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Using the combination of a reflective blazed grating and a reflective phase-only diffractive spatial
light modulator (SLM), scanless multitarget-matching multiphoton excitation fluorescence mi-
croscopy (SMTM-MPM) was achieved. The SLM shaped an incoming mode-locked, near-infrared
Ti:sapphire laser beam into an excitation pattern with addressable shapes and sizes that matched
the samples of interest in the field of view. Temporal and spatial focusing were simultaneously
realized by combining an objective lens and a blazed grating. The fluorescence signal from
illuminated areas was recorded by a two-dimensional sCMOS camera. Compared with a con-
ventional temporal focusing multiphoton microscope, our microscope achieved effective use of the
laser power and decreased photodamage with higher axial resolution.
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1. Introduction

Multiphoton excited fluorescence microscopy has
become an important tool in the field of biomedical
optical imaging.'™ It is widely used in biomedical
detection because nonlinear excitation of the near-
infrared femtosecond laser delivers low damage,
a large depth of penetration in highly scattered
tissues and high axial resolution with no confocal

§Corresponding authors.

aperture.* As traditional multiphoton microscopy
is based on single excitation beam scanning, imag-
ing speed and the inflexible scanning method limit
its applications in some important biological imag-
ing processes. For example, in the study of cardio-
myocyte interaction with stem cells,® to avoid
photodamage to cardiomyocytes during rapid im-
aging of the stem cell dynamic process, selective
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excitation of stem cells is required; in the study of
cellular and cellular communication in the neural
networks, it is necessary only to select the excitation
of the cells of interest. In these applications, the
rapid speed multiphoton microscopy with the
capability of target-selective excitation imaging is
required. In general life science research, target-
selective excitation multiphoton microscopy has
obvious advantages: it is possible to avoid sample
damage outside the target area of interest in the
study of cellular interactions. To improve imaging
speed, electrical scanning technologies such as gal-
vanometer scanning and resonance mirror scanning
have been developed, and many types of fast exci-
tation methods to increase imaging speed have been
developed.” !> Multifocal multiphoton microscopy
(MMM) was reported by Hell’s group in 1998.!! The
laser’s full power is distributed into multiple
beamlets that are focused to form a multifocal
array. At each focal point, multiphoton fluorescence
is generated with appropriate peak power. Each
beamlet is required to scan only a sub-region, and
the entire field of view (FOV) is scanned in parallel
by the multifocal array so that the imaging speed is
approximately equal to the original single-beam
rate multiplied by the number of beamlets. Several
practical MMM techniques involving microlens
array,'® cascaded splitter,'” diffractive optical ele-
ment (DOE),'? spatial light modulator (SLM)!®!9
and the Nipkow disk'' have been widely reported.
To further improve imaging speed, Chris Xu’s
group proposed and developed the temporal focus-
ing multiphoton microscope (TF-MPM) in 2005.%°
Excitation light disperses into different diffraction
angles at different frequencies using a reflective
blazed grating then goes through a tube lens and an
objective lens and focuses at the back focal plane of
the objective lens. At the focal plane, the shortest
pulse width and strongest peak power are produced.
The laser pulse width increases rapidly as the dis-
tance from the focal plane of the objective lens
increases, and peak power decreases rapidly. There-
fore, the conditions of two-photon excitation can be
met only in the focal plane of the objective lens in
which wide-field two-photon imaging can be real-
ized. Recently, a variety of TF-MPM methods based
on dispersive elements, such as an optical diffuser;>!
a combination of two prisms and a grating;’” and a
digital micromirror device’ have been developed.
However, the techniques described above cannot
obtain the image of only particular samples of

interest in the FOV because the excitation light on
the grating surface is a uniform light spot, which
will generate a uniform excitation light spot to il-
luminate the whole FOV. This illumination method
does not permit selectively excitation of specific
samples. To develop the selective target multipho-
ton microscopy, several techniques have been
reported. Saggau’s group developed jump scanning
imaging of the point of interest using two-dimen-
sional acousto-optic deflectors (2D AODs) to avoid
photodamage to the other points.’* Shao et al.
reported addressable multiregional and multifocal
multiphoton microscopy using multifocal excitation
pattern matching of samples of interest.'® However,
using this microscope, the scanned area does not
accurately match the sample of interest because
each focal point scans the same distance. Gliick-
stad’s group reported shape illumination microsco-
py by combining the raster generalized phase
contrast (GPC) technique with a grating.”>?% In the
present study, we developed a scanless multitarget-
matching multiphoton excited fluorescence micros-
copy (SMTM-MPM). The temporal focusing on any
areas in the FOV was realized by combining an
SLM and a blazed grating. The SLM modulated the
incident light to produce a target pattern matching
the samples of interest in the FOV. The blazed
grating dispersed the incident light pattern with
different frequencies at different angles. The dis-
persed light re-generated the excitation pattern in
the sample through a tube lens and objective lens.
The excitation pattern has the narrowest pulse
width at the focal plane of the objective lens, and
the pulse width dramatically stretched as the dis-
tance from the focal plane increased. Experimental
results showed that an axial resolution of 2.2 ym
was achieved.

2. Experimental Setup

Figure 1 shows a schematic of our experimental
setup based on SLM and grating. A mode-locked Ti:
sapphire laser (Coherent, Chameleon Ultra II) was
tuned at a wavelength of 800 nm and a pulse du-
ration of 100 fs. The maximum output power was
3.5 W. The laser beam from a mode-locked Ti:sap-
phire laser was expanded and collimated to slightly
overfill the phase-only SLM (Holoeye Pluto, NIR,
1920 x 1080 pixels, eight bits), which was capable of
completing 27 phase modulation at each pixel with
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Fig. 1. Schematic of our SMTM-MPM based on the combi-
nation of a SLM and grating. The grating, TL1 and the ob-
jective lens comprise a temporal focusing system. The SLM on
the back focal plane of Fourier lens L3 modulates the input fs
beam to generate the required excitation pattern matching the
target sample of interest on the front focal plane of L3. The
zero-order light is blocked by a blocker. The polarization of the
fs beam is tuned by a A/2 wave plate. Laser: a model-locked
laser that generates an fs beam; L1 to 5: lens; B: blocker; TL1
and TL2: tube lens; F: filter; DM: dichroic mirror; Camera:
sCMOS camera.

a 60 Hz refresh rate. To improve the diffraction ef-
ficiency of the SLM and grating, a A\/2 wave plate
was included to tune the polarization of incident
light before the SLM and grating, respectively. The
SLM can be used to dynamically produce arbitrary
patterns with computer-generated phase-only
holograms based on the required excitation pattern.
An accurate phase pattern can be generated by
employing phase retrieval algorithms such as the
classic Gerchberg—Saxton algorithm?” or by directly
utilizing the Holoeye application software. A Four-
ier lens with a focal length of 200 mm transferred
the light that was phase-modulated by the SLM
into an arbitrary pattern. The pattern matched the
samples of interest at the back focal plane, at which
a spatial filter was used to block the unwanted zero
order created by the SLM. The largest illumination
pattern was about 15 mm, approximately the size of
the microscope’s FOV at the back focal plane of the
tube lens. A pair of 1:1 relay lenses was used to
transfer the illumination pattern to an 8001/mm
reflective grating located at the back focal plane of
the tube lens, the front focal plane of which was

located at the entrance of the microscope objective.
The reflective grating, tube lens and objective con-
stitute a typical temporal focusing system. The
objective (Nikon 100x) then produced an illumi-
nation pattern matching the target samples at the
sample plane. Thus, only the samples at the focus-
ing plane were excited. The corresponding fluores-
cence signals from the samples were recorded by a
sCMOS camera (Andor, Zyla 5.5).

In our experiment, the process of microscopy
imaging mainly included the following five steps: (1)
Obtain a white light wide-field image in the white
light illumination mode. (2) Extract the position
and boundary of the samples of interest based on
the above white light image. (3) Calculate the
phase-hologram of the illumination pattern using
Holoeye application software based on the para-
meters obtained in step 2. (4) Modulate the
excitation light to generate the target-sample-
matching illumination pattern by uploading the
phase-hologram to SLM. (5) Record the two
photon excited fluorescence signals using a 2D
sCMOS camera.

3. Results and Discussion

3.1. Analysis of the performance

of our microscopy

To prove any pattern excitation capability without
scanning the excitation light, we designed an exci-
tation light pattern in the objective plane of the
objective lens consisting of four different shapes
(Fig. 2(a)), in which white areas are light and black
areas are no light. The size of the pattern was
150 x 150 ym to match the size of the FOV. The
required phase-hologram was calculated using
Holoeye application software based on the size of
the amplified pattern at a magnification of 100x. A
15 x 15 mm excitation light pattern was generated
on the reflecting surface of the blaze grating. The
temporal focusing system consisted of a tube lens
and objective lens which executed temporal focus-
ing to simultaneously excite the target samples of
interest selected in wide field illumination for each
sub-region spot. Rhodamine (5%) was selected as a
sample and the exposure time was 100 ms. The two-
photon image, shown in Fig. 2(b), consisted of four
different shapes obtained by the sCMOS camera
with no scanning of the excitation light beam.

1750013-3



J. Innov. Opt. Health Sci. 2018.11. Downloaded from www.worldscientific.com

by HUAZHONG UNIVERSITY OF SCIENCE AND TECHNOLOGY on 09/13/18. Re-use and distribution is strictly not permitted, except for Open Access articles.

J. Qiu et al.

Fig. 2.

The process of imaging the arbitrary shapes of the samples. (a) The required excitation light pattern including four different

shapes and (b) the two-photon fluorescence image of 5% rhodamine solution excited by the required excitation light pattern. Scale

bar is 10 pm.

3.2. Imaging of pollen grains
and dyed cells

The spatial resolution of our microscopy system was
examined and compared with that of traditional
TF-MPM using an 800 nm laser beam with an av-
erage power of 1.6 W at the back entrance of the
objective lens. In Fig. 3, the z-axis shows the dis-
tribution of the fluorescence intensity in the beam
center obtained by scanning a 0.19 um fluorescent
bead using our system and traditional TF-MPM,
respectively. From the data obtained, the axial
resolutions of our system and traditional TF-MPM
were estimated using a deconvolution procedure?
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Fig. 3. The fluorescence-intensity profile obtained by scanning
a 0.19 um fluorescence bead along the z-axis using (a) our
SMTM-MPM (red) and (b) TF-MPM (black).

to be 2.2 and 2.8 um, respectively. To assess image
quality, the Convallaria rhizome images obtained
by the traditional TF-MPM and our system, re-
spectively, are shown in Fig. 4. These results show
that our system had higher z-axial resolution than
traditional TF-MPM. Compared to the parallel
beam in traditional TF-MPM, the convergent beam
in our system increasingly expanded as the distance
from the focal plane of the objective lens increased.

To demonstrate the matching ability of our
SMTM-MPM in imaging biological samples, we
imaged fresh pollen grains. First, we changed the
optical path to the white light illumination mode.
The white light image of flower pollen grains in the
whole FOV was obtained by the sCMOS camera,
and the outlines of the selected cells were distin-
guished through the image edge detection algorithm
based on a canny operator, as shown in Fig. 5(a).
The positions and boundary profiles of target sam-
ples were extracted using our homemade algo-
rithms, as marked by the red curve in Fig. 5(a). The
corresponding excitation light pattern in the objec-
tive plane of the objective lens is shown in Fig. 5(b).
By uploading the calculated phase-hologram to the
SLM, the required excitation pattern matching the
target samples was then produced through SLM
modulating incident light (Fig. 5(b)), in which the
white areas are excitation light and the black areas
are no light. The total +1 order diffraction light
power of incident light at the microscope objective
entrance pupil was approximately 1.6 W. Because
only the first order of diffraction was used, the
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(a) (b)

Fig. 4. Two photon fluorescence images of a Convallaria rhizome slide obtained by (a) our system and (b) a traditional TF-MPM.
Scale bar is 10 pm.

(a) (b)

Fig. 5. The process of imaging pollen grains of interest. (a) The white light image of pollen grains in the wide field mode in which
the boundary of samples of interest is marked by the red curve; (b) the required excitation light pattern matching the samples of
interest and (c) the two-photon fluorescence image of pollen grains of interest. Scale bar is 10 pm.

(b) (©)

Fig. 6. The process of imaging dyed cells of interest. (a) the white light image of cells in the wide field mode in which the boundary
of the samples of interest is marked by the red curve; (b) the required excitation light pattern matching the samples of interest and
(c) the two-photon fluorescence image of dyed cells of interest. Scale bar is 10 ym.
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unwanted zero order created by the SLM was
blocked by a spatial filter. The light efficiency of the
microscopy light path before the objective was ap-
proximately 53%. The exposure time of the sCMOS
camera was about 10s. The two-photon fluores-
cence image of the target pollen grains obtained by
the sCMOS camera is shown in Fig. 5(c). The ex-
citation pattern matched the target pollen grains
well. In addition, we also obtained the two-photon
fluorescence image of the dyed cells using our mi-
croscopy. Figure 6(a) shows the white light image of
the rhodamine 123 dye-labeled cells, among which
the cells labeled in 1, 2 and 3 are the target cells of
interest. We extracted the position, shape and size
of the target cells and then calculated the corre-
sponding phase-hologram of the excitation light
pattern shown in Fig. 6(b). The excitation light
pattern was produced by SLM modulating the in-
cident light. The exposure time of the sCMOS
camera was 30's to improve the signal-to-noise ratio
of the two-photon fluorescence image. The two-
photon image of the target cells is shown in Fig. 6(c).

4. Conclusion

We developed novel multitarget-matching multi-
photon excitation fluorescence microscopy by com-
bining SLM and a grating. SLM can produce any
light pattern by uploading the corresponding phase-
hologram without changing the light path or scan-
ning the light beam. The combination of grating
with objective lens managed the dispersion char-
acteristics of the femtosecond pulse laser. The
temporal focusing of the pulse laser was realized
only at the objective plane of the objective lens and
ensured wide-field two-photon fluorescence imaging
without compromising spatial resolution. Com-
pared to traditional wide-field TF-MPM based on
the parallel beam of the incident light on the grat-
ing, our SMTM-MPM with the converging beam of
incident light on the grating had higher axial reso-
lution. The main reason for this is that convergence
of the beam had a faster power density change along
the z-axial distance out of the focal plane of the
objective lens. In our experiments, the speed of
imaging was not as fast as expected. This may have
been due to the low signal-to-noise ratio of the
sCMOS camera. Because our sCMOS dark current
of 0.14e/s is 100 times greater than the EMCCD
dark current of 0.001e/s per pixel, we will replace

the sCMOS camera with an EMCCD camera in the
future.

In conclusion, we report multitarget-matching
multiphoton excitation fluorescence microscopy,
which simultaneously produced the required
matching excitation pattern and imaged multiple
target samples of interest without scanning. This
method improved the efficiency of laser power use,
maintained high spatial and temporal resolution
and decreased photodamage to samples. This
method has great potential in studying the inter-
actions of cells and dynamic biological processes.
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