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ABSTRACT: Herein long-term delivery of proteins from biodegradable thin
film devices is demonstrated, where a nanostructured polymer membrane
controls release. Protein was sealed between two poly(caprolactone) films,
which generated the thin film devices. Protein release for 210 days was shown
in vitro, and stable activity was established through 70 days with a model
protein. These thin film devices present a promising delivery platform for
biologic therapeutics, particularly for application in constrained spaces.
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D evices and vehicles for drug delivery have made excellent
strides to improve therapeutic outcomes and enhance
efficacy of established and emerging drugs.'* Among the
breadth of approaches, nanomaterials have received consid-
erable attention given the unique properties that emerge at this
size scale.>™” Much of this attention has focused on particle-
based technologies, such as liposomes, micelles, and nano-
particles.® '* These approaches have demonstrated improved
bioavailability, localized delivery, extended systemic circulation
times, and decreased toxicity for a variety of indications, making
them particularly attractive strategies for drug delivery.

While less prominent, nanostructured membranes have also
been demonstrated as a promising component in drug delivery
devices."' A simple membrane-based nanostructured device
contains a therapeutic loaded directly in membrane pores or in
a reservoir, where the membrane is responsible for character-
istic release kinetics. When a diffusing molecule is of
comparable size to membrane pore size (e.g, as low as
subnanometer for small molecules to as much as tens of
nanometers for macromolecules), controlled release may occur
by a process of single file or hindered diffusion."> Devices
satisfying this constraint commonly exhibit zero-order release,
providing a means to control release rate and device payload.
This approach to controlled release is particularly compelling
with the increasing prevalence of biologic drugs, where
therapeutic size is on par with a variety of nanostructured
materials. To date, such devices have been largely based on
inorganic materials, such as silicon, alumina, or titania, given the
relative ease of nanostructure fabrication.''™"* While nano-
structured inorganic materials can be fabricated with well-
ordered and uniform features, these materials are generally rigid
and lack tunable degradation behavior. Given the scope and
complexity of disease indications, existing inorganic materials
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insufficiently address the range of therapies where nanostruc-
tures membranes may be suitably deployed.

Polymeric nanostructured membranes offer an alternative in
materials selection and properties and can be fabricated in a
variety of ways." Specifically, the design of nanostructured
biodegradable polymers is of interest for indications where
explantation is undesirable. Utilizing a combination of solvent,
temperature, and phase separation techniques, generating
nanostructures in any arbitrary polymer is usually possible,
albeit largely through trial-and-error.'® Unfortunately, this
approach is nontrivial, and optimizing membrane properties
according to particular design requirements is challenging.
Alternatively, photolithography produces structures explicitly
defined by the user,'” yet infrastructure requirements and
processing complexity are generally unrealistic for polymeric
membrane fabrication. Bombarding polymer films with high
energy particles, or track etching, can yield membranes with
highly uniform nanoscale pores but necessitates a limited pore
density to avoid pore coalescence; furthermore, track etch
membrane fabrication requires unique equipment and has
rarely been applied to degradable polymers.'® Layer-by-layer
self-assembly'” and block copolymer self-assembly*>*" are very
attractive nanoscale approaches, but both have significant
material constraints that limit their implementation with an
arbitrary polymer or in robust free-standing nanostructured
membranes. Lastly, template-based membrane fabrication is a
generic route compatible with a wide range of polymers, where
nanostructured features are predicated by template structure
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and the processing associated with template removal;** the
most significant hurdles for template fabricated membranes are
template selection and production of membranes that are
physically robust.

In order to utilize the controlled release properties of
hindered diffusion with a degradable material, it is necessary for
the material structure to remain intact throughout the course of
delivery. Among biodegradable polymers, poly(caprolactone)
(PCL) has emerged as a compelling candidate for this role. As
PCL degrades by hydrolytic scission, its hydrophobic backbone
prevents significant aqueous solubility for degradation products
larger than monomers or dimers.”*** As a consequence, PCL
degradation occurs in two phases: little structural degradation
occurs until a critical molecular weight is reached, upon which
the probability of producing soluble degradation products
increases dramatically. Implemented in a nanostructured device,
such a material allows structurally controlled release during the
initial phase of degradation, and subsequent physical break-
down and resorption after the therapeutic lifetime of the device
is complete.

Many examples of nanostructured PCL have been demon-
strated, including nanoparticles, nanofibers, and nanostructured
membranes.”* Despite the depth of literature, only a few
approaches to fabricate nanostructured PCL membranes have
been presented. Inducing phase separation in drop-cast films
has been used to generate films (~50 um) of PCL that
consisted of a nanoporous surface layer and a microporous
backing membrane.”>>” Control over process conditions such
as casting surface, solvent selection, coagulation bath
conditions, and processing temperature was shown to affect
membrane mo%phology. This approach achieved sub-100 nm
pore diameter,”*” yet the lower limit of pore size, dispersion of
pore diameters, and ultimate pore density remains unclear.
While these membranes can be simply fabricated and are suited
for certain applications, the capacity to control membrane
structure more precisely is valuable for long-term controlled
release devices. Template-based fabrication was shown to
achieve smaller and denser nanostructures through inversion of
a nanorod template; however, thickness of these membranes
was limited by the thickness of the template material (<1 gm)
and were markedly fragile as a result.”®

In this report, we describe the use of biodegradable
nanostructured membranes as the active element in drug
delivery device capable of controlled release. Through
incorporation of a porous support, template fabricated
nanostructured membranes were generated with substantially
improved durability. Placing pelleted protein between polymer
thin films and heat sealing around the protein produced devices
capable of zero-order release with durations in excess of 6
months. When using IgG as a model therapeutic, stable affinity
was demonstrated over the course of months, indicating protein
stability can be maintained in this device configuration. Stability
of nanostructured features in vitro was demonstrated over the
course of protein release and accounts for the capacity for zero-
order kinetics over this duration.

Fabrication of submicrometer-thick nanostructured PCL
membranes was greviously demonstrated utilizing a template-
based approach.”® While zero-order diffusion was shown with a
model protein over a relatively short time scale, these films
lacked the robustness required for feasible device fabrication
and deployment. To alleviate this limitation, an additional layer
was augmented onto the template fabricated membrane that
added structural support and improved ease of handling. Figure
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1 shows the template-based fabrication scheme for a supported
nanostructured membrane and a prototypical membrane
D

generated by this approach.
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Figure 1. Fabrication of nanostructured membranes. (A) Onto a clean
silicon substrate, (B) a zinc oxide seed layer is spin-cast and nanorods
are grown hydrothermally. (C) A thin PCL layer is spin-cast onto the
ZnO template followed by (D) a PCL and PEG mixture. (E)
Deionized water dissolves the PEG phase from the supporting layer,
and sulfuric acid etches the ZnO template to generate a supported
nanostructured PCL thin film. (F) SEM image of a typical
nanostructured PCL film, (G) with a thin layer of nanostructured
PCL on supporting membrane.

In this implementation, zinc oxide was chosen as the
template material for the nanostructured membrane using
techniques detailed and characterized previously (complete
experimental procedures detailed in the Supporting Informa-
tion).”® Briefly, 0.75 M solution of zinc acetate (ZnAc,) and
ethanolamine in 2-methoxyethanol was cast onto silicon wafers
and annealed at 400 °C to generate a ZnO seed layer. From this
seed layer, ZnO nanorods were grown in S mM ZnAc, solution
in deionized water at 85—90 °C. Typical ZnO rods produced
with this process exhibited diameters of 20—30 nm and lengths
of approximatelgr 0.75—1 pm, equivalent to those in our
previous report.”® Many nanostructured materials may satisfy
the requirements for a template material: zinc oxide was
selected for these membranes given its minimal infrastructure
requirements, appropriate feature size, relative ease of template
removal, and scalable processes. While a considerable range of
ZnO nanorod variants exist in the literature,”~>* the focus of
this work was pairing nanoscale membrane features with a
model protein, so many zinc oxide growth variations were left
unexplored. Examples of larger well-oriented ZnO rods have
been synthesized up through the micrometer scale;*> however,
an alternate to hydrothermal growth may be required for sub-
20 nm ZnO rods. Depending on future needs, an alternative
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template may be used, wherein a suitable material should be
considered on merits of processing ease, cost, throughput, and
scalability as well as physical size requirements and
compatibility with the polymer(s) of interest.

To generate the nanostructured features of our membranes, a
thin film of PCL was spin-cast onto the ZnO template. As in
the previous report,”® this was done such that the template
penetrates the thickness of the polymer film, which was
achieved through control of polymer solution concentration
and spin speed. The supporting polymer structure was
generated by spin-casting a solution of PCL and poly(ethylene
glycol) (PEG) in 2,2,2-trifluoroethanol (TFE) that phase
separates as the solvent dries during the casting process. At
appropriate concentrations, PEG forms an interconnected
network spanning the supporting film layer. Finally, the PEG
can be removed with deionized water to generate a porous
supporting PCL film, and the ZnO template can be etched with
sulfuric acid to generate nanostructured PCL pores. The
nanostructures generated with these techniques are predicated
by template structure, and consequently there is versatility in
polymer selection: spin-castable polymers compatible with
acidic etching can be used with this template and process.

In contrast to template-based nanostructure fabrication,
phase separation is a process requiring optimization based on
the particular polymers selected. The pore structure and film
thickness of the resulting membrane are dependent on overall
polymer concentration, PCL:PEG ratio, polymer molecular
weight, and spin-casting conditions. Utilizing commercially
available PCL and PEG, a range of PCL:PEG ratios and PEG
molecular weights were considered for ultimate solution
composition (candidates listed in Table S1 and summarized
in Table 1). On one extreme, casting from solutions with low

Table 1. Porosity of PCL Thin Films Cast from PCL-PEG
Mixtures®

PEG composition

conc MW pore density film
(mg/mL) (kDa) av diam (um) (em™2) quality
100 2 ++
150 1 ++
150 2 0.54 + 0.32 4.2 X 10° ++
150 34 0.84 + 0.95 3.5 % 10° +
200 2 0.97 + 0.77 22 % 10° -

“Molecular weights reported are based on number-average. Film
quality indicated with (—) substandard, (+) good, and (++) excellent
film formation. The details of the PEG composition used for device
fabrication is indicated in bold.

molecular weight PEG (<2 kDa) resulted in continuous,
uniform, and durable thin films that unfortunately lacked
necessary porosity. On the other hand, casting from solutions
with high molecular weight PEG (>3.4 kDa) resulted in thin
films with irregular porosity that lacked the durability necessary
to be a supporting film layer. For an intermediate range of PEG
molecular weight (2—3.4 kDa), it was possible to cast suitable
thin films that were both continuous and uniform while
maintaining porosity spanning the full film thickness. Within
this range, thin films were increasingly compliant as molecular
weight was increased, and further study focused on the lower
end of this molecular weight range given its superior durability.
Focusing on 2 kDa PEG, variation of PEG concentration was
examined. At low PEG concentrations, high quality thin films
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were generated, but a continuous porous structure was absent.
While at high PEG concentrations, the films lost durability,
became difficult to handle, and were deemed unusable. Cross-
sectional scanning electron microscopy of these films cross
sections revealed top-to-bottom continuous porous network
only for films cast from relatively high PEG concentration
(Figure 2), indicating a minimum PEG concentration to

Figure 2. Morphology of porous PCL thin films. Cross-sectional SEM
images of porous PCL thin films generated from PCL and PEG
solutions with compositions of 150 mg/mL PCL (80 kDa) and (A)
100 mg/mL PEG (2 kDa), (B) 150 mg/mL PEG (2 kDa), (C) 200
mg/mL PEG (2 kDa), and (D) 150 mg/mL PEG (3.4 kDa).

produce porosity spanning the thin film. For combinations that
generated continuous films, there was a consistent trade-off
between thin film robustness and porosity. Because protective
reinforcement was the prime function of these supporting
membranes, superior film forming capacity took priority over
porosity. Consequently, the combination utilizing 150 mg/mL
of PCL (MW ~ 80 kDa) and PEG (MW ~ 2 kDa) was selected
in our device design. While this approach is empirical in its
development, it is simple and only requires one additional
material: PEG, a well-established biopolymer. If alternate
polymers or thin film properties are required for a supporting
polymer, a variety of additional fabrication techniques exist.'
All nanoporous devices herein were fabricated from three
elements: a nanoporous film with a microporous supporting
layer, a pellet of protein, and a nonporous PCL film that
encases the pellet. Devices were sealed utilizing a hot plate as a
uniform heat source, and a stacked apparatus was used to
assemble the device layers for heat sealing (Figure 3). An
annulus and upper support were fabricated from poly-
(dimethylsiloxane) (PDMS) to provide structural support and
allow conformal contact between the layers of the device, where
the lower annulus minimizes heating to the protein and
membrane. A weight was applied (~800 g) that was sufficient
to maintain uniform film contact and sealing around the
protein. At the lab scale, this approach is simple and adequate
for device sealing; alternative methods such as resistive heating,
optical welding, ultrasonic welding, or covalent chemical
bonding may prove superior depending on fabrication needs.
For this work, all devices were assembled around a 3 mm
diameter pellet of protein (typically 0.5—2 mg). A 4 mm PDMS
annulus was used to allow for registration of the pellet relative
to the annulus and allowed the polymer to conform to the
pellet. This allowed for an ultimate device geometry of S mm
once cut to size. For several experiments presented here,
devices were left uncut to facilitate handling and sampling; it is
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Figure 3. Assembly of nanoporous thin film devices. (A) From the
bottom up, devices consist of a flat PCL film, a drug pellet, and a
nanostructured PCL film sandwiched between supporting structures
using a press weight. The apparatus containing the constituent device
layers is placed on a hot plate to fuse the PCL films. The annulus base
support causes the device center to experience considerably less
heating. (B) Example of a prototypical device loaded with FITC-BSA.

not expected that this will impact device behavior in vitro and
will be unnecessary for future deployment in vivo. Stereoscopic
inspection of devices ensured the absence of any gross defects
present in the starting materials or generated during the sealing
process.

Prior to testing long-term release, devices were aggressively
vortexed for 15 s in phosphate-buffered saline (PBS) to
prestress devices and accelerate any susceptible failure modes
present in the seal or films. To assess protein release, devices
were placed in PBS at 37 °C to simulate physiological
conditions, and the contents of this reservoir were periodically
exchanged to measure protein release. Figure 4 shows the
release behavior of fluorescein isothiocyanate-labeled bovine
serum albumin (FITC-BSA), a model protein. Over the course
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Figure 4. Nanostructured PCL device release. Release rate and
cumulative release of FITC-BSA from nanoporous devices over time
for a membrane area of 7 mm? and initial payload of 670 + 120 ug (n
= 3). Average release rate was 1.6 ug/day. Error bars indicate deviation
in measured rates of release and account for error propagation
associated with cumulative mass released.
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of 210 days, the release was zero-order in nature, even after
releasing over half the device payload. Because release rates are
relatively slow, it is possible to approach the limit of a perfect
sink (i.e,, [BSA]jevice > [BSA] eservoir) DY exchanging the entire
contents of the elution reservoir. These conditions ensure the
release of protein was representative of the molecule-device
characteristics rather than an artifact of the testing approach.
Heat sealed devices were capable of minimal leakage over
extended periods: for instance, immunoglobulin G (IgG)-
loaded PCL devices fabricated from two nonporous PCL films
exhibited a leakage of <100 ng/day over the course of several
months. While the release rates presented here are informative,
it is likely necessary to optimize device parameters for any
particular therapeutic. For instance, in the case of BSA,
estimates of absorption on hydrophobic surfaces can be several
nanometers in thickness,>*** constricting the effective pore
diameter and influencing maximal release rates. Using silicon
slit-pore membranes as a guide, one expects zero-order release
for effective pore size less than 3—5 times the therapeutic
size.'”*>” This number may be higher yet for our PCL
membranes since they are nanoscale in two dimensions,
whereas slit pores are only nanoscale in one dimension.
Depending on the therapeutic of interest, the impact of
physiosorption or other effects on effective pore size may vary
significantly. This emphasizes the need to reevaluate molecule—
device interactions and dosing requirements for any particular
drug and disease indication. Regardless, device design will
require coordination of release rates and drug clearance to
maintain effective therapeutic concentrations.

For these devices, it is possible to increase or decrease device
release rate by modulating membrane area. Either patterning
the template layer (accomplished with photolithography or soft
contact printing®®) or intentionally melting a fraction of the
membrane area is a straightforward way to reduce the
membrane area and proportionally decrease drug release. The
devices presented here are monodirectional in nature—utilizing
one nanoporous and one nonporous PCL film; an
implementation with two nanoporous films is a clear route to
double release rate. Because of the added complexity of such a
device, it is likely that additional care will be necessary during
the sealing process. Alternatively, spatially larger devices may be
fabricated to increase release rates if design requirements allow.
To date, these efforts have focused on the delivery of biologics
and macromolecular therapeutics, so implementation of this
particular phenomenon for controlled small molecule delivery
is expected to require modification to film nanostructure
dimensions. If an alternate template was necessary, polymer
compatibility with the new template and its removal process
would need to be reevaluated. Otherwise, a phenomenologi-
cally distinct approach, like the use of nanoparticles, may be
more practical in this case.”'°

Our thin film devices were designed such that payload scales
independently of membrane thickness or area—separating
overall payload from daily release rate. While certain limitations
associated with overall device thickness and available payload
remain, a centralized reservoir offers design advantages. Because
the payload is not loaded within the pores of the device,
payload formulation and preparation can be completed in
parallel to membrane fabrication. In addition, because the
reservoir and membrane properties are independent, pore
diameter or membrane area can be used to optimize release rate
without affecting device payload. In contrast, a device with drug
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loaded into nanostructured pores may need to be very thick for
release over extended periods.

One challenge present in these layered devices is sealing the
polymer films, which will require procedures to minimize
heating of biologic payloads. However, given that PCL melts at
~60 °C, implementing methods for localized heating should be
sufficient to minimize thermal load on the therapeutic. In an
effort to assess the functional integrity of biologics release from
these devices, IgG was used as a model protein for binding
affinity. IgG released from thin film devices was analyzed with a
microbicinchoninic acid (#BCA) assay and a bovine-IgG
enzyme-linked immunosorbent assay (ELISA) in order to
determine both the total mass of IgG released from devices and
the fraction that was active. Through comparison of the ELISA
and uBCA results, it was possible to extract the activity of the
IgG released over time (Figure S), which was shown to be

Relative IgG Activity

Time (weeks)

Figure S. Activity of released antibody. Relative activity of IgG
released from PCL devices over 10 weeks as determined by ELISA and
UBCA. Activity was calculated from the ratio of active IgG (as
measured by ELISA) to total protein (as measured by uBCA).
Normalization was required to calculate relative activity, which
accounts for activity differences between as-received lyophilized IgG
powder and ELISA kit standards.

stable through 70 days. Because the activity of as-received
lyophilized IgG powder was lower than the stabilized ELISA
standards, relative activity was calculated by referencing the
results to lyophilized IgG powder prior to incorporation into a
device. While not applicable to an arbitrary therapeutic, these
results are a positive indicator that protein may be stably
maintained within such devices. Furthermore, because our
device fabrication does not constrain protein preparation, a
variety of stabilization apfroaches may be implemented
according to therapeutic.’>~*'

In contrast to conventional biodegradable devices where
erosion controls drug release, the devices presented here rely
on an intact membrane structure to maintain consistent release
rates. To design nanostructured membrane-based biodegrad-
able devices, an appropriate polymer must maintain its
structural character throughout the delivery time course. For
this reason, PCL was selected as a prototype material given its
unique degradation characteristics: as it degrades only
monomers and dimers have significant aqueous solubility, and
gross structural degradation only occurs after the majority of
chemical composition has concluded.”*** To assess the
degradation of nanostructures, structured thin films were
stored in PBS at 37 °C on a shaker plate for up to 2 years to
simulate physiological degradation. At various time points,
samples were extracted and scanning electron microscopy was
performed to assess the degradation of PCL nanostructures
(Figure 6). Significant dilation of the pore structure was absent
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Figure 6. Nanostructured thin film degradation in vitro. SEM images
of nanostructured PCL thin films, showing degradation in PBS at 37
°C from the (A) initial morphology to PCL films after (B) 10, (C) 14,
and (D) 18 months.

through 10 months, and nanostructures remain present through
18 months (Table 2). As degradation progresses, coarsening of

Table 2. Average Pore Diameter and Density of Degraded
Nanostructured Films®

duration (months) pore diam (nm) pore density (10° cm™2)

initial 22.0 + 10.5 11.0 + 1.0
10 209 + 9.9 119 £ 1.5
14 28.7 +£ 154 58 +£13
18 28.6 + 184 56+ 18

“An extremely low incidence of nanostructured pores at 24 months
prevented analysis beyond 18 months.

features results in decreased pore density along with increased
pore diameter. Thin films first become physically delicate to
handle after ~12 months, and after 24 months thin films
become nearly impossible to handle without fragmentation.
During the course of degradation, micrometer-sized surface
nodules were noted at 18 months and beyond (Figure S2),
likely due to crystallization of PCL. At 24 months,
nanostructures were absent and significant crackin§ of the
film occurred. Extrapolating from literature reports,"* one
would expect the 80 kDa PCL used here to require roughly 3
years to completely degrade in vivo, although location of device
residence will likely influence degradation. Because degradation
time course correlates to initial molecular weight, selecting
polymer composition will be essential when optimizing overall
device lifetime for a particular application.

The fabrication techniques described in this work were
selected with the prospect of high-throughput manufacturing.'”
Aside from template growth and removal, the primary
fabrication technique used was spin-casting. This technique is
well-known for producing high quality thin films reproducibly
over large areas and is a benchmark technique of the
semiconductor industry. For hydrothermal growth and
template removal, batch processing of substrates is required
and can be scaled up analogously to similar industrial processes,
such as electrochemical deposition or wet etch processes.
Device sealing will likely require purpose-specific equipment,
and given the inherent simplicity of fusing polymer films with
heat, this process should be amenable to scalable production.*

The modular nature of our fabrication approach provides
versatility in device design. Through selection of the template
material, pore size and density in the polymer membranes can
be modulated. Because the techniques used to generate

dx.doi.org/10.1021/n1302747y | Nano Lett. 2012, 12, 5355-5361
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nanostructured features are independent of the polymer itself,
the integration of alternative polymers is a straightforward
process. Utilizing a range of processing conditions, the thin
films used in this work can be fabricated at a wide range of
useful thicknesses (ca. S—100 um). This aspect of thin film
fabrication allows a wide scope of device designs. Thin flexible
devices can be designed for implantation via needle injection
(such as in the eye), insertion in tight spaces (such as joints), or
designed to conform to arbitrary physiology (such as around
vessels or nerves). While not the focus of this work, alternative
designs may be optimized for durability and failure tolerance to
allow deployment where devices may experience unpredictable
abuse or damage (such as in subcutaneous delivery).

In this work we have demonstrated the practical application
of nanostructured biodegradable membranes to long-term
delivery of proteins. To generate physically robust membranes,
fabrication techniques were developed to augment a porous
support integral to a rate-controlling nanostructured mem-
brane. Using simple sealing techniques, devices were fabricated
from these membranes to encase model therapeutics for
release. Zero-order release was demonstrated over 210 days,
and protein activity was verified over 70 days, indicating protein
stability is maintained in these devices. Studies of nanostructure
degradation demonstrated intact nanostructures through 18
months and stable structures throughout the course of delivery.
We believe devices based on this technology are a promising
universal delivery platform, with attractive drug delivery
applications in a broad range of confined spaces.
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