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Structure analysis of supra-molecular assemblies is of considerable interest in a wide range of
research fields, but also extremely challenging. Biomolecular colloidal particles, such as biological
vesicles or small unilamellar lipid vesicles, for example, measure only a few tens of nanometers, and
need to be probed in hydrated and functionalized environments. Small-angle X-ray scattering (SAXS)
is a well established technique offering high resolution in solution and at room temperature. However,
due to the average over an extremely large ensemble, SAXS yields information only about the average
structure (size and electron density profile). Many structural details are lost or screened by
polydispersity, as well as by powder averaging. To overcome these limitations, we study single
vesicles sequentially by coherent diffractive X-ray imaging using femtosecond X-ray free-electron
laser (XFEL) pulses. For these experiments, single vesicles surrounded by a thin water layer are
delivered into a nano-focused XFEL beam by an aerosol injector. Following the ‘diffract-before-
destroy’ principle, the individual vesicles are probed on time scales where radiation damage has not
yet set in. This approach leads to the measurement of thousands of diffraction patterns that can now
be analyzed without limits associated with ensemble averaging.

Starting with the first X-ray diffraction experiments from liquids by Peter
Debye and Paul Scherrer1 more than hundred years ago, non-
crystallographic structure analysis by diffraction has become an enabling
tool for physical chemistry, materials science, supra-molecular chemistry,
pharmacology, and biochemistry. Small-angle X-ray scattering (SAXS), in
particular, provides structural and dynamic insights into soft-matter com-
plexes, macromolecules, and biomolecular assemblies, under near-native
conditions. The electron density distribution on larger scale can be derived
without any need for labeling, under conditions compatible with a wide
range of complex chemical environments2–5. The capability to probe supra-
molecular structure and assembly based on quantitative modeling also at
room temperature and in solution represents an essential asset for many
applications in biochemistry, molecular biology and physical chemistry.
Based on these properties, SAXS remains relevant even after the emergence
of novel powerful real-space microscopic techniques such as cryo electron
microscopy (cryo-EM) and super-resolution optical fluorescence
microscopy.

Self-assembly of amphiphilicmolecules is at the base of a wide range of
supra-molecular materials6–8 and cellular compartmentalization9. The
ability to form many different structures, often also denoted as lipid poly-
morphism, and the functional responsiveness of lipid assemblies to solution
propertieshave fascinated researchers for a long time. Lipid vesicles (LVs) of
different size and shapes, for example, are used as smart materials in drug
delivery, cosmetics, or as biosensors. Vesicles with a rich inventory of lipids
and proteins, for example, support a wide range of metabolic functions,
including protein secretion, hormone release, neurotransmitter transmis-
sion, and waste removal, just to name a few. Solution scattering with X-rays
(SAXS) and neutrons (SANS) has contributed to a quantitative under-
standing of vesicle structure10–13, assembly8,14, interactions15,16, and phase
transitions17,18.

But non-crystallographic structure analysis by diffraction comes at a
price: as an ensemble technique, it typically requires large volumes of the
analyte, homogeneous structure, and is also associated with an information
loss due to random orientations and polydispersity. These effects screen
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many of the detailed structural parameters, in particular of multi-
component systems. Considering again vesicles as an example, they may
containmany different lipid and protein species, and vary in size and shape.
The structural heterogeneity is shared with other biomolecular and supra-
molecular systems, and represents a biologically relevant property by itself,
which can for example informon the robustness of a biological function, the
yield of a synthetic pathway, or the effectiveness of purification. The advent
of high brilliance synchrotron radiation, in particular of the third and fourth
generation light sources, has substantially elevated the capabilities of SAXS,
in particular by extending the resolution, reducing the minimum con-
centration and volume, but at the same time has aggravated the risks of
radiationdamage.At the same time, a typical SAXS experiment still requires
a macroscopic ensemble average, for example on the order of 1010 lipid
vesicles in15. All structural parameters reported are hence averages over such
an ensemble. Serial acquisitions with nano-focused synchrotron radiation
and microfluidic sample delivery can help to probe smaller and less con-
taminated ensembles of biological particles, but not at the single particle
level. Furthermore, radiation damage in the highly focused beams would be
prohibitive19.

Contrarily, radiationdamage is outrunby the ultrashort pulse length of
X-ray free-electron laser (XFEL) radiation, based on the diffract-before-
destroy principle20,21. The vision of single particle diffractive imaging by
inversion of the coherent diffraction data has been a large science driver for
the development of XFEL sources, see refs. 22,23, for reviews of the state-of-
the-art. The rationale of single particle coherent diffractive imaging (CDI)
was to also get rid of themodel-based analysis, another property inherent in
all classical diffraction experiments, and to directly invert the diffraction
pattern. As was first shown with synchrotron radiation in ref. 24, and later
for single XFEL pulses in ref. 21, it is possible to invert a coherent diffraction
pattern directly by phase retrieval25, based on more or less mild priors or
constraints, such as compact support, range constraints of electron density,
or sparseness, for example. More recently, the inversion approach has been
extended to cases of multiple identical particles in the beam, exploiting
speckle contrast (so-called fluctuation scattering)26. Apart from constraints,
direct inversion, however, requires stringent sampling constraints in the
detection plane, oftentimes not available experimentally, for example due to
limitations of current detector pixel size and inter-module gaps for single
pulse acquisition. To this end, substantial instrumental efforts have been
invested in sources and beamlines, for example at the ’Single Particle Dif-
fraction’ instrument of the European XFEL27,28, as well as in sample delivery
by aerosol electrospray methods29, and finally the development of data
analysis. Starting from the first demonstration of single particle imaging in
two dimensions (2D) shown for the mimivirus30, and the first 3D
reconstructions31, to heterogeneous serial ensembles of small cell
organelles32, the field is now reaching the level of single proteins33–37. The
reconstruction of a diffracting particle in three dimensions (3D) has been a
particular challenge, and requires thousands of diffractionpatterns obtained
from identical particles probed in random orientations, which can be
recovered from a sophisticated Bayesian analysis38,39.

In this workwe adopt a different approach, exploiting at the same time
the power of single particle coherent diffraction with femtosecond XFEL
pulses, as well as of model-based analysis and signal accumulation by radial
averaging. We thus bring SAXS to the level of a single particle (SP) probe.
We use this SP-SAXS approach, to probe single lipid vesicles individually by
diffraction, and at high throughput based on sequential injection and high
repetition rate.With respect to conventional SAXS, this leads to a reduction
of scattering particles, contributing to a single diffraction pattern by 10
orders of magnitude! In contrast to the CDI examplesmentioned above, we
deduce structural properties by classical model-based diffraction analysis,
rather than by model-free inversion of the data, which failed under given
conditions of size, scattering strength, and detector gaps. Using the
robustness of least-square fitting with a well-justified structural model, we
can deduce i.e. radius R, ellipticity ε, and electron density profile ρ(r) from a
single diffraction pattern. Due to the priors inherent in the model as well as

the signal accumulation resulting from azimuthal averaging, this SP-SAXS
approach can exploit diffractiondata at higherq compared toCDI. Basedon
the ultrashort XFEL pulse duration20,21, this is possible at the single vesicle
level, unaffected by radiation damage. Histogramming structural para-
meters for the sequential stream of vesicle data, we can overcome the main
limitation of conventional solution SAXS, which is associated with poly-
dispersity and loss of information by ensemble averaging.

While model-free determination of a 3D structure directly from the
diffraction patterns by phase retrieval remains perhaps the most general
approach, it requires a stream of 104 − 106 identical particles, which is not
possible for many applications, such as the vesicles studied here. As in
studies of serial femtosecond crystallography, i.e. crystallography based on
sequential injection of nano-crystal, as well as in SAXS of smaller ensembles
of identical macromolecules injected by a liquid jet into a XFEL beam40, our
work shows thatmodel based diffraction analysis should not be superseded.
While the CDI approach is limited to identical or nearly-identical particles,
model diffraction analysis can analyze non-invertible data, without the need
to accumulate the signal from many shots, and is much more robust with
regard to sampling issues and detector technology. Moreover, the priors
inherent in the model can be leveraged, and the model can be formulated
directly in 3D, even if the data is only 2D. Aswe highlight for the example of
vesicles, relevant structural data can be derived frommodel fitting of single
diffraction patterns, in particular after slight signal accumulation by radial
averaging, arriving at the same data structure as in classical SAXS, but now
for a single particle. By extreme concentration of photons both spatially and
temporally, the scattering signal can be increased without being affected by
radiation damage.

Methods
Experimental concept
Experiments were carried out at the Single Particles, Clusters, and Biomo-
lecules and Serial Femtosecond Crystallography (SPB/SFX) instrument28 of
the European XFEL in Hamburg, Germany. Figure 1 presents the setup,
with a schematic of the SPB beamline with SASE 1 undulator41, focusing
mirrors, sample injector, and thedetector, aswell as schematics of the timing
scheme and aerosol injection. The experimental parameters are tabulated in
Table 1. The electron accelerator and SASE1 undulator were operated to
deliver femtosecond X-ray pulses with a photon energy of Eph = 6 keV and
an average pulse energy ofEpulse≈ (2.9− 3.15) mJ. A timing schemewith 10
Hzpulse trains, eachwith 352pulses, was used as visualized in Fig. 1 (c). The
average pulse energy of eachpulsewas determined by anX-rayGasMonitor
(XGM)42. The beamwas focused by Kirkpatrick-Baezmirrors (KBmirrors)
to a size of 300 × 300 nm2. The aperture in front of the KB was opened to
3.5 × 3.5 mm2. Vesicles were prepared from different lipids. Here we show
results for 1:1 mixtures of DOPS (1,2-di-(9Z-octadecenoyl)-sn-glycero-3-
phospho-L-serine) and DOPC (1,2-di-(9Z-octadecenoyl)-sn-glycero-3-
phosphocholine) at a lipid concentration of 10mM, purchased fromAvanti
Polar Lipids (Alabaster, Al, USA) in ultrapure water, see Supplementary
Note 1.1 for details on preparation. Vesicles were injected into the beam as
droplets using the Uppsala Aerosol Injector as described in ref. 29, which is
illustrated in Fig. 1 (d-f). Isolated water droplets containing single vesicles
were formed by an electrospray nebulizer. Excess water was evaporated by
inert gas (N2, CO2), leaving behind isolated vesicles, surrounded by a thin
layer of water. The integrity of the vesicles during aerosolization is key to the
present method. The concept is based on evaporational cooling after rapid
injection into vacuum which vitrifies the particle with its native hydration
shell. For this reason, aerosolized particles are considered to bemuch closer
to thephysiological state thana counterpartwhichwouldbedehydratedby a
conventional drying process.Apart from the SAXS results themselveswhich
offer a a posteriori confirmation that the vesicles are not collapsed or ripped
apart, the injection parameters and the size distributionwere also controlled
before the beamtime by differential mobility measurements. The particle
beamwas focusedby an aerodynamic lens stack, leading to awaist sizeof the
particle beam estimated to ≈ (30 − 50) μm. Due to this small size, a high
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particle density is achieved and the simultaneous arrival of a vesicle and the
X-ray pulse in the interaction region (i.e. the spatio-temporal overlap) is
more likely. The sample was continuously injected into the beam, and the
diffraction signal was recorded by a 1 megapixel Adaptive Gain Integrating
Pixel Detector (AGIPD 1M)43 at a distance of 1.73 m behind the sample
injection site. In the detection plane, the beam size was
1.7mm(hor. ) × 2.8mm(vert. ), corresponding to qmin = 0.049 nm−1. Data
was collected in runs of 5 minutes, resulting in 1056000 diffraction images
per run. Several runs were collected on each sample.

To determine the diffraction patterns containing events with single
vesicles in the beam, i.e. the so-called hits, a three-step hit-finding process
was implemented. First, the normalized scattering intensity and the number
of lit pixels were considered, and lower bounds for each were set. Second,
only those diffraction patterns were kept which exhibited the characteristic
maxima andminima of single vesicles, without signs of aggregation, such as

Table 1 | Beamline settings and parameters

Parameter Value

pulse energy (mJ) 2.9–3.1

photon energy (keV) 6

pulses/second 3520

pulse duration (fs) 25

beam size (FWHM) (nm2) 300 × 300

detector AGIPD 1M

detector distance (m) 1.73

pixel size (μm2) 200 × 200

# pixel 1024 × 1024

Fig. 1 | Instrumentation of single vesicle SAXS. a Rendering of a two component
unilamellar lipid vesicle. Note that while the bilayer thickness corresponds to about
≃ 3.5 nm, the radius R is not sketched to scale and smaller that most of the of vesicles
probed. b Schematic of the SPB beamline28 used for the experiments. The SASE1
undulator delivers a pulsed X-ray beam and the average energy of each pulse is
determined using an X-ray Gas Monitor (XGM)42. The beam is focused to a size of
FWHM = 300 nm using two Kirkpatrick-Baez-mirrors (KB mirrors), followed by
vertical and horizontal slits to clean up the beam. Single vesicles are delivered into the
beam by the Uppsala Aerosol Injector (illustrated in d-f) and the diffracted signal is
measured by the AGIPD 1M detector43 at a distance of 1.73 m behind the sample.
The primary beamhas a size of 1.7 × 2.8 mm2 in the detector plane. c Schematic of the
time structure of the European XFEL modified from51. The 25 fs X-ray pulses are
organized in trains of 352 pulses, with an intra-train repetition rate of 1.1 MHz. The
trains arrive at a repetition rate of 10 Hz. The insets show (right) the 800 ns spacing

of pulses within a train, and (left) the width of a single pulse. d Schematic of the
Uppsala aerosol injector used to create isolated single particles. The electrospray
nebulizer aerosolizes the vesicles from solution by applying an electric field between
the capillary and a ring-electrode. This leads to the formation of a stable Taylor cone
resulting in the formation of solvent droplets containing single vesicles. Amixture of
CO2 andN2 is used to prevent electric discharge. This process is shown in (e) inmore
detail. The charged particles are neutralized using a soft X-ray source (Hamamatsu
L12645). Note that this soft X-ray source in the sketch is not to be confused with the
XFEL beam positioned further below. Excess water around the vesicles is evaporated
by differential pressure gradient in the skimmer assembly and the particle beam is
focused by an aerodynamic lens. The produced particle beam is illustrated in (f). The
beam follows the Gaussian beam model and has a size estimated to about
(30 − 50) μm, the estimate for the speed of aerosolized vesicles is in the range of
v ¼ 100 m

s
29,52,53.
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a maximum in the high q-range. Finally, diffraction patterns with an ani-
sotropy beyond elliptical shape were filtered out manually. Figure 2 illus-
trates the hit-finding results, with details and further graphics given in
SupplementaryNote 1.3. Todetermine the scattering background causedby
the excess carrier gas (CO2 andN2) of the injector, empty carrier gaswithout
vesicleswas injected in the beam.Thefitted curve of this datawas subtracted
from the azimuthally averaged curves as background before fitting the
vesicle data. As an alternative scheme, the background scattering curve was
computed from the ‘misses’ of the run, which essentially yielded an identical
background curve.

The azimuthally averaged intensity curves of the single vesicle dif-
fraction data is given by

IðqÞ ¼ r0I0ΔΩρwater

Z 2π

0
jFðq;R; ε; θ;φÞj2dφ ; ð1Þ

with classical electron radius r0, solid angleΔΩ, and average electrondensity
of water ρwater. The form factor F is modeled for a vesicle deformed as a
rotational ellipsoid (spheroid), with radius R, ellipticity ε, and a random
orientation, parameterized by the angle θ between the ellipsoidal axis and
the beam, and azimuthal angleφ, which is easily inferred from anisotropy in
detector plane. The lipid bilayer is modeled in form of three Gaussians44,
parameterized in terms of excess scattering density ρh and ρt and width
(standard deviation) σh and σt for the lipid head- and tail-regions, respec-
tively, and bilayer thickness zhh, defined as the distance between the head-
group maxima, associated with the phosphor group of /DOPC/DOPS. As
shown in Fig. 3 which illustrates the fit model, the radius R is defined as the
outer surface facing the vacuum, including a thinwater layer of boundwater
with thickness ΔR between the outer leaflet and the droplet surface. σ
denotes the surface roughness of the bound water layer. With these

structural parameters, the form factor becomes

F ¼ 4πεR3 sin uðq;RÞ�uðq;RÞ cosðuðq;RÞÞð
ðuðq;RÞÞ3 e�

σ2uðq;RÞ2
2R2

þ4π
ffiffiffiffiffi
2π

p
ε ρhσh exp � σ2huðq;RÞ2

2R2

� �
Aðq;R� ΔR; σhÞ

h

þρtσt exp � σ2t uðq;RÞ2
2R2

� �
Aðq;R� ΔR� zhh=2; σtÞ

þρhσh exp � σ2huðq;RÞ2
2R2

� �
Aðq;R� ΔR� zhh; σhÞ

i
;

ð2Þ

where Aðq;R; σÞ ¼ R2 sinðuðq;RÞÞ=uðq;RÞ þ σ2 cosðuðq;RÞÞ and u ¼
qR

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cos2ðφÞ þ cos2ðθÞsin2ðφÞ þ ε2sin2ðθÞsin2ðφÞ

p
have been defined for

notational ease. For a detailed derivation of the form factors and approx-
imations we refer to Supplementary Note 3.

Applying the same model to a powder-averaged sample, which is also
polydisperse in both radius R and ellipticity ε, we obtain

IpolyðqÞ ¼ 2π r0 I0ΔΩρwater

×
R εmax
0 PðεÞR Rmax

Rmin
PðRÞR π

2
0jFðq;R; ε; θÞj2 sinðθÞ dε dR dθ;

ð3Þ

with the probability density distributionsP(ε) for the ellipticity andP(R) for
the radius. Note that the integrand F is the same as in Eq.(2), but now
for upowder ¼ qR

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sin2ðθÞ þ ε2cos2ðθÞ

p
.

Single vesicle fit
We first have to consider size and shape of the particles. The collected
diffraction patterns do not exhibit a perfectly spherical shape, but show an

Fig. 2 | Hit-finding and data selection. aNormalized intensity κ ¼ log Iscattered
Ipulse

� �
and

the normalized number of lit pixels γ ¼ log
Npx;I > 1:6

Ipulse

� �
in the central two detector

modules, for each shot in a runwithDOPC:DOPS vesicles (blue) injected, compared
to an empty gas run (orange). For normalization, the average pulse energy is cal-
culated by an X-ray gas monitor upstream of the sample injection. The carrier gas
was measured for a run time of 70.9 s, yielding N ≈ 250,000 diffraction images. The
liposome sample was measured for a run time of 309.1 s, yielding N = 1088032

diffraction images. For the sample presented here, the thresholds were set to
γ≥− 10.4 and κ ≥− 8.55, this corresponds to a hit rate of ≈ 0.2% for all hits or a hit
rate of ≈ 0.01% for hits classified as good hits. (b-d) Diffraction patterns for different
events (hits) and the corresponding azimuthal average: (b) a single vesicle, (c)
multiple vesicles, and (d) a vesicle in the tail of the beam, with correspondinglymuch
weaker scattering intensity.
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elliptical deformation, reflecting an ellipsoidal deformation of the vesicles
after aerosolization. We therefore describe the vesicles as oblate spheroids,
see also Supplementary Note 1.7 for further justification. This shape
transformation fromspherical vesicles to ellipsoidal vesicles is likely to result
from evaporation of excesswater, and permeability of water from the vesicle
lumen to the outside until cooling by evaporation slows down the process.
At the same time, the results show that the hydrophilic head groups also of
the outer lipid layer stay hydrated, i.e. a thin water layer remains on the
vesicle surface. Second, the structure of the vesicle, in particular its radial
density profile of the bilayer ρ(r) has to be addressed. The usual approach to
treat coherent diffractive data recorded from single particles is to invert the
data by iterative phase retrieval algorithms which can solve the phase pro-
blem based on constraints30,32,45. In this way, 2D maps of the projected
electron density can be obtained. However, for the present data this was not
possible. The low signal and insufficient signal-to-noise towards the high
q-range impeded faithful reconstruction of the bilayer profile, which
requires singlenanometer sensitivity.Another concern are also the relatively
large inter-module gaps. In contrast to previous CDI studies of identical
particles, we could not accumulate signal and increase resolution by aver-
aging over multiple diffraction patterns without loss of information, due to
the inherent polydispersity, of both radius and ellipticity. To still extract
structural information of the single vesicles from the collected data, we
therefore adopted a similar approach as in solution SAXS, using a suitable
model function to fit the azimuthally averaged data of single lipid vesicles.

For fitting, diffraction patterns of single lipid vesicles obtained by
automated hit-finding (see above) were further screened for those which
exhibited a high point symmetry of the diffraction pattern (high Friedel
score) and clearly distinguishable maxima and minima. The diffraction
patterns were azimuthally averaged using the INTEGRATE1D function
implemented in the PYFAI library46. Integration was performed in 1000
points along q ¼ 4π

λ sinðγÞ, the corresponding error was calculated using a
Poissonianmodel. Dead pixels andmodular gapsweremasked using a pixel
mask, that was calculated during data calibration. To find the starting
conditions of the fit, two constrained least-squarefits were performed, using
simplified intensity models. This initial fitting process is described in Sup-
plementary Note 3 in more detail. Since the error of the measured intensity
in the low q-range seemed to be underestimated, the error in this range was
multiplied by a factor of 5, accounting for possibly elevated systematic errors
in this range. The exact q-range, in which this modification was performed
varies between different data-sets, the exact values are tabulated in Tab. S1.
The first 10 points (0.0756 nm−1≤q≤0.1021 nm−1) were not included in the

fit, since the signal was flawed by instrumental/detector noise. In fact, this
artifact in the low q-range is caused by a saturation in this detector region
due to too much intensity. This causes an automated switch in the detector
gain and results in discontinuities in themeasured signal. Anunconstrained
least-square fit using the previously described intensity model (Eq. (2)) was
then performed on this data with partially modified error. Fitting was
performed using the LSQNONLIN function implemented in theMATLAB
R2020A (TheMathWorks) optimization toolbox. The quality of the fit was
monitored by the reduced χ2 function

χ2red ¼
1

N � p� 1

XN
i¼1

ðIexpðqiÞ � ImodelðqiÞÞ2
σ2i

; ð4Þ

withN the number of data-points, p the number of free model parameters
and σi the standard deviation at data-point i of themeasured curve Iexp. For
this final step of the optimization, the trust-region-reflective algorithm was
used. Figure 4 shows an example of such a fit, with (a) the azimuthally
averaged intensity with super-imposed fit curve (red solid line) and χ2red
given in the legend, and (b) the corresponding radial electron density profile
ρ(r). The roughness parameter σ converged towards 0, indicating a sharp
outer interface between water and vacuum. Interestingly, however,if this
parameter is not included in themodel, the fit does not converge to realistic
solutions.Note thatwhile thepresenceof thebilayer and its qualitative shape
is a robust result, we cannot claim unique solution in terms of precise
parameters describing the bilayer profile. Similar but not identical solutions
are found when varying the meta parameters optimization procedure, such
as initial values, algorithms or parameter constraints.

Further scattering curves and corresponding results are shown in
Figures S5–S9of theSupplementary Information.Themodel parameters for
all fits are tabulated in Tab. S5. Models assuming a spheroid water droplet
without lipid bilayer gave substantially higher χ2 values, failing to describe
the data at moderate and high-q. We can therefore conclude that macro-
molecular resolution is obtained, i.e. a resolution high enough to identify the
lipid bilayer and associated density profile. To achieve this, signal accu-
mulation by azimuthal averaging was necessary. In this regard, it is also of
interest to specify the resolution of a SAXS experiment given by the max-
imum scattering vector qmax ≃ 3 nm−1 probed. Here we hence reach a
resolution of π/q = 1.05 nm. However, within the priors of a model, struc-
tural parameters can be determined at an accuracy also below this value,
since the model parameters of the electron density profile on sub-nm scale
already influence the scattering curve at smaller q ≤ qmax. Moreover,

Fig. 3 | Fit model for single vesicle SAXS. a Schematic of an oblate ellipsoid with
semi-axis R and εR. The angle θ describes the rotation perpendicular to the X-ray
beam. b Schematic of an ellipsoidal lipid bilayer filled with water and surrounded by
a thin water layer and corresponding electron density profile model. The electron
density profile of the bilayer is described by three Gaussian functions, with electron
densities ρh for the lipid head and ρt for the lipid chain regions. The electron density

of the outside water layer is assumed to slowly decay. c Example of a 2D Gaussian fit
to a diffraction pattern of a single lipid vesicle, collected in run 242, trainId
1329396439 and pulseId 32. The 2D ellipticity α is defined by the ratio between the
lowest to highest width of the diffraction pattern.
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concerning thewater shell we observed that a “soft” terminationof thewater
shell of finite interfacial roughness σ helped the fits to converge, see Sup-
plementary Information. Note that we model the water shell with constant
thickness since we assume the hydrophilicity of themembrane surface to be
homogeneous. Contrarily, for proteins, local variations of the hydration
shell when injected into vacuum may reflect the local distribution of
hydrophilic and hydrophobic amino acids33.

Results and discussion
Batch analysis
To quantify the ensemble of all hits on single vesicles, the average vesicle
radius R and average projected ellipticity αwere calculated. To calculate the
average vesicle radius, including the surrounding thin layer of water, the
droplets were approximated as spherical particles. Thus the scattered
intensity is described by Isphere ¼ j sinðqRÞ�qR cosðqRÞ

ðqRÞ3 j2, which leads to the
condition qminR ¼ tanðqminRÞ for the positions of intensity minima qmin.
Here, the position of the first intensity minimum was used to calculate the
radiusR � 4:493

qmin;1
. The resulting histogram is shown in Fig. 5(a). A lognormal

distribution was fitted to the data, resulting in a mean Rμ = 18.32 nm and
standarddeviation σ=5.16 nm.This is reasonable in viewof the fact that the
vesicles were extruded through a 50 nm pore membrane. To quantify the
distribution of the ellipticity, we infer the 3Dellipticity of the spheroids from
the distribution of the projected 2D ellipticities of the diffraction patterns,
assuming isotropic distribution (no preferred orientation) of the spheroids.
To this end, we first fitted a 2DGaussian function to the diffraction patterns

Gðx; yÞ ¼ A½exp aðx � x0Þ2 þ 2bðx � x0Þ
� ðy � y0Þ þ cðy � y0Þ2� þ d;

ð5Þ
where

a ¼ cos2ðφÞ
2σ2x

þ sin2ðφÞ
2σ2y

b ¼ � sinð2φÞ
4σ2x

þ sinð2φÞ
4σ2y

c ¼ sin2ðφÞ
2σ2x

þ cos2ðφÞ
2σ2y

;

ð6Þ

with amplitudeA, center (x0, y0), standard deviations of the semi-axis σx, σy,
background d and angle in the detector plane φ. An example for such a
Gaussian fit is shown in Fig. 3(c). The full-widths at half-maximum of the
two semi-axis are given by FWHMx=y ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffi
2lnð2Þ

p
σx=y . The projected 2D

ellipticity α was then defined as

α ¼ FWHMsmaller

FWHMlarger
< 1: ð7Þ

The resulting histogram of 2D ellipticities is shown in Fig. 5(b). Assuming
oblate vesicles and a 3D ellipticity ε described by the shifted lognormal
distribution

f ðεÞ ¼ 1ffiffiffiffiffi
2π

p ð1� εÞσ exp � ðlnð1� εÞ � μÞ2
2σ2

� �
; ð8Þ

withmeanμ and standarddeviation σ, the distributionof the 2Dellipticity is
described by

f ðα; f ðεÞÞ ¼
Z α

0
f ðεÞf αðα; εÞdε ; ð9Þ

with the distribution of the 2D ellipticities for a given 3D ellipticity

f αðα; εÞ ¼
αffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð1� ε2Þðα2 � ε2Þ
p : ð10Þ

This was fitted to the data using the lsqnonlin-function and a Levenberg-
Marquardt algorithm. The quality of fit was monitored by a χ2 − function.
The resultingfit to the 2Dellipticitiesα aswell as the resultingdistributionof
the 3D ellipticities ε, with mode = 0.86, standard deviation σ = 0.08 and
mean = 0.82, are shown in Fig. 5(b). Considering the mode of the obtained
distribution, corresponding to an oblate spheroid with ε = 0.86, we obtain a
volume shrinkage of 0.623%. Note that we expect a spherical shape to be
most probable after preparing the vesicles by extrusion. However, the
vesicles are aerosolizedand excesswatermaynot only have evaporated from
the outside but also from the lumen of the vesicle, given the membrane
permeability. A resulting shape transformation due to a slight mismatch
between the surface and the volumemay then explain the oblate shape. The
evidence for a prolate rather than an oblate shape, derives from the fact that
least-squares fits of an oblate ellipsoid to the histogram produces a lower χ2

than a prolate ellipsoid (see Fig. S3, Supplementary Information). Since, the
models for prolate and oblate shapes only differ in the wings of the
distribution, we cannot rule out a selection bias or a bimodal distribution of
oblate and prolate shapes, for example due to a possible excitation of

Fig. 4 | Least-square fit and electron density profile for a single vesicle. The data
corresponds to event (hit) stamped as run 242/trainId 1329396439/pulseId 32. The
corresponding diffraction pattern including a 2D Gaussian fit is shown in Fig. 3 (c).
a Single vesicle SAXS curve (open blue circles) and least-square fit (solid red curve)
using the single vesicle model described above. The error in low q is multiplied by a
factor of 5 (see Tab. S1), to take into account systematic errors due to background

subtraction and calibration. The χ2red- error is given in the legend, both for the
modified error (without parentheses) and unmodified error (in parentheses). The
inset shows data in the high q-range on a linear scale.bRadial electron density profile
calculated from themodel fit parameters derived in (a). c Ellipsoid corresponding to
the fitted LV and surrounding water layer.
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oscillations between oblate and prolate shapes in the course of aerosoliza-
tion. Note that the equilibrium phase diagram of vesicles for a reduced
volume slightly below one, would favor a prolate shape47.

In Silico Purification
With thesedistributionsof radii andprojected ellipticity, it is nowpossible to
create in-silico purified powder-averaged data by averaging over diffraction
patterns of vesicles with similar properties. This was carried out for a set of
different properties. The resulting histograms for radius and ellipticity are
shown in Fig. 5(c), (d), respectively. The corresponding averaged scattering
curves are shown in (e). The data labeled ’no constraints’ comprises all data,
that was classified as hits. The curve labeled “Friedel constraint” refers to
data with a Friedel score f > 0.8, i.e. data with high symmetry and good
signal-to-noise ratio. The “alpha-constraint” refers to data with f > 0.8 and
2D ellipticities of 0.8≤α≤1, and the “radius constraint” denotes data with

f > 0.8 and radii of 19 nm ≤ R ≤ 21 nm, while ’all constraints’ only corre-
sponds to data that fulfills all of the constraints above. Please note that these
curves differ from the classical solution scattering curves for lipid vesicles as
shown for example in refs. 12, 15, because even though the vesicles are still
hydrated in the presented measurements, the electron density profile is
dominated by the interface between water and air. Nevertheless all curves
show 1–2 more or less pronounced modulations (maxima/minima) in the
range 1 nm−1 ≤ q ≤ 2.5 nm−1, which are associatedwith the lipid bilayer.The
modulations are most prominent in the radius constrained data. In the
lower q-range the curves with no constraint, Friedel constraint and alpha
constraint (blue, red and yellow) exhibit the same characteristic modula-
tions without distinguishable maxima and minima. Contrarily, the curve
with a radius constraint (purple) and all constraints (green) show the clearly
visible characteristic maxima andminima of spherical or elliptical particles.
This shows, that even though both polydispersities (ε and R) influence the

Fig. 5 | Batch processing and in silico purification of vesicle hits. aDistribution of
radii resulting from the position of the first minimum collected on multiple runs on
lipid vesicles. N = 1811 single vesicle hits were found. A lognormal distribution was
fitted to the data. bDistribution of the 2D ellipticityα obtained from2DGaussian fits
to the diffraction patterns. Assuming a lognormal distribution for the 3D ellipticity ε
and oblate vesicle geometry, an estimate of α (black curve) and ε (yellow curve) was
calculated. The best fit resulted in a 3D distribution with mode = 0.86, standard
deviation σ = 0.08, andmean = 0.82. c, dDistributions of radii and 2D ellipticity for
different purification constraints. The color-scheme is shown in (e). e Resulting
averaged scattered intensity resulting from the different constraints. The curves were

shifted for clarity. (f) Background subtracted scattered intensity resulting from the
radius constraint, averaging over N = 131 hits. The errors correspond to the
empirical error of the mean, for each q. The solid line represents the least-squared fit
using the powder-averaged intensity model. The radius was described by a uniform
distribution, while the 3D ellipticity was described by a lognormal distribution with
values obtained from the fit to the 2D ellipticity distribution. The radius was varied
freely, while the ellipticity was kept constant. The radius was sampled with 10 points,
the ellipticity with 30. The correspondingmodel fit parameters are shown in Table 2.
The inset shows the corresponding electron density profile.
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scattered intensity, the polydispersity in the radius seems to have a stronger
effect of averaging out the characteristic modulations. Note that in the
preparation protocol, sonication before extrusion could possibly give a
narrower size distribution.However, the SP-SAXSmethod does not depend
on a particularly small polydispersity for structural analysis, and works also
well for a broader distribution as here. This is particularly relevant for
applicationsof sampleswithdelicate composition such as proteo-liposomes,
where sonication could potentially induce harm.

Similar to the single vesicle curves, the structural information of the
scattering vesicles are extracted from the quasi powder-averaged purified
curves by fitting a suitable model function. This is exemplified for the curve
resulting from the radius constraint. For fitting, the model for powder-
averaged lipid vesicles was used. The radius was described by a uniform
distribution, which was sampled along 10 points. The 3D ellipticity was
described by the lognormal distribution resulting from a fit to the radius-
constrained 2D ellipticity distribution using Eq.(10). The distribution was
kept constant during the fitting process and was sampled along 30 points.
Fitting was implemented as described for the single vesicles. However, in
contrast to the single vesicle fit, no surface roughness of the bound water
layer was assumed. Fitting was performed in a range between
0.28 nm−1 ≤ q ≤ 3 nm−1. The resulting fit and corresponding χ2red� error is
shown in Fig. 5(f), the resulting model fit parameters in Table 2. The
parameters corresponding to the lipid bilayer, and the thickness ΔR of the
thin water layer on the outside of the vesicles, match those found in single
vesiclefits (compareTable 2), resulting in a similar electrondensityprofile as
visualized in the inset.

Conclusion
We have demonstrated structural analysis of lipid vesicles as a prototype of
many related problems at the single particle level, exploiting extreme con-
centration of X-ray photons in space and time. This warrants a sufficient
signal level and at the same time helps to circumvent radiation damage
based on the diffract-before-destroy principle. The single particle diffraction
data was analyzed similar to solution SAXS data, by fitting a suitable form
factor, but without the ensemble average inherent in conventional SAXS.

Instead of averages for vesicle radius R, ellipticity ε and the radial electron
density profile ρ(r), we obtain these structural parameters for each vesicle,
possibly for each of 106 diffraction patterns recorded within each run of
about 5 min. Given the stochastic nature of the vesicle injection andmissed
overlap in space and time, only 0.01%of the recorded diffraction images can
be classified as ’good hits’. Based on automated batch analysis, further
constraints can be applied, adopting a strategy of in-silico purification, for
example to accumulate data for vesicles which fall into a given interval of
radii or ellipticity values. At the same time we get direct and independent
information on the distribution functions P(R) and P(ε), in particular since
R and ε can be inferred directly from the diffraction data even without a full
q-range fit to a model with many parameters. Two different advantages
follow from this formof serial single particle SAXS: 1.)One can create SAXS
curves of ’artificial ensembles’ with accumulated signal, while at the same
time controlling the polydispersity or even achieving quasi-monodisperse
ensembles. In this way the overall screening effect which polydispersity has
on many structural details is reduced, and more complicated colloidal or
macromolecular assemblies or biological particles can become accessible. 2.)
We can preciselymeasure polydispersity functions (distribution functions),
which is relevant in view of the self-assembly process, synthesis and/or
biological ormaterial function. Note that while the width of the distribution
is a parameter accessible by ensemble fitting, the detailed functional shape is
much more elusive in conventional SAXS.

How shouldwe delineate the present approach from the stated goals of
’diffractive imaging’ based on phase retrieval and model independent
inversion of the diffraction data, representing the original goal of CDI? Of
course, a diffractionmodel can alsobe regarded as an extreme formof a real-
space constraint, reducing say some106 independent unknowns in an image
by say a dozen structural parameters.While loosing generality in this way, it
is obvious that the latter makes the analysis more robust and increases the
compatibility withmany experimental conditions, in view of signal strength
and sampling issues. In the present case, where each particle is different, the
signal cannot be accumulated over many shots. And even if the signal of a
single image would be high enough, the detection must also fulfill tighter
sampling constraints compared to SP-SAXS. Another major difference is
the fact, that CDI inverts the diffraction pattern to a 2D image of the
projected electron density, while SAXS models are intrinsically based on
formulating a structure directly in 3D. This is of significant advantage when
only a single image for each (different) particle is available. Hence, it is
justified to conclude that SP-SAXS provides complementary structural
information, even in cases where CDI-based (shape) reconstruction would
in principle be possible. However, improvements in classification and
reconstructionalgorithmsmayhelp toovercome these limitationsdue to the
particles being possibly in many different states or conformations.
Approaches based on Bayesian analysis39, machine learning34, and gen-
eralization of phase retrieval to ensembles48 all represent very promising
directions.

Aside from analysis, both XFEL generation and optics, as well as
detectors hold tremendous potential for further improvements. XFEL
seeding in particular, can help to increase the hit rate, and to better exploit
the signal level for analysis, since the typical SASE fluctuations are sup-
pressed. Note that the self-amplified spontaneous emission (SASE) process
is associated with strong pulse-to-pulse fluctuations, not only in intensity,
but also in phase and pulse shape, which affects pulse propagation through
the beamline optics and in particular the nano-focusing. Pointing stability
and efficiency of focusing could be be improved by seeding, resulting in a
deterministic pulse generation process, even at the expense of reduced
average flux. Ultimately, also the recent demonstration of a Free Electron
Laser Oscillator49 could substantially benefit the hit rate and overall per-
formance of SP-SAXS. The weakest point in the current work, however, is
arguably not related to the beam or the detection, but the sample injection.
Wedonot yet sufficiently control the aerosolizationprocess or evenknow to
which temperature the particle cools down by evaporational cooling. The
observed ellipticity distribution is too broad to represent a thermal state, and
also unlikely to result from the vesicle preparation. Instead, we must

Table 2 | Parameters resulting from the least-square fits to the
single lipid vesicle (stamped run 242/trainId 1329396439/
pulseId 32) using the single vesicle model and the fit to the
purified curve with radius constraint using the model for
powder-averaged lipid vesicles

Model single vesicle radius constraint unit
parameter run 242, 32 purification

R 22.26 – nm

Rlower – 19.82 nm

Rupper – 22.32 nm

ε 0.82 – –

με – −1.98 –

σε – 0.299 –

cosðθÞ 0.83 – –

zhh 3.35 3.6 nm

ρh 0.2 0.31 nm−1

ρt −0.24 −0.26 nm−1

σh 0.28 0.35 –

σt 1.01 0.96 –

ΔR 2.76 2.5 nm

scale ⋅ 107 2.03 5.74 a.u.

σ ⋅ 103 15.14 – –

For the purified curve, the radius was described by a uniform distribution betweenRlower andRupper.
The 3D ellipticity ε is described by a lognormal distribution with mean με and standard deviation σε,
these values were kept constant at values derived from the 2D ellipticity.
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attribute this result to a shape transformation from spherical vesicles to
ellipsoidal vesicles due to evaporation of excess water. This goes along with
partial transport of water from the lumen to the outer surface, since the
membrane is partially permeable for water. This process may eventually be
stopped by evaporational cooling and the resulting shape freezes in.Herewe
observe an outer water layer around the bilayer likely to be tightly coordi-
nated to the lipid headgroups (bound water). Given the fact that the
hydration shell for lipid bilayers is thicker than formost amino acids, we can
assume that the thin water shell is smooth and less corrugated than that of
most proteins injected into vacuum under similar conditions33. For vesicles,
the hydration shell may hence serve as a protective layer. Nevertheless, a
more controlled and less invasive injection process is desirable.

Furthermore, the strong dominating signal from the interface between
the outside water layer and the air surrounding the vesicle containing
droplet, compared to the scattering fromwithin the droplet, can also present
a challenge (see also Supplementary Note 3). Recent experiments using
water sheet jet injectors producing sheet jets with thicknesses below 100 nm
demonstrated that data collection was possible for near MHz repetition
rates50. These jets could also be used for single particle SAXS andmay lead to
an improvement of visibility of the biomolecular diffraction sig-
nal. Notwithstanding these challenges, even with the current setup, we were
already able to inject also more complex and potentially more fragile bio-
logical vesicles, notably synaptic vesicles aswell as vesicleswith reconstituted
proteins (proteo-liposomes), without indication of damage by the aerosol
process. Finally, given the considerable experimental efforts alreadymade, it
seems very reasonable to capitalize on this method development and to
extend the research from structural analysis of simple and in future more
complex colloidal biological particles, also to structural dynamics, based on
two consecutive pulses, an optical pump pulse and a delayed single XFEL
probing pulse. Photochemical reactions and transition of single particles
should then become uniquely accessible. Also for this direction, the single
particle SAXS approach shown here seems very promising.

Data availability
Data recorded for the experiment at the European XFEL are available at
doi:10.22003/XFEL.EU-DATA-002812-00.

Code availability
The algorithms used to reproduce the findings of this study are described in
detail within the manuscript and the Methods. The code is available from
the corresponding author upon request.
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