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ABSTRACT

Purpose To demonstrate the novel application of nano X-ray
computed tomography (NanoXCT) for visualizing and quantifying
the internal structures of pharmaceutical particles.

Methods An Xradia NanoXCT-100, which produces ultra high-
resolution and non-destructive imaging that can be reconstructed
in three-dimensions (3D), was used to characterize several phar-
maceutical particles. Depending on the particle size of the sample,
NanoXCTwas operated in Zernike Phase Contrast (ZPC) mode
using either: ) large field of view (LFOV), which has a two-
dimensional (2D) spatial resolution of 172 nm; or 2) high resolu-
tion (HRES) that has a resolution of 43.7 nm. Various pharma-
ceutical particles with different physicochemical properties were
investigated, including raw (2-hydroxypropyl)-beta-cyclodextrin
(HBCD), poly (lactic-co-glycolic) acid (PLGA) microparticles, and
spray-dried particles that included smooth and nanomatrix bovine
serum albumin (BSA), lipid-based carriers, and mannitol.
Results Both raw HBCD and PLGA microparticles had a net-
work of voids, whereas spray-dried smooth BSA and mannitol
generally had a single void. Lipid-based carriers and nanomatrix
BSA particles resulted in low quality images due to high noise-to-
signal ratio. The quantitative capabilities of NanoXCT were also
demonstrated where spray-dried mannitol was found to have an
average void volume of 0. | 17 =0.247 um? and average void-to-
material percentage of 3.5%. The single PLGA particle had values
of 1993 um? and 59.3%, respectively.

Conclusions This study reports the first series of non-destructive
3D visualizations of inhalable pharmaceutical particles.
Overall, NanoXCT presents a powerful tool to dissect
and observe the interior of pharmaceutical particles, includ-
ing those of a respirable size.
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INTRODUCTION

Porous particles continue to be an attractive particle engineer-
ing approach to enhance aerosol performance of pharmaceu-
tical powders (1, 2). In dry powder inhalers (DPIs), porous
particles can achieve emitted doses as high as 96% and respi-
rable fractions up to 92% (3), whereas in pressurized metered
dose inhalers (pMDIs) such particles impart better physical
stability, content uniformity and aerosolization efficiency (4).
Reasons for these properties could be due to reduced Van der
Waals forces as well as lower aerodynamic diameters, by
virtue of trapped air volume. For spherical particles, the
aerodynamic diameter (d,) can be calculated using the
equation.

dazdp\/pzo (1)

where d), is the geometric diameter, p is the particle density,
and p, the unit density (i.e. 1 g/em®) (5).

Since this relationship has been demonstrated experimen-
tally (6), studying the interior of particles will give important
insight into their aerodynamic behavior. For example, a study
by Chew et al. (7) found that a slight increase in surface
corrugation significantly enhanced fine particle fraction
(FPF) from 27% to 41%. However, further increase in corru-
gation showed little improvement in FPF. Later, Heng et al. (8)
suggested that this lack of improvement in aerosol perfor-
mance of corrugated BSA (compared to smooth BSA) may
be due to these corrugated particles being solid (instead of
hollow). Otherwise, these corrugated particles would be ex-
pected to have a smaller acrodynamic diameter and hence
higher respirable fractions.

Advanced microscopic techniques used to probe the inter-
nal structures of particles have included transmission electron
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microscopy (TEM), confocal laser scanning microscopy
(CLSM), scanning electron microscopy (SEM), and more
recently focused-ion beam-SEM (FIB-SEM). Chew & Chan
(9) examined the interior of individual spray-dried mannitol
by a freeze-fracture procedure. The freeze-fractured surface
was replicated in carbon and then viewed under TEM. The
same authors (10) later characterized the interior of spray-
dried bovine serum albumin (BSA) using CLSM. Powders
were fixed to a glass slide and continuous sectioning along
the z-axis of the sample attempted to identify voids.
Interestingly, FIB-SEM revealed hollow interiors in particles
where previous techniques had failed (9, 10). Although FIB-
SEM has become a popular approach to study particle po-
rosity (11, 12), potential artifacts that can affect the sample
include heat damage, gallium implantation and changing
crystal structure (13—15). FIB-milled material may also rede-
posit on the exposed surfaces of the porous structure, which
can confuse observers (16). Apart from the possibility to introduce
artifacts, current methods are also limited by tedious sample
preparation and their destructive nature. Furthermore, data
obtained by such methods are only in two dimensions (2D),
surface specific, and remain largely qualitative. Therefore, there
1s a need for a non-destructive method (17) that can address these
limitations. X-ray computed tomography (XCT) introduces
minimal artifacts and presents a useful complementary technique
for investigating the internal structures of pharmaceutical
particles.

XCT is an imaging technique where individual projections
recorded from different angles are used to reconstruct the
internal structure of a sample of interest. It offers extensive
and non-destructive imaging that has the advantage of three-
dimensions (3D). The principle of XCT imaging has been
extensively described elsewhere by Stock (18). In addition, the
visual information has the potential to generate quantitative
data. XCT has been employed to study spatial configurations,
porosities and structures of soil (19), unstained soft biological
tissues, and organic materials (20). The pharmaceutical indus-
try has utilized microXCT to visualize the void network of
large pharmaceutical granules (>1 mm) (21), measure density
variations in pharmaceutical tablets (22) (20), and evaluate the
particle size and shape distributions for mixtures of randomly
packed particles (180-300 pm) (23). With the recent advent of
the ultra high-resolution NanoXCT, microscopic samples can
now be visualized in 3D, down to 2D spatial resolutions of
50 nm at a field of view of 16.6 um. These settings make
NanoXCT particularly suitable for characterizing individual
pharmaceutical particles that may be a respirable size
(24, 25).

This study aimed to demonstrate the novel application of
NanoXCT in visualizing and quantifying the internal archi-
tecture of pharmaceutical particles. Various pharmaceutical
particles (small molecules vs macromolecules) with different
physicochemical properties (crystalline vs amorphous) were
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investigated. Macromolecules included a crystalline sugar
(2-hydroxypropyl)-beta-cyclodextrin (HBCD) and an amor-
phous polymer poly (lactic-co-glycolic) acid (PLGA).
Inhalable spray-dried formulations included smooth and
nanomatrix bovine serum albumin (BSA) proteins, a lipid-
based carrier, and crystalline mannitol.

MATERIALS AND METHODS
Materials

Raw HBCD, BSA (98% purity), and polyvinyl alcohol (PVA)
(MW 31000-50000, 87—-89% hydrolyzed) were purchased
from Sigma-Aldrich, Castle Hill, Australia; PLGA (75:25,
LACTEL Polymer) from Durect Corporation, Cupertino,
United States; de-ionized water (electrical resistivity >2MQ
cm at 25°C) was supplied by a Modulab Type II De-
tonization System (Continental Water Systems, Sydney,
Australia); all solvents were analytical grade from Thermo
Fisher Scientific Australia Pty. Ltd., Scoresby, Australia.

Preparation of Particles
Raw HBCD

Raw HBCD, commercially available from Sigma-Aldrich
(Castle Hill, Australia), was used as supplied.

PLGA

Blank PLGA microparticles were manufactured using a dou-
ble emulsion method adapted from Kasturi et al. (26). Briefly,
an aliquot of 0.5% w/v PVA in deionized water was homog-
enized at 7000 rpm (Unidrive X1000, CAT Scientific, Paso
Robles, United States) with a 10% w/v solution of PLGA in
dichloromethane. This primary emulsion was then transferred
to a 5% w/v PVA aqueous solution and homogenized again
at the aforementioned parameters. The resulting double
emulsion (w/o0/w) was left under magnetic stirring (MR He:-
Standard Magnetic Stirrer, Heidolph Instruments,
Schwabach, Germany) for four hours at room temperature
to allow for solvent evaporation. The resulting PLGA micro-
particle suspension was subjected to centrifugation at 2000 g
for 20 min (Minispin, Eppendorf, North Ryde, Australia)
rinsed three times with deionized water, and then snap frozen
in liquid nitrogen before freeze-drying (CHRIST Alpha 14,
John Morris Scientific, Chatswood, Australia). Freeze-drying
conditions were initially maintained at —25°C for 48 h and
then at 20°C for 24 h.
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Smooth BSA

Spray-dried BSA particles were prepared as described by Adi
et al. (27) using a Biichi Mini Spray-Dryer B-290 (Biichi
Labortechnik, Flawil, Switzerland) connected to a Biichi
Dehumidifier B-296 operating at aspiration and atomization
rates of 38 m®/h and 819 NI/h, respectively. An aqueous
solution of BSA (60 mg/ml) was spray-dried at an inlet tem-
perature of 55°C (outlet temperature of 38°C)) and liquid feed
rate of 2.4 ml/min.

Mannitol

Spray-dried mannitol was kindly supplied by Pharmaxis Ltd.
(Frenchs Forest, Australia).

Nanomatrix

Nanomatrix BSA was produced by spray-drying a suspension
containing primary nanoparticles of the protein as adapted
from Kwok et al. (28). Primary nanoparticles were produced
by an anti-solvent precipitation. Briefly, an aqueous solution
of BSA (40 mg/ml) was rapidly poured into a volume of
1sopropanol (ratio of water to isopropanol was 3:7) in a
600 ml beaker stirred at 6000 rpm (Silverson Model L4RT
high-shear mixer, Silverson Machines, Chesham, UK). The
resulting suspension was diluted with ethanol to obtain a
concentration of 4 mg/ml prior to spray-drying. The spray-
dryer was operated with a Biichi B-295 Inert Loop and B-296
dehumidifier, and the operation conditions were: inlet tem-
perature at 50°C (outlet temperature 35°C), liquid feed rate at
2.4 ml/min, aspiration at 38 m”/h and atomization rate at
819 NL/h.

Lipid-Based Carriers

Lipid-based carriers were produced from an emulsion con-
taining DSPC, CaCl,, and PFOB (all purchased from Sigma
Aldrich, Castle Hill, Australia) as previously described (29,
30). Briefly, the emulsion was homogenized using a high
pressure homogenizer (Emulsiflex-C3, Avestin, Ottawa,
Canada) and then spray dried using a custom bench-top
spray-dryer (31) at settings similar to an inlet temperature of
100-110°C, outlet temperature 60-80°C, pump flow rate
31 ml/min, and gas flow 110 SCFM.

COLLOIDAL PROBE LOADING

Particles were mounted onto the sharp end of a tailor pin
using a similar technique described by D’Sa et al. (32). Briefly,
pins were temporarily mounted on a custom 70° angle holder
and manipulated using a microscope stage (Olympus CX41,

Notting Hill, Australia) to approach a glass slide containing
epoxy (Hardman® Double-Bubble Epoxy, Carrum Downs,
Australia), which was attached to the microscope lens casing
via another custom holder. Particles were sampled from the
bulk and sprinkled onto a separate microscope slide, and the
same pin was then manipulated to approach a single particle
or small agglomerate of interest on that slide.

Proper loading was verified by SEM (Zeiss Evo, Carl Zeiss
Microscopy, Jena, Germany). Subsequently, a gold fiducial
(1.5 - 3 um diameter) (Alfa Aesar, Wardhill, USA) was at-
tached on or near a particle of interest (Fig. 1) using a custom
built manual micromanipulation apparatus fitted with 10X
and 50X objectives and a video cross line generator (Boeckeler
Inc, Model 11a-30, Tucson AZ, USA). The gold fiducial is
required to locate the particle of interest, calibrate the focus,
and reconstruct the particle in 3D.

NANOXCT PARAMETERS AND SETUP

Depending on the size of the particle of interest, NanoXCT
was operated in Zernike Phase Contrast (ZPC) mode and
images were acquired using either: 1) large field of view
(LFOV), which has a two-dimensional (2D) spatial resolution
of 172 nm at a field of 65.5 pm in binning 1; or 2) high
resolution (HRES) that has a respective resolution of
43.7 nm and a field of view of 16.6 pm in binning 1. The
number of images scanned was based on binning, where a
binning 1 required a minimum of 901 images. Scan times
were chosen where the maximum signal detected had to be at
least three times the value of the minimum detectable signal,
resulting in a signal-to-noise ratio (S/N) of 3 to minimize
background noise. While NanoXCT can also be operated in
Absorption Contrast (AC) mode, preliminary scans for phar-
maceutical materials showed that a PLGA particle was invis-
ible in absorption compared with phase contrast imaging
(Fig. 1). Therefore, only ZPC mode was used in the present
study.

The NanoXCT setup 1s depicted in Fig. 2. The X-ray
source is a Rigaku rotating copper anode that generates
an 8 keV X-ray beam, which passes through a 5/10 pm
Ni filter (5 for HRES, 10 for LFOV), a glass capillary
condenser, and a 60/100/150 pm O pinhole before
interacting with the rotating sample. The transmitted
X-ray is then passed through a Fresnel zone plate and a phase
ring before being collected by a 1024x1024 Charge-Coupled
Detector (CCD).

IMAGE ANALYSIS

Reconstructed axial slice stacks of each scan were processed
using Avizo Fire (FEI Visualization Sciences Group,

@ Springer



3088

Wong et al.

Fig. I Comparison of (a)
absorption and (b) phase contrast
imaging

Burlington, USA) in order to qualify and quantify physical
characteristics. The slices were first subjected to a non-local
means filtering to reduce noise contributions to the overall
dataset. A binary mask based on density thresholding was
generated from this filtered dataset to separate the regions
of interest from the surrounding air to further minimize
noise influences. A 3D watershed algorithm was then
employed to separate the agglomeration into individual
particles for further analysis (33). The algorithm is based
on the assumption that eroding a binary image will cause
features in contact to separate before they disappear (23).
Subsequently, the void volume (includes pores and cavities)
was defined as the difference between total volume of
particle enclosed by a convex hull algorithm and the vol-
ume of solid material enclosed by a convex hull algorithm.
The definition of solid material was based on a binarization
of the data using a grey value (density) limit to determine
the boundary between the solid and air. Finally, the void-
to-material (%) was the ratio of void space to solid material
given as a percentage.

RESULTS

Large Field of View

The larger sized raw HBCD and PLGA microparticles were
acquired under LFOV mode. Cross-sectional NanoXCT im-
ages in Fig. 3A-C show that an HBCD particle contains
various sized voids. Although these cross-sections are only
snapshots of the particle at a specific location, when stacked
together they produce a 3D representation of the whole
HBCD particle (Fig. 3D). This 3D representation illustrates
that the particle is comprised of several interconnected voids
connected to the particle surface. In contrast, PLGA particles
appeared to consist of a single large internal void (completely
enclosed by the particle material) surrounded by a few much
smaller voids. The large internal void is visible from the cross-
sectional images, but is less apparent from the 3D representa-
tion since it is fully encompassed within the particle (Fig. 4).
However, this internal void becomes visible in a sliced view of
the 3D reconstruction Fig. 4D.

Fig. 2 Schematic of the Sample
NanoXCT. Diagram not drawn X-Ray
to scale Source Energy Condenser  Pinhole Zone Zernike
Filter Lens Plate Phase Detector
Ring
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Fig. 3 NanoXCT images of an
HBCD particle using LFOV:

(a, b, c) cross-sectional images of
the particle at various positions, and
(d) reconstructed particle in 3D

High Resolution

The smaller sized spray-dried smooth and nanomatrix BSA,
mannitol, and lipid-based carriers were acquired under
HRES mode. NanoXCT revealed that smooth BSA particles
were mostly solid or contained a single void (Fig. 5), which isin
agreement with results reported by Heng e al. (8). In align-
ment with previous findings (8, 34), a large proportion of
mannitol particles were porous (Fig. 6).

However, NanoXCT failed to obtain clear evaluations of
highly porous lipid-based carriers (Fig. 7A & B) and
nanomatrix BSA (Fig. 7C & D) due to the high noise-to-
signal ratio and poor phase contrast. Regardless of the large
background noise, NanoXCT still showed that lipid-based
carriers had porous internal structures (Fig. 7A) similar to
those found using TEM in a previous study (4). It is interesting
to note that although TEM has a resolution of 50 pm, versus a
spatial 2D resolution of 43.7 nm for NanoXCT in our studies,
the previous study had comparable results to our findings. This
highlights the challenge in producing images with clearly de-
fined air-particle boundaries for samples that are less than
5 pm in diameter and have large void-to-material percentages.

The reconstructed 3D particles of all samples were also
processed into videos showing the completed particles rotating
360° around an axis. These can be found in the supplemen-
tary materials.

Quantitative Analysis

Void volumes, void distributions, and void-to-material per-
centage of several (n=23) individual mannitol particles (Fig. 8)
and a single PLGA particle (Fig. 9) were obtained using
watershed-based segmentation and thresholding limits to dif-
ferentiate between the material and enclosed air-filled voids.
Spray-dried mannitol was found to have an average void
volume of 0.11740.247 pm® and an average void-to-
material percentage of 3.5%. On the other hand, the single
PLGA particle had a void volume of 1993 pm® and void-to-
material percentage of 59.3%.

DISCUSSION

NanoXCT was successfully used to visualize and quantify the
internal architecture of various pharmaceutical particles. This
study has reported the first series of non-destructive 3D visu-
alizations of individual micron-sized particles, including those
of a respirable size. The key factor that influences the quality
of images obtained by the NanoXCT is the linear attenuation
coefficient (LAC). The LAC is defined as the percent reduc-
tion in intensity per unit thickness of the material, and is
related to the voltage of the X-ray beam, particle density
and the atomic composition of the sample material. As the
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Fig. 4 NanoXCT images of a
PLGA particle using LFOV: (a,b)
cross-sectional images of the
particle at various positions, (c)
particle reconstructed in 3D, and
(d) sliced view of the particle in 3D

X-ray voltage is fixed to 8 keV in the current setup, the LAC is
most likely affected by porosity and the atomic composition of
the sample. The porous internal structures of the lipid-based
carriers and nanomatrix BSA (Fig. 7) meant these samples
would have significantly lower LACs than a solid particle of
the same material and size. As a result, there was minimal
signal difference between the material of interest and back-
ground (air) so the particles appeared more transparent; mak-
ing 1t difficult to distinguish between the particle and air
boundaries. Alternatively, the atomic composition (a material
specific property) can also play a role, in particular for the
lipid-based carriers. Therefore, not all materials may be suit-
able for NanoXCT. While staining samples with agents such

Fig. 5 NanoXCT images of
smooth BSA particles using HRES:
(@) cross-section and (b) particle
reconstructed in 3D

@ Springer

as osmium tetroxide may overcome this limitation, the stain-
ing process could introduce artifacts.

Another important factor is the size of the particle feature
to be detected. With respect to the lipid-based carrier and
nanomatrix BSA particles in Fig. 7, the particle features (z.e.
the thin walls and primary size of the nanoparticles, respec-
tively) approached the instrument resolution limit of 50 nm. In
the case of nanomatrix BSA, even if adjacent nanoparticles
are in contact, the void space would limit the signal that can be
detected.

Instrument parameters that can be optimized to improve
the imaging quality are binning, scan time, and number of
images. The binning value determines the image resolution,
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Fig. 6 NanoXCT images of
mannitol particles using HRES:
(@) cross-section and (b) particle
reconstructed in 3D

where a value of 1 would provide the highest resolution.
However, using lower binning values would decrease the
maximal signal and increase background noise. Thus, the
binning value chosen should be based on the resolution need-
ed to detect the smallest feature. Another parameter is the
scan time, which is the X-ray exposure time during a single
image, and this affects image clarity. Longer scan times gen-
erally lead to greater signal and typically results in more
defined material boundaries. Nonetheless, excessive scan
times may not greatly improve the image quality so the
minimum time that detects distinct material boundaries
should be chosen. In addition, this instrument is not widely
accessible and scans can take from one to four days, which can
be costly and time-consuming. It is also important to note that

Fig. 7 NanoXCT images using
HRES: (a) cross-section and (b)
reconstructed particle in 3D of lipid-
based carriers; (c) cross-section and
(d) reconstructed particle in 3D of
nano matrix bovine serum albumin
(BSA)

Particles .

Particles

the definition of particle boundaries is subjective and the data
arising from overlapping areas could be a source of error.
Nevertheless, this 1ssue would apply to all microscopic tech-
niques. Lastly, the number of images taken affects the clarity
and precision of the 3D rendered image. Since 3D rendering
software, such as Avizo Fire, extrapolates data between im-
ages, more images would reduce extrapolation gaps and pro-
duce a more precise 3D reconstruction.

Despite some of the limitations mentioned above, in com-
parison to existing advanced microscopic techniques,
NanoXCT is the only non-destructive technique that offers
3D visualization. Although confocal microscopy is also capa-
ble of 3D visualization, when a material does not
autofluoresce the process of labeling the feature of interest

Particle

. Pparticle
2 um

)
L

Particles

NN
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Fig.8 Rendered 3D projections of
mannitol particles: (a) identified
using watershed-based
segmentation and (b) voids located
within particles

with a fluorophore could introduce artifacts. Other clear
advantages of NanoXCT are that it requires little sample
preparation; can be carried out under ambient conditions;
the parameters do not need to be adjusted for different mate-
rials (though image quality may be improved by taking more
images and using longer exposure times); it is possible to image
multiple particles simultaneously within the field of view; and
the method does not require the operator to be present
throughout the scan, which enables efficient collection of data.

In addition, NanoXCT can go beyond pure visualization
to extract quantitative information (35—38). The literature has
shown that NanoXCT is an accurate and sensitive measure
for quantitative imaging, segmentation, and identification of
different phases in complex materials at the nanoscale (35).

Fig.9 Rendered 3D projections of
a PLGA particle: (@) particle outline,
(b) voids located within the particle,
and (c) sliced view of the entire
particle

b

N\

Outer N
Surface
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The quantitative capabilities have been demonstrated in sys-
tems such as aggregated 165 nm polystyrene particles (38),
cartilage subtissues and bone architectures (37, 39), S1Oq
microparticles (35), flocculated clay suspensions, and cement
pastes (36); but our study is the first to report quantitative
findings in pharmaceutical particles. Our results show the first
examples of the use of NanoXCT to quantify void volumes,
void distributions, and void-to-material percentages.

Similar to FIB-SEM, NanoXC'T may also be used to
correlate aerodynamic properties with porosity to explain
the performance of specific formulations. While FIB-SEM
has been a relatively robust method, evaluation of porosity
has been limited to the number of particles with porous
interiors (8). Since NanoXC'T reconstructs volume, the
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quantification of void volumes, void distributions and void-to-
material percentages may be more accurate. The application
of NanoXCT as an analytical tool is not confined to respirable
particles only. For example, the density (inversely related to
the porosity) of a formulation can be a measure of physical
stability (40); it may determine flow properties as well as
release/dissolution rates from dosage forms administered
orally, parentally, rectally and topically. Hence, the insight
offered by NanoXCT into sample porosity could have impor-

tant implications on the processing and manufacturing of

pharmaceuticals.

Overall, the 3D visual capability provides full access to the
internal structures of small pharmaceutical particles. This novel
technique opens up opportunities to characterize particles in
greater detail and future studies will use NanoXCT to identify
different components in a mixture (z.e. physical mixtures and co-
spray dried formulations) as well as compare the quantitative
capabilities of NanoXCT to other advanced microscopic tech-
niques. Another study will also attempt to use this tool to explain
aerosol performance of a specific particle formulation.

CONCLUSIONS

NanoXCT presents a powerful tool to dissect and observe the
mterior of small pharmaceutical particles, including those of an
inhalable size. It provided valuable insight into the void volumes,
void distributions, and void-to-material percentages. Other ad-
vanced microscopic techniques (confocal microscopy, SEM,
TEM, and FIB) may complement NanoXC'T to obtain a more
complete picture of a particle of interest and enable aerosol
scientists to better explain its aecrodynamic behaviour.
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SUPPLEMENTARY MATERIAL
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rotating 360° around an axis can be found in the supplemen-
tary materials.
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