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Abstract

Cryotechniques must be employed through-
out all preparation and observation steps in or-
der to extract high resolution scanning electron
microscopical information from biological mate-
rial.

Cryoimmobilization, followed by freeze-dry-
ing and metal-shadowing at low temperature,
yields optimal structural information of T4 poly-
heads used as a test specimen. Freeze-substitu-
tion of frozen T4 polyheads and subsequent
freeze-drying renders the substructures recog-
nizable but less crisp than freeze-drying from
aequous solutions. Critical point drying of
ethanol dehydrated chemically fixed, or freeze-
substituted test specimens results in complete
loss of discrete polyhead structure.

In-lens field-emission scanning electron mi-
croscopes and highly sensitive electron detec-
tors are instrumental prerequisites in achieving
transmission electron microscope-like resolu-
tion of structural details. Shape and size of fine
structures, of the test specimen, are accurately
imaged at high acceleration voltage (> 7 kV).
Precise localization of antigenic sites via ultra-
small (0.8 nm) colloidal gold marker systems by
backscattered electrons also depends on the
appropriate choice of acceleration voltage.

Contamination of the specimen surface is a
serious problem in high resolution scanning
electron microscopy. It can be controlled in
practice, by photographing selected areas of
cooled specimens during the first scan of the
electron beam.
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loidal gold, contamination, cryomethods, Fab
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Introduction

High resolution scanning electron mi-
croscopy (SEM) can contribute a great deal to
the understanding of events occurring on bio-
logical surfaces, even at a molecular level, pro-
vided that significant structural elements, down
to dimensions of 2 - 4 nm, are preserved as a
function of the physiological state. Specimen
preparation, signal generation and signal detec-
tion, and modern instrumentation have to be in-
teractively optimized with a minimum of com-
promises to finally reach this goal.

The immobilization of biological material,
kept under controlled physiological conditions,
is the first and most critical step when attempt-
ing to preserve the complex interactions of or-
ganells, macromolecules, ions and water near
native state. Immobilization must be sufficiently
rapid to provide adequate time resolution of the
dynamic cellular processes.

Immobilization techniques based on chemi-
cal fixation approach their limits. Chemical fixa-
tion proceeds very slowly and most of the dif-
fusible ions are lost or redistributed during
chemical sample fixation (Coetzee and Van der
Merwe, 1984). Altered diffusion properties of
membranes result in distortions of shape, vol-
ume, and content of the cell, and its compo-
nents. Additional artifacts are introduced by the
preparation steps following chemical fixation
(Lee, 1984). Dehydration of chemically fixed
samples through a graded series of organic sol-
vents extracts important surface components
e.g. glycoproteins (Walther et al., 1984). Drying
results in further anisotropic shrinkage.

Cryoimmobilization stops physiological pro-
cesses very rapidly, permitting high resolution
of dynamic cellular events (Knoll et al., 1987;
Knoll and Plattner, 1989; Hiulser et al., 1989).
High cooling rates are required to prevent
specimen damage by the formation and growth
of ice crystals. There are several rapid freezing
techniques which adequately immobilize biolog-
ical structures up to a thickness of approx. 10 to
20 um with cooling rates from104 to 106 K/sec.
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Thicker biological systems up to 500 um, can be
immobilized by high pressure freezing (Muller
and Moor, 1984; Moor, 1987). High yields of
adequately immobilized material can be attained
by optimizing the transfer of pressure and cold
to the specimen (Studer et al., 1989; Kiss et al.,
1990).

Freeze-drying allows one to control the rate
and degree of dehydration (MacKenzie, 1972).
Freeze-drying should be performed from clean
solvents, e.g. distilled water, in order to avoid
the deposition of solutes onto the specimen
surface during drying (Miller et al., 1983).
Aldehyde prefixation is therefore frequently re-
quired to stabilize osmotically sensitive speci-
mens prior to washing with distilled water.
Freeze-substitution followed by critical point
drying may circumvent problems of chemical
fixation at ambient temperature (Barlow and
Sleigh, 1979; Baba and Osumi, 1987; Walther et
al., 1988). Freeze-substitution followed by
freeze-drying from organic solvents was intro-
duced for high voltage TEM studies of cultured
cells (Bridgman and Reese, 1984).

Fully or partially hydrated specimens can be
observed at low temperatures in SEM's
equipped with cryo-attachments (Beckett and
Read, 1986; Walther et al.,, 1990; Read and
Jeffree, 1991). Even the most sophisticated
cryoattachments, attached to conventional field-
emission SEM's do not yield sufficiently detailed
information. The components of in-lens field-
emission scanning electron microscopes (object
stage, cryo-holder) however, permit observation
of partially freeze-dried samples with transmis-
sion electron microscope-like structural resolu-
tion (Hermann and Muller, 1991).

Uncoated biological samples yield low lateral
resolution in the SEM due to their large elec-
tron interaction volume (Joy, 1984). The elec-
tron signal can be accurately localized at the
surface by metal coating. The metal film must be
thin enough to prevent levelling of underlying
surface structures and as fine grained as possi-
ble (Peters, 1982). The grain size of condensed
metal atoms also depends on the kinetic energy
of the evaporated metal atoms. Too high ener-
gies, as in the case of high energy ion-beam
coating may decompose structures of molecular
dimensions (2 - 4 nm). The metal grain size is
generally reduced with lower specimen temper-
atures (Gross et al., 1985). Low specimen tem-
peratures during coating are therefore neces-
sary for both, fine-grained coating layers and for

optimal structural preservation through con-
trolled dehydration (MacKenzie, 1972).
Chromium coatings provide a well-localized
SE I signal (Peters, 1986) and generally yield
excellent high resolution secondary electron
(SE) images with metal films of optimal thick-
ness (Hermann et al., 1988). Cooled specimens
can be chromium coated by planar magnetron
sputtering and electron beam shadowing using
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double-axis rotary shadowing (DARS; Hermann
and Muller, 1991). Equally good structural reso-
lution is obtained after unidirectional plat-
inum/carbon shadowing of cooled, freeze-dried
samples, imaged by backscattered electrons
(BSE's; Autrata et al., 1986 (SEM study of
freeze-fractured TEM replicas); Walther and
Hentschel, 1989; Hermann and Miiller, 1991).

In-lens field-emission scanning electron mi-
croscopes provide an electron beam diameter of
less than 1 nm at high acceleration voltage. The
electron beam diameter increases with reduced
acceleration voltage (4 nm at 1 kV in the Hitachi
S-900 HRSEM; Nagatani et al., 1987). At lower
acceleration voltage, more energy of the
primary electron beam is confined within the
SE escape zone, increasing the SE yield. The
Hitachi S-900H, a dedicated low voltage
HRSEM, permits work at low acceleration volt-
ages with slightly reduced beam diameters
(3 nm at 1 kV; Sato et al.,1990). The micro-
scope is difficult to equip with an annular BSE
detector due to its narrow polepiece gap. Highly
efficient BSE detection may be essential for the
unambiguous localization of ultra-small colloidal
gold in immunolabelling studies.

Contamination of the specimen surface is a
serious problem, especially at the
magnifications (> 100'000 x) required for high
resolution surface imaging at molecular dimen-
sions (Fourie, 1976; Hren, 1979). The major
source of contamination is the specimen itself;
contaminants are released from the specimen
as a consequence of radiation damage (Engel,
1981) and spread over the scanned area by
surface diffusion (Wall, 1980). Cooling the
specimen reduces mass loss as well as surface
diffusion. In this paper we stress the

importance of cryomethods during both
specimen preparation and subsequent
observation in the scanning electron mi-
croscope.

T4 polyheads adsorbed onto thin carbon-
foils (reducing sub-surface informations) serve
as a test specimen. Their structure is well docu-
mented in TEM studies, image reconstruction,
and previous SEM experiments (Finch et al.,
1964; DeRosier and Klug, 1972; Kistler et al.,
1978; Buhle et al., 1985; Hermann and Miiller,
1991). T4 polyheads are structurally aberrant
mutants of T4 phages (defect in gene 20). The
capsomeres of the T4 phage head are arranged
in long tubes with a diameter of 86 nm exhibit-
ing a plane, hexagonal lattice structure. The
center to center spacing is 13 nm. Capsomeres
have a diameter of 8.3 nm and are composed of
6 subunits with a diameter of 3 nm (Laemmli et
al., 1976).

The immunological localization of surface
antigens, receptors and lectin binding sites,
with colloidal gold markers is an important
application of high resolution SEM (large col-
loidal gold particles see Hodges et al., 1987; 5 -
15 nm colloidal gold see Muiller et al., 1989).




Prerequisites of high resolution SEM

Colloidal gold particles > 15 nm can be identi-
fied with the SE signal (Horisberger and Rosset,
1977). BSE imaging is necessary, however, for
accurate localization of smaller colloidal gold
(Walther et al., 1983; Walther and Muiiller,
1986); in the SE image small gold is not dis-
cernable from surface details or contaminants.
Sub-molecular mapping with ultra-small marker
systems can be performed with SEM, if the
shape and size of biological fine structures are
clearly imaged. The importance of choosing the
right acceleration voltage is seen in the study of
DARS chromium coated T4 polyheads and Fab
fragments coupled to 0.8 nm colloidal gold, ad-
sorbed onto a thin carbon-foil.

Material and Methods
Test specimens

T4 polyheads: T4 polyheads were used to
study the influence of preparation techniques
on the preservation of structural details in TEM
(techniques based on chemical fixation were
compared with cryotechniques).

T4 polyheads and unbound gold marked Fab
fragments were used to evaluate the effect of in-
strumental parameters on structural resolution
in SEM. Specimens were rapidly frozen, freeze-
dried and chromium coated for this study.

Fab fragments coupled to 0.8 nm colloidal
gold: Fab fragments of polyclonal rabbit IgG
(against T even phage tail fibre proteins) have
been prepared by papain digestion according to
Porter (1959). The Fab fragments have been
coupled to 0.8 nm colloidal gold by Aurion
(Wageningen, the Netherlands). Colloidal gold
marked Fab fragments were stored in phos-
phate-buffered salt solution (PBS) without any
stabilizing proteins.

Specimen preparation techniques

T4 polyheads were mixed in suspension
with colloidal gold approx. 5 nm in diameter
(Slot and Geuze, 1985); the gold facilitates fo-
cussing and astigmatism correction. T4 poly-
heads and Fab fragments have been adsorbed
onto hydrophilized carbon film supported on a
copper grid.

Freeze-drying from aqueous solutions:
Specimens were washed in bidistilled water and
then cryoimmobilized by plunging into liquid
ethane. The samples were subsequently freeze-
dried for 1 hour at -85° C at a pressure < 5 x
107 mbar in a BAF 300 freeze-etch device
(Balzers, FL).

Freeze-substitution followed by freeze-dry-
ing: Specimens were washed in bidistilled wa-
ter, then cryoimmobilized by plunging into liq-
uid ethane. Freeze-substitution of T4 polyheads
was carried out in anhydrous acetone containing
2% osmium tetroxide. The samples were kept
in the freeze-substitution medium at -90° C,
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-60° C and -30° C for 8 hours in each step
(Muller et al., 1980). The samples were then
washed in anhydrous acetone at -30° C and re-
frozen by plunging into liquid ethane. Samples
were then freeze-dried from pure acetone in a
BAF 300 (Balzers, FL). After 1 hour at -100° C
the temperature was increased to -85° C for an
hour prior to metal coating.

Freeze-substitution followed by critical point
drying: Specimens were washed in bidistilled
water, then cryoimmobilized by plunging into
liquid ethane. Freeze-substitution was carried
out in anhydrous acetone containing 2% os-
mium tetroxide. The samples were kept in the
freeze-substitution medium at -90° C, -60° C
and -30° C for 8 hours at each temperature step
(Mtiller et al., 1980). They were then washed in
anhydrous acetone at -30° C and transfered to a
critical point dryer (Balzers, FL) in which the
acetone was replaced by liquid CO9 at a tem-
perature below +10° C. The specimens were
then critical point dried.

Chemical fixation and dehydration: T4 poly-
heads were incubated for 2 hours with 2% glu-
taraldehyde at 4° C (the pH was adjusted to 7.2
with 0.1 M KoCOg ). After fixation, the speci-
mens were washed with bidistilled water and
dehydrated at 4° C through a 30, 60, 90 and
100% ethanol series (10 minutes in each step).
Ethanol was replaced by anhydrous acetone
which was subsequently displaced by liquid COg
at a temperature below +10° C, prior to critical
point drying.

Metal coating procedures

Unidirectional platinum/carbon shadowing
for TEM: T4 polyheads were unidirectionally
shadowed with platinum/carbon in a Balzers
BAF 300 freeze-fracture device at an angle of
28°. The platinum/carbon layer (1.7 nm) was
subsequently backed with approximately 20 nm
of carbon evaporated perpendicular to the
specimen (Buhle et al., 1985). The specimens
were kept at -85° C at a pressure < 5 x 107 mbar
during coating. Chemically fixed samples were
cooled down to -85° C prior to coating.

Chromium double-axis rotary shadowing
(DARS) for SEM: Chromium was electron beam
evaporated in a Balzers BAF 300 freeze-fracture
device at a pressure < 5 x 107 mbar at -85° C.
DARS with a gun tilt range of 0° to 90°, was
employed for this purpose. The thickness of the
metal films was 6 nm, measured by a quartz
crystal monitor moving on target with the elec-
tron gun. The resulting metal layer is not homo-
geneous in thickness; increasing from 1/5th, on
vertical surfaces, to 2/3rds of the measured
thickness on horizontal surface planes
(according to model calculations, Hermann et
al., 1988; Hermann and Muiller, 1991).

Low temperature planar magnetron sputter-
ing (PMS) for SEM: Chromium was PMS




deposited in a Balzers MED 010 table top high
vacuum coating device. The normal glass recipi-
ent was replaced by an aluminum cylinder
adapted for low temperature work. The modi-
fied recipient contains a port through which the
Gatan cold stage can be inserted, and a LNj
cooled Meissner trap with vacant orifices for
the quartz crystal and for the specimen on the
cold stage (Mtuller and Hermann, 1990;
Hermann and Miuiller, 1991). Immediately after
freezing, specimens were mounted on the cryo-
holder under liquid nitrogen and introduced
into the PMS device with the cryoshield of the
cryoholder closed. The cryoholder was inserted
against a slow flow of dry nitrogen gas in order
to reduce contamination of the cold trap. The
cryoshield of the cryoholder was opened after a
pressure < 106 mbar was attained; the temper-
ature was then increased to -85° C for freeze-
drying. The pressure was reduced prior to sput-
tering to 5 x 102 mbar by introduction of pure
argon gas. Sputtering was carried out at a sub-
strate to target distance of 7.5 cm. The sample
was cooled to -150° C prior to venting with dry
nitrogen gas and immediately transferred to the
microscope under liquid nitrogen using the
conventional Gatan cryostation (the modified
recipient, HR 010, is now available from Balzers,
FL).

Electron microscopy

A Hitachi H-600 was used for TEM study.
The SEM samples were examined in a Hitachi
S-900 in-lens field-emission scanning electron
microscope on a Gatan cryoholder at approx.
-80° C. The microscope is equipped with an im-
proved YAG type BSE detector (Autrata et al.,
1986; Autrata et al., 1991; available from Plano
GmbH, Marburg, Germany). Specimen areas
were preselected during high speed scans at
low magnification (10,000 x). Micrographs were
then taken immediately at 200,000 x and final
focussing was performed during the first lines
of the exposure (2000 lines/80 sec total expo-
sure).

Results

Freeze-drying of T4 polyheads preserved
polyhead substructures (Fig. 1B), while struc-
tural details were completely lost after glu-
taraldehyde fixation followed by dehydration and
critical point drying (Fig. 1A).

Critical point drying after freeze-substitution
in acetone containing 2% osmium tetroxide re-
sulted in pure structural definition, as demon-
strated in figure 1C. Identically freeze-substi-
tuted polyheads, but freeze-dried from acetone
at -100° C permitted identification of polyhead
substructures (Fig. 1D).

Chromium coated test specimens yielded
high resolution structural information only dur-
ing the first scan of the electron beam if pho-
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tographed at high magnifications and ambient
temperature in the SEM (at a scanspeed of 80
seconds per 2000 lines; Fig. 2A). The second
scan over the same area already causes severe
loss of structural information (Fig. 2B). Cooling
the specimen to -80° C permits 3 to 4 scans
without loss of structural information (Fig. 2C,
first and, Fig. 2D, second scan over the same
area).

High acceleration voltage yielded the best
results of both, SE imaging and BSE detection.
Freeze-dried and chromium coated samples (of
T4 polyheads and of Fab fragments coupled to
0.8 nm gold colloids) were observed at a magni-
fication of 200,000 fold under conditions of
minimum contamination. SE images of T4 poly-
heads at different acceleration voltages are seen
in figure 3. SE and BSE images of Fab fragments
coupled to 0.8 nm colloidal gold at the same ac-
celeration voltages are shown in figure 4.

Polyhead capsomere subunits and Fab frag-
ments appear clear and crisp at an acceleration
voltage of 30 kV (Fig. 3A and 4A), or 20 kV (not
shown). The same structures are shown in fig-
ures 3B and 4C at an acceleration voltage of
7 kV. Fine structures are still visible, the shapes
are, however, less distinct. The fine structures
appear blurred in figures 3C and 4E which were
taken at an acceleration voltage of 5 kV.

A large number of crisp colloidal gold parti-
cles is visible in figure 4B, a BSE image of gold
marked Fab fragments at an acceleration voltage
of 30 kV. The BSE signal increases, when the
acceleration voltage is reduced to 7 kV, as
shown in figure 4D. Gold particles appear larger
than at 30 kV. The number of visible colloidal
gold particles is reduced at 5 kV (Fig. 4F). Only
larger clusters are detected.

Discussion

Freeze-drying of rapidly frozen samples pre-
serves T4 polyhead substructures (Fig. 1B). Con-
ventional chemical fixation and follow up pro-
cedures result, however, in loss of fine

Fig. 1: TEM micrographs (100 kV acceleration
voltage) of unidirectionally platinum/carbon
coated T4 polyheads.

Fig. 1A Chemically fixed and dehydrated poly-
heads after critical point drying. Not even the
shape of the T4 polyheads is properly main-
tained.

Fig. 1B T4 polyheads, rapidly frozen and freeze-
dried (-85° C). Polyhead capsomeres and their
substructures are clearly visible.

Fig. 1C Polyheads freeze-substituted in anhy-
drous acetone containing 2% osmium tetroxide
and subsequently critical point dried. Polyhead
capsomeres are invisible.

Fig. 1D Identically freeze-substituted polyheads,
but freeze-dried at -100° C from pure acetone.
The capsomere structures are now visible.
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Fig. 2 demonstrates the importance of specimen cooling during observation in the SEM in order to
minimize etching and contamination. Fig. 2A and B depict the same area of a freeze-dried and DARS
chromium coated specimen kept at room temperature during the first and second scan of the elec-
tron beam (scanning speed 80 sec/2000 lines, acceleration voltage 30 kV).

Figs. 2C, D have been photographed during the first and second scan of the electron beam over the
same specimen area after cooling the specimen to -80° C (freeze-dried, chromium planar magnetron
sputtered specimens).
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Fig. 3: SE images of freeze-dried, DARS chromium coated T4 polyheads at acceleration voltages of
30 kV (Fig. 3A), 7 kV (Fig. 3B) and 5 kV (Fig. 3C). Polyhead capsomeres and their substructures appear
less crisp with decreasing acceleration voltage.
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Fig. 4 shows SE and BSE images of Fab frag-
ments coupled to 0.8 nm colloidal gold at differ-
ent acceleration voltages. The samples have
been freeze-dried and DARS chromium coated
at-85° €.

Figs. 4A, C, E are SE images of marked Fab
fragments at an acceleration voltage of 30, 7 and
5 kV, while Figs. 4B, D, F depict the corre-
sponding BSE images.

A large number of crisp colloidal gold particles
is imaged at 30 kV (Fig. 4B). Individual gold
particles and aggregates are readily discerned
from the background noise (very small white
points). The BSE signal increases at 7 kV, gold
particles appear, however, larger than at 30 kV
(Fig. 4D). At 5 kV, the individual gold particles
are no longer clearly imaged (Fig. 4F); only
larger particles are visible.

structural details (Fig. 1A). Glutaraldehyde fix-
ation itself does not seem to destroy polyhead
substructures. The capsomeres are readily iden-
tified after air-drying of glutaraldehyde fixed
polyheads (not shown); air-drying of chemically
untreated polyheads renders the capsomeres
invisible (Kessel et al., 1986).

Unlike T4 polyheads, most biological sam-
ples can not be freeze-dried from bidistilled wa-
ter due to their osmotic sensitivity. "Volatile
buffers", e.g. ammoniumacetate or bicarbonate,
do not sublime at temperatures below -35° C.
This was determined by residual gas analysis in
a Balzers BA 500 K ultra-high vacuum freeze-
fracture device (A. Gisel, ETH Zurich, personal
communication). The temperature dependent
degree of dehydration at which biological struc-
tures of molecular dimensions are altered or
lost during freeze-drying is not known. The rel-
atively high collapse temperature of ovalbumin,
-10° C, during freeze-drying (MacKenzie, 1972)
suggests however, that it might be possible to
warm biological samples to subzero tempera-
tures at which volatile buffers sublime, without
removing the water fraction necessary for main-
taining structural integrity.

Freeze-drying of freeze-substituted samples
renders polyhead capsomeres slightly visible
(Fig. 1D). Structural details > 10 nm could be
preserved by critical point drying of freeze-sub-
stituted biological specimens observed in SEM
(Osumi et al., 1988; Walther and Hentschel,
1989). The polyhead capsomeres (8.3 nm in di-
ameter) were no longer visible, however after
freeze-substitution followed by critical point
drying (Fig. 1C). The loss of structural informa-
tion of freeze-substituted and critical point
dried polyheads may be due to the use of sol-
vents at relatively high temperatures; exchange
of acetone with COg9 was performed at tempera-
tures below + 10° C. Protein molecules may col-
lapse due to complete dehydration under these
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conditions (MacKenzie, 1972). Freeze-substi-
tuted polyheads were kept at temperatures be-
low -30° C during the preparation steps of
freeze-drying. The strong anisotropic shrinkage
that can occur during critical point drying itself
may also have influenced structural preservation
(Boyde and Franc, 1981).

The metal coating procedure can limit
structural resolution in the SEM. It has been
optimized in a previous study on high resolution
biological metal coating techniques (Hermann
and Muller, 1991). The thickness and grain
structure of the metal film influences the signal
generation in the SEM. A high resolution SE
signal is achieved by coating the specimen with
chromium at -85° C. The optimal metal film
thickness should be evaluated in a coating
thickness series and does not necessarily corre-
spond with the minimal thickness at which the
metal grains coalesce.

The shape and size of fine structures is ac-
curately visualized in the SE image only at high
acceleration voltage (Figs. 3A and 4A). Fine
structures appear blurred with reduced acceler-
ation voltage (Figs. 3C and 4E). This study uses
thin, beam-transparent samples, thus reducing
the difficulties encountered with thicker
specimens, i.e. charging and a larger SE II
background signal. The level of structural infor-
mation of the SE image may be reduced on bulk
specimens. Detection of small colloidal gold
particles with the BSE image is possible, how-
ever, on bulk biological samples; 1 nm gold par-
ticles can be unambiguously localized on sur-
faces of erythrocytes at an acceleration voltage
of 30 kV (Muiller and Hermann, 1990). Colloidal
gold particles appear crisp at an acceleration
voltage of 30 kV in the BSE image (Fig. 4B), but
"larger than life" at an acceleration voltage of
7 kV (Fig. 4D). Dimensions close to the resolu-
tion limit of the microscope are, however, diffi-
cult to measure. The number of visible gold par-
ticles decreases significantly when the acceler-
ation voltage is further reduced (Fig. 4F). The
corresponding SE image (Fig. 4E) indicates that
the number of structures does not differ signifi-
cantly from figure 4A, taken at 30 kV. This indi-
cates that the reduced number of gold particles
in figure 4F is due to the acceleration voltage
rather than to an uneven distribution of the la-
belled Fab fragments on the support.

The observed loss of information in SE (Figs.
3) and BSE images (Fig. 4B, D, F), at an acceler-
ation voltage below approximately 7 kV, corre-
sponds to calculations of beam size diameter of
the Hitachi S-900 SEM as a function of the ac-
celeration voltage (Nagatani et al., 1987; esti-
mation by wave optics).

Conclusions

Adequate structural preservation is main-
tained only when the biological specimen can be
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kept in a controlled state of hydration during
metal coating and subsequent observation in the
SEM.

High precision localization of surface struc-
tures should be performed at high acceleration
voltage. This is also true for unambiguous detec-
tion of ultra-small colloidal gold markers (ca.
1 nm) by backscattered electrons in SEM im-
munolabelling studies (Hermann et al., 1991).
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Discussion with reviewers

K.R. Peters: The usefulness of chromium and
high accelerating voltage for field-emission SEM
imaging of high magnification details for thin
TEM samples is in agreement with similar
imaging reports of surface detail on bulk sam-
ples with strong mass density depth variations
as found in osmificated cellular or tissue sam-
ples. Why do you have to use a much larger
amount of metal for contrast production on your
thin samples as you do not have to override con-
trast contributions from the background signal?
Authors: The thickness of the coating layer
must be optimized for maximum contrast
(Hermann and Muller, 1991). This thickness
depends not only on the coating procedure,
technique and material, but also on the type of
specimen (bulk or TEM-like as in this paper)
and on the attainable resolution (magnification).
Data drawn from different sources (i.e. other
techniques, samples and/or, follow-up proce-
dures) therefore do not provide adequate basis
for comparison of coating parameters.

K. Zierold: Can the radiation damage you show
in Fig. 2 be reduced by use of another coating
material, for example platinum?

Authors: The influence of different coating ma-
terials (we examined Cr, Ge, Pt, Pt/C, W) is
minimal compared to the effects of the low
temperature.

K. Zierold: Why does colloidal gold appear fuzzy
and irregularly shaped in SEM in comparison to
the sharp round circles seen in TEM?

Authors: 0.8 nm colloidal gold particles consist
of less than 20 atoms and are about the size of
the scanning electron beam. Therefore only a
very noisy signal can be expected.

1 nm colloidal gold particles appear also
fuzzy in TEM and are difficult to distinguish
from noise. 10 or 15 nm colloidal gold particles
are visualized in SEM with crisp, sharp contours
(see Hermann et al., 1988).

K.R. Peters: The removal of water from frozen
hydrated specimens may produce collapse at a
macromolecular level in dependence of the
elasticity of the molecular matrix. One factor al-
tering the elasticity is the specimen tempera-
ture. How do you describe the imaging history of
frozen and partially or fully hydrated sample
surfaces in regard of macromolecular collapse?

K. Zierold: Does the macromolecular structure
also collapse after freeze-drying, coating and

R.Hermann and M.Muiller

warming up to room temperature or after
freeze-drying and coating at room temperature?
In other words: Could you comment on the
critical temperature the specimen should not
exceed before cryo SEM?
Authors: We don't think that there are reliable
and conclusive data available yet to qualify as an
answer to the above questions. There is, how-
ever, evidence accumulated in several reviews
that only a minor portion of water can be re-
moved from the specimen without structural
consequences (see e.g. Humbel BM, Miiller M
(1986). Freeze substitution and low temperature
embedding. In: The science of biological speci-
men preparation 1985, SEM Inc., AMF O’Hare,
(Chicago), IL 60666, USA: 175 - 183. and
Kellenberger E (1991). The potential of cryofix-
ation and freeze substitution: Observations and
theoretical considerations. J. Microsc.; 161(2):
183 - 203.).

As a rule of thumb, we assume that the
specimen should never become warmer than
-85° C, even with partially freeze-dried samples.

P. Walther: The level of structural information
may be reduced on bulk samples, as explained
in the discussion. Do you have any experimental
evidence for this? Did you ever try to image the
polyhead on a grid bar or on a bulk specimen
support? Do you see a way to overcome these
limitations?

Authors: The aim of our experiments was to
evaluate the resolution limits of biological high
resolution SEM. For this purpose we chose
beam-transparent test specimens of known
structure at molecular dimensions which con-
tribute a minimum background signal. Several
questions concerning thin samples are more
readily studied with this type of SEM approach
than with TEM.

Bulk samples provide a larger unspecific
background signal which may obscure high
resolution structural information. Several ap-
proaches to this problem have to be considered;
among them, working at low voltages, BSE-
imaging of unidirectionally shadowed surfaces,
and SE I imaging at very high magnification.

P. Walther: Is the level of contamination shown
in Fig. 2 influenced by the specimen support?
Does it make a difference, whether pure carbon
films, or carbon coated formvar films, or bulk
carbon specimen supports are used?

Authors: The use of other beam-transparent
support material, e.g. pure carbon films does
not significantly influence contamination and
etching. Little is known about these effects.
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