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Abstract

Opver the past three decades, soft X-ray tomography (SXT) has rapidly
evolved from a proof-of-concept microscopy method into a high-
throughput quantitative imaging modality. This advancement enables
researchers to address central questions in cell biology. Despite its relatively
short developmental period compared to light and electron microscopy,
SXT has emerged as a powerful imaging technology. It enables measuring
chemical changes in cellular organelles, analyzing three-dimensional
structures of whole cells and creating digital cellular models to study cell
motility. We discuss the unique nature of SXT to visualize cells without
fixation or labeling, enabling quantitative analyses of organelle chemical
composition. We explore SXT microscopes available worldwide, SXT seg-
mentation software, and the diverse cell types studied using this technique.
We conclude with emerging directions in SXT imaging, including a brief
discussion of recent discoveries that are highly influential and likely to
become integral to cell biology textbooks.
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1. INTRODUCTION

The field of structural cell biology has been transformed in the last few years. On the one hand,
single-cell transcriptomics techniques enable profound insight into the nature of cell state and cell
identity (1). On the other hand, the latest advancements in imaging techniques have enabled us to
visualize complexity across scales from the organization of cells in large tissues to the molecular
details inside native cellular environments (2). Apart from an attempt to answer the fundamental
question, What are we made of?, insights from structural cell biology have enabled us to modify
and reengineer human cells (3) to combat pathogens and diseases.

Several major consortia and initiatives aim at mapping human cells using various methods,
including imaging methods, for example, the Human BioMolecular Atlas Program (4), Pancreatic
p-Cell Consortium (5), Human Cell Atlas (6), and many others. By providing high-resolution,
detailed imaging of cellular structures and processes, microscopy techniques play a crucial role in
these initiatives. Over the past two to three decades, the demand for imaging data has surged at
an unprecedented rate. During this period, conventional imaging modalities have seen significant
advancements, and new techniques, such as soft X-ray tomography (SXT), have been introduced.

The potential of SXT to visualize biological material in the native state at low radiation dosage
was theoretically predicted by Sayre et al. in the late 1970s (7). This led to the development of
several soft X-ray microscope systems that demonstrated the potential for multiple applications in
cell biology research (8-10), with rapid growth at the beginning of the twentieth century due to the
development of high-precision X-ray optics (11). Since the construction of the first SXT station
dedicated to biological specimens (12), SXT became the method of choice for three-dimensional
(3D) imaging of cryo-preserved whole cells, including large mammalian cells.

Similar to medical computed tomography scans, SXT collects a series of two-dimensional 2D)
projection images from multiple angles around the specimen. These images are then computation-
ally reconstructed into a 3D volume using algorithms such as filtered back projection or iterative
reconstructions (13). The main steps of SXT imaging are depicted in Figure 14 and can be sum-
marized as follows (14): (#) harvesting of cells; (b) rapid cryo-fixation to preserve their native state;
(¢) transfer to the SX'T' microscope and collection of a series of projection images by rotating the
sample; and (d) 3D reconstruction, segmentation, and quantitative analysis of intracellular struc-
tures. SX'I’ ability to penetrate whole cells 20-25 wm in diameter (15), combined with its spatial
resolution of 25-60 nm, makes it a valuable tool for studying the anatomy of diverse cells—from
bacteria to eukaryotic mouse and human cells—in a near-native state (see examples in Figure 15).

2. THE UNIQUE QUANTITATIVE NATURE
OF SOFT X-RAY TOMOGRAPHY

SXT utilizes the natural absorption properties of biological materials in the so-called water win-
dow region of the soft X-ray spectrum, which is 284-543 eV or 4.4-2.3 nm. In this energy range,
X-rays interact with matter mainly by photoelectric absorption, which is quantitatively defined by
the linear absorption coefficient 1 (or LAC). By definition, ;z is the attenuation of the X-ray beam
with intensity I(z) through the thickness of the material z, such that absorption by the specimen
is determined by the Beer—Lambert law:

I(z) = Ipe™™=.

As other processes of X-ray interaction, such as scattering, are negligible in the water window,
the LAC is proportional to the number of atoms per unit area interacting with X-rays (16):

~ pmNA
A )

m
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where Ny, p,, and A are Avogadro’s number, the mass density, and the atomic mass number,

respectively.
Therefore, in biological systems, the LAC (1) is a measure of molecular (e.g., amino acid, car-

bohydrate, lipid) composition and concentration. The linear dependence of LAC as a function of
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Figure 1 (Figure appears on preceding page)

The wide applicability and quantitative nature of SX'T. () The imaging pipeline of SXT imaging starts with the harvesting and
preparation of cells (D), which are then loaded into a specimen holder and rapidly frozen to preserve their near-native state (2). SXT is
then acquired at cryogenic conditions and reconstructed in 3D volume (3), which with segmentation enables quantitative analysis of cell
structure (3. Panel # adapted with permission from Reference 14 (CC BY-NC-ND 4.0) (b) Selected examples of different cell types
visualized with SXT. Panel 7 adapted with permission from Reference 31 (CC BY-NC 4.0); panel 77 adapted with permission from
Reference 140, copyright 2009 National Academy of Sciences; panel ii7 adapted with permission from Reference 14

(CC BY-NC-ND 4.0); panel /v adapted from Reference 34 (CC BY 4.0). (¢) SX'T’ LAC is sensitive to chemical differences in RNA
bases of adenine and cytosine, where adenine has a higher LAC owing to higher carbon and nitrogen contrast. That allows visualization
of the 3D distribution of RNA bases in phase-separated structures. Panel ¢ adapted with permission from Reference 24

(CC BY-NC-ND 4.0). (d, i) Pancreatic p cells produce insulin granules (black arrow) that undergo different stages of maturation.
Combining LAC measurements from SXT data with information on molecular composition from structural biology analysis enabled
modeling of (#7) mature, (i) transitional, and (#v) immature insulin granules in 3D at the level of individual monomers. Panel i adapted
from Reference 34 (CC BY 4.0); panels 7i—/v adapted from Reference 29 (CC BY 4.0). Abbreviations: 3D, three-dimensional; CCD,
charge-coupled device; ER, endoplasmic reticulum; LAC, linear absorption coefficient; SXT, soft X-ray tomography.

molecular concentration has been confirmed for bovine serum albumin, hemoglobin, and alcohol
oxidase crystals (17, 18). It has been extensively used in the analysis of hemoglobin content and
structure in cells infected with malaria (19-22).

This quantitative relationship has two implications: (#) organelles that are similar in compo-
sition would have similar LAC values, and (§) changes in LAC values are a quantitative measure
of a changed organelle’s composition. Indeed, if we compare LAC values measured for cells of
different origin, e.g., yeast Saccharomyces cerevisiae, green alga Chlamydomonas reinhardtii, pancre-
atic f cells (INS-1E cell line), and primary mouse cells from olfactory neurons, the organelles
involved in the same machinery have similar LAC values. The nucleus in yeast, for example, has
typically low absorption values of approximately 0.25 um~!. The average LAC value of the nu-
cleus is conserved, to the best of our knowledge, for most cell types (Table 1). Measuring the
LAC of heterochromatin versus euchromatin in cells from mouse tissue, however, showed that
heterochromatin LAC remains constant during differentiation at 0.32 wum~!, while euchromatin
LAC increases from 0.18 um™! in stem cells to 0.23 um™' in mature, differentiated cells (18,
23). The sensitivity of LAC at the level of individual nucleobases of RINA also has been demon-
strated in vitro (Figure 1c). Though quite similar in chemical composition, the phase separation
of adenine and cytosine nucleobases has been analyzed in 3D (24). Having quite opposing func-
tions (25), both chloroplasts and mitochondria are involved in glucose metabolism and synthesis
of adenosine triphosphate (ATP) and show LAC values from 0.3 to 0.4 um~!. The activation of
glucose or ATP production was measured by the increase of SXT’ LAC in combination with

Table 1 Quantitative analysis of LAC in various cell types

Yeast; Saccaromyces Green alga; Chlamydomonas | Pancreatic -cells; INS-1E | Olfactory sensory neurons;
cerevisiae (32) reinbardtii (9) cell line (35) primary mouse cells (18)

Organelle LAC pm~! Organelle LAC pm! Organelle | LAC pm™! Organelle LAC pm™!

Vacuole 0.22 £0.07 Flagellar 0.206 Nucleus 0.26 £0.02 |Heterochromatin [ 0.32 + 0.02
roots (average)

Noucleus 0.26 = 0.01 Chloroplast | 0.385 Mitochondria |0.32 £0.02 | Euchromatin 0.22 +£0.02

Nucleolus 0.33 £0.01 Pyrenoid | 0.441 Insulin 037+£0.03 [ER 0.244+0.01

vesicles
Mitochondria | 0.36 & 0.02 Spherical ~ [0.711 Lipid droplets | 0.48-0.90 Mitochondria 0.31+0.02
vesicles
Lipid bodies |0.55 £ 0.05 NA NA NA NA Lipid droplets 0.58 +0.09

Abbreviations: ER, endoplasmic reticulum; LAC, linear absorption coefficient; NA, not applicable.
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other methods in herpes-infected cells (26). Lipids are one of the most absorbing organelles in
cells with LACs higher than 0.5 pm™, likely due to the high carbon concentration. This differ-
ential absorption of cellular organelles is an indispensable tool in the segmentation and analysis
of organelles’ structure.

The molecular information provided by LAC in SXT has become a unique boundary condi-
tion to model the interaction of molecules with cells (27, 28). The group of David S. Goodsell
has combined the LAC values from SXT with the information from proteomics, structural
biology, and cryo-electron microscopy to understand the composition of insulin granules at
different stages of maturation (29). By taking known protein structures and modeling the spatial
arrangement of these structures to match the distribution of LAC values of insulin granules, the
group could model whole insulin granules in three phases of maturation at the monomer level
(Figure 1d). This demonstrates the power of LAC values for a variety of organelle analyses. For
example, it is now possible to determine the stage of insulin granule maturation after experimen-
tal manipulation in unlabeled cells or in tissues obtained from patients. The recent success of
artificial intelligence-based protein structure analysis, such as AlphaFold (30), in combination
with quantitative information enabled by SXT will make it possible to interpret entire cells at the
molecular level.

3. GLOBALIZATION OF SOFT X-RAY TOMOGRAPHY

The unique capabilities of SXT to map the structure of whole cells at the nanometer scale without
the need for fixation or staining have led to the construction of six cryogenic SXT stations world-
wide (Figure 24). These stations, located at synchrotron radiation facilities, provide imaging time
to the biological community through a peer-reviewed allocation process. Each of these stations
offers distinct features and capabilities.

BL09-MISTRAL at ALBA Synchrotron (Spain) combines SXT with spectroscopic analysis
and X-ray fluorescence tools for elemental mapping (36, 37). The addition of elemental analysis
has been successfully used to understand the interaction of nanoparticles with cells (38-42).

The cryo-SXT station at the Diamond Light Source (United Kingdom) enables correlation
with 3D structured illumination microscopy (43, 44), which was recently used to investigate the
roles of five viral proteins in virion morphogenesis (45).

Uniquely, the National Center for X-Ray Tomography at the ALS Synchrotron (United States)
features the only SX'T microscope capable of full-rotation tomography to enable whole-cell imag-
ing and analysis (12). The use of capillaries as sample holders in this station enables automatic
alignment of X-ray projection images for 3D reconstructions (13) and application of alternative
imaging geometries such as half-acquisition tomography to allow imaging larger specimens with
higher resolution optics (15). This capability enables not just a snapshot of the local organelle’s
structure, but insights into spatial arrangements, such as cell polarization, cross talk between differ-
ent organelles (35), and detection of rare events in whole cells (46). See Figure 25 for an example
of SXT imaging in capillaries.

Further details on beamline parameters of different SXT stations have been summarized else-
where (47). Recognizing a growing demand for SXT imaging, four additional SXT stations are
planned at synchrotron sources. Moreover, there is a continuous development of laboratory or
table-top SXT microscopes (Figure 2a,c,d).

3.1. Transferability to the Laboratory

The first compact water-window soft X-ray microscopes were demonstrated in the late 1990s
(49, 50). The ability to achieve images of quality comparable to synchrotron source images and
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Figure 2 (Figure appears on preceding page)

Increasing availability of SXT worldwide. (#) World map showing available SXT stations and those under construction at their
synchrotron sources and facilities with labSXT systems. (b) Selected example of full-rotation SXT imaging at the NCXT, ALS, in the
United States. Virtual slice and 3D renderings of nucleus, mitochondria, and insulin vesicles in pancreatic  cells. Panel & adapted from
Reference 35 (CC BY 4.0). (¢) SXT and fluorescence images of the monkey kidney fibroblast-like COS-7 cell line from the
laboratory-based SXT at Friedrich Schiller University Jena, Germany. () 2D soft X-ray projection, showing two nuclei with the
surrounding cytoskeleton and mitochondria. (i) Zoomed-in region of the SXT image highlighted in red frame in panel / with
corresponding fluorescence images of (i) mitochondria and (7v) actin. Panel ¢ adapted from Reference 48 (CC BY 4.0).

(d) Chlamydomonas imaged using the SX'T-100 by SXT and an integrated visible light fluorescence microscope. (7) Chlamydomonas
autofluorescence signal collected with a 0.44-INA 20x objective of the integrated epifluorescence inside the SXT microscope.

(#7) Low-magnification X-ray projection featuring four Chlamydomonas cells. (iif) High-magnification, 30-nm-thick virtual slice through
an SXT reconstruction of two Chlamydomonas cells. (iv) Correlation and an overlay of images in subpanels 7 and 7. Samples were
provided by Mara Wieser and Prof. Takashi Ishikawa, Paul Scherrer Institute, Switzerland, and imaged with SXT-100 by SiriusXT.
Abbreviations: 3D, three-dimensional; ALBA, meaning sunrise in Spanish, is a third-generation synchrotron light source facility in the
Barcelona Synchrotron Park, Spain; ALS, Advanced Light Source, Berkeley, California; BESSY 11, Berliner Elektronenspeicherring-
Gesellschaft fiir Synchrotronstrahlung, Berlin, Germany; labSXT, laboratory SXT; LNLS, Laboratério Nacional de Luz Sincrotron
(Brazilian Synchrotron Light Laboratory), Campinas, Brazil; MAX IV, fourth-generation synchrotron light source facility, Lund,
Sweden; NA, numerical aperture; NCXT, National Center for X-Ray Tomography, Berkeley, California; NSLS-II, National
Synchrotron Light Source II at Brookhaven National Laboratory, Upton, New York; NSRRC, National Synchrotron Radiation
Research Center, Hsinchu Science Park, Hsinchu, China; NSRL, National Synchrotron Radiation Laboratory, Hefei, China; SXT, soft
X-ray tomography.

with adequate image acquisition times was demonstrated by Hertz’s group (50-52). Since then,
the generation and use of water-window X-rays also were shown with laser plasma—based sources
based on gas-puff, liquid jet, or solid targets (52—54). The increasing performance of industrial
lasers now enables a higher flux of X-rays that is combined with X-ray optics for SXT imaging in
research laboratories. These laboratory-based SXT microscopes enable further technical develop-
ments of SXT imaging in terms of sample preparation (55), type of detection (56), and correlation
with fluorescence microscopy (48) (Figure 2¢). Most recently, the laboratory-based SXT has been
commercialized by SiriusXT (54). Like synchrotron-based SXT systems, the laboratory SXT-
100 microscope enables 3D tomography acquisition of cryogenically preserved cells with 50-nm
spatial resolution. The footprint of the microscope is 2 m x 3 m (54). At this time, the laboratory-
based microscope enables full tomographic imaging in under 85 min (Figure 2d). Such laboratory
systems enable the design and development of correlative imaging, for example, integrated fluo-
rescence microscopy (Figure 2c¢,d). They are often more versatile microscopes that, owing to
unlimited daily availability of X-rays, can push the development of alternative sample preparation
strategies, develop new image acquisition strategies, enable imaging in higher-biosafety-level fa-
cilities, and investigate new unexplored fields for SXT imaging. Interestingly, the first SXT 2D
projection image of a cell using a soft X-ray free electron laser was recently demonstrated (57).
Because of the low radiation dose required, this approach might enable SXT imaging of living
cells in the future.

The growing number of SXT stations at synchrotron facilities and the development of compact
SXT microscopes will broaden access to SXT imaging as well as the development and deployment
of this technique to cell biology and many other fields.

3.2. Automatic Analysis of SXT Data

The growing number of available synchrotron and laboratory-based SXT systems and ongoing
improvements in throughput of SXT imaging have increased the demand for accelerated image
analysis. While tomographic reconstructions are often done automatically, the segmentation of
SXT data that is required to analyze structural changes within cells remains primarily a manual
task. Images obtained with SXT differ from those generated by light microscopy and electron
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microscopy. No heavy stains or fluorescent probes are used in SXT sample preparation, so the
differential contrast between organelles is more subtle and like that in the near-native state.
Consequently, the contrast difference-based segmentation algorithms developed for electron
microscope data are not directly applicable to SXT data.

Several semiautomated and automated segmentation tools have been developed specifically for
SXT data. One of the classical approaches to segmentation is the use of gray values of images, e.g.,
the SXT LAC, to threshold organelles of interest. However, some organelles, such as endoplasmic
reticulum and euchromatin, have overlapping LAC values; therefore, Nahas et al. (58) introduced
constraints on the size of the organelle into the segmentation software Contour. The software is
designed to segment features in the cytoplasm of whole SXT volumes, such as mitochondria, lipid
droplets, and vesicles associated with pathological conditions, such as viral infection (Figure 34).
The success of deep learning approaches, for instance, segmentation, has not been overlooked by
the SXT community. Due to the lack of public SXT data depositories and training datasets for
deep learning in the form of segmented volumes, most deep learning tools are organelle- or cell-
type-specific. For example, a convolutional neural network (CNN) model for the classification
of fused versus partially fused vacuoles based on the labels from fluorescence imaging has been
developed for cells of the yeast S. cerevisiae (59). Without manual intervention, it enables analysis
of vacuole fusion, droplet size (Figure 3b), and lipophagy, an important cellular pathway with
potential for clearance of misfolded proteins known as hallmarks of degenerative diseases.

Automatic segmentation of all organelles visible in SXT has been realized for pancreatic
B cells. Li et al. (61) developed a two-branch method containing a semantic segmentation branch
for categorical masks of mitochondria, nuclei, and cells, and an instance segmentation branch that
would separate instances of individual vesicles. By using a priority-based fusion mechanism, the
network enables 3D segmentation of organelles in  cells (Figure 3d). This automatic analysis
of B cells and their insulin secretion dynamics in conjunction with SXT data on cells from pa-
tients will enable new insights into diabetes and the development of potential pharmacological
intervention.

Some CNN models have been generalized to automatically segment different cell types (60,
62). Specifically, ACSeg enables segmentation of the cell cytoplasm for five different cell types,
with accuracy of more than 95%. This diversification of CNN models is possible through the in-
tegration of high-quality training datasets obtained by classical approaches such as random walk,
which is more accurate than manual segmentation (e.g., see Figure 3¢). With the growing atten-
tion to statistically significant analyses of cell structure, the development of free and easy-to-use
models specifically designed for SXT data will continue to grow. With automatic cell anatomy
analysis at hand, SXT imaging allows a wide range of applications.

3.3. SXT Is Nature’s Swiss Army Knife for Biological Research

SXT’ sensitivity to organic material enables it to address the need for 3D information on or-
ganelles and features in any cells, without chemical fixation or staining. SXT imaging has been
extensively used to analyze structural changes in response to environmental conditions or mu-
tations in four yeast species (Table 2). A vast number of immortalized cell lines have been used
to analyze structural changes upon exposure to external chemicals or objects such as nanoparti-
cles and pathogens. Statistical analysis of publications based on SXT imaging shows that SXT
has been used to address phenotypic changes (that is, structural alterations in cellular organelles),
nanoparticle—cell interactions, and increasingly since the recent COVID-19 pandemic, viral re-
search on cellular remodeling during infection (Figure 44 and Table 2). Here, we highlight a few
emerging directions where SXT could potentially transform the research fields.

Weinbardt o Larabell



One of these fields is focused on understanding membraneless organelles, such as the nucle-
olus, paraspeckles, nuclear speckles, Cajal bodies, PML bodies, P-bodies, and stress granules, to
name a few (63). The family of membraneless organelles continues to expand. These organelles
are highly dynamic and by means of phase separation have been shown to regulate transcription,
splicing, RNA metabolism with dysregulation of phase transitions linked to neurodegenerative
diseases, cancer, and infection biology (64). Many membraneless organelles are small and show
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Figure 3 (Figure appears on preceding page)

Segmentation pipelines specifically designed for SXT data. (#) Contour semiautomatic segmentation where the mitochondria were
segmented based on an intensity threshold (LAC) with a subsequent width restriction to improve labeling quality. The SXT virtual slice
is segmented using voxel intensity threshold (blue arrows) and threshold with restriction algorithms to detect mitochondria (mzagenta).
White arrows show areas where mitochondria are missing, and yellow arrows show mislabeling of lipid droplets as mitochondria.

Panel # adapted from Reference 58 (CC BY 4.0). () CNN-based segmentation of vacuolar shapes in yeast (Saccharomyces cerevisiae) cells.
(7) Result of the automatic segmentation of SXT data in panel 77, showing model output after 3D rendering. Panel » adapted with
permission from Reference 59 (CC BY-NC-ND 4.0). (¢) Quantitative comparison of the cytoplasm segmentation results based on
semiautomatic, i.e., Biomedisa, segmentation and a CNN-based model named ACSeg for (i) cell volume and (i) cell-surface-to-volume
ratio. Statistical significances using paired #-test (N = 10): ns, p > 0.05; **,0.001 < p < 0.01. (i) Biomedisa (b/ze) and ACSeg (gray)
reconstruction of T cell cytoplasm with accurate cell volume and surface measurements as seen in overlays of two segmentation
methods (v and vi). Segmentation was accurate on five cell types. Panel ¢ adapted from Reference 60 (CC BY 4.0). (d) Manual and
CNN-based automatic segmentation of pancreatic p cells. Panel 4 adapted from Reference 61 (CC BY 4.0). Abbreviations: CNN,
convolutional neural network; LAC, linear absorption coefficient; LD, lipid droplet; SXT, soft X-ray tomography.

complex 3D spatial organization. It is therefore challenging to image them within the crowded
structure of whole cells. Owing to the sensitivity to chemical composition, SXT is uniquely posi-
tioned to investigate the phase separation of unlabeled proteins in vitro, as demonstrated for the
condensation of RNA bases (24).

Recently, condensation-based toxicity of dipeptide repeat polypeptides PR and GR, a leading
cause of amyotrophic lateral sclerosis, was studied by SXT in vivo (65). Using machine learning
to predict protein condensation, several protein targets were associated with intracellular conden-
sates and tested in vitro. One of these candidates was applied to live bacteria at a concentration
that would inhibit a range of pathogens. SXT of these bacteria showed that treated bacteria have
compacted nucleoids, measured by LAC, and cytoplasmic condensation (Figure 4b), thus con-
firming that phase separation of bioactive peptides plays a crucial role in vivo. The ability of SXT
to probe molecular condensation and cellular structure simultaneously is invaluable in examining
the condensate-to-membrane interactions. These insights are of particular interest in understand-
ing what regulates the interactions between molecular condensates and other cellular structures,
for example, mitochondria, lipids, or even membranes at the synapse of a neuron. Applied to var-
ious cells and types of condensation, SX'T' will broaden our knowledge and help to establish a
bridge for therapeutic interventions targeted to phase separation.

Apart from experimental methods, cells are extensively studied by computational models (66).
The development of cellular structural models based on SXT data is beneficial because not only
the structure but also the composition of cellular organelles are obtained in 3D. Samuel Isaacson’s
group used such cellular models to understand the dynamics of proteins required to find specific
DNA binding sites (27) and the signaling of proteins enabled by diffusion of proteins through
cell cytoplasm toward the nucleus (28). In another study, a comprehensive mathematical model
of pancreatic B cell reorganization during glucose-stimulated insulin production was developed
through an integrative approach, where SXT data were used to simulate insulin granule traffick-
ing, docking, and exocytosis (67). As mentioned before, by integration of proteomic data with
LAC information from SXT (Figure 1d), the composition of the insulin granules at different
maturation stages was modeled at single-molecule levels. Apart from physical representations of
cell phenotype, such models are unique in modeling interactions with chemical and environmen-
tal factors, including signaling and motility of cells. Finally, to understand the motility of parasites
such as Plasmodium and Toxoplasma, SXT provided rigid and stereotypical shape models (68)
(Figure 4c). The surface models were then used to solve the theoretical model of actin self-
organization, which predicts patches of parallel actin filaments circulating up and down a cell
to enable bidirectional and unidirectional gliding of parasites. The integration of experimental
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Table 2 Representative cells and organisms that have been examined by soft X-ray tomography (SXT) to date®

Specimen Specific type with references

Bacteria Leptothrix ochracea (9), Escherichia coli (65, 71-77), Mycobacterium smegmatis (71), Salmonella
enterica (78), Pseudomonas putida (79), Pseudomonas aeruginosa (80), Staphylococcus aureus (80)

Yeasts Saccharomyces cerevisiae (13, 32, 81-84), Saccharomyces pombe (32,71, 81, 85, 86), Candida albicans
(32,71, 81), Pleurochrysis carterae (87)

Algae Chlamydomonas reinbardtii (88), Scenedesmus (89), Chromochloris zofingiensis (90), Ostreococcus tauri
1)

Plankton Emiliania huxleyi (92)

Protozoa Plasmodium falciparum (20-22), Trypanosoma brucei (93, 94), Toxoplasma gondii (68, 70), Babesia

divergens (95)

Symbiotic species

Magnetotactic holobiont (96)

Viruses Vaccinia (97, 98), herpes simplex virus 1 (46, 99-102), hepatitis C (103, 104), reovirus type 3
(43), SARS-CoV-2 (33, 105)
Primary cells Erythrocytes (106, 107), lymphocytes (78, 81, 99, 108), olfactory sensory neurons (18, 27),

myocardial mouse fibroblasts (109), muscle cells from rat aorta (110), human bone marrow
111

Immortalized | Human
cell lines

Embryonic kidney HEK293 (112, 113), malignant melanoma G361 (114), adenocarcinoma
MCF-7 (38-40, 95), hepatocyte-derived cellular carcinoma Huh-7 (104, 109), T lymphoblast
CEM (115), fibrosarcoma cell HT1080 (116), colorectal adenocarcinoma HT29 (89),
malignant osteosarcoma U20S (15, 43, 101, 116), fibroblast of foreskin HFF-hTERT cells
(101), lymphoblastoid GM12878 (15, 28, 46, 86, 102, 117), lung cancer Calu-3 (33), lung
adenocarcinoma A549 (40), A549-ACE2 (33), embryonic human kidney HEK293T-ACE2
(33), Jurkat E6-1 T cells (118), osteosarcoma SaOS-2 (119) and MG-63 (41), bone
marrow—derived mesenchymal stem cells (120), prostate cancer PC3 (42, 121), colon
carcinoma cells HCT-116 (40), hepatocellular carcinoma HeP-G2 (40), colon carcinoma
LoVo-S and LoVo-R (122), human skin fibroblasts GM08680/GM 18455 (123-125)

Mouse

Fibroblasts 3T3 (109, 126-129), basophilic leukemia cell RBL-2H3 (130), macrophage
RAW264.7 (131), macrophage-like J774 (126, 129, 132, 133), pheochromocytoma PC12 (93),
adenocarcinoma (107, 134), insulinoma INS-1E (34, 35)

Pig

Embryonic kidney EFN-R (135)

Rabbit

Kidney RK13 (136)

Monkey

Fibroblast-like kidney Cos7 (137, 138), epithelial-like kidney BSC-1 (43)

Long-nosed
potoroo

Epithelial kidney PtK2 (36, 97, 139)

Chicken

Embryonic fibroblasts DF1 (97)

Synthetic biology

RNA condensates (24)

*This table is inspired by and serves as an extension of the previous collection by Harkiolaki et al. (70).

SXT data (e.g., the true structure of cells) and mathematical models to probe and understand

phenomena is key to mechanistic explanations or feasible predictions that faithfully recapitulate

in vivo situations.

In addition to looking at established and well-understood cells and unicellular organisms, SXT
is uniquely positioned to identify new cell types and structures within. Particularly in aquatic
biology, SXT has been used to describe the cellular structure of algae, plankton, and symbiotic

organisms (Table 2). Symbiosis is of particular interest, as it involves the living of two or more
species that are dependent on each other in terms of anatomy and metabolism. In the symbiotic
relationship between the marine alga Braarudosphaera bigelowii and cyanobacterial endosymbiont
UCYN-A, SXT has unveiled that the UCYN-A process of replication and division is tightly
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synchronized with that of the host algal cell (69). The synchronization of these processes is a
hallmark of the transition from an endosymbiont to an organelle. Published as the cover article of
the journal Science, SXT data show that a single UCYN-A cell is located in each B. bigelowii cell.
Analysis of hundreds of B. bigelowii cells by SXT was used to understand the dynamics of cell-cycle
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Figure 4 (Figure appears on preceding page)

Selected applications of SXT imaging. (#) Statistical analysis of publications based on SXT data in terms of application field or research
question. (b, ) Virtual slices and 3D renderings of E. co/i in control cells and after treatment with LL-37 peptide. (i7) Nucleoid
compaction is measured as the ratio of nucleoid to cytoplasmic volume, with information on changes in cytoplasmic condensation
measured by LAC. Panel 4 adapted with permission from Reference 65 (CC BY-NC-ND 4.0). (¢c) Toxoplasma gondii tachyzoite surface
rendering of SXT data transferred to triangle-meshed surfaces on which to solve the actin self-organization theoretical model. Panel ¢
adapted with permission from Reference 68 (CC BY-NC-ND 4.0). The geometry of actin patches based on the model is constrained to
the surface geometry of 71 gondii. (d) Light microscopy images showing a Braarudosphaera bigelowii cell with a UCYN-A SB and Pls.
Panel d adapted with permission from Reference 69; copyright 2024 AAAS. Virtual slice and 3D renderings of the same cell with
organelles were segmented in 3D and measured in terms of their volume and LAC. Abbreviations: 3D, three-dimensional; DAPI,
4/,6-diamidino-2-phenylindole; DIC, differential interference contrast; E. coli, Escherichia coli; LAC, linear attenuation coefficient; LD,
lipid droplet; Pls, plastids; SB, spheroid body; SXT, soft X-ray tomography; UCYN-A, Candidatus Atelocyanobacterium thalassa; Ve,
volume of cytoplasm; Vn, volume of nucleoid.

changes of UCYN-A in B. bigelowii throughout the daily light-dark cycle. Division, which occurs
during the dark cycle, was initiated by B. bigelowii mitochondria and followed shortly thereafter
by the synchronous replication and division of UCYN-A and remaining host organelles. SXT
volume and LAC measurements quantified the different steps throughout the cell cycle. These
data, combined with the proteomic analysis of the algal host and symbiont, show that UCYN-A
serves as a nitrogen-fixing organelle named the nitroplast. This discovery inspires a closer look at
other organisms with the potential evolution of symbionts to organelles. With more than 50,000
algae species, marine biology is becoming one of the main directions of SXT imaging.

4. CONCLUSION AND FUTURE PERSPECTIVES

To date, the ability of SXT to visualize whole eukaryotic cells with high resolution and without
the need for fixation and staining has been applied to understand hundreds of different cell types.
The quantitative measurements of organelle density and high-throughput of volume acquisition
are increasingly used to create virtual phenotypic models of cells and their signaling and motility.
Due to the large success of SXT in bringing new insights into cell biology, SXT has shifted from
an expert-only technology-development domain to a broader use in the biological community.
SXT is becoming the method of choice to solve challenging cases of high societal impact.

The number of available SX'T microscopes will continue to increase, allowing the SX'T method
to be adopted by other research fields. A growing number of automatic segmentation algorithms,
including deep learning approaches, will enable full automation and quantitative analysis of cell
phenotypes, where morphometric data will be linked to genomics, transcriptomics, and pro-
teomics and other methods for cell analysis. The development of these approaches calls for the
sharing of SXT data and algorithms in public archives.

In the future, we expect that SXT will continue to improve technologically with further in-
creases in spatial resolution, imaging volume, and throughput. These developments will in turn
enable further applications of SXT, for example, the imaging of cells in the context of surrounding
extracellular matrix, biomaterials, or tissues.
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