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Cryo-electron microscopy (cryo-EM) is employed for structural analyses, visualizing high-resolution information
across scales, i.e., from tissues to small molecules. Developments allowing near-atomic resolution cryo-EM im-
aging of biological macromolecules were recognized by the 2017 Nobel Prize in Chemistry. In the materials
science domain, despite specific applications, cryo-EM analysis presents discrete challenges related to sample
preparation, imaging, and data interpretation, as function of the sample’s innate physical chemistry. Here, we
review recent progress in the field, focusing on overcoming intricacies in analysis of soft matter (e.g, polymers,
gels, colloids) and functional materials like metal-organic frameworks (MOFs), covalent organic frameworks
(COFs), and hybrid perovskites. Sample preparation, including grid selection, surface treatments, and vitrifica-
tion methods are compared, highlighting their effects on image quality and artifact reduction. Advanced cryo-EM
methods, and their combination with scanning transmission electron microscopy (STEM) and low-dose energy
loss spectroscopy (EELS) are also examined to evaluate their potential in describing complex molecular structures
and their conformational heterogeneity. This review, overall, highlights the need for standardized, statistically
empowered cryo-EM protocols inspired from biological applications, and integration of emerging technologies
like machine learning and open data initiatives, to ultimately incorporate cryo-EM into materials research as a
fundamental method.

1. Introduction Transmission electron microscopy (TEM) is a powerful tool to

characterize materials, as it integrates imaging, diffraction, and spec-

The properties of materials are fundamentally rooted in their con-
stituents' structural arrangement and dynamic behavior. In the living
world, functional entities exist across various length scales, from atoms
to entire organisms, with highly complex properties emerging at the
upper end of the nanoscale (Fig. 1). To address emerging challenges,
new material properties are essential, which will necessitate the design
of materials at the nanoscale and promote the development of novel
multi-material nanocomposites. Their direct visualization at the atomic
level is only amenable with electron microscopes.

troscopy techniques with ultra-high resolution [1]. High-resolution
transmission electron microscopy (HRTEM) is commonly used for
atomic-resolution imaging of crystal lattices and microstructures, while
electron diffraction identifies crystal parameters [2]. Analytical spec-
troscopy techniques like energy dispersive X-ray spectroscopy (EDS) and
electron energy loss spectroscopy (EELS) may provide valuable infor-
mation about the composition, chemical bonds, valence states, and
electronic structures, as well as their spatial distributions, especially
when combined with scanning transmission electron microscopy
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(STEM) [3]. The aforementioned electron microscopy techniques are
mainly used under high vacuum conditions. Furthermore, the field of in
situ TEM techniques is progressing, and currently allows real-time in-
vestigations of applied physical stimuli or chemically reactive environ-
ments [4]. Contrary to TEM techniques designed for room temperature
use, cryogenic electron microscopy (cryo-EM) overcomes several limi-
tations by preserving samples in a vitrified state [5]. While applications
of cryo-EM started in the 1970s, the growth of the method accelerated in
the mid-2000s following the advent of CMOS-based direct electron de-
tectors (DED). This technological progress, characterized by reduced
readout noise, higher frame rates underlined by massively parallel pixel
architectures, improved radiation tolerance, and more efficient
electron-sensitive pixel designs, profoundly transformed the imaging of
extremely low-contrast specimens, such as the ones characterized by
cryo-EM [6].

These detectors are low-noise single-electron counters capable of
recording single-electron landing events with exceptional spatial reso-
lution. Unlike other detectors, e.g., optical fiber-coupled image sensors,
the position of the electron landing on the sensor is not broadened. A
combination of a high signal-to-noise ratio (SNR) [7] and the superior
precision of detection position translates to the high detective quantum
efficiency (DQE) of DEDs. The contribution of DEDs can be inscribed in
several aspects; thus, their development and commercialization were
the most significant hardware advances leading the "resolution revolu-
tion" [8]. DEDs record a high number of high-quality images. Currently,
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the number of images recorded during each microscopy session is
incomparable to the era of traditional sheet film [9]. Due to the increase
in DQE, the quality of the image is unprecedented, and the finest details
of the sample can be recorded. Since the signal-to-noise ratio of the
cameras is also very low, a minimal dose is required to record a certain
amount of information. The high-speed data acquisition of advanced
detectors and their enhanced SNR enabled the fractionation of the total
electron dose of a single image exposure into multiple sub-frames. This
allows for computational frame alignment post-acquisition to compen-
sate for specimen motion, drift, and radiation damage [10]. Due to all
these advantages, it is of no surprise that all biomolecular structures of
resolution better than 2 A utilized a DED (https://www.ebi.ac.
uk/emdb/).

Another aspect of cryo-EM’s success in molecular analysis is the
parallel advances in the electron microscopes, which are much more
stable than before. There are different stability aspects, i.e., dampening
the mechanical vibration, suppressing thermal fluctuation, cancelling
electromagnetic stray fields, and stabilizing the microscope electronics.
As a result, acquired images are sharper, with less drift, and a more
reproducible imaging condition. Another improvement in cryo-EM is the
level of microscope automation [11]. Many aspects of TEM functional-
ities are performed without human intervention in a modern,
state-of-the-art microscope. This includes automation of microscope
management and operation, such as cooling, loading, unloading, and
control of mechanical components. In the end, such user-free functions
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Fig. 1. Complexity as a function of length scale. Materials science accesses similar scales as biological systems, and therefore, must be amenable to technologically

similar characterization procedures.
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lead to less direct and in-person interaction between the operator and
the microscope. As a result, microscopy became more accessible, easier,
and more accurate. Most importantly, automation helps to acquire a
high volume of data over the course of days, which not only reduces bias
but also helps increase resolution via image processing techniques.

These advancements, mentioned above, have allowed for the reso-
lution of three-dimensional (3D) protein structures at the atomic level,
enhancing our knowledge of the fine structure of biomolecules and
revolutionizing life sciences, especially in fields like drug design and
disease mechanism research [12,13]. Thus, in recognition of their con-
tributions, Jacques Dubochet, Joachim Frank, and Richard Henderson
were awarded the 2017 Nobel Prize in Chemistry [14-18]. Recent ex-
amples of specific protein complexes, which are also of interest to ma-
terials scientists, have shown atomic resolution when the Coulomb
potential map is reconstructed (Fig. 2) [19-21]

Even though cryo-EM is mainly employed in life sciences, nowadays,
there is a great interest in its application in materials science as it offers a
distinct approach to exploring the relationship among the structure and
properties of materials under cryogenic temperatures, close to the
boiling points of liquid nitrogen (~77 K) or liquid helium (~4 K) [22,
23]. By operating at such ultralow temperatures, cryo-EM can efficiently
mitigate the detrimental effects of beam radiation on the sample and
decrease the dosage required for imaging [24]. This is especially ad-
vantageous for beam-sensitive materials such as battery materials and
their interfaces [25-27], where, under cryogenic temperatures, their
structure can be effectively preserved and imaged at the nano/atomic
scale, yielding chemical components and structural information that
correlate with their electrochemical performance [28]. Related to this,
cryo-EM is also applied to study superconducting materials, which has
been recently extensively reviewed elsewhere [29].

Moreover, cryo-EM is useful for examining the microstructure of soft
matter, which is more susceptible to radiation damage compared to hard
metals and ceramics [5]. Soft matter is a term used to describe a category
of condensed matter that can incur dynamic changes due to its physical
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behavior occurring at an energy scale comparable with thermal energy
(kT) [30]. This category is very heterogeneous and is described to
comprise polymers [31,32], gels [31], colloids [31,32], emulsions [33],
foams [33], surfactant assemblies [32], liquid crystals [32], and various
biological materials [31,32], such as membranes, nucleic acids, and
proteins. They are challenging to characterize due to emergent complex
behaviors, following their characteristic softness [34]. These materials
exhibit complex interactions with their surroundings due to diverse
intra- and intermolecular dynamics [35]. To analyze soft matter, ex-
amination of the interaction potentials between nanosized objects,
mostly in liquid environments, is particularly relevant.

Many accounts have recently emphasized the growing use of cryo-
EM in materials science, especially in fields like battery materials, in-
terfaces, quantum materials, and nanoscience [29,36-39]. This review
focuses on cryo-EM in soft matter, examining different approaches and
highlighting advancements in polymers, as well as in functional mate-
rials such as organic/inorganic systems (MOFs, COFs, hybrid perov-
skites). Finally, we discuss the challenges cryo-EM faces in visualizing
soft matter assemblies at high resolution and outline emerging tech-
niques for its future advancement, inspired by the rapid technical and
methodological developments currently transforming biological
research.

2. Advances in cryo-EM sample preparation: From grids to
lamellae

Preparing specimens for cryo-EM requires skilled handling and pre-
cise techniques across several detailed steps, always considering po-
tential effects on the vitreous state. Sample preparation consists of two
main components: grid preparation and sample optimization. Grid
preparation refers to procedures required to make a sample suitable for
analysis employing a microscope under cryogenic conditions, including
chemical or plasma treatment of the grid, sample deposition, and vitri-
fication [40]. Sample optimization involves tailoring the specimen to

E

Fig. 2. Coulomb potential map of mouse heavy-chain apoferritin at 1.09 A resolution (PDB ID: 8RQB) [19]. A. The cryo-EM map of the highest resolution apoferritin
map reported to date (Scale bar: 20108), B. Line representation of the model of mouse apoferritin, which is fitted in map (A) with high confidence (Scale bar: 20}'\), C-F.
Zoom in to selected regions of the map, where the true atomic resolution of the map is clearly illustrated with the aromatic rings of the amino acids side chains
accurately fitted within the shown densities (green numbered arrows indicate examples of atomic resolution C.1: Tyr, D.2: Phe, E.3: Glu, F.4: Trp), as well as several
waters (indicated with red arrows and the letter W) modelled within the given coulomb potential densities of the cryo-EM map.
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achieve electron-transparent, structurally preserved regions and may
include the production of thin sections (lamellae) using focused ion
beam (FIB) milling. While FIB milling is a key sample preparation
strategy in cryo-EM for materials, additional optimization approaches
such as control of solvent or electrolyte composition, dispersion chem-
istry, and vitrification parameters are also commonly employed to pre-
serve native solid-liquid interfaces, metastable phases, and reactive
states in beam-sensitive materials systems [25,26,41,42]. These strate-
gies differ fundamentally from biochemical approaches such as deter-
gent screening or buffer optimization used in cryo-EM for biological
samples [43], but they play an equally important role in determining
specimen quality and fidelity in materials studies, particularly for
functional and energy materials where interfacial chemistry and tran-
sient states are critical [44,45]. Moreover, to accurately examine the
microstructural features such as composition, structure, and phase
separation using a high-energy (80-300 keV) electron beam, the sample
must be uniform, electron-transparent, and sufficiently thin to avoid
multiple scattering events, typically requiring thicknesses in the range of
tens to hundreds of nanometers [46-48]. Sample preparation is, there-
fore, crucial for achieving reliable results in cryo-EM, as it directly af-
fects the quality of a specimen for imaging and analysis [49,50].

2.1. Design and selection of EM grids for optimal imaging

3 mm diameter circular grids are normally used to prepare samples
for TEM, consisting of a metal mesh base covered by a support foil. In
cryo-EM, the mesh is most commonly made of copper (Cu) or gold (Au),
or molybdenum (Mo). Cu and Au are the most common materials of
choice as they provide mechanical stability, facilitate electron conduc-
tion, and help regulate heat dissipation during imaging [51]. Gold has
superior properties and also provides a chemically inert substrate for
sensitive specimens, including reactive or corrosive specimens or living
organisms sensitive to leached out metal ions [52]. Most common grid
mesh sizes range from 100 to 400 bars per inch. For support films,
perforated thin foils with various geometries, such as lacey films with
irregular holes or holey foils featuring irregular or regular
micrometer-scale perforations, are placed atop the mesh to support
vitrified specimens. These support films can also be produced from
various specimens based on the need. Carbon foils are the most widely
used support films because they provide clear Thon rings for microscope
alignment [53], whereas UltrAuFoil and HexAuFoil grids incorporate a
gold mesh and gold foil to further enhance electrical conductivity and
thermal dissipation, and reduce thermal mismatch drift [54]. Recent
advances underscore that grid material has a substantial impact on
sample behavior, as copper supports are prone to “cryo-crinkling” due to
thermal-expansion mismatch with carbon films, while gold foils mark-
edly reduce beam-induced motion and improve achievable resolution
[55,56]. Alternative metals such as Mo or titanium (Ti) have been
employed because their more closely matched thermal expansion co-
efficients help mitigate this problem [55]. Emerging titanium-nickel
(Ti-Ni) alloy grids offer an alternative for challenging samples because
their high stiffness, favorable thermal/electrical properties, and excel-
lent chemical stability reduce charging artifacts, improve ice uniformity,
and better withstand the mechanical stress of cryo-FIB milling and
handling [57]. The grid-support film selection is not limited to the
abovementioned combinations, which are just common selections in
cryogenic electron microscopy of biological samples. The topic is
well-elaborated in the electron microscopy of materials, and the mate-
rials, the geometry of the grid and the support films could be selected
based on the specific properties of each sample and the analysis needs
[58]. These needs could include chemical resistance and inertness,
background x-ray, mechanical and thermal stability, and improved
particle distribution for better visualization.

Some particles tend to adhere to the support film rather than
dispersing into the foil holes, preventing effective EM analysis, and
various modifications to sample carriers have been proposed to address
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this issue [59-62]. One common strategy is to deposit a continuous thin
film -historically carbon, but increasingly graphene or graphene-oxide
(GO)- to improve sample adhesion and promote dispersion, yielding
successful results [59-61]. Graphene is atomically thin, highly
conductive, and contributes minimal background, while functionalized
GO sheets (or reduced GO, rGO) can be made hydrophilic to increase
particle adsorption and reduce denaturation at the air-water interface.
For example, rGO-coated grids have been shown to improve absorption
of small proteins (e.g., sub-100 kDa) and yield high-resolution re-
constructions while avoiding air-water interface artifacts [63,64].
However, film must be kept thin to minimize background noise, and
strong interactions between particles. Amorphous nickel-titanium
(Ni-Ti) supports (e.g., ANTcryo™) have emerged as a powerful alter-
native. These films combine very high electrical conductivity with
minimal nonspecific protein binding, resulting in significantly reduced
beam-induced motion and improved particle distribution, even
compared to traditional carbon films [57]. Another approach includes
chemical treatments to discourage particles from adhering to the foil and
to guide them into the holes of the grid [62]. Grid support surfaces are
frequently hydrophobic, hindering the effective dispersion of aqueous
solutions. Low-energy plasma treatment is employed to modify surface
characteristics of the grid and to increase hydrophilicity [50], and
several protocols are applied for the grid’s treatment [65], and specif-
ically for cryo-EM, plasma produced from residual air (glow discharge)
is applied. Plasma treatment is also performed in specific cases using
argon-oxygen mixtures; however, hydrogen may also be utilized to make
plasma treatment gentler [40].

2.2. Contrast enhancement techniques of beam sensitive soft matter

In soft-matter and biological specimens, the TEM image contrast is
intrinsically low because these materials consist almost entirely of light
elements (H, C, N, O) with very small elastic-scattering factors [66-70].
As a result, the amplitude contrast that underpins conventional
bright-field TEM is extremely weak, and neither diffraction contrast nor
mass-thickness contrast [71] provides sufficient signal for reliable im-
aging. At the same time, such specimens tolerate only very low electron
doses before undergoing radiolytic damage, which forces imaging to be
performed in a dose-starved regime [51,72-75]. The combination of
weak intrinsic scattering and strict dose limitations leads to images with
inherently poor signal-to-noise ratios, far below those achievable for
inorganic or metallic samples.

Because conventional near-focus imaging yields almost no visible
contrast, cryo-TEM relies on phase contrast generated by deliberate
underfocus [66,76]. Large defocus values enhance low-frequency
contrast by converting phase shifts into detectable intensity modula-
tions, but this comes at the cost of attenuating high spatial frequencies
through the microscope’s envelope function [13]. Consequently, strong
underfocus that is required to visualize soft matter also reduces
achievable resolution and introduces oscillations in the contrast transfer
function that complicate image interpretation [77]. Phase plates were
developed to achieve near-focus phase contrast without resorting to
large defocus [78-81], but in practice, they struggled with charging,
contamination, and long-term stability, preventing widespread adoption
[78,81-83]. Together, these factors explain why cryo-EM images of soft
matter exhibit extremely low intrinsic contrast and why conventional
diffraction or bright-field contrast mechanisms cannot be exploited for
these specimens.

Currently, soft-matter samples are primarily investigated through
drying, positive or negative staining, and/or cryo-fixation. Drying
techniques, including freeze drying and critical point drying, are the
most accessible and commonly used methods for investigating polymer
self-assembly and vesicle formation [84]. A sample drop of 2-5 pL is
deposited onto a carbon or polymer-coated grid and allowed to dry for a
few minutes to several hours prior to imaging [85,86]. The technique
derives from materials science and is appropriate for highly stable
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materials [87,88]. Freeze drying, sublimation of surface water, and
quick-freeze deep-etch are methods intended to preserve structural
integrity; however, even with rapid vitrification, warming the sample to
—80 °C to eliminate water can lead to recrystallization of vitrified water,
which damages and alters the sample, particularly in colloidal suspen-
sions [89-91]. Nevertheless, drying is highly inappropriate for hydrated
soft materials, often resulting in significant artifacts, aggregation,
deformation, or even complete restructuring [84,92]. Particularly for
newly designed materials, discerning between artifact and genuine
structure may necessitate comparing images of differently prepared
samples, rendering dried samples dispensable. While some polymers
may withstand drying, others, especially those reliant on water or sol-
vents, such as amphiphilic block-copolymers, are unsuitable due to po-
tential significant changes upon drying [92].

Positive staining presents a superior alternative, as it simultaneously
fixes sample shape (in many cases), enhances contrast, and offers some
protection against dehydration and radiation damage. Compared to
negative staining, which includes lightly coating the sample with a fine-
grained metal solution, positive heavy metal staining (iodine, ruthe-
nium, and osmium tetroxide[93]) entails adding metals that adhere to
specific sections of the sample [94]. However, staining exhibits certain
drawbacks, mainly the concealing of internal features due to the
stain-excluding surface, the limitation of the visible orientations due to
sample support requirements, the imposition of a resolution limit
dictated by stain grain size, and the inducement of significant dehy-
dration in specimens [66] leading, frequently, to specimen flattening
and/or shrinking [95]. In a similar fashion, cross-linking agents like
aldehydes and peroxides offer advantages for stabilizing the specimen,
but even if structures can be visualized, cannot reach atomic resolution
due to non-specific interactions and probable structure deformation.

2.3. Vitrification: Preserving native states through rapid freezing

Cryo-fixation stands out as the premier preservation method in bio-
logical samples, such as proteins in aqueous solutions. Typically, a
sample drop of a few microliters (3-4 pL) is applied to a hydrophilized
grid and blotted. Concentration can greatly vary depending on the
specimen's size and physicochemical properties, but it should generally
fall within a range of a few pg to a few mg per ML. Up to now, blotting is
the standard and most used technique to leave a thin solution layer in
the grid holes [40]. More specifically, blotting is typically performed for
a few seconds in an elevated humidity environment, where filter paper
absorbs the excess fluid from the grid. The thickness of the created layer
is adjusted through blot time, the properties of the filter paper, and the
blot force [40]. At the end, the specimen is plunge-frozen into liquid
ethane or ethane/propane. This rapid freezing generates a thin layer of
vitreous ice, preventing ice crystal formation (that can lead to damage
and obscure observation of the samples) [96]. The effectiveness of
cryo-preservation is influenced by the thickness of the specimen, whilst
there can be differences in the quality between the surface and the
center of it, with thinner samples yielding optimal vitreous ice
throughout, ensuring preservation [97].

Up to now vitrification instrumentation involves: (1) the manual
plunger which refers mainly to a standard, guillotine-style manually
operated blot-and-plunge device for the vitrification [98]; (2) a reliable
alternative, less specialized though economical solution and portable
manual cryogenic plunge freezer that allows for successful freezing of
isolated specimen [99]; (3) the commercial and most commonly used
Leica EM Grid and Thermo Fisher Vitrobot-grid plunge freezer units with
one sided and double sided blotting option respectively; (4) the blot-free
grid preparation approach of SPT Labtech named chameleon, that relies
on automation and improves critical steps of the grid preparation pro-
cess (e.g., glow discharging, sample application etc.), while depositing
the sample on top of the EM grid and promising more consistent and
predictable ice thickness [100]; (5) the VitroJet that again refers to a blot
free highly sophisticated instrument that deposits sample on the grid
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surface at sub-nanoliter volume scales reducing sample waste and
sample is vitrified by jets of cryogen followed by submersion into a
cryogen bath [101]; (6) and finally the amended microfluidic sample
preparation method named cryoWrite, which entirely avoids paper
blotting and allows the passivation of the air-water interface during the
preparation process [102].

Cryo-EM of vitrified soft matter specimens, despite their inherent
low contrast and reliance on phase contrast, provides unparalleled
visualization of samples in their frozen-hydrated state and represents the
foremost method for achieving high-resolution imaging. While vitrifi-
cation of aqueous solutions is more effective for hydrophilic or amphi-
philic samples, its utilization in hydrophobic-based samples can be
performed in highly diluted aqueous solutions. To overcome this prob-
lem Wirix et al. utilized vitrified organic solvents to examine regiore-
gular poly(3-hexyl thiophene) (rrP3HT) assemblies by cryo-ET,
revealing a three-dimensional lamellar structure formed by the stacking
of conjugated backbones with a spacing of 1.7 nm, indicating increased
order within the bulk of the nanowires (Fig. 3) [103].

To avoid artifacts, it is essential to employ extra caution when using
the plunge-freeze method to vitrify various organic solvents. Re-
searchers have applied this technique to different organic solvents,
including tetrahydrofuran, n-heptane, and toluene [104-107]. More
specifically, Zhu et al. examined the formation of disk-cylinder and
disk-sphere nanoparticles via a block copolymer blend solution con-
struction, where they vitrified a fresh solution of poly(acrylic acid--
b-methyl acrylate-b-styrene) triblock copolymer micelles in 1:2 by
volume tetrahydrofuran to water, displaying a mixture of cylindrical
and spherical micelles, along with a small amount of toroids[106].
Oostergetel and his colleagues studied solutions of the deblock copol-
ymer polystyrene/poly-2-vinylpyridine in toluene [104], while others
investigated the morphology of self-assembled micelles prepared from
linear and cyclic poly(styrene-b-isoprene) block copolymers dispersed in
n-heptane solvent [107]. Another example in blend components has
been reported by Du et al., where they pioneered the use of cryo-EM for
examining the morphology of polymer micro-aggregates in rapidly
frozen blend precursor solutions of polymer donor and polymerized
small molecular acceptors (PSMAs) utilized for the fabrication of poly-
mer solar cells [108]. By employing this technique, they imaged the
preaggregation state of polymer blends in chloroform solutions, out-
lining the essential role that chemical structures of PSMA play on ag-
gregation behavior in the blend solution and, by extension, the
photovoltaic performance of the solar cells.

Furthermore, since many materials of interest are synthesized and
used in organic solvents, a recent work by Zhang et al reports the
response of 23 different organic solvents to vitrification and electron
exposure in cryo-TEM experiments [109]. This study revealed that 11 of
the solvents can successfully be vitrified in liquid ethane, creating
amorphous thin organic ice layers, and 10 of them can only be vitrified
in liquid nitrogen, since they are fully dissolved in liquid ethane. Only
chlorobenzene and n-decane failed to be vitrified, because they crys-
tallized in liquid nitrogen. The 11 solvents that can be vitrified in liquid
ethane are suggested for cryo-TEM experiments because they allow for
better vitrification of materials contained within them. Nonetheless,
these 11 organic solvents exhibit a range of physicochemical properties,
making it challenging to attribute their low solubility in liquid ethane to
a single characteristic. According to the electron tolerances of vitrified
organic solvents, they are typically insufficient, significantly limiting the
effectiveness of high-resolution cryo-TEM studies. However, it is pro-
posed that the electron tolerance can be improved by adding water or
radical scavengers [109].

Despite rapid advancements in cryo-EM, proper sample preparation
remains a substantial bottleneck that must be customized and optimized
for specific samples [110,111]. To minimize potential contamination
and artifacts, various factors need to be considered, as mentioned pre-
viously [112]. Therefore, in addition to developing standard operating
procedures for cryo-EM sample preparation, specialized protocols using
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Disordered Edge
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Disordered Edge

Fig. 3. Poly(3-hexylthiophene) assemblies in vitrified organic solvents visualized at nanometer scale resolution by cryo-EM. (A) A P3HT nanowire's isosurface
produced via tomographic reconstruction. (B) Cross-sectional slice from the tomographic reconstruction of the wire, overlaid with the appropriate segment of the
segmented structure. (C) Lamellar order model within the nanowire’s core. (D) Model illustrating crystalline order in the bulk and disorder on the nanowire side. (E)
Tllustration displaying the ordered bulk and the disordered edges. Adapted with permission from ref. [103], Copyright 2014 American Chemical Society.

novel methods or equipment should be advanced, enhancing the effi-
ciency as well as the quality of samples and broadening cryo-EM
application to a wider range of materials.

2.4. Techniques for lamella production from bulk specimen

Transmission electron microscopy of soft matter is typically con-
strained by sample thickness, which optimally needs to be less than
300 nm, depending on acceleration voltage. If the sample exceeds this
thickness, the image quality rapidly degrades, appearing mostly blurry
or even black because insufficient electrons can penetrate to form an
image. To address this, focused ion beam (FIB) milling can be used to
locally thin thicker samples, producing lamellae, allowing precise tar-
geting and extraction of specific areas and interfaces [113]. FIB/SEM,
originally developed for the microelectronics industry to investigate
failure mechanisms in circuit components, has since been adapted to
produce high-quality TEM lamellae for a wide range of inorganic and
organic semiconductors as thin films, as well as biological materials
[114].

Nevertheless, specimens that are sensitive to ion or electron beams
lack rigidity, contain water (such as polymers, lipids, and biological
materials), or are temperature-dependent, as well as those reactive with
gallium (e.g., semiconductors), are unsuitable for FIB milling at room
temperature due to potential alteration of the physical and chemical
state of the sample through local heating, knock-on damage, radiolysis,
and ion implantation [5,115]. Various techniques have been developed
to moderate beam-induced damage during TEM lamella preparation.
These include performing initial milling with a low-energy gallium ion
(Ga™) beam, followed by final milling with low-energy argon ions (Ar")
and increasing the ion beam pitch (dwell overlap) [116-118]. Another
promising approach, which is the preferred preparation technique for
these types of materials, is cryo-freezing (mostly under high-pressure,

but also, sometimes, using rapid freezing). Cryo-freezing leads to the
development of cryo-compatible thinning methods, which reduce
FIB-induced damage, making a substantial impact in fields such as en-
ergy research, polymers, and biological and biomimetic materials [113,
119]. An alternate method involves the generation of inductively
coupled plasma from gases, such as nitrogen, oxygen, argon, or xenon.
Under low beam current conditions, plasma sources exhibit probe sizes
similar to gallium. However, under high beam current conditions,
plasma species have lower probe sizes compared to gallium [120]. This
suggests that plasma beams are suitable for milling large volumes under
high currents while still being capable of the precise milling needed for
thinner and more delicate lamella [121]. Grange and his group proposed
a protocol for automated plasma focused ion beam (PFIB) milling
lamellae of cryogenic cellular samples, demonstrating that a plasma
FIB/SEM may be employed for in situ structural biology at near-atomic
resolution levels [122]. This method also opens up possibilities for
higher throughput in the field of material science, which is yet to be
applied. Specifically, to attain the highest possible resolution, lamellae
thickness is very important. For example, benchmarking of lamellae
thickness, performed by the Gonen laboratory, indicated that optimal
data for electron diffraction can be acquired at twice the mean electron
free path, independent of TEM acceleration voltage. This corresponds to
sample thicknesses of ~430, 540, and 640 nm for commonly used
accelerating voltages of 120, 200, and 300 kV, respectively [123].

At the turn of the century, tomography on vitreous sections became
feasible, using cryogenic ultramicrotomy to cut sections similarly to
traditional plastic-embedded sections, eliminating the need for staining
and fixation [124-127]. Nonetheless, this method faces limitations due
to technical challenges and artifacts like knife marks, deformation, and
preferential fracture in heterogeneous materials [128]. Recent ad-
vancements have led to the production of thinned areas within
cryo-frozen specimens using FIB milling, which is more versatile and
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precise than cryo-ultramicrotomy, producing samples with fewer arti-
facts and as close to their native state as possible. The process involves
tilting the cryo-frozen sample and ablating excess material at a shallow
angle to generate various geometries, such as wedges or thin lamellae,
which can be imaged by cryo-TEM. This procedure is efficiently per-
formed in dual-beam cryo-FIB-SEM microscopes, which integrate all
necessary steps, including targeting, SEM imaging, sputter coating,
platinum gas injection system (GIS) deposition, and milling, reducing
the need for multiple transfers and handling that could damage the
delicate samples. Unified holder designs between cryo-FIB-SEMs and
transmission electron cryo-microscopes streamline the workflow [66].
Targeting during milling can be based on SEM imaging within the mi-
croscope or fluorescence images taken before loading the sample.

Brief SEM imaging minimizes radiation damage, and if more intense
imaging is required, the sample can be sputter-coated with a conductive
platinum layer to mitigate beam damage simultaneously [66]. Addi-
tionally, to prevent unwanted ion-beam erosion and minimize
"curtaining" artifacts, the sample is coated with a thin metal layer,
usually platinum, before milling [129,130]. This layer evens the milling
speed and ensures a smooth lamella surface. After milling, a thin
conductive layer (approximately 2 nm of platinum) is applied on top of
the lamella to dissipate charge build-up and reduce beam-induced mo-
tion, enhancing beam tolerance for tomography [113].

An example of this technique, with applications in soft materials,
comes from Wang and his group [131]. Recently, they showcased a
straightforward and scalable electrochemical deposition technique for
producing conductive organic-inorganic composite films with controlled
size and thickness on a wafer-scale [131]. The derived quasi-layered
composite film, dubbed as tungstate anion-linked polypyrrole
(TALPy), demonstrates notable capacitive characteristics, and its inter-
nal composition was examined via cryo-FIB and cryo-EM. The excep-
tionally high milling rates with respect to silicon milled at room
temperature and the excessive accelerating voltages caused the
detachment of the thin film from the substrate. In this study, cryogenic
temperatures were primarily employed to minimize beam damage.
However, transfer was still necessary under cryogenic conditions to
prevent the thin and flexible lamella from curling. As is revealed, the
cryo-TEM sample suffers from ice contamination; notwithstanding,
there was enough clean area available to investigate the underlying
microstructure. The presence of dark spots within the grey matrix, as
observed using cryo-TEM, strongly indicates the formation of tungstate
aggregates.

Gels, matrices, and other complex soft materials, along with com-
posite systems containing both hard and soft materials, present chal-
lenges in achieving a thin freezing layer, which often remains thick for
TEM. Thus, cryo-EM is not frequently used to characterize them. The
combination of cryo-FIB with high-pressure freezing could offer deeper
structural insights into these materials. Similarly, the quite recent cryo-
FIB lift-out technique demonstrates a preparation method that targets
the extraction of material from high-pressure-frozen bulk multilayered
specimens using a cryo-gripper tool [132]. Under this strategy [117],
material is fended with the ion beam from both sides of a structure of
interest, creating triangle-shaped trenches and leaving a vertical lamella
in between. The lamella is subsequently almost severed from the bulk
sample using the ion beam through a “J-cut” along the edges, retaining a
little portion at the top to secure the lamella until it is mounted to the
lift-out needle. Then, a cooled nanomanipulator needle is positioned
near the lamella, and water vapor from the GIS is employed to bind the
two, allowing the lamella to be entirely detached from the sample. The
specimen is subsequently extracted from the bulk material, placed on a
TEM half-grid utilizing water vapor, and thinned to electron trans-
parency level. The frozen lamella is extracted from the cryo-FIB and
preserved in liquid nitrogen until its transfer to the cryo-TEM.

Although the cryo-FIB lift-out technique is currently not widely used,
it is expected to broaden the applications of cryo-FIB by allowing the
extraction of a thin lamella from a larger sample through the selection of
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a specific region of interest [133,134]. Recently, Han and his group
reported the ability of cryo-FIB to successfully extract thin specimens
from highly sensitive bulk crystals and devices, such as metal-organic
framework crystals and a hybrid halide perovskite single-crystal film
solar cell [135]. This highlights the great potential of this technique to
handle extremely sensitive materials and provide atomic-resolution
imaging of local structures. Despite the advances of cryo-FIB in mate-
rials science, further analysis and reconstruction of the intrinsic struc-
ture are extremely limited as compared to biological specimens. Very
few, if any, works have applied subtomogram averaging methods, even
for specimens that are highly conformationally and chemically hetero-
geneous. We expect that such a transfer is feasible for several materials’
specimens in the future, drawing inspiration from “visual proteomics”
[136].

3. Core capabilities and instrumental advances in cryo-EM

3.1. Electron beam damage phenomena and strategies for radiation-
sensitive materials imaging in cryo-EM

Electron beam damage is the fundamental resolution-limiting factor
in cryo-EM [137] and 3D electron diffraction (MicroED/3DED) [138] of
soft matter. The process is governed by two stages: the initial physical
interaction, followed by the cascading chemical degradation [139,140].
For low atomic number specimens (e.g., proteins, polymers, and organic
frameworks), the dominant damage mechanism is radiolysis (ioniza-
tion), which stems from inelastic scattering [24,58,115,141]. The inci-
dent high-energy electron transfers energy to the specimen, ejecting
valence electrons and creating highly reactive free radicals, ultimately
leading to the cleavage of chemical bonds (bond scission) and the irre-
versible loss of long-range structural order. While radiolysis (ionization)
is generally the dominant damage mechanism in low-Z and organ-
ic/hybrid materials, elastic scattering/knock-on (atomic displacement)
may also contribute [142]. Especially in heavy-element systems (e.g.,
halide or metal-containing hybrids perovskites), knock-on damage can
become non-negligible, especially under imaging conditions with suffi-
cient electron energy or after radiolysis-induced weakening of the lattice
[58,115,142-149].

The specimen's resilience to this damage is quantified by the critical
dose (D.), which is the electron fluence (in e'/f\z) at which the high-
resolution signal decays to 1/e (or 37 %) of its initial intensity
[150-153]. The critical dose (D) is highly dependent on the specimen’s
intrinsic chemical composition and structural stability. Beam-sensitive
functional groups that lack efficient pathways to dissipate or delo-
calize deposited energy are the first to undergo radiolytic cleavage. In
biological macromolecules, specific chemical moieties act as early
“fuses”: carboxylate side chains (Asp, Glu) and disulfide bridges
consistently exhibit some of the earliest site-specific damage under
electron irradiation. The rapid degradation of these groups contributes
to the characteristically low D. values observed for proteins and other
soft biological materials [51,154].

Organic polymers, particularly saturated aliphatic systems, are
among the most beam-sensitive materials examined in TEM. Their sus-
ceptibility arises from the absence of electronic delocalization, which
leaves the polymer backbone highly vulnerable to ionization-induced
radiolysis. Comprehensive TEM damage reviews demonstrate that
radiolysis is the dominant degradation pathway in organic and poly-
meric specimens, leading to rapid loss of mass, thinning, and morpho-
logical collapse under the electron beam [58,115,141,155]. Classic
polymer microscopy studies likewise show that organic polymers
experience severe radiation-induced degradation, with chain scission
and mass loss as the primary signatures [156]. Direct irradiation ex-
periments on aliphatic polyesters further confirm that main-chain scis-
sion is the principal reaction initiated by energetic electrons, resulting in
substantial molecular-weight reduction and volatilization of degrada-
tion products [157,158]. Together, these findings establish that
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aliphatic polymers undergo rapid backbone cleavage under electron
irradiation, making them among the least dose-tolerant materials
encountered in high-resolution electron microscopy.

Reticular frameworks such as MOFs and COFs exhibit pronounced
beam sensitivity in electron microscopy due to the weakness of their
characteristic bonding motifs, i.e., metal-ligand coordination bonds in
MOFs and covalent linker connections in COFs [159]. A comprehensive
low-dose EM survey reports that for beam-sensitive frameworks (zeo-
lites, MOFs, COFs), the critical dose for structural degradation can be as
low as only a few to tens of electrons per A% underscoring their extreme
fragility under irradiation [160-163]. This behavior is exemplified in
ZIF-8, where atomic-resolution imaging was achieved only by limiting
the accumulated dose to ~4.1 A2 beyond which the framework
rapidly loses crystallinity [164]. COFs show similarly restricted dose
budgets: COF-5 retains lattice fringes only up to ~26.5 ™A= [159],
while other 2D COFs require even lower total exposures, typically
0.4-17 e™-A"2, to avoid structural degradation [165]. Despite this general
sensitivity, some MOFs exhibit substantially higher tolerance; in the
MFM-300 series, experimentally measured critical electron fluences
range from ~147 to ~1111 e-A2 depending strongly on the metal
identity [162]. These results demonstrate that while many COFs and
MOFs fail at extremely low electron doses, their dose tolerance spans
orders of magnitude, making per-material determination of D, essential
for reliable imaging.

As we mentioned earlier, cooling specimens to cryogenic tempera-
tures is the primary method for reducing radiation damage in electron
microscopy. While cryo-temperatures (typically ~100 K) do not prevent
the first ionization event, they slow down the subsequent chemical
damage by immobilizing the radiolytic products. At low temperature,
free radicals produced by inelastic scattering remain trapped in the
frozen matrix and cannot diffuse to react with surrounding molecules.
This “cage effect”, originally described by James Franck and Eugene
Rabinowitch, increases the probability of geminate recombination,
which can restore some of the bonds broken by ionization. Recent
simulations based on time-dependent density functional theory support
the idea that, while the initial bond breaking is similar at room tem-
perature and cryo-conditions, the fragments remain together under
frozen water and fail to escape, consistent with a cage-based self-healing
mechanism [51,58,72,115,139,140,166-169]. As a result, cryo-cooling
significantly raises the critical dose tolerated by many organic and
biological specimens. In practice, this benefit is also combined with dose
fractionation: the total electron exposure is spread over many low-dose
frames or “movie” frames. By collecting many such frames and aligning
them computationally, high-resolution information can be extracted
before radiation damage accumulates past the acceptable limit. As
further discussed in the present work, dose fractionation also helps
correct specimen drift and beam-induced motion arising from thermal
changes or momentum transfer during electron irradiation. Together,
these measures form the basis of modern low-dose imaging and cryo-EM
movie acquisition [170-174].

Besides temperature, several other parameters strongly influence the
rate and character of beam damage. The accelerating voltage is the most
important parameter. It controls the balance between radiolysis and
knock-on damage: lowering the voltage below the twice displacement
energy threshold of a given atom suppresses knock-on events but
generally increases the inelastic scattering cross section and thus radi-
olysis, which is often dominant [24]. That is why it is counterintuitively
stated that the beam damage reduces with the increase of the acceler-
ating voltage [115,175]. A careful investigation of the database on
electron beam stopping power shows that the stopping power (i.e., the
interaction between the beam and the sample) typically decreases with
increasing electron energy up to 1-2 MeV [176]. Manufacturing TEMs of
such energy level is obsolete, and these days the accelerating voltage of
the commercial electron microscopes is limited to 300 kV.

It is also worth noting that although the total accumulated dose re-
mains the dominant factor governing high-resolution signal loss in
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beam-sensitive materials [153], the dose rate can modulate the
expression and kinetics of information loss in important ways. Across
cryo-EM, soft organic materials, and insulating inorganic systems,
dose-rate effects arise when the beam interacts with processes that un-
fold on comparable time scales, such as beam-induced motion, charging
and charge-relaxation, radical diffusion and recombination, and local
thermal transients [51,152,177-179]. Lower flux has been shown to
reduce bubbling and motion in vitrified biological specimens, while
some oxides and organics exhibit dose-rate thresholds or even
non-monotonic behavior, reflecting complex coupling between radiol-
ysis, charge buildup, and defect formation [177]. Importantly, recent
ultrafast TEM and cryo-EM experiments demonstrate that delivering
electrons in picosecond-nanosecond pulses does not measurably sup-
press radiolysis in soft or biological matter at room or cryogenic tem-
peratures, indicating that the integrated fluence, rather than
instantaneous current density, primarily determines damage [180]. In
modern single-particle cryo-EM, dose-rate considerations are further
shaped by detector physics: higher flux increases coincidence loss,
reducing the effective information captured per unit specimen damage,
making an optimal, moderate dose rate preferable in practice
[181-183].

Sample thickness, local chemistry, and the surrounding environment
also may play important roles in information conservation and beam
damage mitigation. For example, thicker regions experience more
multiple scattering, leading to higher energy deposition per unit area
and faster loss of crystallinity at a given projected dose [24]. Encapsu-
lation of beam-sensitive materials in thermally and electrically
conductive layers, such as graphene, can reduce charging, spread heat,
raise the effective critical dose, and scavenge radicals, as demonstrated
for several low-dimensional inorganic systems [178,184-187]. Simi-
larly, the addition of anti-oxidants can improve the radiation tolerance
of the hydrated specimens [150].

Chemical bond properties and compositions of the specimen not only
also affect the rate of beam damage but also the beam damage mitiga-
tion mechanisms. For example, conjugated n-polymers generally display
greater beam resilience than many non-conjugated (aliphatic) polymers
because their delocalized n-electron frameworks stabilize radiation-
generated radicals and slow chain-scission cascades, while their higher
crystallinity and tighter n—n packing can hinder radical diffusion and
volatilization [153,188-190]. In contrast, saturated polymers, lacking
extended electronic delocalization, undergo rapid radiolysis, producing
mobile radicals that trigger chain scission, cross-linking, and mass loss at
comparatively lower critical doses. As a result, n-conjugated systems
often tolerate higher electron doses before structural collapse, particu-
larly when aided by radical scavengers or conductive supports such as
graphene. For organic thin films, the presence of oxygen and water
significantly accelerates beam damage, whereas oxygen- and
moisture-free preparation and imaging conditions yield higher critical
doses and slower mass loss [153].

3.2. Low-dose imaging in electron microscopy

The dose management method in TEM is generally referred to as low-
dose imaging. Low-dose imaging is the most important technique in the
field of cryo-EM. In this technique, we try to minimize the dose needed
to image the region of interest (ROI) by adjusting imaging conditions
(like focusing, astigmatism correction, alignment operations) on a
nearby region and taking the final image from the ROI. The microscope
uses the stage or the image shift deflectors to navigate over the sample to
illuminate the adjustment (focusing) or imaging (recording) area. Low-
dose imaging can be done manually, but normally, they are integrated
into the system as a set of pre-adjustable imaging conditions, i.e., a set of
magnification, condenser system arrangement, defocus, and deflectors.
The user then finds the ROI in the low magnification and uses other
preset imaging conditions to navigate around, adjust imaging condi-
tions, and take an image in a sequence. A crucial part of such a system is
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aresponsive beam blanker. In the low-dose imaging technique, the beam
is only open to take an image when the camera is active.

A major question about low-dose imaging is whether the focus re-
mains accurate after navigating from the adjustment area to the ROI or
not. The answer is no, but also it is not a vital issue; the reason is that
cryo-EM normally uses phase contrast, which is developed by a certain
amount of deviation from the focus. This intentional deviation from
perfect focus captures phase differences and improves contrast by
emphasizing imaginary planes beyond the specimen. This deviation is
called defocus and leads to fluctuation in the imaging transfer function,
suppressing some image information frequencies and developing
contrasty outlines around the objects. The positive aspect is that we can
calculate the defocus from the image using the well-established Contrast
Transfer Function model [191], making some deviation from the
adjusted situation acceptable and detectable in the image.

The evolution of low-dose imaging for cryo-TEM has greatly facili-
tated the examination of material systems that comprise organic com-
ponents [39], allowing the visualization of soft nanoparticles, enabling
the measurement of size and morphology for individual particles, and
the assessment of sample polydispersity. The technique has been widely
applied in the characterization of organic nanoparticles and hybrid as-
semblies. Modicano et al. investigated the size distribution of two
different conjugated polymers that were encapsulated within the liquid
midchain triglyceride (MCT) core of lipid nanocapsules (LNCs) in an
attempt to form photostable probes for optical and photoacoustic bio-
imaging[192], while Jackman et al. formed drug-loaded poly(ethylene
glycol)-poly(lactic acid) (PLA-PEG) block copolymer nanoparticles
(AZDNPs) through a nanoemulsion technique, employing a modified
oil-in-water emulsification solvent extraction method. This study
focused on a detailed physicochemical characterization of the nano-
particles, examining their morphology and how these properties, espe-
cially nanoparticle polydispersity, affect biodistribution using cryo-EM
[193]. Similar to this approach, cryo-EM was utilized to elucidate the
architecture of oil-in-water nanoemulsions and their carriers of canna-
bidiol loaded conformation [194]. Using cryo-EM, Paxton et al. visual-
ized how hybrid vesicles composed of 1,
2-dioleoyl-sn-glycero-3-phosphocholine  (DOPC) lipids and poly
(ethylene oxide-b-butadiene) (PEO-PBd) block copolymers adhere and
fuse onto mesoporous silica nanoparticles [195]. The cryo-EM images
showed that, despite increasing polymer content, conformal bilayer
coatings can still form around the 3D silica cores; however, as the
polymer fraction rises, vesicle adsorption on planar surfaces becomes
increasingly heterogeneous—many intact adhered vesicles rather than
smooth bilayers are observed. This structural insight from cryo-EM
correlates with decreased lateral fluidity measured by other tech-
niques and supports the conclusion that higher polymer loading disrupts
fusion/film formation of hybrid vesicles [195]. De Mel et al. used
cryo-EM to show that adding an n-alkyl-PEO polymer to phospholipid
vesicles induces a transformation from unilamellar to multilamellar
structures, with about a 9 % increase in vesicle size [196]. The images
suggest that the polymer partially disrupts the lamellar organization of
the bilayer, correlating with a ~30 % reduction in bending rigidity per
bilayer measured by neutron spin echo (NSE) spectroscopy [196].

Another research group highlighted the significance of surface
topography of PEGylated nanoparticles based on tuning the architecture
of shape-persistent amphiphilic bottlebrush block copolymer (BBCP)
building blocks to be utilized in biomedical applications [197]. More
specifically, here, the authors used cryo-EM to image nanoparticles in
their native hydrated state, to confirm their micellar core-shell structure,
as well as to examine differences stemming from the changes in struc-
tural parameters of BBCP architecture, affecting the interactions of the
NPs with proteins and cells. Additionally, cryo-EM was performed to
visualize bolalipids aggregates [198], whilst a very recent study re-
ported the successful visualization of individual polymer chains in the
vitrified state without additives for contrast enhancement, owing to the
significant mass contrast of the inorganic backbone [199]. Upon

Materials Science & Engineering R 169 (2026) 101192

assembly with proteins, numerous protein copies bind at the level of a
single polymer chain, resulting in structures resembling compact
spherical complexes or rigid coils [199]. A systematic visualization of
proteopolymersomes is also performed using low-dose protocols.
Marusic et al. visualized the fusion of synthetic amphiphilic membranes
and observed efficient membrane and content mixing [200]. Amphi-
philic polymers and oppositely charged lipids can effectively undergo
rapid fusion, while anionic lipids are not essential for the integration of
membrane proteins in (proteo)polymersomes[201]. Both of
above-mentioned works originate from the former study of the group
that tested the functional integration of a proton pump in a polymer
compartment [202], while other systems, such as giant unilamellar
vesicles, can also be characterized using cryo-EM [203]. These appli-
cations underscore the versatility and necessity of low-dose techniques
for preserving the native morphology of soft matter during imaging.

Understanding the physical and chemical properties of crystalline
materials relies on crystallographic study. To determine the crystal
structure of materials containing organic components, traditional
methods use X-ray, neutron, or electron diffraction techniques in
reciprocal space to identify the periodic structure of the crystal. How-
ever, these methods have limitations in terms of spatial resolution and
cannot handle structures that are polycrystalline or locally disordered.
In a recent study, Huang and his group reported the design and con-
struction of free-standing two-dimensional woven polymer networks
(2DWPNs) based on the woven polymerization of 1,4-bis(benzodioxa-
borole)benzene (BDBB) and 1,2-bis(4-pyridyl)ethylene (BPE) driven
by dative B-N bonds [204]. The surface structural features of the 2D
woven polymer nanosheets were observed with high spatial resolution
and superstructure integrity at a molecular level by low-dose (0.5 e~
pixel ! s7' or 3e” A™2 s71; €, electron) cryogenic TEM. Topological
characteristics of the woven polymer networks can be distinctly
observed with structural information transfer up to 2.2 A (Fig. 4). This
work demonstrates that combining low-dose and cryo-EM imaging
techniques with a state-of-the-art electron direct detector and an ultra-
stable cryo-transfer holder can successfully image highly beam-sensitive
materials, such as purely organic networks.

Li et al. introduced a novel cryo-EM technique to reveal atomic host-
guest structures in MOFs [205], displaying that these structures can be
maintained at low temperatures to achieve high-resolution imaging.
When the sample ZIF-8 was exposed to an accumulated electron dose of
90 e~-A~2 at cryogenic conditions, it only exhibited partial amorphiza-
tion. On the contrary, when exposed to a dose of 50 e -A~2 at ambient
temperature, its crystallinity was completely lost. Another research
group investigated the mechanism of protein-MOF nucleation and
growth using cryo-EM [206]. They showed that aggregation of amor-
phous particles plays a role in initiating the dissolution-recrystallization
process. Tong et al. aimed to determine the atomic-level structure of
biomacromolecule-MOFs and the inherent connection between their
structure and activity. Interestingly, the optimal image quality is ach-
ieved with a total dose of 30 e -A~2, which is comparable to the dosage
used for MOFs and COFs at ambient conditions [207]. This implies that
although cryogenic conditions can significantly enhance stability, it may
not be a universally efficient option for all materials in this category. In
the case of COFs, recently Winter and his colleagues examined the in-
fluence of steric interactions within the pores of two-dimensional COFs
on their network structures [208]. By introducing a linker design
strategy that incorporates bulky functional groups, the researchers could
impede sql net formation through steric interactions, resulting in a kgm
structure which can lead to interesting optical and electronic properties
[209]. In their study, cryo-EM was used for the structural character-
ization of the different COFs employing a low-dose strategy for imaging,
with an average electron dose of 50 e -A~2 at a pixel size of 0.936 A in
electron counting mode, and a frame rate of 310/s [208].

Further advanced techniques in cryo-EM, including single particle
analysis (SPA), electron tomography (ET), and subtomogram averaging,
and electron diffraction for single particles and micro-crystals, have



P. Koralli et al.

o 0
¢ 0
S p
. | oo
AN 7z
Q 0 C,0 O
0.0 %o
& ‘N'B =
S s <)
| o
N
N
K

Materials Science & Engineering R 169 (2026) 101192

Fig. 4. Illustration and characterization of the crystalline 2DWPN-1. (A) Chemical structure of 2DWPN-1. (B) SEM image of the cross-section of a 2DWPN-1 crystal.
(C) Perspective along the b-axis of the crystal arrangement in 2DWPN-1; PhMe molecules (yellow) are kept between layers, and H atoms have been excluded for
enhanced clarity. (D) Cryogenic low-dose HRTEM image of crystalline 2DWPN-1 acquired along the [001] direction. The image underwent denoising, and the
contrast inversion issues induced by the objective lens CTF were rectified. The insets display a raw image (upper left) and the fast Fourier transform pattern (upper
right) of the HRTEM image, conveying structural information up to 2.2 A. (E) A false-colour pattern averaged in the [010] direction, (F) Perspective along the a-axis
of the crystal arrangement in 2DWPN-1; all solvent molecules and hydrogen atoms were excluded for clarity. Adapted from ref. [204] under a [CC BY 4.0] license.

substantially accelerated material characterization and are briefly
reviewed below.

3.3. High-Resolution structural determination via single particle analysis

Single-particle cryo-EM creates 3D reconstructions by combining
TEM images of isolated macromolecules, known as single particles,
taken from different orientations. To achieve high-resolution 3D re-
constructions, thousands of these images must be collected, aligned, and
averaged [171]. The fundamental underlying concept is the "projec-
tion-slice theorem," which states that the Fourier transform of a 2D
projection of a 3D object corresponds to a central slice of the 3D Fourier
transform of that object [210]. This suggests that by acquiring sufficient
2D projections from various angles, where the particle has to ideally be
in the center of the image, the entire Fourier space can be sampled and
the object rebuilt using Fourier inversion.

The determination of the relative orientations of the 2D projections is
extremely important for this process, typically accomplished in the past
with an iterative algorithm known as "projection matching" [210,211].
The algorithm starts by creating an initial 3D reference structure, pro-
ducing projections (reprojections) in different directions, and then
determining the orientations of these projections by comparing them
alongside the experimental single-particle images. After that, an upda-
ted 3D reference is generated using the experimental images, and the
process is repeated until no more resolution gains are achieved.
Currently, powerful maximum likelihood image processing algorithms
have been developed, utilizing the Bayesian approach to data analysis
[212]. These algorithms can handle the high volumes and complexity of
data from the new detectors reliably and objectively, with marginal user
intervention [213]. For this iterative process to succeed, the
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experimental data must be of high quality, with good angular coverage
and no preferred particle orientations (orientation bias). Under these
conditions, the algorithm usually converges to the correct structure even
if the initial reference is a low-resolution representation [210] or
random densities, especially when Bayesian inference is applied [211].
Nonetheless, if these conditions are not met, the algorithm might get
stuck in a local minimum, leading to a model bias effect. This can be
mitigated or identified by using an ab initio-derived model from the
experimental data. Two common methods for generating such models
are the random conical tilt method [214] and the "common lines"
approach [215], but are rarely used presently, as single-particle analysis
now includes enough particles for unbiased 3D reconstructions. Still,
methods for generating references continue to grow, such as initial
model generation with tomography and subtomogram averaging [216].

In the not-so-long distant past, the typical resolution achievable by
cryo-EM SPA was relatively poor, often worse than 10 A, leading to the
method being dubbed "blob-ology." However, recent technological ad-
vancements in both hardware and software have dramatically improved
this technique, allowing it to determine structures of complex macro-
molecules at near-atomic resolution. Traditionally associated with bio-
logical systems, cryo-EM SPA has only recently been applied to the
structure determination of synthetic inorganic nanomaterials. A study
successfully used cryo-EM SPA to analyze chemically and structurally
homogeneous silica cages ("silicages") with a dodecahedral structure
and sizes under 10 nm, achieving a resolution of around 2 nm [217]
(Fig. 5). This resolution, of course, is much less detailed as compared to
biomolecular structures resolved by cryo-EM nowadays. Although there
were difficulties in achieving atomic resolution owing to the amorphous
nature of the silica in these cages, this study demonstrated the potential
of cryo-EM SPA for examining similar systems.
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Fig. 5. Single-particle reconstruction of the dodecahedral silicage. (A) Comparison of the reconstructions of the pyruvate dehydrogenase complex (PDHc) core (left)
and dodecahedral silicage (right). (B) A representative comparison of three distinct projections from the reconstruction and cryo-EM cluster averages alongside
projections of a 3D dodecahedral cage model. Corresponding individual cryo-EM micrographs are presented, illustrating the distinction between the raw data and the
reconstruction The scale bar in (B) denotes 10 nm. Adapted with permission from ref. [217].

In the case of polymeric materials, reconstructing single particles
becomes more complex because polymers typically do not form uniform
shapes, in contrast to biological samples, where each particle is near-
identical. The underlying reasons are unclear, but biological samples
have evolved in time and therefore have been optimized by natural se-
lection for billions of years for a specific cellular function. The intrinsic
structural flexibility of many polymers and polymer nanostructures
renders multi-particle averaging challenging to reach atomic resolution,
as also previously reported [46]. Consequently, most of their cryo-EM
research is focused on examining high mass contrast systems (e.g., su-
pramolecular assemblies, polymer-based fibers, and micelles) rather
than on visualizing individual chains of linear polymers [199]. Lee et al.
have shown that observing the average distribution of a polymeric brush
layer on a viral-polymer conjugate is feasible [218]. In this study, the
authors investigated the immune shielding properties of three different
polymers attached to virus-like particles (VLPs), which are protein
structures resembling native viruses but are non-infectious, derived
from the bacteriophage Qp. Particles conjugated with poly(norborne-
ne-(oligo(ethylene glycol) ester)) (PNB) showed the most effective
shielding from antibody recognition. A cryo-EM reconstruction of the
Qp-PNB viral-polymer conjugate reveals a visual representation of the
PNB brush layer (red) covering most of the viral capsid [218]. Recently,
Xu et al. used metallo-supramolecular branched polymer (MSBP) in the
preparation of cryo-samples for high-resolution SPA to enhance their
quality [219]. This study addresses the common issue of air-water
damage by suggesting the use of palladium-polyethylene glycol MSBP
which seems to improve the distribution and orientation of proteins in
vitreous ice, making them more suitable for SPA studies.

3.4. Three-dimensional imaging with cryo-electron tomography

Cryo-electron tomography shares similarities with SPA in deriving
three-dimensional visualization of frozen-hydrated samples. However,
cryo-ET achieves this by collecting a series of two-dimensional pro-
jections from a single specimen area, known as a tilt series. This is done
by physically tilting the stage to various angles. The collected images are
then computationally assembled into a three-dimensional reconstruc-
tion called a tomogram. Due to design constraints of the stage and
sample holder, the tilting range is usually restricted to & 70°, creating a
wedge-shaped region of missing information in Fourier space,
commonly referred to as “missing wedge”. This limitation leads to non-
isotropic resolution, causing structural features to appear elongated in
the beam direction [220,221]. To mitigate these effects, methods like
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dual-axis tomography -where tilt series are acquired around two
orthogonal axes- can be employed, although they are not widely used
due to technical challenges as well as discussions over their usefulness
for downstream tomography analysis [222]. One of the most common
3D reconstruction techniques in cryo-ET is weighted back-projection,
which back projects the 2D projections into 3D space while compen-
sating for the uneven distribution of information in Fourier space [223].
Alternatively, iterative reconstruction algorithms, such as the simulta-
neous iterative reconstruction technique (SIRT) [224] and the algebraic
reconstruction technique (ART) [225], minimize the discrepancies be-
tween experimental 2D projections and the reprojections of the 3D
image. Currently, algorithms inspired by SPA analysis are also being
employed in tomography reconstruction and subtomogram averaging,
with software such as RELION [226], Warp [227], and M [228] spear-
heading the field.

Cryo-ET is particularly suitable for analyzing complex and pleo-
morphic structures since it does not require multiple copies of the
structure of interest. In addition, angular and distance information
across pleomorphic objects can be derived as the 3D information is
encoded in the reconstructed tomogram. Due to the sensitivity of cryo-
preserved soft matter samples to electron beams, tilt series acquisition
must be conducted under low-dose conditions, distributing the total
electron dose across the images. This generally results in a low signal-to-
noise ratio in both 2D projections and the 3D reconstruction. Although
several technical parameters, such as pixel size, angular range, and
increment, influence the nominal resolution in cryo-ET, the low SNR is
typically the limiting factor. Subtomogram averaging, mentioned above,
is a technique used to enhance resolution in cryo-ET when (near-)
identical copies of structures (such as macromolecular complexes or
virus particles) are present in a tomogram. This involves selecting,
aligning, and averaging subtomograms containing identical structures
to improve the SNR and resolution while also reducing the impact of the
missing wedge. Another limitation of cryo-ET is sample thickness; for
samples thicker than about 500 nm, thinning methods are required.

For over ten years, electron tomography has been utilized to inves-
tigate the three-dimensional structures of soft material systems. Utiliz-
ing cryo-ET, Allen et al produced the first three-dimensional
reconstructions of the hydrophilic-hydrophobic microphase separation
in hydrated Nafion nanostructure [229]. This understanding will be
particularly useful, since Nafion is an extensively used membrane in
proton exchange membrane electrolyzers and fuel cells, which are
considered a promising solution for clean energy transportation, espe-
cially in a modernized low-duty vehicle fleet [229]. Understanding the
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influence of the microstructure of the membrane on ion transport is
central for the success of this specific application, as well as for assessing
durability parameters of the material. Since precise manipulation of the
internal and external shapes of polymer nanoparticles has garnered
significant interest in nanosciences, Yuan and his group visualized and
investigated in detail the internal and external shapes of a series of 1,2,
4-triazolium-type poly(ionic liquid) nanoparticles [230] The modifica-
tion of altering the length of the alkyl tails linked to the imidazolium or
triazolium cation was precisely visualized and examined using cryo-EM
and cryo-ET, achieving sub-5 nm nanodomain spacing. Similarly, mixed
poly(acrylic acid) (PAA)/polystyrene (PS) brush-grafted 67 nm silica
nanoparticles in organic and aqueous solvents were investigated via
cryo-ET, confirming the environmentally responsive nature of the spe-
cific nanoparticles [231]. In N,N-dimethylformamide (DMF) solvent,
mixed PAA/PS brushes are seen to create laterally separated micro-
domains with a ripple length of 13.8 nm. Due to its lower grafting
density compared to PAA, PS forms domains that are either cylindrical
or truncated cone-shaped within the PAA matrix. In water, PAA chains
form a more complete shell around the nanoparticle to enhance their
interaction with the water, while PS chains collapse into the core of
surface-tethered micelles near the silica core. Recently, Seneviratne and
colleagues used a combination of small-angle X-ray scattering (SAXS)
and cryo-ET, together with SPA, to resolve the nanoscale structure of
hybrid vesicles consisting of phospholipids and block-copolymers [232].
They showed that as the polymer fraction increases, the membrane
thickness grows dramatically (from ~52 A for pure lipid to ~97 A for
pure polymer) and leads to two distinct structural states—one weakly
and one strongly interdigitated—rather than a continuous transition.
This bistability reveals that hybrid membranes, even when composi-
tionally uniform, favor discrete architectures, offering key insight into
how polymer-lipid composition governs bilayer organization [232].

3.5. Elemental contrast and nanoscale imaging in STEM

Scanning transmission electron microscopy is a well-established
technique for characterizing materials at micro, nano, and atomic
scales [233-235], demonstrating the ability to image dose-resistant
specimens with optimal spatial resolutions exceeding 0.5 A [236,237].
Furthermore, STEM imaging provides crucial structural information for
understanding the relationship between material structures and their
functionalities. Integrated differential phase contrast-STEM (iDPC--
STEM) [238,239] is a specific imaging method within STEM that is
effectively used to observe a variety of specimens [240-242], including
metal hydrides, at subatomic resolutions, encompassing both heavy and
light elements, including hydrogen [243]. Furthermore, iDPC-STEM has
successfully imaged many crystalline and amorphous materials, such as
beam-sensitive zeolites [244,245] and metal-organic frameworks [246],
which can only be scanned with electron doses below 50 e /A? to pre-
vent structural damage [205]. By employing iDPC-STEM with a minimal
exposure of 40 e” /A2, a resolution of 1.8 A was successfully achieved
from a single micrograph of MOF materials of the Institute Lavoisier
(MIL)-101 [247]. Recently, iDPC-STEM facilitated direct image inter-
pretation to dose-sensitive low-contrast biological specimens without
requiring defocusing and subsequent adjustment of the contrast-transfer
function [248,249]. Additionally, cryo-STEM was utilized on
single-particle specimens of ferritin loaded with Fe or Zn to accurately
image and identify the metals within the protein cage [250].

4D-STEM employs convergent electron beams to scan a sample in
two-dimensional real space, while a detector captures two-dimensional
reciprocal-space data at each scan point. Unlike conventional STEM,
which relies on detectors like bright-field, differential phase contrast, or
high-angle annular dark-field and is constrained by scattering angles,
4D-STEM uses a direct electron detector to record the entire diffraction
pattern. Subsequently, this extensive 4D dataset is examined utilizing
"virtual" detectors and complicated algorithms (e.g., HyperSpy, pyXem,
LiberTEM, Pycroscopy, and py4DSTEM) [251] to extract specific
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information about the sample [37]. Previously, the distribution of
crystallites in a polymer blend was mapped employing 4D-STEM [252].
A later study by Minor's group indicated that structure-property corre-
lations in organic systems could potentially be observed by combining
4D-STEM with cryogenic temperatures, since the technique's flexibility
and applicability to any semicrystalline or ordered organic material
[253] enable measurement and comparison of phase morphology in
these materials at an unprecedented spatial resolution [254]. They
correlated the improved device performance achieved through pro-
cessing and chemical additives with the distribution and orientation of
nanocrystalline domains in the polymer by investigating two organic
semiconductor thin film systems [254]. More precisely, they investi-
gated the small molecule 7,7'-(4,4-bis(2-ethylhexyl)-4H-silolo[3,2-b:4,
5-b']dithiophene-2,6-diyl)bis(6-fluoro-4-(5-hexyl[2,2-bithio-
phen]-5-y)benzo[c] [1,2,5]-thiadiazole), abbreviated as p-DTS
(FBTThjy), processed with and without 1,8-diiodooctane solvent (DIO),
revealing the impact of DIO on the morphology of the polymer. More-
over, they examined the microstructure of the poly[2,5-bis(3-tetrade-
cylthiophen-2-yDthieno[3,2-b]thiophene] (PBTTT) polymer under
varying annealing conditions (as-cast and annealed in the liquid-crystal
phase at 180 °C), demonstrating the efficacy of the 4D-STEM technique
in elucidating the structure-property correlations pertinent to organic
field-effect transistors. However, the focused electron probe caused
damage, limiting the scanning step size to 10 nm with a 2 nm probe,
even when samples were cooled to liquid nitrogen temperatures. By
replacing the charge Charge-Coupled Device (CCD) detector used in
these experiments with a DED capable of high dynamic range [174], it is
possible to achieve improved spatial resolution and greater material
stability. In such an attempt, employment of a fast direct electron de-
tector to collect extensive, multi-dimensional diffraction datasets
allowed for the mapping of intrinsic structural ordering in sensitive
samples, such as semi-crystalline polymers [255]. This approach clas-
sified crystalline and amorphous phases in semi-crystalline polymers,
thus quantifying diverse ordering length scales. Using low-temperature
4D-STEM enhances analysis of structure-function relationships and de-
picts the heterogeneous architecture of semi-crystalline polymers,
crucial, e.g., in energy-related applications. This capability is especially
important in the energy sector, where intricate relationships between a
material's microstructure and its macroscopic behavior are of economic
value.

Cryogenic STEM has achieved notable advancements in organic
mixed ionic-electronic conductors (OMIECs), an emerging class of soft,
dynamic, and functional materials that exhibit both ionic and electronic
conductivity. These materials hold significant promise as active com-
ponents in thin-film electronic devices, which are utilized in a variety of
applications, including energy storage and bioelectronics. Tsarfati et al.
examined the microstructure of synthetically designed polymeric
OMIEC thin films using two complementary electron microscopy tech-
niques [256]: HRTEM and 4D-STEM, focusing on both their dried and
hydrated states. Employing 4D-STEM, they acquired detailed micro-
structural data of the thin film of an ethylene glycol functionalized
polythiophene based conjugated polymer, called p(g3T2) [257,258],
over large fields of view in its dry state and successfully identified its
three-characteristic crystalline spacings: lamellar stacking, backbone
stacking, and 77 stacking, with dimensions ranging from ~3.4 A to ~20
A. Autocorrelation analysis of these planes revealed varying levels of
polymer chain rigidity along the two packing directions. In the edge-on
orientation (along the z-7 stacking), the relative grain orientation can
reach up to 35°, whereas in the face-on orientation (along the lamellar
direction), it is limited to 10°. More recently, the same group published a
study where they are investigating the structure of p(g3T2) across
multiple length scales in both its dry and hydrated states, clarifying the
microstructural changes occurring during film swelling in electrolyte
and connecting the resultant mesoscale to the performance of the
swollen material [259] (Fig. 6).

By applying the cryo-4D-STEM, the dry state was characterized as a
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Fig. 6. Examination of the microstructure of a polymeric OMIEC thin film across multiple length scales using cryo 4D-STEM in both its dry and hydrated states (A)
Chemical structure of p(g3T2) and its schematic. (B) Schematic of the typical crystalline structures in polythiophene-based polymers in edge-on orientation with
respect to the substrate, where the characteristic crystallographic directions are indicated (left). Representative DPs from 4D-STEM scans of dry p(g3T2) films. A
broad n-r stacking signal and an arc-shaped backbone signal, marked with yellow arrows 1 and 2, respectively, are shown (right). (C) Representative orientation
maps of 4D-STEM scans of a dry p(g3T2) film, a water-hydrated p(g3T2) film, and a 0.1 M NaCl(,q)-hydrated p(g3T2) film, respectively. Scale bars, 200 nm. On the
upper line, 4D-STEM scans derived from the n—r stacking (edge-on maps) are depicted, whilst the maps at the bottom visualize the lamellar stacking (face-on maps).
In the case of dry p(g3T2) film, the map at the bottom illustrates both the edge-on and face-on textures: the colored lines indicate the direction of polymer chains in
the edge-on crystallites, and the white lines correspond to the direction of polymer chains in the face-on crystallites. Adapted with permission from ref. [259].

baseline for understanding the changes associated to swelling in the
presence of the electrolyte. The hierarchical microstructure of the ma-
terial was mapped at the mesoscale utilizing a comprehensive set of
signals, allowing for visualization of heterogeneity, crystalline domains,
and their orientation distribution, whilst correlations between the sig-
nals translated into unit-cell information and characteristics of the edge-
on/face-on texture were identified. Additionally, they analyzed the hy-
drated state of the film in both water and aqueous electrolyte solutions,
comparing the results with those from the dry state [259]. Such studies
offer valuable insights into the microstructure of OMIECs, even in their
hydrated operating state, which is essential for developing more effi-
cient, low-cost organic-based functional devices.

A principal application of 4D-STEM is electron ptychography, which
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reveals the atomic structure of a specimen by reconstructing its trans-
mission function from redundant convergent-beam electron diffraction
patterns [260]. Ptychography is a lensless imaging technique initially
suggested by Hoppe [261], where a sample is scanned using a properly
configured probe in a 2D array [262]. This yields a collection of
diffraction patterns recorded in the far field as a function of probe po-
sition, resulting in a 4D dataset. Utilizing this 4D dataset, quantitative
phase data with elevated spatial resolution can often be extracted
through several iterative phase retrieval algorithms [263,264]. How-
ever, despite the numerous advantages of 4D-STEM ptychography
compared to traditional imaging methods, its application to materials
that are highly sensitive to electron beams remains limited due to many
practical challenges in both experimental setup and data analysis
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[265-267]. The integration of rapid scanning methods, cryogenic sam-
ple preparation, and enhanced detector technologies effectively reduces
potential sample damage while stabilizing the sample in its
frozen-hydrated state. This synergy makes 4D-STEM an invaluable
technique for obtaining high-resolution insights while preserving sam-
ple integrity. As a result, it becomes attractive particularly for studying
beam-sensitive materials, including crystalline, semi-crystalline, amor-
phous, and mixed phases.

3.6. Atomic-level elemental mapping: Energy-Dispersive X-ray
Spectroscopy and Electron Energy Loss Spectroscopy

A key factor in analyzing material processes is understanding both
the structure and the atomic components, along with their spatial ar-
rangements. EDS and EELS can be coupled with cryo-EM to provide a
more comprehensive understanding of sensitive beam materials, such as
soft matter, polymers, MOF, COF, and carbon nanostructures. Both EDS
and EELS can be used to map the distribution of elements within a
sample, which is useful for studying phase separation in polymer blends,
identifying dopants in carbon nanostructures, and visualizing distribu-
tions of elements in soft matter, COF, and MOF assemblies. EDS may
offer quantitative analysis of elemental composition, yielding insights
into the stoichiometry of compounds and the concentration of elements
in various regions of a sample. However, EDS typically requires rela-
tively high electron doses and repeated exposures to obtain signals from
the sample; limitations could be mitigated by cryo-EM. For materials
that demonstrate inelastic electron scattering at low energies, EELS
serves as a more dose-efficient alternative for elemental analysis, espe-
cially for detecting energy losses in low-energy regions [268]. Further-
more, EELS provides comprehensive insights into the chemical bonding
environment of elements, facilitating the analysis of bond types, bond
lengths, and electronic transitions. This information is crucial for un-
derstanding the properties of polymers and carbon nanostructures.
Therefore, EDS and EELS offer complementary information about the
sample.

Hondow and her team reported imaging and analysis of frozen hy-
drated suspensions using STEM-EDS-EELS under cryogenic conditions,
which identified and separated CeO,, Fe;03, ZnO, and Ag nanoparticles
in suspension [269]. The authors demonstrated that STEM allowed for
larger electron fluxes (up to 2000 e—/zo\z) compared to conventional
TEM (less than 100 e—/A2), without causing significant damage to the
frozen vitreous ice. Another research group highlighted the importance
of cryo-STEM-EDS for characterizing Pickering emulsions, which are
liquid droplets stabilized by particles at the liquid/liquid interface, in
their native state [270]. Very recently, Pfeil-Gardiner et al. presented a
combination of EELS with single-particle image processing to visualize
elemental mapping of cryo-preserved macromolecular complexes [271].
Reconstructed electron energy-loss (REEL) analysis facilitates a
three-dimensional reconstruction of electron energy-loss spectroscopic
data, enabling the accumulation of a high total electron dose across
numerous copies of a complex. By analyzing two test samples, the au-
thors demonstrate their ability to reliably locate abundant elements,
highlighting the method's potential to probe the architecture of
macromolecular complexes [271].

A key area utilizing high-resolution and elemental analysis via cryo-
EM is for understanding the operational mechanisms in batteries.
Despite batteries being primarily inorganic systems, several studies
demonstrate the role of organic components, such as polymer electro-
lytes, in their performance. Highlighting cryo-EM applications in this
context is, therefore, appropriate. Wu’s group investigated the use of
ion-dipole-reinforced poly-3-hydroxymethyl-3-methyloxetane as a
novel solid-state electrolyte, presenting it as a significant alternative to
conventional poly(ethylene oxide) in lithium metal batteries [272].
Cryo-TEM combined with EDS revealed the formation of a lithium
fluoride (LiF)-rich interface, where lithium is deposited in a columnar
shape rather than in protrusions or filaments, promoting uniformity and

14

Materials Science & Engineering R 169 (2026) 101192

stability at the PHMP-Li interfaces [272]. Kourkoutis and her team uti-
lized cryo-STEM and EELS to acquire high-resolution structural and
chemical data regarding the dendrites and their corresponding
solid-electrolyte interphase (SEI) layers [41]. He et al. examined the
progressive growth of the SEI towards the interior of the Si anode using
cryo-STEM-HAADF imaging and EDS tomography [273]. This study
focuses on the observation of the evolution of the spatial correlation
between the Si and the SEI layer, as the structural growth of Si occurs
simultaneously with the formation of the SEI in the silicon nanowire.
The findings highlight the role of vacancies created by the lithium (Li)
ions during operation, rather than suggesting that the instability of the
SEI is merely a response to the volume changes of the electrode [273].
Additionally, the same group published a similar study of SEI in
rechargeable batteries [274]. More specifically, by combining
cryo-STEM with EDS tomography, they showcased 2D EDS maps
alongside corresponding 3D EDS tomograms. This demonstration high-
lighted the gradual mixing of the solid electrolyte interphase (SEI) layer
with silicon, correlating structural and chemical changes during battery
cycling [274].

3.7. Electron Diffraction techniques for crystalline and nanostructured
samples

Electron diffraction (ED) is a powerful technique for structural
determination at very high resolution, allowing deciphering molecular
structures of complexes in their vitreous state that is not feasible with
any other method [275,276]. Due to the de Broglie theory, the accel-
erated electrons in electron microscopes can behave like a wave and
hence scatter upon passing through the matter. Like other wave-particle
phenomena (e.g., X-rays and neutrons), the scattered electrons can also
form a diffraction pattern given that the scattering matter has an ordered
structure. The diffraction pattern has substantially higher resolution
information than images, but due to a lack of phase information, anal-
ysis comes with some difficulties. Several methods have been proposed
to tackle this issue. The first method was based on retrieving phase in-
formation via very thin samples, i.e., 2D crystals, as first proposed by
Klug and Berger and further developed by Henderson and Unwin [277].
This method is referred to as 2DED.

For thicker crystals, the abovementioned method does not readily
work, and therefore, 3D electron diffraction (3DED) or microcrystal
electron diffraction (MicroED) methods are applied. This is due to the
increasingly complex image contrast formation mechanisms for thicker
samples (in direct space). In return, some researchers tried to approach
structure determination via other already established phasing methods,
like direct phasing (for smaller molecules) and molecular replacement
methods (in proteins) [278-285].

The most basic method, which involves tilting and recording the
diffraction pattern, is called Electron Diffraction Tomography (EDT)
[286,287]. In this approach, the sample rotates, and a diffraction pattern
is recorded at each step. The resulting diffraction tilt series is handled
using normal X-ray diffraction analysis packages. Electron diffraction,
however, has some differences from other diffraction techniques like
X-ray diffraction. One difference is wider scattering factors and wider
interaction ranges. Electrons diffract by both the electron fields and the
nuclei fields. This theoretically can give extra information about the
atoms, e.g, charge states, but it has not yet been deeply investigated
[288]. The cross-section of the electron scattering event is also much
bigger than other commonly available high-energy beams, e.g., neutrons
and X-rays. This is both an opportunity and a problem: It makes
diffraction studies of much smaller crystals possible, but, on the other
hand, promotes the dynamic diffraction mechanisms in slightly thicker
samples. This makes structural analysis using kinematic models very
difficult. Another dissimilarity between electron diffraction and other
diffraction methods is the geometrical differences: Ewald Spheres are
extremely big -like a flat plane- in ED. On the other hand, the electron
reflection spots in the reciprocal space are elongated in the
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through-the-thickness direction. This relaxes the Bragg condition but
makes the reflection intensity read out inconsistent. To address this
issue, several improvements are suggested: ie., continuous crystal
rotation and concurrent recording of the diffraction pattern in certain
periods (cRED) and undulating the beam over the sample (i.e., Preces-
sion Electron Diffraction, PED).

Similar to the normal electron microscopy in direct space, ED can
also be done with the low-dose method, e.g., as described in our preprint
[276]. In low-dose ED, the beam is adjusted in a region away from the
crystal, and then the diffraction pattern is recorded on the crystal. This
method is now gradually gaining a reputation for structural analysis of
increasingly small crystals, which is one of ED’s unique applications. As
also mentioned previously, porous materials have attracted considerable
interest in recent years, and detailed knowledge of their atomic struc-
tures is vital for understanding the structure-property relationship. On
the one hand, most of these materials are soft and beam sensitive, and
growing big enough crystals to make X-ray diffraction analysis is quite
challenging [289]. 3DED or MicroED allows for the examination of such
small crystals, providing valuable information about structures at the
nanoscale [281-285]. Moreover, the electron beam undergoes deviation
from the zone axis while collecting data, thereby reducing the impact of
dynamical effects in thin samples, while the potential beam damage is
mitigated if the measurement takes place in cryogenic conditions using
low dose, allowing high-resolution structural analysis.

The incorporation of organic components decreases the structural
stability of MOFs, thus, it is essential to focus on reducing the detri-
mental impact of radiation on MOF crystals. In 2011, an attempt to use
3DED for defining MOF structures (MFU-41 material) was achieved by
applying automated diffraction tomography (ADT) in combination with
electron precession [290]. Here, the reciprocal space is sampled by
incrementally tilting a nanosized crystal across a whole tilt range
permissible in TEM. Nanobeam electron diffraction was employed to
generate a low-dose, small, semi-parallel electron beam and utilized
scanning TEM to image and monitor the crystal, making this method
suitable for beam-sensitive materials typically inaccessible by standard
electron diffraction methods [291]. ADT can be used with PED to further
improve intensity quality by incorporating the spacing between the tilts.
This technique successfully resolved intricate nanoporous materials, like
charoite [292]. In a recent study, a cooling sample holder and the
rotation electron diffraction (RED) program were used to acquire Mic-
roED datasets of Hf1,-BPDC and Zr;2-BPYDC nanoplates [293]. BPDC
refers to biphenyldicarboxylate, and BPYDC refers to bipyr-
idinedicarboxylate. This method significantly enhanced the tolerance of
the MOF to the electron beam, thereby facilitating the accurate mea-
surement of its structure. The MOFs with P63/mmc space group are
isostructural and consist of twelve-nucleus clusters (Hf;/Zr5) and
organic ligands, whilst topological analysis reveals that the Hf;5/Zr;5
metal nodes are 12-connected and form a hexagonal layer that is stacked
in an ABAB pattern along the [001] direction.

Contrary to MOFs, COFs are mainly composed of organic molecules
connected by robust covalent bonds that have higher bond energy,
making them more structurally stable, withstanding even in acidic or
basic environments. The process of creating COFs typically requires
making compromises between the factors of "crystallinity" and "stabil-
ity," meaning that even though COFs exhibit strong covalent bonds, they
often suffer from low crystallinity, which restricts their performance and
potential applications [281]. Therefore, the development of effective
approaches for synthesizing COFs that are simultaneously stable and
crystalline is a challenge in the field of porous material research. A
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successful application of 3DED to study COF structures was reported in
2013 and achieved using COF-320 [294]. Despite the poor quality of the
diffraction data, along with a low resolution of up to 1.5 A at 89K, a
total of 570 distinct reflections were recorded. Since then, several
studies have been published in this field [159]. It is also reported that
the atomic-level dynamics of submicrometer COF-300 single crystals by
utilizing cryo-electron diffraction tomography (EDT) is feasible [295].
Here, ab initio structural analysis underlined the characterization of the
contraction of the crystal upon HyO adsorption and determined the
positions of all non-hydrogen atoms of the framework, as well as the
location of the guest molecules in the pores. Additionally, the COF-300
crystal expanded when an ionic liquid or polymer was included in the
channels, which can confirm the conformational characteristics of the
frameworks. In addition, Sun et al. recently reported for the first time
that the hydrogen atoms of a COF, both on the framework and on the
guest molecule, can be precisely located utilizing 3DED with continuous
precession electron diffraction tomography (cPEDT) at cryogenic tem-
peratures, providing new perspectives into the investigation of COFs
[296].

4. Automation, Al tools, and the role of open data in cryo-EM
workflows

Regardless of the microscopy method, statistical analysis is eventu-
ally required to improve the signal while reducing noise. Consequently,
the field is progressing toward acquiring large datasets, which aims for
systematicity and reproducibility, advancing EM into a true quantitative
science. It is, therefore, appropriate to also briefly report on the recent
advances in the computational handling of recorded cryo-EM data.

Traditionally, after acquiring raw images and spectra, and to reach
near-atomic resolution for biological structures, data processing of those
massive datasets is essential to extract representative and distinctive
characteristics. Generally, this is a time-consuming process, primarily
through traditional manual procedures, bearing the risk of introducing
errors due to cognitive bias. Furthermore, multiple steps are being
performed, like initial preprocessing to reduce noise and signal blurring,
and then data processing that involves several algorithms, for segmen-
tation, tracking, quantification, visualization, analytics, and modelling
[297,298]. Recently, the extensive evolution of computer science and,
particularly, computer vision, led to a continuous development of even
more advanced computational methods and their incorporation into
intuitive software tools, significantly improving the accuracy and con-
venience of analysis [299,300]. Specifically, for SPA,
maximum-likelihood procedures based on Bayesian inference are
employed to align, average, and classify the recorded frames, and
reconstruct macromolecular complexes, enhancing the signal-to-noise
ratios, thus resulting in improved reconstruction quality [301].

However, directly translating these SPA workflows from biomole-
cular systems to materials science introduces several fundamental lim-
itations that must not be overlooked. Common SPA software used to
date, such as RELION [161] and cryoSPARC [302], were originally
developed with the assumption of extremely large numbers of
near-identical particles. This redundancy allows accurate alignment and
averaging of otherwise noisy 2D projections, often leading to
high-resolution 3D reconstructions. In contrast, in materials science,
samples tend to be polydisperse, polymorphic, or continuously hetero-
geneous, exhibiting broad size and shape distributions, coexisting
crystal polymorphs, or smoothly varying structures. Under these con-
ditions, averaging will either blur valid variations and fail to classify
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successfully or force misclassification and bias the reconstruction [303].
Although modern heterogeneity-aware tools such as cryoSPARC’s
3D-variability analysis [304] and deep-learning frameworks like Cryo-
DRGN [305] can recover certain discrete and continuous forms of
variability, they still require high particle counts, strong signal-to-noise,
and, overall, narrow distributions. These requirements are often not met
in materials datasets, where low particle yield, broad polydispersity,
preferred orientation, and pronounced beam sensitivity limit the num-
ber and quality of usable particles.

In cryo-ET, the subtomogram averaging procedure aligns patterns
with a reference and generates an average 3D map, reducing random
noise and emphasizing shared structural characteristics [306].

In contrast to the extensively automated data processing methods
utilized in biology [307], statistical analysis is necessary for obtaining
trustworthy and representative results from cryo-EM images of mate-
rials. This procedure entails collecting data from random areas,
extracting pertinent information from images, and quantifying the fre-
quency to provide statistical outcomes [308]. Under this strategy, the
use of Al-enabled approaches is highly desired. Machine learning (ML), a
subset of artificial intelligence (AI), employs computer algorithms to
autonomously learn from data and utilize this acquired knowledge for
decision-making [309,310]. This technology has recently been applied
to microscopy imaging and spectroscopy analysis, emerging as a
next-generation deep learning (DL) that performs training without
human supervision by using artificial neural networks. [311-313]. Also
recently applied such entirely automated identification of macromole-
cules in heterogeneous specimens [314]. Both its physics-based foun-
dations and its applications in structural biology were recognized with
Nobel Prizes in 2024, in Physics and Chemistry, respectively.

Convolutional neural networks excel in image analysis tasks,
demonstrating their capability to autonomously identify, segment, and
analyze specific structures or attributes in TEM datasets. These algo-
rithms can differentiate between original structural elements and
random disturbances, resulting in effective noise reduction techniques
that do not compromise the quality of the data. Furthermore, the use of
ML in cryo-EM permits data analysis in real time and redefines data
processing and automation in electron microscopy. The inherent
adaptability, speed, and accuracy of ML algorithms enhance the accu-
racy of interpreting complicated microscopic structures, hence boosting
cutting-edge microscopy techniques [227,315,316]. A recently pub-
lished work introduced a novel method for accurately estimating the
locations of oxygen atoms in water molecules surrounding protein
structures [317]. This is achieved via the integration of two advanced
deep learning models: a 3D U-net and a Multi-Layer Perceptron (MLP).
This method offers fast inference runtimes, making it an excellent option
for protein structure analysis and drug discovery applications.

ML, besides image analysis, has excellent opportunities for
improving microscope operation, aiding and improving the entire cryo-
EM workflow. Currently, image acquisition algorithms are supple-
mented with Al functions, however, it is envisioned that various oper-
ations (e.g, preventing sample contamination, integrating cryo-
ultramicrotomy and cryo-FIB techniques for sample preparation, and
streamlining methods to ease the workflow) will integrate Al to mini-
mize the risks and errors. The combination of Al with classical statistical
approaches will increase automation of activities, enhance the efficiency
of high-throughput sampling, improve accuracy, and uncover patterns
that are not straightforward to identify using traditional methods.

Moreover, groundbreaking advances delivered by Al-driven algo-
rithms during the last decade, transformed the perspective of structural
prediction in the field of structural biology. In principle, AlphaFold
[318] (developed at DeepMind, a subsidiary of Alphabet Inc.) and
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RoseTTAFold [319] (developed at the University of Washington in
Seattle) relied for their training to depositories like UniProt and Protein
Data Bank (PDB) [320], providing the necessary pool of data to predict
protein structures with remarkable accuracy. In turn, the recent
AlphaFold Protein Structure Database resource (https://alphafold.ebi.
ac.uk/), in its initial release, enclosed a set of 365,000 predicted struc-
tures for unique UniProt entries, and currently includes 214 million
models [321]. Finally, due recognition should also be extended to the
recent advances in cryo-EM as well as the resulting open databases of
Electron Microscopy Data Bank (EMDB) and EMPIAR for providing a
storage collection of biomolecules’ structural data and raw cryo-EM
images, respectively. These data, in the future, will accelerate the ac-
curacy of determining higher-order macromolecular structures (a chal-
lenge currently for Al-based structure prediction) by being utilized as
accurate datasets.

With the trajectory defined, application of analogous principles
could revolutionize the materials science field. Adoption of Open science
and adherence to FAIR principles (Findable, Accessible, Interoperable,
and Reusable) are critical to establish and develop a global repository of
materials data. Similar to the aforementioned success seen in biological
sciences, ML approaches could be applied in materials data to better
understand and predict their properties. The increasing availability of
such data to the materials science community must be centralized and
already holds great potential to accelerate the pace of discovery in the
field. Widespread availability of openly accessible datasets can serve as a
catalyst for currently inconceivable discoveries and reshape research
paradigms.

5. Challenges, innovations, and the future of cryo-EM for soft
matter

Automated cryo-EM has revolutionized structural biology, but its
applications are increasingly vital in materials science. While TEM with
advanced analytical spectrometers remains a valuable tool for specific
materials characterization, a single, automated cryo-EM equipped with
advanced spectrometers such as EDS and EELS will provide significant
advantages for a broad range of materials (polymers, nanoparticles,
MOF, COF, carbon nanostructures) and biological applications. Its su-
perior sample preservation, enhanced imaging of beam-sensitive mate-
rials, streamlined workflow, and optimized spectrometer performance
will make it a powerful and efficient tool by pushing the boundaries of
scientific knowledge, accelerating research in materials and biology
scientific fields, and fostering technological innovation. Facilities and
laboratories worldwide focused on cutting-edge materials and biological
sample characterization, investing in a state-of-the-art automated cryo-
EM with built-in advanced spectrometers, STEM options, along with a
complete automated correlative workflow covering from the sample
preparation up to data analysis (Fig. 7), should be a strategic priority
and future policy. Currently, this type of cryo-EM is rare worldwide and
of previous generation in terms of cameras, detectors, filters, etc., as well
as the facilities containing complete automated correlative workflows.

Moreover, while cryo-EM has advanced materials science and holds
promise for broader future applications as presented in this work,
several challenges persist. Alongside the creation of standard operating
procedures for sample preparation in cryo-EM, it is crucial to develop
specialized protocols that incorporate innovative techniques or equip-
ment. This progress is intended to improve both the efficiency and
quality of samples, while also expanding the versatility of cryo-EM for
various sample types as needed. Another major challenge is improving
the spatial resolution of cryo-EM images, which requires, besides better
samples, developing even more stable sample stages, faster cameras with
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Fig. 7. Illustration of the cryo-electron microscopy facilities of the future containing the next generation of automated cryo-EM with advanced built-in spectrometers
such as EDS, EELS, STEM, etc. Note that EELS is already adopted in cryo-EM workflows. While image correctors are hard to automate, ongoing developments
gradually improve their integration. Probe correctors are currently rare, and advanced add-ons such as scanning modules and EDS remain less common. Finally,
incorporating EDS with a cryo-stage poses technical hurdles but overcoming these could open opportunities for increased analytical capabilities in research and

industrial settings.

larger detectors, more precise drift correction algorithms, and using
lower-dose electron imaging techniques. It's also essential to assess cryo-
EM's ability to analyze different materials and yield reliable results. To
address this, correlative light and electron microscopy (CLEM) tech-
niques can assist in the comprehensive micron-scale imaging for func-
tional information and nanoscale analysis for precise structural and
compositional details [322,323]. Additionally, incorporating probes like
Raman or infrared (or even mass spectrometric capabilities) within the
cryo-EM chamber could provide valuable information about amorphous
or organic structures alongside crystalline materials.

ML and high-throughput calculations can facilitate automatic sam-
pling and screening methods, enhancing the collection of realistic
structural information. A notable example is the integration of cryo-EM
with artificial intelligence, which has revolutionized structural biology
research. AlphaFold [318], a Nobel-Prize-winning AI program, has
accurately predicted many protein structures, rivalling experimental
methods in modeling protein complexes. Al platforms like AlphaFold
can decipher complex molecular structures with precision and effi-
ciency, accelerating research. However, as mentioned before, such al-
gorithms are based on open-source data produced by researchers for
decades, in the form of > 240,000,000 Uniprot and > 220,000 protein
data bank entries. Similar type of algorithms are needed in materials
science, particularly for more complex macromolecular architectures
such as polymers, supramolecular assemblies of nanoparticles, colloid
nanoformulations and 2D-materials. While available data for small
organic and inorganic compounds in the open databases such as Cam-
bridge Crystallographic Data Centre (CCDC), Inorganic Crystal
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Structures Database (ICSD), Carolina Materials Database (CMD), Mate-
rials Project and Open Materials Database currently exist, similar open
databases for polymers, nanoparticles, colloids and 2D-materials are
totally missing.

In materials science, compared to traditional 2D projection TEM
images, cryo-ET, which provides 3D structural information of the stud-
ied specimen, is underutilized but offers significant potential for mate-
rial analysis. This is because the structural relationship of various
regions of the material in 3D can be analyzed and, eventually, more
accurately modeled using experimental data, e.g, integrated with
analysis utilizing Materials Studio (https://www.3ds.com/products/
biovia/materials-studio) or the Schrodinger Suite (https://www.schro-
dinger.com/platform/), or future open-access options. The development
of operando measurements or time-resolved cryo-EM is also essential for
observing material evolution processes and capturing metastable inter-
mediate states during rapid chemical reactions at low temperatures. The
rapid advancements in Al technology have enabled various ML ap-
proaches to address pressing data analysis challenges in in situ TEM and
4D-STEM [324].

Currently, ML-enhanced data analytics primarily focuses on image
processing to extract atomistic, morphological, and microstructural
features. Additionally, there has been promising progress in automating
electron diffraction and spectroscopy analyses. We anticipate that the
deep synergy between in situ TEM, the development of open-access da-
tabases for materials science data, and ML-enhanced analytics will
propel energy materials research forward [3]. Finally, establishing
standardized workflows and protocols for cryo-EM across various
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systems is crucial for promoting, not only industrial advancements, but
also systematic comparisons across materials specimens, which may
well fuel the next resolution revolution in cryo-EM, but now for soft
matter.
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