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Fig. 5. Quantification of 3D reconstruction resolution. (A) One-pixel-thick layer of a reconstructed acidocalcisome in the P channel XFM volume along x and y (top left) 
and z directions (top right). Line scan profiles along the dashed lines shown in the top images gives a resolution of ~125, ~125, and ~140 nm along x, y, and z directions, 
respectively (bottom). (B) 3D power spectrum analysis of XFM along three axial directions, with cutoff spatial frequency at azimuthally averaged signal deviating from the 
power-law relationship, showing good agreement in the resolution estimation. (C) One-pixel layer through the burnt hole in ptychography reconstruction in x and y (top 
left) and z (top right). Line scan indicates a resolution of ~45 nm along x and y directions and ~55 nm along the z direction. (D) 3D power spectrum analysis of ptychography 
reconstruction along three axial directions. To see angular orientation with respect to the experimental setup, see Fig. 1.
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requirement of sectioning or labeling that may compromise cell 
integrity and introduce unwanted artifacts into cellular structures.

When both ptychography and XFM 3D volumes are overlaid, 
many interesting observations can be made. First, some of the 
electron-dense bodies found in the ptychography volume correlate 
well with P and Ca XFM signals and can be confidently identified as 
acidocalcisomes (Fig. 3A); in the past, this identification usually 
involved different experiments using tools such as electron micro-
scopy and x-ray microanalysis to get the structural and elemental 
information (50, 55). In this work, however, both types of correla-
tive information are acquired simultaneously.

Second, in addition to occupying the cell interior, K XFM volume 
also exhibits higher concentrations in some distinct regions that 
correlate well with acidocalcisomes in the cytosol (Fig. 3A). This 
suggests that each acidocalcisome may be in a different biochemical 
state and that surface ionic pumps could be undergoing K exchange 
with the cytosolic environment. As the resolution of this correlative 
3D imaging technique continues to improve in the future, it will be 
able to provide even finer detailed elemental and chemical analysis 
into the complex biochemical activities of individual organelles in 
their native cellular states.

Third, S XFM volume not only delineates the cell boundary but 
also labels the location of the pyrenoid. In addition, some small S 
clusters suggest potential locations of mitochondria, and two faint S 
clusters near the bottom of the cell point to the possible locations of 
the contractile vacuoles, which contain S-rich H+-pyrophosphatase 
and vacuolar adenosine triphosphatase enzymes (56) and are in-
volved in osmoregulation. Ultrastructure information from contract-
ile vacuoles may not show up in ptychography due to their relatively 
homogeneous density compare to their surroundings; however, 
through S x-ray fluorescence, the locations of those organelles with 
respect to the cell can be visualized. This important complementary 
advantage between ptychography and XFM will provide researchers 
with even more insights into complex structural biology than either 
method can do alone.

Last, the white dashed circles in Fig. 3A highlights some regions 
of the ptychography volume that appears to be electron-dense bodies 
but do not contain Ca or P, suggesting that they are different organ-
elles. This unexpected finding, along with the organelle’s size, loca-
tion, and visibility in ptychography volume, led us to believe that at 
least some of those bodies are algal lipid bodies. The size of those 
dense bodies ranges from 0.5 to 1 m in diameter and are localized 
near the chloroplast (57), which agree well with the properties of 
lipid bodies in literature. Also, since lipid bodies are known to have 
good contrast in x-ray (4, 58–60), they are expected to be visible in 
ptychography volume. This ability to confirm the identities of indi-
vidual organelles in 3D ptychography using XFM rather than relying 
on mass density thresholding, as demonstrated in previous x-ray 
3D imaging works on C. reinhardtii (32, 33), highlights the power 
of this correlative microscopy tool for studying complex biological 
structures.

Optimizing 3D reconstruction with GENFIRE  
angular refinement
The GENFIRE algorithm was used to produce high-quality 3D XFM 
and ptychography reconstructions from a limited number of 2D 
projections. GENFIRE’s angular refinement feature allows us to 
overcome errors in the recorded rotation angles due to imperfec-
tions in the rotation stage, resulting in higher quality reconstruc-

tions. Angular refinement can be thought of as a way to provide in-
formation on the experimental setup’s overall stability. Our angular 
refinement result shows small  deviations from recorded angles in the 
negative rotational angles (Fig. 4K), which increased noticeably as 
the stage tilted into the positive angular range. This suggests that the 
stage stability differed between the positive and negative angles during 
the 3-day data acquisition period. This type of diagnostic information 
could help devise better tomographic data collection schemes in the 
future to ensure that the highest quality data can be obtained.

Simultaneous data collection streamlines data processing
In addition to considerably shortening the data collection time, the 
correlative microscopy method demonstrated here can also shorten 
postprocessing workflow and prevent additional sources of recon-
struction errors. Since all data are acquired simultaneously, the com-
putational projection image alignment procedure performed on one 
dataset can be applied to the rest. This is helpful for aligning XFM 
datasets, where object boundary in some channels is not always 
defined. Likewise, image segmentation parameters obtained from 
separating the object from background in one dataset can be shared 
with all others. Efficient postprocessing workflow, such as those men-
tioned above, is especially important for correlative tomography re-
constructions, where multiple tomograms with different information 
content need to be processed efficiently and consistently to obtain 
results in a timely manner.

CONCLUSION
In this work, we demonstrate an application of 3D correlative mi-
croscopy by combining GENFIRE with x-ray ptychography and 
XFM tomography to image a whole frozen-hydrated C. reinhardtii 
in 3D. XFM provides trace element distributions of various organ-
elles within the alga, and they are coupled with ptychography to 
reveal complex ultrastructure information. This simultaneous data 
acquisition process streamlines the experiment and saves research-
ers considerable amount of time in sample transfer between differ-
ent instruments and in searching for the exact specimen on the 
sample substrate to do correlative imaging. It reduces the total radia-
tion dose accumulated on the sample from the sequential imaging 
approach and alleviates damage from exposing the sample to different 
imaging conditions. Furthermore, we also demonstrate GENFIRE’s 
superior 3D reconstruction capability when dealing with limited 
number of projections. This presents yet another avenue to reduce 
the amount of tomographic data necessary to achieve high-quality 
3D reconstructions and can further minimize radiation damage im-
parted on the sample.

One of the limitations of this initial demonstration is the very 
long time period used to collect the data. There are a number of 
speedups that we plan on using in the future. First, scan trajectories 
with better photon utilization will be used. The fly-scan scheme used 
in this experiment only implemented continuous motion along one 
scan axis, while the other axis was still in step-scan mode. By apply-
ing continuous motion throughout the whole projection scan (61) 
or even the whole 3D scan [e.g., spiral tomography (62)], the scan 
time can be reduced by avoiding the overhead between scan lines. 
For instance, in this experiment, the overhead was about 5 min for 
one 2D projection scan. Second, a double-multilayer monochromator 
with a spectral bandwidth of 10−2 delivers ~20 times more flux than 
the DCM source used in the present measurement, which can speed 
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up this correlative 3D measurement. This improvement will be sig-
nificant as the APS is upgraded, which will provide at least 100 times 
more coherent flux. Last, using the dose fractionation theorem (63), 
the total photons for a 3D measurement can be divided into many 
tilt angles, so each 2D projection will be acquired rapidly with high- 
throughput detectors. This means that more angular projections can 
be obtained to achieve higher quality 3D reconstruction while re-
ducing the missing wedge effect.

Another limitation of this method concerns imaging large spec-
imens such as thick whole mammalian cells, which may introduce 
depth of focus problems when acquiring tomography projection data. 
To scale up and generalize the range of applications achievable by 
ptychography, additional techniques have been developed, such as 
multislice ptychography (64, 65), which allows ptychography to go 
beyond the depth of focus limits and image thick biological speci-
mens with high resolution in 3D (66, 67). A detailed discussion of 
the thickness limits of x-ray microscopy and its relationship to elec-
tron microscopy of biological specimens is available (68). Moreover, 
ongoing efforts in synchrotron source upgrades and faster and larger 
data handling will decrease data acquisition time and allow scien-
tists to scale up the type and size of biological specimen they can 
image using ptychography.

With the improvements described above, we believe that the com-
bination of x-ray ptychography for structural information, x-ray 
fluorescence for trace element information, and GENFIRE for syn-
thesizing 2D data into 3D will become an important microscopy tool 
in structural biology. By combining with new developments in dose- 
reduced imaging, this technique will allow researchers to image 
whole, unsectioned eukaryotic cells and elucidate each component’s 
elemental compositions, all the while preserving structural integrity. 
As this tool continues to develop, we envision that it can find a nice 
niche between fluorescence light microscopy, where selective intra-
cellular components and macroscopic intercellular phenomena are 
imaged in lower resolution, and cryo-electron microscopy, where 
fine internal ultrastructure of thinned subregions is imaged in higher 
resolution. This will open the door to study a myriad of biological 
problems where high-resolution elemental identification and com-
plex internal structure information are required in 3D.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/11/eaau4548/DC1
Fig. S1. Experimental phosphorus channel x-ray fluorescence projections.
Fig. S2. Experimental calcium channel x-ray fluorescence projections.
Fig. S3. Experimental sulfur channel x-ray fluorescence projections.
Fig. S4. Experimental chlorine channel x-ray fluorescence projections.
Fig. S5. Experimental potassium channel x-ray fluorescence projections.
Fig. S6. Experimental ptychographic projections.
Fig. S7. Resolution of 2D ptychographic projections.
Movie S1. Reconstructed x-ray fluorescence volume of C. reinhardtii. 
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