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ARTICLE INFO ABSTRACT

Keywords: Trophoblast cells line the surface of placental villi, facilitating the exchange of nutrients, gases, and wastes

Placenta between the maternal and fetal circulations. The fusion of cytotrophoblast (CTB) cells into the surrounding

I?Arfa“}‘fue; . multinucleated syncytiotrophoblast (STB), is accompanied by a shift in cellular ultrastructure (subcellular ar-
1tochondria

chitecture). Mitochondria undergo a remarkable decrease in size and alteration in morphology following
trophoblast differentiation, and have thus been the subject of investigations due to their crucial role in producing
energy for placental development. Observing this shift in structure has relied on the use of electron microscopy,
which has offered insights into underlying mitochondrial functions. Since the initial use of electron microscopy
to study villous trophoblasts in the 1950s, novel techniques have emerged that have the capacity to interrogate
placental ultrastructure with unprecedented resolution. This review discusses the evolution of electron micro-
scopy techniques to study the placenta over the last 70 years. Moreover, we discuss emerging methods for
resolving 3D organelle structure within the placenta, which offer more physiologically pertinent information and
context for complex topologies. Further, we discuss advanced methods of cryo-electron tomography (cryo-ET)
that present the placental field with an exciting opportunity to determine the complex relationship between
mitochondrial architecture and protein structure in the human placenta. By specifically focusing on mitochon-
drial imaging, we showcase the capacity for volume electron microscopy and cryo-ET to reveal the role of
organelle structure in placental development.

Volume electron microscopy
3D structure
Cryo-EM

1. Introduction is reorganised, and organelles undergo structural remodelling to meet

altered cellular functions [4-7]. Since the initial use of electron micro-

Trophoblast cells line the surface of placental villi, facilitating
placental implantation, maternal-fetal nutrient exchange, and ste-
roidogenesis [1-3]. In order to fulfill these functions, trophoblasts rely
upon cellular ultrastructure (subcellular architecture) [4]. Adjacent to
the basement membrane, progenitor epithelial, proliferative cyto-
trophoblasts (CTB) fuse and differentiate into the outer, multinucleated
syncytiotrophoblast (STB). Following differentiation, the ultrastructure

scopy to study villous trophoblasts in the 1950s, techniques have
emerged that have the capacity to advance our understanding of
placental ultrastructure, and contribute to a greater understanding of
placental function.

Studying the ultrastructure of the placenta involves resolving sub-
cellular features that are smaller than the wavelength of light (400-650
nm), which renders optical microscopy techniques ineffective. Given
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that the wavelength of an electron is up to 100,000 times smaller than
the wavelength of light, electron microscopy instead applies a focused
beam of electrons to resolve the cellular ultrastructure [8,9]. Electrons
are emitted from an electron gun either via thermionic emission (by
heating a tungsten filament) or field emission (by applying a strong
electric field to a sharp tungsten tip) [10,11]. Subsequently, emitted
electrons are accelerated and focused by electromagnetic condenser
lenses and apertures, followed by an objective lens. Depending on how
the electrons are focused to interact with the tissue, electron microscopy
can be separated into two broad categories; transmission electron mi-
croscopy (TEM) and scanning electron microscopy (SEM).

In TEM, electrons are transmitted through a thin section of tissue
(typically sectioned to ~100 nm via ultramicrotome) and may pass
through unscattered, or undergo either elastic scattering (resulting in
backscattered electrons) or inelastic scattering (where the energy is
transferred to the atoms within the sample, producing secondary elec-
trons) [12]. Transmitted and scattered electrons are collected to form
the image, providing high-resolution information about the sample. In
SEM, electrons are focused on the surface of the sample and either
elastically scattered or inelastically scattered. Backscattered electrons
provide information about sample composition as heavier elements
scatter more strongly and therefore appear brighter, whereas secondary
electrons provide information on sample surface topography [13]. In
both TEM and SEM, the electron beam is operated in a vacuum to avoid
the collision of electrons with air particles, therefore biological samples
must be fixed, dehydrated, embedded in resin and sectioned, and then
impregnated with heavy metals to increase contrast of biological fea-
tures, and dehydrated prior to examination (Fig. 1A). While the standard
application of TEM produces 2D images, a sample can be imaged at
several tilt angles to produce a tomographic 3D reconstruction, albeit at
a lower resolution compared to cryogenic electron tomography (cryo--
ET) [14]. Using SEM, sections of a sample can be serially imaged
through a collection of techniques known as ‘volume electron micro-
scopy’ to resolve the 3D ultrastructure of the sample (Fig. 1B) [15].

Cryo-ET, a technique that has become more accessible over the last 10
years as a result of the simplification of automation and software, is capable
of achieving near atomic-level resolution detail (<10 /o\) of cellular ultra-
structure, isolated organelles, or purified proteins (Fig. 1C) [16]. In contrast
to standard TEM and SEM, which uses chemical fixation and dehydration
thereby introducing preparation artifacts, cryo-ET derives its name from
the use of cryogenic temperature during image acquisition, and the use of
samples that are vitrified in amorphous ice [16]. Vitrification preserves the
native molecular structure without the need to dehydrate the biological
samples, allowing the retention of physiological structures. Imaging at
cryogenic temperatures also limits beam-induced damage, permitting the
collection of multiple micrographs at various tilt angles (typically + 60°)
that are used to perform tomographic reconstruction [17]. Moreover, while
under cryogenic conditions, and before observation in a cryoTEM, samples
may be thinned using a focused-ion-beam SEM (FIB-SEM), producing an
ultrathin section that optimises the signal-to-noise and contrast ratios for
the determination of protein structures in situ [18]. The advent of cryo-ET
presents the placental research field with an exciting opportunity for
observing trophoblast organelles with unprecedented resolution. Such in-
sights will greatly improve our understanding of the links between organ-
elle and protein structure and placental function.

This review will discuss the last 70 years of advances in electron mi-
croscopy and its application to study placental ultrastructure, with a
particular focus on imaging mitochondria and other subcellular organ-
elles. The focus on imaging and further understanding mitochondria,
provides insights into the morphology shifts during trophoblast differen-
tiation, while the methods discussed could be applied to all subcellular
structures and organelles. Thus, we highlight the substantial potential to
reveal subcellular processes that regulate differentiation and placental
function that currently remain unknown. As such, we discuss emerging 3D
electron microscopy techniques and address current limitations in the field
related to the extraction of biological information from imaging data.
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2. Early applications of electron microscopy to study villous
trophoblasts

Trophoblast ultrastructure, particularly the morphology of organelles
within progenitor CTB and the differentiated STB, has been the subject of
investigation since the 1950s, following initial observations by Wislocki &
Dempsey of the morphological variations between CTBs and the STB
[19-21]. In a pioneering study by Boyd & Hughes in 1954, fixed placental
villi sections were imaged by TEM, revealing that the STB has a darker
cytoplasm and more irregular nuclei compared to the CTB (Fig. 2A) [22].
While these findings were significant in the placental field, they were
limited by microscope technology of the time [22]. Modern TEMs su-
persede the early microscopes used by Boyd & Hughes in critical aspects
that contribute to image quality, including the use of ultra-high vacuums,
better image processing (such as aberration correction that prevents
blurring and distortion), and improved microscope machining [23-25].
Additionally, the use of field emission guns instead of thermionic emis-
sion guns allowed for brighter and more coherent electron beams, thus
improving spatial resolution and contrast [10]. Perhaps the most sub-
stantial improvement to the efficiency of electron microscopy, has been
the implementation of digital cameras, which have replaced the glass and
film photographic plates that were used by Boyd & Hughes in the 1950s
[22]. Indeed, chemically developed electron micrographs offered
exceptional resolution, constrained only by the size of the silver-halide
grains, and could be enlarged 5-10 fold without pixelation, depending
on the acquisition parameters [26-28]. Moreover, such analogue
methods provided a wide range of contrast, with artifacts or irregularities
from light distribution that could be corrected in a darkroom, a process
that remains challenging with digital micrographs. Additionally, the
resulting negatives and film provided a stable means of physical storage,
capable of lasting up to hundreds of years without deterioration if stored
under archival conditions, and far exceeding the lifespan of even modern
hard disk and solid-state drives [29]. However, digital cameras have
significantly increased the rate of data collection, enabled immediate
on-the-fly image processing and analysis, permitted the correction of
beam-induced motion, and improved reproducibility of image acquisi-
tion [30,31]. Regardless of the throughput limitations in the 1950s, the
early studies revealed the distinct morphological diversity between un-
differentiated CTBs and the differentiated STB [22].

In the late 1950s and 1960s, detailed TEM analyses of trophoblast ul-
trastructure and organelle distribution were published by Dempsey,
Wakitani, Boyd & Hamilton, Castellucci & Kaufmann, and subsequently by
Jones & Fox in 1991 (Fig. 2B) [4,5,32-35]. Over a decade after these
studies, SEM performed by Burton, provided detailed topological infor-
mation of microvilli covering the surface of the placental villi [36].
Amongst other findings and of particular relevance to this review, these
studies were the first to show that STB mitochondria (Syncytio-Mitos) were
much smaller and more electron-dense than CTB mitochondria (Cyto-Mi-
tos) [4,5,32-35]. As of 2025, refined protocols have allowed observations
of trophoblast ultrastructure in greater detail, revealing striking variation
within the villi and accompanying cell lineages. Our own imaging supports
previous observations of organelles in the STB by Martin & Spicer and Jones
& Fox, including lipid droplets, vesicles, vacuoles, and an intricate
microvillous membrane (unpublished observations, Fig. 2C) [4,37].

The development of staining methodologies has enabled improved
visualisation of cellular ultrastructure by optimising the contrast of
phospholipid membranes, nucleic acids, and the localisation of organ-
elles. Perhaps the most notable use of advanced staining methods to
study the STB was by Martinez et al., who used immunogold labelling to
identify a higher abundance of steroidogenic cholesterol side-chain
cleavage enzyme (P450scc) within mitochondria of the STB, compared
to the CTB [38]. The application of immunolabelling has permitted
unambiguous localisation of organelles, such as mitochondria, and has
provided insights into their steroidogenic capacity in the placenta [38].
The continued optimisation of sample preparation techniques has
significantly improved the attainable resolution, contrast, and clarity of
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Fig. 1. An overview of electron microscopy. A) The process of preparing samples for standard transmission electron microscopy (TEM) and scanning electron
microscopy (SEM), which involves fixing samples, dehydration and resin embedding, and staining the sections to improve contrast. Samples are typically embedded
in resin and sectioned for TEM, or may be imaged directly for SEM. B) The process for collecting data for volume electron microscopy, which involves imaging
multiple sections of a sample in succession. The series of micrographs are aligned to reconstruct the whole sample, or cells and organelles of interest may be
segmented for 3D reconstructions of ultrastructure. C) The process of preparing samples for cryo-ET, which involves homogenising cells and using differential
centrifugation to separate and purify organelles based on density. Enriched organelle populations are then be vitrified on grids. Whole cells may also be vitrified, but
require focused-ion-beam (FIB) milling to prepare thin sections for cryo-ET. Samples are tilted within the microscope, and 2D projections at various tilt angles are
reconstructed into a 3D tomogram.

organelles within the trophoblast bilayer. Current preparation tech-
niques also include staining with potassium ferricyanide (further
enhancing the contrast of mitochondria, endoplasmic reticulum, and
Golgi) and thiocarbohydrazide (which improves osmium tetroxide

deposition), in addition to osmium tetroxide, lead citrate, and uranyl

acetate [39]. Collectively with improved imaging signal, contrast, and
resolution, our ability to resolve the ultrastructure of the trophoblast
bilayer, and specifically mitochondrial structure, has significantly
improved since the seminal works of the 1950s.
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Fig. 2. 70 years of placental villi imaging. A) Transmission electron microscopy (TEM) of placental villi section performed in 1954 [22]. B) TEM of placental villi
section performed in 1991 [4]. C) Healthy placental tissue was fixed, stained, dehydrated, and embedded in resin prior to ultramicrotome sectioning. In 2025, we
performed backscatter scanning electron microscopy (SEM) using the Teneo VolumeScope (Thermo Fisher Scientific, USA), with a final pixel size of 16 nm. Scale bars

represent 10 pm in the main images, or 1 pm in the magnified regions.

3. Techniques for resolving 3D organelle architecture
3.1. The implications of mitochondrial form on function

Following on from the observation that there is increased P450s¢c in
the STB, Martinez et al., proposed that STB mitochondria have an
increased surface area to volume ratio for efficient cholesterol import
and pregnenolone synthesis [38]. Through assessing both mitochondrial
structure and steroidogenic function, it was suggested that
vesicular-shaped cristae (folds of the inner mitochondrial membrane)
were present in mitochondria of the STB for high steroidogenic capacity,
supporting the work of Terzakis and Tighe et al. [38,40,41]. Until 2015, it
was also believed and entrenched in dogma within the placental field,
that the STB performed the majority of the metabolic roles of the
placenta, compared to the CTB. Kolahi et al., challenged these ideas
surrounding trophoblast bioenergetics, and showed that CTBs dominate
placental metabolism and have higher respiratory rates than the STB
[42]. Kolahi et al., also used fluorescence microscopy to show that CTB
mitochondria were more elongated and formed tightly packed networks,
while STB mitochondria were fragmented. These findings were sup-
ported by Fisher et al., who showed that isolated and enriched fractions
of CTB mitochondria had a greater maximum respiratory capacity and
produced more ATP compared to STB mitochondria [6]. However, in
both instances, these observations were made using 2D imaging without
the capacity to define complex 3D mitochondrial networks [42].

Since the early investigations of trophoblast ultrastructure, TEM and
SEM of either placental tissue or isolated mitochondria, have both shown
that CTB mitochondria are larger and more abundant with cristae,
compared to STB mitochondria [4,6,38]. While these traditional imaging
techniques have shown the diversity of mitochondrial populations in 2D
cross sections, they provide limited information regarding the topologi-
cally complex nature of mitochondrial networks or physiologically
pertinent metrics of surface area and volume [43]. In 2D, mitochondria
appear as separated organelles with distinct outer membranes and mor-
phologies depending on the intersecting plane of the image, be that
horizontal, vertical, or transverse cross-sections. However, following a
single placental mitochondrion in full throughout the depth of the cell,
and producing a 3D reconstruction, reveals the extent of mitochondrial
branching and topological complexity (Fig. 3A) [7,44]. Additionally, the
specific orientation of each organelle can alter their apparent size in
cross-sections, making quantitative and statistical analysis challenging

[45]. This is particularly the case when observing placental mitochondria
from the CTB and STB in 2D, which may appear rounded or circular if
sectioned through the sagittal plane, but extend in the Z-axis to form
elongated bodies (Fig. 3B-D) [45]. Moreover, through full reconstruction
of all mitochondria within a cell, the interconnectedness between mito-
chondria becomes apparent [7]. Furthermore, inferring 3D topology from
2D imaging is challenging, since mitochondria undulate and follow
sinuous paths around neighbouring organelles, including other mito-
chondria [7,45]. As such, ensuring that mitochondrial structure and
morphology is appropriately characterised in the 3D space is essential for
understanding the role of altered structure in mitochondrial pathology
and disease, such as mitochondrial myopathies characterised by swollen
mitochondrial phenotypes in 2D [46]. This structural abnormality of
mitochondria extends to placental pathologies such as fetal growth re-
striction and preeclampsia, reviewed elsewhere by Holland et al. [47].

Given the essential role of mitochondrial networks in supporting
bioenergetic and steroidogenic demands in the placenta, there exists a
need to quantitatively assess 3D mitochondrial structure within the
native tissue environment [6,7,38,42]. Therefore, volume electron mi-
croscopy is crucial for observing the consequences of mitochondrial
fusion and fission [48,49].

3.2. From 2D to 3D: revealing mitochondrial network structure and gross
morphology

Imaging intact mitochondrial networks requires the application of
volume electron microscopy on whole placental tissue. Like TEM and
SEM, samples are chemically fixed and stained with heavy metals (often
at higher concentrations in volume electron microscopy to improve
backscatter contrast) and then dehydrated using an ethanol and acetone
gradient [39,50,51]. However, for volume electron microscopy, samples
are typically embedded in larger resin blocks, using harder resin that
withstands repeated sectioning and electron exposure, as opposed to
single doses when imaging in 2D [39]. Three primary volume electron
microscopy techniques include FIB-SEM tomography, serial block-face
SEM (SBF-SEM), and array tomography, all of which use SEM for im-
aging. Each of these three techniques have their own advantages and
limitations, summarised in Table 1. While FIB-SEM tomography typi-
cally affords the highest resolution compared to SBF-SEM and array
tomography, large samples require lengthy acquisition times making
this technique expensive to perform. SBF-SEM is capable of imaging



S. Acharya et al. Placenta xxx (xxxx) Xxx

Cytotrophoblast Mitochondria

Side view 45° view

Top

Mid
=960 nm

Branched
z

Bottom

Side view 45° view

Top

Elongated
Mid

Bottom

Syncytiotrophoblast Mitochondria

Top

Side view 45° view

Mid
400 nm

Elongated

Z

Bottom

Top

45° view

Side view

Rounded
Mid
400 nm

Z=

Bottom

Fig. 3. Orientation of mitochondria in cross-sections reflects apparent size. Human placental tissue was fixed, stained, dehydrated, and embedded in resin.
Samples were sectioned at a thickness of 80 nm by ultramicrotome, and sections were collected onto silicon wafers. Array tomography was performed, collecting
micrographs of over 200 sections that were aligned, permitting segmentation and 3D reconstruction of Cyto- and Syncytio-Mitos. A) Branched Cyto-Mito (purple), B)
Elongated Cyto-Mito (green), C) Elongated Syncytio-Mito (yellow), and D) Rounded Syncytio-Mito (blue) reconstructions shown with their corresponding micro-
graphs obtained from the top, middle, and bottom of the Z-stack, with the total Z-depth shown for each reconstruction (nm). Scale bar represents 1 pm.
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Limitations

Best Suited For

Table 1
Advantages and limitations of volume EM techniques.
Advantages
FIB-SEM High XYZ-resolution (~3-10 nm).
Tomography Isotropic voxels (equal XY and Z).
May be paired with correlative imaging.
SBF-SEM Moderate XY-resolution (~5-20 nm).
Large sample volume (10-100 pm in XYZ).
Highly automated.
Array High XY-resolution (~3-10 nm).
Tomography Moderate Z-resolution (~30-70 nm).

Less sample charging.

Can stain individual sections with immunofluorescent
antibodies for more optimised correlative imaging.

Large samples can be imaged using tiled acquisition
(100-1000 pm in XYZ).

Non-destructive, sample is recovered.

Incorporation of automated tape collecting ultramicrotome
(ATUM) can improve the efficiency of section collection.

Large non-conductive samples prone
to charging.

Long acquisition time (>24 h).
Destructive, sample is lost.

Limited to smaller sample volumes
(~10 pm in XYZ).

Prone to milling artifacts
(curtaining).

Lower Z-resolution (~20-100 nm).
Large non-conductive samples prone
to charging.

Destructive, sample is lost.
Technically challenging due to
manual sectioning.

Large volume data requires
substantial computational resources.
Potential loss of continuity in image
series.

Image artifacts from sectioning
(compression).

Isotropic nanometre-resolution detail of individual
cells and small organelles.

Nanometre-resolution detail of larger samples.

Very large samples with the option of fluorescent
labelling, correlative imaging, and reimaging
sections.

larger sample volumes but results in a lower Z-resolution. Since both
FIB-SEM and SBF-SEM requires the whole sample block to be subject to
the electron beam, these techniques are subject to excessive charging,
whereby excess electrons are absorbed by the sample and may become
trapped [52]. When these electrons discharge, the microscope's electron
detectors inaccurately interpret these signals, causing image artifacts,
reduced contrast, or even sample damage [52]. Furthermore, sections
imaged by FIB-SEM or SBF-SEM are lost in the process and cannot be
recovered or re-imaged. In array tomography, samples are
non-destructively imaged with high resolutions in both XY and Z, and
sections may be stained with immunofluorescence labels, however the
technique is challenging to perform, and images are prone to sectioning
artifacts. Such challenges may be addressed by incorporating an auto-
mated tape collecting ultramicrotome (ATUM), which collects sections
onto moving tape, and is more efficient for high-throughput large data
collection and reduced section loss [53]. By using the volume electron
microscopy technique most appropriate for the sample size and the
structure of interest, organelles are characterised in 3D with more
physiologically meaningful information such as volume and surface
area, and their interactions within the surrounding cell and tissue
environment.

3.3. Focused-ion-beam scanning electron microscopy (FIB-SEM)
tomography

FIB technology was developed in the 1970s for semiconductor
manufacturing and later applied for the preparation of thin sections
(lamellae) for TEM [54]. However, it was not until 2006 that this
technique was applied to study 3D cellular structure through tomogra-
phy [55]. During, FIB-SEM tomography, the surface of the sample is
imaged by SEM, and an ablative focused beam of gallium ions (Ga™) is
used to ‘mill’ away a thin section of the previously imaged surface [56].
In doing so, a new surface is exposed for imaging, and this process is
repeated to produce an image series that can be reconstructed into a
volume (Fig. 4A). While FIB-SEM tomography typically achieves a high
resolution (~3-10 nm pixel size), excessive time for milling samples
limits the technique's application to imaging small volumes [57,58].
While promising, FIB-SEM tomography has not yet been applied to study
human trophoblast ultrastructure, however, the technique was applied
to examine bovine and porcine microvillous junctions [59]. This study
compared distinct structural features of placentae between species,
which would not be possible using standard 2D electron microscopy

techniques.

In the context of subcellular organelles, FIB-SEM has primarily been
applied to study mitochondrial structure within mouse heart and brain
[60,61]. These studies have demonstrated how mitochondrial structure
underpins respiratory and metabolic function, by supporting structural
insights from FIB-SEM with respiratory data via Seahorse XF (Agilent
Technologies, USA) [60,61]. Furthermore, 3D reconstruction techniques
have improved our understanding of the formation of mitochondrial
networks via fusion and fission processes, mediated by the mitochon-
drial dynamics proteins. Of these proteins, the role of dynamin-related
protein 1 (DRP1) in constricting and separating mitochondria into
separate organelles has been confirmed via FIB-SEM reconstruction [60,
62]. To support visual observations and 3D reconstructions, the devel-
opment of methods for the quantitative assessment of 3D re-
constructions have permitted statistical comparisons of mitochondrial
volumetrics, showcasing the spectrum of structural organisation be-
tween branched and isolated mitochondrial morphologies in porcine
cells [45]. More recent advances in this technique have permitted the
use of correlative light and electron microscopy (CLEM), which enables
the localisation of specific ultrastructures and proteins using fluorescent
antibodies [63]. As with electron microscopy, CLEM enables detailed
ultrastructural analysis using electrons, while also housing a fluores-
cence microscope to detect immunolabelled regions of interest within
the sample [64]. When these imaging modalities are combined, ultra-
structural insights can be localised to specific proteins of interest,
including the presence of the cleavage protein DRP1 [63]. However, as
reported by Ohta et al., incorporating CLEM is technically challenging
due to the complexity of the sample preparation, and alignment of both
imaging modes [63]. Few examples exist in which mitochondrial cristae
have been resolved using FIB-SEM tomography, and while gross cristae
morphology may be determined, it is exceedingly difficult to analyse
tight regions of the intermembrane space and lamellar cristae [65-67].
However, a notable example of this is a study by Hu et al., who used
FIB-SEM tomography to examine the process of cristae formation and
organisation [66].

An example of a milled lamella, which we produced using FIB-SEM of
high-pressure frozen human placental tissue for the purpose of cryo-ET,
has been included to demonstrate this technique (Fig. 4B-D). However,
this acquisition proved unsuccessful due to the density and thickness of
the tissue, which was too thick for efficient gallium ion milling, and led
to lengthy milling time and excessive tissue damage due to charging
[68]. This major limitation has restricted the field to preparing lamellae
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Fig. 4. Using FIB-SEM to reveal cellular ultrastructure. A) Overview of FIB-SEM tomography, in which samples are embedded in resin and milled using gallium
ions. As the surface of the sample is exposed, electrons are used to acquire images via backscatter detectors. After imaging, the FIB is used again to mill away the
region and reveal a new section within the volume. The images are aligned into a series and can be segmented to produce 3D reconstructions. B) Overview of cryo-FIB
milling to produce lamellae (thin sections of sample) suitable for 3D reconstruction by cryo-ET. C) Top-down view of lamella FIB-milled from high-pressure frozen
human placental tissue, and D) milling angle (in-line with the lamella) reveals a notch that relieves structural stress and tension. Scale bars represent 5 pm.

from plunge-frozen animal and human cells, isolated organelles such as
mitochondria and extracellular vesicles, large bacteria, and microbes
instead of tissue. Growing accessibility and reduced cost of plasma
FIB-SEM, which uses xenon plasma instead of gallium ions, should lead
to a new standard for preparing tissue lamellae, enabling in situ
organelle and protein structure determination within human tissues like
the placenta [68,69].

3.4. Serial block-face scanning electron microscopy (SBF-SEM)

SBF-SEM was developed in 2004 as an alternative to FIB-SEM, and
uses a diamond knife within the microscope to serially section through
the volume instead of an ion beam (Fig. 5A) [70]. However, in contrast
to the thin sections achieved by FIB-SEM, the thickness of section ach-
ieved by SBF-SEM is typically larger than that of FIB-SEM (~20-100
nm), and therefore limits the resolution in the Z-axis [71,72].

Unlike FIB-SEM, SBF-SEM has been used with great success in
placental research, with its first application in 2020, which revealed the
3D structure of microvasculature and endothelial cells [73]. Specifically,
by characterising endothelial junctions, trans-endothelial channels, and
inter-endothelial protrusions, Palaiologou et al., revealed the structural

mechanisms that underpin capillary permeability [73]. However, it was
noted that a significant limitation of SBF-SEM was the cost of the tech-
nique, and the need for automated segmentation tools to reduce the time
required for analysis [73]. SBF-SEM has also been used to quantify folds
of the basement membrane and the subsequent increase in surface area
available for exchange [74]. In 2023, SBF-SEM was applied to study
villous trophoblasts, producing a 3D reconstruction of a CTB cell [44].
Similarly, a separate study by Palaiologou et al., used a 3D reconstruction
of a stromal fibroblast within human placental villi, to show the
complexity of interactions with surrounding capillaries and stromal
extracellular macrovesicles [75]. Work by Lewis et al., has since revealed
trans-syncytial nanopores across the STB, which serve as routes for
paracellular diffusion [76]. Such insights would not be possible with
conventional 2D imaging, due to the topological complexity of nano-
pores in the context of surrounding syncytial tissue. The importance of
3D imaging by SBF-SEM is highlighted by our 3D reconstruction of
microvilli, which shows the topological complexity of the microvillous
membrane, consistent with Kazemian et al.’s observations of bovine and
porcine microvilli (Fig. 5B and C) [59].

SBF-SEM has also been used to reconstruct whole cells in other tis-
sues, as demonstrated by Wernitznig et al., who examined the
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Fig. 5. Using SBF-SEM to reveal cellular ultrastructure. A) Overview of SBF-SEM, in which the surface of the sample is imaged by electrons and the imaged region
is removed using a diamond knife, thereby revealing a new section within the volume. B) Human placental villi were fixed, stained, dehydrated, and embedded in
resin prior to SBF-SEM. Images were aligned to produce a 3D reconstruction of placental villi, scale bar represents 10 pm. Magnified region shows microvilli on the
surface of the STB, scale bar represents 5 pm. C) A representative region of microvilli of the STB was segmented for 3D reconstruction using Amira (Thermo Fisher

Scientific, USA). Scale bars represent 2 pm.

morphology and intracellular connectivity between locust neurons [77].
Additionally, SBF-SEM has been used to map mitochondrial networks in
human skeletal muscle tissue, quantifying network complexity using the
mitochondrial complexity index (MCI) [78]. In this study, Vincent et al.,
report the existence of mitochondrial subpopulations, nanotunnels be-
tween mitochondria, as well as an association between the presence of
mitochondrial DNA (mtDNA) defects and lower MCI in patients affected
by mtDNA disease [78]. As a novel bridge between 3D imaging and
quantitative analysis of structure, this study demonstrated the strength
of SBF-SEM in gaining insights into mitochondrial dysfunction [78].
Bleck et al., have also used SBF-SEM to map mitochondrial connectivity
across networks in skeletal and cardiac mouse tissue [79]. It was noted
that mitochondrial networks had the capacity to self-organise and
modulate the direction of inter-connectivity in relation to the axis of
muscle contraction [79]. Moreover, the mitochondrial networks were
quantitatively assessed across both glycolytic and oxidative muscle
types [79]. In the placental field, Lewis et al., applied SBF-SEM to map
mitochondria and the surrounding reticular networks within the CTB,
and while this study did not quantitatively assess mitochondrial struc-
ture, it demonstrated the capacity of the technique to reveal placental
organelles in 3D [44].

3.5. Array tomography
The most recently developed of the three primary volume electron

microscopy techniques is array tomography, developed in 2007. Array
tomography is a technique in which the sample is sectioned by an

ultramicrotome (typically 30-80 nm thick), and sections are recovered
onto glass or silicon slides in an ordered array (Fig. 6A and B) [80].
Subsequently, each of these sections are imaged by SEM and recon-
structed into a 3D volume. Since sample is thin and in direct contact with
conductive substrate that has been applied prior to imaging, there is less
electron charging and therefore the technique can be used to image
samples at higher resolution. Moreover, due to manual sectioning and
choice of block size, larger sample volumes can be imaged, enabling
better contextualisation of placental cells within the surrounding villous
tissue structure in 3D (Fig. 6C and D) [81]. Given that each section may
tolerate a higher electron dose, array tomography is suitable for
resolving the structure of various placental organelles including mito-
chondria of the CTB (Fig. 6E) and STB (Fig. 6F), extracellular vesicles
(Fig. 6G), and extracellular matrix fibres (Fig. 6H). Furthermore, it is
possible to stain sections with fluorescent antibodies prior to imaging
and conduct CLEM, for unambiguous structure localisation and visual-
isation of protein abundance [80].

Like SBF-SEM, array tomography has been used to study the human
placenta, producing 3D reconstructions of CTBs and the STB [7]. While
2D imaging presents CTBs as cuboidal with straight interfaces along the
basement membrane, Acharya et al., used array tomography to show
that it is common for the basement membrane to wrap around elongated
cellular projections of the CTB in the term placenta [7]. In addition to
cellular morphology, our recent research has investigated the 3D
network structure of mitochondria within CTBs and the STB by incor-
porating the aforementioned MCI, building upon previous 2D observa-
tions of mitochondrial morphology by quantitatively comparing



S. Acharya et al.

Placenta xxx (xxxx) Xxx

A Array Tomography

ultramicrotome

9
v

sample
embedded in . .
resin

sections are collected onto glass or
silicon wafers and imaged individually

sections are produced
via ultramicrotome

3D recon.

%]

uoupuoydoyw

uolpuoyd0yw

3D recon.

BRI
Je[njj@aenxg

Jejnjjaoenx3

Fig. 6. Using array tomography to resolve placental organelles in 3D. A) Overview of array tomography, in which the resin-embedded sample is sectioned by
ultramicrotome, and sections are collected onto glass or silicon wafers. Each section is then individually imaged by SEM to produce an image series. B) Ribbons of
sections on a silicon wafer, with the magnified region showing an overview of the sections acquired by SEM. C) Placental tissue was fixed, stained, dehydrated, and
embedded in resin for array tomography, to produce a 3D reconstruction of the tissue, scale bar represents 10 pm. The magnified region shows extensive detail of the
microvillous surface, scale bar represents 5 pm. D) Representative images from the image series, showing organelles and ultrastructural features identified as Cyto-
Mito (green square), Syncytio-Mito (blue square), extracellular vesicle (orange square), and extracellular matrix fibres (pink square). E) Magnified images of Cyto-
Mito with lamellar cristae architecture, F) Syncytio-Mito with tubulo-vesicular cristae architecture, G) extracellular vesicle decorated with surface protein structures,
and H) extracellular matrix fibres. Presented are the electron microscopy images (EM), the image with the 3D reconstruction (EM + recon.), and isolated 3D re-
constructions (3D recon.). Scale bar represents 500 nm for the reconstruction of extracellular matrix fibres, all other scale bars represent 1 pm.

elongated Cyto-Mitos and spherical Syncytio-Mitos [7]. Our study also
highlights the advantage of combining 3D imaging modalities with
fundamental proteomic analysis, improving our understanding of the
links between mitochondrial structure and the underlying mechanisms
that govern structure, in a similar way to the insights provided by the
gold immunolabelled 2D imaging of Martinez et al. [7,38]. Indeed, we
combined array tomography with liquid chromatography-mass spec-
trometry (LC-MS) to interrogate the proteins involved in mitochondrial
fusion and network formation in the CTB, in contrast with fission and
fragmentation in the surrounding STB despite being 600 nm apart [7].
These findings seemingly confirm that the differentiation of CTBs into

the STB is accompanied by the remodelling of mitochondrial network
structure, building upon the work of Martinez et al., Kolahi et al., and
Fisher et al. [6,7,38,42]. Moreover, these data suggest that loss of
mitochondrial membrane fusion proteins mitofusin 1 (MFN1) and optic
atrophy 1 (OPA1), and increase in cleavage protein DRP1 in the STB,
leads to a fragmented and smaller mitochondrial network [7]. The role
of these mitochondrial dynamics proteins in mediating network struc-
ture has been suggested in the placenta from 2D electron microscopy
and have been shown to be disrupted in placental pathologies including
preeclampsia and gestational diabetes mellitus [48,61,62,82-84].
Collectively, the use of array tomography supports previous findings
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pertaining to the remodelling of mitochondrial structure following CTB
fusion, suggesting that this structural adaptation is necessary for ac-
commodating reduced bioenergetic demands and elevated steroid hor-
mone synthesis in the STB [6,7,38,42].

Further advances in array tomography have been made in other
tissues, such as the work of Kay et al., who used array tomography to
produce immunofluorescence and electron micrographs of synapses in
the human brain, including the size and distribution of neuronal mito-
chondria [85]. While the difficulty of the procedure was noted by the
authors, this study demonstrated the benefit of combining imaging
modalities to assess both structural and functional aspects of human
tissue [85]. Perhaps the most notable example of array tomography in
recent years, is the landmark study by Shapson-Coe et al., in which a 1
mm? fragment of human cerebral cortex was resolved with a resolution
of 4 nm [86]. To achieve this, sections were collected on an automated
continuous tape instead of a glass or silicon wafer, a technique known as
automated tape-collecting ultramicrotome SEM (ATUM-SEM) [86]. By
using a flood-filling network (class of neural network designed for seg-
mentation of complex shapes), Shapson-Coe et al., were able to recon-
struct 57,000 cells, and around 150 million synapses, from 1.4 petabytes
of data [86]. By exploring 3D ultrastructure, the authors of this work
were able to discover a previously unrecognised class of directionally
oriented neurons, which revealed the complexity of synaptic connec-
tions between neurons throughout the tissue [86]. Moreover, the use of
machine learning techniques demonstrates the feasibility of high
throughput image analysis and classification of large volume data,
which has been the primary rate-limiting step of volume electron mi-
croscopy thus far [86].

4. Applications of cryo-electron microscopy

4.1. From 3D to resolving structure at Angstrom-resolution: determining
in situ protein structure

Cryo-electron microscopy (cryo-EM) has primarily been used to
study isolated and purified protein samples through single particle
analysis (SPA), through which hundreds of thousands of randomly
orientated proteins or viruses are vitrified on grids, imaged, aligned, and
combined reveal 3D protein structure (Fig. 7A) [87]. However, the
emergence of cryogenic electron tomography (cryo-ET) has enabled the
determination of in situ protein structure within the native membrane
environment (Fig. 7B) [88]. As such, given the role of mitochondrial
protein complexes in governing cristae curvature, cryo-ET has the po-
tential to revolutionise our understanding of structure-to-function re-
lationships [89,90]. The high resolution achieved by cryo-ET, is in part
due to the absence of chemical fixatives (which limit resolution and
increase image noise). Therefore, fresh samples must be preserved in
amorphous ice onto electron microscopy grids, through a process called
vitrification [91]. This process is typically achieved using a
plunge-freezing device, which rapidly submerges the sample into liquid
ethane and avoids the formation of ice crystals (a major contaminant in
cryo-EM) [91]. Since the cryo-EM operates at cryogenic temperature
(—180 °C), samples cannot be thawed at any time and must be stored in
liquid nitrogen from the point of vitrification. To reach ultimate reso-
lution, cryo-ET typically requires samples to be ultrathin (10-100 nm)
for improved contrast and reduced noise, therefore thicker samples like
cells must be thinned using a FIB-SEM prior to data collection [92,93].
Smaller samples, including isolated organelles like mitochondria, may
be imaged after vitrification and is a potential avenue when access to a
FIB-SEM is limited [7,94].

To perform cryo-ET, samples are tilted (typically = 60°) within a
high-resolution cryoTEM, which collects electron micrographs during
this process [95]. Micrographs are then aligned to produce a tomo-
graphic reconstruction (tomogram), which is used for the segmentation
of biological membranes. From this data, in situ protein structure may
also be determined using subtomogram averaging, a process where
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macromolecular particles are identified (either automatically using
template matching and machine learning, or manually) and cropped
into subvolumes [96]. The individual subvolumes, which contain
randomly aligned macromolecules, are then aligned and averaged to
form a refined 3D protein structure that can be mapped back to their
native environment within the membrane (Fig. 7B) [96]. Subtomogram
averaging is yet to be applied to resolve placental protein structure,
presenting the field with the opportunity to gain an advanced under-
standing of the structural and functional mechanisms underpinning
placental development and pathology.

4.2. Cryo-ET, the forefront of mitochondrial imaging; studying
mitochondrial cristae and the electron transport chain using subtomogram
averaging

The continued application of cryo-ET and transition from isolated
protein SPA to subtomogram averaging, has been used to great effect in
other fields. Notably, Davies et al., resolved mitochondrial cristae ar-
chitecture and localised ATP synthase dimers along highly curved
membrane ridges and apices in yeast and fungal cells [97]. This study
was crucial in establishing the role of ATP synthase in shaping cristae,
and has since been supported by studies of a wide range of parasitic,
yeast, fungal, plant, and animal cells, all of which used cryo-ET [89,90,
94,98-100].

Following the initial applications of subtomogram averaging,
improved pipelines for particle-picking and structure averaging has now
revealed the presence of supercomplexes, which are higher-order as-
semblies of the electron transport chain typically in configurations of
complexes I + IIT + IV or IIT + IV. The existence of various supercomplex
stoichiometries have now been revealed using cryo-ET, such as I + II +
I +1Vy, I + [Ix+1Va, In+1II,+IVy, and Io+I1I4+1V,, some of which are
only observed in vivo [101,102]. In a manner similar to ATP synthase,
supercomplexes have also been shown to induce membrane curvature,
indicating that cristae architecture is governed not only by mitochon-
drial cristae organisation proteins (MICOS), but also by the electron
transport chain itself [67,103,104]. Moreover, other cryo-ET studies
have confirmed the role of abnormal cristae architecture in human
disease such as Leigh syndrome, and investigated the role of OPA1 in
governing cristae architecture [105,106]. Despite this advanced un-
derstanding of supercomplex structure and function in unicellular mi-
croorganisms like T. thermophila and Saccharomyces cerevisiae, little is
known about their presence in human tissues such as the placenta.

The first placental protein structure was resolved using cryo-EM and
SPA, by isolating and purifying the protein calcium homeostasis
modulator (CALHM) from primary cultures of human placental cells
[107]. Although cryo-EM was used as opposed to cryo-ET (which would
resolve in situ protein structure), this study revealed distinct confor-
mational states of ion channels and their importance in mediating
transport processes during fetal development [107]. The ability of
cryo-ET to determine Angstrom-resolution information of internal
mitochondrial architecture, has permitted the study of isolated mito-
chondria from the human placenta, revealing the presence of mito-
chondrial subpopulations in CTBs and the STB [7]. Moreover, each of
the subpopulations observed had specific cristae architectures, with
lamellar and tubulo-vesicular cristae in the CTB, and a homogenous
globular population in the STB [7]. In this study, we propose that the
remodelling of cristae architecture following CTB differentiation,
through loss of MICOS, OPA1l, and supercomplexes, is crucial for
meeting lower bioenergetic demands and increased steroidogenic
functions of the syncytium, therefore supporting the work of Martinez
et al., Kolahi et al., and Fisher et al. [6,7,38,42]. However, it was noted
that the density and thickness of vitrified, isolated mitochondria limited
observations of membrane proteins [7]. Therefore, future studies of the
placenta may improve image quality by preparing thinner samples by
FIB-SEM milling, enabling protein structure determination by sub-
tomogram averaging [7,68,69].
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Fig. 7. Approaches for determining protein structure. A) Overview of the single particle analysis (SPA) workflow, in which proteins are isolated, purified, and
vitrified on grids. Hundreds of thousands of particles are imaged via cryo-EM, followed by alignment, averaging, and 3D modelling of protein structure. B) Overview
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interactions between protein structure and morphology.

5. Addressing challenges and limitations

Despite the potential for 3D electron microscopy to drive our un-
derstanding of organelle structure and function, there remains several
challenges and limitations that must be addressed. Access to sample
preparation equipment and electron microscopes remains limited in
many institutes, and this is particularly the case for cryo-ET which de-
mands tools for vitrification and high-resolution microscopes. Due to
high purchasing and maintenance costs, access to these microscopes
remains limited in many countries around the world, particularly in low-
middle income regions such as Africa, South and Southeast Asia, and
South America [108,109].

Even with access to specialist equipment, it is clear that our capacity
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to produce high-resolution images and datasets far exceeds our ability to
interpret such data into meaningful information [110]. Specifically,
image segmentation is one of the largest limitations as it typically takes
several weeks to months to segment and reconstruct organelles in large
volume datasets. Moreover, while most electron microscopy image
processing software is free, advanced image processing and analysis
requires licensed software. Advances are being made in the field of
machine learning and trainable computational tools for the detection of
organelles and membranes, however, implementation in the context of
the placenta may prove challenging as the tissue is dense and heterog-
enous [111]. Such challenges include the STB and the extensive di-
versity of organelle structure following trophoblast differentiation [7,
110]. Notably, MemBrain v2 (University of Munich, Germany) is
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capable of segmenting cryo-ET membranes with relatively clean data-
sets, however at present, mesh holes are frequent and require manual
repair [112]. Promisingly, electron microscopy data can be deposited
within archives post-publication with the potential for training neural
network models to recognise features within placental tissue including
mitochondria and other organelles, overcoming this shortfall in time
and with advances in computational power [113-115]. Perhaps the
largest limitation of all, is that electron microscopy is an observation of a
single moment in time, and is not capable of producing temporal in-
formation as can be achieved with live-cell microscopy. Some advances
are being made in the application of time-resolved cryo-EM, demon-
strated by Bhattacharjee et al., as a powerful technique for studying
ribosome kinetics and intermediary protein conformations, albeit diffi-
cult due to the length of sample processing and computational limita-
tions [116]. Therefore, the strength of electron microscopy is its
collective use with other biological research techniques that reveal
genomic, transcriptomic, and proteomic information with functional
insights, to form a multimodal investigative strategy.

6. Future perspectives and conclusions

Despite the crucial role of the placenta in supporting fetal develop-
ment, the trophoblast bilayer remains one of the least understood
human tissues, given its exceeding complexity and extensive ultra-
structural remodelling following CTB fusion. The placental research
field has benefitted from the application of volume electron microscopy
techniques such as SBF-SEM, and array tomography, which have
resolved 3D organelle structure with remarkable context of the sur-
rounding tissue environment. In addition to improving our under-
standing of trophoblast morphology, these volume electron microscopy
techniques have offered novel insights into the ways mitochondrial
structure adapts as CTBs fuse, forming a STB with reformed functional
demands. Studies currently implementing these techniques to study the
placenta offer a foundational physiological understanding by building
upon previous 2D insights, and quantifying cellular and organelle in-
teractions in 3D. Such techniques have also been used to great success in
other tissues, showcasing workflows that provide both structural and
functional insights through CLEM. Additionally, novel advances in the
field of cryo-ET, such as subtomogram averaging, should be exploited in
the placenta to understand the structural mechanisms and determine in
situ protein structure. Moreover, many of the findings discussed in this
review are yet to be assessed in pathology and pose the exciting prospect
of uncovering the ultrastructural basis of placental dysfunction.
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