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Abstract: A vapor-phase process, involving the sublimation of an ice substrate/template and the
vapor deposition of a maleimide-functionalized poly-p-xylylene, has been reported to synthesize
an advanced porous material, with readily clickable chemical interface properties, to perform a
Michael-type addition of a maleimide functionality for conjugation with a thiol group. In contrast to
the conventional chemical vapor deposition of poly-p-xylylenes on a solid surface that forms thin
film coatings, the process reported herein additionally results in deposition on a dynamic and subli-
mating ice surface (template), rendering the construction of a three-dimensional, porous, maleimide-
functionalized poly-p-xylylene. The process seamlessly exploits the refined chemical vapor deposition
polymerization from maleimide-substituted [2,2]paracyclophane and ensures the preservation and
transformation of the maleimide functionality to the final porous poly-p-xylylene products. The
functionalization and production of a porous maleimide-functionalized poly-p-xylylene were com-
pleted in a single step, thus avoiding complicated steps or post-functionalization procedures that
are commonly seen in conventional approaches to produce functional materials. More importantly,
the equipped maleimide functionality provides a rapid and efficient route for click conjugation
toward thiol-terminated molecules, and the reaction can be performed under mild conditions at room
temperature in a water solution without the need for a catalyst, an initiator, or other energy sources.
The introduced vapor-based process enables a straightforward synthesis approach to produce not
only a pore-forming structure of a three-dimensional material, but also an in situ-derived maleimide
functional group, to conduct a covalent click reaction with thiol-terminal molecules, which are
abundant in biological environments. These advanced materials are expected to have a wide variety
of new applications.

Keywords: vapor sublimation and deposition; functional poly-p-xylylene; maleimide; porous mate-
rial; orthogonal conjugation

1. Introduction

Porous materials, owing to their remarkable interface properties, have been widely
applied in sensing, catalysis, biomedical, drug delivery, adsorption/desorption applica-
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tions, etc. [1-4]. These applications can especially be highlighted in their drug delivery and
emerging biomedical applications due to the multiple premium interface properties that
are required [5,6]. The benefits of porous structures are attributed to their large surface area,
the adjustable number of pores, and a functionalized surface, which can provide multifunc-
tional active sites [7]. In addition to porous properties, bioconjugation functionalities that
provide selectivity and orthogonal reactivity, while avoiding any side reactions in the vast
and diverse conditions of biological microenvironments, are key to achieving successful
biointerface construction. For example, thiol-maleimide “click” chemistry and maleimide
functional polymers selectively target thiol-containing cysteine residues in proteins and
enzymes, with excellent levels of selective conjugation being achieved. Cysteine-reactive
polymers can be applied to prevent the degradation of sensitive poly(ester) backbones [8].
In addition, the prototypical click chemistry reaction, Cu(I)-catalyzed azide-alkyne cycload-
dition (CuAAC), involves a modification to the triazole-forming 1,3-dipolar cycloaddition.
The application of CuUAAC to produce fluorogenic compounds would be a powerful way
to track biomolecules in the cell [9]. Specific reactions can also be applied for protein
modification. The ligation between trans-cyclooctene and 3,6-di-(2-pyridyl)-s-tetrazine
enables protein modification at low concentrations. This reaction can tolerate multiple
functional groups and proceed in high-yield organic solvents, water, or cell media [10].
Recently, many bio-orthogonal reactions have been developed that enable the efficient
formation of a specific product in complex environments, which is particularly beneficial
for biological research [11].

These fascinating chemistries, however, have seldom been exploited during the fab-
rication of porous materials and are sporadically seen using complicated synthetic ap-
proaches [12] or by post-modification attempts, which involve using harsh solvents or
potentially harmful chemicals during the modification process [13,14].

In the current study, we introduced a simple and versatile approach, based on a
vapor-phase fabrication process, to produce a functionalized porous polymer material.
Fabrication occurred by the vapor deposition of a poly-p-xylylene polymer on an iced
substrate (vapor sublimation), which was discovered in our previous reports, and was
compared to the conventional vapor deposition of poly-p-xylylene on a still and nonsub-
limated substrate to produce a thin, dense coating [15]. This sublimation mechanism
resulted in the formation of a porous poly-p-xylylene monolith [16,17]. Such a unique
fabrication process, with the use of doped ice templates, has also been exploited to fabri-
cate tissue repair membranes [18] and scaffolds for stem cell cultures [19]; however, only
composites combined with other functional materials have been used for these works
in the past. On the other hand, the functionalization of the poly-p-xylylene polymers
can be prepared by modifying the substituents of [2,2]paracyclophane precursors, and
a variety of such substitutions have been produced for functionalized poly-p-xylylene
polymer and copolymer coatings and applications [20-32]. Therefore, in the current work,
we hypothesized that maleimide-substituted [2,2]paracyclophane could be used during
vapor sublimation on an iced substrate, and that vapor deposition by such a precursor
can produce a maleimide-functionalized poly-p-xylylene in porous and monolith forms
(Figure 1). Compared to the maleimide-functionalized coating prepared previously [33],
the current monolith poly-p-xylylene comprised (i) porous and structural information
in three dimensions and (ii) a maleimide functionality that exhibits specific reactivity to-
ward thiol-terminated biomolecules. This unique fabrication process, and the resultant
polymer product, combines interface properties from its surface porosity, topology, and
specific chemical reactivity and provides a robust tool with enhanced synergistic ability for
biointerface engineering.
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Figure 1. A schematic illustration of vapor-phase fabrication by chemical vapor deposition polymerization of

4-N-maleimidomethyl-[2,2]paracyclophane on a sublimating ice substrate/template to construct a porous and maleimide-

functionalized poly-p-xylylene material. The resultant functional material exhibits interface chemical properties and is

readily able to perform the maleimide-thiol click reaction under mild conditions.

2. Materials and Methods
2.1. Fabrication Process

For the production of poly-p-xylylene three-dimensional porous materials, cube-
shaped ice templates, with the dimensions of 300 um x 300 um x 300 um, were prepared
in order to prove the concept of the reported fabrication process. Using a negative mold of
polydimethylsiloxane (PDMS) with the same dimensions to prepare this ice template, it
was created as previously reported for the PDMS mold [34]. For the preparation of the ice
templates, deionized water was held in the PDMS mold, and then the solution underwent
a solidification process using a liquid nitrogen bath to transform the water into ice, which
was then retrieved from the PDMS mold after a few minutes to obtain the ice templates.
The obtained ice templates were then used for further vapor sublimation and deposition
processes. During the vapor deposition, 4-N-maleimidomethyl-[2,2]paracyclophane was
used as the starting material, and the monomer was polymerized and deposited to form
poly[(4-N-maleimidomethyl-p-xylylene)-co-(p-xylylene)] via chemical vapor deposition
(CVD) polymerization. The starting materials were vaporized under reduced pressure at
100 mTorr and approximately 90 °C, followed by pyrolysis at approximately 670 °C, for
conversion to highly reactive monomers. During the vapor sublimation, the prepared ice
templates were placed in the chamber with an operating environment of approximately
4 °C and 100 mTorr, which is below the triple point for ice. From a thermodynamic point of
view, ice naturally undergoes a sublimation process from the solid phase to the vapor phase.
Under the same conditions, the vapor-phase monomer of the maleimide-functionalized
poly-p-xylylene underwent polymerization and was then simultaneously deposited onto
the ice surface. During the above fabrication process, argon gas, with a mass flow rate of
20 scem (standard cubic centimeter per minute), was used as a carrier gas for transporting
the starting material for the sublimation of the maleimide-substituted [2,2]paracyclophane.
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Depending on the feed amount of the starting material, the deposition rate was adjusted
to approximately 0.5 to 1.0 A /s and monitored by a real-time quartz crystal microbalance
(QCM) sensor (STM-100/ME, East Syracuse, NY, USA) mounted in the deposition chamber.

2.2. Characterizations

Ice substrate/template images were recorded by using a cryo-SEM (scanning electron
microscope) instrument (Tabletop TM-3000, Hitachi, Tokyo, Japan), and the samples were
examined at the sample stage by cooling with a continuous supply of liquid nitrogen.
SEM was performed with an electron energy of 15 keV and a pressure of 100 mTorr. The
detection of poly-p-xylylene bulks was performed with a Nova NanoSEM 230 scanning
electron microscope (FEI, Hillsboro, OR, USA) that was operated at room temperature
under a reduced pressure of 4 x 107 Torr. A micro-CT (micro computed tomography)
X-ray imaging system (SkyScan 1176, Bruker, Billerica, MA, USA) was used to examine the
three-dimensional images of the porous structures that scanned the sample at 40 kV. The
scanning resolution was 9 pm voxels with an integration time of 2000 ms per projection. The
acquired projection images were converted into three dimensional (3D) images using CTvox
software (Bruker, Billerica, MA, USA). The FTIR spectra were recorded with a Spectrum 100
FTIR spectrometer (PerkinElmer, Waltham, MA, USA). During spectral acquisition, a liquid
nitrogen-cooled mercury—cadmium-—telluride (MCT) detector and an advanced grazing
angle specular reflectance accessory (PIKE Technologies, Fitchburg, WI, USA) were applied.
The scanning range was from 500 cm ™! to 4000 cm~! with 64 acquisitions each time. The
X-ray photoelectron spectroscopy (XPS) was completed using monochromatic Al K-alpha
radiation as the X-ray source with 150 kW of power. The process was performed with
a Theta Probe X-ray photoelectron spectrometer (Thermo Scientific, Leicestershire, UK).
Elemental analysis of high-resolution C1s was performed at a flux energy level of 20 eV,
and the experimental results were compared with the theoretical (calculated) values based
on the proposed chemical structures. Analysis of the real-time mass spectra was carried
out with a residual gas analyzer (RGA, Hiden Analytical, Warrington, UK) mounted on the
deposition chamber. The RGA was operated at 10~ Torr in an ultrahigh vacuum with an
ionizing emission current of 20 pA and ionizing electron energy of 70 eV. The fluorescence
images were obtained with a TCS SP5 CLSM confocal laser-scanning microscope (Leica
Microsystems, Wetzlar, Germany) with an Ar/ArKr laser light source (wavelength: 488 nm)
to detect the fluorescein (FITC)-labeled cysteine (emission wavelength: 505-525 nm).

2.3. Conjugations

The conjugation of FITC-labeled cysteine (Thermo Fisher Scientific, Waltham, MA,
USA) was carried out by the reaction of a 5 mM molecular solution of FITC-labeled cysteine
with the thiol groups of a manufactured sample of porous material for 4 h at 20 °C. To
remove excess and unreacted reagents from the conjugated samples, a washing process
was performed using the following procedure: wash three times with phosphate buffered
saline (PBS, pH = 7.4, containing Tween 20, Sigma-Aldrich, St. Louis, MO, USA), once with
PBS (without Tween 20) and finally rinse with deionized water.

3. Results and Discussion

To fabricate the proposed maleimide-functionalized poly-p-xylylene materials, ice
templates were first constructed, and a reported mechanism showed that the vapor depo-
sition of polychloro-p-xylylene on a dynamic substrate of the sublimating ice can result
in a final porous and three-dimensional polychloro-p-xylylene material [17]. Theoreti-
cally, other poly-p-xylylene systems, such as its functionalized derivatives [15] and the
maleimide-functionalized poly-p-xylylene proposed herein, which have been deposited
using the same conventional chemical vapor deposition (CVD) polymerization, should
be extendable and applied on an ice substrate. Thus, in this experiment, the preparation
of the ice substrates/templates was enabled by using a polydimethylsiloxane (PDMS)
mold, with the dimensions of 300 um x 300 um x 300 wm, and resulted in ice cubes
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with the same dimensions, analogous to how ice cubes are made. For vapor deposition,
a maleimide-substituted [2,2]paracyclophane starting material was synthesized via the
reported routes [33]; theoretically, in the conventional CVD polymerization, these starting
materials were sublimated at approximately 90 °C under a reduced pressure of 100 mTorr
and pyrolyzed at 540 °C, forming highly reactive monomer quinodimethanes species.
Finally, these monomers underwent radical polymerization upon condensation at a low
temperature (40 °C or below) and solid substrate formation of thin-film coatings [27,33,35].
However, in the experiments herein, the vapor deposition and polymerization occurred on
the prepared ice substrates/templates and under the devised thermodynamic conditions
(10 °C and under 100 mTorr). The ice substrate transformed from its solid phase to a vapor
phase by sublimation, and the deposition and polymerization of quinodimethane occurred
on the dynamic ice substrate instead of a conventional solid substrate. The vapor composi-
tion during the process was measured by a mass spectrometric residual gas analyzer (RGA).
The recorded mass spectra in Figure 2 indicated the presence of sublimating H,O molecules
at 18 amu, the Ar carrier gas at 40 amu, and pyrolyzed quinodimethane monomers and
derivatives, including N-ethylmaleimide and maleimide-substituted quinodimethane, at
104 amu, 125 amu, and 213 amu, respectively. These data support the hypothesis that
the proposed vapor-phase species existed and underwent the sublimation and deposition
processes at the substrate interface. The two processes finally resulted in a construc-
tion mechanism [16,17] to build a porous, three-dimensional, maleimide-functionalized
poly-p-xylylene material. As shown in Figure 3a, the scanning electron microscopy (SEM)
images revealed that the resultant porous materials represented replica structures as ice
substrates/templates with the same measured dimensions (300 pm x 300 pm x 300 pm).
Moreover, the formed porous structures were measured to be in the range of 3 um to 45 pum,
which was confirmed with an average of 20 um based on micro-computed tomography
(micro-CT) analysis (Figure 3b). In addition, the expected interconnection of the pores due
to the voids of vapor sublimation and the nucleated polymerization of the poly-p-xylylene
was confirmed by the reconstructed micro-CT scanning images in Figure 3b, and a video is
also included in the Supplementary Materials. From the pore distribution data, the total
porosity was 53.8%, of which open porosity accounts for the majority (99.8%). There is an
advantage to this structure when combining cell therapy or drug delivery. This structure is
beneficial for cell growth, as open pores will not stop drugs from moving, and the drug
can also be released smoothly to work in the open pore. Moreover, with closed pores,
the materials will be blocked from the outside. However, closed pores only account for
0.2% of the total pores. Various types of porosity and pore sizes were computed during
the micro-CT analysis (Figure 3c). Hence, in this study, we demonstrate that micro-CT is
versatile in evaluating scaffolds and is able to characterize them from multiple aspects.
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Figure 2. The characterizations of the vapor compositions, based on mass spectrometric analysis
using a (residual gas analyzer) RGA during the fabrication process. The recorded mass spectra
in (a) show the presence of 5 expected molecules: (1) the sublimating water molecules at 18 amu,
(2) the carrier gas of argon at 40 amu, (3) the depositing quinodimethane at 104 amu, (4) a fraction of
N-ethylmaleimide at 125 amu, and (5) the maleimide-substituted quinodimethane at 213 amu. (b) A
table summarizing the details of the detected molecules in the vapor compositions.

porous

Figure 3. Cont.
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Figure 3. The characterization of the porous structures and porosity. (a) Scanning electron microscopy (SEM) images
showed that cube-shaped ice templates, with the dimensions of 300 um x 300 um x 300 pm, were used to form porous
maleimide-functionalized poly-p-xylylene materials by the proposed fabrication method. (b) A reconstructed micro-CT
image shows the three-dimensional structure and the pore structures. (c) The calculated pore size distribution based on a
micro-CT analysis suggests an interconnected pore structure (high open porosity) with an average porosity of 53.8 + 0.12%
and an average pore size of 20 + 2 um.

Furthermore, the chemical structures of the resulting porous materials were verified
by using Fourier transform infrared (FT-IR) spectroscopy, X-ray photoelectron spectroscopy
(XPS), and mass spectrometry analysis. As shown in Figure 4, the FT-IR spectra com-
pared the characteristic peaks of the porous materials of the maleimide-functionalized
poly-p-xylylene with the thin-film form of this polymer that was deposited on a con-
ventional, gold-coated silicon wafer solid substrate. The verification of the maleimide
functionality was found from the peaks between 1704 to 1775 cm™~! that were attributed
to C=0 bands, while the peak at 1345 cm~! was from the C-N bond of maleimide. Ad-
ditionally, the characteristic peaks widely seen for poly-p-xylylenes and their derivatives
were also observed from 2920 to 2854 cm ™! [26,27,30,32,33,36]. Compared to the pure
poly-p-xylylene, the spectra of the maleimide-functionalized poly-p-xylylene were found to
be significantly higher with the peaks of C=O and C-N bonds. In addition, the comparison
with pure (non-functionalized) poly-p-xylylene spectra showed an absence of C=0O and C-N
bonds for the pure poly-p-xylylene, and strong aromatic C=C bands (1530 to 1480 cm ')
were discovered for the pure poly-p-xylylene but weak bands were discovered for the
maleimide-functionalized poly-p-xylylene groups. The variations in the aromatic C=C
bands, and in other fingerprint regions for different poly-p-xylylene derivatives, were
also previously reported [30,33,37,38]. On the other hand, XPS analyses confirmed the
molecular compositions and chemical structures. As shown in the XPS high-resolution Cyg
spectrum (Figure 5), the signal at 285.0 eV belonged to the aliphatic and aromatic carbons
(C-C, C-H). In addition, the 76.7 atom% intensity was consistent with the theoretical
concentration of 76.2 atom%, and the anticipated binding states, including C-C=0, C-N,
O=C-N, and —7* transition bonds (indicated in the enlarged image), were also analyzed.
The characteristic signals at 286.0 eV and 286.7 eV, whose calculated values were 9.6 atom%
and 4.6 atom%, respectively, corresponded to the C-C=0 and C-N bonds matching the
theoretical values of 9.5 atom% and 4.8 atom%, respectively. The signal at 289.2 eV had a
comparably low value from O=C-N bonds (6.7 atom% compared to the theoretical value
of 9.5 atom%), and the signal at 291.5 eV (2.4 atom%) indicated m—7* transitions that
are characteristic of aromatic polymers and have been reported for other functionalized
poly-p-xylylenes [38]. Collectively, the combined FI-IR and XPS data confirm the chemical
structures and support the assumption of the synthesized porous maleimide-functionalized
poly-p-xylylene materials.
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Figure 4. Fourier transform infrared (FT-IR) analysis showed consistent spectra. Characteristic
peaks of the maleimide-functionalized poly-p-xylylene were detected for C-H, C=0, and C-N on
the fabricated porous materials. The results were compared to a thin-film maleimide-functionalized
poly-p-xylylene and pure (non-functionalized) poly-p-xylylenes.

To further verify the maleimide functionality of the fabricated 3D porous materi-
als that would be available to perform bio-orthogonal reactions toward thiol-terminated
molecules, we devised a series of conjugation experiments for the fabricated samples. The
maleimide functionality enabled a Michael-type addition that crossed the unsaturated
carbon-carbon bonds of the maleimide moiety and specifically reacted with a thiol group.
The reaction represented a class of mild, but specific, reactions that were able to conjugate
thiol-terminated molecules (widely available in biological systems) at room temperature
and in water solvents without the need for metal catalysts, a high temperature, or UV irra-
diation. Analogous to a series of click reactions, including thiol-ene or thiol-yne reactions
and azide-alkyne 1,3-dipolar cycloaddition, the maleimide-thiol coupling reaction has also
been described due to its click characteristics and benign reaction conditions [39]. In these
experiments, fluorescein (FITC)-labeled cysteines were selected as a model molecule for
demonstration, and via the aforementioned reaction mechanism, maleimide specifically
clicked to the thiol terminus of a cysteine residue (i.e., the distributed maleimide func-
tionality at the material interface readily reacted with cysteine-FITC, and green-channeled
FITC fluorescence signals were therefore detected in the expected and registered areas). As
indicated in Figure 6, the FITC signals detected by the confocal laser scanning microscopy
(CLSM) showed the same 300 um x 300 pm x 300 um array patterns that were consis-
tent in both the ice substrates/templates and the fabricated maleimide-functionalized
poly-p-xylylene porous materials. The coupling reaction ensured firm covalent bonding
between the maleimide and thiol, and precise interface chemistry could be realized com-
pared to approaches using physical adsorption and desorption, which comprise loosely
bound interactions that are usually uncontrollable [40]. Therefore, in control experiments,
a nonfunctionalized poly-p-xylylene porous material was fabricated from unsubstituted
[2,2]paracyclophane, and the same ice substrates/templates were used to attempt the
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same conjugation reaction by applying cysteine-FITC molecules to the fabricated samples.
However, due to the lack of the required maleimide functionality, only the physically and
loosely bound cysteine-FITC molecules were attached to the sample surfaces; a regular
wash process with detergent removed these physically adsorbed molecules from the sam-
ples, and only suppressed fluorescence signals were detected [25,30]. In addition, the
CLSM images were collected along the z-axis with a devised distance interval (Z= 10 um,
50 pm, 90 pm, 130 pm, 170 um, 210 pm, 250 pm, and 290 um). These images, in the specific
positions shown in Figure 6, indicated distinct patterns of the attached fluorescence signals
and are believed to be due to conjugation occurring on the anisotropic porous structure
of a maleimide-functionalized poly-p-xylylene within the material’s 3D architecture. The
sustained intensity of the fluorescence signals after the wash process also confirmed the
firm attachment of cysteine-FITC via the conjugation reaction. The fabricated maleimide-
functionalized poly-p-xylylene materials provided a porous structure and additionally
exhibited clickable functional conduct from the maleimide available on the material inter-
face for specific targeting of thiol-terminated molecules, which are widely seen in biological
systems. Such porous and functional products are expected to have unlimited applicability.

(a) 1600 o
maleimide-functionalized poly-p-xylylene
- g\po ” C—C/H
Al N /
1200 §
s {
s H)
Z 800+ n
=
% - c-c=0
= N/
400 - on* 0=C-N '\
d
0 — T
310 305 300 295 290 285 280
binding energy (eV)

(b) Chemical States/ Binding Energy Concentration
Elements (eV) (%)
C-C/H 285.0 76.2 (76.2)
C-C=0 286.0 9.6 (9.5)

C-N 286.7 4.6 (4.8)
0=C-N 289.2 6.7 (9.5)
n-omn* 291.5 2.4 (-)

Figure 5. (a) X-ray photoelectron spectroscopy (XPS) high-resolution analysis shows the recorded
spectra of the fabricated porous maleimide-functionalized poly-p-xylylene. Details of the decon-
volution spectra showing components with respect to a specific binding energy, including C-C=0,
C-N, O=C-N, and nt—7* transition bonds, are indicated in the enlarged image. (b) Detailed chemical
compositions were confirmed by comparing the binding energies of the expected chemical states for
the experimental values with the theoretical values (in brackets).
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Figure 6. An analysis of the reactivity of the fabricated porous maleimide-functionalized poly-p-xylylenes. The fluorescence

images recorded by confocal laser scanning microscopy (CLSM) showed consistent 300 um x 300 um arrayed patterns

that confirmed the conjugation between the fluorescein (FITC)-labeled cysteine and the maleimide group on the porous

materials, and the images at various Z-axes (with a 40 um spacing interval from 10 um to 290 um) further verified the

reactivity on the interface of the porous materials in three dimensions.

4. Conclusions

A unique fabrication process by vapor sublimation and vapor deposition to produce a
porous and functionalized poly-p-xylylene monolith material was introduced in the current
work. The monolith comprised structural information in terms of porosity and topology
and, more importantly, a maleimide functional moiety for specific conjugation reactivity
via a maleimide-thiol coupling reaction. The vapor-phase fabrication process was simple,
clean, and free of harsh chemical agents, and the poly-p-xylylene used is a USP (United
States Pharmacopoeia) Class VI biocompatible material, which is favorable for sensitive
applications. The enhanced and synergistic interface properties, combining the porosity and
chemical functionality of the fabricated porous monolith, represent robust bioengineering
materials and will be useful for unlimited applications in scaffolding for tissue engineering,
biosensors, bioimaging, targeted drug-eluting devices, and regenerative materials.
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