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ABSTRACT Nanoporous thin-film samples, fabricated from degradable block copolymers, polystyrene-b-

poly(.-lactide) (PS—PLLA), were utilized as templates for the formation of ordered nanoarrays. This work

elucidates the feasibility of using such nanoporous PS templates as coatings on implantable devices for drug

delivery through pore-filling sirolimus. Specific pore-filling process was adopted to increase loading efficiency by

exploiting the capillary force associated with the tunable wetting property of the sirolimus solution. After the

pore-filling process, sirolimus-loaded cylindrical and lamellar nanoarrays can be obtained. A comparison with those

of macroscale templates indicates that the developed nanoporous templates can successfully entrap the loaded

drug in nanoscale pores, markedly increasing the duration of drug delivery. As a result, the size, geometry, and

depth of the nanoscale pores of the nanoporous templates can be readily controlled to regulate the drug release

profiles.
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he self-assembly of soft matter, both

organic and biological materials, is

one of the most convenient means
of creating nanostructures with various
functions and complexity. The self-
assembled morphologies from block co-
polymers (BCPs) satisfy the size requirement
for nanotechnological applications. The
self-assembly of BCPs that is driven by the
incompatibility of constituent blocks can be
exploited to fabricate nanomaterials with
controlled geometries and unique func-
tions. Accordingly, nanostructures prepared
by the self-assembly of BCPs, in particular
nanostructured thin films, are ideal tem-
plates for the formation of nanostructured
hybrids and nanocomposites.’ ~'°

BCP thin-film samples with nanoporous

textures can be obtained by chemically re-
moving one block using UV,"" oxygen
plasma,’? ozone exposure,* and base aque-
ous solution.®'® The nanoporous thin films
can be exploited as templates so as to fab-
ricate various nanostructured hybrids and
nanocomposites via the pore-filling process
to generate novel nanomaterials with prac-
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tical applications. Russell and co-workers
successfully applied BCP templates with
nanoporous patterns to orient tri-n-
octylphosphine oxide (TOPO)-covered CdSe
nanoparticles by the capillary force.*
Hillmyer and co-workers demonstrated
that ordered nanoporous monoliths could
be filled with water-soluble materials to
yield large aspect ratios in monolithic nano-
porous polymer frameworks.">'® In our
previous studies, a successful pore-filling
process in nanoporous polystyrene (PS)
templates from degradable BCPs was devel-
oped for hybridization by exploiting the
capillary force associated with the tunable
wetting property of the precursor solution.
Consequently, CdS nanocrystals could be in
situ generated by exposing the BCP tem-
plate incorporated with cadmium acetate
(CdAc,) to H,S vapor.'” Also, a straightfor-
ward and effective method for fabricating
patterned CNT nanoarrays has been devel-
oped by electroplating for Ni deposition so
as to serve as catalytic nanoarrays for the
growth of CNTs.'®

This work aims to elucidate the feasibil-
ity of using nanoporous PS templates for
the controlled release of drugs through
pore-filling sirolimus into the templates. PS
is widely applied in cell culture applications
because of its nontoxicity, and sirolimus is
a potent immunosuppressive agent with
anti-inflammation and antiproliferation
characteristics.’®"? Also, a unique block co-
polymer system, poly(styrene-b-
isobutylene-b-styrene) (SIBS), has been used
successfully as the carrier for a drug-eluting
coronary stent (Boston Scientific’'s TAXUS
stent) because of its hemocompatibility and
biocompatibility.2° In fact, many organic ap-
proaches have been developed for the sus-
tained release of drugs loaded in various
systems, such as core/shell nanospheres,’
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mesoporous silica nanoparticles,?? and polymer nano-
particles.?® In platform applications, a titania nanotube
template that is fabricated on an implant surface can be
loaded with antibiotics to prevent bacterial
infection.?*?> However, a consistent limitation of these
local delivery methods is the rapid loss of therapeutic
agents from the implant within hours or even minutes
of their being administered. To solve this problem,
nanoporous PS templates which can be applied to the
implant surface for the sustained delivery of therapeu-
tic agents locally in a nanoscale drug-eluting manner
are used, and the results of their use are investigated.
The formation of sirolimus-loaded nanoarrays is ex-
ploited to achieve a surprisingly extended drug-eluting
duration, indicating that nanoscale control markedly af-
fects the diffusion property of drug elution, suggesting
a new methodology for controlled elution.

RESULTS AND DISCUSSION

A template that was composed of nanoporous thin
film was prepared from degradable BCPs, and a sup-
porting ion-coated metallic substrate that simulated an
implant surface was used. A series of degradable BCPs,
polystyrene-b-poly(L-lactide) (PS—PLLA), was
synthesized.?®?” A template with large-scale oriented
cylindrical nanochannels from the self-assembly of
PS—PLLA was obtained by nanopatterning and
hydrolysis.®'° Since the template on glass substrate
can easily cause delamination and breakage of the film
during the hydrolytic process, the film was exposed to
UV radiation with a wavelength of 254 nm under
vacuum for more than 10 min to increase the me-
chanical strength and the adhesion of the tem-
plate.?® Owing to the degradable character of the
polyester component,'® the hydrolysis of the
PS—PLLA thin film provides a simple method of
preparing a nanoporous template for the pore-
filling process. A specific pore-filling process,
shown in Scheme 1, was designed to increase
the pore-filling efficiency. For the wetting ability
of capillary force, a solution of sirolimus was pre-
pared by dissolving it in a mixed solvent of etha-
nol and water. Considering the adhesion and ap-
plication, the template was removed from the
glass substrate using 1% HF solution, and then
floated onto the solution surface for the pore-
filling of the sirolimus, and finally collected by
gold-coated substrate. After drying in air over-
night, the sirolimus-loaded template was im-
mersed in the test tubes and incubated in a
water-bath shaker to investigate the drug elut-
ing profile.?®

Figure 1 displays the transmission electron
microscopic (TEM) images of the nanoporous
template and sirolimus-loaded nanoarrays
through the pore-filling process driven by di-
rected capillary force. As shown in Figure 1a and
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Scheme 1. Schematic illustration of pore-filling process by
directed capillary force: (a) PS—PLLA thin film; (b) nanopo-
rous PS template from hydrolytic PS—PLLA thin film; (c)
nanoporous PS template floated onto the surface of solu-
tion for pore-filling sirolimus; (d) templated sirolimus
nanoarrays from pore-filling template.

Figure 1c, hexagonally packed cylindrical and lamellar
nanochannel arrays can be obtained following the hy-
drolytic process at which the PS template appears as
gray matrix and the nanopores and nanochannels are
both bright regions because of the mass—thickness
contrast. After the pore-filling process, the templated
sirolimus was negatively stained by potassium phos-
photungstate (PTA). Because of the hydrogen bond be-
tween sirolimus and PTA, significant dark sirolimus
nanoarrays dispersed in the gray PS matrix can be
clearly observed in Figure 1b and Figure 1d. Further-
more, the diameter of the sirolimus-loaded cylindrical
nanoarrays is approximately equal to the size of the
pores in the nanoporous templates, indicating that the
sirolimus is indeed introduced into the oriented cylin-
drical nanochannels via the pore-filling process.

Figure 1. TEM images of (a) cylindrical nanoporous PS template from hydrolytic
PS—PLLA thin film; (b) sirolimus-loaded cylindrical nanoarrays from pore-filling
template; (c) lamellar nanochannel PS template from hydrolytic PS—PLLA thin film;
(d) sirolimus-loaded lamellar nanoarrays from pore-filling template.
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Figure 2. FTIR spectra of PS template whose pores are filled with
sirolimus before (dash-dot line) and after (dot line) drug elution. The
solid line represents the spectrum of pure sirolimus.

To verify the presence of the templated-sirolimus
nanoarrays, attenuated total reflection Fourier trans-
form infrared (ATR-FTIR) spectroscopy was applied
to identify the chemical absorption of sirolimus. The
solid line in Figure 2 reveals the pure sirolimus ma-
terial, whose characteristic absorption peak at 1718
cm™! corresponds to the deformation mode of the
sirolimus C==0. In contrast, the dash dot line in Fig-
ure 2 represents the spectrum of sirolimus-loaded
cylinderical nanoarrays, with an absorption peak at
698 cm™! corresponding to the C—H bond on the
benzene ring of PS, whereas the absorption peak
characteristic of sirolimus at 1718 cm™' can be also
clearly identified, revealing the presence of the tem-

100 4

(-2 ®

(=] =

1 1
Y :‘-‘.

=
S
1

[
=

=

(b)

=}
= 1
1 E-. \

0 40 6 -BIO‘I(I)()'
Time (hr)

T r T M T
120 140 160 ()

(M) AAO/sirolimus hybrids

(@) PSisirolimus blends

sirolimus-loaded
cplinderical nanoarrays

plated sirolimus after the pore-filling process. After
drug elution, the FTIR includes only the absorption
peak of PS at 698 cm™' (dot line) and the sirolimus
peak at 1718 cm ™' disappears, suggesting success-
ful elution in the water-bath shaker.

Figure 3 shows the results of in vitro drug elution
from the sirolimus-loaded cylindrical and lamellar
nanoarrays; those obtained from the anodized alu-
minum oxide (AAO)/sirolimus hybrids and the PS/
sirolimus blends were used as controls. Notably, the
AAO/sirolimus hybrids possessed cylindrical pores
with a diameter of about 200 nm, and the prepared
PS/sirolimus blends exhibited phase separation on
the micrometer scale. The release profiles from the
AAO/sirolimus hybrids and the PS/sirolimus blends
revealed the fast release of the drug with an initial
burst effect. In contrast, the drug-release profile ob-
served from the sirolimus-loaded cylindrical nano-
arrays exhibited no burst release; instead, a pro-
longed and sustained-release profile was observed.
For example, after a 15 h release, the cumulative
amounts of drug eluted from the AAO/sirolimus hy-
brids and the PS/sirolimus blends were approxi-
mately 70% and 60%, respectively, indicating inad-
equate retention of the loaded sirolimus. In contrast,
for the sirolimus-loaded cylindrical and lamellar
nanoarrays, the cumulative amount of eluted drug
was reduced markedly to 30% and 37%; the period
of sustained-release of sirolimus was 10 days. Note
that the thickness of the sirolimus-loaded cylindrical
and lamellar nanoarrays used herein was only 60
nm. The duration of drug elution may be further pro-
longed by increasing the thickness of the sirolimus-
loaded cylindrical nanoarrays via an appropriate
pore-filling process. The error bars on the data ob-
tained from the sirolimus-loaded cylindrical nanoar-
rays were significantly smaller than
those from the AAO/sirolimus hybrids
and the PS/sirolimus blends. We sug-
gest that the unique elution profile of
the sirolimus-loaded cylindrical
nanoarrays is attributed to the nano-
scale size effect on the controlled re-
lease of drugs. Since the sirolimus-
loaded cylindrical nanoarrays were
made from the cylindrical nanochan-
nels (20 nm in diameter), the sirolimus
was effectively entrapped, resulting
in a well-controlled specific releasing
profile. The drug-elution results for
the sirolimus-loaded lamellar nanoar-
rays (with a lamellar microdomain

Figure 3. (a) Cumulative release profiles of sirolimus from sirolimus-loaded cylindrical
nanoarrays (blue triangle), sirolimus-loaded lamellar nanoarrays (green diamond), AAO/
sirolimus hybrids (black square), and PS/sirolimus blends (red circle). Inset plots the fitted
curve (black line) for the release profile of sirolimus-loaded cylindrical nanoarrays. My is the
infinite amount of loaded drugs in test templates; M, is the cumulative amount of drug re-
leased at time t. (b) Schematic illustration of the sirolimus-loaded cylindrical nanoarrays, the
AAO/sirolimus hybrids, and the PS/sirolimus blends.
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width of 20 nm) revealed a similar
nanosize effect; the duration of sus-
tained release also reached 10 days.
Furthermore, the templates with vari-
ous thicknesses were prepared to ex-
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amine the thickness effect on the releasing amount
of drug elution. As illustrated in Figure 4, the drug
loading content (LC) of the sirolimus-loaded nanoar-
rays increases with increasing its thickness. There-
fore, it is reasonable to observe that the total
amount of drug elution is notably affected by the
thickness of the sirolimus-loaded nanoarrays (see
Table 1).

In contrast to the nanoscale size effect on the
drug elution, it is also noted that the adsorption/
desorption process for the loaded sirolimus within
the template may play the role for the drug-elution.
As reported by Hillmyer and co-workers, the hy-
droxyl groups on the internal surface of the pores
could be obtained after the hydrolysis of PS-PLA.3°
Nevertheless, the density of the polar groups is not
high enough to have a significant effect on the pore
surface properties.’® Moreover, the native AAO
membrane also possesses the hydroxyl groups on
the internal surface of the pores,®' but no signifi-
cant increase on releasing time in the AAO case
could be found. As a result, the adsorption/desorp-
tion process that depends on the hydrophilicity of
the template plays an insignificant role with respect
to the endurance of the drug-elution.

To study the unique drug-elution profile associated
with nanoscale delivery, the release profiles were fitted
by a semiempirical power law,*?

L=kt 1)

where M, is the cumulative amount of drug released
at time t; Miy¢ is the cumulative amount of drug re-
leased at infinite time; M/M,. is the fraction of the
drug eluted; t is time; k is a characteristic constant of
the system; n is the release exponent related to the
mechanism of drug-elution. As presented in the in-
set of Figure 3, the equation for the drug-elution
profile is similar to Higuchi equation (n = 0.55, R?

= 0.98, except at the last stage of release), reflect-
ing the fact that the release of sirolimus from the
templated sirolimus nanoarrays is a diffusion-
controlled process.®>*> We suggest that the unique re-
lease profile of the sirolimus-loaded nanoarrays is at-
tributed to the nanoscale size effect on the con-
trolled release of drugs that changes the releasing
mechanism. A diffusion-control process can be
achieved by using sirolimus pore-filling template
with tens nanometer size, whereas burst releasing
is encountered once the pore size of the template
is over hundreds nanometers. Similar behavior has
also been observed recently by Desai and co-
workers.?® They fabricated a series of titanium diox-
ide (TiO,) arrays with various lengths and diameters.
The changes in drug delivery observed with varia-
tions in nanotube dimensions and lengths are in line

www.acsnano.org

= = —_
= w S
N T T

el
1

—&— lamellar nanoararys (60 nm)
—®— cylinderical nanoarrays (60 nm)
—A— Jamellar naneararys (20 nm)
—W¥— cylinderical nanoarrays (20 nm)

Cumulative Released Sirolimus (1g/cm?)

. r v , T .
0 50 100 150 200
Time (hr)

Figure 4. Cumulative release profiles of sirolimus released
from test nanoarrays in different thicknesses.

with the hypothesis that the nanoscale size effect
changes the releasing mechanism so as to affect the
drug-elution behavior profoundly.

Sirolimus can inhibit the proliferation of vascular
smooth muscle cells by blocking cell cycle progres-
sion at the G,/S transition.>* To evaluate the activity
of the sirolimus that was released from the cylindri-
cal or lamellar nanoarrays, rat thoracic aorta smooth
muscle cells (RASMC) were treated for 3 days with a
collected medium that contained the sirolimus re-
leased from the cylindrical or lamellar nanoarrays. A
live/dead viability kit, containing calcein-AM and
ethidium homodimer, was adopted to distinguish
between live and dead cells.?> Calcein-AM pen-
etrates the cytosol of viable cells and stains them
green, while ethidium homodimer stains dead cell
nuclei red.>® The cell viabilities of RASMC that had
been treated with the fresh medium and those that
had been treated with the collected media were vi-
sualized by fluorescence microscopy (Figure 5). The
cell viability of RASMC was significantly reduced by
treatment with the collected media because of the
release of sirolimus; the antiproliferative activities of
the sirolimus released from these two nanoarrays
on RASMC were comparable.

CONCLUSION

A highly ordered sirolimus-loaded template in
nanoscale was prepared and its characteristic elu-
tion profile for the release of drugs was obtained,
suggesting that the nanoporous template has an

TABLE 1. Loading Contents (LC) of the Cylindrical
Nanoarrays and the Lamellar Nanoarrays in Different
Thicknesses

thickness 20 nm 40 nm 60 nm
oylinderical nanoarrays (jg/cm?) 72 129 16.1
lamellar nanoarrays (p.g/cm?) 8.5 109 143
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Fluorescence Image
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Figure 5. Results of activity assay of sirolimus released from cylindrical or lamellar nanoarrays. Fluorescence microscopic
images, showing viability of RASMC following treatment for 3 days with (a) fresh medium or collected medium that con-
tained the sirolimus that was released from the (b) cylindrical or (c) lamellar nanoarrays.

appealing application as a drug-elution coating on
implantable devices. To be therapeutically effective,
a useful drug delivery system must deliver a certain
amount of drug over an extended period. The results
of in vitro drug elution demonstrated that the devel-
oped template can successfully entrap the loaded

EXPERIMENTAL SECTION

PS—PLLA diblock copolymers with PLLA volume fraction of
0.25 and 0.48 were prepared by two-step living polymerization
in sequence. The PS homopolymer was obtained by free radical
polymerization of styrene, producing hydroxyl-terminated poly-
styrene as the macroinitiator. The ring-opening polymerization
of -lactide was then performed in the presence of the
macroinitiator.®2” A thin-film sample with perpendicular cylin-
drical or lamellar nanostructures was initially formed onto glass
substrate by spin-coating from a 1.5 wt % chlorobenzene solu-
tion of PS—PLLA at 1000 rpm, a 1.0 wt % solution of PS—PLLA at
1000 rpm and 3000 rpm at 50 °C. Samples with different film
thicknesses, approximately 60, 40, and 20 nm, could be obtained.
The thin-film thickness was determined by scanning probe mi-
croscopy (SPM), and the measurement details were described in
the Supporting Information. Table 2 presents the characteristics
of the samples. The gel permeation chromatography (GPC) mea-
surements were performed on a Hitachi L-7100 system equipped
with a differential Bischoff 8120 RI detector using THF (HPLC
grade) as an eluent. Molecular weight and molecular weight dis-
tributions were calculated using polystyrene as standard. The
number average molecular weight (M,) of 4-hydrolysis-TEMPO
terminated PS and polydispersity (PDI) of PS—PLLA block copoly-
mer were obtained by GPC analysis. The molecular weight of
PLLA blocks was measured by '"H NMR analysis. On the basis of
molecular weight and volume ratio, these PS—PLLAs (Table 2)
are designated as PSx—PLLAy (fo, 2" = 2);. x and y represent the
numbers of repeating units for PS and PLLA blocks measured by
NMR, respectively, and z indicates the volume fraction of PLLA
calculated by assuming densities of PS and PLLA are 1.02 and
1.248 g/cm®.

drug in nanoscale pores for sustained release. As a
result, the size, geometry, and depth of the nano-
scale pores in the developed template can be readily
controlled to regulate the drug release profiles to
meet the specific requirements in clinical
applications.

After it has been dried in a vacuum overnight, the film was
exposed to UV radiation (wavelength at 254 nm) under a vacuum
for over 10 min. The thin-film sample was then placed in NaOH
solution for 5 days to degrade PLLA, and finally dispersed in
MeOH solution to wash out residual degradation solution. For
use in the pore-filling process, a 5 wt % solution of sirolimus was
prepared by dissolving it into ethanol and water. The sirolimus
(Rapamycin) was obtained from LC Laboratories (Woburn, MA).
The control was commercially obtained AAO membranes, with
an average diameter and thickness of 200 nm and 60 pm, re-
spectively. Following the successful procedure for pore-filling
agents by using AAO membrane,®®3” several drops of 5 wt %
sirolimus solution in ethanol and water were placed onto a glass
substrate. An AAO membrane was immediately placed on the
top of the solution, and then the nanopores of the membrane
were filled with the sirolimus solution within seconds by capil-
lary force. After solvent evaporation at ambient conditions, the
pore-filled AAO membrane was dispersed in ethanol solution to
wash out residual sirolimus on the surface so as to form the AAO/
sirolimus hybrids. The PS/sirolimus blends were formed on Au-
coated substrate by spin-coating (1000 rpm) from a tetrahydro-

TABLE 2. Characterists of PS—PLLA Block Copolymers

M, PS[g/moll® M, PLLA[g/mol]® PDI° fo’  morphology
$38—L16 38200 15700 121 075 cylinder
S14—L15 13600 15300 116 0.52 lamellar

“Measured from GPC analysis. “Obtained from integration of 'H NMR measurement.
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furan solution of 1.0 wt % 33700 g/mol PS homopolymer and 5
wt % sirolimus.

After drying in a vacuum overnight, the aforementioned dis-
tinct templates, loaded with sirolimus, were individually im-
mersed in test tubes that contained sterilized phosphate buff-
ered saline (PBS, pH 7.4) and incubated in a water-bath shaker
at 37 °C at 120 rpm.?® The incubated PBS in each test tube was
collected and replaced daily. The eluted sirolimus in the collected
PBS was quantified using a high-performance liquid chromato-
graph (HPLC) that was equipped with a C;g analytic column (4.6
mm X 250 mm, particle size 5 um, ThermoQuest, BDS, Runcorn,
UK). The flow rate of the mobile phase (85% methanol, 15%
deionized water, and 0.1% acetic acid by v/v), delivered by an
HPLC pump (TCP, P-100, Riviera Beach, FL), was T mL/min at 50
* 1°C. The eluent was monitored using a UV detector at 254 nm.

The activity of sirolimus released from the sirolimus-loaded
cylindrical or lamellar nanoarrays was evaluated using an elu-
tion test method. The test templates were well immersed in test
tubes that contained a culture medium. The tubes were then in-
cubated in a water-bath shaker at 37 °C at 120 rpm for 3 days.
Subsequently, the incubated medium in each tube was collected
and then applied for cell culture. RASMC (ATCC CRL-1476) (5 X
10 were seeded in a p.-Dish (35 mm, Ibidi, Martinsried, Ger-
many) and allowed to adhere overnight. The culture medium
was then replaced with fresh medium (control) or a collected
medium that contained the sirolimus that was released from the
cylindrical or lamellar nanoarrays. The cultures were then re-
turned to the incubator and removed on day three for micro-
scopic observation. The viability of the cells was evaluated ac-
cording to a live/dead assay using calcein-AM and ethidium
homodimer (Molecular Probes # L3224).38

Supporting Information Available: . Text giving detailed char-
acterization of the sirolimus nanoarrays, AAO/sirolimus hybrids,
and PS/drug blends. This material is available free of charge via
the Internet at http://pubs.acs.org.
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