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ABSTRACT Freeze etching of solute model systems
(e.g., glycerol or ferritin solutions) demonstrates that
cryofixation can introduce serious artifacts due to the
segregation of the dissolved or dispersed material from
the solvent. Since, in principle, this problem can be re-
duced by increasing the cooling rate, a new technique has
been developed which combines spray freezing with
freeze etching. This spray-freeze-etching is applied by
first spraying the specimen into a liquid cryomedium.
The frozen droplets are then "glued" together with butyl-
benzene to form a regular freeze-etch specimen, while the
temperature of the sample is kept at -850C. The results
obtained by spray-freeze-etching are far superior to those
obtained by standard freezing. Our results, using 5%
glycerol as a test specimen, are equivalent to those ob-
tained by the high-pressure method (1). The reduction
of segregation during freezing makes freeze etching a
method applicable for the investigation of solute systems.
Furthermore, the study of unicellular organisms or
cellular fractions by freeze etching without the use of
antifreeze is made possible.

ARTIFACT PROBLEMS IN CRYOFIXATION

Since the introduction of freeze etching (2, 3), methods of
adequate cryofixation for electronmicroscopic specimens have
become of particular concern. In addition to offering an in-
teresting alternative to chemical fixation for the study of
cellular material, cryofixation provides practically the only
method for the study of solute systems by electron micros-
copy.

Investigations of frozen-fluid specimens most clearly demon-
strate the limits of cryofixation. The commonly available
cooling rates are too low to prevent the rearrangement of
solutes or particles during freezing. The well-known appear-
ance of freeze-etched glycerol solutions is just one example.
When frozen by the standard technique (by dropping a small
metal specimen holder with about 1 mm3 of solution into a
liquid cryomedium) the glycerol and water separate into two
different phases, i.e., compartments of water surrounded by a
glycerol network (Fig. 3). For a given cooling rate, the size
of the water compartments depends on the glycerol concentra-
tion and on the presence of other solute materials. Similar
pictures are obtained when freeze-etching aqueous solutions
of salts or sugar (4), organic solutions (e.g., benzoic acid in
benzene) (5), solutions of large molecules like high polymers
(dextran or polyvinylpyrrolidone) or proteins (albumin or
ferritin) and even suspensions of larger particles (polystyrene
latex, 0 < 0.1 jAm), segregate (5). When observed by freeze-
etching, all these specimens show a wide network containing
the solute material in high concentration and large areas con-
taining mainly the solvent.
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Segregation can cause complex patterns, which might lead
to misinterpretation of freeze-etched specimens. For instance,
suspended particles (ferritin or latex) not only tend to ag-
glomerate, but are often found arranged in a crystal-like
pattern. Furthermore, when small particles (e.g., ferritin)
and larger ones (polystyrene latex [0 = 0.3 Mum], yeast cells,
etc.) are frozen together, the small particles are often observed
on the surface of the larger ones, arranged in hexagonal pat-
terns (5). The large objects merely act as mechanical ob-
stacles against which the smaller particles are pushed by the
advancing front of the growing ice crystal.

Freeze-etching techniques for biological specimens use
cryoprotectants that are mainly capable of preventing one
very-gross form of segregation, namely, the formation of
large ice crystals that cause cell damage. On the other hand,
cryoprotectants might introduce artifacts of their own, either
be segregation from the aqueous solution during freezing or
by their toxic effects on the biological system. In investi-
gations of solutions or colloidal systems, cryoprotectants
are of no use at all. Therefore, several attempts have been
made to increase the speed of freezing, which is known to
improve the quality of a cryofixed electron-microscopic spec-
imen (3, 6-9). When the extent of partitioning of freeze-etched
dilute solutions was used as a criterion*, only two methods
have demonstrated a significant improvement over the
standard technique. One of them is the high-pressure method.
Specimens are frozen under a high hydrostatic pressure
(2000 atm) with optimum heat transfer. This method makes
it possible to reduce the compartment size of 5% glycerol to
about 10 nm (1, 10). The necessary freezing conditions can
be obtained only with an elaborate apparatus, which is not yet
commercially available.
To overcome this difficulty, a spray-freezing method was

developed, which can be applied to freeze-etching.
Since this "spray-freeze-etch" method has previously been

described only in a short note (11), the details of the procedure
are given in this paper.

THE TECHNIQUE OF SPRAY-FREEZE-ETCHING
Principles
The approach of the spray-freeze-etch technique is to in-
crease the cooling rate by injection of very small droplets of the

* It is recommended that different techniques should be evalu-
ated by the use of simple model systems, such as glycerol solu-
tions. Segregation patterns of solutions react very sensitively to
changes in freezing conditions and are much easier to reproduce
and interpret than freeze-etched cells.



2150 Cell Biology: Bachmann and Schmitt

spray gun

/I\
/ \

I

pump

flhqud

LNJ

a b c d e f
Fia. 1. Scheme of specimen preparation. (a) The cryomedium (liquid propane) is in a cavity ("cryochamber", about 10 mm in diameter)

in a copper block cooled with liquid nitrogen. The condensation of moisture is prevented by the use of a metal lid. (b) The specimen is sprayed
into the cryomedium. The ice layer, which thereby forms on the flat top of the block, should not fall into the cryochamber and has to be
removed. (c) After transfer of the block into a cryostat inside a glove box, the propane is evaporated under reduced pressure at - 850C.
(d-f) A drop of cooled butylbenzene is added to the cryochamber and mixed with the frozen specimen droplets. A drop of this mixture is
then transferred with a platinum loop onto cold Balzers specimen mounts. These are then dropped into liquid nitrogen. All tools must
be kept at -850C or colder.

specimen into a cryomedium, thus reducing the probe volume,
as compared to the standard method, by a factor of about
106. A similar principle has already been applied with good
results for freeze drying (12). However, for freeze etching, the
problem is how to handle minute specimen particles
(diameter of the order of 10 Mum) for further preparation.
This was accomplished by embedding the frozen particles in
an inert medium with a melting point only slightly above the
usual cleaving temperature in freeze etching (i.e., Tm >
-100oc) and a vapor pressure comparable to, or lower than,
that of water. After mixture of the frozen specimen particles
with the binding medium at low temperature (to prevent
recrystallization), a drop of the mixture is transferred to a
cooled Balzers specimen mount, solidified in liquid nitrogen,
and further processed like regular freeze-etching specimens.
In this way, the freezing of the sample and the mounting on
specimen carriers become two independent procedures,
which can no longer interfere with each other.

Spray freezing
A copper cylinder containing a cavity as indicated in Fig. 1
is cooled with liquid nitrogen. To prevent condensation of
moisture, the top is covered with a metal lid. The cryomedium,
(e.g., liquid propane) is condensed in the cavityt and the sus-
pension or solution to be investigated is sprayed in short
pulses into it. The spray gun used is a commercial retouching
air brush (GraphoR) with a nozzle opening of 0.1 mm. The
gun was operated with compressed air at 0.5-1 atm pressure
at a distance between 5 and 10 cm. A minimum of about 0.2

t Although the melting point of pure propane is - 190'C, com-
mercial fuel propane usually does not solidify at liquid-nitrogen
temperature (- 1960C). However, it should be remembered that
at liquid-nitrogen temperature, oxygen might condense together
with the propane to form a potentially explosive mixture (14).
This hazard can be avoided if the temperature of the cryocham-
ber is kept slightly above - 1909C.

ml of the specimen suspension is required. It is important
that most of the droplets be injected into the cryomedium
rather forcefully, otherwise they might freeze in the cold-
gas layer before they reach the liquid propane. Such slowly in-
jected droplets show the characteristic segregated appearance
of slowly frozen specimens. The shape of the cryochamber
prevents the liquid cryomedium from being blown out by
the spray. An ice layer forms on the top of the copper cyl-
inder during the spraying of the specimen. This has to be
removed so that no part of it falls into the cryomedium.
The removal of the ice layer is simplified if a copper plate
with a hole slightly smaller than the opening of the "cryo-
chamber" is placed on top of the copper cylinder during
spraying. After spraying, this plate is removed and the
cylinder is again covered with the cooled lid and placed
into a cryostat, inside a glove box with good thermal
insulation. The cryostat is kept at -85oC. We no longer
recommend a simple dry-ice-methanol bath as previously
used (11), because the condensation of CO2 on liquid-nitrogen-
cooled surfaces or tools may be annoying. Unsatisfactory
heat-transfer occasionally caused recrystallization by an-
nealing.
Mounting of the specimen

All subsequent steps are performed in the glove box with all
tools also kept at -85CC or colder. The cover lid over the
cryochamber is replaced by a cylinder that has a flared-
gasket surface on one end and is connected to a rotary pump
on the other end. The propane is evaporated off within
1 min (vapor pressure about 100 Torr at -80°C). The frozen
specimen in the cavity of the copper block is now free of the
cryomedium. A cooled drop of a hydrophobic medium is
then added and thoroughly mixed with the specimen. This
"embedding" medium must not penetrate the frozen specimen
at all but serve merely as a glue to keep the isolated droplets
together for further processing. We used n-butylbenzene,
which is easily cleaved at -100'C; its vapor pressure
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FIG. 2. Spray-freeze-etched sample. The specimen droplets (5% glycerol) are embedded in (but not penetrated by) a matrix of butyl-
benzene "glue". Magnification: X1,500.

FIG. 3. 5% glycerol-water solution, freeze etched after standard freezing. The ice compartments are up to several pm in size. Insert:
same solution prepared by spray-freeze-etching; the compartments are far too small to be visible at this magnification. Magnification:
X5,700.
FIG. 4. 5% glycerol-water solution, spray-freeze-etched. At high magnification, a granularity due to some segregation becomes visible

(compare with Fig. 7 e-h in Riehle, 1968). Magnification: X 57,000

is lower than that of water (melting point -88CC, boiling
point 183CC). A drop of this mixture is then transferred with
a liquid-nitrogen-cooled wire loop onto Balzers specimen
carriers, which are also kept at -850C. Then the specimens
are dropped into liquid nitrogen. It should be emphasized
that the procedure given has nothing to do with freeze sub-
stitution.

Freeze etching and processing of the replicas
Freeze cleaving and etching was done in a Balzers BA 360 M
at - 100'C. After replication, the spray-frozen samples have
to be immersed in acetone to dissolve the butylbenzene. The
replicas, which then float free in acetone, were transferred onto

water with a pipette, where they spread on the surface.
Insoluble organic material was removed as usual by floata-
tion of the replicas on 70% sulfuric acid.

Variations in technique

Two variations have been tried. In the first, a small quantity
of the suspension is sprayed onto a liquid-nitrogen-cooled
metal block to form a thin frozen layer. The block surface
containing the specimen is then submerged in the liquid
nitrogen, where the frozen layer is scraped off. Specimen bits
and nitrogen are then poured into the cryochamber. After
evaporation of the nitrogen, butylbenzene is added and freeze-
etch specimens are prepared as described above. Inithe second

FIG. 5. Spray-freeze-etched ferritin solution. Concentration dependence studies have established that the particles are indeed ferritin.
The border of the droplet is visible at the upper-left corner. Magnification: X 70,000.
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method, the fluid sample is sprayed directly onto liquid-
nitrogen-cooled specimen carriers. Two apertures are used,
so that onlv the central area of the specimen support is
hit by the spray. The frozen sample gradually forms a little
mound suitable for freeze etching. No further manipulation
is necessary. The spraying is interrupted several times to
make sure that the surface of the growing specimen is al-
ways kept cold enough.
With glycerol-water solutions, both variations give results

similar to that of the spray-freeze-etch technique described
above, but they seem to be more difficult to perform. The
first variation is of advantage when very little sample is
available. The second one can be used for freeze-etching
nonaqueous solutions in cases where neither a suitable cry-
omedium nor a "glue" can be found.

RESULTS
By the spray-freeze-etch method, the specimen consists of
dispersed droplets embedded in a matrix of butylbenzene
(Fig. 2). Only the content of these droplets will be referred to
as the specimen.

Solutions of 5% glycerol in water look very similar when
spray-freeze-etched or when frozen by the high-pressure
method, although the freezing conditions are quite different
(Fig. 4). The large ice compartments that are formed by
the standard technique (Fig. 3) are not present (Fig. 3,
insert). Segregation merely manifests itself by a granularity
of the order of 5-15 nm, seen only at higher magnification.
Preferred orientation of these small compartments, as de-
scribed by Riehle (1), also occurs frequently (11).

Solutions of ferritin, dextran, albumin, etc., which become
heavily segregated by standard freezing, show dispersed in-
dividual molecules when sprayed frozen (Fig. 5). Luckily, at
the same time, the surface of spray-freeze-etched water appears
considerably smoother than in specimens frozen by the stan-

dard technique. With the latter procedure, pure water usually
appears loaded with particles, bumps, or "warts" of still-un-
known origin (4, 13, 11).

Further studies are needed to test other cryomedia and to
make sure that the currently used "embedding temperature"
of -85oC is low enough to prevent noticeable recrystalliza-
tion during the time needed for the preparation of the spec-
imen. However, the results already demonstrate that spray
freezing can be combined with freeze etching in a way that
opens new possibilities for the electron microscopic investiga-
tion of solute systems. The successful application of this
procedure to the study of unicellular organisms (i.e., Chlorella,
Euglena, and spermatozoa) without the use of antifreeze will
be described elsewhere.
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