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The high-resolution structural analysis of biological specimens by scanning electron microscopy (SEM)
presents several advantages. Until now, wet bacterial specimens have been examined using atmospheric
sample holders. However, images of unstained specimens in water using these holders exhibit very poor
contrast and heavy radiation damage. Recently, we developed the frequency transmission electric-field
(FTE) method, which facilitates the SEM observation of biological specimens in water without radiation
damage. However, the signal detection system presents low sensitivity. Therefore, a high EB current is
required to generate clear images, and thus reducing spatial resolution and inducing thermal damage
to the samples. Here a high-sensitivity detection system is developed for the FTE method, which
enhances the output signal amplitude by hundredfold. The detection signal was highly enhanced when
voltage was applied to the metal layer on silicon nitride thin film. This enhancement reduced the EB
current and improved the spatial resolution as well as the signal-to-noise ratio. The spatial resolution
of a high-sensitive FTE system is 41 nm, which is considerably higher than previous FTE system. New
FTE system can easily be utilised to examine various unstained biological specimens in water, such as
living bacteria and viruses.

© 2014 The Author. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
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1. Introduction

High-resolution imaging of biological specimens by electron
microscopy provides valuable insight to biological mechanisms
[1-6]. In particular, scanning electron microscopy (SEM) has
widely been used to analyse bacterial and viral structures [7-12].
However, SEM observations of these specimens under high vac-
uum conditions require specific sample preparation protocols
involving glutaraldehyde fixation, negative staining, cryo-tech-
niques and metal coating or labelling to avoid electrical radiation
damage [10-13]. These protocols also enhance contrast and pre-
vent the electrical charging of the specimens. Until now, atmo-
spheric and/or wet biological specimens have been examined
using atmospheric holders [14,15], but they undergo heavy radia-
tion damage caused by electron beam (EB) [16-18]. In addition,
images of unstained samples display very poor contrast. Therefore,
these systems require additional glutaraldehyde fixation with neg-
ative staining or metal labelling [14,15].
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The SEM-based frequency transmission electric-field (FTE)
method has recently been developed for the non-destructive
analysis of biological specimens in water [19]. In this FTE system,
we combined both technologies of the electrical impedance
tomography method [20-24] and the ultrasonic imaging method
based on SEM [25,26]. Our FTE method provides high-contrast
imaging of the intact specimens in water introduced in an atmo-
spheric sample holder comprising two silicon nitride (SiN) films
[19]. The upper SiN film, which is coated with tungsten-nickel
(W-Ni), is irradiated using a focused modulation EB. Irradiated
electrons are strongly scattered and absorbed in the 20 nm-thick
W layer resulting in a negative electric-field potential at the irradi-
ated position. This negative potential oscillates at the EB modula-
tion frequency (30-60 kHz) and is transmitted to the bottom SiN
film through the biological sample. In this method, the biological
samples are not directly exposed to the EB, which prevents elec-
tron radiation damage [19]. However, the signal detection system
presents low sensitivity. Therefore, a high EB current is required
to generate clear images, and thus reducing spatial resolution
and inducing thermal damage to the samples.

Here, a highly sensitive detection system is presented for the
FTE method to enhance the output signal amplitude (Fig. 1). This
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Fig. 1. Experimental set-up and the highly sensitive SEM-based FTE imaging system. (A)

Photograph of a sample holder. The sample space between the SiN films was sealed

using double-sided tape and two screws. The W-Ni layer was connected to the upper Al holder part using conductive carbon tape. (B) Photograph of a water sample holder set
on the AC pre-amplifier box. The sample holder was mounted on the Al stage. To apply bias, a cable connected the upper Al holder part to the bias voltage source (Model 6430,
Keithley). (C) Schematic diagram of the electrically biased FTE system. Biological specimens in water were introduced in the 5 um-thick space between two SiN films. The
scanning EB, which was modulated by a beam blanking unit using a function generator at 30 kHz, irradiated the W-Ni coated SiN film at a 4 kV acceleration voltage. The
measurement terminal under the holder detected the frequency signal from the W-Ni layer through the specimens. The output signal from the lock-in amplifier was recorded

by a data recorder. The bias voltage was applied to the W-Ni layer.

enhancement is expected to considerably reduce the EB current;
therefore, improving spatial resolution and signal-to-noise ratio
(SNR). This approach offers a high-resolution and clear observation
of unstained bacteria and viruses in water.

2. Materials and methods
2.1. Metal deposition on the upper SiN film

A 50 nm-thick SiN film supported by a 0.4 x 0.4 mm window in
a Si frame (4 x 4 mm, 0.38 mm thickness, Silson Ltd., UK) was suc-
cessively coated with W and Ni using a magnetron sputtering
machine (Model MSP-30T, Vacuum Device Inc., Japan). As previ-
ously described [19], nickel sputtering was conducted for 5 s under
1.1 Pa Ar at 200 mA to generate a 5 nm-thick layer. Tungsten was
sputtered for 20 s at 1.1 Pa Ar and 200 mA giving a 20 nm-thick
coat. The distance between the sputter target and SiN film
amounted to 50 mm.

2.2. Sample preparation

The purple, rod-shaped, non-sulphur photosynthetic bacterium
bearing flagella Rhodobacter capsulatus [27-29] was obtained from

the Santechno Co. (Japan, Osaka). The bacterial solution (1 ml) was
centrifuged at 6,200 rpm for 1 min using a Capsulefuge PMC-060
(Tomy Inc., Japan) and the supernatant solution was replaced by
0.5 ml solution of 1% (w/v) trehalose (Hayashibara Inc., Japan)
and 0.5% NaCl. The sample solution (2 pl) was introduced in the
atmospheric holder.

The Spodoptera litura nuclear polyhedrosis virus (SNPV) was
provided by Nippon Kayaku Co. Ltd. (Japan). The SNPV powder
(10 mg) was dissolved in 20 mM sodium carbonate solution (pH
11.0, 1 ml) for 10 min and the baculovirus solution (2 pl) was
introduced in the holder.

2.3. Atmospheric sample holder

A holder consisting of an upper aluminium (Al) part and a lower
acrylic resin part maintained the sample solution at atmospheric
pressure between the SiN films (Fig. 1). The upper W-Ni-coated
SiN film was attached by a 5 um-thick double-sided tape (No.
5600, Nitto Denko Co., Japan). The holder parts were fixed with
double-sided tape (No. 7602, Teraoka Seisakusho Co., Ltd., Japan)
and screwed together to seal the two SiN films containing the
liquid sample (Fig. 1A). To allow conduction to the W-Ni layer,
the Al holder part was connected to a sub-femtoamp remote
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source metre supplying a voltage bias (Model 6430, Keithley
Instruments Inc., USA) using a conductive carbon tape including
Al thin film (#15-1097, OkenShoji Co., Japan). The resin holder part
displayed high resistivity, insulating the terminal underside of the
holder from the metal-coated SiN film (Fig. 1B).

2.4. SEM and high-sensitivity FTE system

The high-sensitivity SEM-based FTE imaging setup is illustrated
in Fig. 1C. A beam blanking unit (Sanyu Electron Co., Japan)
consisting of deflection plates was introduced into a thermionic
emission JSM-6390 instrument (JEOL, Japan). The blanking unit
was controlled by a function generator (WF1974, NF Co., Japan)
using a square wave at a frequency of 30 kHz and voltage intensi-
ties of 0-10V [19]. The atmospheric sample holder was mounted
onto an Al stage over the W-Ni-coated SiN film and the measure-
ment terminal was connected to an alternating current (AC) pre-
amplifier, exhibiting a cut-off frequency of 1 kHz and an amplitude
magnification of 1000 x. The electric frequency signal from the pre-
amplifier was entered into the lock-in amplifier (LI5640, NF Co.,
Japan) after the low-pass filter (cut-off frequency 150 kHz)
(Fig. 1C). The lock-in amplifier was set as AC signal input and
24 dB filter and 100-ps outputs. The lock-in amplifier output and
XY scanning signal were logged at a sampling frequency of
20 kHz using the data recorder (EZ7510, NF Co., Japan). SEM
images (1280 x 960 pixels) were captured at a magnification of
2000-10,000x scanning time of 160 s, working distance of 7 mm,
EB acceleration voltage of 4 kV and current of 200—2400 pA.

2.5. Image processing

Recorded FTE-signal data files were transferred to a personal
computer (Intel Core i7, 2.8 GHz, Windows 7), and FTE images
were processed using the Matlab R2007b software with an image
processing toolbox (Math Works Inc., USA). Original FTE images
were filtered using a two-dimensional (2D) Gaussian filter (GF)
with kernel sizes of 7 x 7 pixels and 11 x 11 pixels (1-3¢). Back-
ground subtraction was performed by subtracting FTE images from
filtered images at broad GF (201 x 201 pixels, 80¢). The SNR is cal-
culated by the ratio of the image signal (S;) to the mean square
error (Ny,se) of background noise (Eq. (1)).

S?
SNR = 10log; 1 (1)

Here, S; is a signal range of the broad GF filtered image (61 x 61 pix-
els, 300), which is obtained from subtraction of its image maximum
value and a minimum value.

3. Results

Unstained and unfixed biological specimens in water that were
introduced in the sample holder comprised of metal-coated and
uncoated SiN films (Fig. 1A). The upper aluminium holder part
was connected to the electric bias supply positioned outside the
SEM instrument via conductive carbon tape (Fig. 1A and B). Conse-
quently, the voltage of the W-Ni layer was controlled by the bias
supply. The acrylic resin holder part presented high resistivity,
insulating the measurement terminal from the metal-coated SiN
film. This prevented the direct detection of the EB signal through
the W-Ni layer.

The high-sensitivity SEM-based FTE imaging method is illus-
trated in Fig. 1C. In this method, a beam blanking unit installed in
a thermionic SEM instrument served as an electrostatic deflection
system [19]. A 30 kHz square wave used as a control signal was
applied to the deflection plate to produce the focused modulation

EB. The W-Ni-coated SiN film on the sample holder was irradiated
using the resulting chopped EB at a low acceleration voltage of 4 kV.
A measurement terminal under the sample holder detected the
electric frequency signal of the EB-irradiated position through the
biological specimens [19]. This signal underwent AC pre-amplifica-
tion through a low-pass filter before entering a lock-in amplifier
that generated the final output (Fig. 1C). Finally, output and EB
scanning signals from the data recorder provided the FTE images.

To investigate output amplitudes in water, the lock-in-amplifier
output was measured at various bias voltages (Supplementary
Fig. 1). The output amplitude exhibited a maximum value of
150 mV at a bias voltage of —30 V. This amplitude decreased line-
arly when the bias voltage increased from —30 to 0 V. A bias of 0 V
resulted in a signal output of 1.5 mV, which is approximately one
hundredfold lower than at —30V bias voltage. The output ampli-
tude rose to 80 mV when the bias voltage continuously increased
from O to +30V. However, this amplitude is approximately half
of that obtained at —30V bias voltage (Supplementary Fig. 1). In
the previous FTE system, the bias voltage of the metal layer was
connected to the system ground (GND), which corresponds to a
bias voltage of 0V [19], minimising the output signal amplitude
and limiting detection. In contrast, the newly developed FTE sys-
tem enhanced the output signal by hundredfold at a bias voltage
of —30V.

Next, unstained and unfixed Rhodobacter capsulatus [27-29]
was examined in water and air (Supplementary Fig. 2). In water,
these rod-shaped bacteria exhibited weak black contrast at a bias
of —30 V (Supplementary Fig. 2A). The contrast between back-
ground and bacterial contour displayed slight undulation, reflect-
ing water thickness. The black contrast was enhanced in air
(Supplementary Fig. 2B). Furthermore, the undulation contrast
around the bacteria was flat in air. Therefore, bacteria in water
may be distinguished from those in air using image contrast.

To investigate bacterial contrast in water, the bias voltage was
varied from —30 to +30V (Fig. 2). An image clearly indicated the
bacteria at a bias of —30V using a 4 kVEB with current of
250 pA, its SNR is 33.6 dB (Fig. 2A). The image contrast and SNR
gradually decreased when the bias increased from —30 to —15V
(Fig. 2B). At 0V bias, no image was obtained because of the mini-
mum SNR (Fig. 2C). Above 0V, the contrast and SNR gradually
increased, which improved the image (Fig. 2D and E). However,
the image SNR at +30V bias was lower than that at —30V bias.
Image contrast and SNR depend on the output signal amplitude
(Fig. 2A). While the image completely disappeared at 0 V bias of
250 pA EB current (Fig. 2C), the bacteria were detectable when
irradiated using a 2.4 nA EB (Fig. 2F).

Because intact bacteria in water were observed without radia-
tion damage, their movement was detectable by multi-scanning
of the same specimens through this method. In the first scanned
image, many rod shape bacteria were dispersed in the water (Sup-
plementary Fig. 3A). A minute later, the same specimens examined
under the same conditions exhibited slight differences (Supple-
mentary Fig. 3B), suggesting bacterial movement. This movement
was confirmed at the expanded images (Supplementary Fig. 3C, E
vs. 3D, F, white and black arrows). However, these displacements
were small because the bacteria would be bound to the SiN film.

The intact bacteria in water were further analysed at high mag-
nification (Fig. 3). Fig. 3A shows a 10,000x magnification FTE
image of the bacteria at —30 V bias voltage. The contrast of the bac-
terial contours undulated slightly, which is typical of bacterial
inner structure. For detailed investigation, the left bottom area of
Fig. 3A was expanded and contrast-enhanced (Fig. 3B). Thin fibres
were detected around the bacterial body (Fig. 3B, red arrows),
which were attributed to flagella. Bacterium flagella are very nar-
row (12-25nm) [30,31] and generally require negative staining
or metal coating to be observed [29,31]. In contrast, our FTE
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Fig. 2. Images of unstained bacteria in water at various bias voltages. (A) Image presenting clear black contrast at a magnification of 2000x and bias voltage of —30 V under
EB irradiation at an acceleration voltage of 4 kV and 250 pA. The image SNR is 33.6 dB. The scale bar represents 5 pum. (B) Image showing a decrease in the black contrast at a
bias voltage of —15 V. (C) Image obtained at 0 V bias showing the absence of contrast. (D) At a bias voltage of 15 V, the bacteria gradually emerged in black contrast. (E) At a
bias voltage of 30V, the contrast was clearer. (F) At a bias voltage of 0 V and high EB current of 2.4 nA, images became barely visible.

method enables their detection in water without staining. A
pseudo-colour map of these specimens was created to investigate
the bacterial inner structure (Fig. 3C and D). These colour maps
exhibited a high-density region in the upper portion of the bacte-
ria, suggesting the presence of the nucleoid. The averaged lineout
across the bacteria edge is shown Fig. 3E. The spatial resolution
of the high-sensitive FTE system using thermionic SEM is 41 nm
(Fig. 3F), which is defined as the width over which the normalised
intensity decreases from 0.75 to 0.25 in the lineout [32]. The spatial
resolution of 41 nm is considerably higher than the previous FTE
system [19].

Finally, an intact rod-shaped 200-350 nm long baculovirus with
a diameter ranging between 60 and 100 nm [33-35] was observed
in water to further assess the performance of the new FTE system
(Fig. 4). The unstained specimen in water displayed small rod-
shaped particles with black contrast at 10,000x magnification
and —30V bias voltage (Fig. 4A). An expanded image of the
baculovirus clearly showed the rod-shaped structure (Fig. 4B).
Furthermore, the virion presented a small grain in the lower right

side (Fig. 4B, black arrow) consisting with its envelope [33]. A
pseudo-colour map of this virion provided a clearer image of the
envelope (Fig. 4C).

4. Discussion

Examining unstained and unfixed bacteria and virus in water at
high contrast without incurring radiation damage is difficult.
Unstained biological specimens observed by SEM in water using
atmospheric sample holders show very low contrast because they
weakly interact with the EB and display densities similar to that of
water. Furthermore, intact biological specimens suffer serious
EB-induced radiation damage [16-18].

Here, a high-contrast and non-destructive method was devel-
oped to meet this challenge. In this high-sensitivity FTE system,
the biological specimens were placed in the space between two
SiN films. The W-Ni coated SiN film was irradiated with the
chopped EB at an acceleration voltage of 4 kV. The irradiated
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Fig. 3. High magnification image of unstained and unfixed bacteria in water obtained using the FTE system. (A) FTE image in water at 10,000x magnification under EB
irradiation at an acceleration voltage of 4 kV and a frequency of 30 kHz. The image was filtered using a 2D GF (7 x 7 pixel, ¢ = 2) after background subtraction. The unstained
bacteria exhibited a weak black contrast. (B) Expansion of the bottom left area in (A) showing further contrast enhancement. Red arrows indicate flagella. (C, D) Expanded
pseudo-colour images of bacteria indicated by black arrows in (A). These images were using the 2D GF (11 x 11 pixel, o = 3) after intensity inversion. The area in red indicates
a low-intensity region corresponding to a high-density area. The high-density region was detected in the upper portion of the bacteria. (E) An averaged lineout across the
bacteria edge in (D) white arrow, which averaged 15 lines. (F) A lineout of the right side edge in the bacteria. Spatial resolution of the high-sensitive FTE method using
thermionic SEM is 41 nm. That is defined as the width over which the normalised intensity decreases from 0.75 to 0.25 in the lineout. Scale bars represent 1 um in (A) and
500 nm in (B)-(D). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

electrons were almost absorbed in the 20 nm-thick W layer [19]
because of the high-density metal (19.3 g/cm®), facilitating the
non-destructive observation of biological specimens. The chopped
EB gave rise to an electric potential oscillation in the SiN film W
layer, which was transmitted to the measurement terminal
through the biological samples in the water layer (Fig. 1). Further-
more, the detection signal was highly enhanced when voltage was
applied to the metal layer. More importantly, a —30 V bias voltage
improved the output signal hundredfold (Supplementary Fig. 1).
Consequently, unlike the unbiased system, the bias voltage
increased the spatial resolution and S/N ratio (Figs 2 and 3). There-
fore, the new system enables the observation of bacteria and
viruses in water at higher resolution (Figs. 3 and 4). The signal
enhancement may stem from the effect of the bias voltage-induced
parallel electric field on the water dipole (Supplementary Fig. 4). At
0V bias, water dipoles adopt a random orientation (Supplementary
Fig. 4A). Furthermore, at a negative bias voltage, these dipoles are
slightly oriented according to the parallel electric field originating
from the metal layer (Supplementary Fig. 4B). Therefore, the
chopped EB signal may be easily transmitted to the measurement
terminal by the pre-oriented dipoles (Supplementary Fig. 4C and

D). The motion produced by the nonuniform electric field of dielec-
trophoresis may be helpful in the theoretical analysis of FTE
[36,37]. This proposed signal enhancement mechanism will be fur-
ther investigated experimentally and/or theoretically based on
dielectrophoresis system.

The FTE method was sufficient for the detailed observation of
the bacterial structure (Fig. 3). However, the spatial resolution of
41 nm was unsatisfactory for virus analysis (Fig. 4). Studies are
currently underway to improve this spatial resolution. To exceed
a resolution of 10 nm, a system will be developed using high-
resolution field-emission SEM. The future high-resolution FTE
system is expected to enable the imaging of unstained and intact
macromolecular and membrane proteins.

In conclusion, high-resolution imaging of intact biological spec-
imens in water was conducted using a high-sensitivity SEM-based
FTE system. The resulting images clearly exhibited unstained and
unfixed bacteria and viruses; its spatial resolution is 41 nm. This
method offers very low radiation damage to the sample. Further-
more, it can be used for diverse liquid samples across a broad range
of scientific fields, such as nanoparticles, organic materials and
catalytic materials.
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Fig. 4. High-resolution image of unstained baculoviruses in water. (A) FTE image at
10,000x magnification under EB irradiation at an acceleration voltage of 4 kV and a
frequency of 30 kHz. The image was filtered using the 2D GF (7 x 7 pixel, 6=1)
after background subtraction. Small rod-shaped particles correspond to viruses. (B)
Expansion of the area indicated by the white arrow in (A) with further contrast
enhancement. The image was filtered using the 2D GF (7 x 7 pixel, g = 1.5). The
virion showed a small grain in the lower right side (black arrow). (C) Expanded
pseudo-colour image of (B) after intensity inversion. The colour map image clearly
displayed rod-shaped structures containing a small grain. Scale bars represent 1 um
in (A) and 200 nm in (B) and (C). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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