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Abstract

Polylactic Acid (PLA) is an organic polymer commonly used in fused deposition (FDM)
printing and biomedical scaffolding that is biocompatible and immunologically inert. However,
variations in source material quality and chemistry make it necessary to characterize the filament
and determine potential changes in chemistry occurring as a result of the FDM process. We used

several spectroscopic techniques, including laser confocal microscopy, Fourier-Transform
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Infrared (FTIR) spectroscopy and photoacousitc FTIR spectroscopy, Raman spectroscopy, and
X-ray photoelectron Spectroscopy (XPS) in order to characterize both the bulk and surface
chemistry of the source material and printed samples. Scanning Electron Microscopy (SEM) and
Differential Scanning Calorimetry (DSC) were used to characterize morphology, crystallinity,
and the glass transition temperature following printing. Analysis revealed calcium carbonate-
based additives which were reacted with organic ligands and potentially trace metal impurities,
both before and following printing. These additives became concentrated in voids in the printed
structure. This finding is important for biomedical applications as carbonate will impact
subsequent cell growth on printed tissue scaffolds. Results of chemical analysis also provided
evidence of the hygroscopic nature of the source material and oxidation of the printed surface,
and SEM imaging revealed micro and sub-micron scale roughness that will also impact potential

applications.
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Introduction

3D printing is an emerging technology that can be used to construct complex structures
inexpensively for modeling, prototyping, or production through deposition or solidification.
Fused deposition modeling (FDM) is a standard method for 3D printing using thermoplastic
feedstock, in which heated extruders deposit material in patterns determined by translated

computer-assisted design (CAD) files, and build up structures layer by layer, (1).
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Polylactic acid (PLA) is a racemic mixture of D and L lactide (2, 3), an aliphatic
polyester thermoplastic derived from starches of corn, and sugarcane. PLA is immunologically
inert (4) as it gradually degrades into innocuous lactic acid over time (six months to 2 years) (5)
making it attractive for use in the field of medicine, such as for medical implants (screws, pin,
rods, and meshes) (6). Also, PLA has a low glass transition temperature (Tg = 60 — 65 °C) and
melting temperature (Tm = 173 — 178 °C), making it very useful for 3D printing since it does not

require a heated surface for the objects being printed.

Materials and Methods

Fused Deposition (FDM) Printing

Makerbot Replicator and Replicator 2X FDM-type 3D printers in conjunction with Makerware
software version 2.4.1.62 were used to build 1.0 cm? x 0.2 cm thick PLA samples from natural
1.75 mm PLA filament (Nature Works). Printing parameters were set to standard (0.2 mm) or
high (0.1 mm) resolution (100-200 micron) with an extruder temperature of 229°C and an
extrusion speed of 90 mm/s with 150 mm/s traveling speed. The printer extruder head deposits
the melted PLA layer by layer with the aid of rafts or support structures to create the intended
structure. All materials were handled with gloved hands and following standard surface analysis

laboratory practices to minimize any possible contamination.

Onptical Microscopy

All optical images were collected with an Meiji optical microscope with a Nikon DXM 1200
digital camera and a 0.6 X HRD 060-CMT by Diagnostic Instruments using ACT 1 version 2.20

— software. Images were also collected from test samples before and after Raman
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microspectroscopy to compare the overall appearance of areas analyzed to their respective

chemical spectra. This also aided in ensuring no damage had been induced by the Raman laser.

Scanning Electron Microscopy (SEM)

The SEM system used was a LEO 1550 microscope equipped with a Robinson backscatter
Gemini detector with Energy dispersive x-ray analysis (EDAX), as well as AC, EBSP, SE, and

InLens detectors. SEM was used primarily for determining surface morphology.

Confocal Microscopy

Confocal microscopy data was collected with an upright Leica DM 6000 microscope, with
adaptive focus, motorized XY-Stage (15 nm step size) and Super Z Galvo (1500um/ 3 nm step
size). The system is equipped with an 8 khZ tandem scanner and both white light (470-670 nm)
and UV (405 nm) lasers, capable of providing a 400-800 nm detection range for fluorescence
imaging. The sample was mounted on a non-fluorescing slide, and the filament and finished

print were imaged using a 10x objective and UV laser excitation (405 nm).

Raman Spectroscopy

Raman analysis was conducted using an Almega Dispersive Raman Microscope (Thermo
Nicolet) with a 785 nm laser source. Alignment of the laser and all the optical components was
conducted prior to analysis. The detector was cooled to —50°F throughout the experiment. The
samples were analyzed with 64 cumulative scans with optimized laser power, aperture size, and
duration (1- 6 seconds) per exposure in order to achieve the best signal to noise ratio, and/or spot

size. All analyzed locations of the respective samples analyzed by Raman spectroscopy had their
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color, texture, laser power, and aperture size recorded and several were photographed using the
optical microscope and camera. Throughout the Raman analysis the laser power was kept below
50% in order to insure no thermal damage was induced as reported by de Faria (7), and Hanesch
(8). Our previous work has shown that lowering Raman laser intensity can preserve even
samples known to be thermally unstable (9). Samples were placed on a quartz microscope slide
(Ted Pella) which is Raman inactive and therefore will not produce any spurious peaks in the

analyzed samples.

Fourier Transform Infrared (FTIR) Spectroscopy

FTIR was conducted with a Nicolet 560 IR spectrometer or an iS50 FTIR spectrometer, both
using a liquid nitrogen cooled MCT-A detector or a DGTS detector (at room temperature) with
data resolution summed over 256 scans for a better signal to noise ratio. Sampling areas were
continuously purged with dry air throughout the experiments in order to prevent the additional

absorption of water vapor in the samples being analyzed.

Photoacoustic Fourier Transform Infrared (FTIR) Spectroscopy

Photoacoustic FTIR analysis was done using an MTEC PAC 300 detector on the Nicolet 560 IR,
and Nicolet IS50 FTIR spectrometers. The sample chamber was purged using ultra high grade
purity helium gas. All scans were taken summing between 8 — 32 exposures for a better signal to

noise ratio.

X-ray Photoelectron Spectroscopy (XPS)

XPS was conducted using a custom-designed system with an X-ray source from PHI Electronics
(10-12 KV at 10 m amps at 65-75 Watts) with a spectrometer utilizing a V.G. Scientific (Fisons)

CLAM 100 hemispherical analyzer with a VGX900I controller data collection system. The X-
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ray source was Al Kot 2 (1486.6 eV) with a pass energy of 20 or 50 eV, and 100 eV for the wide
scan only and a work function of 4.55 eV. All XPS analysis was conducted at an ultrahigh
vacuum of 1.0 x 10 to 1.0 x 107 torr. All XPS Spectra were taken at 90° take off angle with
respect to the sample surface and all spectra were corrected for charging by using the C 1s line of
adventitious carbon at 284.6 eV as a reference. All curve fitting followed the methods outlined
by Savitsky and Golay (10), and Sherwood (11) as well as procedures developed over the years
by G. P. Halada and C.R. Clayton (12-14) using CASA Software version 1.001. XPS was
performed on select samples to determine the surface (depth analysis 5-10 nm) chemical changes

taking place on the spool material and the resulting printed 3d structures.

Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry (DSC) was conducted using a TA Instruments Q2000 (15),
under a 20 mm/min nitrogen atmosphere. All samples were weighed prior to the experiment and
all were to be approximately 10 mg. The heat was increased at a rate of 10°C per minute and
reached a maximum temperature of 210°C and then reversed in a cooling phase of 5°C per
minute to reach a final temperature of 25°C. This data was used to generate a graph of heat flux

versus temperature.

Results and Discussion

Optical Microscopy
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Optical microscope imaging of the test samples was used to determine surface morphology,
location of pores or any other potential defects that can occur in the printed samples at different
printing resolutions. Three printing resolutions were used: low (0.3mm), standard (0.2 mm) and

high (0.1 mm).

Figure 1: Optical microscope images: A) imaged of the PLA spool material. B) Cross-section of PLA Spool Material. C &
D) are images at different magnifactions of the corner surface of a printed PLA test sample.

Figure 1 A and B are microscope images of the PLA spool material, lengthwise section and

cross-section respectively. It can be observed that the spool material has noticeable features

Figure 1: Optical imaged of source and printed PLA.

process. Figure 1 C and D are microscope images of a corner of a 3 D printed test sample at

different magnifications, highlighting the porous nature and roughness of the material.

Scanning Electron Microscopy (SEM) Results
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Figure 2: Scanning electron microscopy images of printed PLA showing micro and sub-micron scale roughness.

The SEM images in figure 2 show the morphology of the PLA 3d printed test samples with
increasing magnification. At 120 X magnification it is clear that the extruded PLA at standard
(0.2 mm) resolution fused well; however, it can be noted that integrated filaments had a micron
and sub-micron scale roughness (which as noted later may be beneficial for cell adhesion and
growth when used in scaffolding applications (16,17)). The ridged structure likely results from
the movement of the print head during extrusion and cooling, and may be affected by the

retention of heat in the sample.
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Laser Confocal Microscopy:

Laser confocal microscopy was used in order to identify any possible fluorescing species present
in the filament or the printed sample. In general, microchemical analysis, combined with large
area surface-sensitive spectroscopies and imaging, has proved to be essential for understanding
the mechanisms controlling processing-performance relationships (18). Figure 3 shows a side
view of the source filament. Clearly, there are fluorescing species visible (seen as bright green

patches) on the surface of the filament, fairly evenly distributed.

05 0.6

¥ (mmj

Figure 3: Laser confocal image of PLA source filament, collected from a side view with a 10x

objective.

Figure 4 shows a top view of a printed PLA sample. Again, bright fluorescing areas are evident,
mostly about 5 -30 microns in size (the one larger streak being about 15x115 microns).
However, most of the fluorescent materials are concentrated in the dark voids in the 3D print.

Views from a number of regions on the sample surface showed the same thing. Hence, whatever
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process may have led to the formation of voids in the surface most likely also either preserved or

preferentially concentrated the fluorescent material.

Figure 4: Laser confocal microscope image of top surface of a printed PLA sample

In determining what species are fluorescing under irradiation by the 405nm wavelength laser, we
use a combination of vibrational and electron spectroscopies (as detailed below) and x-ray
fluorescence (XRF) using a Niton XL3t Thermoscientific system. XRF from the source filament

and the printed samples show a number of similarities, as indicated in Table 1.
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Source filament Printed PLA

(averaged over 3 (averaged over 3

samples) (ppm) areas) (ppm)
P 2100+50 1183+70
Ca 528+40 585425
Si 310+35 180+15
Cr 110+£10 61+£5
Ti 80+10 40£10
Cu 35+10 13+4
Sn (below detection) 18+5

Trace amounts of W, Cd, Zr, Nb, Mo

Table 1: Results of XRF measurements from PLA natural source filament and printed PLA

While significant P appears in the sample, it is not likely to be the source of fluorescence unless
it is present as phosphate. However, the Raman and FTIR spectra (shown below) do not indicate
the presence of phosphate, nor is there a significant signal associate with silica. Calcium
carbonate, a common additive in processing of polymers, may account for the Ca found (and is
in agreement with evidence from Raman and FTIR spectroscopy). However, CaCOs alone does
not fluoresce under irradiation at 405 nm. It does however fluoresce if reacted with organic
ligands or if containing trace amounts of transition metal ions (19). Therefore it is possible that
the fluorescent particles seen represent a form of calcium carbonate which has reacted with
organic ligands (from PLA or other unknown additives) or due to association with trace amounts

of transition metal contaminants. The concentration of fluorescent particles in voids may
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indicate that whatever process resulted in the formation of voids also resulted in preferential

retention or formation of CaCOs — based particles. It has also been found that inclusion of

additives such as pigments in PLA may themselves cause the formation of small voids (20). As

we will discuss, the presence of carbonate may have important implications for biomedical

applications of printed PLA structures.

Raman Spectroscopy

Figure 5 shows the comparison of the full spectra of PLA spool material and printed PLA. The

spectra look very similar and show minimal intensity changes. Peak assignments were made
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using Socrates; Suzuki; and Kister, (21-23), respectively. Peaks similar in all spectra include:
CH3 vibrations assigned to asymmetric stretching at 2995 -3002 cm™' and, symmetric stretching
2944 -2947, and 2878 -2889 cm'. CH stretching/ C=0O stretching at 1769-1773 ¢cm™, CHs
symmetric deformation vibration at 1454-1456 cm™!, CH3 rocking vibration assigned to 1128 cm’
I, C-O-C stretching assigned to 1095-1098 cm™, C-CH3 stretching at 1042-1046 cm’!, C-COO
vibration assigned to 873 cm, (possibly due to the presence of CaCQs), C=O stretching
assigned to 742 cm’!, C-CO vibrational states assigned to 399-408 cm!, and C-O-C + C-CH3

vibration assigned to 302-315 cm™.

Intensity changes following printing are seen in the highlighted regions of figure 3,
including changes in the CH3 deformation vibration at 1383-1387 cm™!, and the CH deformation
vibration peak at 1299-1305 cm'. The light blue highlighted region of figure 3 shows an increase
in the intensity of the C=0 deformation peak at 742 cm™' after printing the PLA. This suggests
that the printing process of PLA increases the relative abundance of the C=0 ligand, considered
a primary active binding site in PLA. At the moment we suspect that calcium in the form of
calcium carbonate may be responsible for the peaks assigned to 679 cm™, 873 cm™!, and 1085
cm’!, all of which are present in the spool material and printed PLA test samples. It will be
shown below that spectral features associated with calcium-related groups are also present in the

FTIR spectra of the spool material and the printed PLA.

Diffuse Reflection FTIR (DRIFTS):

Using diffuse reflectance FTIR (DRIFT) we compared the PLA spool material and the PLA
material after printing. The FTIR spectrum collected from the PLA spool material, figure 6, is of

somewhat lower intensity as compared to the other spectra, likely due to difficulties in analytical
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sampling configuration for the filaments. It also shows a number of differences as compared to

FTIR Spectroscopy of PLA Spool Material
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Figure 6: DRIFTS Spectroscopy of PLA spool material as received.

spectra from post-printed surfaces.

Peaks of interest from the PLA spool material include: a C-COO peak at 875 cm™ (which can
also be attributed to CaCO3 as found in the Raman spectroscopic analysis); a CH3 peak at 1053
cm™ ; and CH3/CO rocking vibrations with overlapping C-O-C stretching at 1113, 1145, and
1234 ¢cm!. Other CH3 deformation vibrations occur at 1389 and 1463 cm’'. There is a peak

associated with the C=C bond at 1685 cm™ and a sharp, strong C=0 peak at 1784 cm™'. There is
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also a small OH peak at 3616 cm! which overtime becomes more pronounced, as PLA spool

material was discovered to be hygroscopic in nature.

FTIR Spectroscopy of 3D Printed PLA
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Figure 7: DRIFTS Spectroscopy of 3-D printed PLA.

A number of chemical changes were observed as the PLA spool material is heated to
230°C, is extruded, and then cools and recrystallizes, significantly changing bonding at least in
the near surface region of the printed PLA. Some characteristic peaks in printed PLA test
samples (figure 7) are: the C-O-C deformation vibration at 668 cm™'; the CH3 deformation with

overlapping C-O-C stretching as 1077 cm™'; and the C-COO peak at 880 cm™ - which can be
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associated with CaCO3 (which is also indicated by the peak at 2503 cm™). This shows that the
calcium carbonate-based additive indicated by the Raman spectra and FTIR of the spool material
was retained after the printing process. Finding calcium carbonate in the PLA is significant due
to the fact that PLA can also be used as support structure material for growing cells (24), and
calcium is a required element for the growing cells. Other peaks in printed PLA include: the CH3
stretching vibrations at 2829 and 2932 cm™ and OH stretching vibrations at 3501 and 3667 cm’!
due to the hygroscopic nature of PLA (although these features can also be attributed to the C=0
overtone stretching vibration at 3501 cm™). Also, there is an increase in CO2 possibly due to a
partial breakdown on calcium carbon to CaO and CO2 which becomes bound the printed PLA
material (see XPS of 3D printer PLA). There are two vibrations at 1965 and 2081 cm! that may
be possible M-CO vibrations. These two M-CO vibrations may be due to metal contamination

formed during the extrusion process.

Differential Scanning Calorimetry

Figure 8 shows a DSC graph of heat flux (mW) versus temperature(°C) for the PLA spool
material and the printed PLA, Of the two samples, the PLA spool material has the highest glass
transition temperature (Tg) at 57.7°C and the highest crystallinity temperature at 110.7 °C, but
has the lowest melting temperature (Tm) at 155.1 °C, making the spool material ideal for 3 D

printing via FDM (23, 24).

The act of extruding and printing the PLA at a system temperature of 230°C, significantly
changes the glass transition (Tg) temperature, lowering it to 53.1°C, and also lowers the

crystallinity temperature to 90.2 °C, but raises the melting temperature (Tm) to 166.7 °C.
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Differential Scanning Calorimetry Comparison of PLA
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Figure 8: Differential scanning calorimetry (DSC) comparison of PLA spool material and printed
PLA.

The lower crystallinity temperatures are the result of amorphous material in the filament
becoming more ordered, resulting in crystallization structures forming during the cold
crystallization part of testing. The melting temperature increases following printing, indicating

greater ordering in the material.

X-ray Photoelectron Spectroscopy (XPS)

The presence of a Ca2p photoelectron peak in the XPS spectra of as received PLA spool
material, figure 9, indicates the presence of calcium (at least in the surface region). The high
resolution scan of the Ca2p photoelectron region is consistent with CaCOs3 (Ca 2p32/Ca 2pin
binding energy of 346.9 eV/350.8 eV). The C 1s peak deconvolution shows the presence of C-

C/C-H at 285.3 eV, C-OH at 286.3 eV, and O-C=0 at 289.3 eV. These peaks are consistent with
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PLA as well as carbonate, though the high intensity of the peak at 285.3 eV most likely

represents additional hydrocarbons present on the surface of the spool material. These
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Figure 9: XPS spectra of PLA spool material as received, showing the wide scan spectra and analysis of
the C 1Is and Ca 2p photoelectron peaks.

hydrocarbons can be associated with a coating layer used in storage, winding or handling during
the manufacturing process. It is believed that calcium carbonate in the PLA spool material is also
due to the manufacturing process as a component to aid in the extrusion and overall stability of

the PLA filament.
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XPS analysis of printed PLA, figure 10, indicates that calcium carbonate remains present on the

surface of the despite extrusion conditions (melting at 230C and cooling rapidly to room

temperature following printing). The C 1s spectrum deconvolution shows a ratio of C-C/C-H

XPS Wide Scan Spectra of 3D Printed PLA Test Sample
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0-C=0/CO0s 288.8 30 2.6 343
CO2 291.7 30 2.9 9.8

Figure 10: XPS spectra of 3-D printed PLA test samples, showing the wide scan spectra, and the analyzed C 1s
photoelectron peak, along with an image of the test sample analyzed by XPS.

(284.6 eV), C-OH (286.6 ¢V), and O-C=0 (288.8 eV) closer to what one would expect from

PLA with some additional enrichment of the higher energy peak due to the remaining presence

of COs. However, the C 1s spectrum from printed PLA now also shows a peak at 291.7 eV. We


http://dx.doi.org/10.20944/preprints201704.0010.v1
http://dx.doi.org/10.3390/app7060579

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 April 2017

attributed this new peak to CO2", which was seen to have a slightly elevated presence in the
FTIR spectrum from printed PLA. While some CO: is noted by FTIR due to normal atmospheric
conditions (as in the case of most materials) the presence under UHV (Ultra High Vacuum)
conditions (10 - 107'° torr) during XPS indicates some additional incorporation and sorption in

the surface layer of the printed PLA. This is likely due to the decomposition of CaCOs3:

CaCO3¢> CaO + CO2 Eq. (2)

Therefore the increase in COz seen in both the FTIR and this XPS spectra indicates that
calcium carbonate is breaking down slightly and, due to the porous nature of printed PLA, it is
likely becoming trapped (and subsequently chemisorbed) in the pores and voids of the material.

This is consistent with results observed from laser confocal microscopy of the printed materials.

Conclusions

In this study we have explored the chemical, thermal and morphological changes that occur
to PLA from source material to finished product. We discovered that the spool (source) material
used contains a calcium carbonate-based additive which is retained following printing and in fact
becomes concentrated in pores or voids. Since the carbonate-based particulates are found to
fluoresce, it is likely that they are in some way reacted with polymer components or with trace
transition metals found to be present in the filament. While there will obviously be differences
between source material from different manufacturers, and hence potentially different additives,
pigments and fillers, this study indicates the importance of complimentary characterization tools
to understand the chemical transformations associated with possible additives and contaminants.
In addition, our results indicate chemical changes in PLA (indicated by changes in the

vibrational frequencies associated with CH3, C-O-C, and C=O ligands) following 3d printing.

d0i:10.20944/preprints201704.0010.v1
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Our results also showed increases in the amount of OH ligands present most likely due to
absorbed water not only from our application methods, but also from atmospheric adsorption as
these experiments were conducted under normal conditions of temperature, pressure and
humidity. Our current studies require scrutinizing these changes in chemistry as it is likely to

affect the use of these structures as scaffolding for cell growth.

Heating, melting, and recrystallization of the PLA as a function of the printing process
drastically changed the nature of the PLA, making it stronger (via tensile testing measurements)
and more chemically reactive (indicated by the increase in abundance of the C=0O ligand).
However, while this more chemically reactive nature is of value for in situ synthesis and
stabilization of metal nanoparticles (25) or for use as support structure for growth and
calcification of cells, it also results in some disadvantages, such as increased susceptibility to
water, alcohol, acetone and heat. Water will decompose the material over time and alcohols,
acetone and heating will degrade the printed material as well (26-30). This means that
sterilization with alcohol may alter the chemistry of 3d printed PLA samples. Also, PLA cannot
be sterilized in an autoclave as both chemical alteration and degradation of the PLA will result.
However, future testing of the PLA materials will look into using an FDA (Food and Drug
Administration) approved gas (ethylene oxide) used for sterilization of medial materials that
cannot be subjected to alcohols or heat. Preliminary testing has also been conducted on PLA test
samples with in situ synthesized metal nanoparticles with minor to no observable degradation of
the printed PLA structures themselves — such a method will enhance the usefulness of these 3d

printed products for the medical industry (31).
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