u

) <

The University of Osaka
Institutional Knowledge Archive

Tale Using saturated absorption for superresolution
laser scanning transmission microscopy

Author (s) gisgida, Kentaro; Sato, Hikaru; Oketani, Ryosuke

Citation |Journal of Microscopy. 2022, 288(2), p. 117-129

Version Type|AM

URL https://hdl.handle.net/11094/103306

rights © 2021 Royal Microscopical Society.

Note

The University of Osaka Institutional Knowledge Archive : OUKA

https://ir. library. osaka-u. ac. jp/

The University of Osaka



10

11

12

13

14

15

16

17

18

Using saturated absorption for super-resolution laser scanning transmission

microscopy

Kentaro Nishida!>? Hikaru Sato??, Ryosuke Oketani?, Kentaro Mochizuki®, Kenta

Temma'?, Yasuaki Kumamoto?, Hideo Tanaka® and Katsumasa Fujita'>"

I AIST-Osaka University Advanced Photonics and Biosensing Open Innovation
Laboratory, AIST, 2-1 Yamadaoka, Suita, Osaka 565-0871, Japan

2 Department of Applied Physics, Osaka University, 2-1 Yamadaoka, Suita, Osaka 565-
0871, Japan

3 Department of Pathology and Cell Regulation, Graduate School of Medical Sciences,
Kyoto Prefectural University of Medicine, 465 Kajiicho, Kawaramachi-Hirokoji,

Kamigyo, Kyoto, Kyoto 602-8566, Japan

2 These authors contributed equally.

* Corresponding author: Katsumasa Fujita (fujita@ap.eng.osaka-u.ac.jp)



19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

Abstract:

We improved the three-dimensional spatial resolution of laser scanning transmission

microscopy by exploiting the saturated absorption of dye molecules. The saturated

absorption is induced by the high-intensity light irradiation and localizes the signal within

the centre of the focal spot. Our numerical calculation indicates that the spatial resolution

in transmission imaging is significantly improved for both lateral and axial directions

using nonlinear transmitted signals induced by saturated absorption. We experimentally

demonstrated the improvement of the three-dimensional resolution by observing fine

structures of stained rat kidney tissues, which were not able to be visualised by

conventional laser scanning transmission microscopy.

Keywords (6): super-resolution microscopy, transmission microscopy, saturable

absorption, optical sectioning, nonlinear microscopy, tissue imaging
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Introduction

Confocal laser scanning microscopy!™

is capable of visualizing three-dimensional
structures in a non-contact manner and is a powerful tool, especially for the observation
of biological samples. This modality has a wide range of applications, as is capable of
utilizing various types of optical responses of a sample as signals: reflection confocal
microscopy visualizes surface structures of a sample with depth discrimination
capability*>, and fluorescence confocal microscopy allows high-contrast volumetric
imaging of molecules and organelles in a biological sample stained with fluorescent
labels®®. However, light absorption has not been directly utilized as a contrast mechanism
in confocal microscopy because the spatial frequency information on the optical axis is
not transferred in the optical system in transmission imaging'®.

Since the confocal pinhole cannot provide the axial resolution in absorption
contrast, different approaches have been examined to image the three-dimensional
distribution of light absorbers. In these attempts, the nonlinear absorption effects of

11,12

contrast probes, such as two-photon absorption'!!? and transient absorption'*~!°> have

been utilized. The nonlinear absorption effect is induced at the region where the photon

density is high and can be utilized to localize the signal within the centre of the focal

tl6,17

spot'®'’. A technique for efficient detection of two-photon absorption by utilizing the
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quadric dependence of the absorbed intensity to the excitation intensity!! was used to
demonstrate volumetric absorption imaging of melanin'® and red blood cells'®. The use
of transient absorption can exploit the fact that the generation of transient absorption is
limited at the region where two-colour excitation beams are spatially overlapped'.
Transient absorption microscopy is used as an effective method to investigate the three-
dimensional distribution of low-fluorescence material'*!>. As a similar approach, the use
of optical effect following light absorption, such as photothermal effect'®?, stimulated
emission?!, can also realize the three-dimensional resolution using absorption contrast.
In this paper, we exploited the saturated absorption of dye molecules to improve
the three-dimensional spatial resolution of laser scanning transmission microscopy.
Saturated absorption can be induced by high-intensity light irradiation as it saturates the
number of molecules at the excited state due to its non-zero lifetime?>2?*. Similar to other
nonlinear absorption effects, saturated absorption can occur only at the centre of the focal
spot and enables the observation of the three-dimensional distribution of light absorbers*.
On the other hand, in our saturated-absorption transmission (SAT) microscopy, we
demonstrate the measurement of saturated absorption directly by detecting the light
transmitted through a sample, which can be realized using a conventional laser scanning

microscopy. We conducted a theoretical study of the optical process based on a two-level
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energy diagram to show that absorption of dye molecules can be saturated, and the
saturated absorption signal can be efficiently extracted by the harmonic demodulation
technique®-. Our calculation confirmed that the image size of a single point absorber
was significantly reduced by extracting the saturated absorption signal, which indicates
the improvement of spatial resolution due to nonlinear absorption. We also
experimentally obtained in-plane and cross-sectional images of stained rat kidney tissue
by using our proposed technique and demonstrated the improvement of spatial resolution
in both lateral and axial directions. Transmission microscopy is widely used as a standard
tool for observing dye-stained pathological sections for medical diagnosis. The
improvement of the spatial resolution in transmission imaging would contribute to finding
out small lesions in the pathological tissues, which conventional bright-field microscopy

cannot visualise.

Two-level kinetic model for calculating saturable absorption of dye molecules

To calculate the relationship between absorbed light power by a single dye molecule and
excitation intensity, we used a two-level kinetic model composed of the ground state and
the excited state, as shown in Figure 1(A). So and S represent the existence probability

of a molecule in the ground state and the excited state, respectively. kex [s], kr[s7'], kns[s™



91 '], and ks [s!] represent the rate constants for excitation, spontaneous fluorescence
92  emission, spontaneous non-fluorescence relaxation, and stimulated emission, respectively.

93 By using these constants, we can represent the rate equation for S as follows:

s,

94 o —(k, +k, +k,)S, +k,S, (1)
95 S +5,=1 (2)

96  Defining S as

97 S=8,-5 ),

98 Egq. (1) and Eq. (2) are reduced to a single differential equation as follows:

ds
99 = —(kj +k, +k,+k)S+(k, +k, +k,—k,) (4)

100  When we assume a steady state,

101 f§==0 (5)
dt

102 Thus, from Eq. (4) and Eq. (5), we get

G- (k, +k, +k,—k,)
(k,+k,+k,+k,)

103 (6)

104  Here, we can express the rate coefficients of kex and ks as follows:

105 ko—k =T (7
he

ex st
106  where o [cm?] is the absorption cross-section of a dye molecule,  [W/cm?] is the intensity

107  of incident light, A [cm] is excitation wavelength, % [J s] is the Planck constant, and ¢

108  [cm/s] is the speed of light in vacuum. By substituting Eq. (7) into Eq. (6), we get
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where
hc
Iy =5~k +ky) )
is termed saturation intensity [W/cm?], which depends on the photophysical parameters
of the dye molecule and the wavelength of the incident light. P., [W] the absorbed power
by the molecule is given by

hc ol
Pgb - (T)kexS - ]— (1 0)

—+1
N

By using Eq. (10), we plot the relationship between excitation intensity and absorbed
power by a single dye molecule in Figure 1(B). For the calculation, we used the
photophysical parameters of eosin Y reported by Jones et al>’. We used the excitation
wavelength of 532 nm, which is located on the absorption peak of eosin Y25, At the low
excitation intensity region of ~ 10° W/cm?, the absorbed power by a molecule was linearly
increased with the excitation intensity. However, as the excitation intensity increased
further, the absorbed power by a molecule started to deviate from the linear trend and
finally became saturated.

By using Pap, transmitted intensity through the molecule, I [W/cm?], is

calculated as follows:
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7 =(1—+)1 (11)
A(+D)

N

[tr =1-

where 4 [cm?] is the area of the incident light. We can extract the nonlinear components
in the detected transmitted signal by the harmonic demodulation technique®. In this
technique, the nonlinear signal is extracted by applying temporal modulation at a single
frequency to excitation intensity and demodulating the harmonics signal generated due to
the nonlinear relationship between signal and excitation intensity. We applied a
modulation frequency of 10 kHz to excitation intensity in this study.

Figure 1(C) shows the calculated relationship between excitation intensity and
the demodulated transmitted signal from a single eosin Y molecule at the fundamental
frequency (f = 10 kHz), 2" order harmonic frequency (2f = 20 kHz), and 3" order
harmonic frequency (3f'= 30 kHz), respectively. In Figure 1(C), the signal demodulated
at f linearly increases with the excitation intensity, indicating the detection of linear
components in the transmitted signal. On the other hand, the signals demodulated at 2f
and 3f show an increase with the 2" and 3" order nonlinearities, respectively. This
calculation result confirms that the nonlinear components included in transmitted signals
are able to be extracted by demodulating at the harmonic frequencies. The order of the
nonlinearity of the demodulated signals corresponds to the order of demodulation

frequency at low excitation intensities. However, when the excitation intensity is
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increased, the signals demodulated at 2f and 3f deviate from the 2™ order and 3™ order
slope respectively, and finally showed saturations.

We confirmed the improvement of the three-dimensional spatial resolution in our
technique by numerical calculations. We calculated the images of a single point absorber
reconstructed by the demodulated signals and evaluated the spatial resolutions by
measuring the image size. Note that the calculation result does not correspond to the point
spread function used for fluorescence imaging because the transmission image is not
simply formed by the linear combinations of signals at each point within the excitation
spot, which is due to the coherent nature of the transmitted light through the sample.

Figure 2(A) shows the calculated intensity distribution of the excitation focal
spot. The excitation wavelength was 532 nm, and the numerical aperture (NA) of the
objective lens was 1.40 in this calculation. Figure 2(B) shows the image of a single point
absorber reconstructed by the signal demodulated at f; which corresponds to the inversion
of the intensity distribution at the excitation focal spot shown in Figure 2(A). Figures 2(C)
and 2(E) are the images of a single point absorber reconstructed by the signal
demodulated at 2f and 3f, respectively. In Figures 2(C) and 2(E), the signal intensities
from the absorber are higher than the background level because the images were

reconstructed by the nonlinear components in the transmitted signals generated from the
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absorber. To compare the spatial resolution of these images in negative contrast, we
calculated the inverted images of Figures 2(C) and 2(E) as shown in Figures 2(D) and
2(F), respectively. We compared the line profiles of Figures 2(B), 2(D), and 2(F) in the
lateral direction in Figure 2(G). Full widths at half maximum (FWHMSs) of Figures 2(B),
2(D), and 2(F) are 174 nm, 130 nm, and 109 nm in the lateral direction, respectively. The
image sizes are reduced by factors of 1.34 and 1.60 by demodulating the 2" order and 3™
order of nonlinear signals because of the improvements of spatial resolution. We also
obtained the line profiles in the axial direction in Figure 2(H). The FWHMs in the axial
direction are 497 nm, 346 nm, and 288 nm for Figures 2(B), 2(D), and 2(F), showing the
reduction of the image sizes at the by factors of 1.44 and 1.73 for 2(D) and 2(F),
respectively. These results confirm that our technique can improve the three-dimensional

spatial resolution of the image.



177
178

179

180

181

182

183

184

185

186

187

188

(A) s (C) | Slope
k |k, |k 10¢ 3 !

Koy 10°

(B) ‘ §Iope

102

_.Slope
1024 5 2
ope
10+

—_
o
N
y

104

1064

Transmitted Intensity [W/cm?]

107 +

VAR S

109 ol e — :

Absorbed Power [W]

-
o
N
o

108 1;04 1;C)5 1;06 1038 - 10I4 - 105
Excitation Intensity [W/cm?] Excitation Intensity [W/cm?]
Fig. 1. (A) Schematic of the two-level kinetic model. Sy and S; represent the existence
probability of molecules in the ground state and the excited state, respectively. kex [s™'], &
[s'], kur [s'] and ks [s7'] represent the rate constants for excitation, spontaneous
fluorescence emission, spontaneous non-fluorescence relaxation and stimulated emission,
respectively. (B) Relationship between excitation intensity and absorbed light power by
a single eosin Y molecule, calculated by a two-level kinetic model. The excitation
wavelength was 532 nm. (C) Calculated relationships between excitation intensity and
demodulated transmitted signal intensities from a single eosin Y molecule at the
fundamental frequency (~=10kHz), 2" harmonic frequency (2f), and 3™ harmonic

frequency (3f). The modulation frequency of excitation intensity was 10 kHz. The beam

size was 1.6 X 10 cm? in the calculation.
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190  Fig 2. (A) Calculated intensity distribution of the excitation focal spot. The excitation
191  wavelength was 532 nm. The NA of the objective lens for excitation was 1.40. The
192 direction of linear polarization was y-direction. (B, C, E) Calculated images of a single
193  point absorber, reconstructed by the signal demodulated at /" (B), 2/ (C), and 3f (E),
194  respectively. The photophysical parameters of eosin Y were used for the calculation. The
195  excitation intensities were 10> W/em? (B), 10° W/ecm? (C), and 10* W/cm? (E). (D, F)
196  Inverted images of (C) and (E), respectively. (G, H) Line profiles of (B), (D), and (F)
197  obtained along x-direction (G) and z-direction (H), respectively.
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We also theoretically investigated the dependence of nonlinear absorption
signals on the dye concentration and the sample thickness. Basically, the nonlinear
absorption signal proportionally increases as the number of molecules increases. However,
if the dye concentration or the sample thickness is increased, nonlinear signals decrease
because the amount of detectable transmitted signal becomes small, which makes the
interpretation of the resultant image difficult. To avoid this situation, the ranges of dye
concentration and the sample thickness available in our technique was investigated.

When the incident light is transmitting in a thick sample, the reduction of
incident light intensity dI [W/cm?] after traveling through a sample with a thickness of dz
[cm] is expressed as follows:

dl =—a(1(z))(z)dz (12)
where a is termed the absorption coefficient. The absorption coefficient is proportional to

S, and it is given by

aO
LZ)H

N

a(l(z))=a,S =

(13)

where
a,=N,Co (14)
is the absorption coefficient when the intensity of incident light is zero (I = 0). N4 [mol

17 is Avogadro's constant. C [mol/cm?] is the concentration of molecules. We solved the
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differential equation Eq. (12) to get

]tr = ISVVO(g([ex)) (15)

Lo exp([ﬁ) exp(—N ,cCL) (16)
]S ]S

gl,)=
where I, [W/cm?] is the intensity of illumination light to the sample, I, [W/cm?] is
the intensity of transmitted light passed through the sample, L[cm] is the thickness of the
sample, and Wy (x) represents the Lambert W function, which is the inverse function of
y = xexp (x).

By using Eq. (15) and Eq. (16), we calculated the dependence of the demodulated
transmitted signal intensity on the thickness and the concentration of the sample, as shown
in Figures 3(A-C). The thickness and the concentration of the sample were expressed by
using the column density, CL [mol/cm?], which is the product of the concentration of
molecules, C [mol/cm?], and the thickness, L [cm]. In this calculation, we assumed that
the thickness of the sample is smaller than the depth of the focus, and the beam size does
not change during propagation at the beam waist. Although the above assumption is not
always satisfied in practical situations, this simple model is still helpful for us to
understand the difference of image contrast between the linear and the nonlinear
transmission images shown in the sections below. The calculations were performed for

excitation intensities of 10> W/cm?, 10° W/cm?, 10* W/cm?, and 10° W/cm?, respectively.
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In Figures 3(A-C), the transmitted signals demodulated at f/ always decreases
with the increase of the column density, indicating that the amount of the linear
transmitted signal corresponding with the absorption of the sample. On the other hand,
the signals demodulated at 2f increase at the column density lower than ~4.0x10
mol/cm?, where the nonlinear components in the transmitted signal increase with the
number of dye molecules. However, at the column density higher than ~4.0x10" mol/cm?,
the intensities of the signals demodulated at 2f decrease with the increases of the column
density. In this region of column density, the transmitted light becomes small due to the
strong light absorption in the sample, and the amount of detected nonlinear signal also
becomes small. Then, the amounts of the signals demodulated at 2/ no longer represent
the number of absorbers unambiguously. Our calculation indicates that the product of the
concentration of eosin Y and the thickness should be adjusted below 4.0x10" mol/cm? in
sample preparation. The signal demodulated at 3/ also shows such a decrease when the
column density is larger than ~4.0x10” mol/cm?, showing similarity to the case of the
signal demodulated at 2f.

The graphs of the signals demodulated at 3/ showed the dips in signal intensity
at the column density of 5.0x10 mol/cm?, which is caused by the phase inversion of the

nonlinear transmitted signal at this point. Since the phase of the modulated nonlinear
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signal depends on the relationship between the illumination and transmission intensities,
the sign of the demodulated signal can be positive, negative, or zero depending on the
modulation range of excitation intensity and the sample property. In our calculation, the
nonlinear signal also showed zero value, and the phase inversion was observed around
this point, which produced the dip in the log plot. The same behavior of the demodulated
nonlinear signals was observed in the investigation of scattering saturation®.

The above calculation helps understand the image contrast of SAT microscopy,
which depends on the sample thickness and dye concentration. However, the above
interpretations are valid only when the sample thickness is smaller than the depth of the
focus. We need a different model for a thicker sample and a consideration of the linear
attenuation during propagation through the out-of-focus planes. In this research, we
focused on investigating the light absorption at the focal position using a thin-sample

model to understand the contrast mechanism provided by saturated absorption.
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Fig. 3. (A-C) Dependence of the demodulated transmitted intensities on the column
density [mol/cm?], which is the product of the concentration of eosin Y molecule (C
[mol/cm?]) and the thickness (L [cm]). The demodulation frequencies were f(A), 2f (B),
and 3/ (C), respectively. Excitation intensities were 10> W/cm?, 10> W/cm?, 10* W/cm?

and 10° W/cm?2.

Experimental measurement of the nonlinear transmitted signal from eosin Y

We experimentally measured the nonlinear transmitted signal generated from eosin Y
solution by using the optical setup of SAT microscopy. Figure 4 shows the experimentally
measured relationship between excitation intensity and demodulated transmitted signal
intensity through eosin Y solution at the fundamental frequency (f) and 2"¢ harmonic

frequency (2f), respectively. The signal demodulated at f shows the linear relation to the
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excitation intensity, although the signal intensity starts exceeding from the linear trend
due to the saturation of absorption as the excitation intensity is increased. On the other
hand, the signal demodulated at 2f shows 2" order nonlinear relations when excitation
intensity is higher than ~1.0 x10* W/cm?. The 2" order nonlinear component appears
only when the amounts of the nonlinear signals are larger than the shot noise of
transmitted light at the detector. Therefore, at the low excitation intensity region below
~1.0 x10* W/cm?, the signal demodulated at 2f increases following the square root of
excitation intensity, instead of following the 2" order slope. The intensity ratio of 2
order nonlinear signal is about 3.2% to the linear signal at the excitation intensity of ~10*
W/cm?, in this measurement using the solution. This ratio is ~107 times higher than the
value shown in our theoretical calculation for a single molecule (Figure1(C)), indicating
the amount of nonlinear signal strongly depends on the number of the molecules in the
sample. This experimental result confirms that the absorption of eosin Y is saturable at
high excitation intensity, and the produced nonlinear components of the transmitted signal
are extracted by harmonic demodulation. In this experiment, we were not able to detect
3 order nonlinear components in the transmitted signal, due to the small amount of the

3t order nonlinear signal.
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Fig. 4. Experimentally measured relationship between excitation intensity and intensity
of the demodulated transmitted signal from eosin Y solution at the fundamental frequency
(=10kHz) and 2" harmonic frequency (2f). The modulation frequency of the excitation

intensity was 10kHz. The excitation wavelength was 532 nm.

Imaging of stained polystyrene microbeads
We obtained images of polystyrene microbeads stained with eosin Y by using SAT
microscopy to confirm the improvement of spatial resolution. Figures 5(A) and 5(B) show

the transmission images of single polystyrene microbeads, reconstructed by the signal
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demodulated at f'and 2f, respectively. The diameter of polystyrene microbeads was 2 pm.
In Figure 5(C), we compared the line profile of the transmission image of the microbead
indicated by white arrowheads in Figures 5(A) and 5(B). Figure 5(C) shows that the
spread of the image reduces in Figure 5(B) compared to Figure 5(A) and indicates the
improvement of spatial resolution by reconstructing the image with the nonlinear signal.
To evaluate the improvement of spatial resolution, we measured the full widths at half
maximums (FWHM) of signal profiles for five polystyrene microbead images. The
averaged FWHM values were 2.9+ 0.11 and 2.1 £0.19 um for linear image and 2"¢ order
nonlinear image, respectively, which confirmed the improvement of the spatial resolution
in SAT imaging. We also obtained the images of two closely located microbeads in
Figures 5(D) and 5(E) to confirm the improvement of two-point spatial resolution. In
Figure 5(F), we compared the line profile of Figures 5(D) and 5(E). In the nonlinear image,
we can resolve two microbeads with the improvement of two-point spatial resolution in

SAT microscopy.
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Fig. 5. (A, B) Transmission images of single polystyrene beads with a diameter of 2um
stained with eosin Y, reconstructed by linear (A) and 2" order nonlinear (B) signals. The
pixel size and dwell time were 303 nm and 500 ps, respectively. An objective lens with
an NA of 0.3 was used for illumination. (C) The line profiles of the bead images indicated

by white arrowheads in (A) and (B). (D, E) Transmission images of two close polystyrene
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microbeads, reconstructed by linear (D) and 2™ order nonlinear (B) transmitted signal.
The pixel size and dwell time were 150 nm and 500 ps, respectively. (F) The intensity
profiles of bead images indicated by arrowheads in (D) and (E). The excitation intensities

were 56 W/cm? for (A, D) and 2.7x10* W/cm? for (B, E).

Super-resolution transmission imaging of rat kidney tissue by SAT microscopy

We demonstrated super-resolution transmission imaging of rat kidney tissue by using SAT
microscopy. Figures 6(A) and 6(B) show the transmission images of eosin Y-stained rat
kidney tissue in the focal plane (xy image), reconstructed by the linear and 2" order
nonlinear signals, respectively. An objective lens with an NA of 0.3 and a magnification
of 10x (UMPlanFl, Olympus, Tokyo Japan) was used for the excitation, and a condenser
lens with an NA of 0.55 (IX2-LWUCD, Olympus, Tokyo, Japan) was used for the
collection of the transmitted signal. The excitation wavelength was 532 nm. The structure
of the renal tubule stained with eosin Y is observed in each image. In Figure 6(B), the
peripheries of the tissue structure were clearly identified compared to those in Figure 6(A),
thanks to the improvement of spatial resolution. Figures 6(C) and 6(D) are the magnified

images of Figures 6(A) and 6(B) at the area indicated by the orange rectangle in Figure
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6(A). We obtained the line profiles indicated by the white arrowheads in Figures 6(C) and

6(D) and compared the spatial resolution in Figure 6(E). We measured the FWHMs of

each signal profile by applying the Gaussian fitting. FWHMs of the profiles were 4.0 pm

and 2.2 um for Figure 6(C) and Figure 6(D), respectively. The image size of the structure

was reduced about 1.8 times in Figure 6(D), which is larger than the theoretical value,

which is 1.3, in Figure 2. This is due to the optical sectioning capability of SAT

microscopy, which reduces the out-of-focus signals effectively. This result confirmed the

improvement of the spatial resolution in the lateral direction in the image of the biological

specimen.
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Fig. 6. (A, B) Transmission image of rat kidney tissue stained by eosin Y, reconstructed
by linear (A) and 2nd order nonlinear (B) signals. Excitation intensity was 1.0 X 10?
W/cm? for (A) and 2.7x10* W/cm? for (B). The pixel size and dwell time were 293 nm

and 500 ps, respectively. An objective lens with an NA of 0.3 was used for illumination.
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(C, D) Magnified images of (A) and (B) at the area indicated by the orange rectangle in

(A). (E) Normalized line profiles of images indicated by white arrowheads in (C, D)

By using a high NA objective lens, we obtained a high-resolution in-plane image

(xy image) of stained rat kidney tissue. We used an oil-immersion objective lens with an

NA of 1.40 and a magnification of 100x (UPlanSApo, Olympus, Tokyo, Japan) for the

excitation. For the collection of the transmitted signal, an oil-immersion condenser lens

with an NA of 1.40 (C-AA, Nikon, Tokyo, Japan) was used. Figures 7(A) and 7(B) show

the transmission images of eosin Y-stained rat kidney slice in the focal plane (xy image),

reconstructed by linear and 2nd order nonlinear signals, respectively. In Figure 7(B), in

addition to the improvement of the spatial resolution, the signal generated from the out-

of-focus position was effectively removed by optical sectioning capability. The optical

sectioning capability effectively worked for the high NA objective with a depth of focus

shallower than that of a lower NA objective lens. We can confirm that the high-resolution

structural information was obtained in the image reconstructed by using the nonlinear

signal. These results indicate that our technique is capable of revealing finer structures in

specimens than conventional transmission microscopy due to the improvement of spatial

resolution and the optical sectioning capability.
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Fig. 7. (A, B) Results of high-NA (= 1.40) illumination transmission imaging of rat kidney
tissue stained by eosin Y, reconstructed by linear (A) and 2nd order nonlinear (B) signals.
Excitation intensities were 1.1x10?> W/cm? for (A) and 1.3x10° W/cm? for (B). The pixel

size and dwell time were 59 nm and 500 s, respectively.

The use of saturated absorption can improve the spatial resolution not only in the
lateral direction but also in the axial direction, as shown in our calculation in Figure 2.
We demonstrated cross-sectional transmission imaging of a rat kidney tissue by using
SAT microscopy to confirm the optical sectioning capability. Figure 8(A) shows a

transmission in-plane image (xy image) of rat kidney tissue stained with eosin Y obtained
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by conventional laser scanning transmission microscopy. Figure 8(B) and 8(C) show the

cross-sectional images (xz images) reconstructed by linear and 2nd order nonlinear

signals obtained at the position indicated by the dotted line in Figure 8(A). In this

experiment, we used an oil immersion objective with an NA of 1.40 (UPlanSApo,

Olympus, Tokyo, Japan) for illumination. To collect the transmitted signal from the

specimen, we used an oil-immersion condenser lens with an NA of 1.40 (C-AA, Nikon,

Tokyo, Japan). In Figure 8(B), the signals generated from the tissue layer are covered by

the background from out of the focus layer, and it is difficult to observe the cross-sectional

structure of the tissue. However, in Figure 8(C), the background signals are reduced, and

the morphology of the tissue layer becomes clearer, indicating the improvement of axial

spatial resolution by our technique. We also found that the nonlinear signals are small

inside the tissue layer, as indicated by solid arrows in Figure 8(C). This is probably due

to the high concentration of dye molecules at these locations, which causes the decrease

of excitation intensity and the nonlinear absorption, as discussed in Figure 3. Another

possible reason is the distributions of refractive index in the tissue that induce the strong

light scattering and prevent both excitation and collection of the signal during imaging.

This contrast inversion was also observed in measuring a haematoxylin-stained tissue, as

shown in Figure 9.
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Fig. 8. (A) In-plane (xy) transmission image of rat kidney tissue stained with eosin Y,
obtained by using conventional laser scanning microscopy. Excitation intensity was 3.0
X 10° W/cm?. The pixel size and dwell time were 195 nm and 100 ps, respectively. (B,
C) Cross-sectional (xz) transmission images of rat kidney tissue obtained at the position
indicated by orange dotted line in (A). (B) and (C) were reconstructed by linear and 2"
order nonlinear signals, respectively. Excitation intensities were 3.0x10° W/cm? for (B)
and 1.9x10% W/cm? for (C), respectively. The pixel size and dwell time were 195 nm and
500 ps, respectively. An objective lens with an NA of 1.40 was used for illumination. The
solid orange arrows in (C) indicate the locations where the image contrasts are relatively

low.
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Since the saturable absorption is based on the saturated excitation of the
molecular state, it should be a general phenomenon that can be seen among different types
of dye molecules. Thus, our technique allows us to observe the specimen stained with
other dye molecules, not limited to eosin Y. Here, we demonstrated the imaging of a tissue
section stained with haematoxylin, which is also one of the popular dyes in pathology.

Figures 9(A) and 9(B) show the transmission images of the haematoxylin-
stained rat kidney tissue, reconstructed by linear and 2" order nonlinear signals,
respectively. An objective lens with an NA of 0.3 and a magnification of 10x (UMPlanF],
Olympus, Tokyo, Japan) was used for the excitation, and a condenser lens with an NA of
0.55 (IX2-LWUCD, Olympus, Tokyo, Japan) was used for the collection of the
transmitted signal. Compared to Figure 9(A), Figure 9(B) shows the distributions of the
cell nuclei more clearly. Because the out-of-focus signal was suppressed by the optical
sectioning capability of SAT microscopy, the image contrast was significantly improved
in Figure 9(B). We obtained the line profiles of Figures 9(A) and 9(B) at the region
indicated by white arrowheads in the images and compared them in Figure 9(C). In the
image reconstructed by nonlinear signals (Figure 9(B)), the structures of the specimen are
clearly resolved due to the improvement of spatial resolution by SAT microscopy. This

result indicates that our technique allows us to use not only eosin Y but also different dye
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molecules such as haematoxylin, as contrast probes. The observation of haematoxylin-

stained tissue by our technique would be useful to quantify the number of the stained cell

nuclei included in the tissue because our approach allows us to resolve closely located

cell nuclei with the improvement of three-dimensional spatial resolution. It also should

be noted that some structures that showed strong absorption in Figure 9(A) have lost the

contrast in Figure 9(B), as indicated by the orange arrows in the figures. This is

presumably due to the high concentration of dyes at these locations that attenuated the

light intensity too much to induce the nonlinear absorption that provide an image contrast

as discussed with our calculation in Figure 3.
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Fig. 9. (A, B) Haematoxylin-stained rat kidney tissue measured by transmission imaging.
The images were reconstructed by linear (A) and 2™ order nonlinear (B) signals,
respectively. Excitation intensities were 1.0x10?> W/cm? for (A) and 4.8x10* W/cm? for
(B). The pixel size and dwell time were 293 nm and 500 s, respectively. The solid orange
arrows in (C) indicate the locations where the image contrasts are relatively low. (C)

Normalized line profiles at the regions indicated by the white arrowheads in (A) and (B).
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Conclusion and Discussion

In this paper, we reported a method to improve the three-dimensional spatial resolution
of laser scanning transmission microscopy by exploiting the saturated absorption of dye
molecules. We theoretically confirmed that absorbed light power by dye molecules is
saturable at the high excitation intensity, and the nonlinear absorption signal induced in
transmitted light was extracted by harmonic demodulation. The simulated images of a
single point absorber indicated the improvement of three-dimensional spatial resolution
in our proposed technique. We experimentally demonstrated transmission imaging of
stained rat kidney section and confirmed that the structure of the specimen is clearly
resolved in both lateral and axial directions by selectively detecting 2" order nonlinear
signal.

In our experimental condition, the spatial resolution of SAT microscopy was 130
nm in the lateral direction, as indicated by our calculation (Figure 2). Currently, the spatial
resolution of our technique has not reached that of typical fluorescence super-resolution
microscopy, which achieves few tens of nanometer’®*!. However, SAT microscopy
allows us super-resolution imaging of dye-stained pathological sections prepared for the
observation in conventional bright-field transmission microscopy, even without any

additional treatments such as staining with fluorescence probes. This advantage can make
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our technique a convenient and cost-effective tool for practical application in medical
diagnosis. The volumetric high-resolution transmission image obtained by our approach
would help find small lesions, which are difficult to distinguish in conventional bright-
field microscopy.

The spatial resolution in SAT microscopy can be improved further by
demodulating the transmitted signal at higher-order harmonic frequencies. However, the
signal intensity is typically lower for the higher-order nonlinear components, and it is
difficult to detect higher-order nonlinear signals with a signal to noise ratio (SNR) high
enough to visualize fine structures. In our experiment, we were not able to detect a
nonlinear signal higher than 3™ order. To improve the SNR in our technique, it is essential
to optimize the concentration of the dye molecule and the thickness of the specimen
properly. As indicated in our calculation results in Figure 3, the dye concentration and the
thickness of a specimen are the important factors for successful SAT imaging. Also,
photobleaching of the dye molecule is another important factor that affects the SNR of
our technique. Even in transmission imaging, the measurement over a long period of time
with high excitation intensity makes the dye molecules lose their absorption capability in
a similar manner to fluorescence microscopy. Using the differential excitation

32,33

technique’~> would be helpful to detect the nonlinear signal more efficiently and reduce
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photobleaching in SAT imaging.

Even though the transmission images obtained by SAT microscopy provide the

information of finer sample structures compared to conventional bright-field microscopy,

we need to pay careful attention to interpreting the image contrast created by the nonlinear

signals. As shown in our theoretical investigation shown in Figure 3, the intensity of the

nonlinear transmitted signal is not always proportional to the sample thickness or dye

concentration but shows more complicated behaviors, especially at the locations with

strong absorbers in a sample. Moreover, in imaging of thick tissue, the amount of

nonlinear transmission signals can be affected by light scattering induced by the

distribution of refractive index within the sample. Because of these factors, the image

contrast in the nonlinear transmission image does not always correspond to the amount

of light absorption in the sample. Thus, it is necessary to find light exposure and sample

preparation conditions suitable for medical diagnosis. For the same reason, the

quantitative measurement of light absorption in the sample can be a challenging task for

the proposed technique.

We have only shown images of specimens stained with only one of eosin Y or

haematoxylin in this paper. However, the two-colour imaging for specimens stained with

both eosin and haematoxylin should also be possible. For the two-colour imaging, it is
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better to switch the excitation wavelengths between 532nm and 600 nm, which match the
absorption peak wavelengths of eosin Y?® and haematoxylin®*, respectively, to make the
difference of the contrast between eosin Y and haematoxylin clear. The feasibility of
multicolour super-resolution imaging of the haematoxylin-eosin-stained specimens in our

technique should be investigated in our future studies.

Material and Methods

Optical setup of SAT microscopy

The light source was a continuous wave laser oscillating at the wavelength of 532 nm
(Millennia eV, Spectra-Physics, Santa Clara, California, US). The temporal modulation

was applied to the excitation intensity at a frequency of 10 kHz by using the interference



538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

between diffraction beams from two acousto-optic modulators (AOM-402-AF,

IntraAction, Bellwood, Illinois, US), which were driven with a difference of 10 kHz in

their driving frequencies. The temporally modulated beam was focused on the sample by

an objective lens. The transmitted signal through the sample was collected by using a

microscope bright-field condenser lens and detected by a photomultiplier tube (H7710-

13, Hamamatsu, Shizuoka, Japan). We placed a band-pass filter (FF01-534, IDEX

corporation, Illinois, US) before the photomultiplier tube to selectively detect transmitted

light with the same wavelength as that of excitation wavelength by blocking the

fluorescence light produced from the sample. The harmonics signal included in the

modulated transmitted signal was demodulated by using a lock-in amplifier (HF2LI,

Zurich Instruments, Zurich, Switzerland). Two-axis galvanometer mirrors were used for

the scanning of the illumination beam in the lateral directions to obtain an in-plane image

of the sample. A piezoelectric translation stage was used to perform scanning in the axial

direction for cross-sectional imaging.

Detection of the nonlinear transmitted signal from eosin Y solution

The transmitted signal from the eosin Y solution was detected by using a setup for SAT

microscopy. The sample was commercially available 1% eosin Y solution dropped onto
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a coverslip (051-0651, FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan). The

excitation beam was focused into the droplet of eosin Y solution by using an objective

lens with an NA of 0.3 and a magnification of 10x (UMPIlanFl, Olympus, Tokyo, Japan).

A condenser lens with an NA of 0.55 (IX2-LWUCD, Olympus, Tokyo, Japan) was used

for the collection of the transmitted signal. During the measurement of the transmitted

signal, we scanned the laser spot two-dimensionally across the solution by controlling

two galvanometer mirrors to avoid photo-bleaching of eosin Y.

Imaging of stained polystyrene microbeads

We stained commercial polystyrene microbeads (19814-15, Polysciences, Warrington,

Pennsylvania, US; diameter = 2um) with commercially available 1% eosin Y solution

(051-0651, FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan). The stained

microbeads were distributed on a dried coverslip. Transmission images of the stained

microbeads were obtained by using the setup of SAT microscopy. The microbeads were

illuminated through an objective lens with an NA of 0.3 and a magnification of 10x

(UMPlanF1, Olympus, Tokyo, Japan). The excitation wavelength was 532 nm. The

transmitted signal was collected by using a condenser lens with an NA of 0.55 (IX2-

LWUCD, Olympus, Tokyo, Japan).
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Preparation of stained rat kidney tissue

The kidney tissue was excised from an adult male Sprague-Dawley rat at 30 weeks old

under anesthesia, then was cut into a thickness of 5 mm after being washed with

phosphate-buffered saline (PBS). After the organ was harvested, euthanasia was

immediately applied to the rat. The sliced kidney was fixed with immersion in 10%

formalin solution overnight and dehydrated with ethanol. After replacing ethanol with

xylene, the tissue was embedded in paraffin by immersing the 1:1 mixture of xylene and

paraffin overnight at 40-50 °C, and for three hours at 60-65 °C, consecutively. The

paraffin-embedded kidney tissue was sliced into a thickness of 3 um by using a

microtome and expanded onto a slide glass. The thin paraffin section was deparaffinized

with xylene and ethanol and stained by immersing in dye solution at the concentration of

4 mM for 2 minutes. After the dehydrating and permeating operation by using ethanol

and xylene, the slice was sealed by a coverslip with the addition of a mounting medium.

All animal experiments were conducted with the approval of and following guidelines

from the Animal Research Committee of Kyoto Prefectural University of Medicine.
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