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Low angle rotary shadowing
Precise low angle rotary shadowing with heavy metals (like platinum) can be used in transmission electron microscopy (TEM) to 
observe molecular details of objects previously absorbed on a thin, low grain and electron-transparent carbon film. 
To achieve the highest contrast and better image quality, it is essential that the coating is directional, and it is given at a precise 
angle towards the sample. The fine grain of the metal layers and the homogeneous thickness of the coating material all over the 
sample surface are also crucial requirements to achieve high quality TEM images. This requires the method of e-beam evaporation 
and no alternative coating technique will give comparable results. E-beam evaporation produces a stream of evaporated material 
which is very directional, extremely homogeneous, cool and fine grained. With the new generation of EM ACE600 e-beam evapo-
rators it is possible to produce homogeneous, very thin and low grained electron-transparent carbon layers to be used as supports 
to adsorb biological objects including DNA molecules, proteins or DNA-protein complexes. Single Molecules, or macro-molecular 
complexes absorbed on the thin carbon layer are then shadowed using a precise and reproducible shadowing angle leading to high 
contrast TEM images. The protocol applied in this article focuses on the use of e-beam evaporation in the visualisation of DNA 
molecules and has been initially set up by Dr. José Sogo’s laboratory at the ETH institute of Zurich and subsequently implemented, 
improved and made available to the scientific community by the Prof. Massimo Lopes’s laboratory at the IMCR institute of the 
university of Zurich (1). Since the details of this procedure have been recently updated (1), we will briefly refer to the key steps of 
the protocol adding experimental details specifically related to the use of the EM ACE600 coater in the contest of this well-defined 
and tried experimental work flow.

Key steps of the procedure, advantages and requirements on the DNA sample
This protocol applies to purified DNA molecules. DNA samples suitable for this procedure must be completely free of proteins and 
RNA molecules. The length of the DNA molecules can be reduced (if necessary) through the treatment with restriction enzymes or 
other procedures to fit the dimension of the analysed objects to the field of view of TEM. High contrast and homogeneous staining 
of the DNA fiber is very much influenced by the grade of purity of the DNA sample. With this technique it is possible to distinguish 
the difference between double strand (ds) DNA and single strand (ss) DNA based on the different thickness of the two form of the 
DNA fiber (see next paragraphs).
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First step of the protocol A balanced mix of DNA molecules in solution is created with formamide and the detergent benzyl-di-
methyl-alkyl-ammonium chloride (BAC). This mix is spreaded on a big surface of water with a specific 
spreading procedure. Thanks to the presence of BAC a mono-molecular layer of DNA molecules is cre-
ated on the surface of the water. The presence of formamide creates a slightly denaturing environment 
that does not influence the structure of the DNA molecules but forces them to acquire an extended 
conformation, which prevents the formation of bundles of DNA fibers and creates an ideal configuration 
to analyse the fine structure of the DNA molecules.

Second step of the protocol The mono-molecular film of DNA molecules is touched with a 400-mesh copper TEM grid on which a 
thin (4-8 nm), homogeneous and low grain carbon layer is deposited (see next paragraph). The TEM 
grid is then immediately submerged into a solution of ethanol and uranyl acetate. In this condition the 
DNA molecules will get immediately absorbed (with high efficiency) on the carbon surface without the 
need of glow discharging it. The ethanol will immediately de-hydrate the sample and will favour the 
completion of the adsorption of the DNA to the carbon surface and uranyl acetate will stain the DNA 
fibers either in their ds or ss DNA regions.

Third step of the protocol The carbon grid with absorbed DNA molecules is subjected to a precise low angle rotary shadowing 
with 8 nm of platinum. This is a staining, which will be specifically effective for the visualisation of 
the ds DNA fiber. Overall, the DNA fibers are stained with uranyl acetate and shadowed with platinum 
(under low angle rotary shadowing). This combination of stainings gives high contrast TEM images of 
the DNA molecules.

Settings of the EM ACE600 to produce high quality carbon layers
Combination of high quality carbon layers and precise low angle rotary shadowing with platinum results in high quality TEM images of DNA 
fibers (see Results). In the procedure described here, the carbon layer is created with the EM ACE600 coater on a V2 high grade Mica sheet, is 
then floated on the surface of the water and, finally, deposited on 400 mesh copper grids without any additional layer of formvar or other sup-
port material. Carbon surfaces created with this procedure have high efficiency in the absorption of DNA molecules and do not need to be glow 
discharged. The EM ACE600 coater allows the design and storage of several processes that can be run in combination. In this case a single 
process was designed to produce the indicated carbon layer.

Settings of the EM ACE600 e-beam coater to create 8 nm carbon layer

Carbon Rods Leica 16771797 
2 x 2 cm High grade (V2) Mica square applied to the LARS Stage of 
EM ACE600 with small sticks

Vacuum 1.5 x 10-5 mbar or lower
Quartz usage yes
Degas setting as indicated by the program registered in the coater
Power (evaporation) 130 - 140 W
Source distance 166.6 mm
Tilt 0 °
Coating Angle 64 °
Rotation 1
Speed 0.03 - 0.08 nm/sec
Thickness 8 nm
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Screenshots of the EM ACE600 display for production of carbon layers

Low angel rotary shadowing with Platinum - Operation and settings of the EM ACE600 coater
DNA molecules absorbed on the carbon surface of a 400 mesh copper grid are subjected to precise low angle rotary shadowing with 8 nm of 
platinum. The grids are fixed on the GRID stage for low angle rotary shadowing of EM ACE600. In this case two different processes have been 
designed and are run in sequence. In the first process the surface of the carbon on the grid is covered with 0.4 nm of platinum at a coating 
angle of 1° without rotation of the GRID stage. In the second process 7.6 nm of platinum are deposited with the same coating angle but with 
the rotation speed of the GRID stage set at level 1. The EM ACE600 can also produce very thin carbon layers (down to 2 nm of thickness) in 
case that it is necessary to increase the contrast of the TEM pictures of the DNA fibers.

Settings of the EM ACE600 e-beam coater to create 8 nm platinum layer

Carbon Rods for platinum inserts Leica 16771796
Platinum inserts Leica 16771798

First process settings

Vacuum 1.3 x 10-5 mbar or lower
Quartz usage yes
Degas setting as indicated by the program registered in the coater
Power (evaporation) 100 W
Source distance 190 mm
Tilt -58 °
Coating Angle 1 °
Rotation 0
Speed 0.03 - 0.08 nm/sec
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Screenshots of the EM ACE600 display for low angle shadowing with platinum (first process)

Second process settings

Vacuum 1.3 x 10-5 mbar or lower
Quartz usage yes
Power (evaporation) 110 W
Source distance 190 mm
Tilt -58 °
Coating Angle 1 °
Rotation 1
Speed 0.03 - 0.08 nm/sec
Thickness 7.6 nm

Screenshots of  the EM ACE600 display for low angle rotary shadowing with platinum (second process)
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Hints and consideration to optimize results
It is very important to set the evaporation parameters (principally the evaporation power) the way that the evaporation speed is kept at a 
constant value (0.03-0.08 nm/second) both for the production of the carbon layer and for the low angle rotary shadowing with platinum. In order 
to create high quality and low grain metal layers, the e-beam guns and the evaporation chamber must be kept extremely clean by using sand 
paper and compressed air to remove any debris. It is advisable (if possible) to dedicate one e-beam gun only for carbon evaporation (together 
with the dedicated LARS stage) and one e-beam gun (with the GRID stage) for low angle rotary shadowing with platinum.

Advantage of the new Generation of e-beam coaters 
The new generation of EM ACE e-beam coaters has several improvements compared to the previous MED generation of evaporators. The 
robustness of the new components of the coater makes the difference. The design of the e-beam guns and the updated electronics with the 
possibility to have a digital view of all parameters on a touch screen display are a big advantage. Also, the presence of safety feedbacks, which 
do not allow the evaporation if tension and current parameters exceed certain values, will help to preserve the machine and to work in safer 
conditions. Regarding the specific application described here, which implies the utilisation of a very precise and reproducible shadowing angle, 
the presence of a sophisticated motorized stage (Leica 16771537), which is controlled digitally via the touch screen, should be highlighted. 
Since the key factor to obtain high contrast TEM images for many applications is the precision and reproducibility of the shadowing angle, it 
can be said that the motorized stage of the EM ACE600 sets new standards in that area. Last but not least, all parameters of the single runs 
and the designed processes can be stored, retrieved and put into a sequence with a very intuitive interface, which allows also non-experienced 
users to work with the machine. 

Fig. 1: TEM pictures of plasmid DNA molecules in solution visualized using BAC sprea-
ding, uranyl acetate staining and low angle rotatory shadowing with the EM ACE600 
e-beam coater. A scale bar (which correspond roughly to 1 kilo base of DNA) is reported 
in black. Red arrows indicate regions of the plasmid molecules that are under-wound 
and have the intrinsic tendency to get denaturated in this experimental condition. These 
images clearly show that this technique allows to distinguish the difference between ss 
DNA and ds DNA. With this technique the thickness of the ds DNA fiber is around  
20 A°. In this experimental condition 0,36 nm corresponds, roughly, to 1bp of ds DNA. 
The picture has been taken using a FEI Tecnai12 bio-twin microscope operated at 80 KV 
and equipped with a side mounted Gatan Orius SC-1000 camera controlled by Digital 
Micrograph Software.
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Results
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Fig. 2: TEM picture of a DNA replication fork of the budding yeast S.cerevisiae obtained using, in vivo psoralen cross linking, BND cellulose 
enrichment, BAC spreading, uranyl acetate staining, and low angle rotatory shadowing with the ACE600 e-beam coater. A scale bar (which 
correspond roughly to 1 kilo base of DNA) is reported in black. Picture has been taken as described in figure 1.
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