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Abstract

One of subjects of molecular biology is to understand biochemical processes of cell in terms

of chemical reactions of individual biomolecules. Among microscopic methods for non-

invasive observation of cells, far-field fluorescence microscopy is unique in its high sensi-

tivity. While the sensitivity has reached to the ultimate level of single molecules, spatial

resolution of fluorescence microscopy is limited by diffraction of the light in use (around

700 nm), which is much larger than the size of biomolecules. If the three-dimensional spa-

tial precision is improved to an angstrom level, various molecular arrangements in the cell

can be visualized on an individual basis. This thesis represents development of cryogenic

far-field fluorescence localization microscopy with nanometer accuracy.

By designing a mechanically stable cryogenic microscope, the imaging stability of the

setup with an exposure time of 5 minutes reached 0.05 nm in standard deviation at a tem-

perature of 1.8 K in super-fluid helium. Optically, this setup is reflecting microscope with

a numerical aperture of 0.99. The essential optics to realize the performance is the reflect-

ing objective developed by our laboratory. This objective consists of a pair of mirrors made

on a single piece of fused silica. Monolithic design of the objective guarantees the optical

alignment of the mirrors against temperature cycling between room temperature and liquid-

helium temperatures. For fluorescence imaging, the most crucial alignment in the setup is

the position of the objective with respect to the sample. The objective and the sample were

fixed to a monolithic holder and were placed in super-fluid helium at 1.8 K.

In 3D localization microscopy of individual fluorophores, different methods of localiza-

tion were used for the lateral (xy-) and axial (z-) positions. For the xy-localization, the

fluorescence image on the focal plane was taken by a charge coupled device (CCD) cam-

era, and the position of the fluorophore was determined as the centroid of the CCD image.

The fluorescence intensity of individual fluorophores shows on/off behavior, which is called
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blinking. The observed image is free from noise due to blinking, because the CCD camera

detects all of the positions on the image plane simultaneously.

The z-position of the fluorophore is determined by defocus imaging, which uses images

taken at an out-of-focus position. The defocus image consists of the xy-image of the point-

spread function (PSF) and diffraction rings. Since information about the z-position is con-

tained in the width of PSF, thee image was fitted to a model function of PSF. Because the

diffraction rings were found to mislead the fitting to a false minimum, the diffraction rings

were removed by on-chip binning of the CCD camera or frequency filtering in the recip-

rocal space. The angstrom-precision of our cryogenic localization microscopy was demon-

strated by localization measurements of fluorescent molecule (ATTO647N). An individual

ATTO647N at 1.8 K was localized with standard errors of 0.53 nm (x), 0.31 nm (y), and 0.90

nm (z). To build one image, 106 fluorescence photons from the molecule were accumulated

in 5 min.

The localization measurement of individual ATTO647N was repeated on the same one flu-

orophore and the reproducibility of the localized position was examined. The reproducibility

of the measurement is called precision. The localization precision of a single fluorophore

reached to one-nanometer level. The next step towards the nanometer-level microscopy of

whole cell is to localize two or more fluorophores and reconstitute the 3D arrangement of the

fluorophores in the sample. The correctness of measurement of relative positions is called

accuracy.

As an example of biomolecule labeled with two fluorescent dyes, we designed a dual-

labeled double-stranded (ds) DNA molecule consisting of 30 base pairs (bp). The 5’ and 3’

ends of the DNA was labeled with an infrared and a red dyes, respectively. The NIR dye was

Alexa Fluor 750 (Ax750) or sulfo cyanine 7 (sCy7) and the red dye was ATTO655 (AT655).

The length of the 30-bp dsDNA is 10.2 nm. The dyes are bonded to the DNA molecule via

a flexible linker of a length of a few nm. Thus, the distance between the NIR and red dyes

bonded to the same DNA molecule should measure about 10 nm.

We started the 3D localization of the dual-labeled DNA molecule with position determi-

nation of the two dyes. Each of the dyes was localized with a 1 nm precision, as it was so

in the case of ATTO647N. The distance between the two dyes, however, distributed from

0 to 50 nm. The discrepancy was found to be originated from the dipole character of the
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fluorescence emission. Since individual fluorophores are orientationally fixed at 1.8 K, the

fluorescence emission from a single fluorophore should be treated as dipole emission. As

a result, PSF may tilt from the z-axis and the xy-centroid may depend on the z-position at

which the xy-image is taken. The amount of the z-uncertainty is the focal depth of about

0.7 µm. Because different fluorophores orient differently, the centroid of fluorophores de-

viates differently from the true position. Thus, relative distance between two fluorophores

will suffer from z-dependent xy-deviation. This systematic error will vanish if the centroid

is determined on the true focal plane of z = 0. By taking into account of the z-dependent

xy-centroid, the length of dsDNA was reproduced. As for the lateral (xy) cross-section, 19

images were taken along the z-axis with an interval of 100 nm. The distribution of Dxy was

centered around the DNA length of about 10 nm with the standard deviation of 5 nm.

In conclusion, towards nanometer level microscopy of multiple biomolecules in cell, we

demonstrate a nanometer accuracy of far-field fluorescence localization microscopy using

near-infrared and red fluorophores bonded to the both ends of a 10 nm-long dsDNA.
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Chapter 1

Introduction

1.1 Overview of this Ph.D. thesis

A single cell is composed of multiple biomolecules, proteins, DNA, peptides. For exam-

ple, B. Ho et al. calculated that 107 proteins are contained in a single cell [1]. Biological

activity in cells is regulated by a variety of molecules that interact with each other. To under-

stand the biological activity, the structure of a biomolecules and their complexes has been

studied. The experimental methods employed are X-ray crystallography, nuclear magnetic

resonance (NMR) spectroscopy, and cryogenic electron microscopy (cryo-EM) [2]. X-ray

crystallography has been established from three decades [2]. X-ray crystallography provides

the stereostructure of a biomolecule from diffraction image of a crystal of biomolecules.

NMR spectroscopy provides information about their dynamics and structure in a solution.

The application of NMR is limited to small biomolecules of a size less than 30 kDa [3] . For

reference, the average molecular weight of protein is 55 kDa [1]. Cryo-EM provides struc-

ture of a biomolecule from thousands of electron microscopic images taken for individuals of

the molecules that are all identical in chemical composition and structure [2,4]. The method

is so-called single particle analysis. In the single particle analysis, the structure of purified

biomolecules in glass-water film can be determined. The cryo-EM can be applied to those

biomolecules for which crystallization has not been successful. Recently, the single particle

analysis can be applied to the complex of couple of biomolecules. However, the method

remains still difficult to apply to the interior of cell. Among microscopic methods proposed

for investigation of cell-interior. Far-field fluorescence microscopy is non-invasive imaging
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of whole cell. The sensitivity of fluorescence detection has been at single-molecule level

already for several decades [5,6]. Chemical specificity of target molecules is realized by the

technique of immunofluorescence staining of cell. By utilizing specificity of immunologi-

cal antigen-antibody reactions, fluorescence microscopy is applied widely in the frontiers of

molecular biology.

Resolution of far-field fluorescence microscope is not enough for molecular imaging in

cell. Super-resolution fluorescence microscopies are developed to observe structures smaller

than the optical resolution. Commonly used microscopies are stimulated-emission-depletion

microscopy (STED), stochastic optical reconstruction microscopy (STORM), and so on [7].

STED is a technique using two pulsed laser lights to reduce the fluorescence area by STED

light, which causes stimulated emission [8]. After photo-excitation by the first laser pulse,

the second pulse of STED is applied before the target molecules emit fluorescence. The

shape of STED light is designed on purpose to be concentric doughnut in such a way that,

among the molecules excited by the first laser pulse, only those at periphery of the beam are

depleted, and others at the center survive stimulated emission to form a smaller fluorescence

spot. Note that STED is a method to reduce the size of fluorescence spot which consists of

an ensemble of molecules. STED is not a scheme which improves the resolution of single

molecule imaging. STORM is single molecule localization microscopy, and is a technique to

observe for observing individual molecule [9]. Under continuous-wave (cw) excitation, in-

dividual fluorophores, in general, resides either in the fluorescent state, where an individual

fluorophore repeats photo-excitation-emission cycle, or in the dark state where after photo-

excitation fluorophore is shelved in a metastable state. Going back and forth between the

two states is called blinking. Utilizing the blinking phenomenon of single fluorophore, each

molecule is localized with precision smaller than the optical resolution. The localized po-

sitions of fluorophores compose molecular image within optical resolution. In this method,

localization with nanometer precision requires long time accumulation because fluorescence

of single molecule is weak. The precision of cellular imaging is limited several tens nanome-

ters because of biomolecules moving by thermal motion such as Brownian movement and

diffusion in cell. Therefore, we use cryogenic immobilization technique in order to stop the

molecular motion. Rapidly cooling the sample below the glass transition temperature keeps

biomolecules and cells in glassy water matrix. It can be stored in near natural state.



1.1 Overview of this Ph.D. thesis 3

In this Ph.D. study, we demonstrated localization of the two ends of individual double-

stranded DNA (dsDNA) molecule using the cryogenic immobilization. To realize nanome-

ter accuracy in fluorescence localization microscopy of an individual molecule, we devel-

oped a cryogenic fluorescence microscope with mechanical stability of 0.05 nm and a 0.99-

numerical aperture. Using this microscopy, a single ATTO647N molecule in the water ma-

trix at a temperature of 1.8 K was localized with an angstrom precision in 3D. However, the

precision of single fluorophore often differs from the accuracy of relative distance between

multiple fluorophore. We measured the distance of fluorophores bonded to the ends of ds-

DNA whose distance is 10.2 nm. In conventional fluorescence localization using far-field

microscopy, an xy-centroid for each fluorophore is determined from an image at a z-position

within a diffraction-limited focal depth (the z-localization precision ∆z ∼ 700 nm for the

microscope). Although xy-localization precision ∆xy was 1 nm, the xy-projection of the dis-

tance between the two fluorophores (Dxy) distributed from 0 to 50 nm. Mislocalization was

mainly causes by z-dependent xy-shift due to the dipole orientation effect. This xy-shift was

reduced by improving the z-localization from ∆z ∼ 700 to 11 nm and ∆xy = 1 nm. By cor-

recting the mislocalization, the distribution of Dxy was centered around the dsDNA length

of 10 nm, and a standard deviation of Dxy was 5 nm. This result shows that nanometer-

accuracy localization of multiple fluorophores with far-field microscopy requires not only

xy-precision but also z-precision, far beyond the diffraction limit (see Chapter 3).

The key component for the mechanical stability of the cryo-microscope is cryogenic ob-

jective mirror. To realize a high-mechanical stability in a cryogenic microscope, an objective

lens and a sample are set to a monolithic holder and the holder is cooled down to a few K [10].

Because, a commercially available objective-lens does not work under cryogenic conditions,

our laboratory developed a reflecting objective mirror that works at a few K [11–13]. More-

over, the stability against the ambient-temperature fluctuation was improved by adjusting

thermal expansivity of the holder and internal holder parts to be almost the same. Around

the image unit part, optical parts such as mirror are mounted to an airtight stainless-steel

boxes in order to improve the stability. These stabilization improvement were essential for

localization of individual fluorophore with angstrom precision (see Chapter 2).

In 3D localization microscopy with angstrom precision, we used charge coupled device

(CCD) for localization lateral (xy-) position because the blinking noise of a single fluo-
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rophore is free in the 2D detection. An axial (z-) position is determined by defocus imaging

that to seek the position from defocusing image [14]. The defocused image has width of ex-

panding beam. In my experimental condition, the width of central disk is constant with depth

of focus because of the objective mirror. The shading of the objective mirror affects PSF. The

PSF has diffraction rings, which has z-position information. After excepting diffraction rings

that has high frequency component by using binning (see Chapter 2) or Fourier transforma-

tion (see Chapter 3), the z-position is determined quantitative from beam width. By the

methods of xy- and z-position localization, a position of individual ATTO647N molecule is

determined with angstrom precision (see Chapter 2).

Localization with angstrom precision revealed that the dipole radiation causes systematic

error with several tens nanometers. A single molecule fluorescence is dipole radiation, which

is not isotropic radiation. When fluorescence from single molecule is focused, point-spread-

function (PSF) is different from PSF of isotropic radiation. Several studies have reported

that mislocalization causes from dipole orientation [15–22]. This problem is that even if the

excitation light adjusted, PSF is tilted from a principal ray depended a direction of transition

dipole. Simulation of dipole radiation clarifies that xy-position depends z-position shifting.

When the microscope is not accurately focused, a systematic error occurs at the position

of xy-plane. A molecular level imaging requires observing 3-dimensional PSF because it

is difficult to adjust to focus accurately from single image. We demonstrated nanometer

accuracy of far-field fluorescence localization microscopy at 1.8 K by correcting systematic

error using 3D-PSF (see Chapter 3).

In far-field fluorescence microscopy, a previous existing method cannot localize the po-

sition of single fluorophore. We developed cryogenic far-field fluorescence microscope that

can localize 3D position of individual fluorophore with angstrom precision. Due to the pre-

cision, the systematic error that is larger than molecular level is revealed. We demonstrated

several nanometer accuracy imaging with correcting the systematic error. Chapter 2 con-

tains localization with angstrom precision and Chapter 3 contains imaging with molecular

accuracy. In this chapter, the problems of existing fluorescence microscopies are mentioned

first. Next, the cryogenic fluorescence microscope is described. Finally, the problems and

solution strategies of single molecule localization with molecular accuracy are shown.
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1.2 Fluorescence microscopy

Fluorescence microscopy is widely used to observe a 3D spatial distribution of

biomolecules at a cellular interior. By using a biochemical technique, fluorophores can

selectively labeled to an desired biomolecule. The labeled biomolecule can be captured by

the fluorescence microscopy. The sensitivity of the fluorescence microscopy had reached

to single molecule level [5]. The key to realize the single molecule sensitivity is a small

background in the fluorescence microscopy. Figure 1.1 shows absorption and fluorescence

spectra of ATTO647N molecule in phosphate buffer solution at 296 K. The excitation light

(λ = 637 nm) is indicated by an arrow. In a stokes law, the wavelength of fluorescent light

is longer than that of the excitation light. Although the scattering of the excitation light is

105–106 times longer than the fluorescence of a single fluorophore, the strong scattering

can be completely blocked with fluorescence filter. Figure 1.1(b) shows Jablonski diagrams

showing energy transition of a fluorescent molecule. The ground-state low lying and excited

singlet-state are depicted by S0 and S1. The S0 and S1 stats have vibrionic stats that is shown

v= 0, v= 1, v= 2, and so on. When a molecule is excited, the energy state of molecule is

transmitted S0 → S1 and v= 0 state. The excited molecule relaxes to vibrational grand-state

v0 in the S1 state with in a few picosecond. After relaxed to v0 of S1 state, the molecule

returns to ground state and emits fluorescence.
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Figure 1.1 Absorption and fluorescence of a fluorescence molecule. (a) Spectra of ab-
sorption and fluorescence of ATTO647N-carboxy. (b) A simplicity Jablonski diagrams
of energy transition of a fluorescent molecule. The excited molecule absorbed excitation
light is relaxed to lower vibration state, the molecule returns to ground state and emits
fluorescence light.
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In fluorescence microscopy, fluorescent image can be taken excepting excitation because

the wavelength of fluorescence differs from excitation light. Figure 1.2 shows schematic

illustration of fluorescence microscope. The light source is lamp. The spectral of the lamp

is filtered with ac excitation lifter. The optically filtered excitation light is reflected with

a dichroic mirror and is focused with an objective lens. The fluorescence of the sample is

collected and collimated with the objective lens. The collimated fluorescence light transmits

the dichroic mirror and fluorescence filter. The fluorescence filter is blocked the scattering

light. The fluorescence light is focused with an imaging mirror and is imaged on CCD

detector. However, observing of network among biomolecules has been difficult because the

resolution of fluorescence microscope is much worse than the sized of network. A light does

not become a point in focus, but disk shown Fig. 1.3. Regarding the disk, the resolution of

Rayleigh criterion dr is defined in following equation;

dr = 0.61
λ

NA
. (1.1)

Here, this distance of dr is radius of the first dark ring, λ is wavelength of light, NA is

numerical aperture defined by

NA = n sin θ , (1.2)

where n is index of refraction of medium in which the object is placed, and θ is the maximal

half-angle of the cone of light entering or exiting the lens. When the light disk is made from

single fluorophore, the position of fluorophore is localized with molecular precision [23].

However, when the distance of two fluorophores is less than resolution of light, localization

of positions of fluorophore is difficult. In the light direction, the resolution dz is expressed

following equation:

dz ∼
nλ

NA2 . (1.3)

Furthermore, fluorescence microscopy has another problem that is background noise. In

Figure 1.1, the sample is observed wide field because the excitation light illuminates all the

sample. On the other hand, the molecular precision is difficult because many fluorophores

emit the light and obstruct localization. To resolve this back ground problem, confocal

fluorescence microscope was developed.
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Excitation Filter
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Mirror

Objective
Lens
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Fluorescence
CameraImaging

Lens

Lamp

Collimation Lens

Figure 1.2 A schematic diagram of fluorescence microscope. The light emitted from the
lamp excites fluorophores in the sample. The excitation light is limited wavelength using
bandpass filter. The fluorescence from the sample is collimated and passes through the
dichroic mirror and fluorescence filter to except excitation light. The camera detects the
fluorescence image on focus of the imaging lens.

1.0

0.5

0.0

1.0

0.5

0.0

dr

dr

(a) (b)

Figure 1.3 Simulated images from point light source on focus. (a) From single light
source image. The radius of the first dark ring dr is defined by Eq. 1.1. (b) From two light
sources image. The distance of two light source is dr. When the distance is nearer than
dr, localization positions with high precision is difficult.

1.3 Confocal microscopy

Confocal microscopy is an optical imaging technique for 3D imaging. In confocal mi-

croscope, two pinholes are used for reduced blurring of the image from light scattering, in-

creased effective resolution and signal-to-noise ratio, possible optical-axial-scanning, and so

on [24]. The first pinhole is excitation pinhole and limits the position of the field of illumina-
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tion on the microscope axis. The second pinhole is imaging pinhole and restricts of the field

of view. This pinhole is placed confocal position to the illuminated spot in the specimen and

to the first pinhole. Figure 1.4 shows schematic diagram of a typical confocal fluorescence

microscope. The excitation light from the laser passes through the first pinhole by focusing

lens. The light through the pinhole is collimated with the lens and is reflected with dichroic

mirror. The reflected excitation light is focused by an objective lens and illuminates a point

of three-dimensional position. The fluorescence emits from only the excited position. The

fluorescence is collimated with the objective lens and is transmitted the dichroic mirror and

fluorescence filter. The transmitted light is focused with imaging lens. The second pinhole

lets through fluorescence from only confocal position to the illumination spot and the first

pinhole. In order to get the three-dimensional image, the sample is moved for 3D axis by the

stage. Confocal microscopy improves the optical imaging resolution and contrast. However,

small fluorophores among a light resolution are not resolved each positions with precision

less than the light resolution. To observe structures of the size under the light resolution,

super-resolution fluorescence microscopes are developed.

Exitation Filter

Fluorescence
Filter

Dichroic
Mirror

Objective
Lens

Sample
Excitation

Fluorescence
Detector

Imaging
Lens

Lens

Collimation Lens

Excitation Pinhole

Imaging
Pinhole

Laser

xyz-Stage

Figure 1.4 Schematic diagram of a confocal fluorescence microscope. Compared with
Fig. 1.1, this microscope has two pinholes. The first pinhole placed excitation side lim-
its the position of the field of illumination on the microscope axis. The second pinhole
placed before the detector lets through fluorescence from only confocal position to the
illumination spot and the first pinhole. By scanning the sample stage for xyz-direction,
3-dimentional image is obtained with low background noise and optical resolution.
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1.4 Super-resolution fluorescence microscopy

In order to observe cellular small targets whose size is smaller than optical resolution,

super-resolution far-field fluorescence microscopies have been developed. Stimulated-

emission-depletion (STED) fluorescence microscopy, sub-diffraction-limit imaging by

stochastic optical reconstruction microscopy (STORM), and so on are commonly used [7].

STED is the method of becoming smaller the effective fluorescence spot using stimulated

emission. Fluorophores of the center spot because the excitation shape of STED light is

doughnut. STORM is the method of single molecule localization and composition. A

single fluorescence molecule is occurred blinking or photo-switching. Using these on-off

fluorescence emittance, the positions of molecules are localized each molecule with several

tens nanometer. Another mothed is spectrally selective imaging [25]. Single molecule

localization is executed by excitation only single molecule because of selecting absorption

spectrum. In following sections, details of these microscopies are described.

1.4.1 Stimulated-emission-depletion (STED) microscopy

STED is the method of using stimulated emission [8]. Figure 1.5(a) shows schematic dia-

gram of STED. STED beam is made of phase modulated laser and its shape becomes dough-

nut on a objective plane. Using dichroic mirrors, illumination beam and STED beam are

aligned. The beams are focused with an objective lens. On the focal plane of objective lens,

the the shape of excitation spot is Airy disk (shown Fig 1.5(b) left) and the shape of STED

spot is doughnut (shown Fig 1.5(b) centor.) At objective space on the sample, STED light

quenches fluorescence which is excited by the excitation beam. The effective fluorescence

spot is several tens nanometer of a hole of the doughnut shape of STED. This resolution is

limited by the hole of STED. The hole can be smaller intensifying the STED light. However,

the high power STED light occurs fluorescence bleaching quickly. The resolution for light

axial direction is same as normally fluorescence microscope. Therefore, STED is not suit-

able for molecular resolution imaging and it can observe the ensemble molecules and time

resolution is about milliseconds for 512 times 512 image [7].
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+
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Excitation spot STED spot Effective fluorescent spot

(a)
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Figure 1.5 Schematic diagram of STED. (a) is schematic diagram of optical setup and
(b) is images of beams and effective fluorescence on the sample plane. STED light is
doughnut shape made from laser beam using phase modulation. Excitation and STED
light illuminate the sample and the effective fluorescence spot is small as hole of STED
light shown (b) because STED light causes stimulated emission.

1.4.2 Single molecule localization fluorescence microscopy

Some fluorescence dye occurs photo-switching. This is switching between fluorescence

state and dark state using specific wavelength light. Using this phenomenon, sub-diffraction-

limit imaging by stochastic optical reconstruction (STORM) [9] and photo-activated local-

ization microscopy (PALM) [26] are developed for imaging individual molecules within

optical resolution. An individual molecule of specific fluorophore goes and comes between

fluorescence and dark state. A single image of multiple molecules within optical resolu-

tion contains fluorescence-state molecules and dark-state molecules. Figure 1.6 is shown

STORM imaging process. First, all fluorophores are switched off using quenching light. In

each cycle, a fraction of the fluorophores in the field of illuminated are switched on. This

condition allows determining the position of the on state fluorophores with high precision.

After observation, the fluorophore is switched off again. Repeating multiple times this cycle,

positions of many fluorophores are determined in optical resolution. The precision of this

localization of single fluorophore is no limit in theoretical because the precision scales as a

1/
√

N, where N is photon numbers in the spot for the shot noise limit. However, in living
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cell, biomolecules move by thermal motion such as Brownian movement and diffusion dur-

ing accumulation time. The precision of STORM and PALM is several tens nanometers in

living cell.

Switch to 
darkstate

Switch on 
only a fraction

……

……

……

Figure 1.6 Imaging method of STORM [9]. Positions of each fluorophore in optical res-
olution are determined by fluorescence image of only individual molecule using photo-
switching. In each image cycle, the fluorophores are switched off, individual molecule
is switched on, and the position of molecule is determined. The overall image is recon-
structed from the fluorophore positions obtained from photo-switching and determination
cycles.

1.4.3 Spectrally selective imaging microscopy

For resolving the molecules internal of optical resolution, the solution is excitation and

fluorescence one by one of the fluorophores. When absorption spectrum is resolved each

fluorescence molecule, multiple molecules is resolved each position only single molecule

excited using wavelength of single dye spectrum. A. Bloeß et al. reported that lateral posi-

tion and orientation of 314 single molecules is obtained with 3.4 nm precision [25]. Bulk

fluorescence excitation spectrum of 2,3,8,9-dibenzan-thanthrene (DBATT) in n-tetradecane

(the molecular structure shown in Fig. 1.7) at 1.2 K has full width at half maximum (FWHM)

of ∼ 600 GHz. However, using selective excitation light of 1 MHz frequency bandwidth,

each spectrum of molecules reveals separate lines with a FWHM of 25 – 60 MHz that corre-

spond to individual DBATT molecules. The position of single molecule can be determined

from fluorescence image when single molecule is excited at single separate spectrum. A

problem of spectrally selective imaging by Bloeß et al. is that used fluorophore is not suit-

able for biomolecule labeling and the solvent is n-tetradecane that is organic solvent. Main

component of a cell is water. Recent research shows that single molecule spectrum of BOD-

IPY581/591 and BODIPY558/568, which are dyes often used for biomolecule labeling, are
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narrower than ensemble spectrum of the dyes [27]. Microscopy of spectrally selective imag-

ing for cellular is going to be realized using this technique.

in

2,3,8,9-dibenzan-thanthrene (DBATT) n-tetradecane

H3C(CH2)10CH3

Figure 1.7 Molecular structures of DBATT and n-tetradecane which are used for Spec-
trally selective imaging in Bloeß et al. study.

1.5 Cryogenic fluorescence microscope

Under cellular molecular level imaging, observation requires immobilization biomolecules

during acquisition time. To make immobilized condition, vitrificatiion technique is used

in cryogenic electron microscopy. Therefore, we developed cryogenic fluorescence mi-

croscope for cellular imaging of molecular level accuracy. Previous study of cryogenic

fluorescence microscopy has reported lateral localization of fluorophore in organic solvent

with 3.4 nm precision [25]. Moreover, using same technique, the axial position of indi-

vidual fluorophores is with ∼ 100 nm precision. Other study has demonstrated that 3D

average position of fluorophores at 4 K was reconstructed from xy−images of thousands of

molecules [28]. However, this study is almost the same as structure determination using

cryo-EM that can determine more detail structure. A merit of cryogenic fluorescence

microscope is practicable to observe immobilized individual molecules. Furthermore,

cryo-immobilization occurs increasing lifetime until bleach fluorophore [29]. The longer

lifetime of fluorescence, the better the precision of localization. Because of the above

reasons, cryogenic fluorescence microscopes have developed by our laboratory.

The key optics for our cryogenic fluorescence microscope is cryo-resistant objective re-

flecting lens developed by our laboratory [11–13]. This objective lens is composed a mono-

lithic fused silica and two mirrors by the vacuum deposition of aluminum onto the fused

silica surface. Usual objective lens is normally placed out of cryostats because the objective

lens cannot stand up in liquid helium. However, separating between sample placed into cryo-

stat and objective lens placed out of cryostat occurs lack of stability. Imaging has an error
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from moving between the sample and the lens directly. Figure 1.8 shows a case that an ob-

jective lens is placed outside of a cryostat and another case that an objective lens is held with

sample holder placed in a cryostat. In the latter case, imaging error reduced to 1/M, where

M is magnification of the microscope, because sample plane is magnified immediately and

holder moving is observed relative small. In order to decrease error less than 1 nm, sample

and objective lens is necessary to be held by one monolithic holder. We need a lens for using

cryogenic condition, thus the cryo-resistant objective reflecting lens is developed. The image

stability increases to < 1/10 nm in our microscope using monolithic holder having sample

and the reflecting lens [10]. In this study, we adopted INAGAWA objective mirror, whose

photo is shown in Fig. 1.9 . INAGAWA mirror [12] used has higher optical performance

such as NA of 0.99 in superfluid helium (refractive index n of 1.027 [30]) and 0.96 in air

because the lens has aspherical and spherical mirror. This lens is suitable for localization

of fluorophores because the higher NA causes decreasing optical resolution (see Eq. 1.1 and

Eq. 1.3).

Objective Lens
Sample Reflecting 

Objective Mirror

Sample
xyz-Stage

Ti-Holder

σmove×1 σmove×1/M

(a) (b)

Cryostat
Cryostat

Figure 1.8 Positions of sample and lens and drift error of the sample. In usual cryogenic
fluorescence microscope as (a), objective lens is placed out of cryostat because normally
objective lens cannot be frozen. When the sample moves σmove , image has error σmove.
In (b), imaging error reduced to σmove/M, where M is magnification because the sample
fluorescence is immediately magnified.

1.6 Problems and solution in molecular level imaging

Previous studies have not achieved molecular imaging yet because of sample moving,

microscope vibration, aberration of optics, and so on. The problems for achievement of

cellular molecules imaging with nanometer accuracy using cryogenic far-field fluorescence

microscope are (1) sample moving, (2) microscope moving, (3) aberration of optics, (4)
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Figure 1.9 A photograph of INAGAWA objective mirror. The diameter of INAGAWA
mirror is about 3 cm. This lens has higher optical performance because of inside mirror
having aspherical surface.

background noise (5) shot noise, (6) blinking noise, and (7) molecular dipole orientation

effect. Here I describe problems and solution strategies detailed as following.

1.6.1 Thermal drift of cryogenic stage

Moving of sample is detected directly. This problem is solved by cryogenic immobilized

technique, which applies for cryo-EM using liquid ethane not to destroy biomolecules [2].

We consider that cryogenic fluorescence microscopy adopts this immobilization technique.

In this thesis, sample fluorophores are frozen into superfluid helium. Superfluid helium is

cryogenic temperature, does not appear babbles, and does not obstruct imaging. Moreover,

its temperature can be controlled without difficulty because superfluid helium has high heat

conductivity. Thermal control achieves 0.2 mK of standard deviation using cooling by a

vacuum pump and a PID controlled thermal resistance. This 0.2 mK of standard deviation is

enough for molecular imaging because optical drift is assessed occurred by thermal changing

1 µm/K. Furthermore, the sample holder moving should be care as Fig. 1.8 (mentioned in

1-4-5).

1.6.2 Vibration and drift of microscope

Longtime observation requires longtime stability of microscope. The reasons of micro-

scope moving are air drift as wind and temperature changing. Figure 1.10 shows photographs

of stabilized microscope. The airtight stainless-steel boxes of Fig. 1.10 (a, b) block the flow

of air. The boxes are placed in a black aluminum box that light-shielding and airtight (see

Chapter 2). Temperature changing causes image drift because the minor expansion and

contraction of microscope. The cryostat is tall; hence weak for temperature changing in my
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microscope. In order to control the wall of cryostat temperature, silicon tube is coiled around

the wall and water is pouring in the tube. Moreover, the babble wrap covers silicone tube

coiled (see Chapter 3).

Figure 1.10 Photographs of stabilized cryogenic fluorescence microscope. (a, b) Mirrors
are held by the airtight stainless-steel boxes not to shake. (a) denotes the photograph when
a cover is closed, and (b) denotes when a cover is off. (Detail is described in Chapter 2.)
(c) is the picture of when the wall of cryostat is isolated from the room temperature.
(Detail is described in Chapter 3.)

1.6.3 Aberrations

In optics, aberration is a property of optical system such as lens which causes light spread

out of a point on focus. There are two main types; one is mono-chromatic aberrations and

the other one is chromatic aberrations. An objective lens gives mainly mono-chromatic aber-

rations to microscope. In our microscope, INAGAWA mirror is developed by our laboratory

in order to put into cryostat (Fig. 1.9). This lens has higher optical performance, however its

field of diameter is 3 µm, which is very small [12]. When observing out of the field diameter,

the image has much distortion caused by mono-chromatic aberration. Accordingly, sample
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scanning takes wide field image using xyz−piezo stage. The chromatic aberration is caused

by wavelength dependence of refraction index. We developed reflecting microscope using

flat and concave mirrors.

1.6.4 Background from autofluorescence

Single molecule fluorescence is weak; hence background noise disturbs localization indi-

vidual fluorophore with molecular precision. In this thesis, we consider that background

light is reduced using red and NIR dye for fluorescence imaging. Most of fluorescent

biomolecules absorb light of wavelength < 500 nm and emit fluorescence of < 600 nm [31].

Red or NIR light are good at cellular imaging because they are not much absorbed and emit-

ted. Therefore, we adopted red dye for instance ATTO647N and ATTO655, and NIR dye for

instance Alexa Fluor 750 and sulfo-Cyanine 7.

1.6.5 Shot noise

A fluorescence image of single molecule has width whose size is about wavelength called

Airy disk such as Fig. 1.11, which is an individual ATTO647N molecule. The position

of single molecule is localized from this image. The precision of localization has shot noise

depended photon numbers that are distributed probably for point-spread-function (PSF). The

precision ∆photon is described following equation, [23]

∆photon =
sdisk√
Ndisk

, (1.4)

where sdisk is width of standard deviation of Airy disk and Ndisk is photon number in Airy

disk. sdisk equals 139 nm when the image of ATTO647N whose fluorescent wavelength is

about 680 nm using INAGAWA mirror. ∆photon less than 1 nm requires Ndisk > 1.9 × 104.

Furthermore, localization for light axis direction requires more photons because the resolu-

tion of light axis is worse than lateral direction. Stability of microscope during gathering

photons to localization is necessary for molecular level imaging. Moreover, not to bleach

fluorophore is important for molecular level imaging. Some fluorescent molecules are less

likely to bleach at cryogenic temperature.
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Figure 1.11 Fluorescence image of ATTO647N individual molecule using CCD camera.
The accumulation time is 4 second. The width of standard deviation sdisk is 139 nm in this
image. When localization the position of molecules, Gaussian function fitting determines
the center of gravity as the position.

1.6.6 Blinking noise of single fluorophore

Blinking of single fluorophore disturbs localization with high precision under a system

of imaging used single detector such as confocal imaging. Figure 1.12 shows blinking flu-

orophore image obtained by sample scanning. Photon number in the Airy disk is almost

same as Fig. 1.11, however the localization error is deteriorated. This blinking process is

explained Fig. 1.13 diagram, which shows molecular absorption process. When the fluo-

rophore absorbs excitation light, it emits fluorescence for the most part, however intersystem

crossing to triplet state rarely occurs and the state has long lifetime. The image of Fig. 1.12(a)

has blinking noise not only shot noise because each pixel of this image differs in timing as

Fig 1.12(b). To avoid this blinking noise, molecular level image is obtained by 2D detector,

which ignores the blinking noise according to same time the light entering each pixel.

1.6.7 Systematic error due to the dipole orientation effect

Fluorescence is dipole radiation, which is not isotropic radiation. Several studies reported

that mislocalization is caused by distortion of image due to the dipole orientation effect

[15, 16]. Not only that others studies reported that PSF from single fluorophore is tilted

by dipole radiation as shown Fig. 1.14 [18, 19]. When light dradiation is perpendicular to
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Figure 1.12 The result of ATTO647N imaging using avalanche photodiode (APD). (a)
Fluorescence image of 2.5× 2.5 µm2 with sample scanning. Accumulation time on single
pixel is 0.05 second. The scale bar is 0.5 µm. (b) Each detecting count of photons during
scanning area of the arrow in (a).
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Figure 1.13 A Jablonski diagram of a blinking fluorescent molecule. Blinking is caused
by intersystem crossing to long lifetime state rarely occurs.
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light axis, the focusing light is gathered on the principal ray (shown top of Fig. 1.14). On the

other hand, the focusing light is tilted from the principal ray when the radiation is anisotropic

like dipole radiation (shown bottom if Fig. 1.14). Image of 3D-PSF is obtained to grasp the

dipole orientation direction which is fixed at cryogenic temperature. By correcting the dipole

orientation effect from 3D-PSF, molecular accuracy imaging can be obtained.

xCCD;pixel

fimgfobj

θzx

zCCD;pixel
φzx

x

z

xCCD;pixel

fimgfobj

Reflecting Objective Imaging Mirror
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x
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Sobj Simg
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Figure 1.14 The relation between dipole direction and imaging PSF. (Top) When light
radiation is perpendicular to light axis, the focusing light is gathered on the principal
ray. (Bottom) The focusing light is tilted from the principal ray when the radiation is
anisotropic like dipole radiation. Mislocalization is caused by a z-dependent xy-shift due
to the dipole orientation effect.
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2.1 Introduction

In living cells, biological functions are regulated cooperatively by various biomolecules.

Visualizing the three-dimensional (3D) arrangements of molecules is the first step toward

understanding the molecular mechanism of such cooperative regulation. The candidates for

the methods to visualize the interior of cells with the molecular resolution are cryogenic

(cryo-) electron tomography of mechanically sliced cell sections [1] and optical localization

microscopy of individual fluorescent molecules [2]. Among the imaging methods for cells,

cryoelectron tomography has the highest 3D spatial resolution. In cryo-electron tomogra-

phy, living cells are vitrified, i.e., rapidly frozen below a glass-transition temperature. Thus,

the native state of the living cells is almost preserved in the vitrified cells. The near native

state can be imaged with any desired precision using any desired long accumulation time be-

cause the molecules in the cells are perfectly immobilized. Three-dimensional visualization

using cryo-electron tomography has played important roles in the life sciences. However,

the resolution of cryo-electron tomography (4 - 5 nm) is still insufficient for identification

of molecular species. Another limitation of cryo-electron tomography of cells is that the

mean free path of the electrons limits the maximum thickness of the sample specimen to

0.5 - 1 µm. Because mammalian cells are typically ∼ 10 µm thick, most cells must be me-

chanically sliced into thin sections. By contrast, localization microscopy does not face the

aforementioned difficulties. First, when target biomolecules are labeled with a small fluo-

rescent molecule, i.e., a fluorescent dye or a fluorescent protein, localization microscopy can

be used to visualize the distribution of the target molecules in living cells as a distribution

of the fluorescence of the labeled fluorescent molecules [3]. Second, the localization mi-

croscopy can capture optical section images of an entire cell without mechanical slicing [4].

Excitation and detection in localization microscopy are performed using only visible light.

Because visible light is transmitted through whole mammalian cells, the lateral (xy-) section

images of the cells can be optically obtained at the desired axial (z-) position. However, the

3D standard error of the localization microscopy of individual fluorescent molecules at room

temperature is 10 - 15 nm even for fixed cells [5]. The localization error in living cells is

more than threefold greater than in fixed cells [6]. In comparison with the fluorescence from

fluorescent beads or quantum dots, that from small molecules is very weak; consequently, a
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long accumulation time is required. Therefore, at room temperature, 3D localization preci-

sion is determined by the movement of the target molecules over a finite exposure time. If

a target molecule is perfectly immobilized on the sample surface, the xy-localization error

of ∼ 1 nm has been demonstrated to be achievable even at room temperature [7–9]. Un-

der cryogenic conditions, a fluorescent molecule is perfectly immobilized. In addition, a

molecule becomes more stable against photobleaching [10–12]. In lateral (xy-) directions,

the standard error of the cryo-localization microscopy of individual fluorescent molecules

reached 3.4 nm in 2002 [13]. Recently, the xy-localization error has been further improved

to molecular level [12, 14–16]. In axial (z-) directions for individual fluorescent molecules,

the localization precision under cryogenic conditions has still remained at 100 nm since

1998 [17]. As an alternative to making a precise measurement of z-position, Weisenburger

et al. has derived a 3D average position (probability densities) from thousands of 2D (xy-)

projection images of individual molecules by assuming a single conformation common to

all the molecules [16]. For visualizing individual 3D molecular arrangement and conforma-

tion, the localization error of an individual molecule must be at a molecular level in all three

directions.

Here, I present cryo-localization microscopy for an individual fluorescent molecule

(ATTO647N) with angstrom precision in all the three directions. Over the past decade,

we have developed cryo-reflecting microscopes for single-molecule fluorescence imaging

and spectroscopy [11, 18–23]. The key optics to realize the high-precision 3D imaging in

the present work is the reflecting objectives developed by our laboratory. In conventional

cryo-microscopes, a sample is cooled and an objective lens is placed outside the cryostat at

room temperature [24] because commercial objective lenses do not function at cryogenic

temperatures. In this separate configuration of the objective lens and the sample, the

thermal drift of the sample against the objective degrades the imaging stability to a few

hundred nanometers. By contrast, our reflecting objective does function under a cryogen

below a glass transition temperature [11, 18]. The sample and the reflecting objective are

mounted onto a cryogenic insert holder and immersed in superfluid helium, which is an

excellent cryogen for high-spatial-resolution microscopy [25]. Using the single-component

configuration, the image passively stabilized to <1 nm/10 min [26]. In the present work,

the passive stabilization was further improved. The cryogenic insert is chiefly composed of
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titanium (see Fig. 2.1a and Fig. 2.1b) to passively avoid the uneven thermal expansion of

different materials (see Fig. 2.1d). In addition to this passive stabilization, the stage position

was actively stabilized with three capacitive sensors, and the temperature near the sample

was actively controlled by within a 0.24 mK standard deviation (time interval = 1.5 s in 30

min). Consequently, the imaging stability of the cryo-reflecting microscope reached a 0.05

nm standard deviation (time interval = 64 s in 13 min). Furthermore, the imaging quality

was also improved. By introducing an aspherical mirror to the reflecting objective, the

numerical aperture (NA) of the reflecting objective increased to 0.99, which is almost the

maximal NA in superfluid helium (NA = 1.027) [23]. Compared with the xy-localization

error, which is proportional to NA−1, the z-localization error is proportional to NA−2; hence,

the final NA of 0.99 is vital for expanding the precise localization from 2D to 3D.

In Fig. 2.2, a localization error ∆r of 1 nm is compared to the size of a fluorescent pro-

tein. Figure 2.2a shows the simulation of the cryo-localization microscopy for an individual

fluorescent molecule. Under the assumption that the standard error of the localization mi-

croscopy (∆r) follows a Gaussian distribution, the 50 localization points (pink marks) were

generated from Gaussian noise. As evident in Fig. 2.2a, most localization points fall within

a sphere with a radius 2∆r centered at the fluorescent molecule. When ∆r is 1 nm, the 2∆r

sphere is comparable to the size of a fluorescent protein (Fig. 2.2). Therefore, in the present

work, we use a ∆r of <1 nm as a measurement of the molecular precision.

I checked that localization with less than 1 nm precision is realizable using optical simu-

lation. After the simulation, I demonstrated localization with angstrom precision at experi-

ment.

2.2 Optical simulation

2.2.1 Setup of optical simulation

The optical simulation of the cryo-reflecting microscope for the xy- and z-localization of

an individual fluorescent molecule was performed using a commercial optical design soft-

ware (Zemax Optic Studio 15.5). The optical layout of the simulated microscopic system

is shown in Fig. 2.3a at xy- and Fig. 2.4a at z-localization. A fluorescent molecule is much

smaller in size than the PSF of its fluorescence; therefore, the fluorescence of the fluorescent
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Figure 2.1 Photographs of the cryo-reflecting microscope. The head of the superfluid he-
lium insert (a), the sample holder and cryogenic piezo-driven stages (b), and the overhead
view of the cryo-reflecting microscope (c). To suppress thermal drift, the insert head (a,
b) was composed chiefly of titanium. (d) The previously reported cryo-insert holder [23].
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Figure 2.2 Concepts of cryo-localization microscopy. (a) Simulation of localization mi-
croscopic measurements of an individual fluorescent molecule with standard error ∆r. A
sphere with radius 2∆r centered at the individual fluorescent molecule is shown in the
green. (b) Comparison of the localization error ∆r = 1 nm and the size of a fluorescent
protein (PDB code 1EMA).

molecule was regarded as an isotropic emission from a point source. To express the point

source, the system aperture type was set to “Object Space NA = 0.96” and the apodization

type was set to “Cosine Cubed, factor = 0”. The polarization was linear along the x-axis.

The wavelength was 705 nm. The detailed design of the reflecting objective has been re-

ported [23]. A Huygens PSF was used with a pupil sampling of 128 × 128 and the image

sampling of 128 × 128. The pixel size of the obtained image (“Image Delta”) was 26 µm,

which is the same as that of the CCD camera used.

2.2.2 Simulation results of xy-localization

We carried out optical simulations for the cryo-reflecting microscope for xy-localization.

The optical layout of the simplified setup used in the simulation is shown Fig. 2.3a. An

individual fluorescent molecule is located at the focal point of an objective. The fluorescence

of the individual fluorescent molecule is collected by the reflecting objective and focused by

a combination of a concave mirror. The xy-centroids were evaluated from of a bright disk in

PSF using a weighted least-squares fitting of 2D Airy function,

I(r) = I0

[
2J1(R)

R

]2

, (2.1)
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R = 1.22π

√
(x − x0)2

R2
x
+

(y − y0)2

R2
y
, (2.2)

sx = 0.324Rx, sy = 0.324Ry, (2.3)

where x0 and y0 are fixed molecular positions, sx and sy are width of the standard deviation

of Airy disk, and Rx and Ry are distance between the center and the dark ring. The number

of fluorescence photons inside the bright disk (Ndisk) is expressed by N × EE1st, where EE1st

is an encircled energy inside the first dark ring. The theoretically predicted xy-localization

error (∆xy) can be expressed by [27].

∆xy =

√
sxy;disk

2 + a2

12

Ndisk
+ δxy;drift

2 + δxy;back
2, (2.4)

where a is the pixel size in the image (53 nm). From the optical simulation of PSF, the

theoretical values are EE1st = 0.40 and sxy;disk = 109 nm. The simple case of δz;drift and

δz;back = 0 gives the equation,

∆xy � Axy
sxy;disk√

N
(2.5)

The proportional coefficient for the xy-localization in theory Atheory
xy was 1.6. The photon

noise was assumed to follow a Poisson distribution. The xy-localization error ∆xy was sim-

ulated as a function of N (pink circles in Fig. 2.3e). The simulated errors (pink circles) are

in good agreement with the theoretical curve (black curve). The proportional coefficient for

the xy-localization in the simulation (Asim.
xy ) was evaluated as 1.7.

2.2.3 Simulation results of z-localization and discussion

We carried out optical simulations for the cryo-reflecting microscope for z-localization.

For z-localization using an off-focus imaging technique [28, 29], a singlet lens was inserted

into the optical path; hence the focal plane shifted from the CCD camera. The optical layout

of the simplified setup used in the simulation is shown in Fig. 2.4a. An individual fluores-

cent molecule is located at the focal point of an objective. The fluorescence of the individual

fluorescent molecule is collected by the reflecting objective and focused by a combination

of a plano-convex lens and a concave mirror. The theoretically predicted PSF of the fluores-
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Figure 2.3 Optical simulation of PSF for fluorescence of an individual molecule in the
xy-localization experiment. (a) Optical layout of the simplified cryo-reflecting microscope
for the optical simulation of the xy-localization mode. (b) Simulated PSF on the CCD
camera. The horizontal and vertical axes are the CCD position (xCCD, yCCD) divided by the
magnification of the cryo-reflecting microscope (M = 490). (c) Scale up from the image of
b to 1000 nm2. The PSF resembles a Gaussian function (blue curve). (d) Poisson-noised
images of the fluorescence photons N = 102, 103, 104, and105. (e) Optical simulation for
the localization error for ∆xy as a function of N (colored circles). The theoretical curve is
depicted by a black curve.
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cence of the individual fluorescent molecule on the CCD detector is shown in Fig. 2.4b. The

bright central disk appears with concentric bright rings. The defocused PSF image depends

not only on the z-position of the fluorescent molecule but also on the wavelength of fluores-

cence (λfluo). To exclude the diffraction pattern, the pixels of the PSF of 128 × 128 pixel2

(Fig. 2.4b) was binned to obtain the PSF of 12 × 12 pixel2 (Fig. 2.4c). The focal length of

the additional lens (5000 mm) was chosen from the commercially available lenses so that the

10 × 10-binning fluorescence image (Fig. 2.4c) was best fitted by a 2D Gaussian function.

As seen in Fig. 2.4c, the shape of the binning image resembles a Gaussian function (blue

curves).

The standard deviation of the binning image on the xy-plane (sxy;bin) was evaluated using

a weighted least-squares fitting of a Gaussian function. The weight is the reciprocal of

the expected uncertainties in photons on each pixel. The fitting result of sxy;bin is linearly

proportional to the z-position of the individual fluorescent molecule from −40 nm to 40 nm

against the focal point (Fig. 2.4d). The slope (dz/dsxy;bin) was 1.4. In practice, sxy;bin is

calculated from the average of the standard deviations along the major and minor axes; thus,

the z-localization error (∆z) is reduced by a factor of
√

2,

∆z =
dz

dsxy;bin

∆sxy;bin√
2
� ∆sxy;bin. (2.6)

The error sxy;bin is caused by the photon shot noise (δzphoton), the pixelation noise (δzpix), the

mechanical drift of the microscope (δzdrift), and the background noise (δzback) [13, 27]. The

total z-localization error can be expressed by

∆z � ∆sxy;bin =

√
δzphoton

2 + δzpix
2 + δzdrift

2 + δzback
2 =

√
sxy;bin

2 +
abin

2

12

N
+ δzdrift

2 + δzback
2.

(2.7)

where abin is a pixel in the binning image. In the simple case of δzdrift and δzback = 0, ∆z is

expressed by

∆z = Az
sxy;bin√

N
. (2.8)

The pixel size abin is the pixel size of the binned image (530 nm) and sxy;bin was evaluated to

be 560 nm from the optical simulation in Fig. 2.4c. The theoretical proportional coefficient

Atheory
z was 1.0. We simulated the z-localization error (∆z) in our cryo-reflecting microscope.
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The photon noise was assumed to follow a Poisson distribution. A series of Poisson-noised

images was simulated with N = 102, 103, 104, and 105 (Fig. 2.5a). In the simulation of ∆z,

1000 noised images were generated for each number of photons. The standard deviations

of the 1000 noised images (sxy;bin) were evaluated with the weighted least-squares fitting of

2D Gaussian function. From Fig. 2.4d, the z-position of an individual fluorescent molecule

is proportional to 1/1.4 of sxy;bin. The simulated errors for ∆z are shown as a function of N

(green circles in Fig. 2.5b). The proportionality factor of the simulation (Asim.
z ) in Eq.(2.8)

was simulated as 1.3, which is 1.3 times the theoretically predicted factor (Atheory
z = 1.0).

This variance might be due to the difference between the fitting function (Gaussian) and the

shape of the binning image in Fig. 2.4c. This simulation shows this localization method can

achieve less than 1 nm precision when δz;drift ≪ 1 nm, δz;back ≪ 1 nm.
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Figure 2.4 Optical simulation of PSF for fluorescence of an individual molecule in the
z-localization experiment. (a) Optical layout of the simplified cryo-reflecting microscope
for the optical simulation of the z-localization mode. (b) Simulated PSF on the CCD
camera. The horizontal and vertical axes are the CCD position (xCCD, yCCD) divided by
the magnification of the cryo-reflecting microscope (M = 490). The image b was binned
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2.3 Experimental setup

2.3.1 Cryo-reflecting microscope

Figure 2.6 shows the details of the cryo-reflecting microscope. The microscope was com-

posed of four optical units. Reflecting optics was used in the units to avoid chromatic aber-

ration. Excepting those in the confocal unit, the all optics in the unites were placed in

an airtight stainless-steel box for mechanical stabilization (Fig. 2.1c). The four units were

placed in a black aluminum box that was light-shielding and airtight.

2.3.2 Light source

The light source was a continuous-wave diode laser with wavelengths of 637 nm

(OBIS637-140mW, Coherent). The laser lights were coupled with polarization-maintaining

single-mode fibers, and the outputs were collimated by the objective lenses. The collimated

laser light was spectrally filtered with a bandpass filter (Filter1; FF01-637/7, Semrock, for

λex = 637 nm).

2.3.3 Spatial-filter unit

The first unit was a spatial-filter unit to minimize the wave front error of a light source. The

laser light was focused with the plano-convex fused-silica lens Lens1 ( f = 150 mm; SLSQ-

25-150P, Sigma Koki) at the center of a 20-µm pinhole (PA-20, Sigma Koki). The light was

diffracted through the pinhole and collimated with the silver-coated concave mirror CM1

( fCM1 = 250 mm; 10DC500ER.2, Newport). The central disk of the light was identified with

an iris and propagated to the second unit.

2.3.4 Beam-path adjustment unit and superfluid-helium cryostat

Approximately 30% of the light was reflected by the beam-splitter BS2 (PSM25-25.4C03-

10-550, Sigma Koki) and was conducted to the inside of a superfluid-helium cryostat by the

second unit, a beam-path adjustment unit. The two silver-coated mirrors (M3, M4) in the sec-

ond unit matched the principal ray of the laser light to the optical axis of the cryo-reflecting
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objective. The tilt angles of the two mirrors were finely controlled by piezo-driven linear

actuators (8301NF, Newport). The field of view of the reflecting objective is approximately

1 µm × 1 µm because of coma and spherical aberration [23]. The angle between the principal

ray and the optical axis was adjusted within 3 × 10−4 radians. The laser light was focused

on the sample by the cryo-reflecting objective [23] ( fobj = 2.04 mm, NA = 0.99 in super-

fluid helium). The sample position was moved finely with a piezo-driven cryo-scanner in

the xyz directions (the scanning range of 30 × 15 × 30 µm3 in the x × y × z directions; AN-

Sxyz100std, Attocube Systems) and coarsely with two cryo-positioners in the xz-directions

(distance of travel = 5 mm; ANPx101, Attocube Systems). The xyz-positions of the stage

(xstage, ystage, zstage) were monitored with three capacitive cryo-sensors that were custom-

made for cryogenic experiments (the detection range was 100 – 150 µm; Unipulse). The re-

flecting objective and three cryo-sensors were fixed with a single-component titanium holder

(Fig. 2.1a). Components near the sample (sample holder, cryo-stages and cryo-position sen-

sors) were chiefly composed of titanium (Figs. 2.1a and 2.1b) so that the mechanical drift

due to thermal expansion was minimized. In addition to this passive stabilization, the tem-

perature near the sample holder was controlled within 0.24 mK standard deviation using a

commercial temperature controller (model 335, Lake Shore). The standard deviation was

calculated from 1200 data points with the time interval = 1.5 s and the acquisition time ∼ 1.5

s. The xyz-position of the sample stage was actively stabilized using a closed-loop feedback

system with three position sensors and the cryo-scanner. Consequently, the image stability

of the cryo-reflecting microscope was improved to 0.05 nm standard deviation. The standard

deviation was calculated from 12 data points with the time interval = 64 s and the acquisition

time ∼ 64 s. The fluorescence light from an individual fluorescent molecule was collected

by the reflecting objective. Approximately 70% of the fluorescence light passed through

BS2. In addition, the excitation light reflected on the sample surface was conducted with

BS2 to the third unit, a beam monitor unit. The light was focused on a complementary metal

oxide semiconductor sensor (ARTCAM-130MI-BW, Artray). By the image, the z-distance

between the sample and the objective was adjusted to the focal length of the objective ( fobj).
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2.3.5 Localization and confocal unit

The cryo-reflecting microscope was operated in three modes, that is, xy-localization

(Fig. 2.7a), z-localization (Fig. 2.7b), and 3D confocal raster-scanning imaging (Fig. 2.7c).

In the first operating mode for the xyz-localization, the fluorescence light was separated from

the excitation light with two notch filters (Filter2; NF03-633E; Semrock) and propagated

to the third unit, the localization unit. The fluorescence light was focused on the charge-

coupled device (CCD) image sensor (DU920P-BEX2-DD, Andor) with the silver-coated

concave mirror CM2 ( fCM2 = 1000 mm, PS-SMCC-2.00-UV, CVI). The distance between

CM2 and the reflecting objective was approximately fCM2 + fobj = 1002 mm to image the

point spread function (PSF) correctly along the axial direction. The observed fluorescence

image of a fluorescent molecule (ATTO647N) is shown in Results (Fig. 2.9c). The excitation

wavelength (λex) was 637 nm. The xy-position of the fluorescent molecule was determined

from the centroid of the central disk by a weighted-least-squares fitting of an Airy function.

The weight is the reciprocal of the expected uncertainties in photons on each pixel [27]. The

accumulation time for one frame was 4 s, and the readout time was 3.5 s. The total number

of frames obtained was 576.

In the second operating mode for z-localization, a long-focal-length singlet lens ( f =

5000 mm, antireflection-coated plano-convex BK7 lens; SLB-30-5000PIR1, Sigma Koki)

was added before the light was propagated to the localization unit. The fluorescence light

was focused in front of the CCD camera, and the spot was defocused on the imaging sensor

(shown in Fig 2.10a). The defocused image was binned in 100 pixels (10 × 10 pixels) on the

CCD chip (shown in Fig. 2.10b). The accumulation time for one frame was 8 s and the read-

out time was 0.9 s. The total number of frames obtained was 576. The standard deviation

of the binning image was evaluated by a weighted-least-squares fitting of 2D Gaussian func-

tion. The weight was the reciprocal of the expected uncertainties in photons on each pixel.

Because the binning image was slightly elliptical due to the polarization of the fluorescence

light, the z-position was determined from the average of the standard deviations along the

major and minor axes.

In the third operating mode for 3D confocal raster-scanning imaging, the fluorescence

light propagated to the fourth unit, the confocal unit with the flat mirror M9. The fluores-

cence light was focused on a 300-µm pinhole (P300S, Thorlabs) with a silver-coated concave
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mirror CM3 ( fCM3 = 1000 mm; PS-SMCC-2.00-UV, CVI). In the same manner as for the

localization unit, the distance between CM3 and the cryo-objective was approximately fCM3

+ fobj = 1002 mm. The fluorescence light was collimated with the silver-coated concave

mirror CM4 (( fCM4 = 1000 mm, PS-SMCC-2.00-UV, CVI) and separated from the exci-

tation light with two filters (Filter3; ZET635NF, Chroma Technology, for λex = 637 nm;

NF03-658-25, Semrock) The filtered fluorescence light was coupled with a multimode fiber

(core diameter = 50 µm, NA = 0.12; Fiberguide) and counted with an avalanche photodiode

(SPCM-AQR16FC, Perkin Elmer). In the 3D confocal imaging, the number of fluorescence

photons was plotted against the xyz-position of the stage. In addition, the 300-µm pinhole

could be removed from the optical path. The fluorescence image in Results (Fig. 2.9b) was

obtained without the pinhole.

2.3.6 Sample for the xyz-localization of an individual ATTO647N

molecule

A 10−10 M solution of ATTO647N carboxylic acid (ATTO TEC) was prepared at pH

= 7 in the presence of 20 mM phosphate buffer and 1.0% wt/wt polyvinyl alcohol. The

solution was spin-coated on a CaF2 substrate with the spinning speed of 3000 revolutions

per minute (rpm) for the coat time of 60 s. Figure 2.8 shows Spectra of optical filters, laser,

and ATTO647N. This fluorophore has absorption at 637 nm and fluoresce the light whose

spectrum is shown right bottom of Fig. 2.8.

2.4 Experiments and results

2.4.1 Blinking

In the case of the present cryo-reflecting microscope, fluorescence images of the individual

molecule were taken using a 2D multichannel detector to suppress the blinking noise of fluo-

rescence for an individual molecule. The fluorescence of an individual fluorescent molecule

often shows a repeated on/off cycle of emission called blinking (Fig. 2.9a). The blinking

noise severely deteriorates the fluorescence image quality when the fluorescence signals at

different positions in the image are measured at different points of time. Therefore, an image
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Figure 2.7 Optical setup of the cryo-reflecting microscope. We operated the cryo-
reflecting microscope in three modes. (a) Configuration for xy-localization. (b) Con-
figuration for z-localization. (c) Configuration for imaging using confocal raster-scanning
imaging. Symbols are DM: Dichroic mirror, CM: a silver-coated concave mirror ( fCM =
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taken point-by-point with a single-channel detector through raster scanning of the sample is

severely influenced by blinking, whereas an image taken with a 2D multi-channel detector is

free from blinking noise. Figures 2.9b and 2.9c compare the fluorescence image of the same

ATTO647N molecule taken using raster scanning with a single-channel detector (b) and 2D

imaging with a multichannel detector (c) at 1.8 K. In the raster scanning image, the blink-

ing noise is observed as several black lines along the x-axis (the scanning-line direction).

The central disk was weakened and the concentric rings were emphasized. By contrast, the

signal-to-noise ratio of the multichannel image (Fig. 2.9c) is apparently better than that of

the raster scan image (Fig. 2.9b). Therefore, in the present work, not only the lateral (x, y)

localization but also the axial (z-) localization of an individual fluorescent molecule was

performed using blinking-free images obtained with a 2D multichannel detector.

2.4.2 Blinking free image

Figure 2.7b shows the cryo-reflecting microscope for the 3D-localization of an individual

fluorescent molecule. In Fig. 2.7b, the microscope is shown in the configuration for the z-

localization. The details of the microscope are described in section 2.3.5. In brief, the blink-
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Figure 2.9 Experimental results for fluorescence blinking of an individual ATTO647N
molecule at 1.8 K. (a) The temporal behavior of the fluorescence intensities of an individ-
ual ATTO647N molecule was measured with a single-channel detector. The time interval
was 0.1 s. (b, c) The fluorescence image of the individual ATTO647N molecule at 1.8 K
taken by raster scanning with a single-channel detector (b) and 2D imaging with a multi-
channel detector (c). The accumulation time was 0.05 s/pixel (b) and 10 s/frame (c). The
accumulation time of image c relative to that of image b was adjusted for the two types of
measurements to yield similar fluorescence intensities inside the central disk. The excita-
tion wavelength (λex) was 637 nm, and the laser intensity on the sample was 0.8 kW/cm2

in image a, b, and c.

ing noise of the fluorescence of an individual molecule was rejected via localization in all

three directions using a 2D multichannel detector. We minimized back-ground emission by

focusing the excitation light tightly to a nearly diffraction-limited spot on the sample. For the

xy-localization, the fluorescence of the molecule was tightly focused with a concave mirror

onto a charge-coupled device (CCD) sensor. The xy-position of the individual ATTO647N

molecule was determined from the centroid of the full-pixel fluorescence image at the focal

plane using a weighted-least-squares fitting of a 2D Airy function (Fig. 2.10b) [27].
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Figure 2.10 Results of axial (z-) localization using a 2D multichannel detector. The
symbols are DM: Dichroic mirror, M: Plane mirror, CM: Concave mirror, CCD:
Charge-coupled device. (a) Full-pixel image of defocused fluorescence of an individ-
ual ATTO647N molecule at 1.8 K. (b) 10 × 10 on-chip-binning image of the defocused
fluorescence. (c) Standard deviation of image b (sxy;bin) as a function of the stage po-
sition (sz;stage), shown as a circle with an error bar. (d) The z-localization error of the
individual ATTO647N molecule (circle) at 1.8 K as a function of the number of frames
averaged (bottom axis) and corresponding accumulation time t (top axis). The excitation
wavelength (λex) was 637 nm.

2.4.3 3D-localization using CCD camera

The axial (z-) position of a fluorescent molecule was determined from the 2D image. Fig-

ure 2.10a shows the full-pixel image (80 × 80 pixels) of the defocused fluorescence of an

individual ATTO647N molecule at 1.8 K and its 1D section at y = 0 nm. As characteristic of

optics with obstruction, concentric outer rings stand out. The high-spatial-frequency compo-

nents depend on the fluorescence spectrum of individual molecules and it is difficult to make

the model function. We binned the 10 × 10 pixels of the defocused fluorescence image to

suppress the high-spatial-frequency components. Figure 2.10b shows the 10 × 10 on-chip-

binning image (8 × 8 pixels) of the defocused fluorescence of the individual ATTO647N

molecule at 1.8 K and its 1D section at y = 0 nm. As observed in the 1D section, the 10 ×

10-binning image approximates a Gaussian function (blue). The standard deviation of the

binning image on the xy-plane (sxy;bin) was evaluated by the weighted-least-squares fitting
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of a 2D Gaussian function. In Fig. 2.10c, sxy;bin was found to be linearly proportional to the

position of the sample stage (sz;stage) in the range form -40 nm to 40 nm. The z-localization

error (∆z) of the individual ATTO647N molecule at 1.8 K was measured as a function of the

number of frames averaged (Fig. 2.10d). The accumulation time for one frame was 8 s. The

axial localization error ∆z reached 0.90 nm when the 32 frames were averaged (correspond-

ing accumulation time t = 256 s and the numbers of detected photons N = 3.0 × 106). To

test whether our cryo-reflecting microscope can resolve nanometer-scale displacement, the

individual ATTO647N molecule at 1.8 K was repeatedly localized under the same condition

at the three stage positions (xstage, ystage, zstage) = (−3 nm, −3 nm, −3 nm), (0 nm, 0 nm, 0

nm) and (3 nm, 3 nm, 3 nm). The accumulation time t was 64 s (x, y) and 256 s (z) per

one localization point. Figure 2.11(a) shows the experimental result for the 3D localization

microscopy for the individual ATTO647N molecule at 1.8 K. The sizes of the xy- and zy-

images are 12 × 12 nm2. The stage position was monitored with capacitive sensors and is

indicated by colored crosses. The 3D position of the individual ATTO647N molecule was

localized repeatedly using its fluorescence and is shown as a circle of the same color. The

pink, yellow and green circles were measured at (xstage, ystage, zstage) = (−3 nm, −3 nm, −3

nm), (0 nm, 0 nm, 0 nm), and (3 nm, 3 nm, 3 nm), respectively. As shown, the cryo-reflecting

microscope can resolve a 3-nm displacement of the individual ATTO647N molecule. Figure

2.11(b) shows histograms of the variances between the localized positions (xmol, ymol, zmol)

and the stage positions. The standard deviations of the variances are 0.53 nm (x), 0.31 nm

(y) and 0.90 nm (z), which correspond to ∆x, ∆y, and ∆z of our cryo-reflecting microscope.

The number of electrons is shown as N in Table S12.1. The standard deviations of s were

evaluated from the observed images (see Figs.2.9c and 2.10b). From the experimental values

of ∆r, N, and s, the experimental coefficients in Eq. 2.5 and 2.8 were calculated as 3.8 (AExp.
x ),

2.2 (AExp.
y ), and 3.0 (AExp.

z ). The experimental coefficients are approximately twofold of the

simulated coefficient, which suggests that the xyz-localization errors are twofold greater than

that in the case of δdrift and δback = 0. We preliminarily tested that the temperature of the

driver box for the x-position sensors was stabilized; ∆x then became similar to ∆y. The y-

localization might have been due to the thermal drift of the feedback loop circuit. Finally,

we consider the z-localization experiment. In Eq. 2.7, δz;drift
2 + δz;back

2 is approximately 1

nm2. From the mechanical design, the mechanical stabilities of the stage in the x and z-
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Figure 2.11 3D localization of an individual ATTO647N molecule with λex of 637 nm
at 1.8 K. (a) The xy- and zy-images of the localized position of the ATTO647N molecule
at three stage positions (xstage, ystage, zstage) = (−3 nm, −3 nm, −3 nm), (0 nm, 0 nm, 0
nm) and (3 nm, 3 nm, 3 nm), shown as pink, yellow and green circles, respectively. The
measurements were repeated 12 times (x, y) and 6 times (z) at each stage position. The
image size is 12 × 12 nm2 and the accumulation time t was 64 s (x, y) and 256 s (z). Dur-
ing the repeated localization measurements, the cryo-stage positions were monitored and
stabilized by the capacitive sensors and are shown with colored crosses. (b) Histograms
of the variance between the stage position and the localized positions of the individual
ATTO647N molecule.

directions are similar to each other. The δz;drift
2 is less than ∆x2 = (0.53nm)2. The readout

noise of the CCD camera (4.5 e− in the standard deviation) is negligible because the noise

was much smaller than the number of electrons in the signal (2000 e− at the peak), as shown

in Fig. 2.10b. Thus, the z-localization error might be deteriorated by the background of

emission (δz;drift).

In addition, the optical performance of the cryo-reflecting microscope was characterized

by other fluorophores, i.e., Alexa Fluor 750 and Qdot 705, as shown in Figures 2.12 and

2.13.
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Table 2.1 Three-dimensional localization error of cryo-localization microscopy for an
individual ATTO647N molecule at 1.8 K.

 x
 y
 z

0.53 nm
0.31 nm
0.90 nm
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64
256

0.99 × 106

0.99 × 106

  3.0 × 106
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3.8
2.2
3.0

t / s N s / nm Aexp.Localization ErrorAxis Aexp. / Asim.
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1.3
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Figure 2.12 (a) Standard deviation of the binned image (sxy;bin) of two Alexa750-DNA
molecules at 1.8 K as a function of the stage position (zstage). (b) The z-localization error
(∆z) of two Alexa 750-DNA molecules at 1.8 K as a function of the number of photons
collected (N). We used another reflecting objective (NA = 0.93, f = 2.52 mm); hence the
standard deviation sxy;bin is slightly different from Fig. 2.10c. The excitation wavelength
(λex) was 730 nm.

2.5 Conclusion

The present experimental work demonstrated that 3D cryo-localization microscopy allows

us to localize a small fluorescent molecule with molecular precision. The cryo-reflecting

microscope is perfectly achromatic, which is useful for multicolor imaging of different

molecules in cells. In the wavefront error, a molecular orientation with respect to the fo-
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Figure 2.13 3D localization of quantum dot (Qdot 705 carboxylic acid, Invtrogen) with
λex of 637 nm at 1.8 K. (a) The xy-image of localized position of the individual quantum
dot at three stage positions of (xstage, ystage, zstage) = (−5 nm, −5 nm, 0 nm), (0 nm, 0 nm,
0 nm), and (5 nm, 5 nm, 0 nm). The stage position is indicated by colored crosses. The
localized positions of the individual quantum dot are shown in the pink, yellow, and green
circles measured at (xstage, ystage, zstage) = (−5 nm, −5 nm, 0 nm), (0 nm, 0 nm, 0 nm), and
(5 nm, 5 nm, 0 nm), respectively. (b) The z-localized position of another quantum dot at
three stage positions (xstage, ystage, zstage) = (0 nm, 0 nm, −5 nm), (0 nm, 0 nm, 0 nm), and
(0 nm, 0 nm, 5 nm). The localized positions are indicated by gray circles and the z-stage
position is shown by green line. The accumulation time t per point was 6 s (a) and 256 s
(b), and the number of detected photons per point was 1.1 × 105 in (a) and 1.6 × 106 (b).
(c) Histograms of the variances between the stage position and localized positions of the
individual quantum dots, which are calculated from (a) and (b). The localization errors
were evaluated from the variances to 1.1 nm (∆x), 0.77 nm (∆x), and 0.92 nm (∆x).

cal plane will cause a spatial shift on the xy-image at the off-focus position if a large size of a

molecular complex is observed [30]. The spatial shift can be perfectly corrected by informa-

tion about xyz-position of individual molecules and the xy-section images around z = 0 µm,

which can be obtained with our cryo-microscope. Thus, biomolecules in such a specimen

will be precisely localized by our cryo-reflecting microscope.

The experimental barrier expected for 3D cryo-localization microscopy of multiple

molecules in cells is how to distinguish multiple fluorescent molecules that reside within



48 Chapter 2 3D localization of individual fluorophores with angstrom precision

their fluorescence spots. In general, at a few K, the spectral width of the electronic absorption

of individual fluorescent molecules is much narrower than that of the ensemble absorption of

the fluorescent molecule [13, 17]. The absorption peaks of individual fluorescent molecules

are spectrally isolated from each other by their local environments; consequently the

spectral overlap of different fluorescent molecules becomes negligible at an appropriate

concentration. Three hundred individual fluorescent molecules in an n-hexadecane matrix

that resided inside the focal volume of light were spectrally selected and localized with

the standard error of approximately 20 nm in the xy-directions [13]. Although the spectral

width of individual dye molecules becomes broad in a polar matrix such as cell, the width

of individual molecules is narrower than that of their ensemble [18,31–33]. Therefore, there

will be a system and condition that enables excitation and imaging of individual fluorescent

molecules in cells.
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Chapter 3

Nanometer accuracy of individual

fluorophores
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3.1 Introduction

Biological activity in cells is regulated by a variety of molecules that interact with each

other. To understand life, it is essential to obtain nanoscale three-dimensional (3D) in-

formation regarding the intracellular arrangements and mutual orientations of individual

biomolecules. The most promising methods in realizing the nanometer-accuracy 3D imag-

ing of cellular interiors include cryogenic (cryo) electron tomography of a thin section of the

cell and cryo-fluorescence localization microscopy with a far-field configuration. The sam-

ples are prepared by vitrification, i.e., rapid freezing of a living cell below glass transition

temperature. In the vitrified samples, the native state of the living cell is almost preserved;

thus, the near-native state can be imaged with any desired spatial precision using any long

accumulation time [1, 2]. The cryo-electron tomography of a mechanically sliced section

has a high resolution for cellular imaging (4 – 5 nm). However, the resolution is still insuf-

ficient for identifying molecular species from the image alone. In addition, because of the

penetration depth of electrons, the maximum thickness of a sample is approximately 0.1 µm,

which is much thinner than the typical thickness of a cell (approximately 10 µm). Fluores-

cence far-field microscopy, in contrast, does not face these difficulties. A fluorophore can be

employed as a label to a target biomolecule in cell with a high molecular specificity; thus,

the identified biomolecules can be selectively imaged [3]. Because of the high transmission

of excitation and fluorescence wavelengths, a lateral (xy-) optical section of a whole cell at

a desired axial (z-) position can be observed without mechanical slicing [4]. In addition,

under cryogenic conditions, the electronic spectrum of a single fluorophore is narrower than

that of the ensemble; thus, each fluorophore can be selectively localized from an ensemble

of the same fluorophores [5–7]. In 2002, the xy-localization precision of each fluorophore

(∆xy), in units of standard error, reached 3 nm at 1.2 K [8]. However, the z-localization pre-

cision ∆z had remained at approximately 100 nm for some times beginning in 1998 [9]. In

2017, instead of achieving the 3D localization of a single molecule, the 3D average position

(probability density) of fluorophores at 4 K was reconstructed from xy-images of thousands

of fluorophores [10]. This approach using ensemble averaging requires the assumption of

a single conformation common to all molecules. In the same year, we demonstrated the

3D localization microscopy of a single fluorophore with nanometer precision using a home-
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made reflecting cryo-microscope [11]. In many cases, the localization precision of each

fluorophore is different from the accuracy of the relative positions of multiple fluorophores.

I developed cryogenic fluorescence microscope which has angstrom precision in the previ-

ous chapter. In this chapter, I demonstrated nanometer accuracy in the far-field fluorescence

localization microscopy of two fluorophores bonded to both ends of 30 base pairs (30 bp)

of double-stranded DNA (dsDNA) molecule at 1.8 K. The dual-labeled dsDNA molecule

served as a molecular ruler with nanometer accuracy [12, 13]. In conventional fluorescence

localization using far-field microscopy, an xy-centroid for each fluorophore is determined

from an image at a z-position within a diffraction-limited focal depth (∆z = 700 nm for the

present microscope). Although ∆xy was 1 nm, the xy-projection of the distance between

the two fluorophores (Dxy) was distributed from 0 to 50 nm. Mislocalization was mainly

caused by a z-dependent xy-shift due to the dipole-orientation effect [14–22]. This xy-shift

was reduced using a 3D localization with ∆z = 11 nm and∆xy = 1 nm. By correcting the

mislocalization, the distribution of Dxy was centered around a dsDNA length of 10 nm and

the standard deviation of Dxy was 5 nm. This result shows that nanometer-accuracy local-

ization of multiple fluorophores with far-field microscopy requires not only the xy-precision

but also the z-precision, far beyond the diffraction limit.

3.2 Experiment steup

3.2.1 Cryo-reflecting microscope

Figure 3.1a shows an optical setup for reflecting cryogenic (cryo-) microscope. The cryo-

microscope was operated in CCD-localization and sample-scanning modes. The microscope

consisted of the reflecting optics to minimize the chromatic aberration. The optics on the

outside of a cryostat were placed in airtight stainless-steel boxes for the mechanical stabi-

lization. The photographs of the airtight boxes were reported previously [11]. Figure 3.1b

shows the optical arrangement and the coordinates for 3D centroid determination with the

cryo-microscopy. The distance between the cryo-objective mirror and the imaging mirror

was set to 1002 mm (= fobj + fimg). The image plane of the CCD camera was set to the focus

of the imaging mirror. We define an orientation angle of fluorophores as θzx on the zx-plane

(and θzy on the zy-plane) and a tilt angle of the PSF as ϕzx on the zx-plane (and ϕzy on the
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zy-plane).

In the setup (Fig. 3.1a), a light source for photoexcitation of fluorophores was a

continuous-wave diode laser with the excitation wavelengths λex of 637 nm (OBIS637-

140mW, Coherent) and 730 nm (OBIS730-30mW, Coherent). The spectra of the laser

lights are shown in the bottom panel of Fig. 3.2a. The laser lights were coupled with

polarization-maintained single-mode fibers (mode field diameter of 4.5 µm at 630 nm and

Numerical aperture of 0.12; PM630-HP, Thorlabs) and the outputs were collimated by the

achromatic lenses with a focal length of 30 mm (for λex of 730 nm, AC254-030A, Thorlabs;

for λex of 637 nm, AC254-030B, Thorlabs). The collimated laser lights were spectrally

cleaned with bandpass filters (for λex of 637 nm, FF01-637/7, Semrock; for λex of 730

nm, #65176, Edmund optics). The spectra of the laser cleanup filters are shown in a top

panel of Fig. 3.2a. The component of the elliptical polarization of the excitation light was

blocked by the film polarizers (for λex of 637 nm, 10LP-VIS-B, Newport; λex of 730 nm,

LPVIS050-MP2, Thorlabs). The polarization of the light on the sample was controlled with

the combination of a half-wave (λ/2) plate and a quarter-wave (λ/4) plate (for λex of 637

nm, WPHH05M-633 and WPQ05M-633, Thorlabs; λex of 730 nm, AHWP05M-600 and

AQWP05M-600, Thorlabs). The wave front error of the lights was reduced by a reflecting

spatial filter that composed of a silver-coated concave mirror (the focal length of 250 mm,

10DC500ER.2, Newport) and a 20-µm pinhole (PA-20, Sigma Koki).

The light reflected by a parallel window of CaF2 (the thickness of 5 mm, the surface flat-

ness of λ / 10 at 632.8 nm, and the parallelism of < 5 arc-seconds; OPCFSP-25.4C05-10-5,

Sigma Koki) was conducted into a superfluid-helium cryostat. The light was focused on the

sample by a cryo-objective mirror called the‘INAGAWA mirror’ (the focal length of 2.04

nm in detection, the numerical aperture of 0.99 in superfluid helium). The fluorescence of

the fluorophores was collected and collimated by the INAGAWA mirror. To obtain a 3D

fluorescence image, the sample position was finely moved with a piezo-driven cryo-scanner

in the xyz-directions with a scanning range of 30 × 15 × 30 µm3 in the x × y × z directions

(ANSxyz100std-LT, Attocube system) and coarsely moved with two piezo-driven position-

ers in the xz-directions with the travel distance of 5 mm (ANPx101, Attocube system). The

xyz-positions of the sample stage (xstage, ystage, zstage) were monitored with three capacitive

sensors that were custom-made for cryogenic experiments (the detection range of 100 – 150
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Figure 3.1 Cryo-fluorescence reflecting microscope. (a) The microscope setup. The mi-
croscope was operated in CCD-localization and in raster-type sample-scanning modes.
The two modes were switchable by using a motorized flat mirror. (b) Optical arrangement
for the CCD localization mode. The focal lengths of the objective mirror and the imaging
mirror are represented by fobj and fimg, respectively. The orientation angle of the transition
dipole of a fluorophore on the zx- (or zy-) plane is represented by θzx (or θzy). The coordi-
nate of the fluorophore around the focus of the objective is denoted by x, y, and z. The tilt
angle of the PSF on the xz- (or yz-) plane is represented by ϕzx (or ϕzy). The coordinate on
the CCD camera is denoted by xCCD;pixel and yCCD;pixel.
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µm; Unipulse). The INAGAWA mirror and the three sensors were fixed with a monolithic

titanium holder [11]. Components near the sample (the sample holder, the cryo-stages, and

the position sensors) were mainly composed of titanium and alumina. The expansion coef-

ficient of titanium is close to that of alumina. Thus, the mechanical drift due to asymmetric

thermal expansion was reduced passively. In addition to the passive stabilization, the tem-

perature of the superfluid helium was actively stabilized within a 0.2-mK standard deviation

by using a resistance thermometer (Cernox, Lake Shore), a wire-wound resistance heater

(W23, Welwyn Components), and a temperature controller (model 335, Lake Shore). Fur-

thermore, we have stabilized the temperature of the outer wall of the cryostat as well as

the amplifiers of the cryo-sensors by a circulating-cooling-water system shown in Fig. 3.3

(T257P, ThermoTek). Consequently, the image stability had a 0.05-nm standard deviation in

10 min [11].

Fluorescence of fluorophores was imaged (i) with a CCD localization mode or (ii) with

a raster-type sample scanning mode. The two operation modes were switchable using a flat

mirror mounted on a motorized linear stage (KXL06075-N1-C5, Suruga Seiki). In the CCD

localization mode, the reflection and the scattering of the excitation light was blocked with

Filters 3 and 4 (see the top panel of Fig. 3.2a). The filters could be exchanged at a frequency

of approximately 10 Hz by a motorized linear stage (KXL06030-N1-C5, Suruga Seiki).

A top panel of Fig. 3.2b shows the trans-mittance of Filters 3 (two 633-nm notch filters,

NF-01-633U, Semrock; two 730-nm notch filters, ZET730NF, Chroma Technology; one

long-pass filters, FELH0750, Thorlabs) and Filter 4 (two 633-nm notch filters, NF-01-633U,

Semrock; two 730-nm notch filters, ZET730NF, Chroma Technology; one short-pass filters,

FESH0750, Thorlabs). To select the fluorescence from either NIR or red fluorophores, we

used Filters 3 and 4 (the top panels in Fig. 3.2b). The filtered fluorescence light was focused

onto CCD camera (the pixel size of 26 µm × 26 µm, the quantum efficiency in the range

of 700 nm to 850 nm of >0.9, and the standard deviation of the readout noise of 4.7 e− ;

Newton DU920P-BEX2-DD, Andor) with an imaging mirror (the focal length fimg of 1000

mm, protected silver coating, PS-SMCC-1025-2.00-UV, CVI).

In the sample scanning mode (Fig. 3.1a), the reflection and the scattering of the excitation

light were blocked by Filter 5. Filter 5 was a filter stack consisting of two 633-nm notch

filters (NF01-633U, Semrock) and two 730-nm notch filters (ZET730NF, Chroma Technol-
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ogy). The filtered fluorescence was separated into two parts for the NIR and red signals by

the long-pass dichroic mirror (750-nm long-pass dichroic mirror; #69-893, Edmund). The

transmitted signal of the NIR fluorophore was filtered by Filter 6 (750-nm long-pass filter;

FELH0750, Thorlabs) and was coupled with a multimode fiber (the core diameter of 100 µm;

the numerical aperture of 0.12; superguide G SFM100/140, Fiberguide) by an objective lens

(UPlanSpo4x, Olympus). The fluorescence photons from the NIR fluorophore were counted

by APD1 (SPCM-AQR-16-FC, Perkin Elmer). On the other hand, the reflected signal of the

red fluorophore was filtered by Filter 7 (750-nm short-pass filter; FELH0750, Thorlabs) and

was coupled with a multimode fiber (the core diameter of 50 µm; the numerical aperture of

0.12; superguide G SFM50/125Y, Fiberguide) by an objective lens (UPlanSpo4x, Olympus).

The fluorescence photons of the red fluorophore were counted by APD2 (Count Blue, Laser

Components). The number of the fluorescence photons of the NIR and red fluorophores was

recorded as a function of the 3D position of the sample, and then the 3D fluorescence image

was obtained.

3.2.2 Sample condition

Alexa Fluor 750 (Ax750) and sulfo-cyanine 7 (sCy7) molecules were used as the NIR

fluorophore. ATTO655 (AT655) was used as the red fluorophore. The autofluorescence of a

buffer solution and biological tissues in the wavelength range from 650 nm to 900 nm is 3 –

4 orders of magnitude weaker than that from 400 nm to 500 nm. Consequently, background-

free imaging was performed in the present experiments.

Single-stranded DNA (ssDNA) molecules were purchased from Integrated DNA Tech-

nologies and Japan Bio Services. Figure 3.4 shows the molecular structures of the double-

stranded DNA (dsDNA) molecules. The sequence A (30-base ssDNA) was Ax750-ATC

AGT ATC CGA ATC GTG AGC ACC GTA GTA-AT655. The complementary of the se-

quence A was TAC TAC GGT GCT CAC GAT TCG GAT ACT GAT. The sequence B (60-

base ssDNA) was sCy7-ATC AGT GAC GTT GGA GTC CAC GTT CTT TAA TAG TGG

ACT CTT GTT CCA AAC TGG GTA GTA-AT655. The complementary of the sequence B

was TTTT TAC TAC CCA GTT TGG AAC AAG AGT CCA CTA TTA AAG AAC GTG

GAC TCC AAC GTC ACT GAT TTTT. To form the most stable straight helix, 10-nM dual-

labeled ssDNA was annealed together with the 500-nM complementary ssDNA molecule in
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Figure 3.2 Optical filters 1 – 4 for the CCD-localization microscopy. (a, Top) Transmit-
tance of cleanup filters for red and NIR laser lights. These filters are represented by Filters
1 and 2 in Fig. S1a. (a, bottom) Spectrum of these laser lights. (b, top) Detection filters
for the fluorescence of the red fluorophore (AT655) and the NIR fluorophore (Ax750 and
sCy7) fluorophores. These filters are represented by Filters 3 and 4 in Fig. 3.1a. (b, bot-
tom) Absorption and fluorescence spectra of AT655 and Ax750 in a buffer solution at a
temperature of 296 K. The excitation wavelengths of the fluorescence spectra of Ax750
and AT655 were 730 nm and 637 nm, respectively.

a phosphate buffered saline solution at pH = 7 at a temperature of approximately 95 ◦C. The

hot solution was gradually cooled over 120 min to a room temperature. The 10-nM solution

of the dsDNA was stored at 4 ◦C. The stock solution of the dual-labeled dsDNA was diluted

to a concentration of 20 pM at pH = 7 in the presence of 5-nM the complementary DNA,

phosphate buffered saline, 0.1% Tween 20, and 1% wt/wt polyvinyl alcohol. The 20-pM

solution of the dsDNA was spin-coated on a CaF2 substrate with a spinning speed of 3000
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Figure 3.3 Photographs of the water cooled equipments. (a) Water cooled amplifiers
of the capacitive sensors monitoring the position of the sample stage. The amplifiers
are sandwiched by heat sinks. The heat sinks are kept the temperature by constant-
temperature water and keeps the temperature of amplifiers. (b) Circulating-cooling-
system for the outer wall of the cryostat. The silicon tube is around the wall and the
aluminum foil and the bubble wrap cover the silicon tube. The temperature of the wall is
stabilized by the constant-temperature water in the silicon tube.

revolutions per minute for a coat time of 120 s.

3.2.3 Spectral-selective imaging of the dual-labeled dsDNA

We show a concept of spectral-selective imaging of the red fluorophore (AT655) and the

NIR fluorophore (Ax750 or sCy7) bound to the same dsDNA molecule. Figure S4a shows

the absorption spectrum of the dual-labeled 30-bp dsDNA in a buffer solution at pH = 7 at

a temperature of 296 K. The spectrum of the dual-labeled 30-bp dsDNA (black curve) is

reproduced with a linear combination of the spectrum of an Ax750-labeled ssDNA (filled

brown curve) and that of an AT655-labeled ssDNA (filled red curve). Under the irradiation
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(a)   Ax750-dsDNA(30bp)-AT655 (b)   sCy7-dsDNA(60bp)-AT655
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Figure 3.4 Structure of dual-labeled dsDNA for (a) the 30-bp and (b) the 60-bp. The
sequences of the dual-labeled DNA and the complementary DNA are depicted on the
right side of the structure.
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at a λex of 637 nm (red arrow in a), AT655 and Ax750 were simultaneously excited, and

emitted their fluorescence (Fig. S4b). Therefore, with Filter 4, we blocked not only the

excitation light but also the fluorescence of Ax750, and detected only the fluorescence of

AT655. Under the irradiation at λex of 730 nm (brown arrow in A), only Ax750 was excited

and emitted the fluorescence (Fig. S4c). The excitation light was blocked with Filter 3, and

the fluorescence of Ax750 was detected.
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3.3 Imaging of single 30-bp dsDNA molecule using 2D

localization

The cryo-fluorescence localization of a single 30-bp dsDNA molecule was performed us-

ing a 2D image obtained by a far-field cryo-microscope equipped with a charge coupled

device (CCD) camera. The dsDNA length is 10.2 nm (Fig. 3.6a). The 5’- and 3’-ends of the

dsDNA molecule were labeled with near infrared (NIR) and red fluorophores, respectively

(see the chemical structure in Fig. 3.4). Within each single dsDNA molecule, the fluores-

cence of each of the two different fluorophores can be selectively excited and detected. (see

the details in Fig. 3.5). The autofluorescence of a sample in the red region from 650 nm

to 900 nm is 3-4 orders of magnitude weaker than in the blue region from 400 nm to 500

nm [23]. Using the red wavelength region, background-free imaging was achieved in the

present experiments. Figure 3.6b shows the fluorescence images of the two fluorophores

bonded to a single dsDNA molecule at a z-position within a diffraction-limited focal depth.

The focal depth is ±nλ/NA2, where n is the refractive index, and λ is the wavelength of light.

In the present experiment, n was 1.03, λ was 700 nm, and NA was 0.99, so ∆z was ±700

nm. The xy-centroid of each fluorophore was determined by fitting the central disk to a 2D

Gaussian function. The xy-coordinates of the two fluorophores’ centroids had an offset of

approximately 20 nm, which is common in the measurements of different DNA molecules.

The 20-nm offset was mainly due to the xy-chromatic aberration between the fluorescence

wavelengths because the sample position was moved to select a target molecule without

changing the microscope alignment. The chromatic aberration might have been caused by

the parallelism error of optical windows and optical filters. This chromatic aberration offset

was subtracted as a constant value, and Dxy was determined from the xy-centroids of two

fluorophores. Figure 3.6c shows a histogram of Dxy for 96 molecules. For each fluorophore,

105 fluorescence photons were acquired in 3 min (the exposure and readout times were 10 s

and 3 s, respectively, and the >20 images were averaged). The xy-localization precision of

each fluorophore (∆xy) was 1 nm (Fig. 3.6d). Although the dsDNA distance was 10.2 nm,

Dxy was distributed from 0 to 50 nm. This xy-mislocalization was likely to due to a dipole

orientation effect. When orientationally fixed, a single fluorophore should be regarded as

an anisotropic emitter [14, 15]. Depending on the dipole orientation of a fluorophore with
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respect to the focal plane, the major axis of the point spread function (PSF) is tilted from the

z-direction [18–20].
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Figure 3.6 Cryo-fluorescence microscopy of two fluorophores bonded to a single 30-bp
dsDNA molecule, using 2D localization with ∆xy equal to ± 1 nm and ∆z equal to approx-
imately ±700 nm. (a) Structure of the dual-labeled dsDNA molecule. (b) Fluorescence
images of the NIR and red fluorophores at 1.8 K (scale bar of 500 nm). (c) Histogram
of Dxy for the 96 molecules of the 10-nm-long dsDNA molecule determined from the
two images at a z-position within the focal depth (∆z ∼ ±700 nm). (d) Histogram of the
xy-localization precision of each fluorophore.

3.4 Sample scanning imaging of 30-bp dsDNA at 296 K

As a preliminary step, we performed colocalization of the two fluorophores using the

sample-scanning 3D image at 296 K. To confirm the PSF tilt under the present conditions,

the individual 3D PSFs of the dual-labeled dsDNA molecule were observed using the reflect-

ing cryo-microscope; this observation was performed at 296 K because the blinking noise at

296 K was smaller than at 1.8 K. The top panels in Fig. 3.7 show a sample-scanning fluores-

cence image of dual-labeled dsDNA molecule at 296 K obtained using circularly polarized

excitation light. A 10−11 M solution of dsDNA with 1% polyvinyl alcohol was coated onto

a CaF2 substrate. The solution concentration was adjusted for the fluorescence spots to be

well-separated in the images [24]. The dsDNA molecules were fixed orientationally and

spatially. Since the dsDNA length (10.2 nm) is much smaller than the spot size, the spots

of the two fluorophores bonded to a common DNA molecule appear at the same position

in both images; half the fluorescence spots were observed in both images (spots observed
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in only one image are marked with sky-blue asterisks). According to the results of high-

performance liquid chromatography (HPLC) analysis, >80% of the dsDNA molecule was

labeled with both fluorophores, and one of the two fluorophores was ikely in a dark state.

The middle and bottom panels in Fig. 3.7 show the zx- and zy-fluorescence images for the

single dsDNA molecule at (x, y) = (2400 nm, 1600 nm) in the top panels. The PSFs of the

two fluorophores in the zx-image were nearly parallel to the z-axis, whereas they were tilted

in the zy-image. The PSF tilt angles in the zy-plane for the NIR and red fluorophores were

ϕzy;N = 0.05 rad and ϕzy;R = -0.09 rad, respectively.
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Figure 3.7 3D PSFs of the (a) NIR and (b) red fluorophores bonded to a single dsDNA
molecule at 296 K obtained using sample-scanning far-field microscopy. The top panels
are the xy-fluorescence images. The middle and bottom panels show the zx- and zy-PSFs
of the single dsDNA molecule that is indicated by single-headed arrows in the top panels.
The major axes of PSFs are indicated by double-headed arrows for clarification.

Using the sample-scanning, the localization precision in all directions was approximately

30 nm because of the blinking noise and photobleaching. Blinking noise is known to be

absent in a CCD detection [11], and under cryogenic conditions, photobleaching of fluo-

rophores is drastically suppressed [25]. CCD-equipped cryo-microscopy can collect 106

fluorescence photons from a single fluorophore under the blinking-free conditions. Thus,

we performed the 3D cryo-localization microscopy of the two fluorophores using a CCD
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camera.

3.5 Imaging of single 30-bp dsDNA molecule using 3D

localization

3.5.1 Experimental procedure for 3D localization microscopy of two flu-

orophores

The two-color fluorescence image of the dual-labeled dsDNA was measured at the ex-

citation wavelengths λex of 637 nm and 730 nm at a temperature of 1.8 K. To a suppress

background emission due to the autofluorescence of a sample, the excitation light was tightly

focused on the sample; thus, the wide-field image such as the top panels of Fig. 3.7 was mea-

sured by raster-type sample-scanning. To separate the spots well, the concentration of the

dual-labeled dsDNA in the solution used for the spin coat was set to approximately 20 pM.

As a result, the individual dsDNA molecules were sparsely observed as diffraction-limited

fluorescence spots (see the top panel in Fig. 3.7). Since the length of the 30-bp dsDNA (or

the 60-bp dsDNA) was 10 nm (or 20 nm), the fluorescence spots of the two fluorophores

bonded to the same dsDNA appeared at almost the same position. We searched for a target

dsDNA molecule that simultaneously emitted the fluorescence in the both images. The target

DNA molecule was brought to the laser focus by moving the cryo-stage. The xyz-position

was actively locked at a nanometer precision. The error signal for the locking was gener-

ated from the cryo-capacitive sensor. For each fluorophore, the 19 fluorescence images were

measured by a CCD camera in the range of the zstage from −900 nm to 900 nm at the 100 nm

intervals. At one z-position, an Ax750 (or sCy7) image and an AT655 image were acquired

alternately. The 38 images were acquired in order to determine the 3D PSF of the two flu-

orophores. The exposure and readout times of one image were 10 s and 3 s, respectively.

The observation time was approximately 500 s. The magnified image, i.e., the raw data from

the CCD camera (xCCD;pixel, yCCD;pixel), was converted to the real-sized image of the sample

(xCCD, yCCD) as follows.

xCCD = xCCD;pixel · a/Mxy and yCCD = yCCD;pixel · a/Mxy (3.1)
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where a is the CCD pixel size of 26 µm, and Mxy is the lateral magnification of the cryo-

microscope (Mxy = fobj/ fimg = 490).

Figure 3.8a shows the experimental procedure for the xy-localization of individual flu-

orophores. The fluorescence images of a single red fluorophore were acquired at the 19

positions of the zstage, lR(xCCD, yCCD, zstage). For the xy-centroid determination, only the cen-

tral disk was used for the Gaussian fitting. Concentric rings in the image were masked with

a window function Axy(xCCD, yCCD, zstage). To determine Axy at each z-position, the width of

the central disk in unit of standard deviation (σdisk) was predetermined by the 2D Gaussian

fitting of the central disk of IR. The window function was an oval with the radius of 2.5 σdisk.

To determine the xy-centroids, the masked image, IR×Axy, was fitted to a 2D Gaussian func-

tion. The 19 images for the NIR fluorophore were analyzed in the same manner as that used

for the red fluorophore.

Figure 3.8b shows the experimental procedure for the z-localization of individual

fluorophores. The same fluorescence images for the xy-localization were used for the

z-localization. The widths of low spatial frequency components, sx(zstage) and sx(zstage),

contain information about the z-position of the fluorophore [5]. The widths of sx and

sy cannot be directly derived from the fitting of the images because a concentric pattern

led the fitting to false minima. Therefore, at each z-position, the fluorescence image of

lR(xCCD, yCCD, zstage) was Fourier-transformed to LR(u, v, zstage) in reciprocal space, where u

and v are spatial frequencies for the x- and y-directions, respectively. Before the transfor-

mation, the apodization function of Az(xCCD, yCCD) was multiplied to lR(xCCD, yCCD, zstage)

in order to minimize the background from the readout noise of the CCD. The apodization

function was an Airy function with the radius of the first dark ring of 2.5 µm multiplied by

a window function. The multiplied window function was a circle with a radius of 2.5 µm.

The apodization function Az(xCCD, yCCD) was common to the data at all the z-positions. The

apodized image of lR × Az was Fourier-transformed to the square of the spatial frequency

domain function |LR(u, v, zstage)|2. As seen in the image, the low frequency component

appeared as a sharp peak centered at the zero frequency. The width of |LR(u, v, zstage)|2 was

calculated by the fitting of a 2D Gaussian function |F(u, v)|2. The function of |F(u, v)|2 is

given by

|F(u, v)|2 =
∣∣∣∣∣∣∣A exp

−1
2


(

u
su;conv

)2

+

(
v

sv;conv

)2


∣∣∣∣∣∣∣
2

, (3.2)
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Figure 3.8 Experimental procedure for 3D localization of a single fluorophore. (a) The
xy-localization and (b) z-localization. Here, lR(x, y, zstage) represents the fluorescence im-
age of a single red fluorophore at a position of the zstage. Axy(x, y, zstage) and Az(x, y) repre-
sent the masks for the xy- and z-localizations, respectively. |LR(u, v, zstage|2 is a square of
the Fourier-transformed image of lR(x, y, zstage) × Az(x, y). The scale bars of lR(x, y, zstage),
Axy(x, y) and Az(x, y) represent 500 nm.



70 Chapter 3 Nanometer accuracy of individual fluorophores

where su;conv and sv;conv are the calculated width in a unit of standard deviation. In order to

block the higher-spatial frequency component, the fitting was conducted in a region near the

zero frequency (u × v = 0.001 nm−1 ×± 0.001 nm−1). The calculated width of su;conv (or

sv;conv) was a convolution of su (or sv) with the apodization function Az. The widths of su and

sv were calculated by the deconvolution of Az. The widths in the real and reciprocal spaces

are given by

sxsu =
1

2π
and sysv =

1
2π
. (3.3)

The widths of sx and sy were plotted as a function of the zstage (see the top panel of Figs.

3.9b and 3.9d). The minima of the curve correspond to the z-position of the red fluorophore

(zx;c;R, zy;c;R). The 19 images for the NIR fluorophore were analyzed in the same manner as

that used for the red fluorophore.

Two examples of the experimental data of the xyz-localization are shown in Fig. 3.9. The

fluorescence images (lR and lN) and the Fourier-transformed images of |LR|2 and |LN|2 at the 7

zstage-positions are depicted in (a) and (c). The values of sx, sy, xc, and yc evaluated from these

images are shown in (b) and (d). The widths of sx and sy as a function of the zstage (circles

and triangles) has been well-fitted with a Gaussian function (solid curves). Consequently,

we evaluated the z-positions of the fluorophores (zx;c;R, zx;c;N, zy;c;R, and zy;c;N). The values

of zx;c;R and zx;c;N correspond to the z-position of the red fluorophore and NIR fluorophore,

respectively, on the zx-plane. The values of zy;c;R and zy;c;N correspond to the z-position of

the red fluorophore and NIR fluorophore, respectively, on the zy-plane.

The xy-centroid of the fluorophores (xc;R, xc;N, yc;R, yc;N) depends on the zstage, the xy-

centroid around zstage = 0 nm can be fitted by a linear function; consequently the xy-centroid

of the two fluorophores at zstage = zx;c;R, zx;c;N, zy;c;R, and zy;c;N are evaluated to xc;R(zx;c;R),

xc;N(zx;c;N), yc;R(zy;c;R), and yc;N(zy;c;N), respectively. The distance between the red and NIR

fluorophores in centroid are given by

δxc;RN = xc;R(zx;c;R) − xc;N(zx;c;N) (3.4)

δyc;RN = yc;R(zy;c;R) − yc;N(zy;c;N). (3.5)

To obtain the localized position of the fluorophores (δxloc;RN, δyloc;RN), we must correct two
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Figure 3.9 Experimental data for 3D localization of an individual dual-labeled 30-bp
dsDNA molecule shown in Fig. 3.13 (No.13). (a) Fluorescence images of the red and
NIR fluorophores, lR(x, y, zstage) and lN(x, y, zstage), and their Fourier-transformed images,
|LR(u, v, zstage)|2 and |LN(u, v, zstage)|2, respectively. The scale bars of lR(x, y) and lN(x, y)
represent 500 nm. (b) The width (standard deviation) of the low frequency component (sx

and sy) and the xy-centroid position at zstage-positions.
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Figure 3.9 (continued). Experimental data for 3D localization of an individual dual-
labeled 30-bp dsDNA molecule Fig. 3.13 (No.17). (a) Fluorescence images of the red and
NIR fluorophores, lR(x, y, zstage) and lN(x, y, zstage), and their Fourier-transformed images,
|LR(u, v, zstage)|2 and |LN(u, v, zstage)|2, respectively. The scale bars of lR(x, y) and lN(x, y)
represent 500 nm. (b) The width (standard deviation) of the low frequency component (sx

and sy) and the xy-centroid position at zstage-positions.
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experimental errors;

δxloc;RN = δxc;RN + δxchroma;RN + δxdistor;RN(δϕzx;RN) (3.6)

δyloc;RN = δyc;RN + δychroma;RN + δydistor;RN(δϕzy;RN). (3.7)

The second terms on the right-hand side are an xy-shift caused by xy-chromatic aberration

between the fluorescence wavelengths of the red and NIR fluorophores. The xy-chromatic

aberration has been described previously [12, 13]. In our cryo-fluorescence imaging, the

sample was moved without changing the optical alignment of the cryo-microscope. There-

fore, the second term must be constant on each image. The third terms on the right-hand side

of equations 3.6 and 3.7 are systematic errors due to the PSF distortion caused by dipole ori-

entation effect [14, 15]. Figure 3.10a shows the fluorescence image of the individual AT655

molecules at a temperature of 1.8 K. The PSF tilt angles were (ϕzx;R, ϕzy;R) = (−0.007, 0.013)

in the left image, (0.006, 0.117) in the center image, and (−0.145, −0.089) in the right image.

At the higher tilt angles, the fluorescence spots were apparently distorted, and the central disk

was together with the concentric ring. We excluded data for each fluorophore where one of

the tilt angles (ϕzx;R, ϕzy;R, ϕzx;N, ϕzy;N) was > 0.07 rad (3σ of the tilt angles in Fig. 3.11).

The 20 molecules of the 30-bp dsDNA could be used out of the 21 molecules, and the 46

molecules of the 60-bp dsDNA could be used out of the 51 molecules.

The fluorophores were randomly oriented on the lateral plane; consequently
∑

i δxloc;RN;i ∼

0 and
∑

i δyloc;RN;i ∼ 0 when the numbers of data (i) were large enough. Figure 3.10 shows

δxc;RN and δyc;RN as a function of δϕzx;RN and δϕzy;RN for the data from the 20 molecules of

the 30-bp dsDNA. The distance between the two fluorophores (δxc;RN, δyc;RN) were approxi-

mated to be linearly proportional to the tilt angle of δϕzx;RN and δϕzy;RN. Equations (3.6) and

(3.7) can be approximated as follows:

δxloc;RN = δxc;RN + 18.4 nm − 374δϕzx;RN rad−1nm (3.8)

δyloc;RN = δyc;RN + 0.5 nm + 374δϕzy;RN rad−1nm. (3.9)

By using the equations of (3.8) and (3.9), we evaluated the localized position of δxloc;RN and

δyloc;RN. The parameters for the correction of the 60-bp dsDNA were determined from the

data from the 20 molecules of the 30-bp dsDNA shown in Fig. 3.10b.
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3.5.2 Evaluation for the localization errors in the xyz-directions

We evaluate the localization errors of individual dsDNA molecules. The data are sum-

marized in Fig. 3.12. For two fluorophores, it is necessary to obtain 38 images to perform

the 3D localization. Among the dsDNA molecules imaged, we used the data for the dsDNA

molecules that were able to perform the 3D localization process more than four times. The

14 molecules of the 30-bp dsDNA molecules out of the 20 molecules could be used for the

evaluation, and the thirty-one 60-bp dsDNA could be used out of the 46 molecules.

For each dsDNA molecule, we calculated the average of the xyz-positions, ⟨δxc;RN⟩,

⟨δyc;RN⟩, and ⟨δzc;RN⟩, where δzc;RN is (zx;c;R−zx;c;N)/2+ (zy;c;R−zy;c;N)/2. For each molecule,

the deviation is calculated by each determined distance (δxc;RN, δyc;RN, δzc;RN) minus their

average: δxc;RN − ⟨δxc;RN⟩, δyc;RN − ⟨δyc;RN⟩, and δzc;RN − ⟨δzc;RN⟩. The histograms of the

standard deviation of the individual fluorophores are shown in Fig. 3.12. For the 30-bp

dsDNA molecules, the standard deviation of the distance between the two fluorophores was

1.5 nm in x (σx;RN), 1.9 nm in y (σy;RN), and 25 nm in z (σz;RN). The average of the number

of the 3D localization measurements of each dsDNA molecule was 3.7. The average local-

ization precision, in the unit of standard error, of each fluorophore was estimated to 0.65 nm

(∆x), 0.85 nm (∆y), and 11 nm (∆z). For the 60-bp dsDNA molecules, the standard deviation

of the distance between the two fluorophores was 1.7 nm in x (σx;RN), 1.5 nm in y (σy;RN),

and 19 nm in z (σz;RN). The average of the number of the 3D localization measurements

was 3.9. The average localization precision of each fluorophore was estimated to 0.71 nm

(∆x), 0.85 nm (∆y), and 7.8 nm (∆z).

3.5.3 Localization images of the individual dsDNA using 3D localization

Figure 3.13a shows a coordinate system on the xy-plane. Dxy represents the distance

between the two fluorophores on the xy-plane, and θxy represents the angle between the

two fluorophores on the xy-plane. Figure 3.13b shows the xy-localization images of the 20

molecules of the 30-bp dsDNA. The xy-images were determined from the 3D localization.

The determined parameters are shown at the bottom of each image. The number of the

3D localization processes represents the ‘data set’. NR and NN are the detected numbers of

total photons to measure one 3D PSF for the red and NIR fluorophores, respectively. The
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Figure 3.12 The histograms of the deviation of the xyz-centroid determination for each
3D colocalization process of (a) the 30-bp dsDNA and (b) the 60-bp dsDNA at 1.8 K.

parameters ϕzx;RN and ϕzy;RN are the differences of the tilt angle of the 3D PSF between the

red and NIR fluorophores on the zx- and zy-planes, respectively.

3.5.4 Summarized results

The far-field fluorescence localization microscopy of the two fluorophores bonded to the

DNA ends at 1.8 K is summarized in Fig. 3.14. ∆xy was 1 nm and ∆z was 11 nm. The details

of the estimation of ∆xy and ∆z are given in Fig. 3.12. For each image in Fig. 3.14a, the

localization process of the 30-bp dsDNA molecules was repeated more than four times. The

true localized positions of the NIR and red fluorophores (xloc;N, xloc;R, yloc;N, and yloc;R) are

plotted using triangles and circles, respectively, and the origin of the coordinate axis is the

middle point of the two fluorophores for each localization process. The orientation and the

length of the dsDNA molecules are clearly imaged. Dxy was determined for 20 molecules

of the 30-bp dsDNA (all the images in Fig. 3.13.). In the histogram, the distribution of Dxy

was centered around the DNA length of 10 nm. The average and standard deviation of Dxy
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Figure 3.13 Localization microscopy of individual 30-bp dsDNA molecules at 1.8 K, de-
termined by the 3D localization process. (a) Molecular coordinates and (b) experimental
results.
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Figure 3.13 (continued). Localization microscopy of individual 30-bp dsDNA
molecules at 1.8 K, determined by the 3D localization process.
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were 10 nm and 5 nm, respectively. Since the persistent length of dsDNA has been reported

to be approximately 150 bp, [26] the 30-bp dsDNA molecule mainly formed a straight he-

lical structure. In addition, we did not use a biased sequence, i.e., a multiple repeat of the

same base, of the 30-bp dsDNA molecule. Therefore, assuming Dxy to be 10 nm, the lateral

accuracy of the present work is 5 nm in standard error. The possible causes of the 5-nm

residual error in the histogram of Fig. 3.14a are (1) the fluorescence background from the

residual fluorophores in the sample, (2) the flexibilities of linkers between the DNA and the

fluorophores (5.1 nm), and (3) the orientation of the dsDNA backbone. We measured the

3D images of each fluorophore at the z-positions from -900 nm to 900 nm (Fig. 3.8a). The

analysis of these defocused images is more susceptible than the 2D centroid determination to

disturbance from the background emission from other fluorophores. We performed fluores-

cence localization microscopy of 60-bp dsDNA molecule at 1.8 K using the 3D localization

(left panels in Fig. 3.14b). The correction parameters used were the same as those in the

correction of the 30-bp DNA molecules. The standard error of Dxy in Fig. 3.14b was almost

the same as that for the 30-bp dsDNA molecules in Fig. 3.14a. The distribution of Dxy for

the 60-bp dsDNA molecules, determined by the 3D localization, (right panel of Fig. 3.14b)

was centered at a DNA length of 20 nm.

(a) 30-bp, Δxy = ±1 nm, Δz = ±11 nm (b) 60-bp, Δxy = ±1 nm, Δz = ±8 nm 
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Figure 3.14 Cryo-fluorescence microscopy of two fluorophores bonded to a single ds-
DNA molecule, using 3D localization with ∆xy equal to ±1 nm and ∆z equal to (a) ±11
nm and (b) ±8 nm. The base-pair number of the dsDNA molecule was (a) 30 and (b)
60. The xy-images show the localized positions of the NIR (triangles) and red (circles)
fluorophores. The histogram shows Dxy for (a) 20 and (b) 46 molecules.
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3.6 Discussion

3.6.1 Comparison between the experiment and optical simulation

Figure 3.15a shows an optical simulation for a PSF tilt due to a dipole-orientation effect.

The simulation was performed according to a similar simulation reported from M.D. Lew

and W.E. Moerner [20]. We assumed that an objective mirror and an imaging mirror were

an aberration-free optics. Points of N ∼ 42000 were uniformly placed on a spherical surface

having a radius of the focal length of the objective ( fobj) centered at the focal point of the

objective mirror, which is called S obj. The numerical aperture (NA) and the central obstruc-

tion in the optical simulation are set to be 0.99 and 0.37 that are equal to our cryo-objective

(INAGAWA mirror). A coordinate of the nth point represents fobjk̂obj;n, where kobj;n is a unit

wave vector of the nth point on S obj. The electric field of the nth point for the divergent beam

from the object is given by

E⃗obj;n = E0 exp (inobjk fobj{P⃗ − (P⃗ · k̂obj;n)k̂obj;n}, (3.10)

where nobj is the refractive index at the objective space, k is the wavenumber of light, and

P⃗ is the moment of the transition dipole of a single fluorophore. E⃗obj;n is expressed by a

s-polarized component, E⃗s;n, and p-polarized component, E⃗p;n,

E⃗obj;n = Es;nξn + Ep;n(k̂obj;n × ξ̂n) (3.11)

where ξn represents an azimuthal unit vector in a cylindrical coordinate. An ideal mirror can

convert a spherical wave or a parallel wave into a parallel wave or spherical wave, respec-

tively. The electric field of the parallel beam from the nth point on S obj is given by

E⃗∥;n = Es;nξn + Ep;n(k̂∥;n × ξ̂n), (3.12)

where is k̂∥;n is a unit wave vector that is parallel to the z-axis. A nth point on a surface S img

is defined by a cross point of k⃗∥;n and S img. The electric field of the convergent beam at the

nth point on S img(E⃗img;n)) can be expressed by the amplitude of Ep;n and Es;n. E⃗img;n is given
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by

E⃗img;n = Es;nξ̂n + Ep;n(k̂img;n × ξ̂n), (3.13)

where k̂img;n is the unit wave vector at the nth point on a spherical surface having a radius of

fimg centered at OCCD(S img). A vector between the nth point on S img and a calculated point

(rCCD) is given by

R⃗n (⃗rCCD) = r⃗CCD + fimgk̂img;n, (3.14)

where r⃗CCD is a vector from OCCD to rCCD. When a dipole of E⃗img;n exists at each point on

S img, an electric field at rCCD generated from the sum of the irradiation of these dipoles is

given by

E⃗(⃗rCCD) =
∼42,000∑

n=1

exp(inimgk|R⃗n (⃗rCCD)|)
|R⃗n (⃗rCCD)|

E⃗img;n −
E⃗img;n · R⃗n (⃗rCCD)

|R⃗n (⃗rCCD)|2
R⃗n (⃗rCCD)

 (3.15)

where nimg is a refractive index at the image space. While Lew and Moerner calculated the

integral of an electric field, [20] we calculated sum of a finite number of spherical wavelets.

A point spread function (PSF) from the dipole transition (Fig. 3.15b) is equal to |E⃗(⃗rCCD)|2.

Figure 3.15b shows the calculated PSF of a single transition dipole on the zx-plane. The

molecular orientation angles on the zx-plane (θzx) were set to 0, 15, 30, and 60 deg. In all

images, the angle on the zy-plane (θzy) was fixed to 0 deg. As seen in the panels, the PSF

tilts with respect to θzx. The major axis of PSF along the z-axis was calculated by fitting

the central disk of the xy-images at a series of z-positions to a 2D Gaussian function. The

determined major axes (x-centroid) are indicated by double-headed arrows. Figures 3.15c

and 3.15d show the PSF tilt angle ϕzx and the peak intensity as a function of θzx. As seen

in the graph, ϕzx is smaller than θzx by an order of magnitude. The relationship is consistent

with that reported by earlier works [18–20].

3.6.2 z-dependent xy-shift from dipole orientation effect

The z-dependent xy-shift caused by the PSF tilt is discussed in this section. In Fig. 3.11,

the standard deviation of the PSF tilt angles of the individual fluorophores was 0.02 rad on

the zx- and zy-plane (σϕxz and σϕxy). The PSF tilt angle ϕ in the image space is known
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Figure 3.15 Optical simulation for the PSF tilt due to the transition-dipole orientation
of a single fluorophore. (a) Optical arrangement of the simulation. The top is the case
that the dipole tilts in the z-direction (θzx , 0) and the bottom is the case that the dipole
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PSF as a function of θzx
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to be smaller than the dipole-orientation angle θ in the objective space by an order of

magnitude [18–20]. The optical simulation of the PSF tilt occurring in our reflecting mi-

croscope (Fig. 3.15) suggests that randomly orientated fluorophores in the objective space

(−90◦ < θ < 90◦) give rise to the PSF tilt angles ϕfrom -0.1 rad to 0.1 rad (the peak to valley).

The simulation is consistent with the present observation (Fig. 3.11). Under the condition

in Fig. 3.6b of ∆z being equal to ±700 nm, the z-dependent xy-shift of each fluorophore due

to the PSF tilt,
√

(∆zσϕzx)2 + (∆zσϕzy)2, was estimated to be approximately ±20 nm. The

error of the distance measurement was estimated to be ±30 nm; and the error exceeded the

size of the 30-bp dsDNA molecule. The histogram of Fig. 3.6b was fitted to a non-Gaussian

distribution [27], assuming that Dxy (signal, µ) was fixed at 10.2 nm. The fitting result is de-

picted by a black curve. (For clarification, the fitting results of the non-Gaussian distribution

in Fig. 3.14a and 3.14b are also drawn using the black curves.) From the fitting, the error

(noise, σ) of Fig. 3.6b was 15 nm. The distance error from the non-Gaussian distribution fit-

ting is consistent with that of ±30 nm estimated from the focal depth of ± 700 nm. Because

∆z was ±11 nm and ±9 nm in Figs. 3.14a and 3.14b, respectively, the systematic error due

to the PSF tilt was expected to be at an Angstrom level (± 0.3 nm).

3.6.3 An inquiry of dipole orientation for near-field fluorescence micro-

scope

Among the dipole orientation effects of localization microscopy, PSF distortion has been

mainly studied with a 2D image measured by a near-field fluorescence (total internal reflec-

tion florescence, TIRF) microscope [14–17,21,22]. Mortensen et al. demonstrated via TIRF

microscopy that the lateral accuracy of the distance between two fluorophores was reduced

to a nanometer level by considering the dipole orientation (PSF distortion) in 2D localiza-

tion [21, 22]. Note that the near-field microscope cannot be applied to the observation of

an interior of a thick sample because the excitation is restricted from a region of 0.1 µm

from the surface. On the other hand, the far-field microscope has been widely utilized in

the observation of whole cells because the observable region of the far-field microscope is

> 1 mm. However, J. Engelhardt et al. reported that far-field 2D localization microscopy

contains a systematic error due to the PSF tilt up to ±125 nm because of the large focal
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depth [18]. We experimentally show in Fig. 3.6b that the systematic error of far-field 2D

microscopy (±15 nm) exceeds the size of macromolecules. Although reduction of this sys-

tematic error has been attempted by 3D imaging with a double-helix PSF method [19] and

with an azimuthal polarization filter [20], under physiological conditions, the lateral accu-

racy of far-field localization microscopy remained at several tens of nanometers, mainly due

to the movements of molecules. In the present work, using cryo-immobilization, we have

improved the xy-precision and simultaneously the z-precision to ±1 nm and ±11 nm, re-

spectively. By correcting the dipole orientation effects (the PSF tilt and the PSF distortion),

the lateral accuracy of each fluorophore has been improved to a nanometer level (see the

histogram of Fig. 3.15a).

3.7 Conclusion

We demonstrate that the correction of the dipole orientation effects (the PSF tilt and

the PSF distortion) is necessary for nanometer accuracy in far-field cryo-fluorescence mi-

croscopy of individual fluorophores. Compared with other cellular-imaging methods, in-

cluding cryo-electron tomography, the far-field fluorescence microscopy intrinsically has

a unique capability to simultaneously realize the optical sectioning of a whole cell and

the single molecule sensitivity. Recently, we have developed near-infrared fluorophore for

a spectral-selective cryo-localization microscopy, which we called a ”Förster-resonance-

energy-transfer (FRET) pair” [7]. Under cryogenic conditions, the fluorescence excitation

spectrum of the FRET pair becomes narrower than that of the ensemble; accordingly, the

FRET pair can be selected from an ensemble of the same fluorophore within the diffraction-

limited spot. Additionally, in the near-infrared wavelength region of the fluorescence of the

FRET pair (approximately 800 nm), the autofluorescence background of cells is 3 – 4 orders

of magnitude weaker than in the blue region (400 – 500 nm). The FRET pair will enable

background-free cryo-localization microscopy of cells. Thus, the far-field cryo-fluorescence

localization microscopy will contribute to revealing the molecular-level mechanism of bio-

chemical processes in cellular interiors.
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Chapter 4

Conclusion

We developed a far-field fluorescence microscope for localization of individual fluorophores

under cryogenic condition. To realize subangstrom mechanical stability, the objective mirror

and a sample are set to a monolithic holder and the holder is cooled down to a few K. By

the microscope, we demonstrated localization of an individual ATTO647N molecule with

angstrom precision in 3D. However, the precision of individual fluorophore is different from

the accuracy of a relative distance between multiple fluorophores. We measured red and

near-infrared fluorophores labeled with two ends of dsDNA. The length of DNA is 10.2

nm. The red fluorophore can be distinguished from the NIR dye by absorption and fluores-

cence wavelength. Although xy-localization precision ∆xy was 1 nm, the xy-projection of the

distance between the two fluorophores (Dxy) was distributed from 0 to 50 nm when the z-

localization precision ∆z was ∼ 700 nm. Mislocalization was mainly caused by z-dependent

xy-shift due to the dipole orientation effect. We measured 3D-PSF and obtained the dipole

orientation angle of each fluorophore. As a result, the distance between two fluorophores was

centered at the DNA length. The accuracy of the localization microscopy was established to

5 nm.

This microscope possibly provides 3D structure of nucleosome in nucleus. The nucleo-

some is a structure containing DNA that is wrapped around histone octamer [1]. A histone

modification occurs activation or innactivation of transcription to RNA from DNA. Thank

to chemical biological technique, molecule level labeled fluorophore has been established.

The modification such as methylation or acetylation can be labeled by the technique of im-

munofluorescence and observed by fluorescence microscope. The histone octamer size is 11
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nm, which size can be observed by 5-nm accurate microscope. However, multiple nucleo-

some are existed in optical resolution. we need to distinguish these nucleosomes. Recently,

H. Tabe et al. developed near-infrared fluorophore for spectral-selective cryo-localization

microscopy, which they called a “Förster resonance energy transfer (FRET) pair” [2]. Using

this FRET pair, we will possible resolve tens of relative positions of fluorophores labeled

nucleosome.
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