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TIME-RESOLVED SINGLE-PARTICLE IMAGING
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TEXT

LONG PULSE 

SHORT PULSE (fs) 

SPEED OF LIGHT vs.  
SPEED OF A SHOCK WAVE

Neutze, R.,  Wouts, R.,  van der Spoel, D.,  Weckert, E.,  Hajdu, J., Nature 406, 752-757, (2000).

3.8 x 1012 X-RAY photons, 100 nm focus 

DIFFRACTION BEFORE DESTRUCTION! 3



The Dream…



The Dream…



The Dream…



The First Sample



Mimivirus diffraction 
patterns from LCLS

EM

Autocorrelations

Reconstructions

PRTFs Seibert, Ekeberg, 
Maia et al. 
Nature (2011)



IMAGING 100 NM PARTICLES - CARBOXYSOMES

Hantke, M. F. et al. Nature Photonics 8, 943–949 (2014).



IMAGING 100 NM PARTICLES - CARBOXYSOMES

WE JUST GOT SPHERES!
Hantke, M. F. et al. Nature Photonics 8, 943–949 (2014).



HETEROGENEITY

LIKELY EXPLANATION: SAMPLE CONTAMINANTS

Sample particle  
with contaminant layer 

Contaminant cluster

Solvent evaporation



SAMPLE INJECTIONSAMPLE INJECTION

MEASURE INITIAL DROPLET SIZE BY MIE SCATTERING IMAGING
DROPLET SIZE DISTRIBUTIONS 

GDVN INJECTION

ELECTROSPRAY

=> BETTER CONTROL OVER 
DROPLET SIZE WITH ELECTROSPRAY

(Thesis Fig. 5.6)



GDVN DATA
MOSTLY ROUND PARTICLES NO ROUND PARTICLES

ELECTROSPRAY DATA

ELECTROSPRAY INJECTIONSAMPLE INJECTION

Science Advances                                               Manuscript Template                                                                           Page 15 of 16 
 

  581 
Fig. 3. Injection of Rubisco proteins. a 582 

Radial averages of background subtracted 583 

diffraction patterns recorded during 584 

injection of sample (1), buffer solution (2), 585 

only gas (3), and during a dark run (4), 586 

respectively. b Diffraction patterns of two 587 

intense sample hits. c Radial averages 588 

(orange lines) of the diffraction patterns 589 

shown in b and fits (black lines) to a sphere 590 

model that best match the data. Light orange 591 

areas indicate the confidence intervals of the 592 

data (+/- one standard deviation). The fit 593 

values for intensity and sphere diameter are 594 

annotated. d STEM image of Rubisco 595 

proteins injected onto a TEM sample 596 

support film. Detected particles are 597 

highlighted in red. e The red histogram 598 

shows the distribution of particle diameters 599 

derived from d. The black line shows the fit 600 

of our droplet occupancy model to the data. 601 

The good match indicates that the 602 

electrosprayed proteins were successfully transferred into the interaction region. f DMA data of electrosprayed 603 

Rubisco proteins at three concentrations. Our droplet occupancy model (black) was fitted to the measured size 604 

histograms (red). The agreement shows that by changing concentration we specifically control the protein 605 

cluster composition. 606 

 

Fig. 2. XFEL diffraction data of biological particles injected with the electrospray aerosol injector. a Simulated 

and measured diffraction patterns of carboxysomes and b their size distribution (90 nm median, 13 nm FWHM) 

determined from the measured diffraction patterns. c, d Simulated and measured diffraction patterns of TBSV 

particles (c singles, d clusters of two) and e their size distribution (30 nm median, 1 nm FWHM) determined from 

the measured diffraction patterns. Insets in panels a, c and d show 2D projection images reconstructed from the 

respective diffraction patterns. The edge length of the insets corresponds to 220 nm. 
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Bielecki, J et al. Science Advances 5, (2019).



SINGLE PARTICLE 
EXPERIMENTS AT THE 

EUROPEAN XFEL



Flash X-ray Imaging of Single Proteins
European XFEL - Experiment SQS 2146
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Chaperonin 60 from Escherichia coli (GroEL)

Mass: 840 kDa 

GroEL signal from SQS 
(8x downsampled)

Gas background from SQS 
(8x downsampled)

Flash X-ray Imaging of Single Proteins
European XFEL - Experiment SQS 2146

Ekeberg, T. et al. Observation of a single protein by ultrafast X-ray diffraction. Light Sci. Appl. 13, 15 (2024).



Flash X-ray Imaging of Single Proteins
European XFEL - Experiment SQS 2146

BEAMLINE BACKGROUND 
65 PHOTONS

INJECTION BACKGROUND 
17 000 PHOTONS

SAMPLE HIT 
32 000 PHOTONS

Ekeberg, T. et al. Observation of a single protein by ultrafast X-ray diffraction. Light Sci. Appl. 13, 15 (2024).



Chaperonin 60 from Escherichia coli (GroEL)

Flash X-ray Imaging of Single Proteins
European XFEL - Experiment SQS 2146

a b c d

GroEL data  
from SQS

Model 
from PDB plus 

background

Model 
from PDB alone

Real space image 
 of the model

Ekeberg, T. et al. Observation of a single protein by ultrafast X-ray diffraction. Light Sci. Appl. 13, 15 (2024).



Experimental Data
Empty GroEL Simulation
Filled GroEL Simulation

And we see some stuff in the middle!

Simulation  
with  
filled GroEL

Experimental Pattern Simulation  
with  
empty GroEL

Background Scattering

The hole through 
GroEL seems to be 
fully filled 
 
6 mJ and 1.2 keV 

GroEL (14 nm diameter) 
Diffraction from SQS!

Ekeberg, T. et al. Observation of a single protein by ultrafast X-ray diffraction. Light Sci. Appl. 13, 15 (2024).



Our best fit model!

Ekeberg, T. et al. Observation of a single protein by ultrafast X-ray diffraction. Light Sci. Appl. 13, 15 (2024).



TIME-RESOLVED SOLUTION 
SCATTERING AT THE EUROPEAN 

XFEL



AsLOV2 TR-WAXS (SPB/SFX)
acknowledgements

Helmut Grubmüller 
Max Planck Institute for 
Multidisciplinary Sciences

Filipe Maia 
Molecular Biophysics, 
Uppsala University

Sebastian Westenhoff 
Biochemistry, 
Uppsala University

Leonardo Monrroy Patrick Konold Michael MaihoeferAlfredo Belissario



AsLOV2 TR-WAXS (SPB/SFX)

Photoexcitation
FMN Intersystem Crossing

Cys-FMN Adduct Formation
Jα Helix Unfolding Phase I

10 µs 240 µs

Jα Helix Unfolding Phase II

Gln513

Cys450

Gln513

Cys450

Gln513

Cys450

475 nm

FMN
FMN FMN

intro



AsLOV2 TR-WAXS (SPB/SFX)

AsLOV2 solution

546 kHz 176 frames per train

1.8 µs

475 nm nanosecond pump laser

Each pulse is a 
different time delay

Pump laser excites 
enough volume to last 
the entire trainKB Mirrors with 

~300 nm focus

 Shamelessly adapted from Wiedorn, M. O. et al. Megahertz serial crystallography. Nat. Commun. 9, 4025 (2018).

experimental setup Photon Energy - 8 keV 

Pulse Energy - ~2mJ 

Detector distance - 0.28 m



AsLOV2 TR-WAXS (SPB/SFX)

Konold, P. E. et al. Microsecond time-resolved X-ray scattering by utilizing MHz repetition rate at second-generation XFELs. 
Nat. Methods (2024)



AsLOV2 TR-WAXS (SPB/SFX)

Konold, P. E. et al. Microsecond time-resolved X-ray scattering by utilizing MHz repetition rate at second-generation XFELs. 
Nat. Methods (2024)



CAD 
drawing

Liquid - 30x30 µm 
Gas - 50x50 µm

L1

L2
Gas

Printed nozzle with capillaries

3D-printed using two photon polymerization 
UpNano NanoOne 
Printing time ~ 10 minutes / development in PGMEA

Ultra-thin Liquid Sheets
design

Patrick Konold



Ultra-thin Liquid Sheets (SPB/SFX)
thickness



Ultra-thin Liquid Sheets (SPB/SFX)
stability

Stroboscopic measurement of the liquid 
sheet a certain delay after the X-rays 

Note there's no explosion above the 
interaction point

Konold, P. E. et al. 3D-printed sheet jet for stable megahertz liquid sample delivery at X-ray free-
electron lasers. IUCrJ 10, 662–670 (2023)



Single protein 
molecule

From here

To here



HOW MANY PHOTONS DO WE REALLY NEED?

Ph
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31

Neutze el al. Nature (2000) 3.8x1014 ph/μm2

Nanofocus SPB-SFX@EuXFEL 1.35x1013 ph/μm2

WE ARE GETTING THERE!
SQS@EuXFEL 0.5x1013 eq. ph/μm2

Yamada el al. Nat. Phot. (2024) 7 x1014 ph/μm2



Thank you!
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