Introduction
Conventional electron microscopy requires biological samples
to be in a fully solid state to withstand the high vacuum in the
chamber of the electron microscope, which is usually achieved
by either fixation, dehydration, and embedding or rapid freez-
ing of hydrated specimens. However, life happens in water.
As such, samples would intuitively be studied in their native
liquid environment with electron microscopy, as is done with
light microscopy. The desire to image biological specimens in
their natural, liquid state was already expressed at the onset
of electron microscopy in the 1940s, but liquid phase electron
microscopy (LP-EM) with nanometer resolution has become
available to the broad electron microscopy community only in
the recent decade.!? Since then, the research community has
observed an increase in publications on different biological
samples imaged in liquid with transmission electron micros-
copy (TEM), and scanning TEM (STEM), in addition to sev-
eral innovations in scanning electron microscopy (SEM).!3-¢
Here, a brief overview of current possibilities in LP-EM of
biological samples is presented. Due to the constraints of this
article, it is impossible to provide a comprehensive overview,
so only highlights are given. We will discuss potential future
developments of the field, and aim to answer the questions
regarding the benefits and unique information that may be
obtained from LP-EM.
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Liquid phase electron microscopy is a new analytical method that has opened up a
rapidly emerging field of research during the past decade. This article discusses this new
microscopy modality within the context of imaging eukaryotic cells, bacteria, proteins,
viruses, and biomineralization processes. The obtained resolution is typically not a
function of the instrument, rather it is limited by the available electron dose within the limit
of radiation damage. Therefore, different types of samples are best imaged with different
electron microscopy (EM) modalities. The obtained information differs from that acquired
with conventional EM as well as cryo-electron microscopy. This article gives an overview
of achievements thus far in this area and the unique information that has been obtained.
A discussion on potential future developments in the field, and technological advancements
required to reach those goals conclude the article.

LP-EM technology
Two different technological principles for LP-EM now exist
since the early days of electron microscopy:”* open environ-
ment systems maintaining a liquid layer directly in the speci-
men chamber of the electron microscope, and closed systems
in which the liquid is separated from the vacuum by at least
one thin membrane through which the electron beam propa-
gates. Variable pressure, also known as environmental SEM,
has been available to the broad community the longest,”!® but
could only achieve limited resolutions for samples in liquid.
This was finally improved in the mid 2000s by using STEM
detection!! providing nanometer resolution on materials
embedded in a thin liquid layer due to efficient detection in
transmission mode."? A liquid capsule with a polymer mem-
brane was used in SEM in the early 2000s, though this method
also had limited resolution.”® The ability to image samples
fully embedded in liquid with nanometer resolution became
available in late 2000s,"* using closed systems with silicon
nitride membranes.'® The achievable resolution of LP-EM for
nanoparticle-labeled proteins in a whole eukaryotic cell using
a liquid flow specimen holder? reached ~4 nm, a similar reso-
lution to that achieved for imaging labeled bacteria in a static
liquid enclosure (no flow).'s

In 2010, a third principle was introduced, atmospheric
SEM (ASEM). ASEM consists of a modified cell culture
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Figure 1. Scheme of liquid phase electron microscopy (LP-EM) of four different
classes of biological samples. Biological objects for LP-EM cover a wide range of
thicknesses, ranging from 5 to 100 nm for proteins and small viruses, 0.1 to 2 um for
most bacteria, to thicker than 2 pm for eukaryotic cells and layers of tissues, including
tissues with biominerals such as bone. To protect the samples against the vacuum
inside the specimen chamber, samples are enclosed between microchips covered

with SiN membranes, or “wrapped” with graphene sheets mechanically stabilized

with transmission electron microscopy (TEM) grids or with a SiN microchip. Imaging a
sample between two microchips requires a specialized flow holder, whereas samples in
a graphene liquid cell can be placed in any TEM holder. Alternatively, the samples can
be placed or immobilized on a supporting SiN microchip and examined in wet state in
an “open” EM system—this can be an environmental or atmospheric scanning electron
microscope (ESEM or ASEM). Prior to EM, it is possible and advisable to record light
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materials, the cryo-TEM electron dose
limit of 10 e~ A2 is often used,?® while
chemically fixed structures can toler-
ate doses® over 10° e~ A2 However,
detailed knowledge about the dose tol-
erance in liquid is still lacking. Smaller
sample features tend to have a lower
dose tolerance,*® while a higher dose
tolerance was demonstrated in liquid
than in ice.’! The degree of radiation
damage depends on the electron flux,
since reversible effects, such as charge
creation, can be equilibrated at low
ﬂuX.22'32’33

LP-EM experiments need to be pre-
cisely tuned to achieve nanoscale reso-
lution within the electron dose limit,>**
which determines the number of avail-
able electrons required to achieve a
sufficient signal-to-noise level. The
electron dose D scales with the resolu-
tion d as 0 < D34 This relation implies
that the dose levels rapidly reduce with
even a mild relaxation of the resolution
requirement. Since the signal-to-noise
level decreases with increasing sample
thickness, it is logical to classify bio-
logical samples in a hydrated state by

microscope images.

their thickness range (see Figure 1).

dish, which can be placed in an atmospheric environment,
and then probed by an electron beam through a single SiN
window. Examination with light microscopy can be done in
parallel.”” In the following years, the most important step
forward was the replacement of SiN membranes with much
thinner, single- or multilayer graphene sheets to either cover
or fully enclose the sample'®? (see Figure 1); graphene
also had the ability to reduce radiation damage by quench-
ing excited states that would otherwise result in damaging
chemical radicals.?’?> Three-dimensional (3D) TEM has
been demonstrated either via specimen tilting?®* or using
single-particle techniques,* while a 360° tilting stage was
integrated in SEM.? Time-resolved LP-EM is now rou-
tinely used in materials science and chemistry,® but radiation
damage still poses a challenge. TEM offers the ability for
high-speed microscopy, since modern TEM cameras achieve
millisecond frame rates. Time-resolved STEM is also pos-
sible at video frequency and beyond.?

Sample considerations

Due to the radiation sensitivity of biological materials com-
bined with the electrochemical beam effects induced by
LP-EM,? the capabilities of LP-EM critically depend on the
dose tolerance of the specimen.® For non-fixed biological

The optimal experimental settings are
different for each class of thickness.

Nanometers- to hundreds-of-nanometers-thick speci-
mens include proteins, large protein complexes, elongated
DNA strands, and most virus particles. The carbon-based
structures of these samples are usually viewed with TEM. To
achieve the best possible resolution, it is critical to minimize
the thickness of the liquid layers as much as possible and use
the thinnest possible material for the enclosure, preferably
graphene or another ultrathin material. The spatial resolu-
tion amounts to ~4nm for a low electron dose at 1 e A2
for contrast on carbon in a thin water layer at 200 keV beam
energy, using atomically thin liquid enclosing membranes,
such as those constructed of graphene.* Applying diffraction
techniques for protein crystals in liquid and subnanometer
resolution is also of interest and has already been demon-
strated in the 1970s.%

Submicrometer-thick specimens include large viruses,
bacterial cells, large organelles, thin protrusions of eukary-
otic cells, and ultrathin tissue sections. In practice, TEM is
mostly used, although it may not always be optimal when the
sample is thicker than half of the mean-free-path-length of
elastic electron scattering (160 nm at 200 keV beam energy).**
For this sample class, the window thickness is also critical.
The resolution can be improved by energy filtering, albeit at
increased electron dose,** or ideally by chromatic aberration
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correction.’® Alternatively, thicker carbon-based samples can
be imaged with bright-field STEM.?":38

Micrometers-thick specimens include whole eukaryotic
cells and tissue sections. These are best studied by using spe-
cific labels consisting of materials of high atomic number (Z)
with STEM? because the resolution for a carbon-based mate-
rial is several tens of nanometers.*® Enclosing windows of
50-nm-thick silicon nitride do not add much to the total thick-
ness, and are thus not critical. A particularly elegant solution
is to enclose samples, grown or bound, to a SiN membrane
under a sheet of graphene,'® closely wrapping the sample such
that maximal resolution is achieved on thin cellular areas,
despite their much thicker central areas.*

Biominerals form the fourth class of specimens. This class,
which includes bone, has different material composition than
cells and proteins and includes a major fraction of elements
with a higher Z than carbon and water. The thickness argu-
ment is thus different than for the carbon- and water-based
materials in the former three sample classes.

Class 1 samples: Proteins, DNA, and virus
particles

The literature of the past decade contains numerous examples
showing LP-EM of small biological objects, such as single
proteins,*'*? so-called acrosomal bundles of cross-linked actin
filaments®! (Figure 2a-b), microtu-

expected from this type of experiment for principles behind
conformational changes in biological macromolecules.

Class 2 samples: Bacterial cells

Liquid enclosures with silicon nitride windows can be used
to image bacteria.*® Graphene liquid cells were first demon-
strated with enclosed bacteria.* A particularly elegant exam-
ple was the visualization of magnetic fields in magnetotactic
bacteria using off axis holography in TEM.*® The interaction
of a bacteriophage and its host bacterium has been studied
using 3D viewing in LP-EM.? Conducting live-cell LP-EM
experiments using bacteria would be the next important goal.
Since bacteria have a robust cell wall, the outer cell wall could
potentially be irradiated, while carefully preventing the cell
interior from radiation.’! Note that the claim of live cell imag-
ing needs to be supported by the key criteria of life, namely,
the ability to reproduce.’> However, a “blind” examination
of the survival rate in a bulk bacterial colony is insufficient.
Instead, bacteria that have actually been irradiated need to be
examined exclusively. The typical radiation level in TEM is
four orders of magnitude above the lethal dose for bacteria,*
so it is unlikely that true time-resolved, live cell LP-EM will
work unless special measures are taken to reduce the dose and
mitigate damage effects. Alternatively, biochemical reactions
could be studied at lethal dose in a limited time window.

bules?® (Figure 2c), actin filaments,?!
ferritins,* viral assemblies,* and anti-
bodies.* The main purpose of most
of those studies seems to have been
exploring the capabilities of LP-EM,
rather than obtaining unique biologi-
cal information. Improved structural
information for these samples can be
obtained via conventional- or cryo-EM,
although LP-EM has shown a much
better dose tolerance® under specific
conditions equilibrating reversible radi-
ation processes.?>*

The key advantage of LP-EM for
this type of sample is the prospect of
time-resolved studies to examine the
role of structural dynamics in protein
function. Due to radiation damage, it
is highly challenging to study bio-
logical processes under physiological
conditions. Despite these challenges,
several groups have been able to study
dynamics, such as the movement of
the heads of myosin motor proteins,®
the nucleation and growth of lysozyme
crystals,* virus mobility,* and the pro-
cess of DNA changing its conformation
from single strands to secondary struc-
ture?’ (Figure 2d). New insights can be

’ v = - - — —

Figure 2. Examples of liquid phase electron microscopy (LP-EM) of thin biological
specimens of type 1. (a) Overview transmission elecron microscope image of agglomerated
80-nm diameter acrosomal bundles in liquid. (b) An acrosomal bundle showing the repetitive
units. (c) A microtubule in a graphene liquid cells with clearly visible protofilaments. (d) Time-
resolved LP-EM images (bottom) showing a DNA zipper-up hybridization process, starting
with a contact of bases located near the middle of the strands. The arrows indicate rotation.
The schematic diagrams above the LP-EM images serve as a guide to the eye showing
time-dependent conformations in the top row and base-pair alignment in the middle row.*”
(a, b) Reprinted with permission from Reference 31. © 2012 Elsevier. (c) Adapted with
permission from Reference 22. © 2018 American Chemical Society. (d) Reprinted with
permission from Reference 47. © 2020 National Academy of Sciences.
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Class 3 samples: Eukaryotic cells

LP-EM provides the ability to study cells in an “as-native-as-
possible” state. This implies that cells are kept intact, and thus
represent relatively thick samples compared to the usual thin
sections prepared for biological TEM. To exploit the high resolu-
tion of EM in micrometers-thick cellular samples, most LP-EM
studies use electron-dense labels, for instance, gold nanopar-
ticles or fluorescent quantum dots.>* These are well-suited for
correlative light microscopy and LP-EM,* and specifically for
binding to targeted structures of the eukaryotic cells. The infor-
mation differs from conventional TEM, which is optimized for
studying ultrastructure, but highlights specifically labeled pro-
teins, similar to the fluorescent labeling used for modern light
microscopy. Since these nanoparticle labels can be detected
with up to a few nanometers precision, the analysis of specific
features, such as their spatial positions, density, or clustered
arrangements, have provided new insights for different intra-
cellular structures and functions, including the cytoskeleton,
the endoplasmic reticulum, endocytosis mechanisms, or pro-
teins involved in Ca®* signaling.’**” Of particular interest is the
study of membrane proteins, which represent one of the most
abundant and functionally varied classes of proteins accounting
for ~60% of today’s drug targets, directly in the intact plasma
membrane. So far, two receptors for growth factors and two ion
channels have been successfully examined, revealing function-
ally relevant grouping/patterning features,**® their stoichiom-
etry and activation status'>>% (see example in Figure 3), and
the effects of modern targeting drugs applied in cancer thera-
pies.®! Furthermore, tissue samples have been investigated with
LP-EM, including exocrine glands,” dissociated single tumor
cells from patient biopsies,*® and various mouse tissues.*

OF BIOLOGICAL SPECIME

Class 4 samples: Biomineralization

Another application of LP-EM is the study of biomineraliza-
tion processes. Calcium carbonate nucleation has been moni-
tored in the absence® and presence of additives, both organic®
and inorganic.® A range of simultaneous nucleation pathways
were observed, including direct nucleation from solution and
indirect transformation of amorphous and crystalline precur-
sors.* Direct transformation of amorphous calcium carbonate
(ACC) to vaterite or aragonite was recorded for the first time;
the secondary nucleus appeared at the surface of the ACC
particle and grew in contact and at the expense of the ACC
particle (Figure 4a—d). Nevertheless, in the presence of a high
concentration of Mg**, ACC transformed to calcite through a
direct shape-preserving pathway.*® Calcite retained the shape
of the amorphous phase, providing evidence for a mechanism
of morphological control of crystallization that may be key in
biomimetics.

LP-EM emerged as a promising technique for studying
the dynamics of bone mineralization. Aggregation of calcium
phosphate prenucleation clusters, previously characterized by
cryo-EM,” have been recently monitored in liquid.®® The for-
mation of small particles was visualized after 4 min of beam-
exposure (average radii 10nm) with movement and aggregate
forming branched particle assemblies after 9 min.

A major challenge in the field is bridging the gap between
the physiochemistry of the mineral precursors and the miner-
alization process at the cellular and tissue level. The small size
and shape of the TEM specimen holder for LP-EM limits the
culturable cell types (i.e., osteoclasts 150-200 um in diam-
eter), and therefore the visualization of certain processes. The
ASEM presents an alternative for the study of larger samples,

such as cell cultures and tissues, with

Figure 3. Examples of liquid phase electron microscopy (LP-EM) images of eukaryotic cells
(sample type 2). Correlative light- and LP-EM of hydrated, intact breast cancer cells with

minimal preparation. Samples were
grown in disposable dishes with a SiN
film window, lightly aldehyde-fixed, and
kept in their liquid environment during
the measurement. Using this technique,
the onset of mineralization in pri-
mary culture osteoblasts was recently
observed for the first time in liquid.*
Calcium phosphate patches (confirmed
by correlative energy-dispersive spec-
troscopy (EDS) analysis) appeared after
eight days from induction of differen-
tiation. Moreover, direct observation
of freshly sliced trabecular bone was
possible prior to fixation, combining

quantum dot (QD) labeled HER2, an oncoprotein responsible for uncontrolled cell growth.

(a) Direct interference contrast image of cells, most showing elongated protrusions of the
plasma membrane, so-called membrane ruffles (see arrows). (b) Red QD-fluorescence

high HER2 expressing cell (cell 1) and green fluorescence signals, identifying cancer stem
cells (cell 2). (c) Environmental scanning electron microscope-scanning transmission electron
microscope (ESEM-STEM) overview image recorded of the same cells. (d) High-resolution
ESEM-STEM image (50,000x magnification) recorded at the position of the rectangle

in (c), displaying the individual HER2-bound QDs (highlighted in yellow), preferentially
accumulating on the membrane ruffles. Reprinted with permission from Reference 61.

© 2017 American Society for Cell Biology.
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the use of in-solution immunolabeling
methods®® to determine osteoclast activ-
ity® (Figure 4e—f).

Outlook

The ability to image membrane pro-
teins with a resolution below their
own dimensions is still restricted to
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Figure 4. Examples of biomineral samples studied with liquid phase electron microscopy
(LP-EM), type 4 samples. (a) Amorphous calcium carbonate (ACC) particle. (b) Particle with
secondarily nucleated vaterite plates forming on or in the amorphous particle. These plates
grow at the expense of the ACC (c, d). Diffraction identifies the nucleated plates as vaterite
[inset to (d)] Scale bars = 500 nm. (e) Atmospheric scanning electron microscope image of
freshly sliced trabecular bone. (f) Immuno-gold labeled cathepsin K positive cell imaged at the
location of the rectangle in (e). (a—d) Reprinted with permission from Reference 64. © AAAS.
(e, f) Reprinted with permission from Reference 69. © 2019 Nature Publishing Group.

LP-EM already provides unique infor-
mation about biological structures in
liquid state, and might contribute key
information about conformational vari-
ability and its dynamics, a future aspect
of protein science. Proteins tend to be
viewed as distinct structural units, as
suggested by protein crystallographic
information. The real-life picture,
however, is much more complex and
dynamic, and involves both a large
variety of structural conformations and
a dynamic nature of these structures as
key element in their function. Protein
conformations of crystallized samples
are known, but conformations in liquid
still remain elusive. This issue can only
be partly answered by cryo-EM tech-
niques using rapid freezing of different
dynamics states,”” while LP-EM could
provide unique nanoscale of structures
in liquid state in future.

EM, even though super resolution fluorescence techniques
approach the nanometer resolution range.”” It remains an
empirical trial-and-error process to efficiently stabilize mem-
brane proteins outside their environment; therefore, keeping
them in the plasma membrane during imaging is the safest
way to obtain undisturbed information from their native state.
Other techniques exist for examining membrane proteins in
whole cells, such as cryo-EM,’”! but this technique is mainly
used for studying the structure of proteins extracted from cells
or in thin sections, and not for dynamic processes due to prac-
tical limitations. Future developments of LP-EM must include
new strategies for versatile labeling systems in order to open
the LP-EM “viewing window” for many more of the ~5000
mammalian integral membrane proteins.

These labeling approaches should follow the established
principle of both small proteins binding to the target and
monodisperse, electron-dense nanoparticles. An enlarged rep-
ertoire of labels is needed, and could be created by using new
combinations of specific, small molecules and peptides, and
fitting peptide-tag modified nanoparticles.”” Besides the pres-
ently used ligands, small antibody mimetic compounds such
as Affibodies, and fragments of antibodies could be applied in
the future, in addition to others like designed ankyrin repeat
proteins (DARPins), aptamers (oligonucleotides or peptides),
or drugs. Such a label “toolbox” would allow for multiplexed
labeling, and thus for the in sifu study of protein interactions
needed to improve our knowledge of membrane proteins, and
support the development of personalized disease diagnosis
and treatment.

Protein structure—function relationships involve highly
complex interactions that require examination with a multi-
tude of techniques, each adding a different “viewing angle.”
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LP-EM has enabled remarkable dis-
coveries at the macromolecular level in a liquid environment,
but its use for the study of complex protein—protein interac-
tion processes has not yet been explored. Although imaging
live cells with electrons is highly challenging,’ many relevant
biochemical processes take place in the extracellular space.
Typically, proteins do not act in isolation when performing
their functions in vivo, but rather assemble in macromolecular
complexes that interact driven by physicochemical parameters.
LP-EM coupled with in-liquid immunolabeling techniques
has the potential to become a powerful tool for the study of
protein interactions at the extracellular level, with a significant
impact on biomedical research. However, several key innova-
tions are needed to achieve near-native molecular dynamics
visualization under physiologically relevant conditions.

Crucial effort should be dedicated to the avoidance of
radiation damage,’> with different approaches already having
promising potential. For instance, the dose tolerance can be
increased by using graphene encapsulation, due to the ability
of graphene to quench an excited state and conduct charge
away from the sample.?’?? It is thus of key importance to
implement reliable and stable methods for the creation of
graphene liquid cells (GLCs).™ In addition, the electron flux
needs to be minimized so as to allow reversible processes to
equilibrate, for example, after the creation of charge pairs.?>*?
Additionally, the thickness of the sample must be minimized
to limit the amount of inelastically scattered electrons in the
sample, as those are the main cause of damage. A balance
must be found between knock-on damage and the creation of
radicals by optimizing the beam energy, combined with pen-
etration depth of the beam in the sample. Radical scavengers,
such as vitamin C and many others, can be added to increase
the dose tolerance.
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On the other hand, the detection needs to be optimized as
much as possible, preferably by several orders of magnitude.
To achieve this improvement, advanced LP-EM technology
for ultralow-dose detection using direct electron detectors
can be used. The phase contrast signal can be increased in the
nanometer resolution range using phase plate technology.”
Further exploration is required for a new option involving dif-
ferential phase contrast STEM.”® To improve the resolution-
electron dose balance even further, intelligent acquisition
schemes need to be applied, instead of scanning every pixel
in an image or image sequence. One approach is to apply a
higher dose to edges of structures containing features, rather
than the surrounding area without features, using so-called
adaptive scanning.”” A second strategy is randomly scan-
ning sparsely distributed pixels and reconstructing an image
via various methods, including in-painting techniques, for
example.””

By combining state-of-the-art technologies already exist-
ing in the electron microscopy community, LP-EM can be
expected to safely study physiological processes occurring in
proteins, DNA, bacterial cells, mammalian cells, tissue, bone,
and more in the near future. A unique nanoscale view on the
dynamic biological world will help scientists better understand
protein function, virus—cell interactions, bone mineralization,
and find clues toward developing better medication. LP-EM
adds a unique view compared with other techniques, such as
super-resolution microscopy and cryo-TEM, which is needed
to study the highly complex molecular world of biology from
different perspectives.
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