Molar percentage

concentration of components
BE

�eV� co
Ctrl 285 66.2�2.5 286.4�0.1
SAM coated 285 74.2�2.5 286.2�0.3

Samples

O 1s �1�
BE

�eV�
Molar percentage

concentration of components
BE

�eV� co
Ctrl 530 19.5�1 531.6
SAM coated 530.4�0.4 17.5�10.7 532.1�0.3

aND=Not detected.
phonic acid SAMs on other metal oxides.
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2. FTIR characterization

The asymmetric ��asym� and symmetric ��sym� stretches
of uCH2 groups have been commonly used to study the
ordering of monolayers on various substrates.33,37–40 Typi-
cally, for a well-ordered monolayer, the peaks of �asym�CH2�
and �sym�CH2� have been observed at �2918 and
�2850 cm−1, respectively.33,37,38 In our study, the peaks of
�asym�CH2� and �sym�CH2� were observed at 2917 and
2849 cm−1, respectively �Fig. 2�a��. These results suggested
that the phosphonic acid molecules formed an ordered mono-
layer on CouCr alloy substrates. The peak observed for
CvO stretching at 1705 cm−1 shows the presence of
uCOOH terminal groups of SAMs. In the literature, the
shift and broadening of peaks for PuO group stretches
��PuO� have been used to study the bonding of phosphonic
acid molecules on variety of metal oxide substrates.39 The
peak for �PuO of phosphonic acid molecules has been ob-
served at 1075 cm−1 before bonding to metal surfaces.39

However, after the molecules were chemically bound to alloy
surfaces, the peak was broadened and shifted to
1055 cm−1.39 Consistent with the literature, in our study, the
broad peak observed at 1062 cm−1 shows the presence of
PuO groups of phosphonic acid molecules chemically
bound to CouCr alloy surfaces.

The FTIR spectrum of PAT in power form was obtained
�Fig. 2�b��. The strong absorption bands for the CvO
stretches of ester, ketone, and amide groups were observed at
peaks of 1729, 1700, and 1639 cm−1, respectively. The
peaks for the finger print regions of PAT were observed at
1242, 1072, and 707 cm−1. The peak positions of PAT ob-
served in our study are in well agreement with the previously
reported studies.41,42 Figure 2�c� shows the infrared spectrum

ge concentrations of C 1s �b� and O 1s �c� components of control, SAM

Co 2p Cr 2p W 4f Ni 2p P 2p

3.5�0.3 6.8�0.4 1.5�0.1 0.9�0.1 NDa

1.1�0.6 3.5�1.5 1.0�0.4 0.4�0.2 2.9�1.0

�2� C 1s �3�
olar percentage
ration of components

BE
�eV�

Molar percentage
concentration of components

20.4�2.0 288.8 13.4�1
18.2�2.1 289 7.6�1.5

�2� O 1s �3�
olar percentage
ration of components

BE
�eV�

Molar percentage
concentration of components

74.6�1.6 533.7�0.1 5.9�0.9
71.5�8.2 533.7�0.3 11.0�7.4
rcenta

�a�

�b�
C 1s

M
ncent

�c�
O 1s

M
ncent
of PAT �in powder form� which was heated to 140 °C for 3
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h. This experiment was conducted to verify that the tempera-
ture of 140 °C used in the drug attachment protocols would
not make any changes in the chemical structure of PAT.
Similar to as-received PAT �Fig. 2�b��, the strong absorption
bands for the CvO stretches of ester, ketone, and amide
groups and finger print regions were present in the IR spec-
trum of PAT heated to 140 °C �Fig. 2�c��. These results dem-
onstrated that the heat treatment involved in the drug attach-
ment protocol did not induce any changes in the chemical
structure of PAT. These results were also consistent with the
literature on thermal stability of PAT.43 Liggins et al.43 inves-
tigated the thermal stability of PAT using differential scan-
ning calorimetry �DSC� and thermogravimetric analysis
�TGA�. DSC showed no transitions of PAT before the drug
reached its melting point at 220 °C. Also, TGA showed no
weight loss of PAT until it reached its melting point. Hence,
the temperature of 140 °C used in the drug attachment pro-
tocol would not affect the physiochemical properties of PAT.

Figures 3�a� and 3�b� show the FTIR spectra of Ctrl-
PAT-25 and Ctrl-PAT-100, respectively. Figures 3�c� and 3�d�
show the FTIR spectra of SAM-PAT-25 and SAM-PAT-100,
respectively. The CvO stretches of ester, ketone, and amide
groups and finger print regions of PAT were observed on all
the specimens. Also, the intensity of the peaks increased de-
pending on the amount of drug loaded on the alloy surfaces.

FIG. 2. �Color online� FTIR spectrum of SAM-CouCr �a�, as-received PAT
powder �b�, and PAT powder heated to 140 °C for 3 h �c�.
This behavior was observed for both Ctrl-PAT and SAM-PAT
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specimens. Also, no changes in the FTIR peak positions were
observed for the PAT deposited on control or SAM coated
specimens when compared to that of PAT in powder form.
This further confirmed that the PAT maintains its pristine
form after deposited on alloy surfaces.

3. SEM characterization

SEM images with magnifications of 70� and 3000�
were captured for all the alloy specimens used in this study
�Fig. 4�. Figures 4�a�–4�d� show the SEM images of
Ctrl-CouCr and SAM-CouCr. Control-CouCr alloy sur-
faces were flat with few surface defects �pits and scratches�.
The surface morphology of SAM-CouCr was similar to
that of control-CouCr alloy. Figures 4�e�–4�h� show the
SEM images of Ctrl-PAT specimens. When the drug loading
is increased from 25 to 100 �g /cm2, the corresponding in-
crease in drug concentration on metal surfaces is clearly vis-
ible in the SEM images �Figs. 4�e� and 4�g��. PAT crystals
showed needle shaped morphology on the alloy surfaces
�Figs. 4�f� and 4�h��. Figures 4�i� and 4�l� show SEM images
of SAM-PAT specimens. These images showed that islands
of PAT crystals were formed on SAM coated CouCr alloy
specimens. High magnification SEM images were also cap-
tured for both island �Figs. 4�j� and 4�m�� and nonisland
�Figs. 4�k� and 4�n�� areas. Needle shaped PAT crystals were
observed on island areas �Figs. 4�j� and 4�m��. An increase in
the density and agglomeration of PAT crystals corresponding
to increased drug loading is seen in Figs. 4�i�, 4�j�, 4�l�, and
4�m�. The density of PAT crystals on the island areas of
SAM-PAT was greater than that of control-CouCr alloy.
However, PAT crystals were not seen on nonisland areas of
SAM-PAT specimens �Figs. 4�k� and 4�n��. PAT forms re-
gions of crystals as well as molecular coating on CouCr

24

FIG. 3. �Color online� FTIR spectra of Ctrl-PAT-25 �a�, Ctrl-PAT-100 �b�,
SAM-PAT-25 �c�, and SAM-PAT-100 �d�.
alloy surfaces. SEM has been useful in studying the mor-
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phology of PAT crystals, while AFM has been useful in
studying the molecular coatings of PAT.24 In this study, the
nonisland areas were investigated using AFM for the pres-
ence of molecular coatings of PAT.

4. AFM characterization

Figures 5�a�–5�d� show the AFM tapping mode height and
phase images of control and SAM coated CouCr alloy
specimens. The rms roughness values of control and SAM
coated specimens were 22.6�6.8 and 21.2�5.0 nm, re-
spectively. No significant differences in the surface morphol-
ogy or rms roughness values were observed between control
and SAM coated specimens. These results suggested that the
SAM coated was uniform and it followed the contour of
alloy surfaces.37–39 After the deposition of PAT on CouCr
alloy, a significant difference in the surface morphology was
observed for both Ctrl-PAT and SAM-PAT specimens �Figs.
5�e�–5�l��. PAT crystals on control specimens were too large
to scan using AFM. Hence, the measurements were carried
out on the spots where there were no crystals. Powderlike

FIG. 4. SEM images of control, SAM coated, and PAT coated specimens.
morphology of PAT was observed on those spots �Figs. 5�f�
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and 5�h��. For SAM-PAT specimens, the AFM images were
captured only for the nonisland areas. The island areas of
PAT crystals were difficult to image due to significant in-

FIG. 5. �Color online� AFM height �a�, �c�, �e�, �g�, �i�, and �k� and phase �b�,
�d�, �f�, �h�, �j�, and �l� images of control, SAM coated, and PAT deposited
specimens.
crease in the surface roughness. The nonisland areas of AFM
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images showed the distribution of powderlike morphology of
PAT �Figs. 5�j� and 5�l��. These results suggested that when
PAT is allowed to deposit on CouCr alloy surfaces by the
method carried out in this study, it forms needle shaped crys-
tals �as evident from the SEM images� as well as powderlike
morphology �as evident from the AFM images�.

B. PAT release from control and SAM coated CoACr
alloy surfaces

Figures 6�a�–6�d� show the amount of drug released from
Ctrl-PAT and SAM-PAT. For Ctrl-PAT-25 �Fig. 6�a��, no sig-
nificant differences �p�0.05� were observed in the amount
of drug released between days 1 and 3 and day 3 and any
other time points. However, for SAM-PAT-25 �Fig. 6�b��,
significant differences �p�0.05� in the amount of drug re-
leased were observed at all initial time points �day 1 and all
other time points; day 3 and days 7–35; and day 5 and days
14–35�. For Ctrl-PAT-100 �Fig. 6�c��, although there was a
significant difference observed between day 1 and days
5–35, no significant differences were observed between other
time points including day 3 and days 5–7, day 5 and days
7–21, and day 7 and days 14–35. However, in case of SAM-
PAT-100 �Fig. 6�d��, significant differences were observed
between several time points including day 1 and days 5–35,
day 3 and days 7–35, day 5 and days 14–35, and day 7 and
days 21–35.

Figures 6�e�–6�h� show the percentage of total drug re-
lease profiles obtained for Ctrl-PAT and SAM-PAT speci-
mens. Burst release profiles were observed for Ctrl-PAT,
while biphasic release profiles were observed for SAM-PAT
specimens over a period of 35 days. For Ctrl-PAT-25 �Fig.
6�a��, more than 50% of total drug loaded was released
within a day. The total drug released by day 3 �60%�3%�
was not significantly different than that of day 35
�64%�3%�. However, in case of SAM-PAT-25 �Fig. 6�b��,
only 21%�5% of the total drug loaded was released within
a day. Also, 37%�7%, 47%�7%, and 53%�6% of the
total drug loaded were released on days 3, 5, and 7, respec-
tively. In Ctrl-PAT-100 �Fig. 6�c��, approximately 50% of the
total drug loaded was released within 3 days, while the
SAM-PAT-100 showed slow release where percentages of
total drug released at 1, 3, 5, 7, 14, 21, 28, and 35 days were
5%�2%, 10%�3%, 13%�3%, 19%�3%, 23%�4%,
28%�3%, 33%�5%, and 40%�8%, respectively �Fig.
6�d��. These results suggest that the rate of release of PAT
from SAM coated surfaces was slower than that of control
surfaces.

C. SEM characterization of alloy surface postdrug
elution

SEM images were also captured for the alloy specimens
which were taken out of the PBS/T-20 solution after 35 days
of immersion. Figure 7�a� shows the SEM image of Ctrl-
PAT-100 after 35 days of PBS/T-20 immersion. No PAT crys-
tals were observed on these specimens which suggested that
most of the crystals were released from the specimens in 35

days. Also, these images suggested that the residual drug
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retained on the alloy specimens after 35 days of PBS/T-20
immersion might be in the form of molecular coating, which
is very difficult to view using a SEM. Figure 7�b� shows the
SEM image of SAM-PAT-100 immersed in PBS/T-20 for 35
days. The high density needle shaped residual PAT crystals
were observed on these specimens. It is interesting to ob-
serve that the PAT crystals were strongly adsorbed on SAM
coated CouCr alloy surfaces and some of the crystals were
not removed even after 35 days of PBS/T-20 immersion.
This result demonstrates the high affinity of PAT toward
SAM-CouCr alloy surfaces.

D. Discussion

Owing to limitations of polymeric carriers in drug-eluting
stents,11–21 the development of polymer-free drug delivery
platforms has potential applications in stents.10 Surface
modification using SAMs is one of the promising techniques
for delivering drugs from metal implants without polymeric
carriers.22,23 Our previous studies have shown that a model
drug �flufenamic acid� can be released from model substrates
�gold and titanium� for a period of 4 weeks using SAMs.22

The amount of drug coated using SAMs was
�100 ng /cm2.22 The drug release showed an initial burst
followed by a slow release.22 Although these studies have
shown the potential for using SAMs to deliver drugs from
stents, improvements in certain areas are crucial for using
this technology in clinical applications. Hence, the objective
of this study is to use the SAM technology to deliver an
antiproliferative drug �paclitaxel� from a stent material
�CouCr alloy� in clinically relevant doses ��g /cm2�.

316L stainless steel and CouCr alloys are the alloy sys-
tems that are commonly used for making coronary stents.9

CouCr alloy is preferred over other metals because of its
ability to make ultrathin stent struts with increased
strength.16 Two of the five FDA approved drug-eluting stents
are made up of CouCr alloy.9,16 Phosphonic acid SAMs
have been successfully coated on 316L stainless steel,37

titanium,44 and nitinol.39 Hence, we expect this SAMs based
drug delivery approach to work on several other metal oxide
systems as well.

In our previous study, we have used uOH terminated
phosphonic acid and thiol SAMs on titanium and gold,
respectively.22 Phosphonic acid SAMs are commonly coated
on several metal oxide systems than thiol SAMs.37,39,44

Hence, we used phosphonic acid SAMs to coat CouCr al-
loy. Also, in our previous study, we have used the model
drug flufenamic acid to derivatize uOH terminated SAMs
since the drug contains uCOOH groups.22 In the current
study, PAT contains uOH groups. Hence, we used uCOOH
terminated SAMs for PAT derivatization. Although the main
interaction expected between PAT and SAMs is the extensive
hydrogen bonding, the possibility of esterification reaction
between uCOOH groups of SAMs and uOH groups of
PAT is not ignored. The different bonding interactions be-
tween PAT and SAMs are described in detail later in this

section.
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FIG. 6. �Color online� Amount of drug release profiles of Ctrl-PAT-25 �a�, SAM-PAT-25 �b�, Ctrl-PAT-100 �c�, and SAM-PAT-100 �d�. Percentage of drug
release profiles of Ctrl-PAT-25 �e�, SAM-PAT-25 �f�, Ctrl-PAT-100 �g�, and SAM-PAT-100 �h�.
Biointerphases, Vol. 6, No. 2, June 2011
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Most commercially available drug-eluting stents typically
have a drug loading of 100 �g /cm2,45 although some stents
use lesser amount of drug �20 �g /cm2�.46 Hence, we have
chosen two different drug doses of 25 and 100 �g /cm2 in
this study. Initially, well-ordered and uniform phosphonic
acid SAMs were coated on CouCr alloy. The two different
drug doses of PAT were coated on SAM-CouCr alloy sur-
faces using a microdrop method as previously described.24

Experiments were also carried out to coat PAT directly on
control-CouCr alloy specimens �with no SAM coating�.

The native surface oxide of Ctrl-CouCr alloy is typically
enriched with uOH groups.24 When PAT is deposited on
alloy oxides by ethanol evaporation, it forms strongly bound
molecular coating as well as weakly bound drug crystals.24 It
was hypothesized that the strongly bound molecular coating
occurs between the PAT molecules and high density surface
hydroxyl groups of CouCr alloy.24 PAT crystals are formed
due to intermolecular hydrogen bonding interactions47,48 and
are present on top of the molecular layer.24 In this study,
SEM images showed the formation of PAT crystals on alloy
surfaces and AFM images showed the molecular distribution

FIG. 7. SEM images of Ctrl-PAT-100 �a� and SAM-PAT-100 �b� after 35
days of PBS/T-20 immersion.
of PAT in powderlike form. The ions in PBS/T-20 interfere
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with hydrogen bonding interactions of PAT crystals49 and
result in the burst release of crystals.24 This is clearly evident
from the burst release profiles observed in this study for Ctrl-
PAT specimens �Figs. 6�a� and 6�c��. Also, no PAT crystals
were observed on Ctrl-PAT specimens after 35 days of PBS/
T-20 immersion �Fig. 7�a��. After 35 days, only 65%–70% of
the total drug loaded was released from Ctrl-CouCr alloy
�Figs. 6�e� and 6�g��. This suggests that some PAT molecules
are strongly adsorbed on CouCr alloy surfaces and remains
stable under physiological conditions for a period investi-
gated in this study.

In case of SAM-PAT specimens, biphasic release profiles
were observed �Figs. 6�b�, 6�d�, 6�f�, and 6�h��. This demon-
strates the significant role of SAMs in delivering PAT from
CouCr alloy surfaces. SAMs used in this study contain
uCOOH terminal groups. The uCOOH groups contain hy-
droxyl �uOH� functionalities which are hydrogen bond do-
nors and carbonyl �CvO� functionalities which are hydro-
gen bond acceptors. PAT contains uOH groups as well as
CvO functionalities in ester, ketone, and amide groups.
The uOH functionalities of SAM molecules can form hy-
drogen bonds with uOH groups of PAT, uNH groups of
PAT, and CvO functionalities of ester, ketone, and amide
groups in PAT. Hence, when PAT is allowed to deposit on
SAM coated CouCr alloy surfaces, the PAT can form ex-
tensive hydrogen bonding with SAMs. Also, the heat treat-
ment involved in the drug attachment protocol can facilitate
esterification reaction between uCOOH groups of SAM and
uOH groups of PAT. Carboxylic acid groups can react with
hydroxyl groups during dry heating to form covalent ester
linkages.50–52 Thermal esterification �or dry heat esterifica-
tion� has been commonly reported for uCOOH and uOH
groups containing systems such as starch/xanthan gum,50

poly�vinyl alcohol�/poly�acrylic acid�,51 and carboxylic acid-
functionalized polyethylene/poly�vinyl alcohol�.52 Hence,
covalent ester bonds may also be formed between PAT mol-
ecules and SAM. Also, PAT molecules interact with each
other through extensive hydrogen bonding.47 Based on these,
we believe that the following three interactions play a vital
role in the coating of PAT on SAM coated CouCr alloy
specimens: �1� hydrogen bonding between PAT molecules
and SAMs; �2� covalent bonding �ester bonds� between PAT
molecules and SAMs; and �3� intermolecular hydrogen
bonding between PAT molecules.

The mechanisms proposed for the PAT delivery from
SAMs are as follow: �a� cleavage of hydrogen bonds be-
tween PAT molecules and SAMs by the ions in the PBS/T-20
solution; �b� cleavage of ester bonds between PAT and SAM
by hydrolysis; and �c� cleavage of hydrogen bonds between
PAT molecules by the ions in PBS/T-20 solution. When the
density of PAT molecules is high, it provides more stability
to drug coating due to extensive intermolecular hydrogen
bonding interactions. In the PAT islands of SAM-PAT speci-
mens, the crystals were present in close proximity to each
other �Figs. 4�j� and 4�m��. Hence, there would be more hy-
drogen bonding between the crystals to make the coating

very stable. This could be the reason for the greater stability
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of PAT crystals on SAM-CouCr specimens resulting in
slower release for up to 35 days. However, the PAT crystals
were not in close proximity on control-CouCr alloy speci-
mens �Figs. 4�f� and 4�h��. Hence, the hydrogen bonding
interactions may not be as great as on SAM coated speci-
mens. This could be the reason for the poor stability of PAT
crystals on Ctrl- CouCr specimens resulting in burst re-
lease.

IV. SUMMARY AND CONCLUSIONS

In summary, the uCOOH terminated phosphonic acid
SAMs were coated on CouCr alloy surfaces. A microdrop
deposition method was used to load PAT at doses of 25 and
100 �g /cm2 on SAM coated CouCr alloy surfaces. In par-
allel, control experiments were carried out to deposit PAT on
CouCr alloy surfaces with no SAM coating. Thus, prepared
PAT deposited specimens were characterized using FTIR,
SEM, and AFM. FTIR showed that PAT was successfully
deposited on SAM coated and control-CouCr alloy sur-
faces. SEM images showed the formation of needle shaped
PAT crystals on alloy surfaces. Also, these images showed
the islands of high density PAT crystals on SAM coated sur-
faces, while low density PAT crystals were observed on con-
trol surfaces. In addition to crystal deposits, AFM images
showed molecular coatings of PAT in powderlike morphol-
ogy on SAM coated and control-CouCr alloy surfaces. In
vitro drug release studies showed biphasic release profiles
�an initial burst release in 7 days was followed by a slow
release for up to 35 days� for SAM coated surfaces, while
burst release within 3 days was observed for control surfaces.
Thus, this study demonstrated the use of SAMs for delivery
of antiproliferative drugs from stent material surfaces in
doses comparable to those employed in commercially avail-
able stents.
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