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SUMMARY

Thin Pt/Ir/C coating films (1-5 nm) show a fine granularity and provide a high
structural resolution in the transmission electron microscope (TEM) when applied to
freeze-dried biological macromolecules. They keep their structure when exposed to
atmospheric conditions, without the need of an additional stabilizing carbon layer, in
contrast to conventional high-resolution shadowing materials such as Ta/W and Pt/C.
However, the correct ratio of the components has turned out to be crucial. When
evaporating Pt/Ir/C from the source electrode in an electron-beam-heated evaporator,
the ratio of the three elements changes progressively, and, consequently, the properties
of such films depend strongly on the mass that has been pre-evaporated.

In this paper we present a quantitative analysis of the composition of Pt/Ir/C films by
wavelength-dispersive X-ray analysis (WDX) undertaken in association with TEM
experiments. We applied Pt/Ir/C shadowing to two regular biological test specimens,
the phage T4 type III polyhead and the HPI-layer of Deinococcus radiodurans. It turns
out that Pt/Ir/C films containing at least 25%, C are three-dimensionally stable on the
freeze-dried macromolecular samples.

By the dramatically improved resolution power of the latest scanning electron
microscopes (SEM) and the invention of the scanning tunnelling microscope (STM),
two new surface-sensitive tools for the investigation of biological macromolecular
structures became available. The Pt/Ir/C coating has proved to be well suited for STM
and SEM imaging of freeze-dried biological structures because of its good electrical
conductivity and its direct three-dimensional stability. We compare STM, SEM and
TEM images of freeze-dried and Pt/Ir/C-coated polyheads.

INTRODUCTION

Metal shadowing was the first method of contrast enhancement practiced in
biological transmission electron microscopy (TEM) (Mahl, 1942; Miiller, 1942;
Williams & Wyckoff, 1944), and it has been used in scanning electron microscopy
(SEM) from the beginning of its biological application (Smith & Qatley, 1955; Echlin,
1968). Recently, metal coating has also been used in scanning tunnelling microscopy
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(STM) for research into the structure of biological macromolecules (e.g. Amrein et al.,
1988; Guckenberger et al., 1988; Zasadzinsky et al., 1988; Stemmer et al., 1989).

Since the introduction of heavy-metal shadowing in electron microscopy, it has
become well known that the resolution is limited by the granularity of the coating films
(for reviews see Reimer, 1967; Venables et al., 1984; Gross et al., 1985). Knoch & Konig
(1956) first showed that the incorporation of carbon (C) into platinum (Pt) films reveals
finer granular, though still highly contrasting films when compared to the pure metal
films. Such films are attained by simultaneously evaporating platinum and carbon
(Bradley, 1958). A further reduction of the grain size can be achieved by increasing the
amount of carbon by evaporating iridium together with platinum and carbon. However,
when first invented by Skatulla & Horn (1960), no significant difference could be found
between Pt/C and Pt/Ir/C films. This may have been due to the relatively simple
shadowing technique used or the poor performance of the current TEMs. Coating at
very low specimen temperature (20 K) also helps to reduce the grain size of shadowing
films (Gross ez al., 1985). Besides heavy-metal-carbon compounds, tantalum/tungsten
(Ta/W) is a frequently used high-resolution shadowing material in TEM of biological
structures (Bachmann er al., 1969; Gross et al., 1985).

The dramatically improved resolution power of the latest SEMs and the invention of
the STM have added two new surface-sensitive tools for the investigation of biological
macromolecular structures. Until now SEM has been an established method for
visualizing surface details down to a resolution of 5 nm at most (for a review see
McMullen, 1989). The introduction of the field-emission electron sources and newly
designed lenses have made field-emission scanning electron microscopes (FESEM)
available which have a resolution power better than 1 nm (Nagatani ez al., 1987). The
SEM enables the visualization of surfaces of large bulk specimens from low to high
magnification up to macromolecular dimensions (Peters, 1986; Walther & Hentschel,
1989). Usually, SEM requires electrically conductive surfaces. This can be achieved by
coating the surfaces with a conductive film. Up to now, the most frequently used
coating films for high-resolution secondary imaging have been chromium for secondary
electron (SE) imaging (for a review see Peters, 1986) and Pt/C for backscattered
electron imaging (Walther & Hentschel, 1989).

ST M is an established method for probing the surface of metals and semiconductors,
structurally and electronically, to an atomic scale. The ability of STM to reveal directly
the three-dimensional (3-D) structure of a surface with high resolution makes it
attractive in biological molecular structure research. However, STM of biological
material is hampered due to its poor intrinsic electrical conductivity. Resorting to
conductive coating films (Amrein er al., 1989) or metal replicas (Zasadzinsky et al.,
1988) makes it relatively easy to obtain reproducible trustworthy images that are not
influenced by the intrinsic conductivity properties of the biological macromolecular
structures.

The metal coat is applied not only in order to enhance the contrast in TEM and SEM
and to render the surface conductive for STM and SEM, it also must stabilize the
protein in the close-to-native conformation that has been preserved by careful freeze-
drying of the sample (Gross, 1987). Metal coats such as Ta/W and Pt/C, commonly
used as high-resolution shadowing materials in TEM, need an additional carbon layer
in order to maintain their 3-D shape and fine granular structure when exposed to
atmospheric conditions (Bachmann & Hilbrand, 1965). Such a carbon-backing layer,
however, blurs fine surface features when probed by an STM and suppresses the SE
signal from the metal film in an SEM. Shadowing without an additional carbon layer is
also of interest for TEM applications because carbon may contribute disturbingly to
the metal contrast in projection. Pt/Ir/C films have been shown to remain three-
dimensionally stable when transferred to atmospheric conditions after freeze-drying
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the sample. They allow stable tunnelling and provide good contrast in SEM, as well as
in TEM. However, the correct ratio of the components has proved to be crucial when a
fine granular, three-dimensionally stable coating is required.

We quantified the composition of Pt/Ir/C films that were prepared in parallel to
samples for the TEM, by wavelength-dispersive X-ray analysis (WDX). In order to
study the 3-D stability and resolution power of Pt/Ir/C films in TEM, SEM and STM
we used bacteriophage T4 type 111 polyheads as a test specimen. The polyheads are
composed of capsomeres arranged on a near-hexagonal lattice which is folded into a
cylinder. When adsorbed to a support film, the spread-flattened tubes allow for
standard correlation averaging (Saxton & Baumeister, 1982), to determine the detailed
structure of the capsomeres. The type III polyheads have quasi-p6 symmetry and a
lattice constant of 13 nm (Steven et al., 1976). The 3-D stability of the Pt/Ir/C films was
further verified on the HPI-layer, a regular protein monolayer much more strongly
corrugated than the polyheads (Baumeister ez al., 1982). Finally, STM, TEM and
SEM data of freeze dried, Pt/Ir/C-coated polyheads are compared.

MATERIALS AND METHODS
Pt/Ir|C electrodes

We used a Pt/Ir cylinder (diameter = 1-5 mm, length=1-5 mm, 70%, Ir; Heraeus)
inserted into a graphite rod (diameter = 2 mm) as an evaporation source (Fig. 1a). From
this electrode a mass of 13-8 mg had to be evaporated prior to coating of the biological
sample in order to obtain three-dimensionally stable Pt/Ir/C films. The electrodes were
treated in the following way: the mass of a new Pt/Ir/C electrode was determined on a
balance with a precision of 0-01 mg; it then was carefully mounted in an electron-beam-
heated gun (Fig. 1b). Evaporation of the Pt/Ir/C was carried out in a freeze-etch unit
(BAF400T, Balzers) at a pressure of 2 x 103 Pa by applying a high tension of about
1800 V and an emission of about 50 mA. The emission was raised slowly in order to
allow the Pt/Ir cylinder to melt into the carbon rod. Sparks emerging from the gun
indicated that the evaporation had begun. From the electrode, 13 ug/cm? (650 Hz),
measured on a quartz crystal thickness monitor (QSG 201D, Balzers), was evaporated.
The quartz crystal was mounted perpendicular to the shadowing direction at the sample
plane, in a distance of 15 cm from the source electrode. The rate of evaporation was kept
within 0-04 ug/cm?/s (2 Hz/s) to 0-24 ug/cm?/s (12 Hz/s); higher rates were avoided by
regulating either the high tension or the emission. Then the electrode was weighed
again in order to determine the evaporated mass, usually about 13 mg. This implies that
0-1 mg of the electrode corresponds to about 01 ug/cm? (5 Hz) measured on the quartz
crystal monitor. The remaining difference to the required mass loss of 13-8 mg was
evaporated onto a shutter just before coating of the biological specimen.
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Fig. 1. (a) Pt/Ir/C electrode, composed of a platinum~iridium (309, /70°;) cylinder inserted in a carbon rod.
(b) Position of the Pt/Ir/C electrode relative to the tungsten cathode of the electron-beam-heated gun.
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WDX analysis

Pt/Ir/C samples were collected on polished (3-um diamonds) Fe and Al surfaces
(99-959%, purity, Materials Research S.A.). The films were collected five times nearer
the evaporation source than the biological sample in order to obtain films thick enough
for WDX analysis (approximately 80 nm). The mass of the Pt/Ir/C films was about
75 ug/cm? corresponding to 3 ug/cm? (150 Hz) at the specimen plane. Fe and Al were
chosen because these elements have no overlap in the energy of the emitted X-ray
radiation with Pt, Ir and C. In addition, Al allows for optimal absorption correction for
Pt, Ir and C measurements. The absorption correction is particularly important in
WDX measurements of thin films (Oda & Nakajima, 1975).

The Pt/Ir/C samples were analysed in an M9 microprobe (Cambridge Instruments) at
an acceleration voltage of 20 kV for Pt and Ir measurements, and 15 kV for C, Fe and Al
measurements. The microprobe was equipped with a xenon detector for Pt, Ir and Fe
measurements and with a flow-counter (argon methane) for C and Al measurements.
For X-ray reflections the microprobe was equipped with lithium-fluoride crystals (for
Pt, Ir and Fe signals), with PET crystals (Al) and with Pb-stearat crystals (C). The
probe current was 20 nA for Pt and Ir and 100 nA for Al, Fe and C. On each sample at
least three different areas (80 x 100 um) were analysed for 40 s per area.

In addition to the film measurements, the elemental distribution in a cross-section of
the melting zone of the Pt/Ir/C electrode, after a pre-evaporation of 13-8 mg of material,
was determined. In order to do so the electrode was embedded in a copper resin
(Struers: mounting resin-2) and then rubbed and polished (5-um diamonds) down to
the central section. Analysis of the section across the evaporation electrode was
performed using similar conditions as for the films. Measurements were carried out in
steps of 50 um for Pt and Ir and in steps of 100 um for C, beginning at the top of the
electrode towards the end of the insert.

Sample preparation

HPI-layer sheets from the bacterium Deinococcus radiodurans were isolated as
described by Baumeister er al. (1982) and bacteriophage T4 type 111 polyheads were
prepared as described by Steven ez al. (1976). For TEM and SEM samples, carbon
films (8 nm) mounted on copper grids (400 mesh/in.) were used as support. For STM,
the specimens were adsorbed on thin mica platelets covered with a Pt/C film (2 nm)
(Amrein et al., 1989). Prior to adsorption, the support films were rendered hydrophilic
(glow discharged) in a Harrick Plasma cleaner. Samples were diluted with double-
distilled water prior to adsorbing them for 1 min to the support film by placing it upside
down onto a 5-ul sample drop. The grids were then washed with double-distilled water,
excess water was removed and the grids were immediately frozen by dipping them into
liquid nitrogen. While submersed in liquid nitrogen they were fixed on the specimen
table of the ultrahigh-vacuum (UHV) machine (Balzers, BAF 500K) and transferred to
the pre-cooled cold-stage of the airlock of the UHV machine by using the counter-flow
loading device. Freeze-drying was carried out for 2-4 h at 193 K under high-vacuum
conditions (< 10~* Pa) in the airlock. For shadowing, the specimen table was
transferred into the pre-cooled (193 K) specimen stage of the UHV chamber (2 x 107
Pa). TEM samples were rotary shadowed with Pt/C, Pt/Ir/C or Ta/W. Film thickness
and deposition rate were continuously measured with a quartz crystal film monitor and
a rate meter (Balzers QSG 301, QRG 301). The deposition onto the specimen was
monitored by a pneumatic, cooled shutter. The Ta/W films were immediately
stabilized with a 5-nm-thick carbon backing layer. For SEM and STM the specimens
were rotary shadowed with Pt/Ir/C from 65° elevation. The specimen temperature was
kept at 20 K during shadowing except for the comparison in Figs. 2 and 9, where the
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specimen temperature was 193 K. After shadowing, the samples were warmed to room
temperature and withdrawn from the vacuum.

TEM and SEM recording

TEM samples were investigated in a Philips CM 12 electron microscope operated at
an acceleration voltage of 100 kV and equipped with a low-dose unit. The micrographs
were recorded at a nominal magnification of 45,000 and about 450 nm underfocus on
Agfa-Gevaert Scientia film (23D56 P3 AH). The magnification was calibrated with the
known lattice constant of the test specimens.

The samples prepared for TEM were also investigated in an FESEM (Hitachi S-900)
equipped with a Gatan cryo-specimen holder, at an acceleration voltage of 30 kV. The
object temperature in the microscope was kept within 170-180 K. The SE images were
recorded on Kodak T-Max 400. Irradiation damage and contamination was kept small
by selecting an area of interest at a magnification of 20-30,000 prior to recording it ata
magnification of 110,000. The focus was adjusted during the first scan lines.

STM measurement

STM measurements were performed under atmospheric conditions with a pocket-
sized microscope (Gerber et al., 1986) in the constant current mode as described by
Amrein et al. (1989).

Digital image processing and optical diffraction

The TEM and SEM micrographs were screened and selected for best resolution in a
light-optical diffractometer and the diffraction patterns were recorded on 35-mm film
(Iiford FP 4). In addition, the diffraction pattern allows micrographs which show drift
or astigmatism to be eliminated. Selected micrographs were digitized on an Optronics-
P1700 HS photoscanner using a raster of (25 um)?, corresponding to 0-52 nm for TEM
and 0-36 nm for SEM micrographs at the specimen scale. Correlation averaging was
applied to 512 x 512 pixels (HPI-layer) or 1024 x 256 pixels (polyheads), using the
Semper 6 (Synoptics) software, installed on a Personal Iris (Silicon Graphics).
Averaged images were recorded directly from the monitor on 35-mm film (Ifford Pan
F). STM images were processed as described by Amrein ez al. (1989).

RESULTS AND DISCUSSION
Properties of Pt/Ir|C films

When evaporating Pt/Ir/C from a new source electrode, the ratio of the three
elements changes progressively and, consequently, the properties of such films depend
strongly on the mass that has been pre-evaporated from the source electrode. The
granularity becomes finer with an increasing amount of material pre-evaporated, and
the films gain 3-D stability.

From TEM experiments, made in parallel to WDX of samples (Fig. 5), we learned
that Pt/Ir/C films containing at least 259, carbon are three-dimensionally stable when
transferred to atmospheric conditions after freeze-drying the sample. Figure 2(a) shows
amicrograph of a T4 type I1I polyhead freeze-dried and rotary shadowed with Pt/Ir/C
from an elevation angle of 30°. The hexagonal arrangement of the capsomeres that
compose the polyhead is resolved by the Pt/Ir/C film even in the raw data. In the
corresponding averaged image the capsomere appears as a hexameric structure.
Connections between the protomers of neighbouring capsomeres are just visible.

Almost identical results are obtained after shadowing with Ta/W (Fig. 2c). Here the
finest details, the connections between the protomers, appear with an even better
contrast. Note, however, that Ta/W requires a stabilizing carbon layer which makes it
unsuitable for SEM and STM applications.

Pt/Ir/C films containing less than 259, carbon have a significantly rougher
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Fig. 2. TEM micrographs of a freeze-dried polyhead, rotary shadowed at an elevation angle of 30°, with:
(a) 1'5 mm Pt/Ir/C, (c) 0-7 nm Ta/W, (¢) 0-7 nm Pt/C. In (a), the film resolves the hexagonal arrangement of
the capsomeres that compose the polyhead. The corresponding correlation averaged images are shown in (b),
(d) and (f). (b) A hexameric capsomere structure. Fine connections between the protomers of different
capsomeres indicate the high resolution power of Pt/Ir/C films. (d) The same structural features are obtained
after correlation averaging. (f) The capsomere structure is poorly revealed after correlation averaging.

granularity, similar to that of Pt/C films (Fig. 2e). The hexagonal lattice appears less
clear in the micrograph and the averaged capsomere merely shows six globules with no
finer structural features resolved.

From TEM (Buhle er al., 1985) and STM measurements (Amrein et al., 1989) it is
known that polyheads have a rather smooth surface relief. In order to investigate the
stability of Pt/Ir/C films on more corrugated objects, we used the HPI-layer
(hexagonally packed intermediate layer) as a test specimen. The HPI-layer is a loosely
packed regular protein monolayer (RS-layer) found in the cell wall of the bacterium
Deinococcus radiodurans (Baumeister er al., 1982). 3-D models of the HPI-layer have
been obtained by electron microscopy (Baumeister er al., 1986; Gross, 1987;
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Fig. 3. TEM micrographs and the corresponding averaged images of freeze-dried HPI-layer, rotary
shadowed at an elevation angle of 30° with either Pt/Ir/C (a,b) or Pt/C (c,d). The Pt/Ir/C coating reveals the
HPI-layer topology in a detailed way. Note the handedness of the core and the separation on the
interconnecting spokes. The freeze-dried state of the structure seems to be well preserved. Pt/C without
carbon backing, on the other hand, reveals the HPI-structure very poorly. Apparently, Pt accumulates

preferentially on the HPI-layer core region. Most probably, this reorganization of Pt is caused by a structural
collapse during rehydration of the freeze-dried structure when it is exposed to atmospheric conditions.

.

Jakubowski er al., 1988) and by tunnelling microscopy. The HPI-layer has p6
symmetry and a lattice constant of 18 nm. Most of the protein mass of the hexameric
complexes is concentrated in a core-like region from which interconnecting spokes
emanate. The core is surrounded by relatively large holes.

A comparison between Pt/C- and Pt/Ir/C-shadowed, freeze-dried HPI-layers is
shown in Fig. 3. Here the structural resolution is indeed much more strongly affected
by the choice of the coating material than in case of the polyheads. Correlation
averaging of the Pt/Ir/C-coated HPI-layer reveals that the core is subdivided into six
prominent and well-separated peaks. The interconnecting spokes show a distinct
handedness and appear to be composed of two subunits. The resolved surface structure
is in good agreement with the 3-D models obtained by tilt-series reconstruction
(Jakubowski ez al., 1988) and by relief reconstruction (Gross, 1987). On the other hand,
Pt/C without carbon backing reveals the HPI-layer structure very poorly. The metal
seems to be preferentially accumulated on the core subunits and hardly any metal is
found on the spokes. The rough granularity of such Pt/C films on freeze-dried surfaces
most probably is caused by a structural collapse during rehydration under atmospheric
conditions (compare also Fig. 2). In Pt/Ir/C films, on the other hand, such cluster
formation is suppressed by the greater amount of carbon that acts as a stabilizing matrix
for the metal coating.

Excellent structural preservation has also been obtained on freeze-dried and Pt/Ir/C-
coated creatine kinase (Winkler et al., 1991) and on lipid-porin membranes (Hoenger et
al., 1990).
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Fig. 4. In order to investigate if Pt/Ir/C accumulates at preferential sites, freeze-dried polyheads were coated
at an elevation angle of 90°, where any shadow casting is absent. Indeed, in TEM projection of an untilted
polyhead (a), no contrast is revealed beside a faint contour of the borders. The absence of a significant periodic
signal in the optical diffraction pattern (b) indicates that no significant decoration has occurred. If the same
polyhead is imaged at a tilt angle of 55° the periodic structure is clearly revealed. The corresponding
diffraction pattern proves that the periodic surface relief is well preserved.

Surprisingly, Pt/Ir/C shadowing films, on freeze-dried biological macromolecules,
that contain at least 25%, carbon are stable under electron irradiation within a range of
1200-80,000 e~ /nm?.

Decoration

Shadowing materials often tend to accumulate at preferred sites on biological
specimens (decoration) and hence, in a TEM projection, the contrast due to the shadow
casting is superimposed on the contrast caused by the decoration (Bachmann et al.,
1985; Winkler ez al., 1985). In order to investigate preferential nucleation of Pt/Ir/C, we
coated the polyheads at an elevation angle of 90° (Fig. 4). Here shadow casting is
basically absent and therefore no contrast should be observed in an untilted projection.
Indeed, virtually nothing can be seen on the micrograph (Fig. 4a) except the faint
contour of the polyhead borders. The corresponding optical diffraction pattern reveals
no significant periodic signal, indicating that decoration effects are basically absent.
When the same polyhead is viewed tilted with respect to the coating direction, the
periodic structure is revealed by its relief contrast (Fig. 4c). The diffraction pattern
proves that the periodic surface relief of the polyhead is well preserved.

Composition of Pt/Ir|C films

The composition of Pt/Ir/C films (Fig. 5a), sequentially collected from a new source
electrode, was quantified by WDX. The mass of the different Pt/Ir/C films was kept
constant. At the start, Pt/Ir/C films contain 809, platinum, 59, iridium and 159,
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Fig. 5. (a) WDX analysis of Pt/Ir/C films, sequentially collected from a new evaporation source. The first film
is collected within a range of 6-9 ug/ cm?, the second from 9-12 ug/ cm?, etc., measured at the specimen plan.
This corresponds to a 6-9-mg and a 9-12-mg mass evaporated from the source electrode, respectively. The
ratio of Pt, Ir and C changes upon the evaporation of the mass from the source. The Pt content decreases
continuously, while the Ir and C content increases. In Pt/C films (b), the carbon content is significantly
smaller than in Pt/Ir/C films.

carbon. Here the ratio of metal to carbon is in the range that is observed in pure Pt/C
films (Fig. 5b). Subsequently the amount of platinum decreases, while carbon and
iridium increase.

Pt/Ir/C films that contain just enough carbon to be three-dimensionally stable (25%,)
have been reproducibly achieved after pre-evaporation of at least 13 ug/cm? (650 Hz),
measured with a quartz crystal monitor, from a new source electrode (Fig. 6). We
usually pre-evaporated 14 ug/cm? (700 Hz) to ensure we obtained stable films.
However, the quartz crystal measurement is a relative mass measure which may vary in
different freeze-etch units. Therefore we established a general criterion, namely the
determination of the mass loss by the pre-treatment of a new source electrode. In our
freeze-etch unit, 14 ug/cm? (700 Hz) corresponded to 13-8 +£0-39 mg of material
evaporated from the source electrode. Mass measurements were performed on twenty-
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Fig. 6. WDX analysis of Pt/Ir/C films after a pre-evaporation of at least 13 ug/cm? (650 Hz) from the Pt/Ir/C
electrode. Note that the carbon content of at least 25%,, required for stable and fine granular films, is
reproducibly attained after a pre-evaporation of 14 ug/cm? (700 Hz) from a new source electrode. 14 ug/em?
(700 Hz) corresponds to a 13-8-mg mass evaporated from a new Pt/Ir/C source.
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Fig. 7. An analysis of a cross-section through the melting zone of a Pt/Ir/C electrode after a pre-evaporation
of 13-7 mg. Interestingly the composition of the melting zone (12-7%, Pt, 85-5%, Ir and 1-7%, C) differs
distinctively from that of the corresponding Pt/Ir/C film (Fig. 6). This means that Pt evaporates
preferentially from the electrode.

three electrodes. The standard deviation of the carbon content is 3-69, for identical pre-
treatment.

Interestingly, the composition of the evaporated films differs distinctively from that
of the solidified melting zone of the Pt/Ir/C electrode. An analysis of a section across the
melting zone of an electrode after pre-evaporation of 13-7 mg is shown in Fig. 7. No
significant gradient of platinum, iridium or carbon could be found within the melting
zone. The averaged composition is 12-7 + 0-7%, Pt, 85-5+0-99, Ir and 1-7+0-5%, C.
The enrichment of iridium with respect to a new electrode proves that platinum
evaporates preferentially according to the higher saturation vapour pressure. The
carbon content of the Pt/Ir/C films is determined by the iridium content of the
electrode. Most probably the evaporated carbon is diluted in the Pt/Ir melting zone.

The thickness of Pt/Ir/C films is not directly obtainable since the density of the films
at a certain composition is not precisely known. STM measurements of the used
Pt/Ir/C film (1-4 ug/cm?, 70 Hz) revealed a film thickness of 1-4-1-5 nm.

Application of Pt/Ir|C films for TEM, SEM and STM

The fine granular structure, the good electrical conductivity and the 3-D stability at
only about 1-5 nm thickness of Pt/Ir/C films make them ideal for SEM and STM
imaging of biological macromolecular structures. For SEM it is important to have a

Fig. 8. (a) Raw STM data of a polyhead, freeze-dried and Pt/Ir/C-coated (1-5 nm) at an elevation angle of 65°.
Note that the capsomeres can be distinguished as hexamers even in the raw data. The averaged capsomere
morphology is shown in (c) as a plan view, and in (b) as a section along a line through the centre of the
capsomere and the tops of two protomers. The capsomere is composed of six protomers and has a capsomere
orientation angle ¢ of approximately 30°.

Fig. 9. TEM micrograph of freeze-dried polyheads Pt/Ir/C shadowed (15 nm) at an elevation angle of 30°.
The averaged structure shows connections between different protomers, a Y-shaped connection on the
threefold axis (3) and an X-shaped connection on the twofold axis (2). These structures most probably belong
to the lower part of the polyhead relief since they are not visible in the STM. The capsomere orientation angle
is 31°.

Fig. 10. (a) SE image of a polyhead, freeze-dried and Pt/Ir/C coated (1-5 nm) at an elevation angle of 65° and
recorded in an in-lens type FESEM. The capsomeres are just visible. Note the granular appearance of the
coating film which may be due to particle contrast of single metal grains incorporated in a diffuse carbon
matrix. The unsymmetrical averaged image of the capsomere (b) shows the six protomers and faint Y-shaped
connections on the threefold axis. The highly symmetrical quality of the SE-image allows us to symmetrize
the averaged structure (c).
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conducting film with a small electron-free pathway or a minimized lateral scattering to
obtain a well-located signal. The high conductivity of the Pt/Ir/C coating results in
reproducible STM images that are not influenced by the intrinsic conductivity
properties of the biological structures.

In the following we show TEM, STM and SEM images of freeze-dried polyheads
coated with Pt/Ir/C. For STM and SEM the polyheads were rotary shadowed at an
elevation angle of 65° in order to achieve a homogeneous, coherent ¢oating. Figure 8(a)
shows raw STM data after subtraction of a least-squares fitted plane. The morphologi-
cal units, the capsomeres, can easily be distinguished. The capsomere morphology
obtained by correlation averaging reveals a hexamer with the peaks of its protomers
lying on a circle with a diameter of 8 nm. The capsomere orientation angle ¢ is 30° (Fig.
8c¢) and the maximum height of the relief is about 1 nm ( £ 0-2 nm). This may represent
an underestimation of the total corrugation depth, since the tip geometry may have
prevented the tip from truly probing the bottom of the depressions between capsomeres
(Amrein et al., 1989). For TEM, polyheads were rotary shadowed at an elevation angle
of 30° (Fig. 9). The film appears fine grained and the periodic structure is revealed by its
relief contrast. The average capsomere morphology (Fig. 9b) compares well with STM
data (Fig. 8c). The positions of the protomers coincide well with those revealed in STM
images. On the threefold axis, the three neighbouring protomers are connected by fine
Y-shaped structures (‘3’ in Fig. 9b), whereas on the twofold axis, the protomers show
X-shaped interconnections (‘2’ in Fig. 9b). The capsomere orientation angle is 31°

Figure 10(a) shows an SE image of a Pt/Ir/C-coated polyhead imaged in an in-lens
type FESEM. When image averaging is applied, the best resolution was obtained with a
film thickness of 15 nm. In the SE mode the fine grains appear with a high signal
surrounded by a diffuse background. The capsomeres are just visible in the
micrograph. With thicker Pt/Ir/C films the capsomeres become directly visible but
after averaging the highest possible resolution is lost. In the averaged image the
hexameric structure is well resolved and even the Y-shaped connections are faintly
visible. The arrangement of the protomers compares well with TEM and STM data.
TEM and SEM reveal more details from the lower part of the relief than STM
measurements, most probably because the shape of the tunnelling tip has prevented it
from probing these structures. The measured capsomere orientation angle ¢ of 30-31°
is the same for all three surface imaging methods. Averaged capsomeres of negatively
stained type III polyheads, however, reveal an orientation angle ¢ of 21° (Steven et al.,
1976). This difference is probably due to the fact that TEM images of negatively stained
specimens represent a through-projection of the whole stain-excluding mass, whereas
STM, SEM and TEM images of metal-coated specimens are surface representations.
Thus, if the protomer is an elongated structure with the corresponding axis being tilted
relative to a normal to the specimen support, then the two orientation angles will differ.

CONCLUSIONS

The carbon content of Pt/Ir/C films may be chosen within a range of 20-709%,.
Pt/Ir/C films that contain at least 259, carbon remain intact upon transfer to
atmospheric conditions and allow high-resolution features of macromolecular struc-
tures to be preserved in SEM and STM, as well as in TEM. Most probably, Pt/Ir/C
films cannot entirely preserve the overall shape at organelle and cellular dimensions.
Here water contributes as a major structure-forming element and its removal, even by
careful freeze-drying, may result in collapse. For high structural preservation of such
cryo-fixed material, the structures have to be coated at a partially frozen hydrated stage
and cryo-transferred under high vacuum conditions into the SEM, equipped with a
cold stage.
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The grain size of Pt/Ir/C films is reduced when compared to Pt/C films. This is a
consequence of a higher carbon incorporation into the coating film where carbon acts as
a diffusion barrier. We therefore suggest that Pt/Ir/C films are composed of an
amorphous carbon layer that contains small isolated metal clusters.

The film thickness of 1-5 nm required for 3-D stability may limit the resolution of
biological structures in TEM and STM. In SEM, this film thickness.applied on a
freeze-dried polyhead gave optimal resolution after image processing. Further
investigations on thicker structures have to prove the Pt/Ir/C film qualities and its
signal formation in SEM. The polyhead surface showed that the same arrangement of
the protomeres can be obtained in TEM, STM and SEM imaging. However, TEM and
SEM revealed more detail from the lower part of the relief than STM measurements,
such as two different types of interconnections between the capsomeres. On the other
hand, the major advantage of ST M is the direct and precise height measurement. In the
case of polyheads an apparent surface topography of only 1 nm was resolved.

For structural research it will become more and more important to combine
structural information from basically different imaging approaches. From this point of
view it is very important to get an even better understanding of the relation between a
coated surface relief and the contrast obtained in TEM, STM and SEM.
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