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Abstract—Cryogenic transmission electron microscopy (cryo-TEM) has gained increasing popularity among research-
ers in the field of amphiphilic self-assembly as an experimental method of choice because of its unique ability to
visualize nanostructures in complex fluids. Due to many recent technical improvements in the instrumentation, cryo-
TEM experiments are how common. However, some limitations and possible artifacts are still a problem, and
awareness of them remains a prerequisite for reliable operations and interpretation. The goal of this paper is to provide a
review of the basic methods and procedures by which the cryo-TEM experiments are typically practiced. As examples,
this paper also presents recent results derived from our cryo-TEM studies of micellization of block copolymer blends
which clearly illustrate the unique usefulness of the technique for exploring the unexpected, complex, and/or heteroge-
neous nanostructures in amphiphilic solutions.
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INTRODUCTORY REMARKS modynamic analyses [Bailey and Zasadzinski, 1991; Zasadzinski,
1988], and the establishment of a fundamental understanding of
Considering that light microscopes have limited image resolu-the contrast mechanisms for cryo-TEM [Bellare, 1988; Chiruvolu
tion that is imposed by the wavelength of visible light, transmis- et al., 1996].
sion electron microscopy (TEM) is the only technique that provides Cryo-TEM, which can visualize objects as small as 1 nm [Bel-
nanometer-scale resolution real-space images of three-dimensiorlale, 1988], is uniquely suited for identifying the local nanostruc-
objects. The application of TEM to direct visualization of colloidal tures in amphiphilic solutions. Examples of novel morphologies
fluid nanostructures requires rapid vitrification of the samples, anddiscovered in conventional surfactants by cryo-TEM are numer-
so the technigue is referred to as cryogenic TEM or cryo-TEM. Dueous. Branched wormlike micelles first proposed to explain anoma-
to its unique ability to visualize the actual nanostructures in com-ous rheological behaviors of cetylpyridinium chloride (CPCI) worm-
plex fluids at high water content, cryo-TEM has gained increasindike micelles in hexanoliwater with excessive sodium chloride (NaCl)
popularity among researchers who study the amphiphilic self-asfPorte et al., 1986] have been microscopically confirmed in both
sembly. Clearly, this has been reflected in the dramatically increasethixed [Harwigsson et al., 1994; Lin, 1996; Silvander et al., 1996]
number of cryo-TEM-based research publications over the last deand single-amphiphile [Danino et al., 1995; Jain and Bates, 2003;
cade. Won et al., 2002] systems. Among the most fascinating findings
In the mid 80s a group of structural biologists first demonstratedwith cryo-TEM are exquisite intermediate-like structures such as
a practical method of vitrifying aqueous samples in the form of thin perforated vesicles (i.e., vesicles with regular holes) that have been
flms and the feasibility of TEM imaging of such samples [Adrian documented with mixed amphiphilic systems such as lecithin/cetyl-
et al., 1984]. Soon after this initial breakthrough that came amidstrimethylammonium chloride (CTAC)/brine [Edwards et al., 1993]
studies of biological specimens such as viruses, the specific procend lecithin/sodium dodecyl sulfate (SDS)/brine [Silvander et al.,
dure for rapid freezing was quickly adopted in visualization of sur-1996]. It is not only micelles or vesicles but also various ordered
factant solutions. In the late 80s and early 90s, participation of chemliquid-crystalline structures that have been successfully identified
ical engineers in experimental developments of cryo-TEM resultecoy means of cryo-TEM; examples include dispersed particles of
in many significant advances that contributed to the creation of thehe cubic & phase (dubbed “cubosomes”) in a solution of Plu-
structural pictures of various surfactant micelles that we accept toronic, i.e., poly(ethylene oxidepropylene oxidds-ethylene oxide)
day. Examples of these later advances include the introduction of pAlmgren et al., 1996], and bundles of inverted hexagonal cylin-
temperature- and humidity-controlled chamber for equilibration of ders (so-called “hexosomes”) in a ternary dioleylphosphatidyletha-
the specimen prior to plunge vitrification (often referred to as thenolamine/CTAB/water mixture [Gustafsson et al., 1995]. The struc-
controlled environment vitrification system or CEVS) [Bellare et tures of DNA molecules and their complexes with other substances
al., 1988], the rationalization of the freezing process and the identisuch as proteins are also well-documented subjects of cryo-TEM
fication of the best practical cryogens through heat transfer and thefbubochet et al., 1992]. For instance, cryo-TEM investigation of
DNA ejected from bacterial viruses into aqueous solution contain-
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of his retirement from Seoul National University. With the advances in synthetic techniques, new amphiphilic ma-
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terials are continually created, and cryo-TEM has become an esooling that involves mechanical plunging of the specimen into a
sential tool for exploring their self-assembling behaviors. For instanceseservoir of cryogen, typically liquid ethane (or less preferably pro-
application of cryo-TEM to characterization of the poly(ethylene pane) cooled by liquid nitrogen. Currently, most researchers adopt the
oxideb-butadiene) surfactants led to observations of intriguing sta-essentially same combination of choices for the cooling method and
ble network structures that qualitatively differentiate the self-as-material which enables one to achieve a cooling rate of more than
sembling behavior of the polymeric surfactants from their small10* K/s which is needed to vitrify the water-based systems [Mayer,
molecule equivalents [Jain and Bates, 2003]. Cryo-TEM is also ca1985]. The vitrification is normally performed at temperatures close
pable of making available structural information of gel-ike solu- to the freezing point of the cryogen [Costello and Corless, 1978;
tions, as has been demonstrated with the unforeseen foamy struGulik-Krzywicki and Costello, 1978; Mayer, 1985], and the choice
tures of block copolypeptide amphiphilies [Pochan et al., 2002].of ethane is mainly because it offers a minimal amount of cryogen
Future new applications of the cryo-TEM technique are much moreboiling upon contact with the specimen which enhances the heat
likely to be related to the development of new amphiphilic materi- transfer between the sample and the cryogen [Bennett and Myers,
als that have properties tailored for specific ultimate applications. 1982], through the combined mechanisms of cryogen convection
Recent years have seen significant technical improvements on thend evaporation [Bailey and Zasadzinski, 1991; Zasadzinski, 1988].
instrumentation side; the CEVS equipment became commercially The sample thickness threshold for the avoidance of the multi-
available (e.g., Cryoplunge from Gatan, Inc. http:/Aww.gatar).com/ ple scattering that leads to image deterioration and for optimal phase
and the conducting of cryo-TEM operations became handy aftecontrast imaging is approximately 200 to 400 nm for the range of
digital imaging was incorporated into the common practice [Daninoincident electron energy between 100-200 kV; this thickness upper
et al., 2001]. Also, modification of the CEVS device design is con-limit simply reflects the mean free path for elastic scattering of the
tinually sought [Egelhaaf et al., 2000; Kasas et al., 2003]. All theseelectron at the corresponding energy [Wiliams and Carter, 1996].
factors have in fact resulted in increased utilization of cryo-TEM Specimen films of this thickness or less can be achieved by using a
by non-experts. Although cryo-TEM is widely accepted as a reli- holey polymer film supported on a standard TEM metal grid, typ-
able technique of choice for direct visualization of nanostructuredically made of copper. The holey film is usually made from hydro-
fluids, there exist limitations and possible problems of instrumenta{phobic polymers such as cellulose acetate butyrate [Vinson, 1988]
tion, and awareness of the possible artifacts and understanding of poly(vinyl formal) (Ted Pella, Inc._http:/mww.tedpella.chm/
their mechanisms are prerequisites for reliable operations of the exand coated with carbon for enhancement of the mechanical stabil-
periments and interpretation of the results. An important aim of thety under electron radiation. Polymer films with holes of between 1
present paper is to review the basic methods and procedures by whielnd 1Qum can be fabricated through the sequence of condensation
the cryo-TEM experiments are typically practiced. This survey there-of ice crystals on a chilled substrate, dip coating of the polymer so-
fore reflects the current state of the cryo-TEM technigues. Previougition, and evaporation of water and the organic solvent [Vinson,
reviews should also be referred to if one wants to learn to a greaté988].
extent specific topics such as contrast mechanisms [Bellare, 1988; In order that the thin samples are vitrified at a chosen equilib-
Chiruvolu et al., 1996], common artifacts [Talmon, 1987, 1996], rium condition, the preparation environments have to be carefully
and limitations on the types of phase structures that can be studiembntrolled throughout the procedures for the thin film formation.
[Almgren et al., 1996]. In the present paper, the review section will bé=or this reason, the sample preparation is usually performed in an
followed by sample results from our mixed block copolymer mi- isolated chamber, often referred to as the controlled environmental
cellization studies which we present as an illustration of the uniquevitrification system (CEVS) originally designed by the Minnesota

usefulness of cryo-TEM. school of cryo-TEM [Bellare et al., 1988]. Avoidance of any water
evaporation from the sample is achieved by humidification of the
DISCUSSION OF THE METHODS chamber to near saturation of water, and the temperature is typi-
cally controlled by air circulation to within ®C. In the CEVS,
1. Sample Preparation the fluid sample in the form of a t#& droplet is placed on the mi-

TEM imaging of nanostructures of the water-borne aggregatesroperforated cryo-TEM grid. It is then blotted by a filter paper,
can be obtained only through rapid vitrification of the liquid sam- resulting in the formation of thin liquid films of normally 10 to 250
ples in the form of thin fims. The frozen hydrated specimens arenm thickness, freely spanning across the micropores in a carbon
normally compatible with the high vacuum operation of the TEM vapor-deposited holey polymer layer supported by a metal TEM
instrument (typically, ~16 Pa [Willams and Carter, 1996]), and grid. After a period of equilibration (e.g., approximately 30 seconds
are free of molecular thermal motions that would otherwise blurfor small molecule surfactants at room temperature), the sample
the image. Such cryogenic fixation of the fluid sample is much pref-grid assembly is plunged into a reservoir of liquid ethane at its melt-
erable to the conventional staining-and-drying approaches becauseg temperature (~90 K) at a speed of about 2 to 4 m/s. The delay
of the labile character of the self-assembled structures in amphiphilis necessary for relaxation of the possible flow-induced deforma-
solutions [Talmon, 1983]; this is particularly true when one has totion caused by the blotting process, if one intends to investigate the
deal with small molecule amphiphiles. It has only been twenty yeargquilibrium nanostructures [Clausen et al., 1992; Li et al., 1995].
since thermal fixation of a water-based specimen and direct imagfime-resolved studies of dynamic events are also possible by appli-
ing of the frozen sample based on natural contrasts were first provechtion of on-the-grid processing, e.g., pH-jump [Siegel et al., 1989],
to be feasible [Adrian et al., 1984]. The key step in that initial de-temperature-jump [Karlstrom et al., 1990], spray mixing [Unwin,
velopment in cryo-TEM sample preparation was the high-speed 995], or flow-induced deformation [Zheng et al., 2000]. Along
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1. Liquid Sample on the Grid structive interference between the scattered and unscattered elec-
tromagnetic waves in the elastic scattering of electrons, and can be
ll 4— Controlled achieved by the effect of defocus. Defocus of the objectiveAdns (
1 E’lizlirf;cl:::}:::tal induces a phase shiff) (of the scattered electrons in reciprocal space:
II System (CEVS) 1
Sample Droplet » X= A +§nCS/\3q“ @
(-54L) |
([P Copper Grid whereA is the electron wavelength, q is the magnitude of the mo-
Holey Polymer » mentum transfer vector, andi€the spherical aberration of the ob-
Film jective lens [Bellare, 1988; Chiruvolu et al., 1996; Wiliams and

Carter, 1996]. Since the intensity of the image has a squared-sinu-
soidal dependence on the phase shift, i.e. 2 optimal de-
2. Thinning by Blotting focusAf corresponds to the first maximum ofgiKthat is,x=+172),
and depends on the size of the object probed (~1/q).
3. Possible Artifacts
Perhaps the sole artifact that cannot be avoided is the size seg-
regation of the dispersed particles. The freely suspended liquid films
are typically wedge-shaped, and the thickness variations in the spec-
imen films result in the non-uniform distribution of the colloidal
particles. Large particles of size greater than the thickness of the
film at the center are size-excluded from the central area and con-
centrated around the edge of the hole where the film thickness is
greater. We also note that only the structures in a size range less than
several hundreds nanometers can comfortably fit within the sam-
3. Rapid Vitrification ple film. In this sense, cryo-TEM, though convincing as a local-
microstructural probe, does not provide reliable information on the
Ii length scale greater than the confining thickness.
1 The blotting process may have a significant effect on the struc-
lE < | Liquid Ethane tures observed in the frozen specimens. The deformation rate dur-
ll (~0K) ing the blotting may reach %1feciprocal seconds [Talmon, 1996],
thereby possibly resulting in structural rearrangements of the ag-
gregates or even possibly phase transitions. Such effects have been
evidenced as flow-induced alignments of the cylindrical micelles
[Clausen et al., 1992; Li et al., 1995] and as flow-induced structural
Fig. 1. Schematic illustration of the sample preparation procedures  transitions of the micelles and vesicles [Zheng et al., 2000]. The
for cryo-TEM. shear effects are a controllable artifact in the sense that the CEVS
permits an unperturbed detainment for restoration of the deformed
these lines, one notable recent advance is the introduction of theample, and are sometimes intentionally used for studying the mech-
so-called vitrification robot (Vitrobot, Maastricht Instruments http:/ anisms of the aforementioned dynamic processes by successive sam-
www.maastrichtinstruments.com/project3ia/computer-controlled  pling of the transient stages in progress on grid.
plunger with an environmental chamber which enables time-resolved Upon vitrification, the cryo-TEM specimens become susceptible
sampling with a millisecond temporal resolution upon automatedto surface contamination which may lead to misinterpretation of
triggering of the desired dynamic processes. The procedures fahe image. Common sources from which contaminants condense
the cryo-TEM sample preparation in the CEVS are summarized iron the cold specimen are TEM vacuum leaks and wet photographic
Fig. 1. Subsequent TEM examination of the vitrified specimen isfilms, and therefore clean vacuum conditions during instrumenta-
performed at liquid nitrogen temperature 180°C) using a com-  tion are key to reduction of contamination. In the absence of the
mercial cryostage (e.g., Gatan 626 from Gatan,_Inc. http:/AMww.astigmatism, the crystalline deposition usually appears darker than

Filter Paper

Thinning Liquid
Sample (< 250 nm)

gatan.com)/ the vitreous ice or the frozen amorphous hydrocarbons due to the
2. Phase Contrast different inner electron potentials. Also, when the TEM is operated

The cryogenic fixation renders the sample inherently incompati-slightly out of focus, the surface contaminants are distinguished from
ble with the implementation of the heavy-metal staining approacheshe objects confined within the film by broader Fresnel fringes due
for artificial enhancement of the mass-thickness (amplitude) con+o the difference in vertical position.
trast. However, despite the tiny difference in electron density be- Exposure of the sample to the electron beam may introduce irre-
tween the hydrocarbon substances and the frozen aqueous baclersible damages on the frozen specimen which include the ice con-
ground, direct imaging of the microstructures of the surfactant aggreversion of the vitreous water and various types of local radiolysis
gates has proven possible through the mechanism known as phg8&lmon, 1987, 1996]. All these effects are caused by the energy
contrast [Adrian et al., 1984]. Phase contrast arises from the cordeposition that results from the inelastic interaction of electrons with
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the sample. It is, therefore, desirable to minimize the electron expofable 1. Molecular characteristics of pure block copolymers
sure prior to and even during the imaging {<14? [Talmon, Sample Chemical
1987] through the use of the minimal dose system (MDS) with which | identity Mioa Mupe feo  PDI Structures
all the modern TEM instruments are equipped.
4. TEM Equipment and Imaging Procedures OBl PEO-PB 8.1 25 066 1.13 S

All cryo-TEM images presented in this paper, for example, were OB2 PEO-PB 3.6 25 028 113 B
obtained by using a JEOL 1210 operating at 120 kV. The use of 8Aggregation morphologies formed in water identified with cryo-
minimal dose system (MDS) was necessitated by the electron radiFEM: B=bilayered vesicle; S=sphere, M the number-average
ation sensitivity of the frozen hydrated samples probed in this remmolecular weight in units of kg/mol, ang,fis the melt volume
search. Adequate phase contrast was achieved at a nominal undéection of PEO calculated from the reaction stoichiometry using
focus of between 3 and Pé. Images were recorded on a Gatan the amorphous densities estimated from published data for PB
724 multiscan digital charge-couple device (CCD) camera, and suband PEO at room temperature (i.6o02r=0.87 g/cm, and g~
sequently processed with analysis software of DigitalMicrographsl.13 g/cn) [Fetters et al., 1994].
version 3.1 or higher. It is worth noting that the CCD camera based-
digital imaging has multiple advantages over the conventional methTable 2. Mixtures from OB1 and OB2
ods using negative films: reduced sample contamination, imaging <f>
at a lower electron dose, higher accessible magnification, and real

Molar ratio (OB1 : OB2) Preparation Structutes

time data acquisition [Danino et al., 2001]. These aspects are clearly 0-4° 038:1 Premixed B,C
iilustrated in the dramatically improved quality of the images that 0-54 1:1 Premixed c

have been documented in recent years [Won et al., 1999, 2002; Zhend?-59 2:1 Premixed C S

et al., 1999]. The optical density gradient of the background which 0.64 10:1 Postmixed S,B,C

is normally ramp-shaped often leads to contrast and brightness dezoexisting structures are listed in the order of abundance: B=

ficiencies. This can be digitally corrected by using a backgroundbilayered vesicle; C=cylinder; S=sphere.cxfis the overall PEO
reconstructed by obtaining a least square fit of a surface functioolume fraction in the mixture.

which approximates the original background without the specimen
images. A subroutine for the background subtraction that is com-
patibilized with the DigitalMicrographs software is available. All in Table 1. Solutions containing 1 wt% OB1/OB2 mixtures were
the pictures presented in Section 3 are typical examples of the backrepared in two different ways: mixing of the two polymers before

ground-subtracted digital images. (premixing or after postmixing hydration. In the former case, the
weighed mixtures of the two block copolymers were first homoge-
CRYO-TEM OF MICELLES OF BLOCK COPOLYMER neously dispersed in chloroform, dried, annealed in a vacuum oven
BLENDS: RECENT EXAMPLES at 50 to 60C for several hours, and then dissolved with an appro-

priate amount of water (HPLC grade, Aldrich) at room temperature.

In terms of the relevant length scales at which the structural propThe postmixedsample was prepared simply by mixing a premade
erties in amphiphilic solutions are probed (i.e., approximately from1% OB1 solution with a premade 1% OB2 solution. Then the sam-
1 nm to 10Qum), cryo-TEM is quite comparable to scattering tech- ple was sealed and stirred at room temperature with a magnetic stirr-
nigues. The direct outcome of scattering experiments is, howeveing bar rotating at several Hz until complete dissolution. All the so-
reciprocal space information, and therefore, inference of the reallution samples were equilibrated for at least five days, and the mor-
space structure normally requires combined procedures of assumphological characterization was carried out after the polymers were
tion of a structural model and its comparison with the experimentaktompletely dispersed without any macroscopic heterogeneity in the
results. Cryo-TEM, on the other hand, directly provides the struc-sample as judged by the naked eye. The composition data for binary
tural information. In this sense, application of cryo-TEM becomes mixtures of OB1 and OB2 are listed in Table 2.
very necessary when one explores the self-assembly behaviors &f Results and Discussion
such materials in which the resultant structures are not easy to pre- Use of binary mixtures of block copolymers may be an efficient
dict or are expected to be morphologically complex and heterogeroute to producing intermediate structures. The aggregation behav-
neous. In what follows, we describe recent results from our cryodors of thepremixedblock copolymers of OB1 (spherical micelles,
TEM studies of micellization of block copolymer blends (i.e., mix- f.;=0.66) and OB2 (vesicles,£0.28) at intermediate overall PEO
tures) which clearly illustrate that the technique is uniquely suitedcompositions of <f>=0.45, 0.54, and 0.59 were examined by cryo-
for the exploratory nanostructural investigation of amphiphilic so- TEM.
lutions. At <f.,>=0.45, the 1% solution of the OB1/OB2 (0.38:1 by
1. Materials mole) mixture exhibits not only cylindrical micelles anticipated at

Two poly(ethylene oxide-1,2-butadiene) (PEO-PB) diblock this overall PEO content but also a spectrum of aggregates includ-
copolymers were used for this study. The synthesis and characteing vesicles, various hybrid structures, and rare remnants of spheri-
ization of these copolymers have been described in our previousal micelles, as shown in Figs. 2A to 2C. At an identical PEO com-
publication [Hillmyer and Bates, 1996; Won, 2000]. The molecu- position (£,=0.45), the pure diblock PEO-PB forms neat cylinders
lar characteristics and also the resulting morphologies formed irwhen dissolved in excess water (Figs. 2A and 2B in ref. [Won et
water identified by cryo-TEM [Won et al., 2002] are summarized al., 2002]). The disparity illustrates some limitation in predicting
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the behaviors of mixed systems. The observed compound struc-
tures such as alveoli, thicker cylinders, membrane flakes, and un-
raveling vesicles rather closely mimic those previously reported for
a PEO-based triblock with a comparable PEO volume fraggfen f
0.44 but with a higher polydispersity index (Figs. 7A to 7D in ref.
[Won et al., 2002)).

The image taken for a 1% solution containing an equimolar mix-
ture of OB1 and OB2 (gf>=0.54) displays predominant cylindri-
cal micelles with some localized small protuberances (Fig. 3). The
diminished concentration of defects and heterogeneous structures
indicates that the intermediate curvature may be best produced at
the stoichiometric molar ratio between two block copolymers hav-
ing the same hydrophobic PB volume per chain but differing in the

300 nm

300 nm

Fig. 3. Cryo-TEM micrograph of a 1.0 wt% premixed OB1/OB2
(1:1 by mole) in water with <¢,>=0.54. The premixing was
done 6 days before the cryo-TEM experiments.

100 nm

Fig. 2. Cryo-TEM micrograph of a 1.0 wt% premixed OB1/OB2 = .
(0.38:1 by mole) in water with <{,>=0.45. Images taken 100 nm
at 16 days (A) and 13 months (B and C) after the sample -
preparation display common qualitative features in struc- Fig. 4. Cryo-TEM micrograph of a 1.0 wt% premixed OB1/OB2
ture, indicating that the observed behavior at this OB1/OB2 (2: 1 by mole) in water with <¢;>=0.59. The premixing was
ration is not transient. done 9 months before the cryo-TEM experiments.
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ages taken from the mixtures of two different PEO-PBs, the neat
structure that possesses a preferred intermediate curvature was ob-
tained only at a specific mixing ratio at which delocalization of the
two components is maximized. At the other ratios, different struc-
tures mutually coexisted, and the distribution of the coexisting aggre-
gation structures correlated with the overall PEO composition. The
path taken for sample preparation played a crucial role in deter-
mining the micelle morphology, and to obtain a better mixing two
polymers had to be mixed before being dissolved with water. The
results also indicate that molecular exchange in PEO-PB micelles
is negligible, and the intermicellar equilibration time can be of the
order of many years. Therefore, though stable over a long period
of time, the recorded micelle structures are not the equilibrium ones.

CONCLUDING REMARK

100 nm This paper presents a brief review of the basic methods and pro-
Fig. 5. Cryo-TEM micrograph of a 1.0 wt% postmixed OB1/0B2 ~ cedures for cryo-TEM. Sample results from our studies of micell-
(10: 1 by mole) in water with <f,>=0.64. The postmixing  Zzation of block copolymer blends that illustrate the unique useful-
was done 9 months before the cryo-TEM experiments. ness of the technique are also described. The past 20 years of de-
velopment reflected in the current state of the techniques has es-
tablished cryo-TEM as one of the most powerful nanostructural char-
hydrated PEO volume per chain. acterization tools available to researchers in the field of amphiphilic
A 2:1 0B1/0B2 mixture =0.59) forms higher-curvature struc-  self-assembly. The future of cryo-TEM application should hold many
tures such as short cylinders coexistent with spheroidal micellegxciting new discoveries, which await further improvements in the
(Fig. 4). A wealth of globular micelles indicates that OB1 is in ex- cryo-TEM instrumentation and developments of new amphiphilic
cess of OB2 in creating the intermediate structure (i.e., cylinders). materials tailored for advanced nanotechnological applications.
The mixed block copolymer solutions exhibit a pronounced de-
pendence on sample history. This was illustrated in observations of ACKNOWLEDGMENTS
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