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Abstract
Elucidating the structural information of nanoscale materials in their solvent-exposed state is
crucial, as a result, cryogenic transmission electron microscopy (cryo-TEM) has become an
increasingly popular technique in the materials science, chemistry, and biology communities.
Cryo-TEM provides a method to directly visualize the specimen structure in a solution-state
through a thin film of vitrified solvent. This technique complements X-ray, neutron, and light
scattering methods that probe the statistical average of all species present; furthermore, cryo-TEM
can be used to observe changes in structure over time. In the area of self-assembly, this tool has
been particularly powerful for the characterization of natural and synthetic small molecule
assemblies, as well as hybrid organic–inorganic composites. In this review, we discuss recent
advances in cryogenic TEM in the context of self-assembling systems with emphasis on
characterization of transitions observed in response to external stimuli.
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1. Introduction
Molecular self-assembly is a promising area of interdisciplinary science, covering a broad
range of topics, from rational design of synthetic small molecules and polymers to the
folding and aggregation of proteins and nucleic acids. Microscopy is an essential tool for
characterization of these self-assembling systems because in enables direct visualization of
their nanometer-sized features. Among the microscopy techniques that are commonly used,
cryogenic transmission electron microscopy (cryo-TEM) is uniquely suited to provide
structural and dynamic information of assemblies. The sample is vitrified in solution
allowing direct visualization of the structure with variation in concentration, pH, osmolarity,
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or temperature. Self-assembled structures including multicomponent micelles [1, 2], toroids
[3], vesicles [4–6], helices [7, 8], twisted ribbons, and fibers [9] have been explored
extensively using cryo-TEM. With recent advances in computing and sample preparation,
three-dimensional rendering using single particle reconstruction of viruses and proteins has
become possible, complementing X-ray crystallography data. Cryo-TEM has also proven
invaluable for characterization of intermediate protein assemblies or dynamic processes that
would be difficult to study using diffraction of protein crystals [10]. In addition, the
development of supramolecular “smart” materials that respond to external stimuli often
result in morphology changes or dynamic events that occur within a solvent, necessitating
cryo-TEM [11–13]. Here we review a subset of organic self-assembling systems and the
application of cryo-TEM to study morphology, kinetics, and dynamics of these structures in
situ. Furthermore, we briefly discuss the instrumentation and advances for improving the
technique as well as complementary cryogenic techniques that may be used to characterize
larger macroscale materials on the nanoscale.

2. Sample Preparation and Instrumentation
Unlike other techniques that probe the nanoscale dimensions of organic assemblies such as
atomic force microscopy (AFM) or conventional TEM, cryo-TEM has minimal sample
requirements and directly visualizes the sample through a film of vitrified solvent, reducing
confounding factors during imaging. For example, AFM requires imaging on a flat substrate
that can carry a net surface charge, possibly influencing the observed nanostructures.
Additionally, measurements involve direct interaction between the cantilever and the sample
potentially distorting the sample. Conventional TEM primarily relies on the introduction of
foreign components such as heavy metal salts for increased contrast, and more importantly,
the sample is dried. When the solvent is removed, the hydration shell of the organic material
is lost and information of the hydrated, native structure of the assembly can be
compromised. Furthermore, if changes in the system are monitored, these techniques require
some form of chemical fixation, which can introduce confounding effects and may not
maintain the native state of the sample. In contrast, cryo-TEM employs thermal fixation,
which reduces molecular motion by vitrifying the sample in a thin layer of solvent, making
it a powerful tool for visualizing hydrated, self-assembled structures.

Sample preparation for cryo-TEM requires adequate fixation and preservation of the
nanostructure. Thermal fixation is achieved by rapidly plunge freezing the specimen into a
cryogen to achieve a vitreous film with minimal solvent crystallization. During the process,
the humidity is controlled in order to prevent the loss of volatiles (such as water vapor),
which could introduce drying artifacts in the sample. To form an electron transparent film
suitable for imaging with a final thickness less than approximately 300 nm, the sample is
blotted with filter paper to remove excess solvent prior to plunging (Figure 1). Instruments
for automated plunge freezing of specimens are commercially available, such as the FEI
Vitrobot and the Leica EM GP. An ideal cryogen should have a high thermal conductivity to
allow for rapid vitrification during plunging and a high heat capacity in order to minimize
the Leidenfrost effect, whereby rapid boiling of the cryogen forms an insulating gas film
surrounds the specimen, reducing the rate of cooling and resulting in poor vitrification. In
practice, the cryogen of choice for aqueous solutions is typically liquid ethane, whereas
liquid nitrogen is often used to vitrify organic solvents, due to the solubility of ethane in
nonpolar solvents.

TEM has three mechanisms to produce contrast: atomic number dependent (Z) contrast
(mass-thickness contrast), diffraction contrast, and phase contrast. For cryo-TEM, although
Z- and diffraction contrast can contribute to the image, the most prevalent contrast
mechanism for visualizing amorphous, organic-based nanostructures in a vitreous film is
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phase contrast. Since the electron beam is set at a single accelerating voltage, the beam
exhibits a narrow energy spread and is relatively “monochromatic.” As the electron waves
interact with the sample, there are phase changes that correlate with the inner electron
potential of the sample, producing contrast between the sample and the surrounding vitrified
solvent. To utilize this contrast mechanism practically, the instrument is under-focused, but
this can emphasize features of a specific size, making imaging at multiple defocus planes
important for assessing the entire sample. Furthermore, there is a tradeoff between contrast
and resolution when using defocus-phase contrast; increased defocus augments the contrast
at the expense of reduced spatial resolution. Furthermore, absolute measurements in cryo-
TEM micrographs have some variability due to the effect of underfocus. To increase both
image resolution and contrast, recent efforts in TEM instrumentation have been made
toward the development of phase plates that could eliminate the need to use defocus as a
source of image contrast [14]. Additional instrumentation is also available to increase
resolution. For example, aberration correctors correct for imperfections in the lenses and are
particularly useful for the characterization of periodic, low-Z materials [15].

Although cryo-TEM has a number of advantages over other methods for characterizing
nanoscale features, there are a few limitations to consider. Radiation damage of the
specimen is one of the primary limiting factors, and the rate of damage varies from sample
to sample [16]. Imaging is typically performed under low-electron dose conditions;
however, this limits the signal-to-noise ratio because excessively long exposures can result
in drift or radiation damage. Imaging using a phase plate can significantly enhance the
imaging capabilities of cryo-TEM, but phase plates are currently tedious to use and are still
being further optimized for commercial production [14]. Cryo-TEM images are prone to a
number of artifacts due to sample preparation and electron-sample interactions. During
plunging, the solvent can freeze resulting in the formation of ice crystals that appear as dark
streaks or hexagons (hexagonal ice). Also, electron dense spherical artifacts are often
observed (frost particles). Irradiation of the vitreous film by the electron beam can also
cause a spotty appearance due to crystallization of vitreous ice to cubic ice [16]. If the
sample is not plunged in the proper humidified environment, the sample can dry and become
distorted. For methodologies to interpret cryo-TEM images and the mostly commonly
observed artifacts, we direct the reader to several thorough reviews [6, 17, 18]. Also, cryo-
TEM is not the most appropriate method for quantification; other techniques such as X-ray
or light scattering are important to corroborate the micrographs. Lastly, the sample thickness
is limited to a few hundred nanometers, making cells and macroscale materials difficult to
characterize in situ, although important information may be present at the nanoscale. Very
recently, researchers have taken the challenge to directly plunge live cells to evaluate
cytoskeletal elements and organelles [19, 20]. For samples that are too large for direct
imaging, recent developments in cryogenic fixation and cryo-sectioning have enabled cryo-
electron tomography and imaging on vitreous sections at liquid nitrogen temperatures. These
methods have revealed new structures in biological samples that were not observed
previously due to sample dehydration [21]. The development of these sample preparation
techniques also holds promise for nanoscale characterization of meso- and macroscale
materials.

3. Block Copolymer Assemblies
A rich array of synthetic, amphiphilic block copolymers has been used to generate a plethora
of dynamic structures that undergo morphological changes in response to external stimuli.
Amphiphilic block copolymers are comprised of distinct polymeric segments that typically
have molecular weights of 1–100 kDa and are well known to self-assemble into
nanostructures with a dense core and highly solvated corona. The alternating hydrophobic
and hydrophilic blocks enable attributes such as solvent selectivity and distinct phase
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separation behavior. For example, changes in the composition or solubility of the corona or
core polymers can lead to transformations in morphology that can be utilized for medical
applications such as controlled drug release [22]. Changes in temperature, pH, and solvent
composition can influence polymer behavior and assembly in solution. Recently,
multicompartment block terpolymers have been studied because of their interesting dynamic
behavior in solution [1]. Transitions in the morphology of assembled polymeric structures
over time can be studied by small-angle X-ray and neutron scattering, but these results can
be difficult to interpret and can often overlook intermediate structures that exist between the
original and final morphologies. Cryo-TEM provides an in situ snapshot of morphological
evolution in response to a dynamic sample environment. Elucidation of block copolymer
morphology using cryo-TEM has been reviewed previously [23]; here we focus on recent
work involving systems that exhibit stimuli-response and their use of cryo-TEM to observe
these transitions.

3.1. Stimuli-induced transitions of block copolymer assemblies
The development of pH responsive materials has recently become an area of interest for a
variety of applications, including controlled drug delivery [24]. Amphiphilic block
copolymers provide an attractive approach, as the differences in solubility of the polymer
corona can cause either collapse or phase separation, ultimately altering the final
morphology. To appropriately probe these solvent exposed assemblies, cryo-TEM is among
the most useful methods for characterization. Schacher et al. investigated the effect of acidic
pH of solutions containing the block terpolymer ABC, where A is hydrophobic, and B and C
are pH dependent, oppositely-charged polyelectrolytes [2]. Cryo-TEM revealed a core-shell
micelle with an extended corona that underwent a collapse at pH 4. Additionally, miktoarm
star block terpolymers transformed from spherical micelles with a mixed corona to
multicompartment micelles when the pH was increased [25]. The transition from
multicompartment spherical micelles to mixed corona micelles has also been observed with
ABC block terpolymers, where A has pH-dependent solubility, B is hydrophobic, and C is
hydrophilic [26]. As the pH was raised, the pH-dependent block moved from the core to the
corona, generating spherical micelles. In addition to pH-induced changes in the corona,
changes in the size of specific block copolymer domains have produced changes in
morphology. Cracking in vesicles was observed by cryo-TEM as a result of membrane
swelling in the block terpolymer ABC, where A is hydrophilic, B is hydrophobic, and C has
a pH dependent solubility [27]. Within the vesicle membrane, the pH-dependent block
formed an intermediate layer between two hydrophobic layers. As the pH decreased, the pH-
dependent layer became more hydrated and swelled, which resulted in an increase in vesicle
size, and eventual cracking in the hydrophobic block domains.

A shift in pH is commonly used as a method for accelerated degradation of block copolymer
domains leading to morphological transformations. The variation in structure that
accompanies the change in composition during degradation of the block copolymers can be
readily captured by cryo-TEM. For example, miktoarm star terpolymers made up of μ-
[ABC], where A is hydrophobic, B is hydrophilic, and C is a hydrolytic block degraded due
to hydrolysis at high pH [28]. Interestingly, unlike the ABC wormlike micelle assemblies at
neutral pH, the degradation products of the block terpolymers, AB and C homopolymers,
formed large, spherical assemblies with a single cylindrical protrusion over two weeks at pH
12 (Figure 2a – 2c). It should be noted that morphologies like the one in Figure 2a would be
exceedingly difficult to characterize by other techniques, such as small angle neutron and X-
ray scattering. Furthermore, hydrolytic degradation, which was accelerated at low pH,
caused a change in morphology of AB, where A is hydrophilic and B is a hydrophobic from
wormlike micelles to spherical micelles [29]. In an AB block copolymer, where B is
hydrophobic with orthoester side chains, spherical micelles were observed to increase in

Newcomb et al. Page 4

Curr Opin Colloid Interface Sci. Author manuscript; available in PMC 2013 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



both diameter and polydispersity as a result of ester hydrolysis within the hydrophobic block
[30]. The change in the size distribution of these spherical micelles, as revealed by cryo-
TEM, was later shown to correlate with faster release of doxorubicin at lower pH for
applications in drug delivery [31]. An AB block copolymer, where A and B are soluble in
acidic and basic conditions, respectively, were shown to form vesicles with either an anionic
or cationic corona, depending on the pH [32].

Cryo-TEM is also useful to characterize temperature-sensitive polymeric assemblies.
Thermal annealing can drive the assembly of block copolymers towards a thermodynamic
equilibrium, producing interesting changes in morphology. Additionally, blocks of
thermosensitive units can be inserted into the polymer backbone to induce switches in
morphology. Walther et al. investigated ABC thermoresponsive block terpolymers that
switched from a mixed corona to a phase-segregated corona [33]. After several heating
cycles, the phase-segregated corona micelles began to aggregate into superstructures to
minimize the contact of the temperature-sensitive phase with the solution. In hydrophilic-
lipophilic-fluorophilic ABC block terpolymers, crystalline fluorophilic domains in phase
segregated micelles became more visible by cryo-TEM after processing steps that included
thermal annealing [34]. Increased temperatures can also influence the size of block
copolymer assemblies. For example, ABC hydrophilic-lipophilic-fluorophilic block
copolymers that form monodisperse micelles increased in both size and polydispersity with
more visible phase separation after heating (Figure 2d – 2e) [35]. The phase separation was
a result of the formation of fluorophilic domains, which appear denser by cryo-TEM. In
addition to heating, incubation at cooler temperatures has also been observed to alter
morphologies. Cooling to 4°C and warming to room temperature changed both the size and
morphology of AB hydrophilic-hydrophobic block copolymers [36]. These polymers
transformed from cylindrical micelles to vesicles based on these cooling/warming cycles as
seen by cryo-TEM.

3.2. Assemblies in Solvent Mixtures
Solvent composition plays a strong role in determining the assembly behavior of
supramolecular assemblies. For example, in mixtures of organic and aqueous solvents, an
increase aqueous content can promote the driving force for hydrophobic interactions,
resulting in high kinetic barriers. Cryo-TEM is uniquely suited to visualize assemblies in
aqueous or organic solvents or their mixtures. By mixing water and tetrahydrofuran (THF),
Rybtchinski et al. demonstrated the pathway-dependent assembly of an amphiphilic perylene
diimide -peptide complex [37]. Additionally, using a similar solvent mixture and a perylene
diimide-PEG based molecule that assembled into twisted fibers, the Rybtchinkski group was
able to show reversible supramolecular polymerization and depolymerization of the
assemblies, which correlated with switching of photofunction [38].

In the case of block copolymers, solvents can be selective for specific polymer blocks,
leading to morphological changes in assembly. Liu et al. investigated miktoarm star triblock
copolymers, where the poly(ethylethylene) block switched from the core to the corona after
the addition of THF [39]. As THF was added, the observed structure first switched from
disks to wormlike and spherical micelles, and then to oblate ellipsoid micelles. Adding THF
also caused an assembly change in an ABC block terpolymer from uniform cylindrical
micelles to multicompartment cylinders that exhibited subdivided hydrophobic regions [40].
Controlling the shape of polymerosome stomatocytes, made up of a hydrophilic-
hydrophobic AB block copolymer, was achieved through variation of THF concentration
relative to dioxane, while the ratio of total organic solvent to water was held constant
(Figure 2f – 2h) [41]. Solutions with higher THF content resulted in a smaller diameter of
the opening of the stomatocyte because of the change in swelling and rate of phase change
within the PS domain. These same polymerosome stomatocyte structures evolved over time
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during dialysis in 50/25/25 mixtures of water/THF/dioxane [42]. Selection of organic
solvent in mixtures with water had significant effects on the assembly of AB block
coplymers, where A is hydrophobic and B is a carboxylic acid-functionalized silsesquioxane
[43]. Vesicles were observed by cryo-TEM in dioxane, wormlike micelles in DMF, and
spherical micelles in DMF/NaOH. These changes in structure were likely due to the change
in ionization of the carboxylic acid in the different organic solvents. Cryo-TEM also has
been used for near-instantaneous imaging of aqueous/organic mixtures. Vitrification of a
solution of hydrophilic-hydrophobic AB block copolymers was performed almost
immediately after spraying of water into THF with the block copolymer, which led to the
formation of vesicles [44]. As the percentage of water increased relative to THF, the
assemblies switched from wormlike micelles to spheres back to wormlike micelles. Finally,
at 80/20 water/THF, the block copolymer formed vesicles. The dynamic assembly of
spheres to wormlike micelles was also observed in cryo-TEM by varying the mixing times
(7 ms to 70 ms) after water was sprayed into THF. Overall, cryo-TEM has enabled
characterization of solvent, pH, and temperature-responsive behavior of block copolymers,
revealing dynamic behavior and intermediate structures to explain assembly in solution.
During dynamic processes, mixtures of different morphologies that are present after the
addition of a stimulus can be difficult to characterize by light, neutron and x-ray scattering.
Alternatively, the instantaneous capture by cryo-TEM allows for the characterization of both
the orignal, mixed intermediate, and final block copolymer assemblies, which could help
generate insight about structure changes. While techniques like DLS can lend support to
conclusions about dynamic morphologies, ultimately the changes observed by cryo-TEM are
essential for understanding dynamic assemblies. Furthermore, the use of cryo-TEM for
visualizing the morphology of block copolymers has become a standard technique and will
only continue to become mainstream for other self-assembling systems.

4. Peptide-based Molecules
Over the past decade, self-assembling peptide-based molecules have received great attention
primarily because of their potential as novel biomaterials for regenerative medicine [45–47],
as well as their significance in understanding the formation of insoluble amyloid fibrils that
have been associated with several neurological disorders [48]. Because such supramolecular
interactions occur in aqueous environments, cryo-TEM has been a valuable tool to visualize
and study the self-assembly of a broad class of peptide-based materials including peptide
amphiphile (PA) molecules [49–52], β-hairpin peptides [53, 54], coiled-coil peptides [55,
56], collagen mimetic peptides [57], polypeptides [57, 58], amphiphilic proteins [59],
peptide macrocycles [60], and polymer-peptide conjugates [61]. Recently, this ability to
capture and image the supramolecular nanostructures in situ has been employed to
characterize the dynamic self-assembly of such molecules, highlighting the differences in
nanostructures before and after various conditions or treatments.

4.1. Peptide Amphiphile Assemblies
Peptide amphiphiles (PAs) are a class of small molecules that contain a hydrophilic peptide
segment covalently bonded to a short hydrophobic block. They are designed to self-
assemble into defined nanostructures through the use of supramolecular interactions such as
hydrophobic collapse and intermolecular hydrogen bonding. Early experiments with PAs
investigated their ability to assemble into small protein-like aggregates [62] and flat two-
dimensional morphologies including monolayers at the air-water interface [63, 64]. Our
group has designed a broad class of PA molecules that self-assemble into high aspect ratio
cylindrical nanofibers [49, 65–67] nanoribbons [9, 68], and nanobelts [69]. These
filamentous assemblies of PA molecules can form self-supporting gels by salt screening of
the charged residues [70–72] or they can interact with biopolymers to create hierarchical
structures [73–75]. The supramolecular networks have been shown to promote various
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bioactivities including spinal cord regeneration [76], bone and cartilage regeneration [77–
79], ischemic tissue repair [51, 80, 81], cavernous nerve repair [82]. Furthermore, the
supramolecular architecture of PAs affords a unique bioactive component to the material.
For example, presentation of biological peptide epitopes in high aspect ratio nanofibers has
demonstrated improved bioactivity as compared to their spherical micelle counterparts [83],
and the filamentous nanostructures proved advantageous for applications in cancer therapy
[84, 85].

Since PA molecules are designed to self-assemble in aqueous media, cryo-TEM has proven
to be an invaluable technique to directly visualize their supramolecular behavior in their
native, hydrated state. Bitton and coworkers observed that PAs self-assembled into helical
ribbons and tubules, and transitioned to a spherical micelle morphology after mixing with
co-surfactants [86]. Our group recently demonstrated that PA molecules bearing a
hydrophobic, laminin-derived peptide (IKVAV) had a high propensity to self-assemble into
bundles of nanofibers, and this interdigitation of nanostructures resulted in reduced surface
area and decreased bioactivity [68]. Using cryo-TEM, it was found that incorporating more
like-charge amino acids adjacent to the bioactive epitope increased the electrostatic
repulsion between the fibers, suppressed the bundling nanofibers, and enhanced the
bioactivity. We have also reported that cylindrical assemblies of PA nanofibers were capable
of spontaneous crystallization in aqueous environments [87]. Hexagonal packing of the
nanofibers was observed beyond a critical PA concentration, presumably due to increased
electrostatic repulsion between the nanofibers. Overall, the ability to characterize PA
assemblies in solution by cryo-TEM has been an important step toward elucidating the role
of molecular design on the resulting nanostructure and function.

Cryo-TEM also enables the visualization of dynamic processes by imaging samples with
variable concentration, time, pH, temperature, or mechanical force. For example, a time-
dependent morphological transformation from a metastable state of short, twisted ribbons to
more thermodynamically stable long, helical ribbons (Figure 3) have been observed. This
change in morphology was attributed to changes in aromatic stacking of phenylalanine side
chains [9]. The transition from twisted to helical ribbons was also observed by Danino et al.
using a bolaamphiphile containing two lysine residues; given additional time, the helical
ribbons further transition into nanotubes via a mechanism that was revealed using cryoTEM
[88, 89]. In an effort to understand the supramolecular factors that control micelle shape,
Shimada and colleagues characterized a PA molecule with an α-helix-forming peptide
headgroup and observed a transformation from spherical to wormlike micelles over time
[90]. By performing CD measurements, they identified an accelerated transition in the
secondary structure of the molecule from α-helix to β-sheet with increased temperature;
based on this thermal transition, the authors claimed that the β-sheet secondary structure was
more thermodynamically favored and thus responsible for the sphere-to-wormlike transition
over time. Shimada and colleagues also observed that fluid shear stress could also induce the
supramolecular transformation of the same PA molecules from spherical to wormlike
micelles irreversibly. They claimed that the resulting wormlike micelles are highly stable
due to the β-sheet formation in the secondary structure of the molecules after shear flow
[91]. Using cryo-TEM, bundles of nanofibers could be observed and the number of
nanofibers increased within each bundle with increasing concentration.

The development of stimuli-responsive self-assembling materials enables the ability to
respond to biological stimuli or local changes in the environment and ultimately provide a
therapeutic agent or a dynamic platform for cell-material interactions. Webber and
colleagues designed “switchable” PA nanofibers with a consensus substrate sequence
specific to protein kinase A (PKA) [92]. Using cryo-TEM, the high-aspect-ratio nanofibers
were shown to disassemble upon phosphorylation in the presence of PKA and re-assemble
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upon treatment with alkaline phosphatase, an enzyme that cleaves the phosphate group
(Figure 4a – 4d). Hartgerink and colleagues developed both a PA molecule and multidomain
peptides to include a specific matrix metalloproteinase-2 (MMP-2) cleavage site to create a
dynamic, extracellular mimetic that would allow cell-mediated proteolytic degradation of
the network and subsequent remodeling with natural ECM [93, 94]. They characterized
multidomain peptides containing an ABA motif where the A block provides solubility and
the amphiphilic B block drives the self-assembly and displays the MMP-2 cleavage site.
They observed that the enzyme-mediated digestion resulted in a morphological
transformation from highly crosslinked nanofibers to small aggregated globular structures
[93]. Cryo-TEM was also employed to investigate the cell-material interaction between
dental stem cells and MMP-2 cleavable PA hydrogel scaffolds [94]. The recent trend to
utilize cryo-TEM for characterization of dynamic self-assembling substrates as well as the
interactions between cells and nanoscale structures may help to further elucidate the many
functions they could have in biological systems as novel therapies.

4.2. Peptide-Polymer Conjugates
Dynamic morphologies of self-assembling amphiphilic molecules have also been achieved
through the conjugation of peptides to synthetic polymers. Generally a hydrophilic polymer,
such as PEO, or a hydrophobic polymer block has been attached to a peptide sequence
designed to promote specific, tunable supramolecular interactions. Covalently linking short
peptide sequences to block copolymers has produced interesting new morphologies that
have characterized by cryo-TEM. For instance, reversible transitions of PEO-peptide-PEO
block copolymers demonstrated the ability to assemble from spheres to larger aggregates
and back to spheres with increasing temperature [61]. These temperature-dependent
assemblies were only observed when a zwitterionic peptide sequence was chosen. In another
study, two peptide sequences that non-covalently attach to form a coiled-coil structure were
chosen to create a supramolecular triblock polymer [95]. One peptide was attached to a
hydrophilic PEO block and the other was attached to PS. When characterized independently,
both the peptide-PEO and PS-peptide formed spherical micelles, as visualized by cryo-TEM.
When combined in solution, the supramolecular bonds created a PS-peptide/peptide-PEG
conjugate that formed rodlike structures. Cryo-TEM was also used to visualize a change in
nanostructure from spherical micelles to dis-assembled structures upon addition of the
protease chemotrypsin [96]. This example used a beta-amyloid peptide sequence (KLVFF)
conjugated to a PEO block. No assemblies were observed after enzymatic degradation of the
peptide block by chemotrypsin. In each of these cases, cryo-TEM was used to show the
dynamic behavior of peptide-polymer conjugates in solution.

4.3. Self-assembly of amyloids
Amyloids are abnormal fibrous deposits composed of peptides or proteins assembled with a
dominant β-sheet conformation [97], and these insoluble aggregates are associated with
several neurodegenerative diseases including Parkinson’s disease (PD), Alzheimer’s disease
(AD), and Huntington’s disease (HD) [48]. To find new treatments, it is of utmost
importance to gain structural and supramolecular insight into the mechanism of amyloid
fibril assembly; however, their dynamic nature has made it difficult to produce protein
crystals for X-ray diffraction experiments. Alternatively, cryo-TEM and image-processing
techniques have been valuable in providing three-dimensional structural information of
several amyloids. For example, cryo-TEM has been used to characterize α-synuclein (α-
syn) proteins, which are highly aggregated in patients with PD. Vilar et al. observed that a
single α-syn filament, either straight or twisted, consisted of two protofilaments [98]. In
addition, AD has been linked with the aggregation of amyloid β (Aβ) peptides, and Sachse
et al. revealed by cryo-TEM that this amyloid fibril also consisted of two protofilaments,
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and each protofilament was comprised of a supramolecular stack of two anti-parallel
polypeptide chains [99].

The formation of Aβ fibrils has been found to require a secondary structural transition of Aβ
peptides from α-helix to β-sheet. Pagel and colleagues investigated whether a change of pH
could be a triggering mechanism for such a transformation [100]. By designing de novo a
model peptide based on a α-helical coiled-coil motif with β-sheet favoring subunits, they
observed by cryo-TEM that the model peptide self-assembled into globular aggregates at
low pH, but transitioned into fibers and twisted ribbons at neutral pH. In addition to pH, the
influence of salt on the self-assembly of Aβ peptides has also been investigated. Castelletto
and coworkers observed that addition of NaCl to NH2-βAβAKLVFF-COOH peptides, a key
sequence involved in Aβ fibril formation, resulted in the conformational change of the
fibrils from thin nanoribbons to the coexistence of wide, twisted fibers and nanotubes [101].
They proposed that salt enhanced the twisting of fibers by screening the charge both at the
β-sheet surface and at the edges of the twisted tapes. In a subsequent study, they also
investigated the influence of charge and aromatic stacking interactions on the
supramolecular behavior of the amyloid peptide fragments [102]. When the N- and C-
termini of the peptide were each modified to be neutral, they observed that the extent of
nanofiber twisting decreased with increasing salt concentration, as evidenced by the change
in supramolecular assembly from twisted to flat ribbon structures. They postulated that since
salt can only screen the charged lysine residue, the resulting decrease of the dipole effect
from the residue would disrupt the twisting of the nanoribbons.

Furthermore, there also has been an effort to disaggregate mature amyloid fibrils to prevent
any further tissue damage. By investigating a number of surfactants, Han and colleagues
found that cationic gemini surfactant micelles were able to effectively disassemble mature
amyloid fibrils in vitro, as observed by structural evolution of fibrils into globular
aggregates after only one hour incubation (Figure 4e – 4g) [103]. Overall, cryo-TEM has
allowed the study of structural evolution of several amyloid fibrils in their dynamic state,
and this technique will continue to play a critical role in moving forward to understand and
find strategies to treat relevant neurodegenerative diseases.

5. Organic-Inorganic Hybrid Assemblies
Hybrid materials that contain both organic and inorganic components have gained recent
interest due to their potential in a variety of applications including catalysis, photovoltaics,
photonics, and biomaterials [104–106]. The addition of an organic component during crystal
nucleation and growth is a common approach to control the morphology and polymorph of
an inorganic phase [107, 108]. Alternatively, to achieve spatial control over the inorganic
phase, the organic-based material can act as a template to pattern inorganic nanoparticles
[105]. Traditionally, conventional TEM is used to study the morphology and crystalline
properties of inorganic materials, but maintaining the hydrated state of the organic
component is often crucial for understanding the behavior in solution. Cryo-TEM provides a
means for directly imaging the inorganic phase as well as identifying crystallization
phenomena that may be transient in solution. For example, Penn and coworkers investigated
growth mechanisms of iron oxides in the absence of organic modifiers and identified
oriented aggregates of mesocrystal intermediates during crystallization as precursors to large
single crystals [109]. Also, researchers have recently have advanced the current
understanding of crystal growth in biological systems using cryo-TEM due to its ability to
identify transient phases of the inorganic component during mineralization [110, 111].
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5.1. Inorganic-Organic Composites
A common approach to produce hybrid nanomaterials for chemical sensing or catalysis
involves incorporation of metals or semiconducting components with an organic,
supramolecular matrix designed to organize the inorganic phase or respond to external
stimuli [11]. Cryo-TEM is a reliable technique to visualize the nucleation dynamics of
inorganic phases and determine the morphology of organic-inorganic materials due to the
increased atomic number and diffraction contrast mechanisms of the inorganic material.
Müller et al. developed a number of organic-inorganic systems that rely on the block
copolymer architecture to control the segregation of inorganic nanoparticles and confirmed
their final morphologies using cryo-TEM [112]. For example, they investigated crosslinked
miktoarm star polymers bearing three different arms: polystyrene, polybutadiene, and
poly(2-vinylpyridine) (PVP). Metal salts that coordinate strongly with the PVP block were
reduced to Au, Ag, or CdS nanoparticles, and depending on the solvent composition, various
morphologies such as two parallel channels or one single channel of inorganic could be
achieved [33]. They also developed water-soluble organo-silica hybrid nanowires composed
of cylindrical polymer brushes that were condensed to form a silsesquioxane network in the
core and resulted in a material that exhibited a liquid-crystalline phase at higher
concentrations. Alternatively, Maayan et al. synthesized polyoxometalate nanoparticles by
templating cesium dodecyl sulfate micelles and imaged the hybrids using cryo-TEM; they
found that clustering improved catalytic aerobic oxidation of sulfides [113]. Another recent
study employed the use of cryo-TEM to visualize a “yolk-shell” architecture encapsulating
Au or SiO2 nanoparticles within a thermoresponsive polymer shell. Using temperature as a
variable, selective reduction of 4-nitrophenol and nitrobenzene was achieved, enabling
selectivity of the metal nanoparticle catalysis [114]. Characterization of organic-inorganic
systems using cryo-TEM is becoming more prevalent and is an important method for
probing the structural information in solution, where many catalytic and chemical sensing
reactions take place.

5.2. Biomineralization
Biominerals are organized, hierarchical organic-inorganic composites that are often
produced under the direction of cellular processes involving organic molecules that act as a
template for the mineral. Biominerals are of interest because they exhibit control over
crystal polymorphism, orientation, and shape during synthesis and they possess superior
mechanical properties as compared to their synthetic counterparts. The mechanism by which
mineral nucleation and growth occurs at the organic interface is proposed to be through a
transient (or in some cases, stabilized) amorphous mineral phase, making cryogenic
techniques such as cryo-TEM are essential to prevent dissolution or crystallization of
amorphous mineral precursors. Sommerdijk and coworkers used cryo-TEM and cryo-
tomography to study a simplified model for mineralization involving calcium carbonate
mineralization of a self-assembled monolayer. Monitoring their system over time, they
directly identified the role of pre-nucleation clusters that precede the formation of
amorphous mineral and are not predicted using classical nucleation theory [110]. Tester et
al. investigated the stabilization of amorphous calcium carbonate confined within self-
assembled liposomes of varying size using cryo-TEM [115]. Additionally, our lab has
examined the role of peptide amphiphile nanostructure as a template for oriented
hydroxyapatite mineralization [116]. Studies that directly involve protein templates have
also been performed. In vitro mineralization of collagen bundles, the organic template in
mammalian bone, was implemented to study the various stages of mineralization and
understand how the mineral is incorporated into the organic component using cryo-TEM
(Figure 5a – 5c), tomography (Figure 5d) and molecular modeling [117]. Similar techniques
have also been performed on amelogenin, the protein template in enamel mineralization, to
further elucidate mechanisms by which the protein assembles to accommodate the mineral
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phase [118]. A recent study that used extensive electron microscopy directly imaged
intracellular amorphous calcium phosphate-containing vesicles in developing bone [111]. In
this work, cryogenic scanning electron microscopy of freeze-fractured bone, cryo-TEM of
freeze dried or vitrified sections (Figure 4e – 4g), and electron diffraction were used in
combination to identify calcium-phosphate-containing vesicles, which have been proposed
to transport the mineral to the extracellular mineralization front.

Future and Outlook
With the increasing need for unambiguous characterization of self-assembling systems in
their solvent-exposed state, direct imaging cryo-TEM is becoming the new standard for
nanoscale characterization. Cryogenic sample preparation uniquely affords the study of
stimuli-responsive structures and fragile materials that could otherwise dissolve or change in
morphology using conventional TEM. Additionally, the emergence of cryogenic techniques
for characterization of a variety of systems including self-assembling organic materials and
even organic-inorganic interfaces in biomineralization implies that the use of cryo-TEM
may be extended to many more research areas in the future. Also, with the recent
development of techniques such as cryogenic imaging of vitreous sections, the scope of
materials that can be applied to cryo-TEM is further extended, allowing elucidation of larger
systems. One exciting direction includes the development in the technique allowing for
studies of living cells and their native extracellular matrix. In the context of this review, this
particular direction could enable research focused on the interactions of therapeutic synthetic
structures for the fields of regenerative nanomedicine and targeted drug delivery with highly
designed nanoscale objects.
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Research Highlight

• CryoTEM enables structural characterization of organic or organic-inorganic
hybrid systems in a native, solvent-exposed state

• CryoTEM provides unique insight of dynamic nanoscale architectures in self-
assembling, stimuli-responsive systems

• Recent advances in cryogenic techniques provides a means to characterize
materials from nanometer to micron length scales

Newcomb et al. Page 18

Curr Opin Colloid Interface Sci. Author manuscript; available in PMC 2013 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
Schematic of the sample preparation for cryo-TEM. (a) The solution containing self-
assembled structures is (b) deposited on a TEM grid. (c) The grid is blotted with filter paper
to remove excess solution and plunged into a cryogen. (d) The electron transparent film is
supported by a carbon support and (e) imaged with the electron beam.
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Figure 2.
Dynamics of stimuli-responsive block copolymer assemblies characterized by cryo-TEM.
(a–c) Morphological evolution upon pH degradation of miktostar block copolymers. In
neutral pH, (a) wormlike micelles are observed and at pH 12 (b–c) less ordered aggregates
that were more spherical in shape evolved to raspberry vesicles with short chains. (d–e)
Thermal annealing of hydrophilic-lipophilic-fluorophilic block copolymers. Spherical
micelles and vesicles prepared at room temperature (d) phase segregate after thermal
annealing into fluorophilic and lipophilic domains (e). (f–h) Solvent-dependent behavior of
bowl-like polymerosome stomatocytes. Stomatocytes prepared by a dialysis method (f)
show different sized openings depending on THF content (g–h). Panels (a–c) reprinted with
permission from [28]. Copyright 2010 American Chemical Society. Panels (d–e) reprinted
with permission from [35]. Copyright 2011 American Chemical Society. Panels (f–h)
reprinted with permission from [41]. Copyright 2010 American Chemical Society.
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Figure 3.
Morphological transformation of phenylalanine-containing peptide amphiphiles from
twisted ribbons to helical ribbons by cryo-TEM. (a) Short twisted nanostructures are
observed 30 seconds following dissolution, (b) which grow in length by 10 minutes. (c)
Following two weeks, the transformation from twisted ribbons (white arrow) to helical
ribbons (black arrow) is observed. (d) Finally after 4 weeks of aging, only helical ribbons
are present. Reprinted with permission from [9]. Copyright 2010 American Chemical
Society.
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Figure 4.
Dynamic transformation of peptide-based supramolecular structures visualized by cryo-
TEM. (a) An enzyme-responsive PA system designed with a substrate sequence was
phosphorylated in the presence of PKA and unphosphorylated by ALP. (b) The high-aspect-
ratio PA nanofibers (c) disassembled upon phosphorylation by PKA and (d) reformed as the
phosphate group was cleaved by ALP. (e) To explore therapies for Alheimer’s, cationic
gemini surfactant micelles were explored for their ability disrupt the aggregation of amyloid
fibrils in vitro. (f) The surfactant first adsorbs to the amyloid fibrils and (g) after an hour, the
fibrils are broken into smaller nanoscopic aggregates. Panels (a–d) reprinted with permission
from [92]. Copyright 2011 The Royal Society of Chemistry. Panels (e–g) reprinted with
permission from [103]. Copyright 2010 American Chemical Society.
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Figure 5.
Implementation of cryo-TEM to characterize transient biological organic-inorganic
structures. To explore collagen mineralization, a model system with an amorphous mineral
precursor was used. The collagen template was monitored over time by imaging the sample
after (a) 24 hours, (b) 48 hours, and (c) 72 hours of mineralization. (d) A computer-
generated three-dimensional representation from tomographic slices of a mineralized
collagen bundle cut in cross section along the x–y plane to illustrate the plate-shaped apatite
crystals (pink). To further investigate the role of amorphous calcium phosphate in
developing mouse calvarial bone, (e) cryo-TEM of a vitrified section of tissue revealed the
presence of intracellular amorphous calcium phosphate-containing vesicles (white
arrowhead) in cells adjacent to the electron dense mineralized bone (labeled b). (f) A higher
magnification of the vesicle in (e). (g) A freeze-dried cryo-section demonstrating the
increased electron density from the mineral. Panels (a–d) reprinted with permission from
[117]. Copyright 2010 Nature Publishing Group. Panels (e–g) reprinted with permission
from [111]. Copyright 2011 Elsevier.
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