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ABSTRACT: Angioplasty with stents is the most important method
for the treatment of coronary artery disease (CAD). However, the
drug-eluting stents (DES) that are widely used have the increased
risks of inflammatory reactions and late stent thrombosis (LST)
because of the persistence of the polymer coatings. To improve the
biosafety, a novel polymer-free-composite drug-eluting coating
composed of magnetic mesoporous silica nanoparticles (MMSNs)
and carbon nanotubes (CNTs) was constructed using the electro-
phoretic deposition (EPD) method in this study. A crack-free two-
layered coating with impressive network nanotopologies was
successfully obtained by regulating the composition and structures.

This nanostructured coating exhibits excellent mechanical flexibility P e

and blood compatibility in vitro, and the drug-loading and release
performance is satisfactory as well. The in vivo study shows that this
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composite coating has the obvious advantage of rapid endothelialization because of its unique 3D nanostructured topology in
comparison with the commercial polymer-coated DES. This study aims to provide new ideas and reliable data to design novel
functional coatings that could accelerate the re-endothelialization process and avoid inflammatory reactions, thus improving the

in vivo biosafety of DES.
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1. INTRODUCTION

Coronary artery disease (CAD) continues to be one of the
leading causes of death in the world. A great revolution
occurred in the late 1980s when metallic cardiovascular stents
were introduced for the treatment of CAD." Despite the clinical
benefits, it still remains a significant challenge that 20—30% in-
stent restenosis (ISR) occurs followed by the proliferation of
smooth muscle cells (SMCs) in response to the mechanical
injury after stenting.”~> Fortunately, drug-eluting stents (DES)
have brought another huge leap for interventional cardiology by
lowering the ISR rates to the single digits during the past
decade.” DES carry effective antirestenotic drugs, such as
rapamycin (RAPA, also named sirolimus), paclitaxel, or
everolimus,’® by mixing them within an organic polymer
coating on the surface of stents for storage and delivery. The
drugs applied for the local pharmacotherapy are directed
agair;st the proliferation of SMCs, which is the main cause of
ISR.

While solving the problem of ISR, a new significant issue for
DES found in recent years is the increased risks of late stent
thrombosis (LST) because of delayed vessel-wall healing.lo_13
A large number of reports have pointed out that it is the failure
of rapid endothelialization and the persistence of non-
degradable polymers that mainly result in the high risk for
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LST.!1b14-16 Unfortunatelgr, almost all of the polymers have
proinflammatory properties.”''” Biodegradable polymer coat-
ings are being considered and investigated.'® In spite of some
promising preliminary results,”® 2! the side effects of the
inflammatory reactions caused by the degradation products,
such as the accumulated acids, initiators, and catalysts, have to
be solved.>'®

Because of the drawbacks of polymer coatings mentioned
above, some nonpolymer coating strategies have been
employed to improve biosafety. An interesting DES platform
without the obligate need for polymers created micropores on a
stent as drug reservoirs through mechanical treatment.”>**
Those micropores are beneficail for drug-loading; however,
when considering that sirolimus is spray-coated onto this
porous stent, after the rapid drug release the bare stent remains,
posing a high risk of metal-ion release, which can lead to
inflammatory reactions.’ Similarly, nanoporous DES was also
attempted previously by the introduction of a nanoporous
aluminum oxide (ALO;) coating,”*** which improved bio-
compatibility by means of the inert ceramic surface. However,
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disappointing results from an animal study were reported that
indicated that particle-debris shedding from this coating led to
increased vascular inflammation.’® The combination of a
stainless steel platform with a nanothin microporous hydrox-
yapatite (HAp) coating is another attractive attempt.”’
Impregnated with only a small amount of sirolimus, this DES
system has shown promising results in an initial 1 year clinical
trial>® Although it is probably the most excellent outcome
among the polymer-free strategies at present, a meaningful
concern is still raised by a recent review that suggested that big
challenges will be faced after implantation to ensure the
durability and integrity of these ceramic coatings.'® Despite
numerous efforts, it seems that designing new components or
structured coatings is still needed for DES. In collaboration
with emerging nanotechnology, coating inorganic materials,
especially nanoporous, onto stents will be a promising research
direction in the future.>'®*’

As one of the prominent representatives, mesoporous silica
nanoparticles (MSNs) have been regarded as an excellent drug-
carrier candidate owing to their tunable pore size, high specific
surface area, large pore volume, and favorable biocompati-
bility.>**** Our group has employed core—shell-structured
magnetic mesoporous silica nanoparticles (MMSNs), a family
member of MSNs, as effective rapamycin-loading vehicles
previously.>*™*¢ To the best of our knowledge, there has been
no report on the assembly of MMSNs or other relatives onto
implants, including cardiovascular stents, for in vivo use.
Considering the inherent mechanical shortages of inorganic
materials, some reinforcing elements should be incorporated
into the coatings to improve their flexibility, especially for those
that undergo a harsh expansion process. Carbon nanotubes
(CNTs) are nanomaterials with unique 1D tubular structures.
They possess a high aspect ratio and an impressive thermal and
electrical conductivity as well as outstanding mechanical
properties, presenting new opportunities for biomedical
applications.””~** In addition, there is already available data
suggesting that nanostructured surfaces have positive effects on
cell attachment and proliferation in comparison with conven-
tional (microstructured) ones.*'™* Thus, constructing a 3D
nanotopographical coating by assembling MMSNs and CNTs
on stents might have great potential for accelerating
endothelialization, which is of significant importance to reduce
the risk of LST.

Herein, we utilize the electrophoretic deposition (EPD)
method* to explore the possibility of fabricating uniform
MMSNs/CNTs composite coatings on bare 316L stainless
steel metal stents (316L-BMS). The study protocol is
represented in Figure 1 (the details are described further in
the Experimental Section). A crack-free two-layered coating was
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Figure 1. Schematic illustration of the strategy and route adopted for
this study.
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obtained by regulating the composition and structures, and the
unique 3D nanotopologies are impressive. A possible
mechanism for assembling the MMSNs/CNTs composite
coatings is proposed as well. The integrity after expansion,
the blood compatibility, and the RAPA loading and release
performance of these polymer-free coatings were evaluated in
vitro. Finally, the rate of re-endothelialization for the MMSNs/
CNTs-coated DES was compared with the commercial
polymer-coated ones by an in vivo study.

2. EXPERIMENTAL SECTION

Materials. All reagent-grade chemicals were used as received, and
Millipore water (18.2 MQ cm) was used in the preparation of all
aqueous solutions. Tetraethyl orthosilicate (TEOS, AR) and
ammonium nitrate (NH,NO;, AR) were purchased from Aladdin.
Cetyltrimethylammonium bromide (CTAB, AR), sodium hydroxide
(NaOH, AR), ethyl acetate (AR), absolute ethanol (AR), magnesium
nitrate (Mg(NO;),-6H,0, AR), and toluene (HPLC) were purchased
from Sinopharm Chemical Reagent Co., Ltd, China. Magnetic
mesoporous silica nanoparticles (MMSNs) were synthesized according
to our previously published work (the detailed procedures can be
found in the Supporting Information).* Carboxylated single-wall
carbon nanotubes (CNTs, purity >90%) were obtained from Chengdu
Organic Chemicals Co., Ltd., China. Rapamycin (RAPA), bare 316L
stainless steel metal stents (316L-BMS), and commercial poly(styrene-
block-isobutylene-block-styrene) (SIBS)-coated RAPA-eluting Fire-
bird-1I stents (P-FBII DES) were kindly provided by MicroPort Co.,
Ltd. (Shanghai, China).

Preparation of the Two-Layered CNTs@MMSNs/CNTs
Composite Coatings. According to the description shown in Figure
1, the two-layered composite coatings were fabricated by two steps.
That is, a thin CNTs film was first assembled onto 316L-BMS as the
inner layer, and a MMSNs/CNTs coating was constructed
subsequently as the second layer.

For the preparation of the inner CNTs layer, CNTs (0.6 mg) were
added into an ethanol solution (10 mL) of Mg(NO;),-6H,0 (1 mM).
After ultrasonic treatment for 10 min, CNTs that adsorbed adequate
magnesium ions were well dispersed in ethanol, and the solution was
utilized for the EPD process. A cylindrical 316L stainless steel tube of
25 mm %40 mm X 0.12 mm (diameter X height X thickness) was
washed with ethanol and served as the anode. A stent (316L-BMS)
was placed coaxially as the cathode for deposition. Both electrodes
were immersed into the EPD bath and connected to a dc power
supply. The EPD process was carried out at a constant voltage of 30 V
for 1 min. Then, the coated sample was dried at room temperature for
2 h and employed as an electrode for the subsequent experiments.

To obtain a MMSNs/CNTs composite coating as the second layer,
the electrophoretic codeposition (CO-EPD) strategy was carried out
using the following procedures: MMSNs were dispersed into an
ethanol solution (10 mL) of Mg(NO;),-6H,0 (1 mM) and
ultrasonicated for 10 min. Then, CNTs were added, and another
ultrasonic treatment of 10 min was performed. The homogeneous
mixed solution with a black color was used for CO-EPD, and the total
mass of MMSNs and CNTs was maintained at 4 mg. A constant
voltage of 30 V and deposition time of 2 min were applied during the
fabrication process. Finally, the stent was extracted from the
suspension and dried at 70 °C in a vacuum oven overnight. The
mass ratios of MMSNs/CNTs for the second layer were regulated to
3:1 and 5:1, and the corresponding coated stents were denoted as
316L-BMS@CNTs@M/C-3 and 316L-BMS@CNTs@M/C-5, re-
spectively.

Mechanical Evaluation of the Nanostructured Coatings In
Vitro. The mechanical properties of the nanostructured coatings
deposited onto 316L-BMS were evaluated by expanding the stents
with a balloon system in vitro. A coated stent was rode and crimped
onto a shrunken balloon of a catheter, and a pressure of 12 atm was
then employed to make the balloon and stent fully expand. The
integrities and morphologies of the coatings before and after the
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expansion were observed with field-emission scanning electron
microscope (FE-SEM).

Hemolysis Test of Different Stent Samples. The hemolysis
experiments were carried out according to a previous report.*® That s,
4 mL of heparinized whole blood was first diluted by adding 5 mL of
normal saline. 316L-BMS and 316L-BMS@CNTs@M/C-3 were
dipped in separate standard tubes containing 10 mL of normal saline
and 0.2 mL of the diluted blood. Similarly, positive and negative
control samples were prepared by adding 10 mL of water and normal
saline, respectively, to 0.2 mL of the diluted blood. Then, all of the
samples were incubated at 37 °C for 60 min. Afterward, the stents
were removed, and all of the solutions were centrifuged at 3000 rpm
for S min. The supernatant was transferred to a 96-well plate, and the
absorbance was measured at 545 nm by a microplate reader (BioTek,
USA). The hemolysis percentages were calculated using the following
formula:

hemolysis % = (Abs of sample — Abs of negative control)
/(Abs of positive control

— Abs of negative control) X 100%

Platelet Adhesion Test. The platelet adhesion test was conducted
to evaluate the thrombogenicity of different samples as follows.*
Heparinized anticoagulated whole blood was first centrifuged at 1500
rpm for 15 min to obtain platelet-rich plasma (PRP). Then, the
samples of 316L-BMS and 316L-BMS@CNTs@M/C-3 were
sequentially added into PRP solutions and incubated at 37 °C for 1
h. After incubation, all of the samples were gently rinsed with
phosphate buffered saline (PBS) three times to remove nonspecifically
adherent platelets. Finally, the samples were fixed, dehydrated, freeze-
dried, and coated with gold for SEM observation. Five random fields of
view under SEM were counted, and values were expressed as the
average number of adherent platelets per mm? of surface.

Quantification of the RAPA-Loading Capacity. To study the
loading amount of RAPA for MMSNs as a control, a modified method
was performed according to our previous work.®> That is, dried
nanoparticles (3 mg) were suspended into toluene solution (3 mL) of
RAPA (200 g mL™"') and shaken for 1 h at room temperature. The
supernatant was separated by a magnetic field and analyzed by the
high-performance liquid chromatography (HPLC) method to
determine the amount of RAPA. Similar as that for the coated
samples, a stent was immersed into a RAPA-toluene solution (1.5 mL,
200 pg mL™") for 1 h. Then, the RAPA-loaded stent was extracted
from the solution to dry, and the supernatant was detected by HPLC
to calculate the drug-loading amount. The stent was dried overnight at
room temperature in a vacuum oven.

Pharmacokinetic Study In Vitro. The release profile of the
RAPA-eluting stent was evaluated using a previously reported
method.*’ Briefly, deployed stents (n = 3) were immersed in 1 mL
of PBS (pH 7.4) at 37 °C and shaken at a speed of 100 rpm. At certain
time intervals, the release medium was completely removed for HPLC
analysis and replaced with the same volume of fresh medium. The
results were expressed as the cumulative percentage of RAPA released
over time.

Characterization. Transmission electron microscopy (TEM)
images of MMSNs and CNTs were recorded on a JEM 2010
(JEOL, Japan) instrument with a 200 kV accelerated voltage. The
hydrodynamic diameter distribution and the zeta potential of various
samples were performed on a Zetasizer Nano instrument (Malvern,
UK) at 298 K. The nitrogen sorption isotherm was measured with a
Micromeritcs ASAP2010 analyzer (USA) at 77 K. The specific surface
area was calculated by the Brunauer—Emmett—Teller (BET)
method* in a linear relative pressure range between 0.05 and 0.25.
The pore-size distribution was derived from the desorption branch of
the isotherm by the NLDFT method* using the Quantachrome
Autosorb 1 software (Quantachrome Instruments, USA). The
concentration of RAPA was measured on a Shimadzu LC-20 AD
high-performance liquid chromatography (HPLC) with a SPD-20A
UV—vis detector operated at 280 nm (Shimadzu, Japan). The mobile

phase was 60% methanol, 16% acetonitrile, and 24% water with a flow
rate of 1 mL min~". The internal standard method was used to
determine the concentration of RAPA by comparing the peak area of
the sample with that of a standard solution. Scanning electron
microscopy (SEM) images were obtained by a Sirion 200 field-
emission scanning electron microscope (FE-SEM, FEI, Netherlands).
To analyze the elements distribution in the assembled nanostructured
coatings qualitatively, the energy dispersive X-ray spectrum was
measured with an INCA X-Act energy dispersive X-ray spectroscope
(EDS, Oxford, UK).

In Vivo Study of the Rate of Re-endothelialization. Animal
experiments were approved by the Animal Care and Use Committee
of Shanghai Jiao Tong University. Briefly, 36 male New Zealand white
rabbits (SLACCAS, Shanghai, China) with a body weight between 2.5
and 3.0 kg were randomly implanted with 316L-BMS@CNTs@M/C-
3 DES (n = 18) and P-FBII DES (n = 18) and were followed for 14,
21, or 28 days. Three days before the procedure and throughout the
following period, all animals orally received 10 mg of aspirin and 12.5
mg of clopidogrel daily.

The procedure for stent implantation was performed under digital
subtraction angiography (INNOVA2100, GE, USA). Animals were
first sedated and anesthetized with intravenous ketamine (20 mg/kg)
and atropine (1 mg). The right common iliac arterial access was
achieved by a 20G puncture needle (Terumo, Tokyo, Japan), and
abdominal arterial angiography was then performed after intra-arterial
administration of heparin (100 IU/kg). After advancement of a 0.014
in. runthrough guidewire (Terumo, Tokyo, Japan) into the aorta with
the tip near the aortic arch, the stent was deployed in the aorta
abdominalis 5S—10 mm below the origin of bilateral renal arteries. The
balloon was inflated to 12 atm for a period of 30 s with the stent vessel
ratio of 1.1:1. The arteriotomy and dermal layers were sutured after
the catheter, wire, and sheath were removed.

The stented arterial segments, obtained at 14, 21, and 28 days, were
processed for SEM analysis. The stented arterial segments were first
flushed with PBS for 1 min followed by a gentle flush with 10%
buffered formalin for 30 s. Stented segments were further fixed with
2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer overnight and
were then washed three times with cacodylate buffer. Postfixation was
completed with 1% osmium tetroxide in 0.1 M cacohylate buffer
followed by serial dehydration with ethanol (30, 50, 70, 90, 95, and
100%) and subsequent critical-point drying with CO,. After drying,
samples were gold sputtered and visualized under SEM. Regions of
interest were photographed at incremental magnifications. From these
SEM images, the percentage of re-endothelialized area of the total
stented area was estimated with the Image-Pro Plus system (Roper
Industries, California, USA).

Statistical Analysis. Each experiment was carried out in triplicate
at least. Data are presented as mean + standard deviation (SD).
Differences between the mean values of two groups were tested by
Student’s t test. P < 0.05 was considered to be statistically significant.

3. RESULTS AND DISCUSSION

3.1. Characterization of MMSNs and CNTs. The as-
prepared MMSNSs have a uniform and discrete spherical shape
with a mean particle diameter of 50 & 10 nm, as shown in their
representative transmission electron microscopy (TEM) images
(Figures 2a and S1 in the Supporting Information). Most
MMSNSs possess a core—shell-composite structure with a single
core center located in the mesoporous silica shell layer.
Wormbhole-like mesopores arranged radially to the surface are
found, which is consistent with the results reported
previously.*>® As for the CNTSs used in this study, 1D tubular
structures with a typical single wall can be clearly obseved from
Figure 2b. The carboxylated CNT's have a length of 389 + 157
nm (Figure 2e), and their diameter is less than 2 nm. In
addition, the hydrodynamic diameter distribution of MMSNs in
water has a single peak centered at 80 nm, as shown in Figure
2c¢. The nitrogen isotherm measurement for MMSNs exhibits a
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Figure 2. Representative TEM images of (a) MMSNs and (b) CNTs.
(c) Hydrodynamic diameter distribution of MMSNs in water. (d)
Nitrogen sorption isotherm at 77 K for MMSNs (the inset shows the
corresponding pore-size distribution). (e) Length distribution of
CNTs measured from TEM images.

type IV isotherm with the H1 hysteresis loop (Figure 2d). The
obvious nitrogen-condensation step at the relative pressure P/
Py = 0.25—0.4 is reflected in a narrow pore-size distribution
curve (Figure 2d, inset) with a sharp peak centered at 3.8 nm,
which supports the observed pore structures (Figure 2a). The
surface area and pore volume of MMSNs are determined to be
696 m*/g and 0.44 cm’/g, respectively, indicating their high
potential in loading a sufficient amount of drug or other
biomolecules.

3.2. Fabrication of Different Nanostructured Coatings
on Stents. Because MMSNs have proven to be excellent
vehicles for loading RAPA,**7% a2 widely used drug for DES in
the clinic, it is worth trying to assemble these nanoparticles
onto stents as a drug-storage coating. Considering the probable
brittleness of the individual MMSNs assembled coatings, we
designed a novel two-layered CNTs@MMSNs/CNTs compo-
site coating. That is, a thin CNTs film is first deposited onto
stents as the buffer layer and then a second MMSNs/CNTs
coating is fabricated as the functional layer, as shown in Figure
1. The corresponding coated samples are denoted as 316L-
BMS@CNTs@M/C-X (X represents the added mass ratios of
MMSNs/CNTs for the second layer).

The scanning electron microscopy (SEM) images of these
coating samples are shown in Figure 3. For 316L-BMS@
CNTs@M/C-3, there is no doubt that a uniform coating is
successfully constructed on the complex-structured stent with
no cracking and debonding (Figure 3a,b). Moreover, it seems

Figure 3. SEM images of different two-layered CNTs@MMSNs/
CNTs composite coatings on stents. (a—c) 316L-BMS@CNTs@M/
C-3 and (d—f) 316L-BMS@CNTs@M/C-5. For 316L-BMS@
CNTs@M/C-X, X represents the added mass ratios of MMSNs/
CNTs for the second layer.

that the spherical nanoparticles infiltrate into the porous CNTs
layer homogeneously, building a composite coating with unique
network nanostructures (Figure 3c). The thickness and
structure of this two-layered coating can also be clearly
observed from the SEM image (Figure S2 in the Supporting
Information). The cross section shows that the total thickness
of this two-layered coating is estimated to be ~8.6 yim, wherein
the CNTs layer is ~0.8 pum and the MMSNs/CNTs layer is
~7.8 ym. As the ratio of MMSNs/CNTs increases to S, several
cracks begin to develop in the second layer (Figure 3de),
indicating that the coating contracted a lot for the samples with
more incorporated MMSNs during the drying process with the
evaporation of ethanol.®’ This result is supported by its
nanotopology (Figure 3f). The CNTs are difficult to distinguish
for their twining around the nanoparticles; thus, the
accumulation of MMSNss lead to large tensile stresses among
this coating. In summary, this “two-layered” strategy has
successfully constructed a crack-free composite coating with a
high MMSNs/CNTs ratio (determined to be 3 for the second
layer) simultaneously, which will provide a potential platform
for carrying RAPA.

To investigate the role of the inner CNTs layer, the single
MMSNs/CNTs coatings were directly deposited onto stents
(see the experimental methods in the Supporting Information),
denoted as 316L-BMS@M/C-X (X represented the ratios of
MMSNs/CNTs). SEM characterization of these MMSNs/
CNTs composite coatings is shown in Figure 4. For 316L-

Figure 4. SEM images of different MMSNs/CNTs composite coatings
on stents. (a—c) 316L-BMS@M/C-1, (d—f) 316L-BMS@M/C-2, and
(g—i) 316L-BMS@M/C-3. For 316-BMS@M/C-X, X represents the
added mass ratios of MMSNs/CNTs.

BMS@M/C-1, a crack-free film is obtained because of the high
ratio of CNTs (Figure 4a,b). Unfortunately, the cracks of an
“interrupted” or “incompletely developed” type appear in the
coatings when the ratio of MMSNs/CNTs is not less than 2
(Figure 4e,h). Of note and differing from our expectation, more
cracks exist in 316L-BMS@M/C-2 when compared with 316L-
BMS@M/C-3, which is perhaps ascribed to the increased
number of aggregates of MMSNs (Figure 4e,f). Moreover,
these MMSNs/CNTs composite coatings also have the
network nanostructures (Figure 4c,fi), which is similar to
316L-BMS@CNTs@M/C-3.

Because the ratio of MMSNs/CNTs used for 316L-BMS@
M/C-3 is the same as that used for the second layer of 316L-
BMS@CNTs@M/C-3, the occurring cracks are definitely
ascribed to the absence of the inner CNTs layer. From the
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above results, it is confirmed that the CNTs film acts as a buffer
layer to inhibit the formation of cracks, and the tensile stresses
engendered by the contraction of the second composite coating
are fully released to the CNTs layer. Although a crack-free film
could also be obtained using the single-layer strategy, when
taking the practical application into consideration, the mass
ratio of MMSNs/CNTs should not be more than 1, which will
certainly lower the potential RAPA-loading amount.

Furthermore, we also prepared the individual MMSNs or
CNTs coatings as a control (described in the experimental
methods in the Supporting Information), and the samples are
named 316L-BMS@MMSNs and 316L-BMS@CNTs, respec-
tively. There is no debonding and shedding occurring for the
MMSNs coating, and the nanoparticles are packed closely with
an ordered arrangement (Figure S3ab in the Supporting
Information). However, it is disappointing to find numerous
cross-linked cracks of ~5—15 ym in width, which is much
different from the interrupted or incompletely developed ones
in the MMSNs/CNTs composite coatings. For 316L-BMS@
CNTs, it is certain that a rather uniform and smooth coating
without cracking is obtained (Figure S3c in the Supporting
Information), showing an excellent mechanical property
because of the composition of the CNTs. The eletrophoreti-
cally deposited CNTs lie in random orientations and interwine
with each other, forming an impressive porous network on the
stent (Figure S3d in the Supporting Information).

Although CNTs are inorganic materials and their assembled
coating tends to contract during the drying process, the
flexibility of CNT's and the strong van der Waals interactions
suppress the development of tensile stresses;>> >* thus, no
formation and propagation of cracks is found in the CNTs
coating. Indeed, it is the incorporation of CNTs that
constructed the netted layer and separated MMSNs from
each other, thus reducing the capillary pressure and inhibiting
the propagation of cracks in the samples of 316L-BMS@M/C-
X and 316L-BMS@CNTs@M/C-X. It is believed that the
energies produced by the formation of cracks are sufficiently
released via CNTs.

3.3. Mechanism of Assembling the MMSNs/CNTs
Composite Coatings. To investigate the electrophoretic
codeposition (CO-EPD) mechanism of MMSNs and CNTs,
zeta potential (ZP) measurements were conducted in an
ethanol solution with or without Mg2+. As shown in Figure Sa,
the MMSNs have a negative charge (—21.53 + 1.90 mV) in
ethanol because of the dissociation of Si—OH, whereas a
positive ZP value (+11.45 + 0.95 mV) is exhibited in the
ethanol solution containing 1 mM Mg2+, which is ascribed to
the electrostatic adsorption between MMSNs and Mg**. The
charge reversal occurs for the carboxylated CNTs as well, in
which the nanotubes possess a negative ZP value (—35.20 +
2.75 mV) in ethanol for their modification with —COOH,
whereas a positive charge (+27.28 + 1.03 mV) is obtained after
the addition of Mg2+. Actually, both MMSNs and CNTs were
observed to move toward and deposit onto the cathode (stent)
during the preparation of 316L-BMS@MMSNs and 316L-
BMS@CNTs.

As for the CO-EPD process of MMSNs and CNTs in our
system, a possible mechanism is proposed as depicted in Figure
6. First, MMSNs were dispersed into the 1 mM Mg*"-
containing ethanol solution to form positively charged
nanoparticles (denoted MMSNs@Mg*"). Then, the negatively
charged CNTs were added into the suspension, and they
assemble with MMSNs@Mg”" via electrostatic interactions.
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Because MMSNs@Mg*" can be regarded as a positively charge
centralized carrier, they will be adsorbed around CNTs more
preferentially than the individual Mg** and thus a complex
CNTs@MMSNs@Mg*" is formed as described in Figure 6.
Theoretically, the negatively charged surface of the CNTs will
be shielded by MMSNs@Mg** to obtain a positive surface. To
confirm our hypothesis, we measured the ZP value of the EPD
bath for 316L-BMS@M/C-3, and a positive value (+19.93 +
1.35 mV) was obtained (Figure Sa). In fact, there should exist
three possible forms in the solution, MMSNs@Mg**, CNTs@
Mg*, and CNTs@MMSNs@Mg**. Under the electric field, all
three forms move toward the cathode (stent), and we assume
that the Mg*" ions would be probably reduced to form metallic
Mg when they arrive at the substrate. Then, the metallic Mg
would be further oxidized to MgO in air during the drying
process. Because of the high electrical conductivities of CNTs,
electrons are conducted from the stent to the outer layer of the
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coating,>® allowing the codeposition of MMSNs and CNTs to
proceed successfully.

The high-magnification SEM image shows the interations
between MMSNs and CNTs in the constructed composite
coating of 316L-BMS@CNTs@M/C-3 (Figure Sb). It seems
that some ~2—5 nm sized nanocrystals with irregular
morphologies appear in this coating (marked with white
arrows), especially in the interfaces of MMSNs and CNTs,
indicating that the added Mg*" ions act as bridges in the CO-
EPD process. The energy dispersive X-ray spectrum (EDS)
illustrates that the Mg element is incorporated into the coating
with a mass fraction of 7.74% (Figure Sc,d), verifying the
presence of MgO in 316L-BMS@CNTs@M/C-3. For the
prepared MMSNs or CNT's coatings, MgO is proved to exist as
well (Figure S4 in the Supporting Information). The addition
of Mg** reduces the reduction potential of the EPD process and
makes the deposition occur more easily. It has been proved that
the formed MgO from Mg*" at the surface of the cathode will
act as a binder, resulting in the improved adhesion of the
assembled films to the substrate.’*>” Because both MMSNs
and CNTs have a negative zeta potential in ethanol, they can
codeposit onto the anode during the EPD process without
adding Mg’*. However, this strategy will make the stent
become oxidized under the electric field, leading to the release
of metal ions to the coatings, which limits its practical
application. As a control, blank experiments were carried out
for constructing a MMSNSs coating in the absence of Mg“, and
an inhomogeneous and easily peeled oft film was obtained,
showing poor adhesion to the stent (Figure SS in the
Supporting Information). That is to say, the addition of Mg>*
is rather important for our system.

3.4. In Vitro Evaluation of Different Nanostructured
Coatings. Cardiovascular stents should be able to endure a
strict expansion process in the clinic. However, the polymer
coatings are well suited for the deformation of the metallic
stents because of their excellent flexibilities, which is a big
challenge for inorganic coatings. The integrity and morphology
of different nanostructured coatings after expansion are shown
in their typical SEM images (Figure 7a). For 316L-BMS@
MMSNs, a serious shedding is observed because of the
brittleness of this coating, resulting in a partial exposure of the
metal surface (Figure 7al,a2). As with the incorporation of
CNTs, the mechanical properties of 316L-BMS@M/C-3 have
been improved to some extent (Figure 7a3,a4). That is, this
composite coating shows an obvious peeling away from the
strengthening rings, resulting from the propagation of cracks
during expansion (Figure 7a3); however, only minor shedding
and defects are exhibited on strut sections (Figure 7a4). The
micrometer-sized debris shedding from the two coatings
mentioned above have high risks for increasing vascular
inflammatory.”® To promote the biosafety of this polymer-
free strategy as much as possible, we designed a two-layered
coating of 316L-BMS@CNTs@M/C-3 with a thin CNTs film
as a buffer layer, which has the most outstanding flexibilities, as
shown in Figure 7a5,a6. It is observed clearly that only seldom
nanometer-sized shedding or defects occurr on the strengthen-
ing rings without cracking (Figure 7a$), and no damage is
found on strut sections (Figure 7a6), indicating that the inner
CNTs layer could adapt to the expanded stents appropriately.
The two-layered composite coating covered and adhered to the
stent well after expansion process, showing a high potential for
practical application.
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Figure 7. (a) SEM images of different coating samples after balloon
expansion under a pressure of 12 atm: (1, 2) 316L-BMS@MMSN, (3,
4) 316L-BMS@M/C-3, and (5, 6) 316L-BMS@CNTs@M/C-3. The
shedding sections or defects are marked with white arrows. (b)
Hemolysis results of different samples in contact with blood. The
released hemoglobin from the damaged red blood cells (RBCs) in the
supernatant can be seen from the inset photograph. (c) SEM images of
adherent platelets on the surfaces of the samples: 316L-BMS and
316L-BMS@CNTs@M/C-3 incubated in PRP for 1 h. The inset
shows the representative morphology of a platelet. (d) Bar graph
showing the numbers of adherent platelets on the surfaces of different
samples, as calculated from their corresponding SEM images.
Significant differences between two groups are indicated (n =35,
##4P < 0.001). (e) Histogram showing the RAPA-loading capabilities
of MMSNs and different coating sampels. (f) In vitro release profile of
RAPA from 316L-BMS@CNTs@M/C-3 DES platform in PBS (pH
7.4) at 37 °C.

Because stents are in contact with blood directly after
implantation, the in vitro hemolysis assay and platelet-adhesion
test were performed to evaluate their hemocompatibility. The
hemolysis percentage represents the destructive degree of the
implant materials to erythrocytes, and the value of 316L-BMS@
CNTs@M/C-3 (0.56 + 0.32%) is slightly higher than that of
316L-BMS (0.38 + 0.19%), as shown in Figure 7b. However,
the values of both groups are much lower than 5%, which is a
judging criterion for excellent blood compatibility in clinical
applications.®® Figure 7c shows the morphologies of the
platelets adhering to the surfaces of the samples. It is obvious
that more platelets are detected on the surfaces of 316L-BMS
than of 316L-BMS@CNTs@M/C-3. Moreover, almost all
platelets on both samples kept a nearly round shape without
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any pseudopodia-like structures, implying negative activation.*®

The numbers of adherent platelets on the surfaces of different
samples are given in Figure 7d. The value of 316L-BMS@
CNTs@M/C-3 is determined to be 191 + 14 mm™2, which is
significantly lower than 354 + 42 mm™ for 316L-BMS (***P
< 0.001). The results illustrate that the coated stents have a
lower potential for thrombosis, thus owning a better
hemocompatibility than 316L-BMS.

RAPA is a drug molecule with three hydroxyl groups (see
Figure S6 in the Supporting Information) that could form
hydrogen bonds with the numerous Si—OH on the inner/outer
surfaces of MMSNs.*® The RAPA-loading capabilities of
MMSNs and different coating samples were evaluated (Figure
7¢). The adsorbed amount is 116.27 + 3.84 and 83.27 + 2.96
ug/mg for MMSNs and their assembled coating, respectively.
The decreased values should be mainly attributed to the
incorporation of MgO, which reduces the mass ratio of
MMSNs in the coating. Considering the high loaded RAPA
amount for 316L-BMS@MMSNSs, we think that the formation
of MgO did not block the mesopores of MMSNs, and the TEM
image confirms the maintained mesoporous structures of the
nanoparticles peeled off of this coating (Figure S7 in the
Supporting Information). For 316L-BMS@CNTs, a minor
value of 4.47 + 0.65 ug/mg is obtained, indicating that CNTs
only act as reinforcing elements in the constructed coatings,
contributing little to the adsorption of RAPA. The loading
amount further decreases to 60.10 + 2.43 ug/mg for the two-
layered coating sample of 316L-BMS@CNTs@M/C-3, owing
to the incorporation of CNTs. The detailed information for
coating samples is supplied as well (Table S1 in the Supporting
Information). The loaded RAPA amout is calculated to be
52.87 + 1.31 ug on a stent of 316L-BMS@CNTs@M/C-3,
which ensures its adequate drug-loading capacities and is very
similar to the reported HAp-coated microporous stent
platform.*®

The in vitro RAPA release from the 316L-BMS@CNTs@M/
C-3 DES platform shows that the petcentage of cumulative
drug release is 29.5% at 1 h and 50.1% at 24 h (Figure 7f),
which is minimally different from the polymer-coated RAPA-
eluting stent platform reported by our co-workers recently.*’
The initial burst release, which could be of benefit for quickly
reaching the effective treatment concentration, is due to the
adsorption of drugs in the external pores of MMSNs.* In the
following stage, a prolonged release profile is observed with a
cumulative petcentage of 59.9% at 2 days, 75.8% at 7 days, and
96.8% at 14 days. The subsequent slow release is ascribed to the
inner RAPA molecules residing in the mesopores.

3.5. In Vivo Study of the Rate of Re-endothelializa-
tion. To evaluate the rate of re-endotheliazation in vivo for the
nanostructured 316L-BMS@CNTs@M/C-3 DES, these stents
(n = 18) were implanted in the abdominal aorta of New
Zealand white rabbits as described in the Experimental Section
(the schematic illustration is shown in Figure 8a), and the
commercial polymer-coated RAPA-eluting Firebird-1I stents (P-
FBII DES, n = 18) were employed as a control group. SEM
images of vessel walls in the two groups at 14, 21, and 28 days
post stent implantation are shown (Figure 8b). It is evident that
the P-FBII DES have considerable uncovered areas by
endothelial cells (their existence is proved by Figure S8 in
the Supporting Information) in comparison with the 316L-
BMS@CNTs@M/C-3 DES before 21 days, and even an early
inflammatory reaction is observed at 14 days (Figure 8b), which
should be the result of the existing polymer coatings. However,

(c) I P-FBIl DES

1.05 - [ 316L-BMs@cNTs@W/C-3 DES

*k wok
1.00 - ] 1

0.95 -
0.90 -
0.85 -
0.80 -

0.75 -

Re-endothelialization area (%)

14 days

21 days 28 days

Figure 8. (a) Schematic illustration of the surgical procedure for stent
implantation. (b) SEM images of vessel walls in the P-FBII DES and
316L-BMS@CNTs@M/C-3 DES groups at 14, 21, and 28 days post
stent implantation. (c) Bar graph showing the percentage of re-
endotheliazation area for the different DES groups, as calculated from
their corresponding SEM images. Significant differences between two
groups are indicated (n = 6, **P < 0.01).

these disparities between the two groups almost disappear
completely at 28 days. Figure 8c displays the percentage of re-
endotheliazation area for the different DES samples, as
calculated from their corresponding SEM images. The values
are determined to be 92 + 3% and 95 + 2% for 316L-BMS@
CNTs@M/C-3 DES at 14 and 21 days, respectively, which are
significantly higher than 79 + 3% and 84 + 5% for P-FBII DES
(**P < 0.01). At 28 days, an endothelial cell coverage of 99 +
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1% and 98 + 1% are obtained, indicating no discrepancy
between these two groups.

From the impressive results mentioned above, it is confirmed
that the 316L-BMS@CNTs@M/C-3 DES has the obvious
advantage of rapid re-endotheliazation in the early stage when
compared with P-FBII DES. We attribute this phenomenon to
the following reasons. (i) The polymer-free component has
improved the biocompatibility of the drug-eluting coating by
reducing the probability of the inflammatory reactions that
always accompany polymer coatings.'”'*'” (i) The unique 3D
nanostructured surfaces of 316L-BMS@CNTs@M/C-3 DES
have positive effects on cell attachment and proliferation in
comparison with conventional (microstructured) surfaces,
which has been proved by available reports previously;*'~*
thus, an accelerated endothelialization is observed. Actually, the
rapid re-endotheliazation ability of the 316L-BMS@CNTs@
M/C-3 DES is probably of great importance to reduce the risks
of LST, which must be further studied in the future.

4. CONCLUSIONS

We adopted the EPD method to explore the possibility of
constructing uniform MMSNs/CNTSs composite coatings on
cardiovascular stents. A crack-free two-layered coating with
impressive network nanotopology is obtained by regulating the
composition and structures. That is, a thin CNTs film acts as an
inner buffer layer, and a second MMSNs/CNTs composite
coating acts as a functional layer. We propose a possible
mechanism of the CO-EPD process of MMSNs and CNTs in
which the addition of Mg>* plays an important role. Moreover,
the excellent mechanical flexibility and blood compatibility of
this polymer-free coating are exhibited in vitro, the RAPA-
loading capability of 316L-BMS@CNTs@M/C-3 is deter-
mined to be 60.10 + 2.43 ug/mg, and the drugs could be
continuously released to 2 weeks. Finally, an in vivo study
shows that this nanostructured DES has the obvious advantage
of rapid re-endotheliazation in the early stage when compared
with the commercial P-FBII DES, which is probably of great
importance to reduce the risk of LST. There is no doubt that
this study will provide new ideas and reliable data to design
novel functional coatings that could accelerate the re-
endothelialization process and improve the in vivo biosafety
of DES. However, further long-term evaluation is needed to
confirm their validity in vivo.
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