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Electron microscopy of specimens in liquid

Niels de Jonge™ and Frances M. Ross**

Imaging samples in liquids with electron microscopy can provide unique insights into biological systems, such as cells containing
labelled proteins, and into processes of importance in materials science, such as nanoparticle synthesis and electrochemical
deposition. Here we review recent progress in the use of electron microscopy in liquids and its applications. We examine the
experimental challenges involved and the resolution that can be achieved with different forms of the technique. We conclude by
assessing the potential role that electron microscopy of liquid samples can play in areas such as energy storage and bioimaging.

in science and technology, including biological activity in cells,

biomineralization, the low-cost synthesis of nanoparticles and
electrochemical reactions for energy storage. Electron microscopy
opens a unique window into structures and processes in the liquid
phase, as it provides a combination of temporal and spatial resolu-
tion that is not achievable with other techniques. Transmission elec-
tron microscopy (TEM) of samples in liquid has a history stretching
back as far as the earliest electron microscopes'. But, over the past
decade, electron microscopy of liquid samples has experienced a
surge of interest, generated by advances in thin-film* and micro-
chip technology®. Recent applications have included the imaging of
labelled structures within whole cells?, electrochemical reactions®’
and solution-phase nanoparticle growth®. In this review, we discuss
the experimental basis of liquid electron microscopy, comparing the
different approaches that have been used to solve the fundamental
problem of the technique — the incompatibility of a liquid sam-
ple with the vacuum environment needed for electron microscopy.
We describe recent applications in biology and materials science,
and quantify the spatial resolution that can be expected within lig-
uids imaged in different electron microscopy modalities. We also
consider the present experimental limitations, particularly electron
beam effects, and conclude with an outlook on future experimental
developments for electron microscopy in liquids and its application
in new scientific fields.

| iquid-phase processes are important over a wide range of areas

Strategies for electron microscopy of samples in liquids
The three commonly used types of electron microscope each gener-
ate images via different contrast mechanisms’. In TEM, a station-
ary, spread electron beam with energy between ~60 and 300 keV
irradiates a sample that is thinner (often much thinner) than 0.5 pm.
The sample modifies the phase and amplitude of the transmitted
electrons, so that the resulting image contains information about
the sample. In scanning TEM (STEM), the image is recorded by
scanning a focused beam over the sample and detecting transmitted
electrons pixel by pixel. Scanning electron microscopy (SEM) scans
a focused beam, typically with energy between ~500 eV and 30 keV,
over the surface of a (bulk) sample, collecting backscattered or sec-
ondary electrons pixel by pixel. All electron microscopes require a
vacuum, both to allow operation of the electron source and to mini-
mize scattering other than from the sample. Samples must therefore
be stable under vacuum, and so are traditionally prepared in the
solid state.

However, ever since the invention of the electron microscope, a
goal has been to image liquid samples as easily as with a light micro-
scope, but with much higher spatial resolution""’. Liquids that have
low vapour pressure® or that are already encapsulated by another
material'’ can be examined without special precautions. But, the
majority of liquid samples, including those involving water, require
other strategies. The earliest system' consisted of an open environ-
mental chamber in the sample region of a TEM (Fig. 1a). Using differ-
ential pumping, this chamber could be kept at a pressure up to 0.2 bar
to create a wet sample environment containing both liquid and
vapour, while the rest of the microscope remained at low pressure'.

Open environmental chambers are now used in modern in situ
TEMs for both gas- and liquid-phase reactions''. However, it
is difficult to control the liquid thickness accurately in an open
environmental chamber, making it challenging to obtain liquid
films thinner than ~1 um, as required for nanometre-scale resolu-
tion in TEM. Instead, it proved more practical to develop the envi-
ronmental chamber for imaging liquids in SEM", where there is of
course no requirement for a thin sample. Environmental SEM, or
ESEM (Fig. 1b), is now widely used to image the surface of samples
in a vapour environment, achieving a spatial resolution in the nano-
metre range'®"”.

The open environmental chamber is not suitable if, for example,
the sample must be embedded in a liquid layer of controlled thick-
ness, or if the experiment requires a flowing liquid. The problem
then becomes that of designing a thin yet stable liquid layer. This is
achieved by means of a hermetically sealed enclosure, or ‘liquid cell}
that constrains the liquid into a layer less than a few micrometres
thick. In the first decades of electron microscopy, various systems
were developed that used electron-transparent membranes to cre-
ate such closed liquid cells (Fig. 1¢)'>*%. However, the liquid layers
were still not particularly thin, and the spatial resolution achieved'
was often not much better than what was available, with much less
effort, through light microscopy.

Over the past decade, developments in thin-film technology,
microfabrication and imaging have brought new life to the use of
liquid cells®. Thin carbon foils'*?" and graphene sheets* have been
used as membranes, but thin (20-100 nm) SiN films supported
on silicon microchips are increasingly popular, as they are easily
manufactured, homogeneous in composition and thickness, and
make robust windows for liquid cells with designs such as those
shown in Fig. 2a-d,g. Standard silicon processing techniques allow
electrodes to be integrated onto the microchips**, increasing the
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Figure 1| Configurations for electron microscopy in liquid. a, TEM imaging with an open environmental chamber containing liquid and vapour. Differential
apertures separate the microscope vacuum from the higher pressure at the sample. b, SEM imaging with an environmental chamber. The electron beam scans in
x and y directions over the sample. ¢, TEM imaging of nanoparticles in a liquid fully enclosed between electron transparent windows. d, STEM imaging in a fully
enclosed liquid, used to image nanoparticle labels on whole biological cells. e, SEM of a liquid sample under an electron transparent window. f, Combination of
SEM and light microscopy of a liquid sample above an electron transparent window.

range of experiments possible. Careful design has simplified assem-
bly*>*%, and can even permit the use of flowing liquids**, as in
Fig. 2¢,d. Finally, imaging can be optimized, using STEM to obtain
nanometre-scale resolution even through several micrometres of
water*? (Fig. 1d).

These advances have paved the way for liquid TEM and STEM
to make a significant impact in biological and materials science. Of
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course, experimental difficulties still remain. One issue particular to
experiments involving liquid cells is balancing window size, liquid
thickness and window thickness with field of view and image reso-
lution. Resolution improves as the liquid layer and windows become
thinner, as we show below. However, thin windows bow under vac-
uum, increasing the liquid thickness in the centre of the window?’.
To optimize resolution, one may consider connecting the windows
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Figure 2 | Examples of electron microscopy systems for liquids. a, Fabrication of a liquid cell from Si microchips (upper and lower wafers) with SiN
windows, glass reservoirs, lids and three electrodes for electrochemical TEM experiments®. b, Photograph of an assembled liquid cell. ¢, A single Si
microchip with an electron transparent SiN window?. The dimensions of the microchip are 2.0 x 2.3 x 0.3 mm. d, A microfluidic chamber formed from
two of the microchips in ¢, showing the liquid flow direction. e, A capsule with an electron transparent window for imaging liquid samples in SEM“3, The
outer diameter is 16 mm. f, Cell culture dish with a microchip with a SiN window?3, for combined light microscopy and SEM. g, The back (vacuum) side
of the microchip for the culture dish. Panels reproduced with permission from: a,b, ref. 3, © 2003 NPG; ¢, ref. 25, © 2010 CUP; e, ref. 43, © 2004 Informa
Healthcare; f.g, ref. 33, © 2010 Elsevier. Panel d modified with permission from ref. 4, © 2009 National Academy of Sciences.

by pillars®~, or using wafer bonding® to reduce window sepa-
ration. The window thickness itself may limit the resolution; this
can sometimes be overcome by using graphene sheets to enclose
the sample?. The formation of bubbles in the liquid layer*! also
causes problems. Uncontrolled bubble formation may be alleviated
by flowing the liquid®, although the reduced liquid thickness at a
bubble actually improves resolution®*

Thin window systems are useful in SEM as well as in TEM and
STEM. A closed liquid cell, similar to those used in TEM, allows
transmitted signals in the SEM to be collected”. Alternatively,
a ‘capsule’ with a single window can enable SEM of samples fully
immersed in liquid by collecting a backscattered signal through the
window? (Figs le and 2e). Backscatter imaging through a window
is advantageous in that it allows SEM to be combined with light
microscopy™® (Fig. 1f). A liquid sample in a dish with an integrated
window (Fig. 2f,g) can be imaged with light microscopy from the
liquid side or SEM from the window side®. This approach allows
correlative microscopy as well as possibilities such as excitation
of fluorescent materials with the electron beam at nanometre
localization®.

It may at first appear counterintuitive, but excellent spatial reso-
lution is possible in liquid layers, down to a few nanometres even
through several micrometres of liquid**, or atomic resolution for
very thin water layers®. Temporal resolution can also be good, so
dynamic processes can be observed****. However, electron beam
effects provide a practical limitation. After discussing applications
in biological and materials science, we will therefore consider the
opportunities and limitations of electron microscopy in liquids in
terms of resolution and beam effects.

Applications in the life sciences

A central challenge in modern biological research is the visualiza-
tion of the molecular machinery underlying cellular function®. This
requires innovative microscopy techniques capable of studying the
constituents of cells, many of which are smaller than the wavelength
of light. State-of-the-art cryo electron microscopy preserves cellu-
lar structures by converting cellular water into amorphous ice via
the preparation of cryo sections®. However, the cells are no longer
intact or in their native liquid state, and high concentrations of
amorphous ice-inducing solutes are often used, which may induce
changes in the biological system. There is thus a pressing need for
nanoscale microscopy of cells and other biological systems and
materials in the liquid state.

Open environmental chambers have been extensively studied
for biological imaging, and ESEM" can image the surfaces of pris-
tine cells in a wet environment. The cells must first be transferred
to a cooled pure-water environment®. Various microorganisms
withstand transfer to pure water, and ESEM provides images of
their pristine surfaces*. However, for eukaryotic cells this transfer
process alters cellular morphology owing to changes in osmotic
pressure. Better images of eukaryotic cells are obtained from fixed,
but still hydrated samples® (Fig. 3a). Including a STEM detector in
the ESEM can allow imaging of the intracellular structure®'.

To preserve cells in as pristine a state as possible, they should
be fully surrounded by saline. Figure 3b shows a backscatter SEM
image, recorded in a liquid capsule (Fig. 2e), of surface recep-
tors labelled with 20-nm-diameter Au nanoparticles on a fixed
Helicobacter pylori bacterium?. Some particles display sharp con-
tours, whereas others appear blurred; presumably these are at
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Figure 3 | Electron microscopy of biological samples. a, Human monocyte-derived macrophages imaged with SEM in a wet environment®® at 4.9 torr and
7 °C. Samples were fixed in glutaraldehyde and rinsed with deionized water before imaging. b, SEM image of H. pylori bacterium fully immersed in liquid,
imaged using a capsule with a thin window. Samples were incubated with complexed biotinylated gastrin on streptavidin-coated 20 nm Au particles,
followed by glutaraldehyde fixation. ¢, STEM image of Au-labelled epidermal growth factor receptors on whole fixed COS7 fibroblast cells in liquid. The Au
labels are visible as yellow spots on the light blue cellular material. The background shows in dark blue. d, Endocytotic vesicles were formed in a second
sample after a longer incubation. e, Fluorescence microscopy image of COS7 cells®. The cells were fixed, labelled with a fluorescent dye, and stained for
contrast in SEM. f, SEM image of the cellular material in the rectangle in e imaged under fully hydrated conditions®. Panels reproduced with permission
from: a, ref. 39, © 2009 Wiley; e f, ref. 33, © 2010 Elsevier. Panels modified with permission from: b, ref. 2, © 2004 National Academy of Sciences;

cd, ref. 4, © 2009 National Academy of Sciences.

different depths in the liquid. This high-quality imaging of Au
nanoparticles in water is an exciting development, as well-estab-
lished techniques already allow specific proteins to be labelled
with Au nanoparticles*?. The liquid capsule can also be used to
visualize tissue in fully hydrated conditions after fixation and
staining to enhance the SEM contrast*. The liquid capsule is par-
ticularly advantageous for questions involving lipid membranes
in cells, as these are difficult to preserve during dehydration and
washing steps*. Another benefit is that sample preparation and
visualization is rapid.

In TEM, environmental chambers'>'** and closed liquid cells**
have both been used for biological imaging, although with lim-
ited success in competing with the resolution of light microscopy,
except when using diffraction techniques®. Instead, as we discuss
below, STEM**™*" provides dramatically improved resolution of
Au-labelled structures in the several-micrometres-thick liquid
layers needed to enclose eukaryotic cells. This is illustrated in
Fig. 3¢, where Au-labelled epidermal growth factor (EGF) mol-
ecules bound to cellular EGF receptors of whole fixed fibroblast
cells were imaged with STEM* at a spatial resolution (on the
labels) of 4 nm, using a microfluidic chamber? (Fig. 2¢,d) filled
with saline. The capability for studying biological function is illus-
trated in Fig. 3d, where cells were incubated with labelled EGF
until endocytosis occurred; the Au nanoparticles are organized
into a round shape, interpreted as an endocytotic vesicle inside
the cell. It is worth noting that no radiation damage effects were
observed on the spatial distribution of the labels for the dose used,
7x10* electrons per nm? Other microscopy methodologies can-
not resolve the positions of labelled proteins on intact cells with
such high resolution®. First results have also been reported on the
imaging of eukaryotic cells that were kept alive in a microfluidic
device and then imaged with STEM to study nanoparticle uptake*®
and to investigate the pristine ultrastructure of yeast mutants®.

The combination of electron microscopy with regular cell culture
handling and light microscopy is particularly useful in biological

698

investigations® (Fig. 2g,h). Standard cell biology experiments can
be performed on electron transparent membranes, with the cells
imaged with light microscopy (Fig. 3e) and then with SEM after
fixation and staining if needed (Fig. 3f). By imaging multiple cells,
the interfacing of neurons® or the effect of cholesterol depletion on
microdomain organization in tumour cells*® can be studied. The
correlative approach has also been demonstrated for fluorescence
microscopy and STEM, to study the locations of receptors specifi-
cally labelled with quantum dots', and to image yeast cells®.

Applications in materials science
Materials science applications benefit from both the spatial resolu-
tion available with liquid cell electron microscopy and its tempo-
ral resolution, which allows reaction kinetics and mechanisms to
be probed. Electrochemical processes provide an excellent exam-
ple, with observations possible in a liquid cell that is filled with
an electrolyte and also contains electrodes. In Fig. 2a, three elec-
trodes in a TEM liquid cell are connected externally to a potentio-
stat>; for SEM imaging, electrodes can be readily incorporated on
microchips®. Figure 4a shows a series of images obtained during
electrodeposition of Cu onto an electron-transparent Au electrode
patterned over one of the windows of a TEM liquid cell*>. Nucleation
and growth of individual Cu clusters is well resolved, with simul-
taneous measurement of voltage and current. Growth is reversible
and can be repeated on the same area under different conditions.
By measuring individual clusters rather than ensemble proper-
ties, such experiments probe the textbook understanding of elec-
trochemical growth. In Fig. 4a, diffusion-limited growth models>
cannot explain the nucleation density and growth rates observed;
the modifications required to these growth models® have implica-
tions for the control of electrodeposited morphology. Nucleation
sites, cluster correlations and growth exponents are also accessible
by liquid cell TEM*%**,

A practical advantage of electrochemical reactions is that they
can be initiated when the liquid cell is ready for imaging in the
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Figure 4 | Liquid cell electron microscopy in materials science. a, Images and electrochemical data obtained during potentiostatic deposition of Cu on

a polycrystalline Au electrode from 0.1M CuSO,/0.18M H,SO,. Cu has dark contrast whereas the Au (20 nm thick), SiN windows (80 nm thick) and
electrolyte (1 pum thick) provide the grey background. The applied potential was =70 mV with respect to a Cu reference electrode, and the graph shows the
total current versus time. The electrode area is 2 x 10~ cm?. Red lines show the times of each image. b, Images acquired during Pt nanoparticle formation
from a solution containing 10 mg mL™" Pt(acetylacetonate), in a 9:1 mixture of o-dichlorobenzene and oleylamine. The images were recorded after 17.9,18.7,
and 22.3 s of beam exposure during which a coalescence event occurs. The graph shows the size of this (red circles) and another particle that appears

to grow by addition of monomers (blue triangles). ¢, Energy filtered images at 16 s intervals during dendritic growth of Cu from the edge of an electrode®.
Galvanostatic conditions were used with current density 40 mA cm and average lateral growth rate 0.2 ums™. Panels modified with permission from:

a, ref. 52, © 2006 ACS; b, ref. 6, © 2009 AAAS; ¢, ref. 104, © 2010 CUP.

microscope. Spontaneously occurring processes can be more chal-
lenging as they may start to take place while setting up the liquid
cell. Some experiments therefore make use of slow evaporation of
the liquid through an imperfect seal, perhaps accelerated by the
electron beam™. Diffusion of individual particles in liquids is vis-
ible?****** and, when examined during slow evaporation, allows
testing of Brownian motion theories®. Alternatively, the beam itself
may stimulate a process through heating or non-thermal effects.
For example, beam-induced platinum nanoparticle formation in
a Pt*-containing solution (Fig. 4b) demonstrates two coexisting
mechanisms, growth by coalescence and growth by addition of
monomers®, and PbS nanoparticles can form either under the beam
or by light stimulation®. Understanding the size distribution of
solution-phase nanoparticles is important for developing the par-
ticles for applications, and individual measurements can suggest
detailed growth models.

Once nanoparticles have formed, a key question is how they
assemble into flat or three-dimensional arrangements, and how
this self-assembly can be controlled. Beam-induced assembly
of particles has been observed by liquid cell SEM?*, whereas the
dispersion of nanoparticles in solution has been quantified in lig-
uid cell TEM?, measuring the degree of dispersion without the
artefacts caused by drying a solution and doing conventional
TEM analysis.

The differentially pumped open environmental chamber allows
examination of reactions where less precise liquid-thickness control
isrequired. An example from atmospheric science is the hygroscopic

NATURE NANOTECHNOLOGY | VOL 6 | NOVEMBER 2011 | www.nature.com/naturenanotechnology

behaviour of inorganic atmospheric particles*. Other applications
include catalytic reactions involving liquids, such as the sequence
used to form nylon®, liquid-phase synthesis of nanoparticles®® and
nanoparticle self-assembly at liquid interfaces'.

Finally, even a standard TEM without an environmental cham-
ber or liquid cell allows examination of encapsulated and low-
vapour-pressure liquids. Encapsulated liquids include, for example,
liquid inclusions of Pb formed by implantation into an Al matrix,
whose solidification kinetics can be examined via TEM heating
experiments®, and liquid Xe in Al, where ordering at the liquid/
solid interface can be measured'. Many low-vapour-pressure lig-
uids participate in interesting growth processes and phase trans-
formations. For example, liquid AuSi droplets catalyse Si nanowire
growth, observable directly in the TEM® because of the low vapour
pressure of AuSi (107 torr) at the growth temperature. Similarly,
phase transformations, surface reactions and growth processes can
be measured in metal alloy droplets®-®*. Ionic liquids also have low
enough vapour pressure for direct observation in SEM**“* or TEM®.
This allows for the interesting possibility of passing current through
the liquid and thereby modelling reactions relevant to battery sci-
ence. By placing a droplet of a Li-containing ionic liquid on a car-
bon electrode, contacting it with a SnO, nanowire, and applying a
voltage, lithiation of the nanowire was observed with TEM?, tak-
ing place via a sequence of microstructural changes that included
dislocation formation and amorphization. This experiment suggests
broad opportunities for liquid-based electron microscopy studies
relevant to energy storage.
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The resolution of electron microscopy in liquids

To use the full potential of electron microscopy of liquids it is impor-
tant to understand the ultimate performance possible, the major
experimental limitations, and how these compare with other tech-
niques. In the following sections we therefore consider the resolution
expected for imaging in liquids, based on the fundamental equations
describing the interactions of an electron beam with matter, and dis-
cuss the effects of beam-sample interactions on resolution.

The resolution in TEM. For TEM, the highest resolution for an
object within a liquid is achieved when the object is at the electron
beam exit side of the sample (Fig. 1c). To a first approximation,
the window material itself can be considered transparent for typi-
cal beam energies. Instead, the resolution-limiting factor is chro-
matic aberration caused by inelastic scattering of electrons by the
liquid*. The full-width at half-maximum of the energy distribu-
tion AE of transmitted electrons follows from calculations of the
inelastic electron scattering cross-section and is given by the fol-
lowing equation®:

4
AE = N,e*ZpT
2me 2 Wimv?

@

Here, N, is Avogadros number, e is the elementary charge, Z the
atomic number, p the density and T the thickness of the liquid layer,
&, the permittivity of space, W the atomic weight, m,the mass and
v the velocity of the electrons. This energy broadening affects the
resolution of the image because of the chromatic aberration of the
objective lens. The image resolution d, can be approximated by*:

o o

: )
2E

d =«

where « is the objective semi-angle, C, is the chromatic aberration
coefficient and E is the beam energy. For water, where*® Z = 4.7, we
can combine equations (1) and (2) into the following expression for
the resolution:

dopy = 6><10‘2“g—§T 3)

with E in eV (using p in g m~ in equation (2)). For typical values,
a = 10 mrad, C, = 2 mm, E = 200 keV and T = 1 pum, we obtain
drpy = 4 nm, consistent with experimental findings®. (At 300 keV,
a higher d;; of ~1 nm has been obtained in organic solvent®.)
Figure 5 shows the resolution as function of the liquid thickness
for 200 keV and the above microscope settings.

Equation (3) gives the best possible resolution; worse resolu-
tion will be seen for objects positioned further from the exit side of
the sample, as elastic scattering of electrons in the liquid between
the focal plane and the window will broaden the beam®*-". For
example, a TEM image of a particle at the top of a 1-um-thick
water layer would have a resolution of only ~12 nm. However, it
is worth noting that diffraction techniques can be used in TEM
when the sample in liquid contains repetitive units'?, and this may
allow higher resolution information to be obtained.

The resolution in STEM. For STEM, the highest resolution for an
object within a liquid is achieved when the object is at the entrance
side of the sample (Fig. 1d)*”". The image is formed pixel by pixel
by scanning a focused electron probe over the sample, and contrast
is commonly obtained by using an annular dark-field detector to
collect electrons that are elastically scattered out of the primary elec-
tron beam. Unlike TEM, nanometre resolution has been obtained
in STEM, even for micrometres-thick samples®**””>”*, The fraction

700

NIN, of electrons detected, that is, scattered by an angle larger than
the opening semi-angle of the detector 3, is*:

E =1l-exp ——] =—W
1) oBpN, “

Here, [ is the mean free path length for elastic scattering and o(f) is
the partial cross section for elastic scattering. The elastic scattering,
and hence the image contrast in STEM, is highly sensitive’” to W,
p and Z (so-called Z-contrast) via o(f8), making STEM extremely
effective for imaging heavy nanoparticles in a light liquid. For exam-
ple**, with 8 = 70 mrad and E = 200 keV; we obtain /4 = 73 nm
and [, = 10.5 um. The STEM resolution in a liquid sample can be
thought of as the diameter of the smallest nanoparticle visible above

the background noise*?:

T
dSTEM = 5ln:mo article (5)
" Nolliquid

According to this equation, a 1.4-nm-diameter Au nanoparticle can
be resolved on a water layer® of T'= 5 pum, using a probe current of
0.5 nA and a pixel dwell time of 10 ps. Figure 5 includes the STEM
resolution as function of T for these microscope settings, match-
ing experimental data’®*. For nanoparticles positioned deeper in
the liquid, imaging takes place with a blurred probe, but a reso-
lution better than 10 nm is still achieved in the top 1 pm layer of
the liquid®.

The resolution in SEM. In SEM of enclosed liquid samples, con-
trast is generated via backscattering of electrons in the sample
after passing through the window?® (Fig. le). However, because
of the low beam energy used in SEM compared with TEM, the
electron probe is already considerably broadened by the time it
reaches the liquid. The resolution follows from the beam broaden-
ing equation’:

Z p 1/2
= 33t | P
dygrg = 6.1x10°T E(W] ©)

where T, Z, p and W are parameters of the membrane. Note that for
SEM the beam broadening is calculated on the basis of the diameter
containing 90% of the current’, accounting for the large interac-
tion volume of the electron beam with the sample, whereas smaller
measures are used for (S)TEM®***%. For a typical SiN window 30 nm
thick®, the beam size, and hence best SEM resolution, calculated
from equation (6) is 7 nm at 20 keV (Fig. 5). This is consistent with
experimental findings* of ~8 nm.

The resolution does not depend on the total liquid thickness, of
course, but it does decrease rapidly for nanoparticles deeper in the
liquid. For example, at a depth of 100 nm, the resolution is already
reduced to 20 nm. SEM should thus be used to study structures in
close proximity to the window. The window thickness is also of cru-
cial importance. A system using a ~150 nm thick plastic window
provided maximal ~20 nm resolution for Au nanoparticles*””. For
ESEM, the resolution can approach that of SEM in vacuum, but as
the liquid layer on the sample surface increases in thickness, the
resolution also drops dramatically.

Radiation damage. Electron beam-sample interactions are a key
factor in any electron microscopy experiment. For liquid samples,
a rigorous interpretation of results certainly requires an under-
standing of beam effects. This can be complicated by the variety
of possible interactions and the need for quantitative models for
beam-liquid interactions.
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The materials science investigations described above have con-
sidered a variety of thermal and non-thermal beam effects. Beam
heating is calculated” to result in only a small temperature rise (a
few degrees or less) because of the good thermal conductivity of
the thick liquid cell samples. Beam heating may nevertheless alter
diffusion and reaction rates through convection, while even a slight
temperature rise alters electrochemical kinetics. Non-thermal
effects may be more important and are more complicated, depend-
ing on the system under study. High-energy electrons in water pro-
duce relatively long-lived species such as OH radicals and hydrated
electrons””. These species may be key to electron-beam-induced
formation of nanoparticles from solvated species®®. Solution chem-
istry is then important — for example, charged species in solution
may quench the radicals and reduce their reactivity”® — but sub-
strate chemistry is also important, as reactive species can also be
generated from beam-substrate interactions®. The charged spe-
cies may also influence the currents measured in an electrochemi-
cal experiment. Clearly, experiments under different conditions of
accelerating voltage or beam intensity are necessary to evaluate the
effect of the beam on any liquid-phase phenomenon under study.

Organic samples are known to be strongly affected by relatively
small electron doses. For pristine biological material, structural
damage starts to occur at the subnanometre scale®' at ~10* electrons
per nm?. This threshold dose is a factor of ten lower than the dose
limit for cryo TEM?. Fortunately, the dose typically scales quad-
ratically with the resolution”, and in many cases the experiment
can be designed such that a useful resolution can still be obtained
within the limit of radiation damage. Recording, for instance, a
1024 x 1024 pixel TEM image of a 1-um-thick sample with 20 nm
resolution would require a 10 nm pixel size and an integration time
of ~0.2 s for a typical beam current of 10 nA. The resulting dose of
1.2x10? electrons per nm? is within the limit of radiation damage.
Staying below the threshold dose permitted STEM imaging of yeast
cells with a resolution® of ~30 nm, and TEM recording of protein
crystal diffraction patterns containing subnanometre information'2.
Above the threshold, a better image resolution (a few nanometres)
may still be possible, as the overall structure will remain in place at
least for some time after damage at the subnanometre scale occurs
(for example, by breaking of chemical bonds). If a much higher dose
is required, the sample would have to be stabilized by fixation, allow-
ing doses* of ~7x10* electrons per nm* Another approach to over-
come radiation damage is to use high contrast nanoparticle labels
in combination with STEM imaging. Equations (1)-(6) suggest that
4 nm resolution on a Au nanoparticle in 1 pm of water requires
only 1.2x10* electrons per nm”. A larger dose is probably allowed
as some structural damage can be tolerated before the locations of
the labels change too much. Compared with TEM and STEM, SEM
is unfavourable in terms of radiation dose, because the entire beam
energy is typically deposited in the sample.

Temporal resolution. Typical image acquisition rates (time resolu-
tion) are over 10 frames per second for TEM, whereas the dwell
time needed to form each pixel in a STEM or SEM image is typically
in the range of 1-60 ps. Although this makes electron microscopy
of liquids excellent for studying time-dependent phenomena, as
described above, it is worth noting that Brownian motion may limit
the achievable image resolution, particularly when imaging live
cells or other structures not fixed to the walls of the liquid cham-
ber. Membrane proteins, for example, exhibit diffusion constants®
as high as 1 um? s™' under physiological conditions, which may lead
to movement of several nanometres within the typical pixel time of
STEM. The achievable spatial resolution will thus be influenced by
parameters such as viscosity, diffusion constants, image acquisition
time and also the distance from the window®.

Even given the limitations on resolution due to Brownian motion
and beam effects, the combination of spatial and temporal resolution
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Figure 5 | Resolution of different forms of electron microscopy in liquid.
Theoretical maximal resolution versus water thickness for TEM, STEM and
SEM. The resolution was calculated for typical TEM and STEM instrument
parameters at 200 keV beam energy (see text), and for the imaging of Au
nanoparticles at the bottom of a layer of water for TEM, and at the top of
the layer for STEM. The resolution obtained in SEM just below the liquid-
enclosing membrane does not depend on the liquid thickness (see text).
Experimental data points are shown for Au nanoparticles in TEM3', STEM?®
and SEM with a 30-nm-thick SiN window?3, and for PbS nanoparticles in
water imaged with STEM3. The error bars represent experimental errors.

of electron microscopy in liquids is unique. Standard light micros-
copy is limited by diftraction to a spatial resolution® of ~200 nm.
Super-resolution light microscopy*”*% achieves 20-30 nm resolu-
tion, but requires dedicated fluorescent labels, and is limited in tem-
poral resolution for the higher spatial resolution. X-ray microscopy
has a resolution in the tens of nanometres range®*. Scanning probe
microscopy exhibits nanometre resolution in liquids, but video-
rate image acquisition is optimized for flat surfaces (for example,
refs 89-92). Any given problem is best addressed by multiple tech-
niques; liquid cell electron microscopy should be able to provide key
information for many scientific questions.

Outlook

Electron microscopy in liquids offers a combination of nanoscale
spatial resolution and subsecond temporal resolution that suggests
significant potential in numerous scientific and technological areas.
We anticipate that improvements in experimental capabilities and
advances in the quantification of results will lead to application in a
wider future range of scientific problems.

In terms of experimental advances, the recent improvements in
aberration correction that are revolutionizing the TEM and STEM
community”” will certainly also impact electron microscopy in
liquids®. Equation (3) showed that the resolution of TEM in liq-
uids is limited by chromatic aberration, in other words, by imper-
fect focusing of electrons that have different energies. Preventing
electrons from contributing to the image if they have lost more than
a certain amount of energy would therefore improve the resolution.
Such energy filtering allows”, in principle, subnanometre spatial
resolution for liquid layers with a thickness well above 0.5 pm for
TEM. However, energy filtering also increases the required dose for
imaging. Instead, correction of the chromatic aberration in the elec-
tron lenses* should improve the resolution in a more dose-efficient
way. Temporal resolution should also see a significant improve-
ment. Imaging with speeds of several tens of milliseconds per frame
is possible with modern detectors, and in addition, ultrafast TEM
has emerged, which uses pulses of electrons triggered by an inci-
dent laser beam®?. The short imaging times require high beam
currents to obtain sufficient signal-to-noise, giving rise to Coulomb
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interactions that reduce the effective brightness of the electron
beam, and thus the achievable spatial resolution””. The capability to
image materials in liquid using pulses of electrons potentially opens
up the interesting possibility of capturing native protein, cellular or
nanomaterial configurations before radiation-induced effects have
time to propagate through the structure, thus overcoming the limi-
tation of radiation damage.

An important direction, especially for biological investigations,
is the combination of light microscopy with electron microscopy.
Radiation damage will probably prevent electron microscopy stud-
ies of processes in biological systems. However, these processes
can be imaged with light microscopy, for example through phase
contrast microscopy of the native cellular material or fluorescence
microscopy of labelled proteins or other components in cells®.
At a certain time of interest, the sample can be transferred to the
TEM, STEM* or SEM for nanoscale investigation of the biological
structure itself or of nanoparticles attached to the biological mate-
rial. The type of sample and required resolution will determine the
choice of electron microscopy modality. The temporal correlation
of light and electron microscopy is typically several minutes, as the
sample holder has to be transferred from one microscope to the
other®. Integration of light microscopy with SEM*, or fluorescence
microscopy with TEM®* or STEM, can allow temporal correlation
within seconds.

Quantitative data acquisition is a key challenge for electron
microscopy of liquids, in particular if we hope to use the technique
to understand the fine details of static structures and to test mod-
els for dynamic processes. In conventional electron microscopy, a
broad body of literature examines the effect of microscope param-
eters on image characteristics, and the effect of the electron beam
on traditional solid samples and solid-state processes®**”!. The same
effort is now required for liquid samples. The equations above give
guidance on the optimal parameters for imaging, but further exper-
imental testing is required, especially regarding the improvements
possible with aberration correction. Equally important is the need
for a more rigorous understanding of beam-sample interactions for
a variety of materials, so that guidelines can be developed for when
and how imaging is likely to affect the results. Finally, for quanti-
tative matching of data with models for dynamic events, such as
particle growth and deposition, the liquid geometry and flow must
be understood. Liquid movement, Brownian motion and diffusive
phenomena in the restricted volume of an enclosed liquid cell form
an interesting scientific topic of which understanding is required for
developing quantitative models.

With these experimental advances, we anticipate that electron
microscopy of liquid samples will play an important role in solving
a broad set of scientific problems. Electron microscopy of biologi-
cal samples in microfluidic devices may serve the pressing need for
microscopy of cells and other biological systems and materials in
their native liquid state with a resolution of a few nanometres — the
dimension of proteins. Membrane receptors on intact cells can be
studied in liquid®** using labels with different size, shape and com-
position to tag different proteins. Labelling of intracellular proteins
can be accomplished using emerging technologies'**'"". The uptake of
nanoparticles into the interior of cells can be studied with relevance
for nanotoxicology**'%>!®. Samples can be fixed after different time
points to study processes involving multiple lipid and/or protein spe-
cies’. Alternatively, using the correlative techniques discussed above,
cells can be kept alive in a microfluidic chamber, monitored with
fluorescence microscopy and imaged at certain times with electron
microscopy®. With nanometre resolution and functionality similar to
that of fluorescence microscopy, this approach will be significant for
many fields of biological and biomedical research including virology,
oncology, neuroscience and cell biology.

In materials science, electron microscopy of liquids is likely to
play a central role in improving our understanding of reactions
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in energy materials, such as examination of failure modes of bat-
teries during cycling'®'®, or to address new materials and micro-
structures for energy storage. Figure 4c, for example, shows the
electrochemical formation of dendrites, a key failure mode for
metal-air batteries that can be uniquely addressed by liquid cell
electron microscopy'™. Lithiation of anodes and formation of
interfacial layers between electrolyte and electrodes are of particu-
lar relevance to commercial lithium-ion batteries, yet are difficult
to study outside the liquid environment of the battery itself. Liquid
cell electron microscopy is likely to make an impact in other areas
as well, such as biomineralization with relevance for carbon diox-
ide sequestration, and in research on hydrated geological materi-
als, such as clays, with applications in petroleum extraction and
soil science. Complex nanoparticle arrays can be developed by
directly visualizing self-assembly processes that are induced by
external fields or by functionalization of the particles themselves.
Controlled liquid mixing and application of heat, magnetic fields
or other external stimuli will increase the range of processes that
can be studied.

Electron microscopy of liquids has a long history, but a very
interesting present. The upsurge in activity, the achievements of
recent years and the broad range of areas in which the technique has
been and could be applied suggest that numerous exciting develop-
ments can be expected in the future.
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