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Single-shot three-dimensional structure
determination of nanocrystals with femtosecond
X-ray free-electron laser pulses

Rui Xu', Huaidong Jiang?, Changyong Song3, Jose A. Rodriguez®, Zhifeng Huang', Chien-Chun Chen’,
Daewoong Nam3?, Jaehyun Park3, Marcus Gallagher-Jones>®, Sangsoo Kim3, Sunam Kim?3, Akihiro Suzuki’,
Yuki Takayama3'8, Tomotaka Oroguchi3'8, Yukio Takahashi’, Jiadong Fan?, Yunfei Zou', Takaki Hatsui3,
Yuichi Inubushi3, Takashi Kameshima®, Koji Yonekura3, Kensuke Tono®, Tadashi Togashi®, Takahiro Sato3,
Masaki Yamamoto?3, Masayoshi Nakasako>®, Makina Yabashi?, Tetsuya Ishikawa® & Jianwei Miao'

Conventional three-dimensional (3D) structure determination methods require either
multiple measurements at different sample orientations or a collection of serial sections
through a sample. Here we report the experimental demonstration of single-shot 3D struc-
ture determination of an object; in this case, individual gold nanocrystals at ~5.5nm
resolution using ~10fs X-ray free-electron laser pulses. Coherent diffraction patterns are
collected from high-index-faceted nanocrystals, each struck by an X-ray free-electron laser
pulse. Taking advantage of the symmetry of the nanocrystal and the curvature of the Ewald
sphere, we reconstruct the 3D structure of each nanocrystal from a single-shot diffraction
pattern. By averaging a sufficient number of identical nanocrystals, this method may be used
to determine the 3D structure of nanocrystals at atomic resolution. As symmetry exists in
many virus particles, this method may also be applied to 3D structure studies of such
particles at nanometer resolution on femtosecond time scales.
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oherent diffraction imaging (CDI) using synchrotron

radiation! ™13, X-ray free-electron lasers (XFELs)!4-17,

high harmonic generation'®-21, soft X-ray lasers!®?%23,
optical lasers?*~2¢ and electrons?’ is a rapidly growing area of
research that has found applications across several disciplines.
One of the major potential applications of CDI is to determine
the three-dimensional (3D) structure of single 8particles at
atomic resolution on few-femtosecond timescales?®~3!. Recent
experiments have confirmed that the two-dimensional (2D)
diffraction pattern of a single particle can be recorded and
reconstructed from a single XFEL pulse before the onset of
radiation damage!®!>!7. However, although a method termed
ankylography was recently proposed to obtain 3D structure from
a single sample orientation®?, single-shot 3D imaging has not
been experimentally realized as yet. In this article, we perform
single-shot 3D structure determination of high-index-faceted gold
nanocrystals. Nanocrystals are widely used in modern science and
technology owing to their physical and chemical properties that
can be engineered in ways that are very different from either
molecules or bulk solids*?>. The optical, catalytic, electronic
and magnetic properties of nanocrystals are strongly related to
their shape, size and structure’. Conventional methods used
to characterize nanocrystals include transmission electron
microscopy (TEM), scanning electron microscopy (SEM),
electron tomography, atomic force microscopy (AFM), X-ray
and electron diffraction®2-3°,

Here we demonstrate single-shot 3D structure determination
of large (~100nm) and catalytically active nanocrystals using
single ~10fs XFEL pulses. Coherent diffraction patterns are
collected from high-index-faceted gold nanocrystals, each
struck by a single XFEL pulse based on the diffraction-
before-destruction scheme!®!>17, Using the symmetry of the
nanocrystals and the curvature of the Ewald sphere??, we
reconstruct the 3D structure of each nanocrystal from a single-
shot diffraction pattern to determine the high-index {661} facets
with ~5.5nm resolution on ~ 10 fs timescales. Furthermore, the
single-shot diffraction patterns of identical nanocrystals were

selected to assemble a 3D diffraction pattern, from which an
average 3D reconstruction was achieved with a resolution
presently limited by the detector geometry.

Results

Single-shot XFEL experiment. The experiment was conducted
using the SPring-8 Angstrom Compact Free-Electron Laser
(SACLA)¥. Figure 1 shows a schematic layout of the experimental
setup. XFEL pulses (photon energy: 5.4keV, pulse duration:
~10fs, and pulse energy at the source: ~300 pJ) were focused to a
~ 1.5-um spot by a pair of Kirkpatrick-Baez (K-B) mirrors®®3,
The focused XFEL pulses impinged on high-index-faceted gold
nanocrystals deposited on a 100-nm-thick Si;N; membrane. The
gold nanocrystals, synthesized by the seed-mediated growth
method to ensure monodisperse trisoctahedral shape and size
(see Methods), consist of a high density of low-coordinated atoms
such as steps, edges and kinks, serving as catalytically active
sites?®4!, By scanning the Si;N,; membrane relative to the focused
XFEL pulses, coherent X-ray diffraction patterns were collected on
a multi-port charge coupled device (CCD) detector, each generated
from a randomly orientated nanocrystal with a single pulse (see
Methods)*?43. Supplementary Movie 1 shows a typical single-shot
XFEL experiment. The density of nanocrystals deposited on the
Si3zN, membrane was tuned to control the hit-rate for these
experiments. Supplementary Fig. 1 shows the nanocrystals
deposited on a SizN, membrane before and after being struck by
XFEL pulses. Using this data acquisition scheme, we collected a
total of 126,976 X-ray diffraction patterns, including no hits, partial
hits, single-particle hits and multiple-particle hits. After screening
and post analysis (see Methods), we obtained 1,877 diffraction
patterns with single-particle hits and a hit rate of ~2.3%, from
which 100 good quality diffraction patterns were selected from
single isolated and  highly = symmetrical nanocrystals
(Supplementary Movie 2). The best six single-shot diffraction
patterns are shown in Fig. 2a and Supplementary Fig. 2, whose
diffraction signal is presently limited by the detector geometry
employed.

Figure 1| Schematic layout of the single-shot 3D structure determination using femtosecond XFEL pulses. XFEL pulses were focused to a ~1.5-um
spot by a pair of K-B mirrors. Single-shot diffraction patterns were acquired from high-index-faceted gold nanocrystals based on the diffraction-before-
destruction scheme. By using the symmetry of the nanocrystal and the curvature of the Ewald sphere, a 3D diffraction pattern was generated from a
single-shot diffraction pattern, from which a 3D reconstruction was computed with a resolution of ~5.5nm.
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Figure 2 | Symmetry verification of the trisoctahedral gold nanocrystals using the self-common arcs present in each single-shot diffraction pattern.
(a) A representative single-shot diffraction pattern, where 13 x 13 pixel binning of the highly oversampled intensity makes the narrow missing bars

of the detector essentially disappear. (b) Stereographic projection of trisoctahedral symmetry, belonging to crystallographic point group m3m and
consisting of two- (ellipsis symbols), three- (triangle symbols), fourfold (diamond symbols) rotational symmetry and the centro-symmetry (white circles).
(e) A representative pair of self-common arcs, corresponding to two dark curves in a. (d) After verifying the trisoctahedral symmetry, a 3D diffraction
pattern was assembled from 48 symmetrized copies of the single-shot diffraction pattern (a).

Symmetry verification of the single-shot diffraction patterns.
Trisoctahedral nanocrystals belong to the crystallographic point
group m3m, consisting of two-, three- and fourfold rotational
symmetry along the <011>, <111> and <001> directions,
respectively (Fig. 2b). Given a single-shot diffraction pattern of a
trisoctahedral nanocrystal sampled on the Ewald sphere, there are
48 symmetry operations that can generate 48 spherical diffraction
patterns. These diffraction patterns intersect with each other to
form 14 independent pairs of self-common arcs (see Methods).
By analyzing the six single-shot diffraction patterns, we con-
firmed the existence of 14 independent pairs of self-common arcs
in each diffraction pattern. Figure 2c¢ and Supplementary Fig. 3
show four representative pairs of the self~common arcs for
Fig. 2a. We quantified the self-common arcs for the six single-
shot diffraction patterns by using R,,. (see Methods). The average
R, for the six diffraction patterns is 5.8, 6.9, 8.4, 8.8, 9.1 and
9.5%. The small R, values suggest that these single-shot dif-
fraction patterns have high signal-to-noise ratios, and that our
screening and post data analysis approach allows us to select
single-shot diffraction patterns from highly symmetrical
nanocrystals.

3D phase retrieval with symmetry. After verifying the trisocta-
hedral symmetry of the nanocrystals, the orientation of each
single-shot diffraction pattern was determined, from which a 3D

diffraction pattern was generated using symmetry (Fig. 2d; see
Methods). The 3D diffraction pattern was then iteratively phased
to obtain a high-resolution image by incorporating symmetry into
the oversampling smoothness (OSS) algorithm**. For each 3D
diffraction pattern, we first performed 100 independent OSS
reconstructions with random phases as their initial input, each
consisting of 2,000 iterations and using a box as a loose support.
For each independent reconstruction, symmetry was used as a
constraint in real space and enforced once every 30 iterations
(see Methods). By averaging the five best reconstructions,
we determined a tight support and performed another 100
independent OSS reconstructions, again enforcing symmetry
once every 30 iterations. The five best reconstructions were
averaged to obtain a final 3D image. Figure 3a-c, and
Supplementary Movie 3a show iso-surface renderings of the
final image along the two-, three- and fourfold rotational
symmetry, reconstructed from Fig. 2a. The concave facets of
the nanocrystal are visible, and the insets show three 3.3-nm-
thick centro-slices of the image. Using the same procedure,
we obtained final 3D reconstructions from five other
single-shot diffraction patterns (Supplementary Fig. 4). To
investigate whether enforcing symmetry in the phase retrieval
algorithm influenced the shape and structure of the reconstructed
nanocrystals, we conducted numerical simulations on single-
shot 3D structure determination of cubic, octahedral and
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Figure 3 | 3D reconstruction of the single-shot diffraction pattern (Fig. 2a). (a-c) Iso-surface renderings of the final 3D reconstruction along the
two-, three- and fourfold rotational symmetry, respectively (a threshold of 30% of the maximum density was used to display these images). The insets
show 3.3-nm-thick centro-slices of the 3D reconstruction along the corresponding directions. The variation of the electron density inside the nanocrystal is
within +10%, which is mainly due to noise in the single-shot diffraction pattern and the intensity variation inside each XFEL pulse. (d) FSC comparison
between two independently reconstructed gold nanocrystals. Based on the FSC = 0.5 criterion, a 3D resolution of the reconstructions was estimated to be
~5.5nm. The iso-surface rendering images as well as those in Figs 4 and 6 are displayed by Amira with interpolation. Scale bar, 30 nm.

trisoctahedral nanocrystals (Supplementary Fig. 5), all belonging
to the point group m3m (see Methods). Using simulated single-
shot diffraction patterns (Supplementary Fig. 6) at random
orientations, we applied the same procedures to first determine
the orientation of each diffraction pattern and then achieve a
single-shot 3D reconstruction. Supplementary Fig. 7 shows the
3D reconstructions of the cubic, octahedral and trisoctahedral
nanocrystals, which are in good agreement with the 3D models
(Supplementary Fig. 5). These results indicate that the shape, size
and facets of the 3D reconstructions are intrinsically encoded in
the single-shot diffraction patterns.

3D resolution estimation and structure quantification. To
evaluate the resolution of the six single-shot 3D reconstructions,
we calculated the Fourier shell correlation (FSC) between
the independent reconstructions of the six nanocrystals (see
Methods)*>#°. Figure 2c and Supplementary Fig. 8 show four
representative FSC curves. Based on the FSC=0.5 criterion,
which has been widely used to estimate the resolution in single-
particle cryo-electron microscopy (EM)**~%7, we estimated the 3D
resolution of these reconstructions to be ~5.5nm. Next, we
quantified the structure, shape and size of these reconstructed
gold nanocrystals. Figure 4a and the inset show an iso-surface
rendering and a 3.3-nm-thick central slice of a representative
reconstructed nanocrystal along the twofold rotational symmetry,
for which D,, D,, Ds, o, f and y are six parameters used to

characterize the shape, size and facets of the nanocrystal. For each
nanocrystal, we first determined the 3D orientations of the 24
facets and then measured the six parameters (Table 1). To
quantify these measurements, we calculated the mean and
standard deviation of D;, D,, D;, a, f and y to be
102.3+0.5nm, 72.3%+04nm, 485%03nm, 119.3%0.5°,
113.4£0.5° and 166.1£0.6°, respectively, for the six
nanocrystals. The consistency of these values indicates that
their overall shape and size are in good agreement. The three
interfacial angles («, § and y) measured from all six nanocrystals
agree with the values expected for a concave trisoctahedron with
exposed {661} index facets (see Methods and Table 1). To further
verify the {661} index facets, we calculated the interfacial angles of
possible {hhl} index facets for a trisoctahedron (Supplementary
Table 1), indicating that there are at least 1.4°, 1.7° and 1.9°
differences for angles o, f and y between {661} and other facets.
As our six independent measurements of the three interfacial
angles are more accurate than these angular differences (Table 1),
this further confirms that the concave trisoctahedral gold
nanocrystals contain exposed high-index {661} facets (Fig. 4b).
Finally, TEM, SEM and AFM images were taken from the similar
gold nanocrystals to verify their exposed high-index facets
(Supplementary Figs 9-11).

3D reconstruction of the average structure of the nanocrystals.
After achieving single-shot 3D structure determination of the
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nanocrystals, we conducted 3D reconstruction of the average
structure from six single-shot diffraction patterns. Cross-common
arcs were used to examine whether the diffraction patterns were
generated from identical gold nanocrystals. Thirty pairs of cross-
common arcs exist between six spherical diffraction patterns (see
Methods). Figure 5 shows three representative pairs of the cross-
common arcs between three single-shot diffraction patterns. The
average R, of the 30 pairs of cross-common arcs was calculated
to be 9.7%, which is comparable to those obtained from the self-
common arcs. After determining the relative orientations of the
six single-shot patterns, we assembled a 3D diffraction pattern
from 288 symmetrized 2D diffraction patterns (48 for each of the
six nanocrystals). Using OSS with symmetry (see Methods), we
reconstructed the average 3D structure of the gold nanocrystals
(Fig. 6, and Supplementary Movie 3b). The six parameters
(Dy, Dy, Ds, o, ff and y) measured for the average structure are
very consistent with a concave trisoctahedral nanocrystal con-
taining exposed high-index {661} facets (Table 1). We also
quantified the average 3D structure with respect to the single-shot
3D reconstructions by calculating FSC curves between them
(Supplementary Fig. 12), indicating that the resolution of the

Figure 4 | 3D model of a trisoctahedral gold nanocrystal constructed
from a single-shot 3D reconstruction. (a) Iso-surface rendering and 3.3-
nm-thick central slice (inset) of the nanocrystal along the twofold rotational
symmetry reconstructed from Fig. 2a, of which Dy, Do, D3, o, f and y are six
parameters used to characterize the shape, size and facets of the
nanocrystal. (b) 3D model of the concave trisoctahedral nanocrystal
constructed from a, containing exposed high index {661} facets (see
Methods). Scale bar, 30 nm.

average 3D reconstruction is presently limited by the detector
geometry used.

Discussion

Although symmetry has long been used to determine the 3D
structures of virus particles with EM*®4°, this work represents
the first combination of symmetry and CDI for achieving single-
shot 3D structure determination of nanocrystals at ~5.5nm
resolution using ~10fs XFEL pulses. The significance of the
present work is threefold. First (to our knowledge), a 3D
resolution of ~5.5nm is the highest resolution ever achieved in
any 3D X-ray imaging method. Second, as szrmmetry exists in
many nanocrystals and virus particles®>4%41:48-50 " this method
may be applied to 3D structure studies of such particles at
nanometer resolution on femtosecond timescales. For the virus
particles, symmetry exists in the capsid, but not in the internal
DNA or RNA genome*®-°0, Thus, the method can only be used to
determine the 3D structure of the capsid but not the internal
genome of the virus particles. Third, the intense, femtosecond
XFEL pulses allow us to select single-shot diffraction patterns
from highly symmetrical and identical nanocrystals based on self-
and cross-common arcs (see Methods). With a sufficient number
of identical nanocrystals, this approach may be used to determine
the 3D structure of nanocrystals at atomic resolution. Compared
with TEM, electron diffraction and electron tomography that
achieve higher resolutions®3-361, this imaging technique can
study thicker nanocrystals with negligible dynamic scattering
effects. Thus, we expect this work may find applications in CDI,
XFEL science, materials science, nanoscience, chemistry and
structural biology.

Methods

Synthesis of monodisperse trisoctahedral gold nanocrystals. Monodisperse
trisoctahedral gold nanocrystals were synthesized by a seed-mediated §r0wth
method using cetyltrimethylammonium chloride as the capping agent*®*!. First,
the gold seeds with a diameter of ~ 3.5 nm were prepared. Then by adding the gold
seed solution into the cetyltrimethylammonium chloride growth solution, better
control of the gold atom concentration in the solution was achieved, thereby
allowing the growth kinetics of the gold nanocrystals to be manipulated and
preservation of their concave trisoctahedral shape while the nanocrystals grew
synchronously in size. The size of gold nanocrystals was controlled by adjusting the
number of additional seeds. The synthesized trisoctahedral gold nanocrystals were
examined by TEM, SEM and AFM, indicating their size variation is within 5%
except for few special cases (Supplementary Figs 9-11).

Data acquisition. The single-shot XFEL experiment was conducted using the
multiple application X-ray imaging chamber (MAXIC) installed in experimental
hutch 3 of SACLA*2. Gold nanocrystals, positioned randomly on a 100-nm-thick
Si;sN, membrane, were exposed to single XFEL pulses with wavelength of ~2.3 A.
The pulse energy was measured to be ~300 J at the source and ~ 100 pJ at the

were measured for seven independent reconstructions.

Table 1 | Six parameters (D,, D5, D3, o, f and y), used to characterize the shape, size and facets of the trisoctahedral nanocrystals,

D; (nm) D, (nm) D3 (nm) a (°) B () y (©)
1 102.3 723 48.5 19.3 Nn3.4 166.1
2 101.5 7.7 481 19.3 13.4 166.2
3 102.7 72.6 483 Nn8.4 n4.4 167.3
4 101.9 72.0 48.5 119.8 1129 165.5
5 1031 72.9 48.9 9.4 N33 166.0
6 102.3 723 48.7 119.8 12.8 165.5
Assembled 102.7 72.6 485 18.9 139 166.7

3D reconstructions is ~5.5nm, presently limited by the detector geometry used.

1-6’ represents six single-shot 3D reconstructions and ‘assembled’ the 3D reconstruction of a diffraction pattern assembled from six patterns. For each reconstructed nanocrystal, we first determined the
3D orientations of the 24 facets and then measured these six parameters. Compared with the estimation of the interfacial angles using 2D TEM images#%#!, our measurements are based on the 3D
facets and are intrinsically more accurate. To quantify these measurements, we calculated the mean and standard deviation of Dy, D,, D3, o, # and 7 to be 102.3+0.5nm, 72.3+0.4nm, 48.5+0.3nm,
119.3£0.5° 113.4 £ 0.5° and 166.1 £ 0.6° for the six nanocrystals, respectively, indicating that the overall shape and size of these nanocrystals are in good agreement. The three interfacial angles obtained
from the seven 3D reconstructions agree with the values expected for a concave trisoctahedron with {661} index facets (Supplementary Table 1). The slight differences are because the resolution of our
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Figure 5 | Cross-common arcs used to align different single-shot diffraction patterns. (a) Three single-shot diffraction patterns form six pairs of
cross-common arcs. (b-d) Three representative pairs of the cross-common arcs between the three diffraction patterns shown in a.

Figure 6 | 3D reconstruction of the average structure of the nanocrystals. (a-c) Iso-surface renderings of the average trisoctahedral nanocrystal
along the two-, three- and fourfold symmetry, respectively, reconstructed from a 3D diffraction pattern assembled from 288 symmetrized 2D patterns

(48 for each single-shot diffraction pattern). Scale bar, 30 nm.

sample. The single-shot exposures were automated using a 2D scan programme
that controlled both the XFEL pulse selector and the sample motor stage, ensuring
only a single XFEL pulse impinged on the SisN, membrane at a programmed
position. The sample was destroyed after exposure to a single XFEL pulse, leaving a
hole in the membrane (Supplementary Fig. 1). Although the XFEL pulses are
delivered at a repetition rate of 10 Hz, the single-shot exposures can be performed
at either 1 or 10 Hz. The present experiment was performed at 1 Hz. The single-
shot X-ray diffraction patterns were recorded by an octal sensor, multiport CCD
(octal-MPCCD) detector with 2,048 x 2,048 pixels and a pixel size of 50 X 50 um
(ref. 43). The octal-MPCCD was designed to allow an adjustable central aperture
varying from complete closure to a maximum opening of 10 x 10 mm?. The
detector was placed at 1.47 m downstream of the sample, and the central aperture
was set at 3 x 3mm?. The parasitic scatterings from the K-B mirrors as well as
other X-ray optics were blocked by two sets of four-way cross slits inside the
MAXIG; one set positioned close to the sample (at a distance of ~20 mm) and the
other set further upstream of the sample (at a distance of ~350 mm). The
experiment was performed under a vacuum pressure of ~ 10~ 4Pa within the
MAXIC chamber.

Data screening and post analysis. Using the data acquisition scheme described
above, we have collected 126,976 diffraction patterns. To detect ‘true hits’ within

the collected data, we employed a data screening approach by comparing the
average intensity in a pre-defined region of the detector with a threshold. By
examining different thresholds heuristically, we were able to differentiate between
no hits, partial hits, exact single-particle hits and multiple-particle hits. After data
screening, we obtained 2,877 single-particle hits (corresponding to a hit rate of
~2.3%), from which 100 single-shot diffraction patterns were selected for further
analysis (Supplementary Movie 2). We then performed background subtraction to
remove the detector read-out noise, located the centre for each of the 100 dif-
fraction patterns and performed 13 x 13 pixel binning of the diffraction intensity
(see Methods)>2.

Next, we applied a curvature correction to the diffraction patterns (see
Methods). Although the effect of the curvature of the Ewald sphere is small, it is
not negligible in this experiment. The diffraction intensity extended to a highest
resolution of ~4.6 nm, corresponding to a maximum diffraction angle (20,,,) of
2.87°, which was limited by the detector geometry used. As each 2D diffraction
pattern was collected by a planar CCD detector, we projected the diffraction
intensity onto the Ewald sphere by re-sampling the intensity points (see
Methods)?2. After the curvature correction, we prioritized the 100 single-shot
diffraction patterns by evaluating the self-common arcs and calculating an average
R, for each diffraction pattern (see Methods). The six single-shot diffraction
patterns (Fig. 2a and Supplementary Fig. 2) with the smallest R, were chosen for
further analysis and reconstructions.

6 NATURE COMMUNICATIONS | 5:4061| DOI: 10.1038/ncomms5061 | www.nature.com/naturecommunications

© 2014 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/naturecommunications

ARTICLE

13 x 13 Pixel binning for each single-shot diffraction pattern. The single-shot
diffraction patterns were measured by an octal-MPCCD, which includes several
missing bars with a bar width ranging from 2 to 8 pixels (Fig. 1). To remove the
missing bars and enhance the signal-to-noise ratio of the dlffractlon patterns, we
performed 13 x 13 pixel binning of the diffraction intensity>2. If more than 50% of
the 13 x 13 pixels were measured, the pixel after binning was set to be the average
value of the measured pixels. Otherwise, the pixel after binning was set to be a
missing pixel. The linear oversampling ratio before binning is between 67 and 94
(depending on the orientation of the nanocrystal) and becomes between 5 and 7
after binning®>**, Because of the large oversampling ratio, the binning process
makes the narrow missing bars of the detector essentially disappear (Fig. 2a).

Curvature correction of the single-shot diffraction patterns. As each single-
shot diffraction pattern was measured by a planar CCD detector, the solid angle
subtended by each pixel is not a constant. The increase of the spatial frequency of
the diffraction intensity corresponds to the decrease of the solid angle subtended by
each pixel. We normalized the diffraction intensity by??
L0 .
= (k) ey

where I_@) and Iy (K) are the normalized and measured diffraction intensities, Qy
and Q(k) are the solid angle subtended by the centro-pixel and pixel k, respectively.
After intensity normalization, we projected each single-shot diffraction pattern
onto the surface of the Ewald sphere, which was then interpolated to assemble a 3D
diffraction pattern by using symmetry (see Methods).

Self-common arcs in single-shot diffraction patterns. The trisoctahedral sym-
metry belon5gs to the crystallographic point group m3m, consisting of 48 symmetry
operations®. The shaded area in Fig. 2b shows the fundamental domain of a
trisoctahedron, from which all the other 47 domains can be generated by symmetry
operations. Using symmetry, each 2D diffraction pattern sampled on the Ewald
sphere can produce a total of 48 symmetrized copies. The 48 symmetrized
diffraction patterns form 47 common arcs (instead of common lines as in single
particle EM*®4%), which we term self-common arcs. After mathematically
examining each of the 47 pairs of self-common arcs, we found that 14 of them are
independent and the other 33 pairs are either redundant or exactly identical.

Next, we verified the trisoctahedral symmetry of the gold nanocrystals based on
the 14 pairs of independent self-common arcs. For each single-shot diffraction
pattern, we searched for the 14 pairs of self common arcs with 0.5° per step along
each of the three Euler angles (¢, 0, ) in the fundamental domain. Each pairs of
independent self-common arcs are quantified by

kz [1Fhc e ) | = | Fichcs ) |
Ry =2 )
" ||Farc k) |+ [ B (e, ey ) 1]
where | FL (kg ky) | and | F%_(kg, ky) | represent the Fourier modulus on arcs 1

and 2, respectlvely We calculated an average R, from the 14 individual R,
values. By scanning all the angles in the fundamental domain, we found a global
minimum of the average R, for each single-shot diffraction pattern, confirming
the existence of the trisoctahedral symmetry in the diffraction pattern. The six
single-shot diffraction patterns with the smallest average R,,. were chosen from the
100 patterns. The average R, for the six selected diffraction patterns is 5.8, 6.9, 8.4,
8.8, 9.1 and 9.5%. Figure 2c¢ and Supplementary Fig. 3b—d show four representative
self-common arcs for the diffraction pattern of Fig. 2a. The small R,,. values
indicate that these single-shot diffraction patterns have high signal-to-noise ratios
and were generated from highly symmetrical trisoctahedral nanocrystals.

Cross-common arcs between single-shot diffraction patterns. To examine
whether the single-shot diffraction patterns were generated from identical
trisoctahedral gold nanocrystals, we calculated the common arcs between different
diffraction patterns (termed cross-common arcs)¥9657_ For six single-shot
diffraction patterns sampled on the Ewald sphere, there are 30 pairs of cross-
common arcs (there would be 15 pairs of cross-common lines if the diffraction
patterns are sampled on a plane). By performing 3D searching of the cross-
common arcs with 0.5° per step along each of the three Euler angles (¢, 0, ®) in
the fundamental domain, we found the 30 pairs of cross-common arcs between
the six single-shot diffraction patterns. Supplementary Fig. 12b-d shows three
representative pairs of cross-common arcs. We also calculated an average R,
for the 30 pairs of cross-common arcs to be 9.7%, which is comparable to those
obtained from the self-common arcs.

Generating 3D diffraction patterns via symmetry. Based on the self- and
cross-common arcs for the six single-shot diffraction patterns (see Methods),

we determined the orientation of each diffraction pattern with respect to a set of
symmetry-related primary axes (Fig. 2b). Using the symmetry operations, a 3D
diffraction matrix on a Cartesian grid was generated from 48 symmetrized dif-
fraction patterns. The value of a Cartesian point was calculated through linear

interpolation of the neighbouring points available from the symmetrized Fourier
modulus (that is, the square root of the diffraction intensity). Specifically, we
assigned each Cartesian point at the origin of a sphere with a radius of 0.4 voxels,
for which we defined the measured points within the sphere. We then interpolated
the value of the Cartesian grid by

> IF(R) ik K 1
) " dkE)

S wik

where |F(K)| and |F (k;)| are the Fourier modulus of Cartesian grid K and
measured point K, N is the total measured points within the sphere and d(k ki ;) is
the distance between points k¥ and ki If N=0, we assigned the value of the cor-
responding Cartesian point undefined. This 3D interpolation approach yielded
seven 3D diffraction patterns, six of which were obtained from the individual
single-shot diffraction patterns and the seventh was assembled by combining the
six patterns.

Incorporation of symmetry into the OSS algorithm. After verifying the existence
of trisoctahedral symmetry in the single-shot diffraction patterns based on self-
common arcs (see Methods), we incorporated the symmetry constraint into the
0SS algorithm®®, As the m3m point group is Fourier transform invariant, no
interpolation is needed to enforce the symmetry operations during the phase
retrieval process. To implement the symmetry constraint, we first located the voxels
in the fundamental domain in real space. We then applied the symmetry
operations to these voxels to find the corresponding voxels in the other 47
domains. We averaged the symmetry-related voxels in the 48 domains and assign
each voxel the averaged value. For each 3D diffraction pattern, we performed 100
independent OSS reconstructions with a box as a loose support, where each
reconstruction consisted of 2,000 iterations and the symmetry constraint was
enforced once every 30 iterations. The figure of merit for each reconstruction was
monitored by an Ry, defined as the difference between the experimental Fourier
modulus and the calculated Fourier modulus in each iteration*%. From each set of
100 reconstructions, we averaged the best five reconstructions with the smallest Ry,
from which we determined a tight support. Using this improved support, we
performed another set of 100 independent OSS reconstructions for each 3D
diffraction pattern under the same procedure as the loose support case. The

best five reconstructions were averaged to obtain the final 3D image for each
diffraction pattern.

Numerical simulations on single-shot 3D structure determination. We have
performed numerical simulations to verify the feasibility of achieving 3D structure
determination from a single-shot diffraction pattern. First, we simulated XFEL
pulses with the same photon energy and pulse fluence as the experimental case in
which the intensity variation within each XFEL pulse was not considered in the
simulations. The XFEL pulses impinged on ~ 100 nm individual nanocrystals
consisting of cubic, octahedral and trisoctahedral shapes (Supplementary Fig. 5),
which belong to the same crystallographic point group m3m (ref. 55). Next, we
generated a single-shot diffraction pattern from each of the cubic, octahedral and
trisoctahedral nanocrystals with three random Euler angles (¢, 0, w). We then
added Poisson noise to the diffraction patterns and removed the low spatial
frequency intensity to simulate a beam stop. Each simulated single-shot diffraction
pattern (Supplementary Fig. 6) looks similar to the experimental one (Fig. 2a and
Supplementary Fig. 2). For each diffraction pattern, we searched for the 14 self-
common arcs (see Methods) from which its orientation, that is, the three Euler
angles (¢, 0, ), was determined. After orientation determination, a 3D diffraction
pattern was assembled from the single-shot pattern based on the symmetry and the
curvature of the Ewald sphere (see Methods). The phase retrieval of the 3D dif-
fraction pattern was performed by incorporation of symmetry into the OSS algo-
rithm (see Methods). Supplementary Fig. 7 shows the 3D reconstruction of the
cubic, octahedral and trisoctahedral nanocrystals from single-shot diffraction
patterns, which are in good agreement with the original structures (Supplementary
Fig. 5).

Resolution estimation based on the FSC. FSC has been widely used to estimate
the 3D resolution in single-particle imaging with cryo-EM*>~47. In this experiment,
we determined the resolution based on the FSC method. First, we calculated 15 FSC
curves between six independent single-shot 3D reconstructions. Supplementary
Fig. 8 shows four representative FSC curves. Presently, there are two ways to
estimate the resolution based on the FSC curves*®#7: one with FSC = 0.143 and the
other with FSC = 0.5. In our experiment, we adopted a more conservative criterion
(FSC =0.5) to evaluate the resolution. Based on the 15 independent FSC curves, we
determined the resolution of the single-shot 3D reconstructions to be consistently
~5.5nm. Next, we calculated six FSC curves between the single-shot
reconstructions and the average 3D reconstruction. Supplementary Fig. 12 shows
four representative FSC curves, indicating that the resolution (~5.5nm) of the 3D
reconstruction of the assembled pattern is presently limited by the detector
geometry used.
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Verification of the {661} index facets for the gold nanocrystals. According to
the crystallographic point group m3m, the three interfacial angles (o,  and y) for a
concave trisoctahedron with {hhl} index facets is determined by40’55,

oc:n—Ztan’l[l_l/h} [)’*ner_a

V2 2
b 2tan ! !
ro e {ﬁh]

The three interfacial angles calculated from Equation (4) for {661} index facets
are 119.0°, 113.8° and 166.6°, which are consistent with the measured values
(Table 1). Compared with the estimation of the interfacial angles using 2D TEM
images*%41, our measurements are based on the 3D facets and are intrinsically
more accurate. To further verify the index facets and our model, we calculated the
three interfacial angles for a concave trisoctahedron with possible {hl} index facets
(Supplementary Table 1). These results indicate that there are at least 1.4°, 1.7° and
1.9° differences for angles «, f and y between {661} facets and other index facets. As
our six independent measurements of the three interfacial angles (Table 1) are
more accurate than these angular differences, this further confirms that the
trisoctahedral gold nanocrystals contain {661} index facets.

4)

References

1. Miao, J., Charalambous, P., Kirz, J. & Sayre, D. Extending the methodology of
X-ray crystallography to allow imaging of micrometre-sized non-crystalline
specimens. Nature 400, 342-344 (1999).

2. Robinson, I. K,, Vartanyants, I. A, Williams, G. J., Pfeifer, M. A. & Pitney, J. A.
Reconstruction of the shapes of gold nanocrystals using coherent X-ray
diffraction. Phys. Rev. Lett. 87, 195505 (2001).

3. Miao, J. et al. High resolution 3D X-ray diffraction microscopy. Phys. Rev. Lett.
89, 088303 (2002).

4. Shapiro, D. et al. Biological imaging by soft x-ray diffraction microscopy. Proc.
Natl Acad. Sci. USA 102, 15343-15346 (2005).

5. Pfeifer, M. A., Williams, G. J., Vartanyants, I. A., Harder, R. & Robinson, I. K.
Three-dimensional mapping of a deformation field inside a nanocrystal. Nature
442, 63-66 (2006).

6. Chapman, H. N. et al. High resolution ab initio three-dimensional x-ray
diffraction microscopy. J. Opt. Soc. Am. A 23, 1179-1200 (2006).

7. Williams, G. J. et al. Fresnel coherent diffractive imaging. Phys. Rev. Lett. 97,
025506 (2006).

8. Thibault, P. et al. High-resolution scanning X-ray diffraction microscopy.
Science 321, 379-382 (2008).

9. Song, C. et al. Quantitative imaging of single, unstained viruses with coherent
X-rays. Phys. Rev. Lett. 101, 158101 (2008).

10. Nishino, Y. et al. Three-dimensional visualization of a human chromosome

using coherent X-ray diffraction. Phys. Rev. Lett. 102, 018101 (2009).

. Giewekemeyer, K. et al. Quantitative biological imaging by ptychographic X-ray
diffraction microscopy. Proc. Natl Acad. Sci. USA 107, 529-534 (2010).

12. Tripathi, A. et al. Dichroic coherent diffractive imaging. Proc. Natl Acad. Sci.

USA 108, 13393-13398 (2011).

13. Jiang, H. et al. Three-dimensional coherent X-ray diffraction imaging of molten
iron in mantle olivine at nanoscale resolution. Phys. Rev. Lett. 110, 205501
(2013).

14. Chapman, H. N. et al. Femtosecond diffractive imaging with a soft-X-ray

free-electron laser. Nat. Phys. 2, 839-843 (2006).

. Seibert, M. M. et al. Single mimivirus particles intercepted and imaged with an
X-ray laser. Nature 470, 78-81 (2011).

16. Clark, J. N. et al. Ultrafast three-dimensional imaging of lattice dynamics in

individual gold nanocrystals. Science 341, 56-59 (2013).

17. Kimura, T. et al. Imaging live cell in micro-liquid enclosure by X-ray laser
diffraction. Nat. Commun. 5, 3052 (2014).

. Sandberg, R. L. et al. Lensless diffractive imaging using tabletop coherent
high-harmonic soft-X-ray beams. Phys. Rev. Lett. 99, 098103 (2007).

. Sandberg, R. L. et al. High numerical aperture tabletop soft X-ray diffraction
microscopy with 70 nm resolution. Proc. Natl Acad. Sci. USA 105, 24-27
(2008).

20. Ravasio, A. et al. Single-shot diffractive imaging with a table-top femtosecond
soft X-ray laser-harmonics source. Phys. Rev. Lett. 103, 028104 (2009).

. Seaberg, M. D. et al. Ultrahigh 22 nm resolution coherent diffractive imaging
using a desktop 13 nm high harmonic source. Opt. Express 19, 22470-22479
(2011).

22. Raines, K. S. et al. Three-dimensional structure determination from a single

view. Nature 463, 214-217 (2010).

23. Kang, H. C. et al. Single-pulse coherent diffraction imaging using soft X-ray
laser. Opt. Lett. 37, 1688-1690 (2012).

24. Marathe, S. et al. Coherent diffraction surface imaging in reflection geometry.
Opt. Express 18, 7253 (2010).

25. Szameit, A. et al. Sparsity-based single-shot subwavelength coherent diffractive
imaging. Nat. Mater. 11, 455-459 (2012).

1

—

1

wu

1

o

1

o

2

—

26.

27.

28.

29.

3

j=3

3

—

32.

33.

3

S

35.

36.

3

~

38.

39.

40

41.

42.

43.

44

45,

4

=2}

47.

48.

49.

50.

5

—

53.

54.

5

w

56.

57.

Bertolotti, J. et al. Non-invasive imaging through opaque scattering layers.
Nature 491, 232-234 (2012).

Zuo, J. M., Vartanyants, L., Gao, M., Zhang, R. & Nagahara, L. A. Atomic
resolution imaging of a carbon nanotube from diffraction intensities. Science
300, 1419-1421 (2003).

Neutze, R., Wouts, R., Spoel, D., Weckert, E. & Hajdu, J. Potential for
biomolecular imaging with femtosecond X-ray pulses. Nature 406, 752-757
(2000).

Miao, J., Hodgson, K. O. & Sayre, D. An approach to three-dimensional
structures of biomolecules by using single-molecule diffraction images. Proc.
Natl Acad. Sci. USA 98, 6641-6645 (2001).

. Gaffney, K. J. & Chapman, H. N. Imaging atomic structure and dynamics with

ultrafast x-ray scattering. Science 316, 1444-1448 (2007).

. Fung, R, Shneerson, V., Saldin, D. K. & Ourmazd, A. Structure from fleeting

illumination of faint spinning objects in flight. Nat. Phys. 5, 64-67 (2009).
Burda, C,, Chen, X, Narayanan, R. & El-Sayed, M. A. Chemistry and properties
of nanocrystals of different shapes. Chem. Rev. 105, 1025-1102 (2005).
Marks, L. D. Experimental studies of small particle structures. Rep. Prog. Phys.
57, 603-649 (1994).

. Billinge, S. J. L. & Levin, I. The problem with determining atomic structure at

the nanoscale. Science 316, 561-565 (2007).

Shah, A. B. et al. High-index facets in gold nanocrystals elucidated by coherent
electron diffraction. Nano Lett. 13, 1840-1846 (2013).

Chen, C. C. et al. Three-dimensional imaging of dislocations in a nanoparticle
at atomic resolution. Nature 496, 74-77 (2013).

. Ishikawa, T. et al. A compact X-ray free electron laser emitting in the sub-

angstrom region. Nat. Photon. 6, 540-544 (2012).

Inubushi, Y. et al. Determination of the pulse duration of an X-ray free electron
laser using highly resolved single-shot spectra. Phys. Rev. Lett. 109, 144801
(2012).

Yumoto, H. et al. Focusing of X-ray free-electron laser pulses with reflective
optics. Nat. Photon. 7, 43-47 (2013).

. Yu, Y., Zhang, Q. B,, Lu, X. M. & Lee, J. Y. Seed-mediated synthesis of

monodisperse concave trisoctahedral gold nanocrystals with controllable sizes.
J. Phys. Chem. C 114, 11119-11126 (2010).

Ma, Y. Y. et al. Synthesis of trisoctahedral gold nanocrystals with exposed high-
index facets by a facile chemical method. Angew. Chem. Int. Ed. 47, 8901-8904
(2008).

Song, C. et al. Multiple application X-ray imaging chamber for single-shot
diffraction experiments with femtosecond X-ray laser pulses. . Appl. Cryst. 47,
188-197 (2014).

Kameshima, T. et al. Development of an x-ray pixel detector with multiport
charge-coupled device for X-ray free-electron laser experiments. Rev. Sci.
Instrum 85, 033110 (2014).

. Rodriguez, J. A., Xu, R, Chen, C.-C,, Zou, Y. & Miao, J. Oversampling

smoothness: an effective algorithm for phase retrieval of noisy diffraction
intensities. J. Appl. Cryst. 46, 312-318 (2013).

Harauz, G. & van Heel, M. Exact filters for general geometry three dimensional
reconstruction. Optik 73, 146-156 (1986).

. Rosenthal, P. B. & Henderson, R. Optimal determination of particle orientation,

absolute hand, and contrast loss in single-particle electron cryomicroscopy.

J. Mol. Biol. 333, 721-745 (2003).

Frank, J. Three-Dimensional Electron Microscopy of Macromolecular Assemblies
(Oxford University Press, 2006).

De Rosier, D. J. & Klug, A. Reconstruction of three dimensional structures from
electron micrographs. Nature 217, 130-134 (1968).

Crowther, R. A. Procedures for three-dimensional reconstruction of spherical
viruses by Fourier synthesis from electron micrographs. Philos. Trans. R. Soc.
Lond. B 261, 221-230 (1971).

Chiu, W., Burnett, R. M. & Garcea, R. L. (eds.) Structural Biology of Viruses
(Oxford University Press, 1997).

. Scott, M. C. et al. Electron tomography at 2.4-dngstrom resolution. Nature 483,

444-447 (2012).

. Song, C. et al. Phase retrieval from exactly oversampled diffraction intensity

through deconvolution. Phys. Rev. B 75, 012102 (2007).

Miao, J., Sayre, D. & Chapman, H. N. Phase retrieval from the magnitude of the
Fourier transform of non-periodic objects. J. Opt. Soc. Am. A 15, 1662-1669
(1998).

Miao, J., Ishikawa, T., Anderson, E. H. & Hodgson, K. O. Phase retrieval of
diffraction patterns from noncrystalline samples using the oversampling
method. Phys. Rev. B 67, 174104 (2003).

. Burzlaff, H. & Zimmermann, H. International Tables for Crystallography. vol.

A, Section 10.1.2, 763-795 (2006).

Shneerson, V. L., Ourmazd, A. & Saldin, D. K. Crystallography without crystals.
I. The common-line method for assembling a three-dimensional diffraction
volume from single-particle scattering. Acta Cryst. A 64, 303-315 (2008).
Bortel, G. & Tegze, M. Common arc method for diffraction pattern orientation.
Acta Cryst. A 67, 533-543 (2011).

| 5:4061| DOI: 10.1038/ncomms5061 | www.nature.com/naturecommunications

© 2014 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/naturecommunications

ARTICLE

Acknowledgements

We thank Haibing Xia for providing monodisperse trisoctahedral gold nanocrystals used
for this study, Margaret M. Murnane, Z. Hong Zhou and Xing Zhang for stimulating
discussions. This work was supported by the DARPA PULSE program through a grant
from AMRDEC and the Institute of Physical and Chemical Research (RIKEN) of Japan.
The experiments were performed at SACLA with the approval of JASRI and the pro-
gramme review committee (No. 2012A8027). H.J. acknowledges the support by the
National Natural Science Foundation of China (N0.21390414) and J.A.R. is supported by
a Giannini Foundation postdoctoral fellowship. M.G.-]. is supported by the RIKEN-
Liverpool partnership award shared with T.I. and Samar Hasnain.

Author contributions

J.M. directed the research; J.M. and H.J. designed the experiment; RX., JM.,, C.S. ZH.,
J.A.R, H.J.,D.N,, J.P, M.G.-],, Sa. K,, Su. K., A.S., Yuki T., T.O., Yukio T., T.H., Y.I, T.K,,
KY, KT, T.T,, T.S,, Mas. Y., M.N,, Mak. Y. and T.I. conducted the experiments; R.X.,

JM., HJ, ZH, J.AR, C-C.C, J.F. and Y.Z. analysed the data, performed reconstruc-
tions and interpreted the results, .M., RX,, H.J., C.S. and J.A.R. wrote the manuscript.
All authors commented on the manuscript.

Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications

Competing financial interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://www.nature.com/
reprintsandpermissions/

How to cite this article: Xu, R. et al. Single-shot three-dimensional structure
determination of nanocrystals with femtosecond X-ray free-electron laser pulses.
Nat. Commun. 5:4061 doi: 10.1038/ncomms5061 (2014).

| 5:4061| DOI: 10.1038/ncomms5061 | www.nature.com/naturecommunications 9

© 2014 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/naturecommunications
http://www.nature.com/naturecommunications
http://www.nature.com/reprints/index.html
http://www.nature.com/reprints/index.html
http://www.nature.com/naturecommunications

	title_link
	Results
	Single-shot XFEL experiment

	Figure™1Schematic layout of the single-shot 3D structure determination using femtosecond XFEL pulses.XFEL pulses were focused to a sim1.5-mum spot by a pair of K-—B mirrors. Single-shot diffraction patterns were acquired from high-index-faceted gold nanoc
	Symmetry verification of the single-shot diffraction patterns
	3D phase retrieval with symmetry

	Figure™2Symmetry verification of the trisoctahedral gold nanocrystals using the self-common arcs present in each single-shot diffraction pattern.(a) A representative single-shot diffraction pattern, where 13times13 pixel binning of the highly oversampled 
	3D resolution estimation and structure quantification
	3D reconstruction of the average structure of the nanocrystals

	Figure™33D reconstruction of the single-shot diffraction pattern (Fig.™2a).(a-c) Iso-surface renderings of the final 3D reconstruction along the two-, three- and fourfold rotational symmetry, respectively (a threshold of 30percnt of the maximum density wa
	Discussion
	Methods
	Synthesis of monodisperse trisoctahedral gold nanocrystals
	Data acquisition

	Figure™43D model of a trisoctahedral gold nanocrystal constructed from a single-shot 3D reconstruction.(a) Iso-surface rendering and 3.3-nm-thick central slice (inset) of the nanocrystal along the twofold rotational symmetry reconstructed from Fig.™2a, of
	Table 1 
	Data screening and post analysis

	Figure™63D reconstruction of the average structure of the nanocrystals.(a-c) Iso-surface renderings of the average trisoctahedral nanocrystal along the two-, three- and fourfold symmetry, respectively, reconstructed from a 3D diffraction pattern assembled
	Figure™5Cross-common arcs used to align different single-shot diffraction patterns.(a) Three single-shot diffraction patterns form six pairs of cross-common arcs. (b-d) Three representative pairs of the cross-common arcs between the three diffraction patt
	13times13 Pixel binning for each single-shot diffraction pattern
	Curvature correction of the single-shot diffraction patterns
	Self-common arcs in single-shot diffraction patterns
	Cross-common arcs between single-shot diffraction patterns
	Generating 3D diffraction patterns via symmetry
	Incorporation of symmetry into the OSS algorithm
	Numerical simulations on single-shot 3D structure determination
	Resolution estimation based on the FSC
	Verification of the 661 index facets for the gold nanocrystals

	MiaoJ.CharalambousP.KirzJ.SayreD.Extending the methodology of X-—ray crystallography to allow imaging of micrometre-sized non-crystalline specimensNature4003423441999RobinsonI. K.VartanyantsI. A.WilliamsG. J.PfeiferM. A.PitneyJ. A.Reconstruction of the sh
	We thank Haibing Xia for providing monodisperse trisoctahedral gold nanocrystals used for this study, Margaret M. Murnane, Z. Hong Zhou and Xing Zhang for stimulating discussions. This work was supported by the DARPA PULSE program through a grant from AMR
	ACKNOWLEDGEMENTS
	Author contributions
	Additional information


