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The contrast of biological samples in scanning electron microscopy (SEM) is very weak. To examine a bio-
logical specimen by SEM, many steps and/or special equipment are required to prepare the sample. Here,
we describe a method using an unstained biological sample under a 40 nm carbon film to give a high con-

trast image, where the image is detected by the secondary electron (SE) signal at a low accelerating volt-
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age of 1.5 kV. Under these conditions, it is hard to detect a direct signal from a biological specimen. The
high contrast image is created by the SEs from the lower surface of the thin carbon film. Therefore, the
damage to the sample from the electron beam is very low. Our method can be utilized to observe various
biological samples of bacteria, viruses, and protein complexes.

© 2008 Elsevier Inc. All rights reserved.

Scanning electron microscopy (SEM) is a useful technique for
the investigation of surface structure of biological samples [1-3].
To allow observations under the high vacuum conditions of SEM,
many preparations of biological samples have been developed,
e.g., glutaraldehyde fixation, negative staining, the Sputter-Cryo
technique, and coating with gold or osmium [4-7]. Moreover, these
preparations have some positive effects on the biological sample;
for instance, they enhance contrast, reduce damage, and are un-
charged up by the electron beam. Using these techniques, various
bacteria have been observed [4,7,8]. However, these preparations
require many steps and/or special equipments. Therefore, a more
convenient preparation method for biological samples is needed.

Here, we show that an unstained biological sample under a thin
carbon film gives a high contrast detected by the secondary elec-
tron (SE) signal at a low accelerating voltage of 1.5 kV. The bacteria
sample is attached to the lower surface of a 40 nm carbon film.
However, the electron beam radiates to the top of the carbon film,
making it hard to detect a direct signal from the sample. Therefore,
the high contrast images obtained here are generated by an indi-
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three-dimensional.
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rect mechanism. In this paper, we investigate the high contrast
mechanism under various conditions. Further, we propose a new
high contrast technique based on our experimental results.

Material and methods

Sample preparation. Bacterial samples were obtained from the
dental plaque of a male in his late thirties. A piece of plaque was
taken by the wood tooth pick which was sterile by 70% ethanol.
The plaque was dissolved in 50 pl distilled water in a 2 ml tube
using a pipetman (Gilson, France). To ascertain the presence of bac-
teria, a sample of the solution was observed using an optical micro-
scope (Eclipse E100, Nikon, Japan) before preparation for the SEM.
To prepare the SEM sample, 3 ul of the sample solution was
dropped onto a thin elastic-carbon film, with a thickness of
approximately 40 nm, supported by a copper mesh grid (STEM150
Cu grid, OkenShoji Co., Japan). After 3 min, the samples were
washed with distilled water, and dried at room temperature
(23 °C).

Scanning electron microscopy. The mesh grid supporting the bac-
teria was attached at the center of a 2.5 mm diameter hole on an
aluminum sample holder using carbon tape, with a hole in the
same position as that of the holder (Fig. 1A). The sample holder
with the grid was fixed onto an aluminum stage (Fig. 1B). From
the lower side of the carbon film, the sample holder was reversed
vertically. The sample stage was transferred to the chamber of a
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Fig. 1. Comparison of SEM images of the bacterial sample from the upper and lower side of the 40 nm elastic-carbon film. (A) Photograph of an aluminum sample holder with
an elastic-carbon film supported by a copper grid mesh. A grid with the bacteria is attached to the center of 2.5 mm diameter hole of a sample holder. (B) A sample holder
with a grid is fixed onto an aluminum stage. (C) SEM image of the bacterial specimen on the carbon film taken at 30 kV. The bacteria are shown in very weak white contrast.
The scale bar represents 10 um. (D) SEM image of the upper side of the sample taken at 1.5 kV. The various bacteria are shown in clear black contrast. F. nucleatum, T. denticola,
S. flueggei, and P. gingivalis [8-14] are clearly identifiable in the high contrast image. (E) Expanded image of the area enclosed by the white dashed square in (D). The scale bar
represents 5 um. (F) Image of the bacteria under the thin carbon film at 30 kV, showing the same area as (C). The bacteria are shown in very weak white contrast, as in (C). (G)
Image taken by the bacteria under the thin carbon film at 1.5 kV. The bacteria are shown in very clear black contrast as in (D). (H) Expanded image of the area enclosed by the

white dashed square in (G).

thermionic emission type SEM (JSM-6390, JEOL, Japan). All images
were taken with an SE signal under high vacuum conditions.

Results

The bacterial specimen on the elastic-carbon grid was attached
to an aluminum holder (Fig. 1A), which was also fixed to a stage
(Fig. 1B). The sample images were observed with the SEM using
the SE signal. The bacteria on the carbon film were first observed
at 30 kV (Fig. 1C). Under this condition, the bacteria appeared in
faint white contrast. Thus, it was hard to identify the structure of
bacteria (Fig. 1C). Under a low acceleration voltage of 1.5 kV, the
bacteria had a very clear black contrast. Therefore, it was easy to
identify the various bacteria on the carbon film (Fig. 1D and E).
The oral bacteria viewed, which were identified according to their
form, were as follows: Fusobacterium nucleatum, Treponema denti-
cola, Selenomonas flueggei, and Porphyromonas gingivalis [8-14].

For the next condition investigated, the sample was placed under
the carbon film, which is not a conventional setting for SEM. A high
acceleration voltage of 30 kV was used, as shown in Fig. 1F. The im-
age obtained is similar to the upper side sample in Fig. 1C. At this
acceleration voltage, many electrons hit the lower side of the sample
by scattering through the thin carbon film. Therefore, the lower side
sample image is similar to the white contrast of the upper side im-
age. On the other hand, at a low acceleration voltage of 1.5 kV, many
electrons are absorbed by the thin carbon film [15,16]. A clear and
high contrast image of bacteria was observed under this condition
(Fig. 1G and H). Interestingly, this image is very similar to the upper
side sample (Fig. 1D and E). Under this condition, it is hard to detect
the direct signal from the lower side sample.

To investigate the high contrast mechanism for the lower side
sample, the acceleration voltage was varied between 30 and
0.7 kV (Fig. 2). The bacterial images between 10kV from 30 kV
showed white contrast (Fig. 2A-C). At 10 kV, the white contrast
reached a maximum. However, the detailed form of the bacteria
was difficult to observe in this image. At 5.0 kV, the bacterial image
disappeared because of lack of contrast (Fig. 2D). At a lower accel-
eration of 5.0 KV, the bacteria gradually emerged in black contrast
again (Fig. 2E and F). At 1.5 kV, the image had a clear black con-
trast, which enabled the bacteria to be observed in detail
(Fig. 2G). As the acceleration lowered to 1.5 kV, the clear contrast
gradually disappeared (Fig. 2H and I). These results showed two
contrast peaks; white at 10 kV and clear black at 1.5 kV.

To examine the damage to the sample under the carbon film
caused by an electron beam at 1.5 kV, the same sample was scanned
many times. The first scanned image is shown in Fig. 3A; the bacte-
rium has three flagella and a dome-like body. Images of the same
bacterium were taken four times at a magnification of 10,000x.
Further five images were taken at 20,000 x magnification. The final
image after a total of nine scans is shown in Fig. 3B; it is similar to
the first image (Fig. 3A and B). Therefore, there is little damage to
the sample under the carbon film from the electron beam. Next,
to investigate the first scanned image in detail, we made a pseu-
do-color image and a three-dimensional (3D) map of the first
scanned image, Fig. 3C and D. The body of the bacterium is dome-
shaped. Moreover, the brightness of the crossover points of the fla-
gella is two times higher than the other flagella positions (Fig. 3C
and D white arrow). These results suggest that the lower sample
image was similar to a transmission image, depending more on
the sample volume than its surface, as in general SEM. If the image
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Fig. 2. Comparison of the images of the bacterial specimen under a carbon film obtained from various accelerations. (A) Image obtained from an acceleration voltage of 30 kV,
which shows very weak white contrast. The scale bar represents 10 um. (B) Image of the bacteria under the thin carbon film at 20 kV, the white contrast is higher than that at
30 kV. (C) Image obtained at 10 kV; at this voltage, the white contrast of bacteria peaks. (D) Image obtained at 5 kV, the sample contrast disappears. (E) Image of large rod-
type bacteria showing weak black contrast at 3 kV. (F) Image at 2 kV; the black contrast starts to increase. (G) Image obtained at 1.5 kV; the black contrast of bacteria is at its
maximum, allowing easy identification of the various bacterial structures. (H) Image obtained at 1.0 kV, the black contrast begins to decrease. (I) Image obtained at 0.7 kV, the

black contrast has almost disappeared.

obtained by our method is equivalent to the transmission image, it
would enable the reconstruction of a 3D model using a tilting stage.
A comparison of images from the flat stage and the 30° tilt of the
sample is shown in Fig. 3E and F. The aspect of the bacterium is
changed by the tilt stage. In particular, its body and flagella are
characteristically shifted. Therefore, our method allows reconstruc-
tion of 3D models using many tilted images.

Finally, we examined the high contrast mechanism from the
lower side of the film (Fig. 4). With an open bottom space, both
sides of the sample showed very clear contrast at 1.5 kV (Fig. 4A
and B), as in Fig. 1-3. On the other hand, with a bottom space closed
by an aluminum tube, the bacterial image disappeared (Fig. 4C and
D). These results strongly suggest that the high contrast mechanism
is generated from the lower surface of the carbon film (Fig. 4E).

Discussion

The interaction of the electron beam with light materials is
weaker than that with heavy materials [17]. Therefore, the contrast
of biological sample images from SEM is very weak. To observe bio-
logical specimens with a SEM, the preparation of the sample re-
quires many steps and/or special equipments [1,4-6]. Therefore,
a more convenient method of preparing the sample would be very
useful. In the present study, a high contrast image was obtained
from an unstained biological sample under a thin carbon film.
The image contrast is highest at a low acceleration of 1.5 kV at
the 40 nm carbon film (Figs. 1 and 2). These images are similar
to transmission images, depending on the sample volume rather
than the surface, as with the images of general SEM (Fig. 3). There-
fore, images from various angles could be used to construct a 3D
model.

Our high contrast images were generated by an indirect mech-
anism. The sample of bacteria was attached to the lower side of the
40 nm carbon film. The electron beam radiated to the top of the
carbon film; the SE signals were mainly generated from a few
nanometers under the electron beam spot [18], and the electrons
at the low accelerating voltage were largely absorbed by the
40 nm carbon film [16,17]. Previously, many groups have reported
the transmission of low energy electrons through thin carbon film
[15-17,19]. In these studies, approximately 14% of electrons were
transmitted through a carbon film of 40 nm at 1.5 kV [16]. There-
fore, a few electrons hit the lower side of the sample through the
carbon film by scattering. Under this condition, it is hard to detect
a direct signal from the biological sample. We therefore examined
the effects at the lower surface of the carbon film. The high con-
trast of bacteria completely disappeared when the space at the
lower side of the sample was closed (Fig. 4C and D). These results
strongly suggested that the high contrast image is generated by the
SE signal from the lower surface (Fig. 4E). If the electron beam irra-
diates the thin carbon film, the electrons are scattered in the film,
and are randomly diffused. The scatter area of the electrons
reached the lower side of the 40 nm carbon film at 1.5 kV. There-
fore, both SE signals from top and lower surfaces were detected
(Fig. 4E, left). If the electron beam radiates to the lower side of
the sample position, the SE signal from the lower surface is sharply
reduced by the sample (Fig. 4E, center). Therefore, the sample is
shown in clear dark contrast. At this contrast, we propose to name
the image as the indirect secondary electron contrast (ISEC) image.

At the upper side of the sample, the electrons are scattered
within the sample and are unable to reach the lower surface.
Therefore, the SE signal from the lower surface is sharply reduced,
this is similar to the lower side sample image (Fig. 4E, right). How-
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Fig. 3. The features of the high contrast images of bacteria under the carbon film. (A) Image of a typical bacterium at 1.5 kV, at a magnification of 10,000x. The scale bar
represents 2 um. (B) A bacterium from (A) after four additional images have been taken at a magnification of 10,000x, and its body region taken five times at 20,000x. After a
total of nine scans, the bacterium does not appear to have been damaged. The scale bar represents 1 pm. (C) Fused color image of a bacteria of (A). Its body is dome-shaped.
The white arrows show where the flagella cross, which are almost two times higher than the other flagella positions. (D) A 3D map of the bacteria. The cross point of the
flagella, which were identified as being clearly higher than other position. (E) The flat stage image of a bacterium. The scale bar represents 2 um. (F) Tilted at 30° to the left

side. The aspect of the body and flagella has changed.

ever, the electron damage to the upper side of the sample is higher
than that to the lower side. With acceleration voltages higher than
10 kV, many electrons pass through the carbon film. At voltages
lower than 0.7 kV, all electrons are absorbed by the carbon film.
Therefore, there is no dark contrast under either condition. For
our working hypothesis, the resolution will be increased using
the high-resolution field-emission SEM with a thinner carbon film.

The damage to the lower side of the sample is approximately
one tenth lower than the damage to the upper side. Additionally,
the low acceleration of 1.5 kV also contributes to preventing dam-
age to the biological sample. However, there are still problems
associated with the damage from the vacuum. One of our ap-
proaches to this problem is to use trehalose solution in the wash
out. Biological samples treated with trehalose are protected from
cryopreservation, freeze-drying, and oxidative stress [20-24]. The
protective mechanisms of the trehalose comprise three categories,
water replacement, glass formation, and chemical stability [24].

Therefore, trehalose solution is well suited for the preparation of
biological sample for EM.

In conclusion, the unstained bacterial sample under the
40 nm carbon film gave a high contrast image, detected by the
SE signal at a low acceleration voltage of 1.5 kV. The high con-
trast image is created from the SE signal from the lower surface
of carbon film. There is very little damage to the sample, and the
image is similar to the transmission image, dependent on the
sample volume. Our novel method can be easily utilized to ob-
serve various biological samples of bacteria, viruses, and protein
complexes.
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Fig. 4. Comparison of the image contrast with a closed and open bottom space at 1.5 kV. (A) Image of the bacteria with the open space stage. The bacteria on the carbon film
exhibited clear black contrast. (B) Image of bacteria under the carbon film located on the open stage exhibiting clear black contrast. (C) Image of the bacteria with the bottom
space closed by an aluminum tube. The contrast of the image of the bacteria on the carbon film is very weak. (D) Image of the bacteria under the carbon film on the aluminum
tube. The contrast has completely disappeared. (E) Schematic representation of the high contrast mechanism for viewing biological samples under a thin carbon film at
1.5 kV. If the electron beam irradiates the thin carbon film, the electrons are scattered within the carbon film, which randomly diffuses them. The scatter area is close to the
lower surface of the carbon film. Therefore, SE signals from the upper and lower sides are detected (left). If the electron beam irradiates the lower side of the sample, the SE
signal from the lower surface is sharply decreased by the sample (center). In the upper side sample position, the electrons are scattered within the sample, and do not reach

the lower surface. Therefore, the SE signal from the lower side sharply decreases (right).
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