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Live anddeep imagingplay a significant role in thephysiologi-
cal and biological study of organisms. Two-photon excitation
microscopy (2PEM), also known as multiphoton excitation
microscopy, is a fluorescent imaging technique that allows
deep imaging of living tissues. Two-photon lasers use near-
infrared (NIR) pulse lasers that are less invasive and permit
deep tissue penetration. In this review, recent advances in
two-photon imaging and their applications in plant studies
are discussed. Compared to confocal microscopy, NIR 2PEM
exhibits reduced plant-specific autofluorescence, thereby
achieving greater depth and high-resolution imaging in plant
tissues. Fluorescent proteinswith long emissionwavelengths,
such as orange–redfluorescentproteins, are particularly suit-
able for two-photon live imaging in plants. Furthermore,
deep- and high-resolution imaging was achieved using plant-
specific clearingmethods. In addition to imaging, optical cell
manipulations can be performed using femtosecond pulsed
lasers at the single cell or organelle level. Optical surgery
and manipulation can reveal cellular communication during
development. Advances in in vivo imaging using 2PEM will
greatly benefit biological studies in plant sciences.
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Introduction

Over the past few decades, fluorescence imaging has gained
increased importance, particularly for biological imaging. The
British scientist, George G. Stokes, first described the term
‘fluorescence’ in 1852 when he observed the autofluorescence
of mineral fluorspar (Ceredig 2020). Since the early 1900s,
when the fluorescence microscope was developed, various flu-
orophores have been used to visualize specific tissues and cells.
Thediscovery of green fluorescent protein (GFP) fromAequorea
victoria in 1962 truly revolutionized molecular biological stud-
ies, including fluorescence microscopy studies (Shimomura
et al. 1962, Prasher et al. 1992, Heim et al. 1994). GFP is one of
themost widely used and studied fluorescentmarkers inmolec-
ular biology. GFP and other related fluorescent proteins can be

genetically encoded in biological samples for visualization of cell
and protein dynamics (Shaner et al. 2007). As a result, studies of
gene and cell function have advanced significantly.

Live-cell imaging with various fluorescent proteins allows
us to study the dynamics of biological events in vivo. Three-
dimensional (3D) high-resolution imaging has also become nec-
essary to visualize protein localization and cell dynamics in thick
specimens, such as neural networks in the mouse brain (Kobat
et al. 2011, Kawakami et al. 2013). Recent advances in imaging
techniques based on various fluorescent probes have revealed
dynamic events at the subcellular level. Confocal laser scanning
microscopy (CLSM) is a fluorescent imaging technique used to
increase the optical resolution and contrast of a micrograph by
rejecting out-of-focus fluorescent light by using a spatial pinhole
(Hovis and Heuer 2010). Although CLSM is a powerful tool for
biological imaging in the field of plant sciences, there are cer-
tain limitations. A visible-light laser produces excitation regions,
thereby generating heat and light dispersion around the focus
plane, leading to photodamage and photobleaching of living
tissues (Magidson and Khodjakov 2013). In addition, confocal
lasers are less suitable for deep tissue imaging because of strong
light scattering and plant-specific autofluorescence can mask
the fluorescent signals of the probe (Hutzler et al. 1998).

Two-photon absorption was originally predicted by
Göppert-Mayer (1931) and was first observed experimen-
tally by Kaiser and Garrett (1961). Two-photon excitation
microscopy (2PEM), also known as multiphoton microscopy,
was developed approximately 30 years ago (Denk et al. 1990)
and is a fluorescence imaging technique that allows for the visu-
alization of cells at depths unachievable by confocalmicroscopy
(Denk et al. 1995, Helmchen and Denk 2005). When fluo-
rophores are illuminated with a suitable light source, electrons
are transferred to an excited state by the absorbed light. After
that, when the electrons return to the ground state, energy
is released as a photon, which causes fluorescence emission
(Fig. 1A). Through this process, when one photon excites a
fluorophore, a linear single-photon absorption process occurs.
In a two-photon absorption, two photons of approximately
twice the wavelength are simultaneously absorbed by a flu-
orophore. Two-photon absorption is rare in nature; thus, in
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2PEM, an extremely high photon density is achieved by a fem-
tosecond pulsed laser. Very high light intensities provided by
lasers cause a phenomenon called a nonlinear optical phe-
nomenon, a response that is nonlinearly dependent on the
intensity of the applied optical field (Boyd 2020). Multiphoton
absorption is spatially confined to the perifocal region under
nonlinear contrastmechanisms of photon density.Thus, photo-
damagewas reduced, except in the vicinity of the focal spot, and
tissue viability increased (Fig. 1A). Additionally, 2PEM typically
excites samples using near-infrared (NIR) wavelengths, which
penetrate biological structures to a great extent. Due to these
characteristics, NIR light does not only penetrate deeper tis-
sue but is also less endogenously absorbed by most tissues and
therefore is less phototoxic. Therefore, 2PEM has become an
indispensable tool for live-tissue studies and has been widely
used in biological studies, such as in neuroscience at the depths
of several hundred micrometers (Yamaguchi et al. 2020), in
pathology of living animals (Svoboda and Yasuda 2006) and
in plant studies (Feijó and Moreno 2004, Cheung et al. 2010,
Kimata et al. 2019). In addition to live-cell imaging, deep two-
photon imaging of fixed samples based on new clearing meth-
ods has also been recently developed (Kurihara et al. 2015,
2021, Hasegawa et al. 2016). Furthermore, laser disruption by
two-photon lasers is useful for studying developmental biol-
ogy. This review highlights the advances in two-photon imag-
ing and the manipulation of cells of interest in various plant
tissues.

Excitation Wavelength and Fluorescent
Probes for Two-Photon Live-Imaging

In general, light absorption, scattering and tissue autofluo-
rescence affect the resolution of deep biological imaging. For
in vivo live imaging, a less-invasive method is also required.
Plant deep tissue imaging has certain barriers, such as strong
plant-specific autofluorescence (Müller et al. 2013) and interfer-
ence due to optically dense tissueswithmultiple light-scattering
structures (Tamada et al. 2014). Plant chloroplasts, which con-
tain pigments such as chlorophyll, are themain source of optical
disturbances in plant cells. The Ti:sapphire lasers used for NIR
excitation are usually tunable from 690 to 1,050 nm, reducing
autofluorescence and diminishing phototoxicity to living cells
(Weissleder and Ntziachristos 2003). Usually, wavelengths of
900–950 nm are used for the excitation of GFPs, but plant tissue
compounds such as chlorophyll are also strongly excited, thus
masking the target fluorescence (Mizuta et al. 2015). Longer
wavelengths, such as 980–1,000 nm NIR femtosecond lasers,
clearly visualize GFP with reduced autofluorescence (Svoboda
and Yasuda 2006, Mizuta et al. 2015). Fig. 1A shows the optical
section of the Arabidopsis root tip, whose cell membranes and
nuclei are labeledwith green (sGFP) and orange (tdTomato) flu-
orescent proteins. Compared to the confocal image, the num-
ber and shape of cells and nuclei weremuchmore clearly visible,
especially at the center of the tissue, under the 2PEM with a
990 nm excitation wavelength. Thus, even with the same NIR

light, longer-wavelength excitation over 980 nm ismore suitable
for deep imaging with reduced autofluorescence in plants.

In biological samples, there are specific regions in the NIR
spectral range where the level of absorption and scattering is
minimal, termed as the three optical windows (Golovynskyi
et al. 2018). The first optical window is 700–1,000 nm (NIR-I),
which is used for two-photon imaging by Ti:sapphire lasers
of live tissues; however, the tissue penetration depth is still
limited. The second and third optical windows are between
1,000 and1,350 nm (NIR-II) and 1,550 and 1,870 nm (NIR-III),
respectively, are useful for achieving deeper tissue imaging, but
the lack of biocompatible fluorescent probes and sensitivity
of cameras have prevented these ranges for in vivo imaging
(Smith et al. 2009). Owing to the recent advances in multi-
photon microscopy, two-, three- and four-photon excitation
used at these long wavelengths, especially multiphoton exci-
tation at the NIR-III, has enabled the deepest imaging in vivo
(Guesmi et al. 2018, Liu et al. 2019). In addition to these opti-
cal systems, various fluorophores, still under development, can
undergo multiphoton excitation and emission in these opti-
cal windows (Onishi et al. 2020). Recently, numerous fluo-
rophores for the second optical window have been reported,
such as small-molecule dyes (Antaris et al. 2016), quantum
dots (QDs) (Zhang et al. 2012) and single-walled carbon nan-
otubes (Welsher et al. 2009). Even in plant tissues, the emission
of fluorophores with longer wavelengths than orange, such as
TagRFP and tdTomato, is optimal for in vivo live imaging with
long-wavelength excitation by 2PEM (Drobizhev et al. 2009,
Mizuta et al. 2015), whereas there are still few a applications of
NIR-II optical window and the newly developed fluorophores
(Zubkovs et al. 2018). Next-generation NIR fluorescent pro-
teins (Matlashov et al. 2020) and various multiphoton fluores-
cent probes, such as sense-specific ions or membrane poten-
tial, have also been developed (Ouzounov et al. 2017, Ricard
et al. 2018). The development of such probes and microscopic
applications will become essential for in vivo live imaging and
analysis located deep within multicellular organisms such as
plants.

Simultaneous Multicolor Imaging by 2PEM

Owing to the development of several fluorescent probes, it is
possible to label each target with probes that emit different
wavelengths. This enables the simultaneous analysis of labeled
targets within the same tissue or cell. Generally, it is nec-
essary to excite at different wavelengths to observe two or
more targets labeled with different fluorescent probes sepa-
rately. Two-photon lasers, usually with femtosecond Ti:sapphire
sources, have tunable excitation wavelengths as mentioned
above; however, the change in wavelength requires a few
seconds to a several tens of seconds. Therefore, the simul-
taneous analysis of different fluorescent probes is an issue.
In the NIR two-photon excitation, the excitation spectra of
some fluorescent probes are blue-shifted or broadened com-
pared to twice the single-photon absorption wavelengths
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Fig. 1 Differences between single- and two-photon microscopies. (A) Schematic representation of single- and two-photon microscopies. Repre-
sentative excitation wavelengths are indicated. Visible light from continuous wave (CW) laser is used in a single-photon microscopy, whereas
femtosecond NIR pulsed laser is used in a two-photon microscopy. In single-photon microscopy, an entire cone of fluorescence light (green) is
generated, whereas in two-photon microscopy, fluorescence light is generated at the vicinity of the focal spot by absorbing two photons. This
enables clear imaging without noise above and below the focal plane, as there are almost no excitations away from the focal point. (B) Compar-
ison of imaging penetration between single- (confocal microscopy) and two-photon imaging of the root tip of Arabidopsis thaliana expressing
RPS5Apro::H2B-sGFP and RRPS5Apro::tdTomato-LTI6b. The nuclei and cell membranes are labeled with fluorescent proteins sGFP (green) and
tdTomato (magenta), respectively. This transgenic line has been previously described (Susaki et al. 2020). The sections 54µm deep from the root
surface were excited at 488 and 561 nm for confocal imaging, or 980 nm for two-photon imaging. The magnified images are shown as green rect-
angles. The microscope is A1R MP (Nikon), and the detailed imaging system has been described in a previous study (Mizuta et al. 2015). Scale
bars, 50µm.

(Blab et al. 2001, Drobizhev et al. 2011). For example, the com-
monly used dyes, cascade blue, fluorescein and rhodamine
have absorption maxima in ultraviolet (360 nm), blue (480 nm)
and green (540 nm) wavelengths, respectively, under single-
photon excitation, which are difficult to excite simultaneously
by single-wavelength excitation. However, under two-photon
excitation, all three dyes can be excited by 800 nm because
of the blueshift of the two-photon spectra with respect to
the one-photon spectra of fluorescein and rhodamine (Xu and
Webb 1996, Yamanaka et al. 2015, Ricard et al. 2018). This
two-photon excitation achieves simultaneous multicolor imag-
ing, including in plant samples (Mizuta et al. 2015). Fig. 2A
shows simultaneous multicolor live imaging of Arabidopsis
pollen tubes. Pollen expressing five different fluorescent pro-
teins, mTFP1, sGFP, Venus, TagRFP and mRFP, were mixed and
pollinated onto the stigma of the pistil. After pollination, the
style was cut and placed on the agarose medium and pollen
tubes that emerged from the cut end of the style were excited
by single-wavelength two-photon excitation at 980 nm. An
image was acquired in sequential bandwidths of 6.0 nm span-
ning the wavelength range of 463.9–649.2 nm to generate a
lambda stack containing 32 images (Mizuta et al. 2015). This

reduces the time required to capture the images separately,
resulting in less live tissue photodamage and photobleaching.
However, it should be noted that these features can also be
disadvantageous if each fluorescent probe is required to be
exited individually. Recently, some improved fluorescent pro-
teins with a large Stokes shift have been used for multiple
fluorescent excitations in 2PEM (Kogure et al. 2008, Pan et al.
2017, Chen et al. 2020). The Stokes shift is the difference
between the band maxima of the fluorescence absorption and
emission spectra. A large Stokes shift results in excellent back-
ground reduction, as light scattering can be easily filtered out
(Guan et al. 2015).

The wavelength mixing of two synchronized pulses at dif-
ferent excitation wavelengths also enables simultaneous mul-
ticolor two-photon imaging (Mahou et al. 2012, Stringari et al.
2017). The combination of the two laser sources with different
excitation wavelengths generates another wavelength excita-
tion, which is used as an additional virtual excitation wave-
length for two-photon excitation. For example, when pulses
are synchronized, 850 and1,100 nmexcitationwavelengths gen-
erate another excitation wavelength at 959 nm, which enables
simultaneous multicolor imaging of Brainbow-labeled mouse
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Fig. 2 Simultaneous multicolor imaging and laser ablation by two-photon excitation. (A) Simultaneous multicolor two-photon imaging of Ara-
bidopsis thaliana pollen tubes. Pollen tubes emerging from the end of cut style were observed 5 h after pollination. Each pollen tube expresses
one of the following five fluorescent proteins—mTFP1 (TF), sGFP (sG), Venus (V), TagRFP (TR) or mRFP (mR). Emitted fluorescence signals were
detected using a 32-channel PMT array detector ranging from 463.9 to 649.2 nm at 6.0 nm intervals. Maximum-intensity projections of Z-stack
images at 0–126µm depth were captured using 22 z-planes with 6µm intervals after excitation at 980 nm. Spectrum analysis and adding color
were also processed by NIS-Elements (Nikon). Themicroscope is A1RMP (Nikon). Imaging system and detail of marker lines have been described
in a previous study (Mizuta et al. 2015). Scale bars, 100µm. (B) Laser ablation of a root stem cell as a single cell level on the Arabidopsis thaliana
root tips. Two-photon imaging of the root tip of Arabidopsis thaliana expressing RPS5Apro::H2B-sGFP and RRPS5Apro::tdTomato-LTI6b is shown.
Excitation and irradiation wavelength used was 980 nm. Time indicates the elapsed time from the start of laser irradiation. Two-photon laser was
used to irradiate a root stem cell at the single cell level (arrow) for 0.5 s. Scale bars, (A) 100µm and (B) 50µm.

cortical samples (Mahou et al. 2012). Using this method, simul-
taneous multicolor two-photon imaging can also be used for
a sample observed by a non-optimal single wavelength at a
low excitation efficiency. Since their application to plants is still
limited, future application development is expected.

Imaging Deep Inside the Opaque Plant Bodies
by Clearing

In addition to live-cell imaging, high-resolution 3D deep imag-
ing of fixed tissues is important for understanding morpho-
logical structures and gene function. Some clearing methods,
such as Scale (Hama et al. 2011), SeeDB (Ke et al. 2013), CUBIC
(Susaki et al. 2014) and CLARITY (Chung et al. 2013), have been
developed primarily forwhole-mount imaging of animal tissues.
These clearing methods turn fixed samples, including whole-
mount mouse brains; they become transparent after several
days without quenching fluorescent dyes and proteins. Sim-
ilar plant-specific clearing methods, such as ClearSee (Gooh
et al. 2015) and TOMEI (Hasegawa et al. 2016), have also been
reported. ClearSee is a sugar-based reagent consisting urea and
detergent, whereas TOMEI is composed of 2,2′-thiodiethanol
and propyl gallate. In both regents, whole-plant imaging with
the maintenance of fluorescent proteins can be performed by
adjusting the refractive index mismatch. This allows for the
acquisition of high-resolution 3D images 200–350mm deep
by CLSM without sectioning (Kurihara et al. 2015, Hasegawa

et al. 2016). This also enables for the analysis of cell morpho-
logical characteristics and protein localization in plant tissues.
Even in the cleared leaves and roots, the 2PEM images showed
sharp-shaped signals and a higher contrast than those from
CLSM (Kurihara et al. 2015). Selecting proper fluorescent pro-
teins is important for imaging, even when clearing samples. As
mentioned above, orange fluorescent proteins are suitable for
two-photon live imaging (Drobizhev et al. 2009, Mizuta et al.
2015). However, of the orange–red fluorescent proteins, such
as TagRFP are not suitable for imaging in ClearSeeAlpha-treated
samples because its fluorescence intensity specifically decreases
(Kurihara et al. 2021). In recent years, ClearSee solutionwith flu-
orescent proteins as well as a combination of fluorescent dyes
and immunostaining has been developed (Nagaki et al. 2017,
Tofanelli et al. 2019). Depending on whether the samples are
live or fixed, choosing both suitable fluorescent probes and
excitationwavelengths, while taking autofluorescence into con-
sideration is important for clear visualization of plant tissues.

Precise Optical Manipulation by Two-Photon
Laser

In addition to less-invasive and deep-penetrated imaging, the
femtosecond pulse laser is also used for laser ablation (also
known as disruption) and spatial cellmanipulation at the single-
cell level (Tirlapur and König 2002, Ellis-Davies 2019). Two-
photon absorption occurs in the sub-femtoliter range, which
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achieves precise opticalmanipulation by changing the laser irra-
diation site using an NIR pulsed laser. It is used for destroying an
entire cell, specific organelles or to release caged compounds
for the analysis of cell responses without impairing cell activity.
In animals, a two-photon laser enables focal optical surgery of
single neural cells, including those in living mouse brains, with
high spatial precision (Hill et al. 2017, Yamaguchi et al. 2020).
In plants, two-photon disruption/ablation of targets has been
used to study multicellular tissues. In Arabidopsis roots, single-
cell wounding by two-photon laser ablation was performed to
analyze wound responses and signal communication to neigh-
boring tissues (Marhavý et al. 2019). To analyze intercellular
communications during Arabidopsis embryogenesis, single-cell
laser disruption of the apical cell was performed (Gooh et al.
2015). The shoot apical meristem was wounded by an NIR
laser to investigate auxin-dependent gene expressionduring leaf
development (Caggiano et al. 2017). By adjusting the intensity
and irradiation range of the pulsed laser, single-cell ablation is
possible, such as in the stem cells of Arabidopsis roots (Fig. 2B).
As shown in Fig. 2B, a stem cell collapsed upon laser irradia-
tion and showed autofluorescence derived from cell damage. At
the single-cell level, only a single organelle, such as an actin fila-
ment or amitochondrion in tobaccoBY-2 cells, canbedisrupted
(Hasegawa et al. 2014).

A two-photon laser was also used for fluorescence bleach-
ing in cells. Fluorescence recovery after photobleaching is used
to study themobility andmetabolism of fluorescent molecules,
such as cell membrane proteins in Arabidopsis, tobacco leaves
and protoplasts (Martinière et al. 2012). With better light-
inducibility and selective ablation, inactivation of a target pro-
teinwith high spatiotemporal resolution has also been achieved
inside living cells by chromophore-assisted light inactivation
(CALI) (Tour et al. 2003). CALI uses a photosensitizer, such as
KillerRed, which efficiently generates short-lived reactive oxy-
gen species that damage proteins in the immediate vicinity of
the chromophore (Bulina et al. 2006). CALI is useful for spa-
tiotemporal knockdown or loss-of-function of target molecules
in plant cells, as in the study of chromosome morphogenesis
(Matsunaga et al. 2012).

In addition to the abovemethods, various optical manipula-
tions and analytical methods have been combined with pulsed
multiphoton lasers. Fluorescent lifetime imaging (FLIM) is an
imaging technique based on the differences in the excited-
state decay rate of a fluorescent probe. In plants, not only
confocal-, but multiphoton-based FLIM analysis has been used
to quantify metabolism in living tissues, such as metal ion
uptake in roots and photosynthesis in leaves (Babourina and
Rengel 2009, Iermak et al. 2016). Caged compounds have been
widely used by neuroscientists to study cellular signaling (Ama-
trudo et al. 2015). Various exogenous photoactivatable probes,
such as ATP, calcium, gamma aminobutyric acid and gluta-
mate, have been developed (Bort et al. 2013). The NIR laser is
suitable for generating photolysis (also referred to as uncaging)
of such caged probes because two-photon absorption only
occurs in a spatially confined region. Its usefulness has also been

demonstrated in plants, such as in the study of plant hor-
mones and signal transduction in metabolism (Herbivo et al.
2013, Hayashi et al. 2015). These optical manipulations with
innovative fluorescent molecules may be useful for visualizing
spatiotemporal dynamics in living tissues using 2PEM. Further
research on plants based on these imagingmethodswill provide
new insights into plant developmental biology.

Perspectives

It has been 90 years since two-photon absorption was originally
predicted by Maria Goeppert-Mayer. Since the development of
the 2PEM30 years ago, the field of optics formicroscopy, such as
lasers, detectors, lenses, hardware and software, has greatly pro-
gressed. A wide variety of fluorescent probes and observation
methods have also been developed. Previous studies demon-
strated that QDs have a large two-photon absorption, which is
100–1,000 times higher than that of organic dyes (Resch-Genger
et al. 2008). Although it is necessary to verify toxicity, these flu-
orescent probes may be able to achieve more high-resolution
deep imaging on overcoming autofluorescence. In recent years,
multiphoton imaging with two ormore photons, such as three-
photon imaging, has also become commonly used (Liu et al.
2020). In the future, excitation light will be commonly used at
longer wavelengths (1,100 or 1,700 nm), which could improve
the resolution of tissues with irregular scattering. However, the
primary limitation of 2PEM is that a specialized multiphoton
laser is extremely expensive and delicate. Therefore, 2PEM has
not yet been routinely used in plant fields. Further development
of optic technologies, including multiphoton lasers, will be
more widely used in any field of plant research. A Galvano scan-
ner and a resonant scanner aremainly used for scanning, but the
advancement of adaptive optics will facilitate the improvement
of scanning speed and area. In addition to two-photon imag-
ing, various combinations with other microscopies will be tried,
such as two-photon spinning disk confocalmicroscopy (Otomo
et al. 2015), two-photon light sheet microscopy (Mahou et al.
2012), and two-photon super-resolution microscopy (Winter
et al. 2014). These technical advances will increase the applica-
bility ofmultiphoton imaging in plant cell biology andwill allow
us to observe various aspects of plants that we have never seen
yet.
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