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ontrolled and long-term protein

drug delivery has been considered

as one of the most promising bio-
medical applications of nanotechnology.! A
wide range of materials and devices have
been developed for the delivery of protein
drugs in a controlled manner within a thera-
peutic range.?* However, conventional
technologies were not successful due to
the protein denaturation during and after
the formulation. Although various protein
conjugates with polyethyleneglycol (PEG)
have been successfully commercialized as
once a week injection formulations, there is
no controlled release depot system in the
market for protein drugs lasting for longer
than a week.

A critical challenge in long-term con-
trolled delivery of protein drugs is to main-
tain the integrity of highly sensitive tertiary
structure and the therapeutic efficacy of
protein drugs in physiological condition for
long periods.* ¢ Once protein drugs are de-
natured, they not only are therapeutically
inactive but also cause unpredictable side
effects such as inflammation, toxicity, and
immune responses.>? For instance, despite
the successful commercialization of a con-
trolled release system of human growth
hormone (hGH) using poly(lactic-co-glycolic
acid) (PLGA) microparticles under a trade-
name of Nutropin Depot, it was withdrawn
from the market due to the protein denatur-
ation by hydrophobic interaction and/or
harsh acidic microenvironments caused by
the degradation of PLGA inside the body.”

The best long-term controlled delivery
system of protein drugs without denatur-
ation might be possible by exploiting the
passive diffusion through a membrane
without physical and chemical stresses.
This can be achieved when pore sizes in a
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ABSTRACT A new drug delivery device using cylindrical block copolymer nanochannels was successfully

developed for controlled protein drug delivery applications. Depending on the hydrodynamic diameter of the

protein drugs, the pore size in cylindrical nanochannels could be controlled precisely down to 6 nm by Au

deposition. Zero-order release of bovine serum albumin (BSA) and human growth hormone (hGH) by single-file

diffusion, which has been observed for gas diffusion through zeolite pores, was realized up to 2 months without

protein denaturation. Furthermore, a nearly constant in vivo release of hGH from the drug delivery nanodevice

implanted to Sprague—Dawley (SD) rats was continued up to 3 weeks, demonstrating the feasibility for long-

term controlled delivery of therapeutic protein drugs.

KEYWORDS: protein drug - nanochannels - block copolymer - single-file
diffusion - controlled drug delivery

membrane are controlled to satisfy the
single-file diffusion (SFD)®° condition of pro-
tein drugs. SFD was previously observed
for the diffusion of CF, gas through the
pores in zeolites.® When pore sizes are care-
fully adjusted so that two or more diffusing
molecules are not allowed to pass through
the pores simultaneously, protein drugs are
released by SFD through the membrane
without initial burst by the Fickian diffu-
sion. The release rate of a protein drug be-
comes constant with time irrespective of its
concentration in the reservoirs. This phe-
nomenon is analogous to the constant
dropping rate of sands through an hour-
glass with time, although the mechanism is
fairly different. Ferrari and co-workers'0~'3
prepared a nanoporous silicon membrane See the accompanying Perspective by
by multiple steps including micropattern Jackson and Hillmyer on p 3548.
fabrication by photolithography, the depo-  xaddress correspondence to
sition of the sacrificial SiO, layer, back etch-  jkkim@postech.ackr,
ing, and removal of the SiO, layer. They con-  skhanb@postechackr.
firmed controlled in vitro release of insulin Received for review March 7, 2010
and IgG antibody'" when the sizes of the and accepted May 16, 2010.
nanochannels in the membrane were care- . .
Published online May 27, 2010.
fully controlled. Later, they showed the con-  10.1021/nn100464u
stant release of labeled bovine serum albu-
min (BSA) during in vitro and in vivo tests.'?  © 2010 American Chemical Society
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Figure 1. (a) Schematics for the preparation of block copolymer membrane with cylindrical nanochannels. The mixture of
PS-b-PMMA/PMMA solution in toluene was spin-coated on a modified silicon wafer. The film was floated onto a supporting
membrane by dissolving the silicon oxide layer from the substrate (the left image). Then cylindrical pores were generated by
the removal of PMMA homopolymer and swelling of PMMA block in acetic acid (the middle image). Pore sizes in the nanop-
orous membrane were controlled more precisely by Au deposition according to the hydrodynamic diameter of a target pro-
tein drug (the right image). (b—d) FE-SEM images of the top surface with a different Au deposition thickness: (b) 0 nm (be-
fore Au deposition), (c) 7 nm, and (d) 11 nm. The average pore size decreased from ca. 15 nm to ca. 10 nm and ca. 6 nm.

Scale bars in the inset correspond to 30 nm.

However, multiple and complicated steps were needed
for the fabrication of nanoporous silicon membrane.
Moreover, the concept of SFD through a membrane
could not be fully demonstrated because the mem-
branes have rectangular pores where only one dimen-
sion is nanometer-sized with the other dimension in
micrometer-scale. Despite the constant in vitro release
of lysozyme, in vivo application was not successful.'> An-
other nanoporous membrane having unidimensional
pores was prepared by pattern transfer, rapid thermal
annealing, self-assembling, and anodizing methods.
However, a constant release based on single-file diffu-
sion was not fully demonstrated using the
membrane.'4~ %

In this work, a new drug delivery device was devel-
oped containing a unique membrane with cylindrical
nanochannels prepared by the self-assembly of
polystyrene-block-poly(methylmethacrylate) copoly-
mer (PS-b-PMMA). The pore size in the membrane was
carefully tuned from 15 to 6 nm by the control of Au
deposition time. We observed a long-term and constant
in vitro release of both BSA and hGH without denatur-
ation by SFD up to 2 months. We also demonstrated the
feasibility of in vivo applications to long-term con-
trolled delivery of hGH. The novel protein drug deliv-
ery device system using cylindrical block copolymer
nanochannels was discussed for the application to the
treatment of various chronic diseases requiring painful
frequently injection.

RESULTS AND DISCUSSION
Figure 1a shows schematics for the fabrication of na-
noporous membranes with cylindrical nanochannels.
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The upper layer with a thickness of 80 nm was pre-
pared using a thin film of the mixture of PS-b-PMMA
having cylindrical microdomains of PMMA and PMMA
homopolymer on a silicon oxide layer. As previously re-
ported elsewhere,?® the cylindrical microdomains in
the film were oriented vertically to a silicon substrate
with an energetically neutral brush (the left image in
Figure 1a). This film was floated from the substrate in a
buffered HF solution and transferred onto a microfiltra-
tion polysulfone membrane acting as a supporting
layer. Cylindrical nanochannels in the upper layer were
generated by selective removal of the PMMA ho-
mopolymer in the cylindrical PMMA microdomains
with acetic acid. At the same time, the PMMA block mi-
grated onto the PS matrix by swelling in acetic acid
(the middle image in Figure 1a). The resulting mem-
brane had the well-ordered array of vertically aligned
cylindrical nanochannels with a narrow pore size distri-
bution. We could control precisely the pore size by Au
deposition (the right image in Figure 1a). During the Au
deposition, some Au was also deposited on the wall of
the pores as well as on the top of the upper layer of the
membrane. Thus, the pore size decreased with increas-
ing the thickness of the Au deposition layer on the
membrane. Although the pore size also decreased by
the deposition of other metals (for instance, Ti or Al), Au
was chosen because of its good biocompatibility?* and
excellent adhesion with the membrane. Figure 1b—d
shows field-emission scanning electron microscopy (FE-
SEM) images for the top surface of the nanoporous
membrane with different Au deposition thicknesses.
Cylindrical pores with a diameter of ca. 15 nm were uni-
formly formed in the nanoporous membrane, as shown
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in Figure 1b. Pore size decreased with increasing the
Au deposition layer. For instance, at a Au deposition
layer with 7 nm thickness, the average diameter of na-
nopores became ca. 10 nm (Figure 1c). With further in-
crease of Au layer to 11 nm thickness, the diameter of
the pores at the top of the membrane was reduced to
6 nm, as shown in Figure 1d. Narrow size distribution of
pores was maintained, and vertical nanochannels were
preserved after Au deposition (see Figure S1 in the Sup-
porting Information).

A nanoporous membrane with an average pore di-
ameter of 15 nm was used for the delivery of BSA with
a molecular weight (MW) of 66 000 Da and a hydrody-
namic diameter of ca. 8 nm,'? while another membrane
with a pore diameter of 6 nm was employed for the de-
livery of hGH with a MW of 22 000 Da and a hydrody-
namic diameter of ca. 3.4 nm.% A good adhesion be-
tween the Au layer and nanoporous block copolymer
film was maintained even after in vitro and in vivo re-
lease tests of the protein drugs up to 2 months. Con-
trolled release of protein drugs based on the single-file
diffusion was assessed using a drug delivery device de-
scribed in Figure S2 of the Supporting Information.
Two kinds of proteins (BSA and hGH) were selected as
model protein drugs for in vitro release tests. Figure 2a
shows the in vitro release profile of BSA through two dif-
ferent membranes in the drug delivery device. Open
and closed circles represent the released BSA amount
from the supporting polysulfone membrane having a
nominal pore size of 200 nm and the nanoporous block
copolymer (BCP) membrane with a pore size of ca. 15
nm, respectively. The constant release profile of BSA,
which is the case of SFD, was obtained for the BCP
membrane, whereas a typical Fickian diffusion release
profile was observed for the supporting polysulfone
membrane. The results are quite reasonable because
the SFD of a protein drug is made possible when the di-
ameter of the cylindrical pores in the membrane is less
than twice the hydrodynamic diameter of the protein
drug. In this situation, two protein drug molecules can-
not pass simultaneously through the pores. The pro-
tein release rate could be easily controlled by chang-
ing the thickness of the BCP membrane (Figure S3 in
the Supporting Information). For the case of hGH with
a hydrodynamic diameter of 3.4 nm, however, a BCP
membrane with a pore size of ca. 15 nm showed a non-
linear release, that is, a typical Fickian diffusion (open
circles in Figure 2b). Constant release of hGH was ob-
served up to 2 months for a Au-deposited BCP mem-
brane with a pore size of ca. 6 nm, approximately 1.7
times larger than the hydrodynamic diameter of hGH
(closed circles in Figure 2b). Constant release of hGH
was observed until the end of the in vitro test (~90
days). From the results, Au deposition was thought to
be an effective means to control the pore size of cylin-
drical nanochannels. In addition, the Au deposition ap-
peared to reduce protein fouling to the polymeric
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Figure 2. (a) In vitro release profile of BSA through the sup-
porting membrane with a nominal pore size of 200 nm (O)
and the nanoporous block copolymer membrane with a
pore size of 15 nm (red circle). (b) In vitro release profile of
hGH through the nanoporous membrane with a pore size of
15 nm (O) and Au-deposited nanoporous membrane with a
pore size of 6 nm (red circle).

membrane, especially when erythropoietin (EPO) with
a high affinity to polymer surface was used (Figure S4 in
the Supporting Information).

The intactness of in vitro released hGH was assessed
by reverse-phase high-performance liquid chromatog-
raphy (RP-HPLC), sodium dodecyl
sulfate—polyacrylamide gel electrophoresis
(SDS—PAGE), circular dichroism (CD), and enzyme-
linked immunosorbent assay (ELISA). The uniform peak
shape with a constant retention time on RP-HPLC of the
released hGH samples partially supported that there
was no protein denaturation during the in vitro release
tests (Figure 3a). SDS—PAGE also confirmed that the re-
leased hGH was intact with negligible hGH denatur-
ation. The released hGH even after 60 days was de-
tected at almost the same position with intact hGH
having a molecular weight of 22 kDa (Figure 3b). CD
spectra of the released hGH after 30 and 60 days were
identical to that of hGH in stock solution, indicating that
the secondary structure of hGH was maintained (Fig-
ure 3¢). All of these results supported that the diffusion
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Figure 3. Characterization of in vitro released hGH. (a) RP-HPLC of hGH stock solution, and in vitro released hGH after 15,
30, and 45 days. (b) SDS—PAGE (100 V, 25 °C) of hGH stock solution and in vitro released hGH up to 60 days. (c) Far-UV CD
spectra of hGH stock solution and in vitro released hGH in PBS (pH 7.4, 25 °C) after 30 and 60 days. CD results were expressed
as a molar ellipticity in mdeg - cm?/decimole using a molecular weight of 22 kDa, a path length of 0.2 cm, and the concentra-
tion of each sample in g/cm?. (d) Ratio of in vitro released hGH concentrations determined by ELISA and Lowry assay up to

60 days.

through the BCP nanochannels did not cause physical
and chemical denaturation of hGH. Finally, the biologi-
cal activity of the released hGH was analyzed by ELISA.
To compare the bioactivity of the released hGH, the ra-
tio of in vitro released hGH concentrations determined
by Lowry assay and ELISA was plotted with increasing
time (Figure 3d). ELISA data reflect the amount of bio-
logically active hGH, whereas Lowry assay data corre-
spond to the total amount of hGH regardless of the de-
naturation. Considering the error range of ELISA
measurement, the ratios were very close to unity, sup-
porting the intactness of in vitro released hGH without
denaturation. It was also confirmed by ELISA that the in
vitro released hGH even after 2 months retained the
same biological activity as that of intact hGH.

To demonstrate the feasibility for in vivo applica-
tions, we investigated the pharmacokinetics of hGH re-
leased from a titanium implant drug delivery device
with Au-deposited cylindrical nanochannels having a
diameter of 6 nm. The drug delivery nanodevice con-
taining 3 mg of hGH in 0.6 mL of PBS was designed for
a constant release up to ca. 25 days based on in vitro re-
lease profile of hGH (section 5 in the Supporting Infor-
mation). Figure 4 shows the pharmacokinetic profile of
hGH released from the nanodevice implanted subcuta-
neously in Sprague—Dawley (SD) rats. For comparison,
the pharmacokinetics of hGH was also investigated af-

\\&) VOL. 4 = NO.7 = YANG ET AL.

ter a single subcutaneous injection of 0.1 mg of hGH

in 0.4 mL of PBS, which was equivalent to a one day re-
lease amount from the implant device. The concentra-
tion of hGH in serum was abruptly elevated to a maxi-
mum concentration of ca. 3000 ng/mL and then
dropped to the baseline level within 12 h. On the other
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Figure 4. Pharmacokinetics of in vivo released hGH after a
single subcutaneous injection of aqueous hGH (®) and sub-
cutaneous implantation of the titanium device with Au-
deposited BCP membrane having a pore size of 6 nm to the
SD rats (red rectangule). The drug delivery nanodevice with-
out hGH was used as a control (blue triangle).
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hand, the serum concentration of hGH released from
the implant device was maintained at a concentration
around 50 ng/mL. Depending on the therapeutic range,
the release rate (or amount) of hGH can be tuned by
changing membrane size in an implant device for fur-
ther clinical applications. Considering all of these re-
sults, the novel protein drug delivery device with cylin-
drical nanochannels would be successfully applied to
the treatment of various chronic diseases with greatly
improved patient compliance.

In summary, long-term controlled release of protein
drugs by the SFD was successfully demonstrated up to

EXPERIMENTAL DETAILS

Fabrication of Nanoporous BCP Membrane. PS-b-PMMA with an av-
erage molecular weight (MW) of 77 000 g/mol and volume frac-
tion of PMMA block of 0.25 was prepared by anionic polymeriza-
tion. It showed hexagonally-packed cylindrical microdomain
with a lattice domain spacing of 35 nm measured by synchro-
tron small angle X-ray scattering (SAXS). A 2% (w/v) solution in
toluene of the mixture of PS-b-PMMA and 10 wt % of homopoly-
mer PMMA (30k, Sigma) relative to the PMMA block was spin-
coated on a silicon oxide sacrificial layer (~200 nm) deposited
wafer with a neutral brush layer and annealed at 170 °C under
vacuum for 2 days.?>? Then, the film was floated onto the sur-
face of 5 wt % HF solution and then transferred to a microporous
membrane support (HT Tuffryn, Pall Life Science). Nanoporous
block copolymer membrane was prepared by immersing the
block copolymer film floated on the supporting membrane into
acetic acid for 1 h, which results in the complete removal of the
PMMA homopolymer located at the center of the cylindrical
PMMA microdomain. Finally, the nanoporous membrane was
dried under vacuum in an oven for 6 h at room temperature. Au
was deposited at a rate of 0.1—0.2 A/s on the top of the nanop-
orous block copolymer membrane under 2 X 107 Torr by using
a thermal evaporator. This slow deposition rate of Au could en-
hance the adhesion between the Au layer and the block copoly-
mer film.?” The thickness of the Au layer was measured with a
quartz crystal piezometry balance. The surface and cross-
sectional morphology of the nanoporous membrane was ob-
served by field-emission scanning electron microscopy (FE-SEM,
Hitachi S-4600).

In Vitro Release of Protein Drugs. BSA and hGH were dissolved in
phosphate buffered saline (PBS, pH 7.4) at a concentration of 5
mg/mL. Then, 6 mL of the solutions was put into a test tube with
nanoporous membranes and sealed with a cap (Figure S2 in Sup-
porting Information). The delivery device was put into a bath
(60 mL) with the fresh PBS. Since only BSA and hGH were dif-
fused out through the membranes, the total solution volume of
6 mL inside the test tubes was maintained during the entire re-
lease tests. Before the release test, BCP membrane was soaked in
30% ethanol solution for the better wettability with protein
drug solutions. The amount of released BSA and hGH at prede-
termined times was determined by Bradford protein assay and
Lowry assay, respectively. One milliliter of the bath solution was
sampled, and the 1 mL of the fresh PBS was added to the bath at
each measurement. The intactness of released hGH was checked
by RP-HPLC, SDS—PAGE, CD, and ELISA.2® RP-HPLC was carried
out using Vydac_218MS51_C4 column at a detection wave-
length of 283 nm. The eluent was 0.1 vol % trifluoroacetic acid
solution in deionized water/acetonitrile mixture, and the flow
rate was 1 mL/min. For SDS—PAGE analysis, the released hGH
was mixed with loading buffers containing dithiothreitol and
boiled at 90 °C for 2 min. The released protein samples of 24 L
were loaded onto 15% SDS—PAGE gel (8 cm X 8 cm with 1.0 mm
thickness). After gel electrophoresis, the gels were stained with
Coomassie Brilliant Blue solution. CD spectra for hGH in PBS (pH
7.4) were obtained with a UV spectrophotometer (JASCO J-715)
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2 months using the drug delivery device with cylindri-
cal BCP nanochannels. According to the hydrodynamic
diameter of a target protein drug, the pore size was pre-
cisely controlled down to 6 nm by Au deposition. The
release rate of protein drugs could also be controlled by
changing the length of BCP nanochannels and the
thickness of the Au deposition layer. Due to facile and
cost-effective fabrication processes, the drug delivery
device with cylindrical BCP nanochannels would be suc-
cessfully exploited for long-term constant delivery of
protein drugs without denaturation for the treatment
of various chronic diseases.

at 25 °C over the range of 200—250 nm under a nitrogen atmo-
sphere. A quartz cuvette with a path length of 2 mm was used.
Raw data were acquired at 0.2 mm intervals with a response time
of 1 s. Each spectrum was subtracted by the spectrum of PBS,
and the residual ellipticity was calculated as an average of three
scans. The bioactivity of released hGH was analyzed with ELISA
kits (Diagnostic Systems Laboratory Inc.).

In Vivo Release of hGH. Two groups of 3 SD rats (Japan SLC,
Hamamatsu, Japan) with a mean body weight of 200 g were
used for in vivo release test of hGH. For comparison, 0.4 mL of
hGH solution at a concentration of 0.25 mg/mL was injected sub-
cutaneously into an SD rat. A titanium device with the Au-
deposited BCP membrane was used for in vivo release test of
hGH (section 5 in the Supporting Information). The drug load-
ing volume was fixed at 0.6 mL. This device was implanted into
the subcutaneous tissue of the SD rat. For pharmacokinetic
analysis, 0.2 mL of blood samples was collected from lateral tail
veins. All blood samples were immediately centrifuged, and the
plasma was separated and stored at —20 °C. The serum concen-
trations of hGH were measured with ELISA kits.
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