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Observation of Cell Division in a Fertilized Egg of a Zebrafish
by Using a Multimodal Nonlinear Optical Microscope
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We have developed a high-speed and high-resolution multimodal nonlinear optical microscope,
which can acquire in vivo label and label-free 3D images. Using this microscope, we could suc-
cessfully observe dynamic images of the zebrafish heartbeat with 33-millisecond intervals without
staining process, indicating 1.68 beats per second. In addition, we show that the label-free, high-
speed, real-time images can be obtained during somatic cell divisions in the zebrafish’s embryo.
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I. INTRODUCTION

Recent developments in nonlinear optical microscopy
incorporate ultrafast laser technology, which offers high
peak powers with a relatively low energy density per
unit area [1]. Such ultrafast lasers minimize ionization
damage to organic molecules. Therefore, they enable
us to get excellent label-free images for biological sam-
ples [2,3]. Various nonlinear optical microscopies, such
as two-photon-excited fluorescence microscopy (TPEF),
sum-frequency generation (SFG), coherent anti-Stokes
Raman scattering microscopy (CARS), second harmonic
generation microscopy (SHG), and third harmonic gen-
eration microscopy (THG), exist [4–7]. Recently, mul-
timodal nonlinear optical microscopy (MNOM), which
combines two or more nonlinear optical microscopies, be-
gan to emerge [8–10]. Currently, MNOM is being devel-
oped for the purpose of obtaining multicolor images of
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cellular structures or the dynamics of biological samples
[11,12]. In particular, dynamic imaging and mitotic divi-
sion in a live zebrafish embryo have been investigated by
using confocal and nonlinear microscopy [13–15]. How-
ever, to our knowledge, no report has been published on
high-speed dynamic images obtained during somatic cell
divisions in a zebrafish’s egg.
In this study, we have developed a high-speed mul-

timodal microscopy (HS-MNOM), comprising TPEF,
SHG, and THG microscopy, to investigate biological
samples. The HS-MNOM can provide real-time label-
free video images at 30 frames per second (f/s) for the
size of 791×512 pixels. In particular, using this HS-
MNOM, we have obtained real-time video-rate images
of the heartbeat of a zebrafish and of somatic cell divi-
sions in a fertilized zebrafish egg.
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Fig. 1. (Color online) (a) Schematic diagram and (b) photograph of the high-speed multimodal nonlinear optical microscopy
system (WP: zero-order half-wave plates, Pol: thin-film polarizer, M1–M4: silver-coated mirror, S1–S2: motorized shutter, DM:
dichroic mirror, BF: band-pass filter, SC: scan lens, TuL: tube lens, CL: collection lens, PMT: photomultiplier tube).

II. EXPERIMENT WITH A HIGH-SPEED
MULTIMODAL NONLINEAR OPTICAL

MICROSCOPE

1. HS-MNOM system design and setup

Our HS-MNOM is a hybrid microscopy system that
combines TPEF, SHG, and THG microscopy based
on upright-type fluorescence microscope, as shown in
Fig. 1(a). Femtosecond-pulsed lasers are often employed
to induce TPEF, SHG, and THG without damaging the
biological specimen. In our experiments, a femtosecond
ytterbium-doped crystal laser (pulse width: 156 fs, cen-
tral wavelength: 1064 nm, repetition rate: 50 MHz, av-
erage power: ∼1 W, beam diameter: 5 mm) was used as
the light source. The power of this laser was controlled
by rotating the half-wave plate with a motorized stage
and using a thin film polarizer.

High-speed scanning as achieved by using an 8-kHz
resonant scanner (for fast x-axis scanning) and a com-
mercial galvanometer (for y-axis scanning). Compared
to the galvanometric scanner, the resonant scanner is op-
erated at a relatively fast speed with a frequency of over
4 kHz [16]. XY -axis raster scanning of the laser light is
obtained by using thin polygonal mirrors attached to the
resonant scanner and galvanometer [17]. Galvanomet-
ric scanning allows easier control of the scanning speed,
wide scanning angle, and low loss of incident light [18,
19]. The effective focal length (EFL) of the scan lens is
36 mm. Laser light passing thorough the scanning unit
is incident on the upright microscope (model: BX51WI,
upright microscope, Olympus), as shown in Fig. 1. The
EFL of the tube lens is 180 mm. The combination of
the tube lens and the scan lens acts as a Keplerian beam
expander (Keplerian telescope) [19,20].

The TPEF, SHG, and THG signals generated from
the sample are collected by a collection lens, separated
by using three different dichroic mirrors, and detected
by using photomultiplier tubes (PMTs). Two sets of the
band-pass filters and PMTs are used for detecting the
TPEF signals in two different wavelength ranges. An-
other two sets of band-pass filters and detectors are em-
ployed to measure the SHG and the THG signals, simul-
taneously. All of the PMTs are installed on the basis
of the non-descanned detection (NDD) scheme. In ad-
dition, the piezoelectric (PZT) nanofocusing scanner is
installed for 3D scanning. Once 2D scanning images are
acquired by moving the X-Y scanning unit, the objective
lens is moved along the z-axis by applying voltage to the
PZT, and another 2D scanning images are obtained. The
3D images can be obtained by repeating this process and
applying the processing software.

2. Sample preparation

For the observation of the cell division process in a
zebrafish egg, in vitro fertilized (IVF) eggs are moved
to a Petri dish and cultured. The zebrafish line pre-
pared for this test is a wild-type model. The prepared
zebrafish embryos are cultured in E3 embryo medium
(1-mM MgSO4, 120-μM KH2PO4, 74-μM Na2HPO4, 1-
mM CaCaCl2, 500-μM KCl, 15-μM NaCl, and 500-μM
NaHCO3 in deionized H2O, with the pH adjusted to 7.2)
at 28.5 ◦C. They are separated such that 50 larvae per
one 10-cm Petri dish are stored [21]. At one to three
hours post fertilization (hpf), eggs are ready for the ex-
periment. The period in which active cell divisions are
observed from the embryo is an extremely early stage
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even for the fertilized eggs. Thus, the HS-MNOM ex-
periment must be completed within several tens of min-
utes for the post-fertilization eggs. Because the eggs do
not require an anesthetization process with tricaine, a
vacuum grease wall can be created on microscope cover
glasses (thickness: 0.17 mm, MARIENFELD). Then,
1.5% methylcellulose is filled in the wall to fix the eggs,
and a cover glass is placed on top of it.

III. RESULTS AND DISCUSSION

The HS-MNOM system is a hybrid with multiple func-
tionalities, combining three types of detecting systems
that share a single femtosecond laser as the light source.
With HS-MNOM and control programs, one sample can
be simultaneously monitored by detectors, promoting the
advantages of each microscopic system and ameliorating
the disadvantages. In particular, this system can pro-
vide high-speed multi-channel images from the separated
TPEF, SHG, and THG signals. The lateral and the axial
resolutions of our HS-MNOM system are 344 × 838 nm2,
which is estimated by using a fluorescent bead of 0.1 μm
in diameter to measure the point spread function.

1. Observation of a zebrafish heartbeat

Figures 2(a)–2(h) show the dynamic THG images of
the heartbeat of a zebrafish with a 33-ms interval with-
out staining process. The result indicates a heart rate
of 1.68 beats per second, which agrees with the previ-
ously reported ones [22–24]. Movement of red blood cells
(RBC) is also visualized in Fig. 2. Hemoglobin in RBCs
is known to be a strong contrast source of THG [25,26].
Blood vessels can be visualized indirectly using this prop-
erty [27,28]. Previous study shows that red blood cells
can be visualized by THG signals [25,26].

In this work, a femtosecond ytterbium-doped crystal
laser with a 1036-nm center wavelength was used as the
excitation source. Therefore, THG signals were gener-
ated from the morphological interface at the cell mem-
brane, collagen fiber and at the interface between muscle
fibers. Note that the epicardium, endocardium, and ven-
tricle are observed, as shown in Figs. 2(c) and 2(d). The
scale on these figures is 474.6 μm × 307.2 μm for 20×
objective lens (model: UApo/340, 20×, NA: 0.75, Olym-
pus).

2. Cell division in a Zebrafish

Figures 3(a)–3(h) show typical images of somatic cell
division of fertilized zebrafish eggs for a duration of sev-
eral tens of minutes. The cell membrane (THG) and
nucleus, indicated by SHG from microtuble assemblies,

Fig. 2. (Color online) Real-time in vivo images of the
heartbeat of a zebrafish acquired at a frame rate of 30 f/s.
Note that (ep), (en), (v), and (r) indicate epicardium, endo-
cardium, ventricle, and red blood cell, respectively. The scale
bar indicates 30 μm.

are first cracked and divided into two, which can be
clearly observed. The somatic cell division consists of six
phases: prophase, pro-metaphase, metaphase, anaphase,
and telophase [29]. According to previous studies, the
nucleus has a non-centrosymmetric crystal shape, and a
weak SHG signal can be detected in this area [13,30,31].
However, in our case, the SHG signal was from a micro-
tubule. Also, a strong THG signal can be detected in the
cell membrane and in the cytoplasm. When the cell is in
the prophase, pro-metaphase, and metaphase, the obser-
vation of SHG signals is rather difficult. However, that
signal is clearly measured in the SHG channel for several
seconds in the anaphase and the telophase. Particularly,
for several seconds during the anaphase (Figs. 3(a) to
3(d)) of the cell, the SHG signal is clearly observed from
the microtubule assemblies of the cell, indicating division
of the nucleus. After this period, the cell splits into two
(Figs. 3(e) to 3(h)) within a short time of ∼50 seconds.
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Fig. 3. (Color online) Real-time in vivo imaging of a ze-
brafish egg. These merged images contain SHG (yellow) and
THG (magenta) signals. The microtubule assemblies of the
cell are detected in SHG channel (a), (b), (c) and (d), indi-
cating the division of the nucleus. Dynamic cell divisions are
clearly shown in (e), (f), (g) and (h). The scale bar indicates
30 μm.

Therefore, we have been able to obtain real-time video-
rate images of somatic cell divisions in the anaphase of a
fertilized zebrafish egg. Although in vivo label-free im-
ages of a zebrafish embryo during cleavage stages have
been investigated [13,31], to our knowledge, the dynamic
features of cell division in the anaphase of a zebrafish egg
without labelling have not been reported.

IV. CONCLUSION

The HS-MNOM developed in this study is a laser scan-
ning microscopy system, comprising the TPEF, SHG,
and THG microscopy functions. The HS-MNOM uses
a resonant scanner instead of a galvanometric mirror on
one axis of the scanning unit in order to increase the
frame rate. By using this system, we can obtain high-
speed, real-time, video-rate images (∼30 f/s at full frame
image) with a high spatial resolution of 344×838 nm2

through simultaneous detections of TPEF, SHG, and
THG signals. In particular, we demonstrate that the
heartbeat rate of a zebrafish is 1.68 beats per second,
and we show that label-free, high-speed, real-time images
can be obtained during somatic cell divisions in the ze-
brafish’s embryo without the need to use a staining pro-
cess. We believe that our HS-MNOM with in vivo label
and label-free imaging capability and sub-cellular resolu-
tion will be widely used in a diverse range of biomedical
applications in the future.
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