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3D diffractive imaging of nanoparticle ensembles
using an x-ray laser
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Single particle imaging at x-ray free electron lasers (XFELs) has the potential to determine the structure and dynam-
ics of single biomolecules at room temperature. Two major hurdles have prevented this potential from being reached,
namely, the collection of sufficient high-quality diffraction patterns and robust computational purification to overcome
structural heterogeneity. We report the breaking of both of these barriers using gold nanoparticle test samples, recording
around 10 million diffraction patterns at the European XFEL and structurally and orientationally sorting the patterns
to obtain better than 3-nm-resolution 3D reconstructions for each of four samples. With these new developments, inte-
grating advancements in x-ray sources, fast-framing detectors, efficient sample delivery, and data analysis algorithms, we
illuminate the path towards sub-nanometer biomolecular imaging. The methods developed here can also be extended to
characterize ensembles that are inherently diverse to obtain their full structural landscape.

Published by The Optical Society under the terms of the Creative Commons Attribution 4.0 License. Further distribution of this work must
maintain attribution to the author(s) and the published article’s title, journal citation, and DOI.
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1. INTRODUCTION observation [1]. All approaches to structure determination are
The determination of the structures of biomolecules at atomic dedicated primarily to overcoming, or working around, the effects
resolution requires bright sources of radiation, which are unfor- of this radiation damage. In x-ray crystallography, large numbers
tunately also energetic enough to degrade the object under of aligned molecules amplify the diffraction signal that can be
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obtained within the exposure that the sample can tolerate. The
tolerable dose can be increased somewhat by cooling the crystals
to cryogenic temperatures. Such cooling also allows electron
microscopy—where the ratio of the image-forming to damage-
causing radiation is more favorable—to record faint and noisy
images of many uncrystallized molecules, which can then be used
to build up a three-dimensional image. The extreme intensity and
ultrashort pulses of x-ray free electron lasers (XFELs) potentially
offer another way to obtain structural information from single
macromolecules, but without the need for cooling [2]. Pulses of
femtosecond duration can outrun radiation damage and essentially
freeze the molecule in time [3,4].

Single particle imaging (SPI) at XFELs consists of collecting
coherent diffraction patterns from individual particles intersect-
ing bright XFEL pulses. Theoretical work predicts that currenty
available XFEL sources generate enough scattered photons from
single macromolecules to solve for their unknown orientations
and reconstruct 3D structures of large reproducible biomolecules
[5-7]. Proof-of-principle SPI experiments on biological particles
[8—14] have highlighted the challenges of the approach, i.e., the
recording of a large number of patterns, all with sufficiently low
background, and from structurally homogeneous samples.

Here, we present experimental results that address these
challenges and show the path towards single-particle imaging
of macromolecules. We overcame the first challenge by aerosol
injection of gold nanoparticles (AuNPs) and collected millions
of patterns by using the megahertz-rate European XFEL [15]
and a relatively large illumination area of the XFEL beam. The
particles were chosen for two reasons, the first being the high
scattering power of gold, which balances the reduced intensity
from the large beam size to provide scattering signals at the levels
expected from biological materials once tight focusing is achieved.

Aerodynamic

The other reason is that their inherent heterogeneity from the
synthesis reflects what is expected with biomolecules, especially at
higher resolutions.

To recover a high-resolution 3D structure, a structurally
homogeneous dataset must be generated. This challenge was per-
formed computationally using an extension of the well-known
Expand-Maximize-Compress (EMC) algorithm [16]. Even
though individual diffraction patterns contained as few as 0.0012
photons per pixel on average, we show that this is sufficient not
only to extract the orientations of particles, but also to disentangle
structural variations. We obtain a 3D structure approaching 2 nm
resolution, which is significantly improved compared to what
could be achieved without structural sorting.

With further improvements in aerosol sample delivery to
increase the particle density in the x-ray focus [17-19], more
highly focused x-ray beams can be used to obtain similar data from
biomolecules. The computational techniques developed here
also open the way to experiments that can reveal thermodynami-
cally rare states in an ensemble and characterize heterogeneous
ensembles with statistical rigor. The short exposure times set by
the femtosecond pulse duration will also offer unprecedented
opportunities for capturing the dynamics of macromolecules in
real time.

In Section 2, we describe the experimental setup and data col-
lection process, including observation of beam-induced melting
of some samples for 1 MHz repetition rate. This is followed in
Section 3 by the classification of diffraction patterns using 2D
averaging and per-pattern size and incident fluence determination.
Finally, 3D reconstructions are performed on subsets of the data in
Section 4, showing an improvement in structure quality when the
appropriate selection is performed and demonstrating the power of
the serial data collection method.
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Fig. 1.

Experimental setup. XFEL pulses were focused by a series of Kirkpatrick—Baez mirrors into a 3 X 3 um? spot and scattered off particles in the

aerosol stream to produce diffraction patterns on the AGIPD. The lower inset shows the timing structure of the XFEL pulses at the instrument, while the
top inset shows representative SEM images of the cub42 and oct30 samples; scale bars are 100 nm. The low-resolution part of the detector used for the struc-

tural sorting is highlighted in green.
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Table 1. Data Collection Statistics for the Four Nanocrystal Samplesa

Parameter oct30 cub42 cubl7
No. frames 15,805,472 29,309,832 34,197,950 36,966,286
No. hits 2,117,732 2,133,041 2,451,068 3,307,723
Hit ratio 13.40% 7.28% 7.17% 8.95%
Hits/hour 376,947 233,553 228,633 402,954
Hits/train” 5.2/10.4/15.6 2.8/6.4/8.4 2.4/5.6/9.1 NA/7.2/12.1
No. “good” hits 1,430,086 1,249,328 433,259 564121
Sphere fraction (%)b 3.4/4.0/19.2 2.717.2/133.5 2.4/10.4/29.1 NA

3.50 (2.10-4.54)

Resolution (nm)d

5.32 (1.89-7.17)

4.89(1.98-6.56) 2.11(1.81-3.31)

“Sample names refer to their nominal shape (octahedron or cube) and edge length in nanometers.
*The three numbers correspond to values for 0.28 MHz, 0.55 MHz, and 1.1 MHz intra-train repetition rates, respectively.

“There was no clear sign of spherical particles for the cub17 sample.

“The first number is the azimuthal average resolution, while numbers in parentheses show minimum and maximum values, respectively.

2. MILLION-PATTERN DATA COLLECTION

Data was collected at the SPB/SFX (single particles, biomolecules,
and clusters/serial femtosecond crystallography) instrument
[20] of the European XFEL using 6 keV photons focused into a
3 x 3 um? spot, as measured by a 20 pm thick YAG screen in the
focal plane. Individual x-ray pulses were generated with 2.5 m] of
energy on average (2.6 X 10'? photons). The pulses were delivered
in 150-pulse trains with an intra-train repetition rate of 1.1 MHz
and trains arriving every 0.1 s, leading to a maximum data collec-
tion rate of 1500 frames/second. A detector built specifically for
this burst mode operation, the Adaptive Gain Integrating Pixel
Detector (AGIPD) [21], was placed 705 mm downstream of the
interaction region to collect the diffraction patterns for each pulse
individually up to a scattering angle of 8.3° at the center-edge of
the detector (Fig. 1).

Gold octahedra and cubes, each of two different sizes, were
sequentially injected into the x-ray beam using an electrospray-
ionization aerodynamic-lens-stack sample delivery system. The
nominal sizes of the particles measured using scanning electron
microscopy were 30 and 40 nm for the octahedraand 42 and 17 nm
for the cubes. In the rest of the paper, these samples are described
using the codes oct30, oct40, cub42, and cubl7, respectively.
The octahedra and cubes were prepared using different protocols,
generating different heterogeneity profiles, as will be seen later.

Diffraction patterns were observed in around 10% of the col-
lected frames. This relatively high hit ratio compared to those
achieved with biological particles in similar conditions was due
to a combination of the relatively large x-ray focal spot size, high
particle concentration and high mass and density of the larger
AuNDPs, leading to lower speeds after acceleration by the gas flow in
the aerodynamic lens stack [17,22,23]. Lower speeds lead to higher
spatial densities, and thus higher hit ratios for the same particle
beam size. Table 1 shows the statistics of the number of frames
collected for each sample as well as the various filtration steps after
the analyses described below.

When using the peak repetition rate of 1.1 MHz and 150 pulses
per train, diffraction patterns corresponding to the shapes of cubes
and octahedra could be observed, but a high fraction of the diffrac-
tion patterns appeared to originate from spherical particles (see
Table 1 and third column of Fig. 2). This was found to be caused
by the melting of particles in the wings of the previous XFEL pulse
in the train, as the particles approached the focus. To reduce this
occurrence, we therefore reduced the intra-train repetition rate

from 1.1 MHz to 550 kHz, providing only half the available pulses;
further reduction of the repetition rate was tested but not found to
be necessary. This reduced-rate mode was used to collect most of
the data for the three larger samples (but not the cub17 sample).

3. SINGLE-HIT SELECTION BY 2D
CLASSIFICATION

Frames with diffraction from particles were detected by setting
a threshold on the number of pixels in the AGIPD detector that
recorded atleast one photon. Unfortunately, notall the particles are
of interest, even accounting for the heterogeneity. The extraneous
patterns include those from spheres formed after melting, multi-
particle aggregates, and other possible contaminants. In previous
work, either manual selection [10,13] or manifold learning meth-
ods [12,24] have been used to classify patterns and reject outliers.
We adopt an alternative approach, similar to one commonly used
in cryo-EM [25], but implemented in diffraction space. Two-
dimensional orientation determination into multiple models was
performed in the detector plane using the EMC algorithm [16,26]
implemented in Dragonfly [27]. The in-plane rotation angle (6)
and relative incident fluence (¢) of each diffraction pattern were
determined collectively, and multiple independent 2D intensity
models were reconstructed. Each of these intensities represents an
average of aligned copies of a subset of the patterns from the whole
set. In addition to the EMC algorithm being highly noise tolerant
[7,28,29], one can also use it to examine the average models to
understand what type of particles are in the dataset.

In this experiment, 50 random white noise 2D intensity models
were used as initial guesses to perform the classification for each
sample, using only the low resolution part of the detector high-
lighted at this stage (Fig. 1). Some of the reconstructed intensities
are shown in Fig. 2. The first two columns of the figure show rep-
resentative examples of “good” models of each sample, chosen
manually to be those with high contrast and strong streaks for fur-
ther processing. The third column shows an average of diffraction
from rounded particles (except in the cubl7 case where a dimer
average is highlighted). These models were used to determine the
sphere fraction shown in Table 1. Finally, the last column shows
low-contrast models where a diverse set of particles was averaged.
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Fig.2. 2D dlassification. Representative examples of reconstructed 2D models shown on a logarithmic scale, with each row representing a different sam-
ple. The numbers indicate how many patterns had that model as the most likely one. The first two columns show models selected for further processing.
The third column shows diffraction from rounded/spherical particles, except in the cub17 case where there were no spherical particles and the model shows
diffraction from a dimer instead. The fourth column shows some of the low-contrast models generated by averaging patterns from a diverse set of particles.

The resolution at the edge of the circle is 3.3 nm.

A. Single-Shot Characterization

The 2D classification also enabled the analysis of size heterogeneity
from those models where the faces of the nanoparticles were paral-
lel to the x-ray beam. In these cases, one observes strong streaks on
the detector, and the fringe spacing indicates the distance between
these parallel faces. The size distributions of the samples inferred
this way are shown in Fig. 3(a). The octahedral samples had a
much broader size distribution than the cubic ones. While some
of the breadth of the peaks is due to apparent size variations when
the faces are not perfectly parallel to the beam, the much broader
size distributions of the octahedra suggest that they had more
heterogeneity.

In addition, the octahedra were also noticeably asymmetric, as
seen in Figs. 3(c) and 3(d). These histograms were made by iden-
tifying patterns that belonged to models with two strong streaks
(e.g., top left model in Fig. 2). Another run of 2D classification
with just these two-streak patterns showed no variation in the angle

between the streaks, but only in the fringe spacing. This is to be
expected since the angle is fixed by the (111) growth direction,
while the size is not restricted by symmetry. The equivalent figures
for the cubic samples showed no asymmetry.

Due to the low polydispersity of the cubes, they were used to
determine the incident fluence distribution of the x-ray beam.
Since the Fourier transform of a cube is the product of three
orthogonal sinc functions, the size fitting procedure also gener-
ated a predicted incident fluence. The distribution from 102,480
patterns is shown in Fig. 3(b), yielding a maximum fluence of
around 60 WJ/um?, which leads to a lower bound estimate of
around 540 pJ in the focal spot from the measured spot size. The
actual fluence was likely higher, as the particles were not ideal
cubes and the scattering efficiency is reduced at high fluences [30].
One can also see that most diffraction patterns were obtained
with lower incident fluences, because the particles interacted with
the outer regions of the x-ray focus. The expected behavior of a
Gaussian focal spot is shown as a red dashed line and shows a much
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Size and incident fluence distributions from 2D classification. (a) Size distribution for the four samples. The sizes are represented by the distance

between opposing parallel faces. The cubes have narrow distributions, while the octahedral distributions are broader. (b) Distribution of incident fluence on
the particle calculated from the cub42 sample assuming they are ideal cubes. The red dashed line represents the expected behavior from an ideal Gaussian
focus weighted by the measured pulse energy distribution. (c), (d) 2D histogram of size distributions from two-streak patterns for the oct 30 and oct 40
samples, respectively. High density in the off-diagonal regions suggests the particles are asymmetric. The horizontal axis represents the brighter of the two

streaks.

lower fraction of weak hits [31]. This difference can be accounted
for by the stronger wings of the x-ray focus than for a Gaussian
spot, which are also responsible for the melting observed at high
repetition rates.

4. 3D RECONSTRUCTION WITH STRUCTURAL
SORTING

The fraction of good hits used for 3D structure reconstruction
varied from 17% for the cube samples to around 60% for the
octahedra (Table 1). The 3D intensity distribution was obtained
using these patterns before recovering the structures by performing
phase retrieval using a combination of the difference map and error
reduction algorithms [7]. For computational efficiency, the 3D
orientations were first determined using the low-resolution part of
the detector where the corner resolution was 3.3 nm. A refinement
procedure similar to that developed for serial crystallography with
the EMC algorithm [32] was used with the whole detector to get
the full-resolution 3D intensities. In this procedure, only orienta-
tions in the neighborhood of the most likely orientation of a given
pattern from the low-resolution run were searched.

A. Octahedral Samples oct30 and oct40

For the octahedra, the results from this conventional single-model
approach are shown in Fig. 4(a). The intensities have noticeably
lower contrast than the equivalent slices in the 2D models. From
the size distributions seen in Fig. 3, this could be attributed to
structural heterogeneity. To counter this, the patterns were prob-
abilistically partitioned into five intensity volumes in a manner
equivalent to the 2D classification procedure. However, the initial
guesses were not random white noise, but rather isotropically
stretched/scaled versions of the single model reconstructed above.
Five models, with stretch factors ranging from 0.9 to 1.1 were used
as these initial seeds. The rest of the reconstruction proceeded
without any restraints between these models or any symmetry
constraints.

Once again, this structural sorting was performed at low reso-
lution before refining the orientations of a subset of patterns from
a single model to get full-resolution intensities. Slices through the
3D intensity for the oct30 sample are shown in Fig. 4(a). The left
column, showing the single-model reconstruction with 1.4 million
patterns has noticeably worse fringe contrast and background than
the equivalent slices in the right column or in the first two columns
of the 2D classification output shown in Fig. 2. The homogeneous
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Fig.4. Effect of structural sorting. Comparison of 3D intensity reconstructions for the octahedra before and after structural sorting. (a) Low-resolution
logarithmic intensities of the oct30 sample comparing the standard single-model reconstruction with one of the sorted models. The two rows represent
slices normal to an edge and vertex of the octahedron. (b) Likelihood gain distribution for the patterns shared with the sorted model shown in (a). The blue
and red curves show distributions for weak and strong patterns, as identified by the relative fluence factor ¢, respectively. (c) Same gain plot for the oct40
sample. (d) Two-streak size histograms [Fig. 3(c)] for the oct30 sample separated into the five reconstructed models.

set had 0.53 million patterns selected using the multi-model
EMC reconstruction. The visual improvement is accompanied
by an increase in likelihood of the model intensities outside the
central speckle for the common patterns in both sets, as shown
in Fig. 4(b). The filled histogram shows the distribution of the
per-pattern increase in likelihood, which we refer to as likelihood
gain (see Supplement 1, Section 6), while the two traces show the
distributions for weak (relative scale 0.5 &= 0.1) and strong (relative
scale 2.0 £ 0.1) patterns. The latter shows how brighter patterns
are more selective towards an improved model. Figure 4(c) shows
the same information for the oct40 sample, where the gain ratio is
smaller, but still greater than one. The 2D size distributions shown
in Fig. 3(c) were re-calculated for each subset of patterns belonging
to the five models and plotted in Fig. 4(d), confirming the different

sizes for each model, but also exhibiting a simpler structure than

that of the full dataset.

B. Cubic Samples cub42 and cub17

For the cubic particles, a single-model 3D reconstruction was
deemed sufficient, due to the relative monodispersity of the
sample. The selection of good hits from the 2D classification was
more stringent, including only high-contrast cube-like patterns.
The incident fluence factors were estimated in the first few itera-
tions where the calculated probability distributions were broad and

then later kept fixed (see Supplement 1).
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Phase retrieval. (a) Isosurface plots of electron densities recovered after phase retrieval (scale bar is 40 nm). The asymmetric structures of the octa-

hedra are clearly evident (see Visualization 2 and Fig. S7). (b) Smoothed phase retrieval transfer function (PRTF) measuring reproducibility of phases as a
function of ¢. The solid lines represent the azimuthal average PRTF conventionally used to determine the resolution of the structure. The shaded region
around each line indicates the range of values at each g. The typical 1/e cutoffis shown in black.

C. Phase Retrieval

The electron densities were reconstructed by performing 3D
iterative phase retrieval on the full-resolution intensity volumes
(see Visualization 1 for details and Fig. S6 for intensity slices).
Figure 5(a) shows the reconstructed electron densities as isosurface
plots. The contour levels were chosen where the gradient of the
density was highest. Other views of the particles are shown in Fig.
S7. The phase retrieval transfer function (PRTF) metric as a func-
tion of wave-vector ¢ is shown in Fig. 5(b). This metric is a measure
of the reproducibility of recovered phases when starting from 128
random models. The 3D PRTF distribution was smoothed using
a Gaussian kernel with a width equal to one-third of the fringe
width. The shaded region around each line shows the range of
values in each ¢ shell, highlighting the strong anisotropy of the
metric due to the faceted nature of the objects. The intersection
with the common 1/¢ threshold determining the resolution is
shown in Table 1. The resolution normal to the flat faces is 2 nm
or better for all samples, while the resolution is relatively low, far
from any strong streaks in Fourier space. This angle-dependent
resolution is a property of the diffractive-domain averaging before
phase retrieval, but also due to the strongly faceted shape and
lack of internal structure of these objects, both of which are not
representative of biological objects.

5. CONCLUSION

We have demonstrated an order-of-magnitude increase in data
collection efficiency along with much higher imaging resolution
than previously achieved for x-ray single particle diffractive imag-
ing, setting a template for future SPI experiments at the European
XFEL and elsewhere. We have also shown that with these large data
sets, one can structurally sort the particles and average a narrow
size and shape range to obtain higher resolution. A similar problem
is expected to be faced when imaging biological particles, and
the method developed here shows the way towards overcoming
conformational variability in the Fourier domain.

Although we benefited from the strong scattering cross section
of gold compared to organic materials, with the commission-
ing of a sub-micrometer focus at the SPB/SFX instrument, we
can expect comparable signal strengths from organic materials.
Unfortunately, smaller x-ray foci would also mean lower hit ratios
with the current sample delivery setup. Improvements could be
made through optimized focusing for the targeted size distribution
[17] or cryogenic injection systems [19] that additionally allow
conformational selection [33]. Another approach is to keep using
the larger focus and conjugate the particles with AuNPs to assist
hitfinding and orientation determination [34]. The effective hit
rate can also be increased by using more pulses in each train from
the European XFEL (max. 2700) than the AGIPD detector can
save (max. 352) and vetoing in real time those frames that do not
contain diffraction signal.

The class of experiments exemplified here can also be applied
to study rare events such as transient states in a spontaneous phase
transition or high-free-energy states. Since each image is collected
serially, one can identify relevant subsets corresponding to interest-
ing states without averaging over all patterns. In this work, we have
taken the approach of treating the objects as general 3D contrast
functions with no  priori information. One can also envision a
parameterized refinementapproach that should enable a finer char-
acterization of the structural landscape of the ensemble. Another
direction for future development is the automatic classification
of 2D intensity models to find the ones that correspond to single,
non-spherical particles. In addition to improving the efficiency of
the applications mentioned above, this would also enable the study
of highly heterogeneous samples where the motifs themselves vary

[35,36].
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