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ABSTRACT: A significant limitation of cardiovascular stents is restenosis,
where excessive smooth muscle cell (SMC) proliferation following stent
implantation causes blood vessel reocclusion. While drug-eluting stents
minimize SMC proliferation through releasing cytotoxic or immunosuppres-
sive drugs from polymer carriers, significant issues remain with delayed healing,
inflammation, and hypersensitivity reactions associated with drug and polymer
coatings. Amphiphilic macromolecules (AMs) comprising a sugar-based
hydrophobic domain and a hydrophilic poly(ethylene glycol) tail are
noncytotoxic and recently demonstrated a concentration-dependent ability
to suppress SMC proliferation. In this study, we designed a series of AMs and
studied their coating properties (chemical composition, thickness, grafting
density, and coating uniformity) to determine the effect of headgroup
chemistry on bioactive AM grafting and release properties from stainless steel
substrates. One carboxyl-terminated AM (1cM) and two phosphonate- (Me-
1pM and Pr-1pM) terminated AMs, with varying linker lengths preceding the hydrophobic domain, were grafted to stainless
steel substrates using the tethering by aggregation and growth (T-BAG) approach. The AMs formed headgroup-dependent, yet
uniform, biocompatible adlayers. Pr-1pM and 1cM demonstrated higher grafting density and an extended release from the
substrate over 21 days compared to Me-1pM, which exhibited lower grafting density and complete release within 7 days.
Coinciding with their release profiles, Me-1pM and 1cM coatings initially suppressed SMC proliferation in vitro, but their
efficacy decreased within 7 and 14 days, respectively, while Pr-1pM coatings suppressed SMC proliferation over 21 days. Thus,
AMs with phosphonate headgroups and propyl linkers are capable of sustained release from the substrate and have the ability to
suppress SMC proliferation during the restenosis that occurs in the 3−4 weeks after stent implantation, demonstrating the
potential for AM coatings to provide sustained delivery via desorption from coated coronary stents and other metal-based
implants.

■ INTRODUCTION

Surface modification techniques have gained significant interest
as methods to functionalize a wide range of biomaterials.
Although many implants are made of medical grade metal
alloys such as stainless steel, nitinol, or cobalt chrome, these
materials are not biocompatible, leading to inflammatory and
foreign body reactions.1 Implant surfaces can be modified with
self-assembled monolayers (SAMs), polymer brushes, or other
techniques to promote implant biocompatibility integration,
resistance to protein or bacterial adsorption, or mimic
biological functions.2,3 As examples, antiproliferative drugs,4,5

bioligands,6−9 antibiotics,10,11 and other actives have been
directly coated or incorporated into implant coatings to provide
localized therapeutic delivery and minimize systemic toxicity
associated with these actives.
Drug-eluting cardiovascular stents are examples of coated

medical devices that require controlled release of actives. Stents
are used to treat atherosclerosis, where blood vessels are
occluded by calcified lipid-laden plaque. Each year, over half a
million tubular metal stents are implanted to provide

mechanical support and restore adequate circulatory flow.12

However, as many as 50% of patients who receive a bare-metal
stent experience restenosis, where the blood vessel begins to
renarrow due to excessive smooth muscle cell (SMC)
proliferation that begins days after surgery and lasts for 3−4
weeks.13,14 To combat this issue, drug-eluting stents were
developed, which utilize a cytotoxic or immunosuppressive
drug to suppress proliferation. Drug-eluting stents are
commonly made of stainless steel or cobalt chrome and
contain a base layer that promotes coating adhesion, a main
layer for drug entrapment, and an overcoat to retard and extend
drug release.15 Sirolimus and paclitaxel are the most common
drugs used to prevent the undesirable SMC proliferation, but
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these drugs and their polymer overcoats are associated with
endothelial dysfunction, delayed healing, and hypersensitivity
reactions, leading to reoccluded vessels, multiple surgeries, and
potentially death.16−18 Additionally, current active compounds
do not address the upstream oxidative stress that triggers the
restenosis cascade. As a result, patient mortality rates for drug-
eluting stents are similar to those associated with bare-metal
stents.19 While there have been advances in alternative drugs
and materials, most research has focused on drug mechanisms
that reduce proliferation through cytotoxic or immunosup-
pressive approaches.
SAMs have been widely explored for implant coatings due to

their ability to form ordered chains with facile fabrication,
providing high grafting density and precisely controlled surface
properties based on chemical structure. Further, SAMs have
demonstrated good physical robustness through strong
chemisorptions between thiols on gold,3,20 silanes on
silicon,21,22 and phosphonic or alkanoic acids on metal
oxides.23−28 During organic acid self-assembly, anion(s) of
alkanoic and phosphonic acids form coordination complexes
between the surface’s metal oxide cations, forming biocompat-
ible, closely packed, and highly orientated molecular assemblies
that can be applied to a wide range of metal oxide
substrates.24−26,29,30 Foster et al. evaluated the effect of
headgroup functionality on grafting properties and demon-
strated that alkyl phosphonic acids provide more ordered
monolayers compared to alkyl carboxylic acids due to the close
packing and relatively fewer packing defects.31 One recent
approach to fabricate alkanoic and phosphonic acid films is the
tethering by aggregation and growth (T-BAG) method, which
utilizes the molecular arrangement at the air−solvent interface
to form self-assembled, ordered layers.9,27,32,33 Subsequent
annealing of the organized layers on the substrate results in
robust chemisorbed layers that can withstand harsh chemical
and mechanical conditions such as solvent-washing and peel
tests.25,32

An alternative surface modification technique is the use of
polymer brushes, which are polymer assemblies tethered to a
surface or interface. While polymer brushes have similar
properties to SAMs, the polymer chains form elongated
conformations, allowing for thin films of tightly packed
molecules. The majority of polymer brush coatings have been
developed to minimize protein adsorption on implants.34−41

Poly(ethylene glycol)- (PEG-) based polymer brush implant
coatings, such as poly(L-lysine)−PEG, decrease SMC prolifer-
ation by at least 50% compared to bare-metal stents by
reducing stent−cell interactions.42,43 As polymer coatings are
generally designed for permanent adsorption to limit protein
interactions for the lifetime of the stent, few studies have
focused on polymer-based coatings designed for extended
release.4,44

The adsorption stability of various alkanoic and phosphonic
acid-coordinated SAMs on a number of substrates have been
evaluated in air, water, simulated body fluid, and buffer
solutions.25,26,45−48 While phosphonic acid layers formed by
dip-coating were stable in air for at least 21 days, aqueous
conditions drastically diminished the coating stability, leading
to rapid desorption.45 To provide stability in physiological
conditions, Kaufman et al. used the T-BAG method with
annealing and demonstrated that alkylphosphonic acids were
stable for over 28 days in buffer.47 The wide range of reported
phosphonate SAM stability suggests that the phosphonate
coating stability can be tailored to match physiological release

requirements by varying the fabrication method or processing
conditions.49

Recently, amphiphilic macromolecules (AMs), comprised of
a hydrophilic PEG tail and a branched, sugar-based hydro-
phobic segment, were evaluated as restenosis therapeutics.50

Carboxyl- and phosphonate-terminated AMs were effective in
mediating SMC proliferation, thereby exhibiting the potential
to limit vessel occlusion and the progression of restenosis. In a
mechanism distinct from current cytotoxic or immunosuppres-
sive drugs, AMs are designed to reduce proliferation through
competitive inhibition of receptor-mediated oxidized low-
density lipoprotein (oxLDL) uptake.50 By mimicking key
characteristics of oxidized lipids, AMs with the proper charge,
hydrophobicity, three-dimensional conformation, and flexibility
are able to effectively target SMC scavenger receptors and
competitively inhibit oxLDL uptake.51−60 In contrast to
paclitaxel and sirolimus, AMs demonstrate superior cytocom-
patibility, demonstrating the potential to limit the strong
immune response and locally toxic effects associated with drug-
eluting stents.53,56 AMs exhibit a concentration-dependent
efficacy,50 and thus, AM-based coatings must release a sufficient
concentration to provide therapeutic benefits.
In this study, we hypothesize that AMs are capable of

chemically adsorbing to metal oxides due to their headgroup
functionalities and will be able to release, or desorb, from
surfaces to provide bioactivity against SMC proliferation. As the
headgroup functionality and linker lengths were previously
found to affect the coating quality of small molecules,23,31 this
study evaluated the effect of headgroup functionality and linker
length on macromolecular chemisorption and desorption to
develop a controlled release coating that can suppress SMC
proliferation. We synthesized one carboxyl- and two
phosphonate-terminated macromolecules with varying alkane
linker lengths (one or three methylenes preceding the terminal
headgroup) and studied the chemical composition, thickness,
grafting density, coating uniformity, bioactive AM release, and
ability to reduce SMC proliferation. To the best of our
knowledge, this work is the first time a macromolecular
monolayer was designed to provide controlled release of the
adsorbed bioactive amphiphile for a therapeutic effect.

■ RESULTS AND DISCUSSION
A series of bioactive AMs designed to reduce SMC proliferation
were synthesized (Figure 1), where relevant parameters
included the influence of terminal functionality (i.e., carboxyl
vs phosphonate) and phosphonate linker length (i.e., methyl vs
propyl) on the coating properties. AMs were subsequently
immobilized on clean 316L stainless steel (SS316L) substrates
via the T-BAG solution deposition method with heating to
promote chemisorption. After monolayer formation, the film’s
chemical composition, thickness, wettability, uniformity,
bioactive AM release, and ability to reduce SMC proliferation
were quantified.

Synthesis. 1cM and Pr-1pM were synthesized as previously
published,60,61 and Me-1pM was successfully synthesized in a
similar manner (Scheme 1). Using a carbodiimide-mediated
coupling reaction, N,N′-dicyclohexylcarbodiimide (DCC) and
N-hydroxysuccinimide (NHS) were used to activate 1cM
before conjugating an aminophosphonic acid with triethylamine
as the base. The activation of 1cM was confirmed by the
appearance of a singlet at 2.79 ppm in the proton nuclear
magnetic resonance (1H NMR) spectra, representative of the
NHS methylene. Water was used as cosolvent for the coupling
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of (aminomethyl) phosphonic acid due to limited solubility in
tetrahydrofuran (THF). Disappearance of the NHS methylene
peak and changes in mucate methine splitting was used to
verify successful conjugation of (aminomethyl)phosphonic acid
to NHS-1cM, due to the overlap between the methylene
adjacent to the phosphonic acid and large PEG multiplet. Me-
1pM was further characterized by gel permeation chromatog-
raphy (GPC) to verify successful polymer synthesis.
Chemical Composition and Coverage. To confirm the

chemical composition of coated monolayers, chemical states
were determined by X-ray photoelectron spectroscopy (XPS,
Table 1). From the survey spectra, the SS316L surface
consisted primarily of Fe and Cr oxides and hydroxides.
Relative to the SS316L reference surface, AM-coated samples
showed significant increases in C 1s intensity and correspond-
ing decreases in Fe 2p and Cr 2p intensities, suggesting AM
adsorption (Table 2). The overlaid C 1s core spectra (Figure 2)
demonstrate distinct aliphatic (C−C/C−H), ether (C−O), and
ester/amide (OC−O/OC−N) functional groups in the
AM structures. All AM-coated samples contained high levels of
the C 1s C−O−C and O 1s C−O−C peaks, indicating the
presence of PEG chains on the surface. The O 1s core spectra
for each sample were also recorded (Supporting Information,
Figure S1), but the amide, ester, ether, and carbonyl peaks in
the AM-coated samples obscure the phosphonate’s PO, P−
O−Fe, and P−O−H peaks, making it difficult to discern the
ratios between attached P−O−Fe and unattached P−O−H and
PO to confirm the covalent attachment of phosphonate

molecules on the oxide surface. As a result, the overall O 1s
peak intensities were used to qualitatively compare AM-coated
samples and the uncoated SS316L control, where increased
amide, ester, hydroxyl, and ether peak intensities on AM-coated
surfaces compared to bare SS316L suggest successful surface
attachment (Supporting Information, Figure S1). Lastly, the
unique presence of P 2p signal for phosphonate-based SAMs
suggests successful chemisorptions. The corresponding binding
energies of P 2p signals are indicative of coordination between
the phosphonate headgroups and the metal oxide surface. The
presence of these signals after the multiple rinse steps during
preparation indicates strong coordination between AMs and
the substrate.
As the AM bioactivity is concentration-dependent, high

surface coverage corresponding to high bioactive loading is
desirable to reduce SMC proliferation. A large scan area of 400
× 400 μm2 was used to evaluate the AMs’ coverage on SS316L
substrates. The component ratios illustrate differences between
AM adlayers. In particular, higher C/Fe ratios for 1cM and Pr-
1pM adlayers demonstrate greater surface coverage compared
to Me-1pM adlayers. Additionally, the decreased O/C ratio of
all AM coatings indicates reduced amounts of surface oxide and
hydroxide compared to bare SS316L, demonstrating that AM
molecules displace surface oxides and hydroxides. The O/C
values obtained in these experiments (0.85−0.93) are
consistent with previously reported O/C ratios for PEG-grafted
surfaces, further confirming the successful adsorption of AMs.62

Finally, a difference in the P/Fe ratio between the two
phosphonate AMs was observed, suggesting that linker length
influences the coating quality. Specifically, Pr-1pM exhibited an
increased P/Fe ratio compared to Me-1pM; these data indicate
that Pr-1pM forms high monolayers with high surface coverage
and thus higher bioactive loading on the substrate as compared
to Me-1pM.

Thickness and Grafting Density. As AM bioactivity is
concentration-dependent,50 greater bioactive AM loading on
the stent surface is desirable to suppress SMC proliferation.
Thus, the grafting density of the films was compared using
ellipsometry measurements. The experimental dry thickness
was determined to be between 2.8 and 3.4 nm, depending on
the adsorbed AM (Table 3). The sample thickness is largely
attributed to the large size of the 5000 Da PEG tail. The dry
thickness values are in the range of those reported for 5000 Da
PEG−thiol layers on gold (∼2.9 nm), and 5000 Da PEG−
catechol layers on titanium (∼2.4−3.2 nm).36,63

According to Sofia et al., the grafting density can be modeled
based on the dry thickness values obtained by ellipsometry.40,64

Assuming a uniformly grafted layer, the grafting density (σ) is
given by the equation:

Figure 1. AMs with terminal carboxylate (1cM) or phosphonate (Me-
1pM, Pr-1pM) headgroups (shown in red) have a sugar-based
hydrophobic domain and a hydrophilic 5000 Da PEG domain.

Scheme 1. Synthetic Scheme of Me-1pM from Previously Synthesized 1cM
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where L2 is the theoretical molecular area occupied by an AM
chain, d is the film thickness, ρ is the bulk density of PEG
(∼1.17 g/mL),64 NA is Avogadro’s number, and M is the AM
molecular weight. The calculated molecular area and grafting
density are shown in Table 3. While 1cM and Pr-1pM chains
occupied a similar molecular area and had similar grafting
densities, Me-1pM was less densely coated, suggesting a
decreased bioactive AM loading capacity.

Coating Uniformity Evaluated by Dynamic Contact
Angle Goniometry and AFM. Studies have shown that rough
stent surfaces may induce vascular SMC proliferation.65

Dynamic contact angle measurements were recorded to
understand the hysteresis, where differences in advancing and
receding contact angles are an indication of the sample
roughness and homogeneity.66,67 AM-coated samples exhibit
advancing aqueous contact angles ranging from 31° to 45°,
depending on the headgroup, and receding contact angles of
approximately 27°. The lower advancing contact angle of the
adsorbed AMs compared to SS316L suggests AM attachment
and hydrophilic PEG presentation as the terminal group (Table
4).66 The lower hysteresis of 1cM and Pr-1pM as compared to
Me-1pM also suggests a smoother and more homogeneous
layer, which is advantageous for stent coating applications.
Additionally, Me-1pM demonstrated higher advancing contact
angles, which may be due to the water drop contacting either
exposed AM hydrophobic domains or the SS316L substrate.
Lastly, the differences in hydrophilicity correspond with

Table 1. XPS Binding Energies and Fitting Parameters

element assignment binding energy (eV) full width at half-maximum (eV)

C 1s C−C/C−H 285.0 1.63 ± 0.04
C−O−C/C−P/C−N 286.6 1.63 ± 0.04
OC−O/OC−N 289.2 1.63 ± 0.04

O 1s Fe−O/Cr−O 530.2 ± 0.1 1.52 ± 0.01
Fe−O−H/C−O−Fe/P−O−Fe/PO 531.8 ± 0.1 1.52 ± 0.01

C−O−C/CO 532.8 ± 0.1 1.95 ± 0.03
C−O−CO/NH−C−O/C−O−H/P−O−H 533.7 ± 0.1 1.62 ± 0.05

P 2p P 2p3/2 133.3 ± 0.1 1.75 ± 0.07
P 2p1/2 134.2 ± 0.1 1.75 ± 0.07

Cr 2p Cr 2p3/2 576.7 ± 0.1 3.47 ± 0.05
Cr 2p1/2 586.6 ± 0.1 2.88 ± 0.04

Fe 2p Fe 2p3/2 710.8 ± 0.1 2.97 ± 0.05
715.3 ± 0.1 6.72 ± 0.28

Fe 2p1/2 724.3 ± 0.1 2.88 ± 0.04
733.0 ± 0.1 4.53 ± 0.22

Table 2. Chemical Composition of AM Adlayers

atomic concentration (%) component ratios

sample C 1s O 1s P 2p Cr 2p Fe 2p C/Fe O/C P/Fe

SS316L 13.03 57.95 0.28 1.18 27.55 0.47 4.45 0.01
1cM 51.15 45.15 0.20 0.26 3.57 14.33 0.88 0.06
Me-1pM 47.40 44.23 1.23 0.51 6.61 7.17 0.93 0.19
Pr-1pM 50.54 42.78 1.94 0.27 4.47 11.31 0.85 0.43

Figure 2. High resolution C 1s core spectra demonstrate significant
changes in ether and ester/amide peak intensities on AM-coated
surfaces compared to bare SS316L.

Table 3. Ellipsometric Thickness and Theoretical Grafting
Density

sample
thickness
(nm)

theoretical molecular
area (nm2)

theoretical grafting density
(chains/nm2)

1cM 3.3 ± 0.1 2.7 0.37
Me-1pM 2.8 ± 0.1 3.3 0.30
Pr-1pM 3.4 ± 0.1 2.7 0.37
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differences in dry thickness between samples. Generally, thicker
samples as determined by ellipsometry measurements also have
lower hysteresis values. These results suggest that the two AMs
(1cM and Pr-1pM) are more densely coated on the substrate
and more homogeneous than Me-1pM coatings.
The coating surface morphology was also evaluated by AFM

to provide further homogeneity characterization to confirm the
contact angle results. The images demonstrate uniformly
spaced AMs (Figure 3) with a height of approximately 3.5

nm. Together with the contact angle data, the AFM images
suggest that Me-1pM molecules have a different conformation
on the surface compared to 1cM and Pr-1pM molecules.
Specifically, Me-1pM coatings were thinner, with a lower
grafting density. As the hydrophobic domain and PEG in all
AM systems were identical, it is likely that the linker influences
AM adsorption properties.
Proposed Molecular Adsorption Characteristics.

Understanding the AM molecular arrangement as well as the
intramolecular and intermolecular forces on the surface can
provide insight into the data obtained for this work to rationally
design the next generation of AM coatings. While additional
studies are needed to elucidate the precise conformation on the
surface, a theoretical discussion below is based on adsorption
results and theory of surface forces.
In traditional SAM formation by dip-coating, an initial

adsorption occurs within minutes, followed by slow molecular
rearrangement over a period of approximately 24 h to maximize
the van der Waals forces between chains.68 With the T-BAG
method, molecules are arranged at the gas−liquid interface,
promoting well-organized layer formation as the solvent
evaporates.69,70 If the PEG chain forms a coil in solution, the
coating is likely to form with the PEG chain in mushroom
conformation, as high grafting density and very specific
thermodynamic driving forces are required for PEG to elongate
into brush-like structures on the surface.34,63,71−73

A proposed structural model was developed to provide a
graphical representation of the potential surface chain structure

(Figure 4), in which PEG forms a distinct layer clearly
separated from the hydrophobic layer.74 Although the figure

represents a simplified model, in reality, the hydrophobic
lauroyl side arms likely adopt a nonlinear folded or entangled
conformation to maximize van der Waals interactions. Addi-
tional studies using angle-resolved XPS or with a surface forces
apparatus are necessary to further investigate this phenomena.75

For small molecule adsorption, previous studies evaluating
the effect of headgroup chemistry demonstrate that phospho-
nates generally have stronger adsorption than carboxylates over
a range of alkyl chain lengths. However, we observe that for
AMs, variations in the phosphonate linker length have a more
significant influence on adsorption than variations between
headgroups. Uniquely, the phosphonic acid AM linkers contain
an aliphatic segment connected to the remainder of the AM
structure through an amide bond. The presence of the amide
allows for potential intramolecular hydrogen bonding to occur
between the amide and phosphonate oxygen atoms, resulting in
cyclic structure. The ring conformation would be more
entropically favored for Me-1pM than Pr-1pM, as a 5- or 6-
membered ring is more likely to form than a 7-membered ring.
This ring may limit the availability of one of the coordinating
phosphonate oxygen atoms for surface binding, thus decreasing
the likelihood of bi- or tridentate binding. The grafting density
and monolayer thickness of Pr-1pM and 1cM are likely similar
because Pr-1pM is less likely to form a constrained ring and
1cM is unable to form a ring, leaving more phosphonate
oxygen atoms available to coordinate to surface.

AM Coatings Release In a Controlled Manner. While
traditional SAMs are often used to provide a stable interface to
permanently influence a substrate’s properties, AM coatings are
designed to deliver bioactives over time. To relate the release
profiles with the timing of physiological events, a continuous
aqueous flow test was conducted to measure the AM release
from SS316L surfaces under simulated shear stress conditions
that occur in a physiological environment. In these experiments,
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
buffer was used, as phosphate buffered saline has previously
demonstrated competitive surface binding effects.48,76

In vitro bioactive AM release studies via QCM-D reveal
significant differences in the release profiles of the AMs,
indicating that the coatings have varying levels of stability. Me-
1pM demonstrated nearly complete release (∼96% cumulative
release) in 7 days. Defects in monolayer organization act as a
primary mode of instability, as water competes to bind with the
surface at a defect site.45,77 Given that phosphonic acids

Table 4. Dynamic Contact Angle Measurements

sample advancing receding hysteresis

SS316L 74 ± 0 54 ± 1 20
1cM 32 ± 1 28 ± 2 4
Me-1pM 45 ± 3 27 ± 1 18
Pr-1pM 31 ± 1 27 ± 2 4

Figure 3. AFM morphology demonstrates uniformly spaced Pr-1pM
molecules.

Figure 4. Proposed model of the macromolecular organization of Pr-
1pM on SS316L substrates.
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typically exhibit strong chemisorption to metal oxides,31,32 it is
hypothesized that the fast release of Me-1pM as compared to
the 1cM and Pr-1pM coatings may be due to the weaker
coordination associated with monodentate binding and lower
grafting density, which allows water to penetrate the coating
and compete for surface binding (Figure 5).45,47 As the AM

hydrophobic domain is extremely nonpolar, densely packed
AMs, such as 1cM and Pr-1pM, may shield the AM headgroup
from water penetration in aqueous conditions for the proposed
model in Figure 4.
In comparing headgroups, 1cM and Pr-1pM resulted in

extended release of the bioactive from the substrate surface. For
both coatings, a burst release of approximately 30% for Pr-1pM
and 60% for 1cM was observed, followed by continuous
sustained release. Kaufman and co-workers also showed a fast
initial desorption with continued sustained release for
phosphonate SAMs on SS316L substrates and proposed that
the mechanisms for degradation are hydrolytic cleavage at the
headgroup driven by mixed binding modes and packing defects
associated with small molecule monolayers.47 Molecules weakly
attached by van der Waals interactions desorb quickly, but
strongly bound molecules coordinated to the surface desorb
over time. Thus, in comparing Pr-1pM and 1cM coatings, the
data suggests that Pr-1pM is more strongly bound to the
surface as compared to 1cM, which is consistent with previous
findings that phosphonates generally form more robust
coordination bonds to aluminum oxide than carboxylates.31

Notably, 1cM demonstrates a biphasic release profile, with
rapid initial release during the first 5 days that gradually slows
before a second rapid release around the ninth day. The dual-
phase release profile may be due to mixed monodentate and
bidentate binding modes, where the monodentate bound AMs
are hydrolytically cleaved in the initial fast release, followed by
the bidentate bound molecules in the second rapid release.26 In
contrast, Pr-1pM demonstrated an initial rapid release followed
by steady gradual desorption over 28 days, suggesting that Pr-
1pM molecules are bound to the surface through multidentate
coordination.25 Pr-1pM has extended stability, as do previously
reported short chain phosphonates on SS316L.47 However,
time-dependent release studies comparing Pr-1pM and
alternative amphiphilic PEG systems should be conducted to
assess the influence of the hydrophobic layer on preventing

water penetration, thus limiting the hydrolytic-mediated release
observed in other studies.45,47

AM Coatings Suppress SMC Proliferation. The
restenosis cascade begins with platelet aggregation and
inflammation directly after stent implantation, uncontrolled
oxidative stress that causes SMC proliferation for four or more
weeks.13 To match restenosis events, controlled release
coatings were developed to provide bioactivity over the course
of the SMC proliferative phase to prevent vessel reocclusion in
restenosis. AM coatings were evaluated in serum-free
conditions to isolate the effects of oxLDL-induced prolifer-
ation,78 as serum conditions have previously been shown to
induce SMC proliferation.79 In the experimental design, SMCs
were coincubated for 24 h with oxLDL and AM eluent from the
QCM release experiments collected on days 1, 3, 7, 14, or 21.
Proliferation was quantified by cellular DNA content using the
fluorescence-based CyQUANT assay to determine the number
of cells as a percentage of the oxLDL-only control. While 1cM,
Me-1pM, and Pr-1pM all demonstrate a significant reduction
in oxLDL-induced SMC proliferation over 14 days, they
affected SMC proliferation to varying extents at each time point
(Figure 6). After 1 day, Me-1pM initially reduced SMC

proliferation to a significant amount (82%) compared to the
oxLDL-only control but demonstrated only minor improve-
ments at 14 days. 1cM also provided significant reduction in
SMC proliferation in the first 3 days, but this efficacy also
decreased over 14 days. In contrast, Pr-1pM coatings exhibited
gradual release that maintained at least 50% reduction in SMC
proliferation throughout the study. These findings also
generally correspond with the amount of AMs in the release
media, which is consistent with a previous study evaluating the
AM concentration-dependent effects on SMC proliferation.50

Thus, Pr-1pM demonstrates the most suitable characteristics
for the stent coating.
As the cytotoxic and/or immunosuppressive mechanisms

employed by current drug-eluting stents are associated with
delayed endothelial healing, the cytotoxicity of AM treatments
was assessed. SMCs treated with AMs from the release eluent
demonstrated high cell viability (Supporting Information,
Figure S2). These results indicate that AM treatments are

Figure 5. Release profiles of AM adlayers in HEPES buffer
demonstrate varying levels of stability, where Me-1pM desorbed in a
burst release over 7 days, but 1cM and Pr-1pM coatings demonstrated
sustained release over 21 days.

Figure 6. AM coatings significantly reduce levels of SMC proliferation
after 24 h cotreatments of oxLDL and release media. 1cM, Me-1pM,
and Pr-1pM adlayers reduce SMC proliferation by up to 80% initially,
with Pr-1pM providing continued suppression of SMC proliferation
over 21 days.
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able to reduce SMC proliferation with low associated
cytotoxicity, which differentiates AM coatings from clinically
approved stent technologies.
Although the restenosis cascade is heavily driven by SMC

hyperproliferation, other cell types are also involved. Current
drug-eluting stents cause endothelial dysfunction, as the stent
expansion damages the vessel lining and the cytotoxic or
immunosuppressive drugs prevent endothelial cells from
healing. As AMs limit SMC proliferation using a noncytotoxic
approach, it is expected that damaged endothelial cells will be
able to efficiently heal. Collaborative studies conducted with the
Moghe group have demonstrated that endothelial cells treated
with AMs for 24 h have good cell viability (∼96% viability
relative to basal control), suggesting that AM treatments will
not negatively impact endothelial healing.80,81 Additionally, the
AMs reduce oxLDL uptake, thereby limiting the possibility of
excessive oxLDL-induced endothelial proliferation, which can
also lead to restenosis.80−82

■ CONCLUSION

Although restenosis is a common issue with bare-metal stents,
drug-eluting stent coatings are associated with endothelial
dysfunction, delayed healing, and hypersensitivity reactions,
leading to reoccluded vessels, multiple surgeries, and possibly
patient mortality.16−18 In this study, we developed self-
assembled AMs that gradually release from metal oxide surfaces
to suppress SMC proliferation. AM adlayers with carboxyl or
phosphonate headgroups were coated on SS316L using the T-
BAG approach to study the effect of headgroup functionality on
the coating composition, thickness, grafting density, and
uniformity. Subsequent characterization suggests high grafting
density of 1cM and Pr-1pM. On the other hand, adsorption
characterization data regarding Me-1pM demonstrate lower
grafting density that ultimately correlates with faster release and
reduced suppression of SMC proliferation after 3 days. In
contrast to previous studies where carboxylates demonstrated
weak adsorption, we observed that 1cM demonstrates high
grafting density and good stability in physiological conditions,
suggesting the ability for a controlled release of coated
macromolecules. Moreover, Pr-1pM coatings were uniform,
with high grafting density and delayed release. Overall, 1pM
demonstrated significant reductions in SMC proliferation over
21 days, consistent with release characteristics. These results, in
addition to the low associated cytotoxicity, demonstrates the
potential of AM controlled release coatings for medical device
applications.

■ EXPERIMENTAL SECTION

Materials. Reagents were purchased from Sigma-Aldrich
(Milwaukee, WI) and used without further purification unless
otherwise mentioned. PEG methyl ether (Mn = 5000 Da) was
azeotropically distilled with toluene prior to use. 316L stainless
steel foil sheets (0.50 mm, 99.99%) were purchased from
Goodfellow Inc. (Coraopolis, PA). Ultrapure water (18.2 MΩ),
obtained using a PicoPure 2 UV Plus system (Hydro Service
and Supplies, Durham, NC), was used for all studies. Buffer for
release studies was prepared by dissolving 10 mM HEPES and
150 mM sodium chloride in deionized ultrapure water, and pH
was adjusted to 7.4 with 1 N sodium hydroxide, then filtered
with a 0.2 μm nylon filter before use. Human primary coronary
artery SMCs, Smooth Muscle Basal Media (SmBM), and
Smooth Muscle Growth Media-2 SingleQuots were purchased

from Lonza (Walkersville, MD), unlabeled oxLDL was
purchased from Biomedical Technologies Inc. (Ward Hill,
MA), Falcon T75 flasks were purchased from BD Biosciences
(San Jose, CA), and a CyQUANT NF Cell Proliferation Assay
Kit was purchased from Life Technologies (Carlsbad, CA).

AM Synthesis and Characterization. 1cM and Pr-1pM
were synthesized as previously described.60,61 Me-1pM was
prepared following a modified procedure of the previously
synthesized Pr-1pM (Scheme 1). In brief, 1cM (1.60 g, 0.26
mmol) was first activated by NHS (0.19 g, 0.42 mmol) in
anhydrous dichloromethane (DCM, 7 mL) at room temper-
ature for 24 h with DCC (1 M in DCM, 0.40 mmol) as the
coupling reagent. An NHS-activated 1cM intermediate (NHS-
1cM) was yielded as a white power (1.3 g, 80%).
To then synthesize Me-1pM, (aminomethyl) phosphonic

acid (0.20 g, 0.17 mmol) was dissolved in high-performance
liquid chromatography (HPLC) grade water (1.3 mL) at 37 °C
and cooled to room temperature upon complete dissolution.
HPLC grade THF(2.0 mL) and triethylamine (TEA, 0.086 mL,
0.62 mmol) were then added to the reaction flask under
stirring. In a separate vial, NHS-1cM (0.25 g, 0.041 mmol) was
dissolved in HPLC grade THF (6 mL), and the mixture
transferred to the reaction flask. The resulting yellow solution
was stirred for 18 h. THF was removed in vacuo, and the
resulting yellow oil reconstituted in DCM (15 mL) and washed
with 0.1 N hydrochloric acid (HCl, 30 mL) for 30 min. The
mixture was washed with 0.1 N HCl (1 × 30 mL) and 50:50
brine/H2O (2 × 30 mL). The organic layer was dried over
magnesium sulfate (MgSO4) and concentrated in vacuo. Crude
product was dissolved in minimal DCM (5 mL) and 10-fold
diethyl ether added, resulting in the precipitation of Me-1pM.
Me-1pM was isolated via centrifugation at 3500 rpm for 5 min
and decanting the supernatant. The product was washed with
diethyl ether (50 mL × 3) and isolated via centrifugation. Me-
1pM was obtained as a white waxy solid (0.061 g, 24%).
AM chemical structures were confirmed by 1H NMR

spectroscopy recorded on a Varian 400 MHz spectropho-
tometer. AMs (∼5 mg/mL) were dissolved in deuterated
chloroform (CDCl3) with tetramethylsilane (TMS) as an
internal reference. Molecular weights (Mw) and polydispersity
indices (PDI) were determined by GPC on a Waters LC
system equipped with a PLgel MIXED column and a 2414
refractive index detector. HPLC grade DCM was used as the
solvent for sample preparation and eluent for analysis. Samples
(10 mg/mL) were prepared in DCM and filtered through 0.45
μm polytetrafluoroethylene (PTFE) syringe filters prior to
injection at a flow rate of 1.0 mL/min. Broad molecular weight
PEG standards (Waters, Milford, MA) were used for
calibration. WaterBreeze v3.20 software was used for data
collection and processing.

1H NMR (400 MHz, CDCl3): δ = 5.17−5.74 (m, 4H, CH),
3.64 (m, ∼500H, CH2CH2O), 3.38 (s, 3H, CH3), 2.42 (t, 4H,
CH2CO), 2.28 (t, 4H, CH2CO), 1.61 (t, 4H, CH2CO), 1.52 (t,
4H, CH2CO), 1.25 (m, 64H, CH2). Mw = 8.2 kDa; PDI = 1.1.

Stainless Steel Substrate Preparation. SS316L foil
sheets (0.50 mm, 99.99%) were cut into 10 mm × 30 mm
coupons and polished with 240, 600, and 1200 grit silicon
carbide paper, rinsed, and cleaned by ultrasonication in
methanol (2 × 15 min), followed by immersion in boiling
methanol for 1 h to remove contaminants. Cleaned samples
were dried under a stream of 0.2 μm-filtered nitrogen and
exposed to ultraviolet light and ozone for 30 min (UVO-
Cleaner 42, Jelight Company Inc., Irvine, CA).
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SAM Formation. Substrates were coated using the T-BAG
method, as previously described.33 Briefly, cleaned substrates
were submerged in 0.15 mM solution of 1cM, Me-1pM, or Pr-
1pM in anhydrous DCM. The solvent was allowed to evaporate
until the liquid level was below the substrate, after which time
the substrates were dried at 140 °C for 48 h, rinsed with DCM
(2 × 30 mL), and dried under a stream of nitrogen. Samples
were prepared in triplicate and used immediately after
preparation.
Spectroscopic Ellipsometry. Ellipsometry measurements

were performed on a Jobin Yvon UVISEL spectroscopic
ellipsometer (Horiba Scientific, Irvine, CA) in the spectral
range of 370−1000 nm with a 70° angle of incidence.
Measurements were recorded under ambient conditions
immediately pre- and postmonolayer formation. The measured
phase difference (Δ) and amplitude component (Ψ) data was
fit with a Cauchy model (An = 1.45, Bn = 0.01 μm2, Cn = 0.00)
in the integrated Horiba DeltaPsi2 software to obtain
ellipsometric thickness.83 Results are the mean of measure-
ments recorded on three distinct locations on each of three
independent samples.
X-ray Photoelectron Spectroscopy. XPS data were

recorded using a Thermo Scientific K-Alpha (Waltham, MA)
instrument configured with a monochromatic Al Kα radiation
source (1486.6 eV) and a flood gun for charge compensation.
Measurements were recorded over a scan area of 400 μm at a
45° takeoff angle and 90° emission angle under ultra high
vacuum conditions (pressure <5 × 10−9 mbar). Broad survey
scans were taken at pass energies of 200 eV, and detailed core
scans were taken at pass energies of 50 eV. All binding energies
were referenced to the aliphatic C−C/C−H C 1s component
at 285.0 eV. XPS spectra were analyzed using the integrated
Thermo Avantage software. High resolution core spectra (P 2p,
C 1s, Cr 2p, Fe 2p, O 1s) were deconvoluted into their
components by subtracting Shirley backgrounds and fitting
Gaussian−Lorentzian functions and least-squares-fit routines to
the core level features. Results are the mean of measurements
recorded on three independent samples. The fitting parameters
are summarized in Table 1.
Dynamic Contact Angle Goniometry. Advancing and

receding contact angles were measured in a VCA Optima
system (AST Products, Inc., Billerica, MA) using an aqueous
sessile drop experiment. The drop size was mechanically
increased and decreased at a speed of 15 μL/min. Results are
the mean of measurements recorded on three distinct locations
on each of three independent samples.
Atomic Force Microscopy (AFM). Film morphology

images were obtained with a NanoScope IV AFM (Digital
Instruments-Veeco, Santa Barbara, CA) in tapping mode with
silicon tips with a spring constant of 50 N/m according to
established procedures.84 Images were recorded from three
independent samples.
Quantification of Bioactive AM Release. Because of the

low absorptivity of AM molecules in the ultraviolet and visible
range, AM release from the substrate surface was assessed by
mass loss using quartz crystal microbalance with dissipation
(QCM-D). Stainless steel quartz sensors (Biolin Scientific,
Stockholm, Sweden) were coated using the AM self-assembly
procedure described above. Changes in frequency and
dissipation were monitored in situ in a Q-Sense E4 QCM-D
(Biolin Scientific, Stockholm, Sweden) equilibrated with 37 °C
HEPES buffer flowing at a continuous rate of 0.96 μL/min
generated by a Ismatec IPC-N peristaltic pump (Cole Parmer,

Vernon Hills, IL). Frequency was recorded for overtones n = 3,
5, and 7. The change in mass per area was obtained using a
Voigt viscoelastic model. Results are the mean of measurements
recorded on three independent samples. At the conclusion of
the study, preservation of the AM chemical structure in release
media was confirmed by 1H NMR, as described above.

Smooth Muscle Cell Culture and Proliferation Assay.
SMC culture was conducted as previously described.50 Briefly,
human primary coronary artery SMCs between passages 3−6
were cultured in SmBM supplemented with 5% fetal bovine
serum (FBS) and Smooth Muscle Growth Media-2 Single-
Quots and maintained in unmodified T75 flasks at 37 °C in a
humidified atmosphere containing 5% CO2. Media was
changed every 2 days until cells were passaged (∼80%
confluency).
For the proliferation assay, cells were plated in an unmodified

96-well plate at a seeding density of 5000 cells/cm2 and allowed
to rest in serum-free SmBM for 24 h to induce cell quiescence.
After 24 h, the media was aspirated and replaced with sterile-
filtered cotreatments. The treatments were prepared by adding
10 μg/mL of oxLDL to AMs in the release buffer collected on
days 0, 1, 3, 7, and 14 of the QCM-D release experiment (1:3
dilution of release stock in serum-free SmBM). After a 24 h
incubation, cell proliferation was assessed using a CyQUANT
NF Cell Proliferation Assay Kit following the manufacturer’s
protocol, which measures cellular DNA content via fluorescent
dye binding to count the number of cells. Results are the mean
of three independent experiments with two technical replicates
per experiment.

Statistical Analysis. Statistical analyses were performed
using JMP software by SAS. Statistical significance (p ≤ 0.05)
was determined using a one-way ANOVA with Tukey’s posthoc
test for comparisons between multiple groups.
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