Journal of

B1omed1cal Optlcs

SPIEDigitalLibrary.org/jbo

Saturated excitation microscopy for
sub-diffraction-limited imaging of cell
clusters

Masahito Yamanaka
Yasuo Yonemaru
Shogo Kawano
Kumiko Uegaki
Nicholas I. Smith
Satoshi Kawata
Katsumasa Fujita



Journal of Biomedical Optics 18(12), 126002 (December 2013)

Saturated excitation microscopy for sub-diffraction-limited

imaging of cell clusters

Masahito Yamanaka,® Yasuo Yonemaru,* Shogo Kawano,* Kumiko Uegaki,® Nicholas 1. Smith,”

Satoshi Kawata,” and Katsumasa Fuijita®

?Osaka University, Department of Applied Physics, 2-1 Yamadaoka, Suita, Osaka 565-0871, Japan
POsaka University, Immunology Frontier Research Center, 2-1 Yamadaoka, Suita, Osaka 565-0871, Japan

Abstract. Saturated excitation (SAX) microscopy offers high-depth discrimination predominantly due to nonlinear-
ity in the fluorescence response induced by the SAX. Calculation of the optical transfer functions and the edge
responses for SAX microscopy revealed the contrast improvement of high-spatial frequency components in the
sample structure and the effective reduction of background signals from the out-of-focus planes. Experimental
observations of the edge response and x-z cross-sectional images of stained Hela cells agreed well with theoretical
investigations. We applied SAX microscopy to the imaging of three-dimensional cultured cell clusters and con-
firmed the resolution improvement at a depth of 40 um. This study shows the potential of SAX microscopy for
super-resolution imaging of deep parts of biological specimens. © The Authors. Published by SPIE under a Creative Commons
Attribution 3.0 Unported License. Distribution or reproduction of this work in whole or in part requires full attribution of the original publication, including
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1 Introduction

Optical microscopy plays an important role in the observation of
microscale structures or molecular activities in biological cells
and tissues. Confocal fluorescence microscopy enables us to
visualize a variety of subcellular structures or biological func-
tions with spatial resolution in three-dimensional (3-D) and
high-image contrast.'* A pinhole placed in front of a light
detector is a key component in confocal microscopy; this pin-
hole eliminates the fluorescence from the out-of-focus planes
that contributes a background signal. The depth discrimination
granted by the pinhole allows us to observe the inside of a speci-
men without physically destroying the specimen. Furthermore,
the spatial filtering effect of the pinhole helps increase the spatial
resolution in the lateral directions. Recently, the spatial resolu-
tion of optical microscopy has been improved by manipulating
the emission of fluorescent probes,”™® and the role of optical
microscopy has expanded to various different applications.

To investigate cellular morphology and physiology of
a living biological specimen, such as tissue-specific archi-
tectures, gene/protein expression, and drug metabolism, it is
important to observe volumetric samples such as tissue and cell
clusters.’>?! Multiphoton microscopy is one of the most well-
known techniques used for observing such thick specimens.?*
Multiphoton excitation inherently suppresses the fluorescence
emissions from the out-of-focus positions,22 and the fluores-
cence detection through a pinhole provides further enhancement
of the spatial resolution and allows finer structures to be imaged
with high-image contrast.?5*” A technique to estimate the back-
ground fluorescence signal by introducing aberrations in the
focus of the excitation laser has been demonstrated to improve
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the depth discrimination property of multiphoton excitation
microscopy.*®2° For single-photon excitation, the use of excita-
tion-intensity modulation has been demonstrated to limit the
area of fluorescence detection to a focal volume; this technique
is known as focal modulation microscopy and has been applied
to image thick biological samples.**! A similar technique was
also reported for multiphoton excitation.*?

In this study, we report the depth imaging properties of satu-
rated excitation (SAX) microscopy, in which SAX effectively
suppresses the background fluorescence signal primarily from
the out-of-focus planes, and demonstrate the fluorescence imag-
ing of 3-D-cultured cells with improved spatial resolution.
Recently, studies using 3-D cell cultures have emerged, since
specimens in 3-D culture can more closely mimic important
natural cellular functions and structures. There have been a num-
ber of reports about how cellular behaviors differ between
cultures in two-dimensional (2-D) and 3-D. As examples, differ-
entiated functions,*® gene expressions,***> and cellular morphol-
ogy**® depend on the geometry of the culture. From these
facts, high-resolution imaging techniques in volumetric samples
will no doubt be in demand in the future for investigating details
of cellular structures and activities. Volumetric samples, where
light is scattered and aberrated by the refractive index distribu-
tion, substantially detract from the ideal imaging conditions.
In this report, we describe the imaging property of the SAX
microscopy when it is used in observation of cellular interiors
and in cell clusters mainly by discussing the background sup-
pression in SAX imaging. The SAX microscopy exploits the
saturation fluorescent molecules’ excited state population to
improve the spatial resolution.**> As the SAX is induced by
light illumination at a high-excitation intensity, the nonlinear
fluorescence signals are localized in the excitation focus spot,
resulting in the improvement of spatial in 3-D. Since SAX
microscopy detects the fluorescence signals’ nonlinear response
to the excitation intensity, depth imaging properties can be
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improved in a manner similar to two-photon excitation
microscopy.

2 Depth Imaging Property of SAX Microscopy

To observe the details of thick volumetric specimens with high-
spatial resolution and image contrast, background rejection
capability is significantly important because thick samples
produce strong out-of-focus fluorescence signals. For the evalu-
ation of the depth discrimination properties in SAX microscopy,
we estimated the optical transfer functions (OTFs) with different
pinhole sizes and compared them with those used in typical con-
focal microscopy. The effective point-spread function (PSF) of
confocal microscopy is given by multiplying the excitation PSF
with the detection PSF.** When the same objective lens is used
for both excitation and fluorescence detection, the detection PSF
is given by the 2-D convolution of the excitation PSF and the
pinhole aperture function, if the wavelength of the fluorescence
is similar to the wavelength of the excitation.** The effective
PSF for SAX microscopy is also given by the product of the
detection and the excitation PSF, which can be estimated as
the spatial distribution of the fluorescence signal that is detect-
able after harmonic demodulation.** Equations (1) and (2)
show the effective PSFs for typical confocal microscopy
[Acont (%, ¥, )] and for SAX microscopy with the n’th harmonic
demodulation [Agax (7, x, Y, 2)]-

hconf(x7 Y Z) = hex(x7 Y, Z) : [hdet(x» Y, Z) ®>-p D()C, y)]
(1

hsax (1.2,9.2) = hex gem (1.X,9.2)  [hger (%..2) @2-p D(x.y)].
(2)

where hg, and hgy 4., denote the excitation PSFs for confocal
and SAX microscopies, respectively. In addition, /4. and D are
the detection PSF and the aperture function for a detection
pinhole, respectively. The OTFs were calculated by applying
Fourier transforms to the effective PSFs. Figure 1 shows the
OTFs of the axial frequency calculated for different pinhole
sizes that correspond to 0.17, 0.25, 0.5, 0.83, and 1.66 Airy
units at the pinhole. We assumed that Rhodamine 6G was
excited at 532 nm through an objective lens with an numerical

aRr— — 0.17 Airy unit

aperture (NA) of 1.49. For SAX microscopy, the frequency of
the excitation modulation was assumed to be 10 kHz, and
the fluorescence signal was demodulated at the second- and
fourth-harmonic frequencies.

The calculated results show that introducing SAX in confo-
cal microscopy expands the OTF in the axial direction. A com-
parison of the calculation results indicates that the resolvable
spatial frequency is slightly larger in SAX microscopy, and
the broadening of the bandwidth by SAX results in higher spa-
tial resolution and image contrast than in confocal microscopy.
Interestingly, the shape of the OTF does not greatly depend on
the pinhole size in SAX microscopy, and this result indicates
that the nonlinear relation between the excitation and fluores-
cence intensities plays a major role in the improvement of
the response. The effect of the pinhole size becomes smaller
at higher demodulation frequencies, because the background
fluorescence is effectively eliminated through the detection of
the higher-order nonlinear fluorescence response.

To compare the depth discrimination properties in thick spec-
imens, we simulated the edge responses when a thick fluores-
cent layer is observed. The images of the fluorescent layer were
calculated by convolving a step function and the effective PSE.*®
The background rejection properties can be determined by the
steepness of the edge response curve at the bottom (baseline
response). In the calculation results (Fig. 2), the sharper edge
response in the SAX microscopy is clearly evident, which indi-
cates that the fluorescence signal generated at the out-of-focus
planes can be effectively eliminated. As in the OTFs in Fig. 1,
the pinhole size does not strongly affect the edge response in the
SAX microscopy, which indicates that the nonlinear relation
between the excitation and fluorescence in the SAX predomi-
nantly contributes to the reduction in the background fluores-
cence. This effect is more significant in the result with the
fourth-harmonic demodulation.

In addition to simulations, we experimentally examined the
discrimination properties of both confocal and SAX micro-
scopes. In the experiment, a 532-nm CW laser was focused
by an objective lens with an NA of 1.2 into a Rhodamine
6G solution, which served as the thick fluorescence layer.
The fluorescence emission from the solution was collected
by the same objective lens and was introduced into a pinhole
for confocal detection through a dichroic mirror, which removed
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Fig. 1 Optical transfer functions (OTFs) for (a) confocal and saturated excitation (SAX) microscopies with demodulation at frequencies of (b) 2f,, and
(c) 4f ,, for the axial direction at different pinhole sizes. The calculation was performed for different pinhole diameters that correspond to 0.17, 0.25, 0.5,

0.83, and 1.66 Airy units.
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Fig. 2 Edge responses for (a) confocal and SAX microscopies with demodulations of (b) 2f,, and (c) 4f, that were calculated for the measurement at a
border between a Rhodamine 6G solution and a glass substrate. The calculation was performed for different pinhole diameters that correspond to 0.17,

0.25, 0.5, 0.83, and 1.66 Airy units.

the excitation wavelength. A photomultiplier tube (Hamamatsu,
H7422-40, Iwata, Shizuoka) was used to detect the fluorescence
signal. To measure the axial responses, the sample was scanned
in the z-direction with a piezoelectric translation stage (Physik
Instrumente, P-561.3CD, Karlsruhe, Baden-Wiirttemberg) with
fluorescence detection. For the SAX imaging, the excitation
intensity was modulated at 10 kHz with a set of acousto-
optic modulators (IntraAction, AOM-402AF1, Bellwood,
Illinois), and a lock-in amplifier (NF Corp., Yokohama,
Kanagawa, LI5640 for Fig. 3-5, Zurich Instruments, Zurich,
HF2LI for Fig. 6) was used to demodulate the signal from
the photomultiplier tube at the second-harmonic frequency
(20 kHz). We used 30 and 100 gm pinholes (which correspond
to 0.5 and 1.66 Airy units, respectively) to compare the effects of
the pinhole size on the axial response.

Figure 3 shows the edge responses measured with confocal
and SAX microscopies. As predicted by the theoretical inves-
tigation, the border between the fluorescent solution and cover
slip was observed to be steeper in the SAX images. The steep-
ness of the edge is also less dependent on the pinhole size in
SAX microscopy, as indicated by the theoretical calculation,

and the profiles of the responses in the experimental results
match the calculation well.

As demonstrated experimentally and theoretically, the pin-
hole size has less effect in the SAX microscopy. For comparison,
the axial response in confocal microscopy is shown in Fig. 3(a),
and this response is degraded significantly by increasing the pin-
hole size. However, no clear difference is observed in the edge
responses for the different pinhole sizes in the SAX microscopy,
as shown in Fig. 3(b). In this experiment, since we used a water-
immersion objective lens and the sample was illuminated
through a cover slip, the laser focus is formed correctly when
the laser is focused in the solution layer. Therefore, the effect
of the pinhole size in the edge response matches the calculation
result well when the laser focus exists in the solution (z < 0).

3 X-Z Cross-Section Imaging of Cells

To confirm the improvement of depth discrimination properties
in the imaging of biological samples, we obtained x-z cross-sec-
tional images of HeLa cells with stained actin filaments. The
sample was observed using the above-mentioned optical
setup with a different objective lens (an Olympus, Shinjuku,
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Fig. 3 Experimental results for the edge response measured at the border between a Rhodamine 6G solution and a cover glass by (a) confocal and
(b) SAX microscopies with harmonic demodulation of 2f,, (20 kHz). The edge responses were measured with pinhole sizes of (a) 30 um and (b) 100 um,

which correspond to 0.5 and 1.66 Airy units, respectively.
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(d) Confocal (0.5 Airy unit)
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T

Fig. 4 Fluorescence images of Hela cells stained with ATTO Rho6G phalloidin by (a—c) SAX microscopy demodulated at 2, and (d-e) confocal

microscopy, and (f) non confocal microscopy.

Tokyo NA 1.49 with oil immersion). The HeLa cells were
stained with ATTO-Rho6G phalloidin (ATTO-TEC GmbH,
Siegen, North Rhine-Westphalia) and were embedded in a
Prolong Gold antifade mounting medium, which has a refractive
index of 1.43 to 1.45. We observed the same position in the
sample in both the confocal and SAX modes, and pinhole
sizes corresponding to 0.5 to 5 Airy units were used to examine
the differences in the imaging properties. Furthermore, we per-
formed fluorescence imaging without a pinhole to determine the
contribution of the nonlinear excitation in the SAX microscopy
to the background elimination and to the improvement of the
spatial resolution, which we examined in the axial direction.
The excitation intensities of the laser were 3.4 X 10° and 1.8 x
10* W/cm? for the confocal and SAX imaging, respectively.
In Figs. 4(a) and 4(d), as expected from the theoretical con-
siderations, any blurring of the image along the z-direction is

(a) Confocal + SAX 2fm

(c) Confocal

effectively suppressed, and the contrast in all the structures is
improved. As the pinhole size increased, the spatial resolution
became slightly lower for both the confocal and SAX images, as
shown in Figs. 4(b) and 4(e); however, the spatial resolution of
the SAX microscopy in the axial direction is still higher than the
resolution in the confocal image with a pinhole of 0.5 Airy units.
In the fluorescence images observed without a confocal pinhole
[Figs. 4(c) and 4(f)], the spatial resolution in the axial direction
is not preserved in the nonconfocal image, yet it is still main-
tained in the SAX image.

4 X-Z Cross-Section Imaging of Cell Clusters

To confirm the improvement of the spatial resolution for imag-
ing thick samples, we observed a thick cell cluster by the con-
focal and SAX microscopies. The cell clusters were prepared by
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Fig. 5 Fluorescence images of Hela cells cultured in a three-dimensional (3-D) matrix and the line profiles of the structures. (a) SAX and (c) confocal
images of actin filaments in HeLa cells in the x-z plane. (b and d) Magnifications of the boxed area in (a and c). The line profiles are shown in (e and f) of
the structures indicated by the arrows in the adjacent images. The sample was stained with ATTO488 phalloidin, and the pixel size was 175 nm.
The pixel numbers were 400 x 270 for (a and c) and 50 x 100 for (b and d), the pixel dwell time was 500 us, and the excitation intensities for SAX and
confocal modes were 12 and 1.2 kW/cm?, respectively. A silicone-oil immersion 1.3 NA objective lens was used with a pinhole size corresponding
to 0.5 Airy units. In addition, low-pass filtering was applied to the images.
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(a) 3D culture (Confocal + SAX)

(d) On glass substrate
(Confocal + SAX)

(h) On glass substrate
(Confocal +SAX):

() On glass substrate
(Confocal +SAX)

Fig. 6 3-D projection of Hela cells in 3-D culture and on a glass sub-
strate. (a and Video 1, MOV, 3.33 MB) [URL: http://dx.doi.org/10.1117/
1JBO.18.12.126002.1] SAX image of alpha-tubulin in the cell cluster.
(b) The magnification of the boxed area in (a). (c) Confocal image of
the same area in (b). (d) SAX image of alpha-tubulin in Hela cells on
the glass substrate. The SAX images were obtained with demodulation
at the second-harmonic frequency (100 kHz). (e-h and Video 2, MOV,
4.66 MB) [URL: http://dx.doi.org/10.1117/1.JBO.18.12.126002.2] and
(i~ and Video 3, MOV, 6.09 MB) [URL: http://dx.doi.org/10.1117/
1.JBO.18.12.126002.3] are the same series of data for volumetric
images of mitochondria and actin filaments, respectively. The volumet-
ric images are composed of (a) 160, (d) 52, (e) 151, (h) 43, (i) 110, and
(1) 25 x-y images. The voxel size was 68 x 68 x 170 nm. The pixel dwell
time was 50 ps. For the observations of the cell clusters, the excitation
intensity was increased with the imaging depth to maintain a sufficient
signal-to-noise ratio (SNR) for SAX imaging. The excitation intensities
were 18 kW/cm? at the layer of the cell clusters closest to the objective
andrising to (a) 180, (e) 150, and (i) 90 kW/cm? at the deepest sections.
For imaging of HeLa cells on the glass substrate, the excitation intensity
was 18 kW/cm?.
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culturing HeLa cells in a 3-D matrix (BD bioscience, BD matri-
gel, San Jose, California), and the actin filaments were stained
with ATTO488 phalloidin (ATTO-TEC GmbH). The sample
was observed with a silicone oil-immersion objective lens
(Olympus, NA 1.3) and a pinhole corresponding to 0.5 Airy
units. Figure 5(a) shows x-z cross-sectional images of the
actin filaments in the HeLa cells that were obtained by the
SAX microscopy. The magnification of the boxed area in
Fig. 5(a) is shown in Fig. 5(b). For comparison, we also
observed the same sample with the confocal microscopy, as
shown in Figs. 5(c) and 5(d). The comparison of the magnified
images clearly shows that SAX microscopy substantially sup-
presses the blurring of the image along the z-direction.
Figures 5(e) and 5(f) are line profiles of the structures indicated
by the arrows in Figs. 5(b) and 5(d), respectively. From the pro-
files, we can confirm the improvement of the spatial resolution
at ~40-ym deep inside the specimen in the SAX image as well
as the improvement near the surface.

5 Volumetric Imaging of Cell Clusters

Finally, we performed volumetric imaging of cell clusters to
demonstrate the improved depth discrimination of the SAX
microscopy in observations of thick specimens. Here, we
observed alpha-tubulin in a 3-D cell cluster, which was stained
with Rhodamine 6G goat anti-mouse IgG (Active motif,
Carlsbad, California). The sample was mounted with antifade
reagent (Invitrogen, Prolong Gold, Carlsbad, California) and
observed with an oil-immersion objective lens (Olympus, NA
1.4). The pinhole size in this experiment corresponded to
0.75 Airy units. In this observation, we recorded x-y images
of the sample at each imaging depth and constructed the volu-
metric images by the 3-D projection function in Image J
(National Institute of Health). Figure 6(a) shows the volumetric
image of alpha-tubulin which was obtained by the SAX mode.
The magnification of the boxed areas in Fig. 6(a) is shown in
Fig. 6(b). We also observed the same area with the confocal
microscopy [Fig. 6(c)] for comparison. From the results, we
confirmed that SAX microscopy suppresses the detection of
the out-of-focus fluorescence signals, and the effective back-
ground rejection enables us to visualize more detailed structures
of the sample with high-image contrast. Here, we also observed
alpha-tubulin in HeLa cells on a glass substrate [Fig. 6(d)] to
determine the difference between the sample in 3-D culture
and on the glass substrate. As a result, we confirmed that the
distribution of alpha-tubulin is significantly different in 3-D cul-
ture and on the glass substrate. In these experiments, to reduce
photobleaching effects during the observation, we increased
the modulation frequency of the excitation intensity to 50 kHz
for reducing the pixel dwell time and speeding up the image
acquisition.

To check the distribution of other cellular structures in cell
clusters, we also performed volumetric observations of mito-
chondria and actin filaments in 3-D culture and on the glass
substrate, as shown in Figs. 6(e)-6(1). Mitochondria and actin
filaments were stained with Rhodamine 6G goat anti-mouse
IgG and ATTO Rhod6G phalloidin, respectively. The other
experimental conditions were the same as in Figs. 6(a)-6(d).
Here, we again confirmed that the SAX mode visualizes
finer structures compared with the confocal, and the cellular
morphology is obviously different between cells in 3-D culture
and on the glass substrate.
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6 Conclusion

In this article, we described the depth imaging properties of
the SAX microscopy in comparison to confocal microscopy
and showed fluorescence images of an approximately 40-pm-
thick cell cluster with higher spatial resolution than conventional
confocal microscopy. In practice, in confocal microscopy, the
size of the pinhole is determined by considering a balance of
the spatial resolution and the amount of fluorescence signal
at the detector, and is typically set to be an Airy unit. In this
configuration, it is difficult to completely eliminate strong
fluorescence emissions from the out-of-focus planes, and the
contrast of the fine structures in the sample can be significantly
degraded. Even in these samples, it is expected that SAX and
harmonic demodulation can suppress the strong fluorescence
background and preserve the contrast of the structures in the
focal planes. In addition, the high-depth-discrimination property
of SAX microscopy can be useful in observations of samples
with high degrees of light scattering, because one can choose
a slightly larger pinhole to collect the fluorescence signal
after the scattering. Furthermore, the spatial resolution can
be maintained at a level appropriate for the ideal confocal
detection.

In the SAX microscopy, higher spatial resolution is achieved
by harmonic demodulation of fluorescence signals at higher-
order harmonic frequencies. However, in observations of bio-
logical samples stained by organic dyes or fluorescent proteins,
the achieved spatial resolution is limited due to photobleaching
and the limitations of signal-to-noise ratio (SNR) in the fluores-
cence detection. So far, using photostable fluorescence probes
such as fluorescent nanodiamonds, third- and fourth-harmonic
demodulations have been demonstrated for a further increase of
the spatial resolution. With a 1.4 NA objective lens and an exci-
tation wavelength of 532 nm, the expected axial resolution for
confocal is 470 nm and for SAX microscopy with second-,
third-, and fourth-harmonic frequencies are 353, 290, and
267 nm, respectively.*! To apply these higher-order harmonic
signals to observe intracellular structures, the development of
fluorophores with higher photostability and high SNR detection
systems is required.

In this article, we also demonstrated high-resolution fluores-
cence imaging of cell clusters in 3-D culture. The results show
that the background elimination by SAX microscopy allows us
to visualize the smaller details in the cell clusters with improved
spatial resolution and image contrast. In comparison with 3-D
images of HeLa cells on the glass substrate, we confirmed that
the cellular morphology in 3-D culture and on the glass substrate
is substantially different, as also indicated in other reports.**=
Recently, it has been recognized that 3-D culture techniques en-
able us to mimic the in vivo environment and to preserve more
closely important natural cellular functions and morphology.
Therefore, volumetric observations of thick specimens in 3-D
culture will become more important for biological studies in
the future.

For the observation of thick specimens, the observable depth
is limited by the SNR of fluorescence detection, which decreases
with the observation depth. Since SAX microscopy requires
a high SNR in fluorescence detection to extract the nonlinear
fluorescence response, the loss of fluorescence signal by scat-
tering is the main limitation on the observable depth. Since
the typical thickness of specimens in 3-D culture is several
tens to hundreds of micometers,”>**® the current imaging
depth in SAX microscopy may not be sufficient for all future
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requirements. The combination of SAX and two-photon excita-
tion with near-infrared light could then also be employed to
realize deeper imaging with high-spatial resolution.
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