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Super-resolution microscopy techniques that overcome the spatial resolution limit of 
conventional light microscopy have been developed and are increasingly used for advanced 
research in various fields including cell biology. However, their temporal resolution is still 
low, so it is difficult to observe the dynamic behaviors of living cells. Furthermore, these 
existing techniques have restrictions on the dyes that can be used and the specimens that 
can be observed. Therefore, there is an increasing need for a versatile super-resolution 
microscopy technique that can visualize the fine structures of living cells with high temporal 
resolution. To meet this need, Yokogawa has developed a high-speed super-resolution 
confocal scanner based on its confocal scanner unit (CSU), which is proven to be ideal for 
observing living cells. This paper outlines the technologies implemented in this new scanner 
and its applications.

INTRODUCTION

In the 19th century, Ernst Abbe, a German physicist, found 
that the spatial resolution (ability to distinguish two nearby 

microstructures as separate objects) of optical microscopes has 
a theoretical limit due to the wave nature of light (diffraction 
limit). Ever since, it has been believed that optical microscopes 
using visible light cannot observe structures smaller than 
about 200 nm.

Recently, however, innovations in optics and the clever use 
of the characteristics of fluorescent dyes have led to multiple 
technologies for super-resolution microscopy that enable high 
spatial resolution beyond the diffraction limit(1)(2)(3)(4). With a 
limited spatial resolution, conventional optical microscopes 
are barely able to observe the distribution of cell organella. 
In contrast, super-resolution microscopes can observe the 
fine structures of these organella. In 2014, three pioneering 
physicists in super-resolution microscopy technologies were 
awarded the Nobel Prize in Chemistry. Their technologies 
enhanced the use of super-resolution microscopes in a wide 
range of fields, including cell biology.

As technology develops, the scope of research in cell 
biology is expanding from fixed cells to living cells, and 
there is an increasing need to observe fine objects such as 
cell organella and to localize proteins. Yokogawa released 
the CSU10 confocal scanner unit with a microlens-enhanced 
Nipkow disk in 1996. Since then, the CSU series has been used 

in many research institutes worldwide, and has contributed 
greatly to the development of biology. Meanwhile, based on 
the technologies implemented in the CSU, Yokogawa has 
developed a high-speed super-resolution confocal scanner that 
enables leading researchers to observe the dynamic behaviors 
of living cells in detail at high speed.

SUPER-RESOLUTION MICROSCOPE 
TECHNOLOGIES

Super-resolution technologies today are categorized into 
three major types: single molecule localization microscopies 
(PALM and STORM)(1)(3), stimulated emission depletion 
microscopy (STED)(2), and structured illumination microscopy 
(SIM)(4).

In single molecule localization microscopy, f luorescent 
molecules in a sample are located sequentially with a precision 
of several tens of nanometers, and the data is used to construct 
a super-resolution image. This method features high spatial 
resolution close to that of electron microscopy. However, 
several thousand to several ten thousand images must be 
captured to locate all f luorescent molecules. Therefore, the 
temporal resolution (the minimum interval between two 
measurements) is low; it typically takes a few minutes to 
several dozen minutes. Thus, this method is not suited for 
observing living cells that keep moving, and is used mainly for 
fixed samples. In addition, the method is not versatile because 
it needs special f luorescent dyes with controllable photo-
activities.

In stimulated emission depletion microscopy, the first 
laser pulse excites f luorescent molecules, and the second 
pulse from another laser selectively depletes the fluorescence 
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of molecules sur rounding the excitation focal spot by 
stimulated emission with the center focal spot left active to 
emit fluorescence. As a result, fluorescence is limited to each 
focal spot that is smaller than the diffraction limit. These focal 
spots are raster scanned across the sample to generate a super-
resolution image. This method delivers a spatial resolution 
of several tens of nanometers, but the temporal resolution is 
low; it takes a few seconds to a few minutes. In addition, the 
method needs special dyes with high stimulated emission 
efficiency. Phototoxicity and bleaching due to the irradiation 
by intense laser pulses are also problematic. Thus, this method 
is not suited for observing living cells, either.

In structured illumination microscopy, a sample is 
illuminated by excitation light having stripe patterns. Multiple 
images are captured with the directions and phases of the 
stripe pattern varied, and the data is used to generate a super-
resolution image. This method achieves a spatial resolution 
of about 100 nm and a temporal resolution of about 1 second. 
However, the temporal resolution is still not satisfactory for 
studying the dynamic behaviors of living cells. In addition, the 
method is not suited for 3D observation of thick cell tissues.

As described above, each method is not practical for the 
3D observation of living cells and tissues. Therefore, a new 
super-resolution microscope technology has been awaited.

HIGH-SPEED SUPER-RESOLUTION CONFOCAL 
SCANNER

To meet this need, Yokogawa has developed a high-speed 
super-resolution confocal scanner based on the technologies 
of the CSU, which has been used as the standard tool for 
observing living cells. The principle, configuration, and results 
of a performance evaluation of the scanner are outlined below.

Principle
The imaging characteristic of an optical microscope is 

expressed by a point spread function, which represents the 
image of an infinitely small point after passing through the 
microscope. The distribution of the point spread function, 
called Airy disk, arises from the diffraction of light (Figure 1). 
The left part of Figure 1 shows the intensity distribution of 
an Airy disk on the focal plane, and the right part shows the 
cross-sectional intensity distribution along the optical axis.

Figure 1 Airy disk

Figure 2 schematically shows the optical system of a 
confocal microscope. For simplicity, the illuminating and 
imaging optics are drawn separately. The image Ip(r, s), which 
obtained at the position r+s on the pinhole plane when the 
confocal scanning point is at r, is expressed by Equation 
(1), where E is the point spread function for the illuminating 
optics, U is the point spread function for the imaging optics, 
and c is the sample distribution function.

(1)

Figure 2 Confocal optical system

Figure 3 shows the point spread functions. The point 
spread function for the illuminating optics has the peak of the 
Airy disk at the position r, while the point spread function 
for the imaging optics has the peak at the position r+s. The 
effective point spread function for a confocal optics is the 
product of the point spread functions for the illuminating 
optics and the imaging optics. For simplicity, the two point 
spread functions are assumed to have the same shape. In this 
case, the effective point spread function has its peak at the mid 
point between the two peaks, r+s/2, as shown in Figure 3. 
Therefore, the image Ip(r, s) is considered to be most probably 
coming from the position r+s/2 on the sample plane. In the 
conventional method, the image Ip(r, s) is imaged and recorded 
at the position r+s on an imaging element. Thus, the image on 
the imaging element is shifted by s/2 from the most probable 
point, r+s/2, on the sample plane. This deteriorates the spatial 
resolution.

Figure 3 Effective point spread function

Therefore, it is beneficial to shift the imaging point of 
Ip(r, s) from r+s to r+s/2 on the imaging element(5). In other 
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words, the imaging point on the imaging element, r+s, in the 
conventional method is shifted by -s/2. In this case, the image 
Ic(r) on the imaging element obtained by scanning the sample 
plane is expressed by:

(2)

From Equation (2), the effective point spread function 
after shifting the imaging point,  , is expressed by:

(3)

By Fourier-transforming Equation (3), the optical transfer 
function (k) is obtained:

(4)

where, k is the spatial frequency vector, and , , 
and are Fourier transforms of Tc, U, and E, respectively. 
The image Ic(r) has a two times wider spatial frequency 
band than the image from a conventional microscope whose 
optical transfer function is (k). However, high-frequency 
components in (k) are attenuated as compared to those in 

(k/2), which is the optical transfer function corresponding 
to the case of doubled spatial resolution. Therefore, the 
apparent improvement in spatial resolution is only times 
in the images obtained in this way. When a deconvolution 
process is applied to the original images to restore the high-
frequency components, it is possible to obtain super-resolution 
images with about two times higher spatial resolution than the 
diffraction limit.

Configuration
The principle described above is applied to the CSU. 

Figure 4 shows the configuration of the same optical system 
implemented in the high-speed super-resolution confocal 
scanner(6). The confocal scanner employs the confocal 
scanning method with two spinning disks, each of which 
has a pinhole array and a microlens array, as in the existing 
CSUs(7)(8)(9). A major difference from the existing units is the 
second microlens array on the back of the pinhole array. These 
microlenses are designed to double the convergence angle of 
the incident light from the sample (see the inset in Figure 4), 
which has the effect of optically shifting the imaging point 
on the pinhole plane by s/2 toward the pinhole center. Since 
an image is captured by the imaging element after being 
optically shifted at each pinhole, the captured image features 
super resolution with a doubled spatial frequency bandwidth. 
Moreover, by rotating the disks at 4000 rpm, the super-
resolution images can be captured at a rate of up to 1/200 sec. 
This method enables easy-to-use microscopes for real-time 
observation of super-resolution images, and is expected to 
improve the efficiency of experiments.

In addition, this method works well with any fluorescent 

dye, and is suited for 3D observation of thick cell tissues 
thanks to its capability of obtaining optical tomographic 
images using the confocal effect. Thus, th is method 
outperforms other super-resolution microscopies in terms of 
versatility.

In this configuration, a pinhole array and microlens arrays 
are formed in an integrated manner on a disk. This integrated 
structure ensures high machining accuracy and thus generates 
high-quality super-resolution images. The integrated structure 
also ensures high stability and robustness at the same level as 
the CSUs.

Figure 4 Configuration of optical system

Performance Evaluation
Figure 5 shows the results of evaluating the spatial 

resolution of a conventional epif luorescence system and a 
prototype of the high-speed super-resolution confocal scanner. 
Fluorescent beads with a diameter of 100 nm were scattered on 
a sample plate, which was then set on a microscope and excited 
by a laser with a wavelength of 488 nm. Images of fluorescent 
beads were taken with an oil immersion objective lens of 100× 
magnification (numerical aperture: 1.4). The full-width at half-
maximum of each brightness profile was measured for all 
point images, from which the spatial resolution was calculated.

Figure 5 Evaluation of spatial resolution

The spatial resolution of the image obtained by the 
epifluorescence system was about 220 nm. In contrast, that 
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of the images obtained by the high-speed super-resolution 
confocal scanner was about 160 nm before deconvolution 
(about 40% higher than that of the conventional system) and 
about 110 nm after deconvolution (two times higher).

Images of fiber-like microtubules with a diameter of about 
25 nm were also taken by both devices. Figure 6(A) shows 
images taken by a conventional epifluorescence system, and 
Figure 6(B) shows images taken by the high-speed super-
resolution confocal scanner. In each figure, images before 
deconvolution (left) and after deconvolution (right) are shown. 
The profile of part of each image where two microtubules 
are close to each other (indicated by the yellow line) is 
shown in Figure 6(C). The two microtubules at the positions 
350 nm and 540 nm were clearly distinguished by the high-

speed super-resolution confocal scanner while they were not 
recognized separately by the epifluorescence system.

From the results above, we confirmed that our high-speed 
super-resolution confocal scanner can depict microstructures 
of living organisms, which are beyond the diffraction limit 
and cannot be seen by conventional optical microscopes.

Figure 7 shows images of mitochondria in a living cell. 
The upper part is the whole image and the lower part is images 
of the area enclosed by a yellow rectangle, successively taken 
at 1/10 second intervals. These images show that our high-
speed super-resolution confocal scanner can observe the fine 
structure of mitochondria at a temporal resolution of more than 
an order of magnitude higher than existing super-resolution 
microscopy technologies.

Figure 6 Evaluation of spatial resolution
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Figure 7 Images of mitochondria
(Imaging was guided by Dr. Kaoru Katoh, Ph.D., Molecular 

Neurobiology Group, Neuroscience Research Institute, National 
Institute of Advanced Industrial Science and Technology)
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CONCLUSION

This paper out l ined Yokogawa’s commitment to 
developing super-resolution microscopy technologies that 
overcome the limit of spatial resolution. Electron microscopes 
are adequate for observing the microstructures of fixed cells, 
but cannot clarify the dynamics of life. Optical microscopes 
have significant advantages that electron microscopes do not 
have: living cells can be observed and a number of fluorescent 
probes are available for visualizing life phenomena. Preferably, 
these advantages should also be retained in super-resolution 
microscopy technologies.

The high-speed super-resolution confocal scanner 
developed by Yokogawa has spatial and temporal resolutions 
that enable detailed observation of the dynamic behaviors 
of living cells, and its versatility allows various samples and 
fluorescent probes to be used. Thus, Yokogawa’s technology 
is ideal for observing the details of dynamic life phenomena, 
making the best use of the advantages of optical microscopes. 
Yokogawa will expedite commercialization of the high-speed 
super-resolution confocal scanner, and will contribute to the 
study of life phenomena as well as research and development 
in the fields of drug discovery and medical treatment.
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