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ABSTRACT

The spatial resolution of x-ray free-electron laser (XFEL) coherent diffraction imaging is currently limited by the fluence of XFELs. Here, we
clarify this issue by systematically studying the diffraction with a SPring-8 angstrom compact free electron laser XFEL on gold nanoparticles of
size from 10 nm to 80 nm in water solution. The coherent x-ray diffraction patterns obtained from single XFEL pulses were quantitatively ana-
lyzed using a small-angle x-ray scattering scheme along with computer simulations. The results show that the detectability of Au nanoparticles
can be described by a “master curve” as a function of total electron density, particle size, and x-ray fluence. The difficulty in detecting a small
particle under the current XFEL fluence, however, could be largely eliminated by the image enhancement effect through interference from a
strong scattering nanoparticle nearby. We investigate this image enhancement effect by quantitatively analyzing the two-particle scattering
from Au nanoparticles, and further, applying it to detect a weak biological object of influenza virus with the aid of an Au nanoparticle.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5129406., s

I. INTRODUCTION

In the wake of the inauguration of the first two x-ray free-
electron laser (XFEL) facilities, the Linac Coherent Light Source
(LCLS) at SLAC in 20091 and the SPring-8 Angstrom Compact
free electron laser (SACLA) at SPring-8 in 2012,2 intense interests
have emerged to explore the structure and dynamics of both mate-
rial and biological systems with the employment of unprecedented
brilliant femtosecond x-ray pulses. The highly coherent nature of
XFEL beams has promised the lens-less x-ray imaging technique, the

coherent x-ray diffraction imaging (CXDI), to achieve, in principle,
an image resolution of the wavelength of x-ray photons, which is
particularly attractive for the study of complex and disordered sys-
tems.3–5 In addition, the ultra-short x-ray pulses of the XFEL enable
a “diffraction before damage” strategy6–8 to allow for CXDI to access
radiation-sensitive specimens, such as living cells9 and active catalyst
structures.10

It is well known that in current XFELs, the beam fluence is
still insufficient, in particular, for biomolecules <10 nm11 to scat-
ter enough photons at a high angle required for high-resolution
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image reconstruction.12 To circumvent the limitations imposed
by the beam fluence, a number of reports have addressed the
ways of enhancing signals by exploiting the coherent nature of
the x-ray sources.13–18 However, a quantitative understanding of
how the beam fluence would limit the scattering has remained
unclear.

In this report, we systematically investigate the intensity issues
of coherent x-ray diffraction (CXD) by performing in-solution one-
particle scattering of Au nanoparticles (AuNPs) of sizes ranging
from a few nanometers up to ∼80 nm, recovering the missing cen-
tral intensities by iterative phase-retrieval technique, and analyzing
them with the framework of conventional small-angle x-ray scatter-
ing (SAXS) with validation by computer simulations. By plotting the
scattering intensity at zero momentum transfer extrapolated from
the experimental data of AuNPs of different sizes, a master curve
was established. This curve compares well with the ideal one calcu-
lated from AuNPs of known electron densities and where the curve
vanishes defines the particle detectability, explaining that the current
XFEL fluence at SACLA (1012 μm−2) and those at all other facilities
with similar fluence, is insufficient to allow the detection of <10 nm
particles.

Since the ultimate goal of this line of investigation is to develop
a photonics strategy to detect the weak scatters of biological objects,
we explore the possibility of enhancing the detection of smaller
scatters that are excluded by the “master curve” using the hetero-
dyne interference effect. To this end, we first quantify the image
enhancement effect in the Young’s interference patterns generated
from two-particle scattering16 under our experimental conditions.

Our experimental results demonstrate that the enhancement effect
conferred by a 40 nm AuNP can reveal an otherwise invisible sin-
gle particle of 20 nm AuNP nearby. Next, we applied this technique
to a specimen of a mixture of AuNP (40 nm) and influenza virus
(100 nm). It is noted that the influenza virus is a two-component
system that has an electron-dense genome encapsulated by a pro-
tein coat. Notably, plausible densities accommodating the genome
materials stood out in the reconstructed image, demonstrating this
enhancement effect as a provisional remedy for imaging weakly scat-
tering biological objects in solution before the eventual increase in
the XFEL fluence.

II. EXPERIMENTAL SETUP AND ANALYTIC METHODS

The CXDI measurements were performed in six separate runs
during a three-year period at beamline 3 (BL3) of SACLA19 with a
photon energy set at 4 keV (6.4 × 10−16 J/photon or 3.1 Å) and a
pulse duration of ∼10 fs.20 The pulse energy (in micro Joule) var-
ied in each run and fluctuated in a range of standard deviation
(SD) from 6% to 12% [see Fig. 1(a)]. At BL3, a pair of Kirkpatrick–
Baez mirrors focus the beam at the sample position to a spot of a
full width at half maximum (FWHM) ∼1.5 μm20 to achieve a flu-
ence of ∼1012 photons/μm2, higher than the nominal annual fluence
at SACLA (1.6 × 1014 photons/mm2).21 For a single nanoparticle
with a known electron density (e.g., gold), the size of the particle
and the location of the particle in the x-ray beam can be inferred
from SAXS intensity analysis, as discussed below in detail. Single-
shot CXD patterns were recorded with a multi-port charge-coupled

FIG. 1. XFEL pulse variations, the CDX
diffraction pattern, and the reconstructed
image. (a) The variations of the XFEL
pulse energy at the exit of the undula-
tor recorded in each experimental run.
The shots for single AuNP scattering that
present data in the text are marked with
open circles (◯). (b) The XFEL-CXD
pattern of a 60 nm AuNP from a shot
[red filled circle in Fig. 1(a)]. The central
region that is missing due to the beam
stop is computationally masked. (d) The
reconstructed image by phase-retrieval
from (b). (c) Back transformed pattern of
(d), where the central region is now filled.
The scale of the color bar in the diffrac-
tion pattern is the logarithm of photon
counts and in the phase-retrieved image
is linear (a.u.).
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device (MPCCD)21 detector (2048 × 2048 pixels2) with a pixel size
of 50 μm. In our experiments, the detector was located at 1.51 m
from the sample.21 At such a detector distance, the edge of the
MPCCD corresponds to a cutoff scattering vector q = 0.7 nm−1,
where q = (4π sin θ/λ) with λ, the wavelength and 2θ, the scatter-
ing angle. For the particle size of 40–60 nm of AuNPs, the detec-
tor can cover a q range in the flat Guinier region to accommodate
several intensity oscillations in the SAXS curve so that the quantita-
tive data analysis can be performed.22 These experimental param-
eters also determine the ceiling of image resolution of the CXD
measurements.

The AuNPs were chosen for our model study because one
of the main parameters in the SAXS analysis, the electron den-
sity of the sample (gold, ρAu), is known. The AuNPs employed in
the study have particle sizes, as taken from the labels of the sup-
plier (BBI Solutions, UK), of 10 nm, 20 nm, 40 nm, 60 nm, and
80 nm. All samples used in the experiments were subjected to the
cryo-electron microscopy examination before the x-ray measure-
ments. The nanoparticles were prepared in water solution sealed
in micro-liquid enclosure, as in the previous pulsed coherent x-ray
solution scattering (PCXSS) method.9 In brief, the solution sam-
ple is loaded in a micro-liquid enclosure array (MLEA) chip.9 One
MLEA chip contains 24 × 24 independent micro-liquid enclosures
separated by partitions and holds the solution sample in between
two thin SiN membranes with a solution layer thickness of 2 μm.9

Since the elastic mean free path of 4 keV x ray for water is 1.4 cm,
∼104 times of the water column here, it is reasonable to assume
that the elastic scattering occurs at most, either by the sample or
by the water molecule. Each liquid enclosure has an x-ray illumi-
nating window of 20 × 20 μm2 in size and the window frame acts
as a guard slit in the sample plane to reduce parasitic scattering
from upstream optics. The MLEA chips were mounted in the mul-
tiple application x-ray imaging chamber (MAXIC) that was kept in
a vacuum of ∼10−3 Pa.23 For each sample, the particle concentra-
tion in the liquid solution was adjusted to maximize the probability
of only one particle to be intercepted by the XFEL beam. In our
measurements, the hitting rate, i.e., the probability of the 1.5 μm
beam to hit some nanoparticles, was found to be about 5%–10%
that is comparable to those in aerosol injector systems commonly
used in CXDI experiments.24 Among thousands of diffraction pat-
terns collected, we first grouped the diffraction patterns into dif-
ferent symmetric features, from which the patterns with a simple
concentric signature were selected for SAXS analysis [Fig. 1(b)].
Such “good” patterns count about 1% of the total patterns col-
lected. Many coherent x-ray diffraction (CXD) patterns containing
multi-particle scattering are excluded from further analysis for this
report.

The scattered intensity Isc(q) recorded by the MPCCD detector
element subtending a solid angle ΔΩ can be expressed as25,26

Isc(q) ≙ ΔΩI0(re)2∣F(q)∣2, (1)

where I0 is the incident x-ray intensity of the specific pulse [as
marked in Fig. 1(a) for the corresponding CXD pattern], re is the
classical electron radius (2.8 × 10−15 m), and ΔΩ is the solid angle
that is estimated to be 1.1 × 10−9. |F(q)| is the absolute value of the
form factor, as determined from the measured CXD pattern. It is
noted that the quantum efficiency of the MPCCD at 4 keV is about

99%.21 When a finite object is illuminated by a coherent x-ray beam
and its far-field diffracted waves fulfill the Born approximation, the
form factor F(q) is the Fourier transform of electron density ρ(r):26

F(q) ≙ −∞∫
∞

ρ(r)e−iq⋅rdr. (2)

Since the anomalous scattering and Ewald sphere curvature
can be neglected for the present study, we assumed the validity
of the phase the object holds,27 and thereby, centro-symmetrized
the measured diffraction patterns,28–30 and 4 × 4 binned them
to improve the signal-to-noise ratio (S/N). Practically, sometimes
the intensity in the fourth quadrant is blocked by a beam stop
due to the experimental setting, and the resultant missing diffrac-
tion would hamper the reconstruction of the real space image,
for which centro-symmetrization can be used for mitigation. A
home-built program which combines the guided hybrid input–
output (GHIO)31 algorithm and the shrink-wrap (SW)32 algorithm
was employed to retrieve the phase from the diffraction pattern to
reconstruct the image. The reconstruction started with an initial
support derived from the inverse Fourier transform of the mea-
sured intensity. At the end of each generation of the reconstruc-
tion, the copy with the lowest Fourier-domain error EF is selected,
with EF as

EF ≙
∑q ∣∣F(q)∣ − ∣K(q)∣∣

∑q ∣F(q)∣
, (3)

in which K(q) is the Fourier transform of the reconstructed electron
density ρ(r). In |K(q)|, the missing information in the central region
is restored.

Figure 1(b) shows a typical pattern from a single spherical
60 nm AuNP. For a good set of data, the GHIO analysis usually con-
verges at the tenth generation of iteration to an error factor EF 0.18
based on comparing the background corrected pattern [e.g.,
Fig. 1(b)] and the back-transformed pattern [e.g., Fig. 1(d)]. For the
AuNPs with sizes less than 80 nm, the intensity data collected by the
MPCCD detector at 1.51 m is sufficient for such analysis. We note
that the measured intensity data in our experiment falling below
the noise level for q > 0.5 nm−1 in spite that gold is a very strong
scatterer.

The experimental SAXS intensity curve, which is of one dimen-
sion, is obtained from circularly averaging the two-dimension
diffraction intensities at given radial scattering momentum trans-
fer denoted by vector q. The CXD patterns of spherical particles
are then subjected to detailed SAXS intensity analysis to determine
the “goodness” of the data. A good data should show a flat curve at
the low q region and some intensity dips at high q. As an example,
the SAXS curve is shown as a black open circle in Fig. 2, which is
obtained from Fig. 1(c). The experimental SAXS curve is compared
with a simulation based on a spherical hard-wall model33

Isphere(q,RAu) ≙ ∥FAu(0)∥2∥3 sin(qRAu) − (qRAu) cos(qRAu)
(qRAu)3

∥2,
(4)

FAu(0) ≙ 4
3
π(RAu)3ρAu ≙ VAuρAu, (5)
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FIG. 2. The SAXS intensity curves of AuNP: open circle represents experimental
points; red solid line represents the fitted curve with Gaussian σ = 0.015; green
solid line represents a simulated curve of a spherical AuNP particle of the diam-
eter 61 nm that matches the nodes in the experiment points; and blue solid line
is a simulated curve of a 20 nm AuNP. Note that the experimental curve of a
20 nm AuNP is not available. The inset is the simulated electron density profile in
comparison with the profile retrieved from measurement as in Fig. 1(c).

where RAu is the radius and VAu is the volume of AuNP. To model
an ideal master curve of AuNPs, the electron density of the fcc Au
crystal (4633 e−/nm3) is applied to ρAu.

Bymatching the oscillations on a curve calculated from amodel
of spherical hard-wall using Eq. (4) (e.g., green curve in Fig. 2) with
the nodes in the measured intensities, the radius of an Au particle
can be determined. With the assumption of a spherical shape, the
volume of the sample can be estimated. To further render the calcu-
lated SAXS intensity comparable with the experimental one, Gaus-
sian smearing (σ) using Eqs. (6) and (7) below is performed using
a kernel34 that takes account of the blurring by instrumentation
factors,

IGs(q) ≙ ∫
q′
g(q − q′, σ)Isphere(q)dq′, (6)

g(q, σ) ≙ 1√
2πσ

exp∥− q
2

2σ
∥. (7)

Finally, the calculated curve is shifted to the lower intensity
to match the measurement in the flat Giunier region to take into
account the effect of the particle location relative to the beam center.

It can be readily seen from Eqs. (1) and (5) that the scattering
intensity at zero momentum transfer is proportional to the x-ray flu-
ence on the sample and the square of the total electron density of the
particle, i.e.,

Isc(0) ≙ ΔΩI0(re)2∥VAuρAu∥2. (8)

However, it should be noted that when the medium effect can-
not be neglected, the density should be replaced by the difference
in densities between the particle and the medium. The scattering

intensities from a hydrated protein would become35–37

Isc(0) ≙ ΔΩI0(re)2(VAu)2(ρprot − ρsolu)2, (9)

where ρprot is the number of electrons per mass of dry protein and
ρsol is the density of electrons of water, and u is the partial specific
volume of protein. These values are 3.22 × 1023 e−/g, 3.34 × 1023

e−/cm3, and 0.73 cm3/g, respectively.35

III. RECOVERY OF MISSING F (0) FROM THE
DIFFRACTION PATTERN

To perform the Giunier analysis required for a SAXS scheme, it
is important to use the low q information. Unfortunately, these data
are missing from the diffraction pattern because the central region
is masked due to the beam stop [e.g., Fig. 1(b)]. To recover those
missing data, we first subtracted the background from the diffrac-
tion pattern, and then, retrieved the phases for the pattern [Fig. 1(b)]
using GHIO31 to obtain a reconstructed image [Fig. 1(d)]. By back-
transforming the image, a new pattern was obtained, in which the
information at low q was restored [Fig. 1(c)]. Circularly averag-
ing the new 2D diffraction pattern produces a 1D SAXS curve (see
Fig. 2). As the scattering intensities depend on the fluence that varies
from shot to shot, we normalized the intensity based on Eq. (1) to
make the comparison on the same ground. The obtained [F(0)]2

represents the effective scattering intensities free from the instru-
mentation parameter, such as the beam fluence. It can be readily
seen from Eq. (5) that the F(0) reflects the total number of electrons
of a sample in the ideal case. When the F(0) is determined from the
experimental data, we endow it to the total number of “effective”
electrons.

IV. SAXS ANALYSIS AND MASTER CURVE

Figure 2 shows an experimental SAXS curve (red line) fitted
to the measurements (empty circles) from an AuNP particle from
the batch of 60 nm. This curve agrees well with a calculated SAXS
curve (green line) using a model of 61 nm AuNP sphere at the
oscillation for q < 0.23 nm−1. Furthermore, the electron density pro-
file in the image reconstructed from the measured pattern agrees
with that from the simulation of an ideal sphere model (see the
inset of Fig. 2). By integrating the total charges in the 2D den-
sity map (see the inset of Fig. 2) and dividing it over the volume
of a 61 nm sphere, we obtained 4310 e−/nm3, the effective total
electron density of the Au particle. Remarkably, this value agrees
well with that of fcc Au (4633 e−/nm3). However, the experimen-
tal curve evidently deviates from that of a sphere for q > 0.23 nm−1,
which indicates that the actual particle is not an ideal sphere. In
fact, different shapes of particles from the same batch of AuNPs
were observed by cryo-EM prior to the XFEL CDX experiment,
including rounded fcc nanocrystals, ellipsoidal, and spherical parti-
cles (data not shown). Nonetheless, the deviation in the SAXS curve
at a high q does not affect the estimation of F(0), the total number of
electrons.

All the shots that give “good” spherical patterns of AuNPs, as
marked in Fig. 1, are selected and similarly analyzed. The average
standard deviation of pulse energy of these good shots is 11.55%.
Assuming that the beamline optics delivered a photon flux at the
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FIG. 3. The master curve of “normalized” scattering intensity F(0)2 vs AuNP parti-
cle size (volume). The solid black curve is the simulated scattering intensity based
on a hard sphere placed at the beam center; the black filled circles are the calcu-
lated scattering intensity of 10 nm, 20 nm, 40 nm, and 60 nm AuNPs, respectively,
where the dotted curves denote the simulated scattering intensity when the sam-
ple is away from the beam center, by 0.75 (gray), 1.3 (red), and 1.6 μm (pink),
respectively. Green filled circle represents the simulated intensity from the capsid
of a Rift Valley fever virus particle of 100 nm. The experimental data shown are red
open circle, single 40 nm AuNP; red open square, single 60 nm AuNP; red filled
circle, twin 40 nm AuNPs; and red filled triangle, twin 20 nm AuNPs. The inset is
the intensity profile of a Gaussian beam with a FWHM of 1.5 μm.

sample position in a consistent way from the source, the intensity
data collected in different pulses can then be normalized using the
measured pulse energy. Figure 3 summarizes the experimental scat-
tering intensities [F(0)]2 from all “good” data obtained from spher-
ical AuNPs together with a theoretical [F(0)]2 curve (black line)
calculated using Eq. (5). In Fig. 3, we observe that the scattering
intensities from AuNPs of a given size are well clustered but devi-
ate from the theoretical curve. We have noticed this discrepancy in
individual SAXS curves. As shown in Fig. 2 (e.g., the green curve),
there is a sizable gap between the measured intensity and the calcu-
lated curve in the flat Guinier region (low q). This mismatch cannot
be quantitatively explained by the detector performance or the sam-
ple system since the detector quantum efficiency at the wavelength
used here (3.1 Å) is close to 100% and the attenuation by a 2 μm
water column is insignificant. Instead, this deviation can be largely
accounted for by modeling the particle location away from the peak
position of the beam with a profile with a Gaussian with a FWHM
∼ 1.5 μm (inset of Fig. 3).

V. AuNP PARTICLE SIZE ANALYSIS AND THE LIMIT IN
XFEL SINGLE PARTICLE IMAGING

The beam profile effects can also explain the low probability of
obtaining “good” data since the chances of a single spherical AuNP
situated inside the 1.5 μmzone of the x-ray beam are rare. The results
shown in Fig. 3 allow us to assess the limit in imaging AuNPs by
CXDI. Experimentally, faint speckle signals from a 20 nmAuNP can
be observed in the flat Guinier region (low q) but attempts to recon-
struct the image were unsuccessful due to photon-limited data at a
high q.We found the scattering of a 20 nmAuNP above q = 0.3 nm−1

is below ten photon counts in the 4 × 4 binned data. The low qual-
ity speckle signals in the low q together with the signal cutoff at the
high q conferred by a 20 nmAuNP suggest that the detection limit of
CDXI imaging at this beamline is set. As the detector performance
and the reconstruction algorithms are not the limiting factors, we
conclude the detection limit is largely dependent on the fluence.

Although a single 20 nm AuNP could not provide the [F(0)]2

due to the failure of convergence in image reconstruction, the strip
patterns of two 20 nm AuNPs (a twin particle) in the Guinier region
could be observed in several samples, from which [F(0)]2 could
be extracted. The obtained values of such twin particles also fol-
low the master curve nicely (triangle data points in Fig. 3). The
[F(0)]2 measurements were then similarly obtained from a twin
40 nm particle, also presented in Fig. 3 for comparison. The abil-
ity to reconstruct twin 20 nm particles but not a single 20 nm
particle is due to the heterodyne amplification effect that raises
S/N in the high q region.16 With the beamline BL3 at SACLA that
delivers 4.0 keV x-ray photons (3.1 Å) with a flux on the order
of ∼1012 [photons/(μm2/pulse)], which is achieved with the aid of
the KB mirror for focusing to a beam size of 1.5 μm, our results
suggest that achieving the CXDI of a smaller particle, say 5 nm
AuNP, entails an increase of the fluence by at least three orders of
magnitude.

VI. ENHANCING VISIBILITY OF WEAK SCATTER USING
HETERODYNE INTERFERENCE

The merit of taking the diffraction image by CXDI is that the
phase information encoded in scattered photons is recorded. If there
are two particles in the field, they can be identified given the resulting
CXD pattern has a stripe feature. Following the heterodyne holog-
raphy principle described by Shintake,16 the phase information of
both scatters can be retrieved, for which we employed the GHIO
algorithm31 in analyzing the two-dimensional stripe patterns in this
study. The two particles are assumed to be in the same plane normal
to the beam in the analysis.38,39

Based on the master curve, the 40 nm AuNP can be read-
ily detected as a single particle. We, thereby, chose 40 nm AuNP
as a reference scatterer16 and explored the possibility of obtaining
experimental interference patterns between a 40 nm AuNP and a
smaller AuNP, for which we mixed 40 nm AuNPs with 20 nm,
10 nm, and 5 nm AuNPs, respectively, in this study. Experimen-
tal CXDI patterns from the mixture of 40–10 nm and 40–5 nm
gave poor S/N such that the GHIO analysis failed to yield mean-
ingful results. As shown in Fig. 4(a), the strip patterns from
twin 40–20 nm AuNPs provided a clear interference signature
with a good SNR to allow for image reconstruction [Fig. 4(b)].
The identity of this 20 nm AuNP is validated by the simula-
tions shown in Figs. 4(c) and 4(d), and is further supported by
good agreement between the measured electron density profile and
that of simulation [Fig. 4(e)]. In Fig. 4(e), we also documented
the simulation results of AuNPs of various sizes enhanced by the
40 nm AuNP. Notably, the total number of electrons of the par-
ticle estimated from the reconstructed density profiles of 40 nm,
20 nm, and 10 nm are 6.7 × 107, 7.3 × 106, and 7.5 × 105,
respectively. These values represent 45%, 39%, and 32% of the antic-
ipated figures, indicating that the enhancement effect only partially
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FIG. 4. Two AuNPs interference. (a) An
experimental interference pattern from a
strong scatter (40 nm AuNP) with a weak
scatter (20 nm AuNP). Note that the
missing central region is further compu-
tationally masked. (b) The reconstructed
image of (a). (c) The simulated interfer-
ence pattern from a 40 nm AuNP with
a 20 nm AuNP that is placed 135 nm
away to simulate the experimental inter-
ference. (d) The reconstructed image of
(c). (e) The electron density profiles of
the experimental image (◯) vs simu-
lated images (—) along the red line in
(b) and (d). The scale of the color bar is
logarithmic in the diffraction pattern and
linear in the reconstructed image (a.u.).

recovers the signals of the target. It appears that the smaller the tar-
get, the less the efficiency of recovery. This simulation study also sug-
gests that the two-particle enhancement scheme is able to extend the
detection limit of the current SACLA XFEL to an AuNP of 10 nm,
but perhaps not beyond.

VII. BIOLOGICAL APPLICATION

To explore if this fluence at a SACLA beamline can be extended
to weakly scatters, we targeted an influenza virus of ∼100 nm size40

since the early XFEL study with a lower fluence has demonstrated
the feasibility on a large virus of ∼1 μm.41 Our cryo-EM results con-
firmed that the native influenza virus of our preparation has the size
as reported [Fig. 5(f)]. The cryo-EM picture also reveals that the

shape of influenza is irregular42—it varies from spherical, oval, and
kidney shape.

To evaluate the feasibility, we first used an atomic model of
the virus like particle (VLP) of Rift Valley fever virus43 (RVFV)
to conduct simulation because the size of RVFV is similar to the
influenza, while the atomic model of influenza virus is not available.
It is important to notice that an influenza virus is a stronger scat-
terer than the VLP of RVFV that has only the capsid. Compared
to the VLP of RVFV that is empty inside, an influenza virus has
a genome inside. Spatially, an influenza virus is a two-component
system–it has a coat of 10 nm thickness and a compact core of
80 nm encapsulated by the coat [Fig. 5(f)]. The core is composed
of ∼14 000 RNA nucleotides organized on highly packed NP pro-
teins, much more electron-dense than the coat, as revealed by a
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FIG. 5. AuNP–virus interference. (a) An
experimental pattern of a strong scat-
ter (40 nm AuNP) with a weak scatter
of influenza virus. Note that the cen-
tral region is missing. (b) The recon-
structed image of (a). (c) A simulated
pattern of a strong scatter (40 nm AuNP)
with a weak scatter of VLP of Rift Val-
ley fever virus. (d) The reconstructed
image of (c). (e) The electron density
profiles of experimental (◯) and simu-
lated (—) images along the red line in
(b) and that in (d), respectively. (f) A
cryo-EM image of influenza virus from
the same batch of sample. Two virus
particles exhibit spherical and elongated
shapes. The scale of the color bar is
logarithmic in the diffraction pattern and
linear in the reconstructed image (a.u.).

cryo-EM image [Fig. 5(f)]. This RNA core is estimated to con-
tain approximately 3.5 × 106 electrons,44 while the associated pro-
teins contain 8 × 107 electrons. Due to the solvent effect,37 the
overall number of effective electrons of the associated proteins will
be reduced35,36 to approximately 2 × 107, while that of RNA is
much less reduced.45,46 Since this figure is close to but greater than
that of the 20 nm AuNP, it implies that an influenza virus in
water should still be detectable with the help of an enhancement
technique.

The simulation on the VLP of RVFV began with a scenario
without taking water into account. The RVFV VLP is an icosahedral
particle (T = 12)43 that uses a heterodimer as a building unit, where
each monomer has a molecular weight of 78 kDa. By using these
parameters and the estimated electron density of protein (Table I),
the total number of electrons of a RVFV capsid is estimated to be
∼6 × 107, as shown in Fig. 3 (green dot). Since this figure is between
that of 20 nm and 40 nm AuNP, it is logical to expect that it can be
detected by an enhancement technique in simulation. Indeed, this
expectation is corroborated by the simulation results of clear inter-
ference stripes [Fig. 5(c)] from an RVFV capsid and a 40 nm Au and
the resultant reconstructed image [Fig. 5(d)]. Notably, the recon-
structed density of RVFV capsid amounts to a total of 1.3 × 107

electrons, approximately half of that anticipated from an AuNP that
has similar number of total electrons. This result suggests that RVFV
would be undetectable when water is present.

To appropriately handle the influenza that are infectious, we
again exploited the hydrated enclosure for the XFEL imaging exper-
iment as we did for the AuNP. Although we were able to obtain
experimental speckle patterns from the bare influenza virus, the
image reconstruction failed to converge. We employed the 40 nm
AuNP as a reference scatterer for the influenza virus.Wewere able to
record the CXDI pattern from a sample containing influenza viruses
mixed with 40 nmAuNPs. Notably, in the interference pattern, there
are stripes of two different directions [Fig. 5(a)], suggesting that
there were two isolated objects. The image reconstruction did not
reveal the anticipated shape of influenza due largely to the lack of
resolution. Interestingly, two bright blobs were revealed [Fig. 5(b)].
The protein coat of influenza does not appear and this seems to be
consistent with the expectation from the RVFV capsid in water.

What then could be the identity of those blobs? First, an indi-
vidual blob spans approximately 50 nm in the electron density pro-
file that it can be accommodated in the core of influenza. Second,
the integrated number of electrons in each blob is estimated to be
∼1 × 107, in striking agreement with what is anticipated from the
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TABLE I. Electron densities, total number of electrons, and particle detectability in water with the current XFEL fluence.

Electron Total number of Image reconstruction
Particle densities (e−/nm3) electrons Diffraction (by phase retrieval)

60 nm Au 4300 4.9 × 108 Yes Yes
40 nm Au 4300 1.4 × 108 Yes Yes
20 nm Au 4300 1.8 × 107 Yes (poor SNR) Unsuccessful
20 nm Au 4300 1.8 × 107 Yes (with a 40 nm Au) Yes
10 nm Au 4300 2.2 × 106 No NA
100 nm RVFV ∼330 ∼6.0 × 107 Yes Yes
(coat, simul.) (protein only) (coat proteins) (simulation with a 40 nm Au) but close to background

100 nm Flu (expt.) >330 >1.0 × 108 Yes Unsuccessful
100 nm Flu (expt.) >330 >1.0 × 108 Yes (with a 40 nm Au) Yes
Protein coat of Flu (expt.) ∼330 (protein only) ∼4 × 107 NA
Protein core of Flu (expt.) ∼330 (protein only) ∼8 × 107 NA
RNA core Flu (expt.) >450 (from ribosome RNA)44 ∼3.5 × 106 NA

core materials. Given that both the size and the contained electrons
match well with those of the core of the influenza, we tentatively
designate those blobs to be the core of influenza virus. The diffi-
culty to examine the same “diffract-and-destroyed” sample after the
XFEL measurements makes the identification of the influenza virus
nearly impossible and warrants further investigations, perhaps with
better statistics. Nonetheless, whatever those blobs are, their density
does not allow them to be detected with our current XFEL without
heterodyne enhancement.

VIII. CONCLUSION AND DISCUSSION

A central mission of the developing XFEL is to realize the struc-
tural determination of biological objects as a single particle without
the need of crystal. The work on Mimivirus,41 a virus of extraordi-
nary size, had heralded a bright future when XFEL would be used
for imaging biological macromolecules of regular size with much
higher resolution. When the electron density map of a biological
macromolecule reaches near atomic resolution, the identity of the
object becomes self-evident. Recently, this possibility has been made
available, however, not by XFEL but its competing technique of
cryo-EM.47 The success of cryo-EM is largely built upon the nature
of electron—a high energy electron can give rise to a much greater
number of scattering events. In fact, a high energy electron is equiv-
alent to 104–105 x-ray photons. Since radiation damage with XFEL
can be circumvented by the strategy of “diffraction before destroyed”
while that with cryo-EM is by constraining the dose, it is perceived
that high-resolution structural biology with XFEL single particle
imaging will be realized with the ultimate increase of the fluence
that yields a sufficient number of scattered photons in the high q
region. Nonetheless, a road map with a quantitative framework had
been lacking until this work. In this report, we employ a quantitative
approach to explore the single particle detection limit of an XFEL
by using AuNP particles with sizes ranging from 80 nm to 10 nm
as benchmark scatterers. Specifically, we set up a detection crite-
rion based on “identification” using the total number of effective
electrons determined from the diffraction patterns. We found that

the particles of 60 nm reported total electron densities close to that
expected from gold atoms arranged in an fcc structure. Such agree-
ment with gas phase data indicates that a water column of 2 μm has
virtually little effect. When the particle size was reduced to 20 nm,
the phase retrieval became unreliable, suggesting that it represents
the detection limit of the XFEL beamline at SACLA. We also found
that the phase retrieval was feasible with twin particles of 20 nm. The
scattering intensity recovered at zero momentum transfer further
permits SAXS analysis, by which a master curve that describes the
total number of effective electrons with respect to the size of AuNPs
is established whereas the measured master curve deviated slightly
from the ideal one. The master curve in its normalized form has
universal significance since it is a function that only depends on the
size and scattering property of the particle, but not on instrumen-
tation parameters. However, where the curve vanishes does depend
on instrumentation parameters including photon fluence, and this
point defines the detection limit at an XFEL. This limit can be largely
eliminated, for example, by employing a high-fluence XFEL beam
of 106 J/cm2 and focusing it to a sub-micron spot at a new LCLS
beamline48 or other new XFELs (see Fig. 6).

Although the usage of the master curve can be straightforward,
we found that a naïve application of this curve established based
on AuNPs to biological objects was faced with challenges. Based
on the master curve, one would expect a 100 nm virus containing
genome is detectable as a single particle since the total number of
electrons is greater than that of the 20 nm AuNP. Unfortunately, it
is not the case in reality—image reconstruction from the diffraction
patterns of influenza failed to converge. We explained this deficit
by considering the effective scattering of protein in the presence of
water medium. The severity of this solvent-mediated contrast effect,
though well known in the Bio-SAXS community,36,46 is perhaps dis-
regarded by XFEL practitioners focusing on gas phase studies. This
issue of water is ubiquitous as long as the protein is wet—it is regard-
less of whether the object is carried using a jet41 or confined in an
enclosure.9 With the inclusion of the medium effect on a scatter,
the application of the master curve can be extended to biological
materials.
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FIG. 6. A family of ideal master curves under various fluences at the sample: Red
solid line, 1012 photons/μm2; orange solid line, 1015 photons/μm2; green solid line,

1018 photons/μm2; and purple solid line, 1021 photons/μm2. The unit of intensity is

counts/pixel and that of size is nm3. The curves are calculated using Eqs. (1) and
(5). The scattering intensities at zero momentum transfer from different sizes of
AuNP particles of spherical shape assuming the electron density of Au to be 4600
e
−/nm3 as in an fcc structure. ● 40 nm AuNP, ▲ 20 nm AuNP, and ∎ 10 nm

AuNP. The scale is logarithmic in the y axis and linear in the x axis (in unit of nm3).
The pink dashed-dotted line denotes the level calculated using 20 nm AuNPs,
which is the threshold of counts that allows for identification at 1012 photons/μm2.
The numerical values of this level are less than 30.

At the SACLA beamline used in this study, ∼1012 photons were
focused to a spot of 1.5 μm (FWHM) that the photons impinging on
a 20 nmAu are approximately ∼108. Despite that Au is a strong scat-
terer, the diffraction pattern is photon-limited—in the central region
there are less than 30 photons per pixel and the counts progressively
decrease to a noise level at a high q such that the phase retrieval
would hardly converge, hampering the identification of the mate-
rial through the determination of the total number of electrons. This
finding is consistent with a recent gas phase study on Xe nanopar-
ticles.49 Currently, diffractions of many nanoscale materials can be
obtained by XFEL, but the identification usually relies on correlated
electron microscopy imaging.50,51

As a provisional remedy for imaging weak scatterers with the
limiting XFEL fluence, we systematically analyzed the heterodyne
enhancement effect from two-particle interference in CXDI imag-
ing. This enhancement method, when applied to an influenza virus
with a 40 nm AuNP nearby, appeared to reveal the plausible content
of the virus. This work demonstrates that interference enhancement
is powerful in detecting a weakly scattering biological object that is
otherwise impossible. The conceptual framework of a two-particle
experiment with coherent x ray for biological application was raised
by Shintake,16 but it has been limited to characterizing the trans-
verse coherence of the XFEL beam.52 In Shintake’s proposal, the
enhancing AuNP is posed proximal to a biological molecule with
a linker of controllable length. We have attempted this approach by
using the AuNP functionalized with streptavidin (SA) protein, but

unfortunately ended up obtaining CXD patterns from aggregated
particles due to the fact that there are multiple streptavidin (SA)
molecules on an AuNP, whereas SA itself is also multi-valent.

In conclusion, our work establishes a framework for the quanti-
tative understanding of the role of x-ray fluence in the single particle
detection and provides the first experimental demonstration of the
heterodyne effect in enhancing a weakly scatter of biological parti-
cle such as a small virus with a fluence-limited XFEL. The usage of
the AuNP as a strong reference scatterer is simple and versatile for a
variety of native biological assemblies.
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