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The investigation of solution-borne nanostructures by transmission
electron microscopy (TEM) is a frequently used analytical method in
materials chemistry. In many cases, the preparation of the TEM
sample involves drying and staining steps, and the collection of images
leads to the interaction of the specimen with the electron beam. Both
aspects call for cautious interpretation of the resulting electron
micrographs. Alternatively, a near-native solvated state can be
preserved by cryogenic vitrification and subsequent imaging by low-
dose cryogenic TEM. In this Minireview, we provide a critical analysis
of sample preparation, and more importantly, of the acquisition and
interpretation of electron micrographs. This overview should provide a
framework for the application of (cryo)-TEM as a powerful and
reliable tool for the analysis of colloidal and self-assembled structures
with nanoscopic dimensions.

1. Introduction

The fast-growing fields of nanotechnology and (macro)-
molecular self-assembly have led to a strong and continuous
demand for nanoscopic imaging of the resulting materials
with nanometer detail. Whereas scanning-probe techniques,

polymer science

chemistry, multidisciplinary

such as STM and AFM, have become the most important nanoscience and nanotechnology
tools for the imaging of surface-associated structures, in the
case of self-assembled and nanostructures in solution, trans- chemistry, physical

mission electron microscopy (TEM) is the technique of choice

for the analysis of structure and morphology at the nanometer  materials science, multidisciplinary

level. The widespread and frequent use of TEM as a : . r T — |

characterization tool is illustrated in Figure 1, which shows 0 200 400 600 800 1000 1200
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that over 2500 TEM-based publications appeared in the first
quarter of 2010 alone.™
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dissemination of these methods and their adoption by various
scientific disciplines has significantly enhanced our under-
standing of how physical and chemical processes control the
organization of matter across multiple length scales.”) How-
ever, the availability of TEM to a large scientific community,
in a similar manner to AFM, has also led to a increasing
number of “nonexperts” becoming involved in the interpre-
tation of micrographs of nanostructures. This phenomenon,
and the fact that much of the available TEM methodology
traditionally stems from either the biological or the (inor-
ganic) materials sciences, frequently leads to the use of
suboptimal processes for the preparation and treatment of the
sample, as well as to the erroneous interpretation of the
resulting images. With this Minireview, on the basis of our
experience in the application of TEM in inorganic (H.F.),
biological (PM.F.), materials (G.d.W.), and supramolecular
chemistry (N.A.J.M.S.), we hope to provide a guide for the
preparation of TEM samples and, more importantly, for the
interpretation of the micrographs obtained, but without
urging the reader to use expensive and not readily accessible
high-end equipment. Furthermore, we try to bridge the gap
between the different scientific disciplines by encouraging the
combination of TEM-based techniques that stem from
seemingly unrelated fields.

2. Sample Preparation

For analysis with conventional TEM, as it has been used
since the 1940s, solution-borne specimens are dried from a
suspension onto a substrate: generally a 10-30 nm thick
carbon or polymer film supported by a metal grid. In the case
of organic materials, which are relatively translucent for the
electron beam, drying is often combined with negative
staining, which artificially enhances contrast for visualization
of the structure and shape of the material under investigation.

2.1. Negative Staining

In this preparation method,” salt solutions of strongly
electron scattering heavy-metal compounds, such as uranyl
acetate, are added to the drying specimen to effectively form a
mold of the specimen (Figure 2a,c).! Compositional differ-
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Figure 2. TEM imaging of aggregates of two peptide-based double-
comb diblock copolymers (from Ref. [4]): a,c) negative staining with
uranyl acetate; b,d) the respective cryogenic preparations (see also
Figure 8). After negative staining, the density distribution in the image
is dominated by the stain. The stain penetrates/reacts variably with the
specimen; thus, the stain mold is not identical to the object. The cryo-
TEM images represent the density distribution within the specimen.
Although the density difference between the (negative) stain and the
specimen is larger than the density difference between vitreous water
and the specimen, the variation and uncertainty in stain penetration/
reactivity makes the staining approach inferior when fine structural
details have to be resolved. Scale bars are 100 nm.

ences and interfaces can be enhanced by selective interactions
with the salt solution or with, for example, OsO, vapors.”!
Specimen preparation, in particular the grain size of the
staining agent, generally precludes the sub-nanometer reso-
lution that is routinely observed for robust inorganic speci-
mens. Still, under optimal conditions, and depending on the
precise experimental procedure, a resolution of 2 nm can be
attained.[®

These drying and staining procedures can affect the
structure and morphology of the sample, and extreme care
should be taken in the interpretation of the electron micro-
graphs.[’! It is clear that the drying of solutions will dramat-
ically change the concentration of the material and in many
cases drive the self-assembly of solutes and aggregation of
existing assemblies along nonequilibrium pathways. More
precisely, the drying of suspended structures will expose them
to the surface tension of the solvent, and the retracting liquid
surface will sweep them into clusters. At the final stages of
drying, the material is concentrated and pressed together,
which can result in array formation (Figure 2 a,c), the collapse
of aggregate structures, and in some cases a stepwise (layer-
by-layer) increase in sample thickness.®!

In the case of aqueous samples, these effects can be
counteracted by the addition of surface-active compounds or
organic solvents, for example, methanol or ethanol;®! how-
ever, these measures may themselves alter the structures
under investigation. Also, freeze drying can be used to reduce
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the surface-tension effects associated with drying from
solution, as well as to prevent the structural collapse that
might occur upon removal of the solvent,'” and leads to the
deposition of the material that was originally dissolved in the
solution. Furthermore, the interaction with staining agents
may change both the nanostructure and morphology of the
objects under investigation.['!!

2.2. Freeze—Fracture EM

Freeze—fracture electron microscopy (EM) can be used to
avoid these artifacts."? This technique involves fast cooling of
the sample by plunging it into liquid ethane or liquid propane.
The temperature is maintained at approximately —160°C
while the frozen droplet is fractured with a cold “knife”. The
fracture path takes the route of lowest resistance and
generally follows the contours of the nanostructures present
at the fracture plane. These contours can be further accen-
tuated through the sublimation of a thin layer of the ice; the
features of the embedded objects then stand out more
clearly.™¥ An electron-transparent replica is prepared by
evaporating a thin layer of carbon onto the fracture plane.
The contrast needed to visualize the relief structure of the
surface is generated by evaporating a metal, for example,
platinum, onto the carbon film at an angle of approximately
45° (“shadowing”). Although elaborate, this technique has
been shown to successfully reproduce amphiphilic nano-
structures, such as vesicles and other bilayer aggregates."!
However, its success depends primarily on the preference of
the fracture plane to separate the two halves of the lipid
bilayer to reveal information on the internal structure of the
objects. In the absence of this effect, the replica can only
reproduce the outer contours of the ice-embedded objects.

2.3. Plunge Freezing

With the introduction of cryogenic TEM (cryo-TEM), it
became possible to image suspended organic material (Fig-
ure 2b,d).'"! Upon the plunge freezing of films approximately
100 nm thick of a (generally aqueous) solution into an
appropriate coolant, such as liquid ethane at —183°C, the
nanostructures of interest become instantaneously embedded
in an electron-transparent film of vitrified amorphous ice.!"
Through the use of phase-contrast imaging, which is discussed
further in Section 4, the need for staining is overcome, and
aqueous specimens can be studied in their near-native
hydrated state. With state-of-the-art equipment, nanometer
resolution is possible. Cryo-TEM also enables the imaging of
non-aqueous solutions;”! however, the conditions for sample
preparation and image collection are more critical than for
aqueous samples. During the vitrification process, the objects
of interest remain in the suspending medium, and their
mutual temporal and spatial arrangements are preserved. The
vitrified specimen can subsequently be studied at temper-
atures low enough to avoid the recrystallization of the
amorphous film. Nevertheless, several of the steps involved
in the preparation of cryo-TEM samples may lead to the
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introduction of artifacts. The critical issues in these steps and
the related potential pitfalls in the interpretation of the
resulting micrographs are discussed in this and the following
sections in more detail.

During sample preparation, a microliter drop of the
sample is applied to a carrier grid and subsequently reduced
about 5000 times in volume by blotting with filter paper to
yield a thin film with a thickness of typically about 100 nm.
The resulting thin film has a large surface-to-volume ratio that
enables rapid heat exchange and ensures efficient vitrifica-
tion. However, under ambient conditions, this surface-to-
volume ratio also leads to rapid evaporation of the solvent
with a concomitant significant increase in the sample con-
centration, a lowering of the temperature, and possibly a
collapse of the embedded nanostructures (Figure 3).'! For
example, an evaporation rate of 40 nms™' from an aqueous
film is expected under typical laboratory conditions (room
temperature, 40 % relative humidity): a dramatic rate for a
100 nm thick film. This effect of evaporation can only be
prevented by working at close to 100% environmental
humidity. Solvent saturation of the environment together
with temperature control are thus essential for specimen
preparation for cryo-TEM, and vitrification instruments have
been developed to support these conditions. The most
frequently used instruments are the Controlled Environment
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Figure 3. a) Rate of evaporation of a thin film subjected to several
temperatures and environmental humidities. b) Osmotic collapse of
spherical liposomes into “vaselike” structures (from Ref. [18]). Approx-
imately 50% of the internal volume of the liposomes was lost during
preparation at 25°C and 40% relative humidity.
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Vitrification System (CEVS) developed by Talmon and co-
workers,'” and the more advanced Vitrobot developed by
Frederik and co-workers/FEI company.*”!

Other essential issues in the preparation of thin aqueous
films are related to the sample support film. A good
wettability of the support is needed for the formation of a
thin continuous solvent film upon blotting with filter paper.
For use with aqueous/polar solvents, this wettability is
introduced by oxygen-plasma treatment (glow discharge).?"
Generally, amorphous-carbon support films with (circular)
holes are used. On a wettable support, the applied liquid
spreads out over the whole surface and has a slightly
biconcave surface where it spans the holes. Consequently,
the solvent film is thinner in the center of the holes than at the
edges. This effect can lead to the sorting by size of the
embedded nanostructures, with the smaller nanostructures
located in the center of the holes, and the bigger nano-
structures at the edges of the holes.!*!

The filter paper used for blotting should be inert; neither
release of material from the filter paper nor the selective
removal of sample components by the filter paper should
occur. In our experience, the latter issue is a (poorly
documented) point worthy of attention, in particular when
aqueous dispersions of amphiphilic block copolymers are
used. Moreover, the liquid flow induced by the blotting action
of the filter paper may induce shear stress in the liquid and
may thus lead to an orientation of the dispersed objects in the
flow or in some cases even to morphological rearrangement of
the self-assembled structures.??! In these cases, a waiting time
(seconds to minutes) should be applied between blotting and
vitrification so that the film can relax and the original
organization is again obtained.

The eventual vitrification of the thin film is achieved by
shooting it with a velocity of typically 1.5-2ms™' into a
cooling medium with good heat-exchange properties, such as
liquid ethane.” In the case of aqueous samples, when the
cooling rate is too low, hexagonal ice is formed (Figures 4a
and 5a), which hampers the reliable interpretation of the
recorded images. Once vitrified, the specimen should be kept
colder than 133 K to prevent devitrification of the film and its
transformation into cubic ice (Figures 4b and 5b), which may
be mistaken for embedded electron-dense particles belonging
to the sample. The rapid cooling of liquid water or the slow
deposition of water vapor on a cold surface leads to
amorphous/vitreous ice (Figures 4c and 5c,d).

Another point of attention after vitrification is the
protection of the specimen during transfer from the prepa-
ration chamber to the cryo-TEM sample holder, and sub-
sequently into the microscope. During these stages, atmos-
pheric water can deposit on the grid, generally as hexagonal
ice, and appear as particulate material (Figure 5c¢,d). Again, it
can thus interfere with the reliable interpretation of the
images. Similarly, a porous layer of vitrified water can be
deposited on the cold specimen if the partial vapor pressure of
water in the high vacuum of the microscope column is too
high (Figure Se). It can be detected and removed by careful
irradiation with a low-intensity electron beam (Figure 5e-h);
care has to be taken not to affect the integrity of the
underlying sample.
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Figure 4. Cryo-TEM images and diffractograms of a) hexagonal ice,
b) cubic ice, and c) vitreous ice and polystyrene spheres (from
Ref. [16c]).

3. Low-Dose TEM and Cryo-TEM

One of the most important causes of artifacts and
sometimes the misinterpretation of micrographs in TEM is
electron-beam-induced radiation damage. All organic speci-
mens, and under high magnification most inorganic speci-
mens, suffer from degradation as a result of the impact of the
high-energy electrons from the focused electron beam. The
concomitant dissipation of energy gives rise to chemical
reactions and rearrangements that lead to the loss of
structural detail during image acquisition. In the case of
organic materials, this behavior can also cause shrinkage and
even the introduction of circular voids (Figure 5g), which are
easily and frequently misinterpreted as the inner compart-
ments of “vesicular structures”. The fading and disappearance
of diffraction spots as a function of dose is a measurable
quantity for these destructive beam-specimen interactions.”*!

The damaging effect of electron irradiation can be
reduced by lowering the specimen temperature, for example,
by a factor of 3 to 6 between room temperature and liquid-
nitrogen temperature.””’ Nevertheless, also in cryo-TEM
samples, both the embedded nanostructures and the vitrified
matrix (in particular for organic solvents) are sensitive to
electron-beam-induced changes. The sensitivity depends on
the composition of the specimen and even on the cooling
velocity during specimen vitrification.”) For this reason, low-
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Figure 5. Cryo-TEM images of a) a polymer aggregate in hexagonal ice;
b) lipid vesicles in cubic ice; c) a polymer aggregate (center) in
vitreous ice and ice particulates; d) a hexagonal ice crystal on vitreous
ice; e—h) ice contamination as a result of a high partial water vapor
pressure in the microscope column, before (e) and after (f-h)
irradiation. f) The dashed line indicates the border of the illuminated
area. g) Lipid vesicle with a circular void as a result of beam damage.
h) Low-magnification image; the irradiated area appears as a bright
disk. Small dark spots are gold particles used for electron tomography.
Black scale bars are 100 nm, and white scale bars are 500 nm.

dose techniques should be applied: a “safe” predetermined
number of electrons per square nanometer should be used for
each image so that the required information can be extracted
before the specimen is damaged.

4. Image Contrast in (Cryo-)TEM
In TEM, two contrast mechanisms, amplitude and phase
contrast, contribute to image formation. Amplitude con-

trast—scattering—absorption contrast related to density and
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atomic number—arises from the fact that some regions in the
specimen scatter electrons more efficiently; therefore, fewer
electrons are detected in the corresponding region of the
image.! Phase contrast arises from the coherent interference
of the scattered and transmitted beams. Defocusing of the
image tunes the phase-contrast transfer function (CTF) to
enhance or diminish a given structural detail of the specimen
(Figure 6a).”"! Figure 6 also illustrates how the appearance
and power spectrum of colloidal gold and silica particles on a
carbon film change as the focus settings are varied. Conven-
tionally, images are recorded with the electron beam focused
below the plane of the specimen (negative focus values) to
avoid contrast reversal (bright specimen on a dark support, as
in Figure 6b). The directly interpretable resolution in an
electron micrograph corresponds to the first zero crossing in
the CTF and decreases with increasing defocus, as is best seen
by the shift to lower frequencies (arrows in Figure 6a). For
organic specimens, that is, specimens that are mainly com-
posed of elements with low Z values, the contribution of
amplitude contrast (related to density and atomic number) is
so small that image formation relies exclusively on phase
contrast up to dimensions of tens of nanometers.”® It is
therefore quite common to trade contrast for resolution and
use large defocus settings in cryo-TEM. Furthermore, image
contrast can be improved by zero-loss energy filtering, which
decreases the blurring in images due to inelastically scattered
electrons, for example, for thick or tilted (in tomography, see
Section 5) specimens, but more importantly, for low-dose
(cryogenic) specimens.*’)

In principle, phase-contrast imaging should be superior to
X-ray and neutron diffraction®™ and annular dark-field
scanning TEMP! in terms of resolution for a given dose;
however, experimentally the contrast is much lower than
predicted by scattering physics.*

In rare instances, there is a near-perfect match between
the vitrified matrix and the objects under investigation, and
no contrast is observed even at extreme defocus settings. In
this case, the object may be visualized by careful irradiation
through selective beam damage (Figure 7).”* For aqueous
samples, contrast can also be modulated by increasing or
decreasing the density of the vitrified matrix, for example, by
adding glycerol or methanol to the solution, respectively.’
Despite the changes that additives may induce in the samples
under investigation,™"! cryo negative staining has shown
promise in preserving the structure in some specimens to
nanometer detail.® In cryo negative staining, the sample is
embedded in a vitreous film containing a negative staining
agent (e.g. ammonium molybdate). Under these conditions,
the image contrast is increased significantly in comparison to
that observed for native aqueous cryogenic preparations, so
that lower defocus settings can be used during image
acquisition, and the beam stability of the cryogenic specimen
is also increased significantly.*"

5. Three-Dimensional (Cryo)-TEM

The projection images yielded by (cryo)-TEM provide
information on both the shape and the internal structure of
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Figure 6. a) Contrast transfer function (of the cryoTITAN microscope at TU Eindhoven) calculated for defocus values of +2 pum (red), —150 nm

(purple), —1 pm (green), and —3 pum (blue). The read, green, and blue curves are truncated at 1 nm™' for better visibility. b-e) TEM images and

f—i) power spectra of 10 nm colloidal gold (b,f) and 5 nm silica particles on a carbon support film with a defocus of +2 um (b,f), =150 nm (c,g),
—1 pm (d,h), and —3 pm (e,f). Scale bars are 10 nm. The silica particles formed agglomerates during drying on the support.

Figure 7. Cryo-TEM images of threadlike micelles of the amphiphilic
triblock copolymer Pluronic 123 in a mixture of water and dimethyl-
formamide. a,f) Low-magnification images (—40 um defocus) before

(a) and after (f) the induction of contrast by selective beam damage.

b—e) Images showing the contrast increase with increasing electron
dose (an increase of 3 e”A™? per image at —5 um defocus). White
scale bars are 500 nm, and black scale bars are 100 nm.B"
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the nanostructures under investigation. One should, however,
consider the effect of overlapping features in projections,
similarly to the shadow play of a hand on a wall. The
extension of imaging by TEM into three dimensions is
possible by combining multiple projections from different
directions.® At present, essentially two methodologies are
available; the appropriate method is selected according to the
degree of “structural uniqueness” of the sample.’™ Both
methods are employed for the analysis of self-assembled
structures in cryogenic samples. If many structurally identical
objects exist, powerful averaging methods (referred to as
single-particle techniques) combine the information from
multiple “copies” with multiple orientations into a single 3D
reconstruction. Prominent examples are the 3D imaging of
stacked bilayer helices formed by amphiphilic molecules and
structurally persistent micelles.* In particular, a recent study
on the micellar assembly of amphiphilic [3:3] hexakis adducts
of Cy, illustrates how single-particle techniques can resolve
the internal organization of molecular aggregates of only
Snm in size: the smallest persistent micelles detected so
far o]

For pleomorphic (unique) structures, as are generally
present in synthetic samples, electron (cryo)tomography (ET)
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is the technique of choice.”*”! In (cryo-)ET, a large number
of 2D projections are recorded from the same object at
different angles and are combined to produce a 3D image.
Our research group!*®! and others® recently introduced the
use of cryo-ET on synthetic hydrated specimens to reveal with
nanometer detail the 3D organization of self-assembled
structures. In these studies, in which a large series of images
of the same area are recorded with different tilt angles, the use
of low-dose techniques to prevent radiation damage is very
important. Moreover, the processing of data in cryo-ET, from
alignment to reconstruction to visualization, requires the
utmost care on account of the low dose. Different 3D images
obtained for a single sample through the use of different
reconstruction and denoising algorithms are presented in
Figure 8. Although reconstruction by weighted back projec-
tion followed by denoising is most common,™” iterative*! and
discrete®! approaches are gaining importance.

Figure 8. Bicontinuous aggregate of a peptide-based double-comb
diblock copolymer visualized by using three perpendicular numerical
cross-sections through reconstruction by: a) weighted back projec-
tion;“%®! b) weighted back projection and denoising;“® c) the algebra-
ic reconstruction technique (ART)"'? with three iterations; d) the
sequential iterative reconstruction technique (SIRT)¥'? with 20 itera-
tions (data taken from Ref. [4]).

6. Conclusions and Outlook

The recent advances in TEM methodology and instru-
mentation, and more importantly, their dissemination and
adoption by various scientific disciplines, have led to a wealth
of possibilities for the analysis of self-assembled nanostruc-
tures. Use of these analytical techniques has significantly
enhanced our understanding of how physical and chemical
processes control the organization of matter across multiple
length scales.>¥” A recent beautiful example*! illustrates
how far TEM has developed over the past few years:
aberration-corrected TEM™! with an acceleration voltage of
only 80 kV provided atomic images of metal-mediated full-
erene coalescence and nanotube rupture (Figure 9).! This
and related developments bring us ever closer to character-
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1 nm

Figure 9. a) Model of a dysprosium atom encapsulated inside a Cg,
fullerene. b) Model of fullerenes aligned within a carbon nanotube.
c) Aberration-corrected TEM image of dysprosium atoms inside Cq,
cages inside a nanotube (from Ref. [43]).

izing chemical substances and reactions by “just looking”
where the atoms are.[*”]

For the analysis of solution-borne nanostructures, and in
particular self-organizing systems, the use of cryo-TEM is a
growing field.'-1%4! Remarkably, whereas electron cryoto-
mography (cryo-ET, also referred to as 3D cryo-TEM) is
currently developing into a major technique in life sciences,*”!
its application in the study of nonbiological materials is
virtually unexplored. Besides our cryo-ET studies on syn-
thetic hydrated specimens,**! our research group recently
demonstrated the time-resolved cryo-TEM analysis of self-
assembly and biomimetic mineralization processes. !
Within this approach, plunge freezing of the samples at
different time points enabled the detailed analysis of all stages
of the process under investigation with both 2D and 3D
imaging as well as with diffraction techniques.

Nevertheless, we emphasize that although the quality of
the TEM images may in part depend on the available
equipment, it depends much more critically on the prepara-
tion of the sample and the imaging conditions. More
importantly, the reliability of the conclusions drawn from
the experiments fully depends on the careful interpretation of
the data. Hence, complicated sample preparation and ad-
vanced imaging techniques may not be required if one can
establish that the observed features are without doubt the
result of the solution chemistry rather than of the procedures
used to obtain the images.

Finally, the ability of TEM to provide detailed informa-
tion on individual species inside a population is probably the
strongest asset of the technique. However, it also brings about
the greatest weakness: TEM may lead researchers to draw
conclusions based on the observation of a limited number of
objects and therefore should ideally be supported by infor-
mation obtained for the entire population by collective
approaches, such as scattering and spectroscopic tech-
niques.*”! Nevertheless, we have high expectations from the
latest developments in the field of TEM, in particular now
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that 2D and 3D cryo-TEM methods can be combined with
techniques such as scanning transmission electron microscopy
(STEM), electron energy loss spectroscopy (EELS), and
energy-dispersive X-ray spectroscopy (EDX), thereby effec-
tively merging approaches that originate from the biological
and materials sciences.”!
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