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Cryo-CLXEM introduces cryo-SXT to
bridge the resolution gap in cryo-CLEM
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Cryo-imaging in cellular biology provides the means to visualize the cellular interior at close-to-native
conditions. A cornerstone in the field has been cryo-correlative light and electron microscopy (cryo-
CLEM), with cryo-visible light fluorescentmicroscopy (cryo-VLFM) providing the specificity by tagging
macromolecules or structures and cryo-electron tomography (cryo-ET) for the structural details at
molecular level. The large resolution gap between these techniques, however, is limiting this
correlative workflow as cryo-ET targets are often smaller than the resolution limit of cryo-VLFM. Here
we introduce cryo-soft X-ray tomography (cryo-SXT) as an intermediate step that can compensate for
the partial view caused by the lost cellular material due to FIB-milling and limited resolution of cryo-
VLFM by providing invaluable cellular context information in 3D to the cryo-ET dataset within an
integrated workflow. This work shows that X-ray and electron imaging are not mutually exclusive,
creating opportunities for further correlative imaging strategies.

Correlative multimodal imaging is a powerful tool for the study of complex
systems, such as those found in biology1–6. Correlating data obtained on the
same sample by different modalities gives complementary information,
significantly promoting amore comprehensive interpretation of the studied
cellular process. Major challenges for correlative multimodal imaging have
been the compatibility of sample preparation and support, the drastic
increase in complexity as each step adds damage risk that can hinder sub-
sequent steps, and the need to keep the workflow within a radiation dose
limit, depending on the required resolution.

In cellular biology, correlative light and electron microscopy
(CLEM) has been performed for many years at room temperature (RT)7.
Recently, with the emergence of direct electron detectors and advanced
image processing algorithms, cryo-ET has gained momentum, and thus
cryo-CLEM has set off in many laboratories8,9. It is now possible to
generate 3D cryo-ET datasets at molecular resolution in near-native
conditions. However, to generate high resolution (i.e., sub-nanometer)
data, sample thickness (<200 nm) and radiation dose (<150 e/A2 ~ 550
MGy10,11) need to be controlled12. Thus, for most unicellular or complex
biological samples thinning is required, nowadays mostly done by cryo-
focused Ion Beam (FIB) milling13. Cryo-VLFM is employed for targeting
sites of interest, although inefficiently due to the resolution limitation and
insufficient spatial accuracy for precise localization of the fluorescently
labelled structures of interest, especially in the axial dimension. Cryo-

VLFM resolution is restricted by the lack of dedicated high-numerical
aperture cryo-immersion objectives, which limits currently the achiev-
able resolution to 350 nm laterally and to more than 1 μm in the axial
direction. When aiming for small (<200 nm) structures, cryo-lamellae
are often milled at the wrong depth, missing the target partially or
completely.

Here we introduce cryo-SXT14,15 as an intermediate step, which can
provide precious information regarding the 3D cellular context of up to
10 μm thick samples down to 30 nm resolution (at full dose)16, otherwise
lost during cryo-FIBmilling.With both lateral and axial resolution being
higher than any existing cryo-VLFM modality, cryo-SXT provides the
accuracy needed to optimize lamellae milling17. In cryo-SXT at the so-
called “water window” energy region (284–543 eV), oxygen-based
structures absorb little, while carbon-based structures absorb strongly
the incoming photons. This provides a natural contrast of the cellular
ultrastructure without additional staining. Moreover, intact cells can be
imaged as a whole, without the need for sectioning. Cryo-SXT has been
used in a correlative mode with cryo-VFLM (correlated light and X-ray
microscopy, cryo-CLXM)4,18–24, and more recently in multimodal
experimental setups also alongside cryo-CLEM5,25 or others3. Utilizing
the three modalities together on the same cell within an integrated
workflow (cryo correlative light, X-ray, and electron microscopy: cryo-
CLXEM), however, has to our knowledge never been reported yet.
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Results
Theoretical proof of the feasibility of the proposed workflow
Sample preparation is highly compatible for the three modalities as
they use the same support and cryo-fixation approach. However, as
radiation damage is induced by both X-rays26,27 and electrons28,29, their
combination requires special care and evaluation of the resolution-
dose tradeoff for imaging the sample. In cryo-soft X-ray imaging at
Mistral (ALBA)30, a photodiode is used to measure the photon flux
reaching the sample at a given energy, and the percentage of photons
absorbed is determined by the difference between the transmitted
signal with and without the sample. In EM, what is commonly referred
to as the electron dose describes the electron fluence - the number of
electrons per unit surface to which the sample is exposed (expressed in
e⁻/Å²). This value can be translated into an equivalent radiation dose,
via a voltage-dependent conversion factor (see “Methods” section) to
be represented in MGy11. While there are various types of
interactions31,32, soft X-rays mainly interact through photoelectric
absorption, although a small portion is elastically scattered (Rayleigh
Scattering), while electrons mainly interact through inelastic (Comp-
ton) scattering. In both cases, the absorbed dose depends on the
composition and thickness of the sample, among other parameters
related to the incoming beam (see “Methods” section). Despite the
different interactions, the visible radiation effects are similar11, and a
previous exposure can hasten the onset thereof. Hence, it can be
assumed that a sample has a certain “dose-budget” that can be spent
before visible damage to the ultrastructure becomes evident, depending
on the desired resolution, and well before sublimation in the form of
bubbling due to radiolysis of water molecules occurs33. Notably, the

lack of visible damage does not imply its absence; molecular bonds will
be broken at much earlier timepoints34,35. In our calculations, con-
sidering a goal of 5 nm resolution or better with cryo-ET36, we
determined a total dose for cryo-SXT of a few tens of MGy27,37, cor-
responding approximately to 10–15% of the maximum dose-budget
for vitrified ice sublimation. This was then considered for the sub-
sequent cryo-ET acquisition (see “Methods” section).

To briefly summarize the experimental procedure (Fig. 1),
adherent cells were grown on gold EM grids and plunge-frozen in
liquid ethane. Fluorescence labeling of the nucleus, mitochondria, and
acidic compartments was performed shortly before plunging. Vitrified
samples were then imaged in a cryo-confocal microscope to, firstly,
make a 2D map of the grid to assess the quality in terms of grid
damage, ice quality, and cell density, and secondly, to identify and
image suitable cells. Samples were then sent to the cryo-SXT Mistral
beamline (ALBA Synchrotron, Spain) and loaded into the microscope.
With their in-line visible light microscope (VLM) a 2D map is
acquired and correlated with the confocal map to identify previously
imaged cells. A single cryo-SXT tomogram per cell was acquired of up
to 10 cells per grid, keeping tight control on the dose, reducing the
photon flux when required. It is important to note that balance must
be found between exposure and resulting contrast (i.e., SNR) to avoid
losing the contextual information provided by cryo-SXT. Post-acqui-
sition, samples were shipped back to Institut Pasteur and loaded into
the cryo-FIB scanning electron microscope (cryo-FIB-SEM). Imaged
cells were identified, and ~300 nm thin lamellae were cut, aiming for
the area previously imaged by cryo-SXT. The samples were then loa-
ded into a cryo-transmission electron microscope (cryo-TEM), and tilt

Fig. 1 | Complete cryo-CLXEMworkflow.Cells are seeded on the grids and plunge
frozen in liquid ethane (E, a). The samples are imaged by cryo-confocal microscopy
(b), cells of interest are identified and z-stacks are acquired. Samples are then shipped
to the synchrotron to be loaded in dedicated sample holders and cryo-SXT uni-
directional tilt series are acquired (c). Samples are then loaded into a cryo-FIB-SEM,

in which a focused ion beam (FIB) is used to trim away from the previously imaged
cells of interest (d). Using a cryo-TEM, bidirectional tilt series are acquired in the
prepared lamellae (e). Finally, all the data are reconstructed and correlated before
further analysis (f).
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series of features of interest were acquired (see “Methods” section and
Supplementary Fig. 1 for more details).

Targeted resolution is still achievable in both modalities despite
the reduced dose during acquistion
Figure 2 shows the full correlation from the 3 modalities in the same area
from one of the imaged grids (see Supplementary Fig. 2 for additional
examples from two other grids). The fluorescent 1 μm microspheres can
easily be identified in the cryo-confocal and cryo-SXT datasets. Using this
information, the area of the cryo-SXT tomogram (in X and Y) could be
localized within the cryo-FIB-SEM. At the cryo-TEM, medium magnifi-
cationmaps at 8700x (corresponding to an effective pixelsize of 14.77 Å) of
the lamellae were acquired, and sites for the acquisition of tilt series were
chosen based on distinct features, like the two shown examples: mito-
chondria and multivesicular bodies, which can be easily identified in the
cryo-SXT tomograms, were also labelled by fluorescent markers. Precise
correlations were performed afterwards. An estimate of the achieved spatial
resolution (in cryo-SXT commonly referred to as half-pitch resolution) was
made by Fourier shell correlation even/odd (cut-off at 0.2536) and were
found tobe~55and~70 nmfor the cryo-SXTvolumes at the calculated total
doses of ~100 and ~76MGy (with 25 and 40 nmFresnel Zone Plates lenses,
respectively), and~5 nmfor the cryo-ETvolume (see SupplementaryFig. 3).
In addition to the tilt series, we acquired still-images tomeasure the allowed
cumulative dose on the target. To this aimwe took a series of 70 images at 0°
tilt, resulting in a total (exposure) dose of up to ~200 e/A2 (~740 MGy) on
the sample (see Supplementary Fig. 4), which did not show any apparent
damage to visible membrane structures.

Discussion
Herein, we have developed an integrated cryo-CLXEM workflow demon-
strating that acquisition of cryo-electron tomograms for the visualization of
eukaryotic cells is possible after cryo-confocal and cryo-SXT imaging.
Although the throughput remains limited in our study—with approxi-
mately 15%of the cryo-SXT imaged samples havingmore than 50%overlap
with the prepared FIB-lamellae, we believe that the potential of this cryo-
correlativemultiscaleworkflow is evident. Furthermore, it can be adapted to
other X-ray-based cryo-correlative pipelines, aiming at imaging vitrified
cells, as in the currentwork, we show thatX-ray and electron-based imaging
are not mutually exclusive if the dose is kept under control.

The estimated resolutions are in an acceptable range considering the
reduced dose and SNR used in this proof-of-concept study. For studying
rare events that are inherently difficult to locate, cryo-CLXEM will allow
precise targeting, in addition to securing the cellular context for cryo-ET
data interpretation. Further investigations using sub-tomogram averaging
would need to be performed on known macromolecules (e.g., in situ ribo-
somes) to evaluate the ultimate resolution achievable. Note that one of the
major bottlenecks is the targeting at the cryo-FIB-SEM system, which
directly correlates to the throughput. The small field of view (FoV) con-
tained few to no correlative markers, which, in addition, were mostly
indistinguishable from the accumulated ice-crystal contamination from the
FIB-angle point of view.With future technological developments, we expect
this to improve. Meanwhile, intermediate solutions, like using more dis-
tinguishable correlative fiducial markers and/or using correlation software
like 3DCT38 could enhance the workflow. Moreover, we suggest the devel-
opment of software tools to allow calculating in advance the total dose a

Fig. 2 | Results of the entire cryo-CLXEMpipeline. A shows the Z-projection of the
confocal stack acquired at the cryo-Stellaris 8 confocal microscope. Blue –Hoechst,
Green – Mitotracker Green, Red – Fluorescent Microspheres (1 μm), Yellow –

Lysotracker deep red.B shows the 2D cryo-SXTmosaic of the same grid square. The
yellow square inA and B are shown overlayed in (C). The red square corresponds to
the cryo-SXT tomogram area of which a single slice is shown in (D) (see

Supplementary Video 1). The pink square corresponds to the lamella position, with
the arrow indicating the direction (E). The green squares highlight the area of the
cryo-ET acquisitions. In D’ and D’’ single slices from the reconstructed cryo-SXT
tomogram, showing amultivesicular body (see SupplementaryVideo 2) and part of a
mitochondrion, respectively, are shown, which can also be observed by cryo-ET in
(E’, E’’). Scalebars: A–C: 10 μm; D: 2 μm; D’, D’’: 1 μm; E: 1 μm; E’, E’’: 200 nm.
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specific sample could stand for a given spatial resolution, following what
other scientific communities have done, e.g., the protein crystallography
field39. As a last consideration, accessibility to high resolution X-ray tech-
niques at synchrotron-based facilities are open to users free of charge
through public calls40. Additionally, laboratory X-ray microscopes are now
commercially available, which should allow a larger community to take
advantage of these techniques.

Overall, the addition of cryo-SXT provides a wealth of complementary
information to classical cryo-ET datasets especially in the case of vitrified
cells. The larger FoV and penetration depth, which allow visualizing the
local cellular environment, can be crucial for the interpretation of structures
within the lamellae. Furthermore, cryo-SXT has been widely used to
describe the effect of drugs3,21,41,42 or the reorganization of organelles4,25,43,44,
among others, and with our proposedworkflow, the affected areas can now
be targeted for high-resolution data acquisition, potentially beyond the here
reported 5 nm. Additionally, with scientists experiencing the need to go to
more complex models, like tissue or organoids, cryo X-ray imaging can
provide a real benefit over cryo-VLM when it comes to targeting areas of
interest45–48. The developments of multiscale CLXEM workflows covering
macromolecular to cellular dimensions and cellular to tissular dimensions
are now at reach.

Methods
Sample preparation
Vero E6 cells (Vero 76, clone E6, Vero E6, ATCC® CRL-1586TM, simian
kidney cell line) were obtained from ATCC (USA) and were maintained in
DMEMGlutaMaxmediumsupplementedwith 10%FBS and1%Pen/Strep.
150.000 cells were seeded in a 35mm ibidi culture dish, on 200 Mesh 1/4
holey carbon gold EM-grids from Quantifoil. Hoechst nuclear dye, Mito-
trackergreen, andLysotrackerdeep-red (all fromThermoFischer Scientific)
were added shortly before plunge-freezing, considering the manufacturers'
recommended concentration and incubation time, washed with PBS, and
returned to completemediumuntil freezing.The gridswere frozenusing the
Leica EMGP plunge-freezer, keeping the humidity in the chamber above
70% and adding 3 μl of 1 μm fluorescent microsphere (red FluoSpheres™,
Invitrogen) to the grids before blotting. Grids were blotted for 5 s, plunged
into liquid ethane kept at −180 °C, clipped into the specialized Thermo
Fischer autogrids for cryo-FIB-milling, and stored in liquid nitrogen until
further use.

Cryo-confocal imaging
Samples were loaded into the cryo-Stellaris 8 confocal system (Leica
Microsystems) equippedwith aHCPLAPO50x/0.90 cryoobjective, awhite
light laser (WLL), and three HyD detectors. A first 2D widefield map was
created of the entire grid to assess the quality of the grid in terms of damage,
number of cells in suitable positions, and quality of the ice. Then, cryo-
confocal stacks were acquired of up to 10 cells of interest per grid, with the
pinhole set to 1 Au, the zoom set to 1.7x to have the FOVbe one grid square
only, and the z-step was determined using the system-optimization feature.

Cryo-SXT imaging
Samples were shipped toMistral Beamline at theAlba Synchrotron in Spain
using a dry shipper (CX100). There they were loaded into their dedicated
dual tilt sample holders49 and inserted into the cryo-SXTmicroscope30. The
magnification was chosen to give an effective pixel size of 13 nm for the
40 nm Fresnel Zone Plate (FZP) and 11 nm for the 25 nm FZP. First, the
photodiode was inserted to measure the real flux at the sample position.
Then, the sample was loaded, and a brightfield and fluorescence map were
acquired using the in-built visible light microscope. Then, using the 2D
fluorescence map from the cryo-confocal system, the cells that were pre-
viously imaged were identified. Only one X-ray tomogram per cell was
acquired, as the X-ray radiation exposure extends beyond the FOV. The
dose on the sample was controlled by reducing the gap of the entry and exit
slit of the monochromator to about half of the usual dose used to obtain
30 nm resolution16, or even lower. X-ray images were acquired every 1

degree, up to ±65 degrees, if possible, for a total of up to 131 images. The
samples were then unloaded and shipped back to Institut Pasteur, Paris,
France.

Cryo-lamellae preparation
For the cryo-Focused Ion Beam (FIB)milling, samples were loaded into the
Thermo Fischer Aquilos 2 system. Using the Maps software, the acquired
SEM overview map of the grid was aligned with the previously acquired
visible light microscopymaps to identify the areas imaged by cryo-confocal
and cryo-SXT.Using the 2D-X-raymosaic images, the exact areawithin the
grid squarewas identified andmarked. Before starting themillingprocess an
organometallic platinum layer was deposited on the grids for 75 s using the
gas injection system. The Auto-TEM software was used for automatic
lamellae cutting, from 1 nA for initial rough milling, going down gradually
until 30 pA for the final fine polishing step, aiming for a final thickness of
300 nm. After completion, the lamellae were inspected manually and
polished further if any curtaining was visible.

Cryo-EM
Samples were loaded into the 300 kV cryo-TEMTitan Krios, equippedwith
a Falcon 4i direct electrondetector (ThermoFisher Scientific) and a Selectris
X energy filter (Thermo Fisher Scientific), using the autoloader system.
Datasets were collected using SerialEM (Version 4.1.4)50 with the energy
filter at 10 eV (zero loss), objective aperture of 100 μm and a pixel size of
3.104 Å. The exposure timewas chosen to have amaximumof 110 e/ Å2 for
the full tilt series. The tilt series was acquired utilizing a dose-symmetric
scheme, acquiring an image every 3°, from 70° to−50°, starting at 10°, for a
total of up to 41 images at defocus set to -2 μm.

Data processing
Cryo-ET frames were aligned using MotionCor 2 within the Scipion
package51. Both cryo-SXT and cryo-ET tilt series were aligned with
AreTomo52 and reconstructedusing either the SIRTalgorithmofTomo3D53

for the cryo-SXT datasets and using the Filtered Back Projection with the
SIRT-like filter of IMOD54 for the cryo-ETdatasets. Initial correlation of the
data was done with scNodes55, and for a finer correlation we utilized the
ecCLEM plugin56 in ICY57.

Resolution estimation
The resolution was estimated by Fourier shell correlation (FCS) of the split
tilt series, as reported previously (Carrascosa et al.36). For the cryo-SXT
datasets, as no frames were collected, the tilt series were divided into even
and odd tilts. For the cryo-EM datasets, the frames were divided. AreTomo
was used for the alignment, and the datasets were reconstructed using the
WBP algorithm with the thickness limited to include only cellular features.
For the calculation, the resolution FSOprotocol of XMIPP3was usedwithin
the Scipion environment, and the Global FSC output was used.

Doses estimation
Table 1 where:
– e- = electron

– 1 eV = 1,6 � 10−19 J = energy of 1 e- under a potential difference of 1 V

– px = pixel size

– ph = photon
X-rays radiation-dose formula:

D Gy

h i
¼

μl μm
�1

� � � N ph
μm2s

h i
� E J½ � � ttotexp s½ �

ρ kg
μm3

h i

where:
D = radiation dose measured in Grey =Gy J=kg

� �
;which is the amount of

energy deposited through inelastic scattering per unit mass of specimen,
measured in Joule per kilogram
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– ρ is the density of thematerial, where ρ ~ 0.94 g/cm3 is the average value
for amorphous ice

– μl is the linear absorption coefficient, where μl ~ 0.1 μm−1 is the average
value for amorphous ice

– N = Flux/unit area = (number of photons/s)/unit area

– E [J] = energy of the X-rays source measured in Joule

– ttotexp = total exposure time

Electron radiation-dose formula:
Conversion of e-/Å2 toMGy : [MGy] = CF � [e-/Å2] Table 2
Parameters for cryo-soft X-rays tomography half-dose acquisition
at Mistral Beamline:

– Source energy: E = 520 eV = 8.33 × 10−17 J
– Fresnel zone plates (FZP) = 40 nm
– Pixel size (px) = 13 nm
– Flux (total flux at 520 eV at sample position with ES = 30 μm and

XS = 15 μm) = 2.08 � 1010ph/s (measured with photodiode)
– XS (for acquisitions) = 8 μm

→ Flux (for acquisitions) = 53% of Flux (at sample position) = 1.11 �
1010ph/s

– Field of View (FoV) = 13 μm× 13 μm = 169 μm2

– Total n° projections = 131
– texp = 1 s (Exposure time per projection)
– μl ~ 0.1 μm−1

– ρ ~ 0.94 g/cm3 = 0.94 � 10−15kg/ μm3

Calculation of Fluence F =N � t [ph/µm2] (equivalent to Exposure
Dose Ed [é/Å

2] in EM):
Before the sample:
Flat field: f b = 39,000 cts/s (average value on all tilt series projections)
Fluence: F b = 6.7 � 107 ph/s μm2 (fluence reaching the sample per FoV
per projection)
Total Fluence: F b

TOT = 131 � F b = 0.86 × 1010 ph/μm2 per tilt series
Total Dose: D b

TOT [MGy]= μl/ρ � Fb
TOT � E � texp = 76.20 MGy

After the sample:
Flat field: f a = 17540 cts/s (average value on all tilt series projections)
Fluence: F a = 3.7 � 107 ph/μm2 (fluence reaching the sample per FoV
per projection)
Total Fluence: F a

TOT = 131 � F a = 0.48 � 1010 ph/μm2 per tilt series
→ 55% adsorbed fluence, supposing linear response of the FZP.
→ total adsorbed dose = 0.55 � DTOT [MGy]= 41.92 MGy

Parameters for full-dose cryo-electron tomography acquisition on
the Titan Krios:

– Source energy: E = 300 keV
– Total n° projections = 41
– Pixel size (px) = 3.104 Å
– texp = 1.77 s (Exposure time per projection)
– N (Dose rate) = 25.58 e−/px2/s
– F (Fluence, Exposure dose) = 4.78 e−/Å2

– DTOT (Total RadiationDose per tilt series) = (F � 41)/texp = 110.48 e−/Å2

Calculation of Fluence/ExposureDose F[é/A2] for EM (equivalent to
Fluence F[ph/μm2] for X-rays):
Before the sample:
Fluence: F b = 4.78178 e-/ Å2 (fluence reaching the sample per FoV per
projection)
Total Fluence: F b

TOT = 41 � F b/texp = 110 e−/Å2 per tilt series
Total Dose: F b

TOT (e
−/ Å2) � 3.7 = 407 MGy

After the sample:
Fluence: F a = 0.89 e-/ Å2 (fluence reaching the sample per FoV per
projection)
Total Fluence: F a

TOT = 41 � F a/texp = 20.61 e-/Å2 per tilt series
Total Dose: F a

TOT (e
-/ Å2) � 3.7 = 76.26 MGy

→ 81.3% adsorbed fluence
→ Total adsorbed dose = 0.813 ×Db

TOT [MGy] = 330.74MGy

At 300 kV: [MGy] = CF � [e-/Å2], with CF = 3.71, as biological material
is mostly composed of H20. Table 3

Table 1 | Parameters definition

X-ray microscopy Definition/units Electron Microscopy (EM) Definition/units

Radiation dose D½MGy� = Amount of energy deposited on the
sample per unit mass

Radiation Dose D = Incident electron charge per
unit area

Energy of the source E(eV) Energy of the source E(keV)

Flux n° ph/s Flux n° electrons/s

Flat field f [counts/s] Camera gain reference counts

Flux/unit area N ph
μm2s

h i
Flux/unit area (Dose rate) N ¼ e�

px2 s

h i

Fluence = flux/unit
area �t =N � t F ph

μm2

h i
Fluence (Exposure Dose) = flux/unit
area �t =N � t F = e�

Å
2

h i

Table 2 | Voltage-dependent conversion factor (CF)
28

CF (200 kV) CF (300 kV)

Ice / H20 4.42 3.71

Protein 4.31 3.59

Table 3 | Dose summary

Soft-X rays EM

Pixel size 13 nm 3.104 Å

Exp time 1 s 1.77 s

Before the
sample

Nb 6.7 � 107 ph/
µm2/s

Nb 25 e-/px2/s

Fb 6.7 �
107ph/µm2

Fb 4.78 e-/Å2

Db
TOT 20.52 e-/Å2 Fb

TOT 110 e-/Å2

76.15 MGy 407 MGy

After the
sample

Na 3,7 � 107 ph/
µm2 /s

Na 4.87 e-/px2/s

Fa 3,7 �
107 ph/µm2

Fa 0.89 e-/Å2

Da
TOT 9.23 e-/Å2 Fa

TOT 20.70 e-/Å2

34.23 MGy 76.26 MGy

DTOT
Absorbed 11.30 e-/Å2 FTOT

Absorbed 89.37 e-/Å2

41.92 MGy 330.74 MGy
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Final consideration. To achieve resolutions better than 3 Å, exposure
should be kept below 30 e-/Å2 35, or 111 MGy. D

b
TOT has to be kept to

minimum to allow high resolution reconstructions and structure determi-
nation afterwards, keeping inmind that for a good cryo-SXT tomogram, 40-
60% absorption provides good S/N ratio, without using denoising algo-
rithms. Absorption depends highly on composition and thickness and
photon flux will be different for each cryo-SXT source.

Data availability
Source data for Supplementary Fig. 3 is provided as Supplementary Data 1.
All raw imaging data files (from the figures and videos) are available upon
request.
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