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ABSTRACT

Background: Mitochondria are cellular organelles responsible for energy production, and dysregulation of the mitochondrial network is
associated with many disease states. To fully characterize the mitochondrial network’s structure and function, a three-dimensional whole cell
mapping technique is required.
Scope of review: This review highlights the use of soft X-ray tomography (SXT) as a relatively high-throughput approach to quantify mito-
chondrial structure and function under multiple cellular conditions.
Major conclusions: The use of SXT opens the door for mapping cellular rearrangements during critical processes such as insulin secretion,
stem cell differentiation, or disease progression. SXT provides unique information such as biochemical compositions or molecular densities of
organelles and allows for unbiased, label-free imaging of intact whole cells. Mapping mitochondria in the context of the near-native cellular
environment will reveal more information regarding mitochondrial network functions within the cell.
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1. INTRODUCTION

Mitochondria are cellular organelles that produce ATP, contribute to cell
stress responses such as apoptosis, and are a hub of biosynthetic
processes [1]. The double-membrane structure of mitochondria creates
specialized compartments that are critical to its function. The inner
membrane has complex folds organized as cristae, which increase the
surface area and the capacity for ATP generation. Mitochondria also
form a dynamic and interconnected structural network throughout the
cell that facilitates communication with other organelles and subcellular
microenvironments via calcium signaling. Mitochondrial networks are
dynamic because of fluctuations in mitochondria division, fusion,
motility, and tethering to other organelles [1]. Mitochondria-associated
membranes (MAMs) between the outer membranes of mitochondria
and other membranes within the cell allow specialized regions to
emerge, such as those important for Ca2þ homeostasis and lipid
biosynthesis [2]. Mitochondrial dysfunction is associated with numerous
disease states, such as neurodegenerative disorders, metabolic syn-
dromes, cancer, and obesity [1]. While mitochondria have one of the
most recognizable subcellular structures, many questions remain about
the structural and functional roles that mitochondria play in health and
how these are dysregulated in disease.
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Advances in modern imaging modalities have allowed researchers to
gain increasingly high-resolution images of mitochondrial networks and
reveal their functions; for example, confocal and electron microscopy
revealed that mitochondria-derived vesicles transport cargo with
neighboring organelles such as peroxisomes [3]. The use of stimulated
emission depletion (STED) microscopy enabled visualization of the dy-
namic structure of mitochondria cristae in live cells [4], while light-sheet
microscopy was employed to explore the mitochondria interactome in a
whole cell [5]. These advancements in imaging technologies, among
others, have paved the way for the generation of new hypotheses
regarding the function of mitochondria, and they highlight the importance
of understanding structure and function relationships. To quantify more
complex aspects of mitochondrial network structure, such as associa-
tions with other organelles and subcellular neighborhoods during specific
cellular processes, an unbiased three-dimensional (3D) cellular mapping
approach is required. A comparison of the benefits and limitations for
multiple experimental mapping methods is available in Table 1.
This review highlights the advantages of using soft X-ray tomography
(SXT) to quantify the 3D organization of mitochondria in intact cells,
and it discusses limitations and opportunities for future integration of
SXT maps with additional experimental data and computational
methods. The combination of multiple types of information and tools
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Table 1 e A summary of the benefits and limitations of imaging methods used to characterize 3D cellular structure. There are many exemplary case-uses for
each method that have contributed significantly to our basic understanding of cell structure and function. For brevity, only a few examples are provided in the
above table. Indications for potential variations in experimental setup are indicated in parenthesis in the Approach column.

Approach Resolution Range Benefit Limitation Reference
Examples

Electron Microscopy (scanning,
block-face, fluorescence
correlative)

4e8 nm in approximately
1,000 mm3 tissue volume [55]

Can image in the context of tissue,
keeping cell-to-cell contacts and
neighboring vasculature intact for
improved interpretations

Requires laborious serial sectioning
which limits the number of cells and
conditions that can be investigated.
May also require plastic embedding
or chemical fixation.

[28,29,56,57]

Cryo-electron tomography (thin
periphery of cell, thin lamella of
interior of cell, single-cell multiple
distinct tomogram acquisitions)

2e5 nm in 180e250 nm thick
samples

Provides high resolution details on
3D cellular organization within
windows of the cell. Allows for in-
situ structural biology.

Require use of thin lamella sections
of cells that may not accurately
reflect cellular organization due to
polarity and uneven distributions of
cellular contents

[58e60]

Fluorescence Microscopy
(confocal, super-resolution)

70e250 nm in a single cell Provides live cell dynamics and
cellular rearrangements

Requires specific labeling strategy
limiting unbiased discovery

[61e64]

Soft X-Ray Tomography (cells
cryo-fixed on a grid or in solution
within capillary. Fluorescence
correlative)

Up to 35 nm in 10 mm diameter cell Produces unbiased and high-
throughput 3D reconstructions of
intact cells

Requires dissociated tissue for
single cell analysis, limited to static
timepoints, and limited access to
facilities with ideal capabilities

[16,19,27,65]

Review
will allow us to better understand mitochondrial network structure and
function relationships in health and disease.

2. ADVANTAGES OF USING SXT

SXT is an experimental method that is optimally suited to characterize
the relationships between cell structures and functions in intact cells in
a near-native state because it is an unbiased, mesoscale, quantitative,
relatively high-throughput, and correlative approach [6].

2.1. Near-native state
To accurately map cellular structure, it is advantageous to maintain the
native structure as much as possible during sample preparation. Unlike
other 3D imaging strategies, SXT enables imaging of intact, fully-
hydrated cells without the need for chemical fixatives. Instead, cells
are cryo-preserved, which provides added protection from radiation
damage during data collection [6,7].
SXT datasets are collected using a soft X-ray transmission microscope
equipped with a specimen stage that allows for full-rotation or tilted-
angle data acquisition [8]. Images are typically collected at 1e2� in-
crements over 180� on a full-rotation stage [6], or �65� in micro-
scopes with a tilt stage [9,10]. Stacks of projection images are
collected to comprehensively capture the cells from different orienta-
tions and are used to reconstruct a 3D tomogram of the sample
[11,12].

2.2. Unbiased
SXT is a label-free approach that leverages the natural contrast of
cellular components rather than stains, probes, or fluorescent protein
tags to identify specific cellular structures. This allows for unbiased,
discovery-based observations, even when performing focused exper-
iments on a specific organelle distribution.
SXT leverages synchrotron radiation as a light source, where samples
are imaged within the “water window” (284e543 eV). Within this
energy range, the absorption of X-rays by the sample adheres to the
BeereLambert law [13]. The absorption of X-rays is a linear and
quantitative measure of the biochemical composition of the sample.
For example, carbon-rich materials such as lipid droplets or native
protein crystals have higher linear absorption coefficient (LAC) values
than the cytoplasm, which has higher water content [14,15]. Many
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organelles can be identified simultaneously in SXT tomograms by
using a combination of LAC values and general morphology. For
example, based on differences in molecular composition and
morphology, the nucleus, nucleolus, mitochondria, lipid droplets, and
dense-core insulin secretory vesicles have all been simultaneously
identified within single datasets [6,14,16]. In cases where the
organelle morphology is ambiguous or is more difficult to observe,
correlative imaging can be conducted in parallel to assemble a full
organelle atlas. Correlative imaging will help with identifying tubular
structures such as the endoplasmic reticulum (ER) and the Golgi, and
organelles involved in the recycling process of cellular components,
such as lysosomes and endosomes [17e19].
Similar to several advanced fluorescence imaging methods [5,20,21],
SXT data provide a near-isotropic resolution which allows for the ac-
curate 3D reconstruction of the whole cell. The advantage of observing
the cell using its natural contrast is that it does not require labeling of
specific structures. SXT provides information regarding the X-ray ab-
sorption of carbon-rich molecules in specific compartments, thus al-
terations in organelle molecular densities can be identified under many
conditions such as stimulation with chemical probes. Leveraging the
natural contrast of the cell allows for the unbiased investigation of the
subcellular landscape.

2.3. Mesoscale resolution
SXT encompasses the mesoscale range, which includes whole cells
(w10 mm) to objects just larger than molecular machines (50 nm) [6].
Cell thickness spanning from 1 to 15 mm is suitable for SXT imaging,
enabling exploration of a large range of cell types. The limiting factor
for SXT imaging is the cell thickness, which in general affects the
image contrast [22]. Within this scale, the spatial resolution typically
ranges from 25 nm to 60 nm and is determined by the numerical
aperture of the objective lens. In SXT, the objective is a circular dif-
fracting grating, known as a Fresnel zone plate, where the width of the
outermost ring dictates the numerical aperture of the SXT microscope
[18,23,24]. Because an increase in spatial resolution leads to smaller
field of view [25], images with a size of 15 � 15 mm2 can be easily
imaged in a single collection using a 60 nm objective zone plate
[26].This provides an optimal range for capturing the mitochondrial
network structure and its interactions with neighboring organelles
within the entire cell.
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2.4. Quantitative
To quantify cell structure, one must first identify and segment each
organelle present in the cell and measure and analyze multiple
structural and physical parameters of the organelles. Towards this
goal, an SXT map provides the numbers, volumes, and positions of
organelles within the cell, as well as a map of their associations
with other organelles and specific subcellular neighborhoods. SXT
also provides a measure of the molecular densities of organelles,
which reflect biochemical crowding (Figure 1). The molecular
densities of a single organelle type can also be measured to identify
subcompartments within an organelle responsible for different
functions, such as mitochondria cristae and matrix, allowing for an
added level of structural quantification and analysis [6,16,27].

2.5. Relatively high throughput
Because thick samples (10e15 mm diameter) can be imaged with
SXT, entire cells can be imaged without sectioning. SXT generates a
3D reconstructed volume of an entire cell within 10 min. Other 3D
imaging methods require time-consuming serial sectioning and may
allow for comparison of only a few cells [28,29] while SXT has been
used to compare tens or hundreds of cells, depending on the cell
type. For example, the structural organization of 60 INS-1E cells (a
rat insulinoma cell line) under different conditions has been
compared [16]. The improved scalability of SXT enables the
collection of screening datasets comprised of hundreds of cells
under multiple cellular conditions to characterize changes in the
relationship of structure and function of the cell. The potential for
collecting datasets including multiple experimental conditions opens
the door for mapping cellular rearrangements during critical cellular
processes, such as insulin secretion, stem cell differentiation, or
disease progression.

2.6. Correlative
Many organelles are easily recognizable with SXT when considering
both their characteristic LAC values and their unique morphologies;
one example is the mitochondrial network that is usually identifiable in
Figure 1: Process of using SXT to correlate mitochondrial structure and function. Modifi
sponding 3D map) display the segmented organelles. The segmented cell masks are the
network structure. b-c) Magnified view of 2D slices of the segmented cell illustrate features
slight differences in biochemical compositions of organelles by close analysis of their LAC
cellular localizations is shown in panel c. The darker pink shade indicates denser mitochon
and the mitochondrial matrix shown in light pink. The degree of mitochondrial complexity or
LAC values. e) List of the specific features that can be quantified from 3D segmentations
structure and function.
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multiple cells and organisms [16,30,31]. On the other hand, to
correlate unknown cellular substructures with organelles and protein
co-localizations, correlative cryo-fluorescence microscopy can be used
in tandem with SXT [6,19,32e34], providing an unequivocal identifi-
cation of the subcellular components. For example, the fluorescence
signal can be collected first using a high-numerical aperture confocal
cryogenic microscope and subsequently aligned and correlated with
the 3D tomographic reconstruction of the same sample [6,35]. Alter-
natively, the correlation of SXT with X-ray fluorescence microscopy
allows characterization of the localization of heavy atoms in the sub-
cellular structure and their cellular function. For instance, identifying
the subcellular composition of mitochondria would help to quantify the
dysfunction of the subcellular compartment with respect to the normal
functions of cellular homeostasis [36].
Taken together, these advantages of SXT over other methodologies for
cellular imaging allow comparisons to be made of the relationship
between structure and function of mitochondria under many diverse
cellular conditions, such as drug stimulations, disease states, meta-
bolic states, and cell cycle stages (Fig. 1E).

3. USE OF SXT TO QUANTIFY MITOCHONDRIAL NETWORK
STRUCTURE

Recent studies have utilized SXT to investigate different aspects of
mitochondrial structure and function, demonstrating the exciting
promise of SXT as a tool for interrogating the relationship between
mitochondrial structure and cellular metabolism. Mitochondria have
been explored by SXT in the context of healthy single cells [26] and
cancer cells [37,38], and after isolation from cells to explore their
internal structure [27,39]. For the purpose of this review, we will
highlight four unique applications of SXT that have been used to
investigate the internal structure of mitochondria [27], evaluate
mitochondria-ER contacts [19], explore the interaction between
mitochondria and endosome-like vesicles [40], and visualize the
mitochondrial network structure during multiple phases of insulin
secretion [16].
ed from [16]. a) Representative 2D orthoslice and a reconstruction of a b-cell (corre-
n used to quantify specific features of the cellular organization such as mitochondrial
that can be extracted and compared between different cellular regions. SXT can reveal

values. An illustration of mitochondria with different biochemical compositions based on
dria. d) Illustration of a cross section of a mitochondria with cristae shown in dark pink
extent of cristae folding can be quantified by segmenting these subcompartments using
of a cell and the corresponding cellular conditions that can be compared to correlate
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3.1. Internal structure of mitochondria
Disease states such as cardiomyopathies and neuronal disorders are
associated with structure-related dysfunction in mitochondria [41,42].
Polo et al. recently established SXT as a method to characterize mito-
chondria cristae morphology [27]. Their goal was to establish a quan-
titative approach for evaluating cristae to more meaningfully compare
mitochondria in healthy and diseased cellular states. They used SXT at
its highest resolution (35 nm) to investigate the internal organization of
mitochondria. By closely examining the LAC values within mitochondria,
the authors were able to distinguish between mitochondrial matrix and
cristae, providing a new approach for evaluating cristae structure
(illustrated in Figure 1D). A mitochondrial complexity index [43] was
used to quantify the morphological complexity, including parameters of
matrix surface area and volume. This methodology will be useful in
future studies for investigating the role of mitochondrial structure in
cellular functions both in health and disease.

3.2. Mitochondria and ER interactions
Mitochondrial fission is important to achieve the appropriate distribu-
tion of mitochondria needed to accommodate the cell’s metabolic
needs for ATP [44,45]. The ER is implicated in regulating mitochondrial
dynamics, but many questions remain about the molecular mecha-
nisms involved [46]. Elgass et al. employed a sophisticated combi-
nation of confocal live-cell imaging, correlative cryogenic fluorescence
microscopy and SXT on COS-7 and murine cells to investigate the link
between specific mitochondrial dynamics proteins (MiD49 and MiD51)
and the ER in mitochondrial fission [19]. The authors established a link
between MiD49 and MiD51 to the constriction of mitochondria by ER
tubules during fission and characterized the 3D structure of ER-
mitochondria contact sites. The authors leveraged LAC values of or-
ganelles to assess changes in the concentration of either lipids or
proteins in organelles during fission, providing an opportunity to
correlate organelle structure and biochemical states. This study
elegantly displays the potential of using SXT to map physical associ-
ations of organelles and implicates specific proteins in regulating
structural rearrangements.

3.3. Mitochondria and endosome-like vesicle contacts
Biolipids such as cholesterol are important for maintaining several
biophysical properties of membranes such as fluidity, curvature,
permeability, and protein-lipid interactions [40]. Delivery of cholesterol
to the mitochondria enables its conversion to sterol metabolites and
steroid hormones. To investigate the mechanisms of cholesterol de-
livery to the mitochondria, SXT and cryo-fluorescence microscopy
were used to reveal close contacts of mitochondria to endosome-like
organelles in human fibroblasts [40]. The authors used these results to
determine the surface fraction of endo-lysosomes in contact with
mitochondria, providing clarity on how cholesterol can be delivered to
the mitochondria. In a related study, the authors used SXT to observe
the transfer of excess cholesterol from endo-lysosomes to the plasma
membrane by shedding extracellular vesicles [47]. Taken together,
these studies demonstrate the usefulness of correlative cryo-
fluorescence microscopy and SXT in mapping cellular rearrange-
ments and quantifying inter-organelle contacts.

3.4. Mitochondrial network structure during insulin secretion
b-Cells are specialized secretory machines that release insulin into
the blood stream upon elevations in blood glucose levels. Insulin
secretion is mediated by multiple signaling pathways providing an
opportunity to investigate how these different pathways initiate
cellular rearrangements during the secretion process. To explore
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rearrangements during cellular processes, SXT was recently used to
map 3D rearrangements of a pancreatic b-cell line (INS-1E) during
insulin secretion [16]. Imaging was undertaken for multiple experi-
mental conditions to assess cellular rearrangements and how
different mechanisms of insulin secretion impact cell structure. The
high-throughput nature of SXT allowed examination of multiple cells
at different time points, capturing dynamic rearrangements that are
evident during the first and second phases of insulin secretion. 3D
cellular reconstructions revealed distinct insulin vesicle distribution
patterns, reflecting altered vesicle pool sizes as they travel through
the secretory pathway. Key findings of this study revealed that
glucose stimulation causes rapid changes in insulin vesicle
biochemical composition, increased mitochondrial volumes, and
increased mitochondria-insulin vesicle contacts (Figure 2). Associa-
tions between insulin vesicles and mitochondria had been noted in the
literature [48], but without 3D mapping of whole cells under different
conditions, it was difficult to determine whether the interaction was
relevant for biology. The role of insulin vesicleemitochondria asso-
ciation remains unclear, but the door has been opened for forming
new hypothesis on b-cell function. This study highlights the potential
for SXT to be used as a screening tool to investigate how different
protein signaling pathways impact mitochondrial structure and in-
teractions with other organelles.
Many of the findings in these studies relied on use of LAC values to
identify organelles and observe changes in biochemical compositions,
allowing for unbiased mapping of cellular organization. Because
mitochondrial networks span much of the volume of the cell, quanti-
fying its structure and relationships with neighboring organelles will be
useful in characterizing mitochondrial behavior. Mapping mitochondrial
structure under specific cellular conditions or drug stimulations will aid
in correlating these structures with metabolic states of the cell.

4. LIMITATIONS AND FUTURE DEVELOPMENTS

The above examples demonstrate how SXT can be applied to inves-
tigate mitochondrial structure and function, and they highlight oppor-
tunities for correlating changes of these structures with specific
cellular states (Figure 1E). This type of analysis may reveal how dis-
ease states alter mitochondrial dynamics and cellular metabolism,
providing new avenues for therapeutic design. In this light, significantly
more information will surely be extracted from SXT tomograms as the
field progresses and develops new analysis methods. Because SXT is a
single-cell imaging modality, it can uncover unique structural signa-
tures of cell subtypes, revealing cell-to-cell heterogeneities. Further
exploitation of single-cell imaging and omics modalities provides an
exciting path for understanding the role of specific cell subtypes in
biology. Ideally, one will integrate the structure with biochemical data
that reveal details about the biochemical states of subcompartments of
the cell. The use of phasor-fluorescence lifetime imaging microscopy
(FLIM) can monitor the metabolic state (i.e. distinguish between a more
oxidative phosphorylation state and glycolytic state) in living cells
before and after stimulation [49]. Future uses of SXT that match
experimental conditions performed with complimentary imaging mo-
dalities like FLIM will enhance the information that can be extracted
from SXT tomograms.
The use of SXT is currently limited by the lack of widespread instru-
mentation or facilities. Most research universities have core facilities
capable of modern live cell imaging and/or electron microscopy im-
aging, but only a few locations in the world are set up for SXT imaging
of whole cells because of the requirement for synchrotron radiation.
With this challenge, the field is still developing and exploring how SXT
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Figure 2: Mitochondria in close proximity to clusters of insulin vesicles in b-cells stimulated with glucose. Orthoslices from two representative cells (two separate cells shown in A
and B, respectively) stimulated with 25 mM glucose for 30 min are displayed. To assist in tracking the cellular orientation between the XY, YZ, and XZ views, a single cluster of
secretory vesicles is highlighted in red in each orthoslice. Nearby mitochondria are indicated by black arrows. The position of orthoslices for XY, YZ, and XZ views are indicated in
the far-right panel showing the 3D segmentations. The red box indicates the XY view, the blue box indicates the YZ view, and the green box indicates the XZ view. Images with
scale bars were generated in Fiji (Image J) and XY, YZ, XZ slices, and 3D orientations were generated in Amira Software (FEI). Modified from [16].
can be applied to address a wide host of biological questions. The
recent progress highlighted in this review demonstrates that there are
rich opportunities for further application of SXT to characterize mito-
chondrial structure and function and to analyze cellular metabolism.
The development of a laboratory-based SXT microscope would
contribute to the continued development of the technique as a tool for
structural cell biology [50].
The 3D maps generated by SXT do not characterize all aspects of cell
biology, but represent a critical resource for integrating multi-scale
data to describe how cellular components fit together and interact in
the crowded cellular environment [16,51]. These SXT maps are ex-
pected to contribute important data towards assembling an integrative
model of an entire cell, opening the door for next-generation structure-
based therapeutic design [52e54].
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