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Five-Modal Three-Dimensional Optical Microscopy via

Single 1550 nm Fiber Laser
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1. Introduction

Multimodal optical microscopy can be used to visualize multiple biological

targets at the same location and at similar spatial resolutions, enabling more
comprehensive studies of complex biological samples. However, current mul-
timodal imaging systems typically use multiple or specially designed excitation
lasers. Furthermore, previous studies have reported only three or four types of
imaging modalities, limiting the number of imaging targets. This study develops
an imaging system based on a single commercialized 1550 nm fiber laser and
integrates five imaging modalities: second harmonic generation, third harmonic
generation, two-photon fluorescence, three-photon fluorescence, and reflected
confocal microscopy. Utilizing the characteristics of different imaging modalities,
various biological components in biological tissues can be revealed simulta-
neously and cell movement in a complex biological environment can be traced
noninvasively. The capacity of deep imaging has also been demonstrated in the
mouse brain. The results show that the proposed multimodal microscopy system
has great application potential in biomedical fields, such as tumor diagnosis and

immunotherapy.
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3D optical microscopy has proven essential
in biology, enabling the interrogation of
structure and function at spatial scales
spanning the macromolecular, cellular,
and tissue levels. Multiphoton-excited fluo-
rescence microscopy has become a valuable
tool for recording calcium dynamics in the
brain,!"*! monitoring cell motility,”* and
visualizing various biomedical pheno-
mimes® because of its high spatial reso-
lution and inherent optical sectioning
capabilities. Moreover, endogenous sig-
nals, such as harmonic generation and
backward scattering, have been used to
reveal the 3D structure of collagen fibers,”)
lipid bodies,® and cells.”'” However,
previous 3D optical-microscopy methods
typically imaged limited targets. With the
expanding requirements of life-science
research, optical microscopy is expected
to provide information on multiple components to achieve a
more comprehensive study of complex biological tissues.

Optical multimodal imaging technology, which integrates
multiple imaging modalities into a single system, can observe
and compare different biological targets at the same location
and at similar spatial resolution levels, enabling more compre-
hensive studies of complex biological tissues. Each imaging
modality provides a unique imaging contrast mechanism to
reveal specific biological-tissue components. The multiple types
of structural information obtained by combined modalities can
help reveal the associations between different molecules and
enhance our understanding of biological processes.

To achieve 3D multimodal imaging capability, the combina-
tion of two-photon fluorescence (2PF) microscopy and second-
harmonic generation (SHG) microscopy has been extensively
adopted in previous studies because both methods exploit
two-photon-absorption nonlinear properties and can be easily
separated by selecting appropriate optical filters.!"** Most con-
ventional two-photon microscopes use a single light source with
a typical wavelength range of 700-1000 nm; thus, the emission
spectra of other nonlinear imaging methods (for example, three-
photon fluorescence (3PF) and third-harmonic generation
(THG)) are typically in the violet or UV region. The violet light
is susceptible to scattering by biological samples and typically has
a limited penetration depth, restricting its use as an additional
imaging modality in conventional two-photon microscope.
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Several methods have been proposed to increase the number
of imaging modalities. The direct method is to add another laser
source with a specific wavelength, which can be used to generate
3PF and THG signals!">™"! or to pump coherent anti-Stokes and
stimulated Stokes scattering.*>'¥22 However, using multiple
excitation light sources increases the difficulty of optical-path
coupling and alignment, and the light sources must be switched
to use different modalities sequentially, restricting the observa-
tion of biological kinetics in living samples. Another method to
increase imaging modality is to use a special laser source to gen-
erate additional imaging contrast mechanisms and ensure that
all emission spectra fall within an effective detection range.*~%*!
For example, Boppart et al. used a super-continuum excitation
source to capture four modality images of the tumor microenvi-
ronment.”?! Groot et al. developed a four-modality imaging sys-
tem based on an optical parametric oscillator, which was pumped
by a Ti-sapphire oscillator.”” Kieu et al. developed a compact
1560 nm fiber laser mode-locked by carbon nanotube saturable
absorber which could excite four imaging modalities.* In these
studies, images from different modalities were coregistered and
provided complementary information on tissue structures at the
same location and time. However, most light sources require a
special design or have complex constructions, which are not con-
ducive to the promotion of applications and weaken the possibil-
ity of clinical conversion. Moreover, most multimodal imaging
systems use less than five imaging modalities.

In this study, we develop a five-modal microscopy imaging
system based on a commercial fiber laser with a wavelength
of 1550nm. Because of the long-wavelength light source,
THG signal could be effectively excited and detected.*2262]
We integrated four nonlinear imaging modes using a single fiber
laser, including 2PF, 3PF, SHG, and THG. In addition, reflected
confocal microscopy (RCM), which has proven useful in derma-
tological diagnosis,®" has been integrated as the fifth imaging
modality. Based on the multimodal imaging system, we present
the five-modal imaging of mouse ears in vivo and distinguish dif-
ferent tissue components between the different modalities. In
particular, we compare three types of label-free imaging modali-
ties using several biological tissues, including linear and 2nd-
and 3rd-order nonlinear effects. Using label-free methods, we
monitored cell movement in the tumor microenvironment.
The capacity for deep imaging induced by long-wavelength illu-
mination has also been demonstrated in the mouse brain. This
study demonstrates that the proposed system has the ability to
reveal multiple biological targets and track tissue activities in
complex biological environments; therefore, it has great applica-
tion potential in biomedical fields, such as tumor diagnosis and
immunotherapy.

2. Results
2.1. Five-Modal Imaging System

Figure 1a shows a schematic of the five-modal imaging system. A
commercial fiber laser (FLCPA-02C, Calmar Laser) provides exci-
tation pulses with a wavelength of 1550 nm, pulse width of 500 fs,
and repetition rate of 1 MHz. The combination of a half-wave

Adv. Photonics Res. 2025, 2400115 2400115 (2 of 8)

www.adpr-journal.com

Figure 1. a) Schematic of the multimodal imaging system based on a
single-fiber pulsed laser. WP: wave plate; PBS: polarization beamsplitter;
L: lens; M: mirrors; PMT: photon-multiplier tubes; F: filter; Galvo-XY:
XY 2D galvanometer scanners; DM: dichroic mirror; OBJ: objectives. DMT:
1000 nm longpass filter; DM2: 700 nm longpass filter; F1: 1000 nm long-
pass filter; F2: 1000 nm shortpass and 700 nm longpass filters; F3: 700 nm
shortpass filter; F4: 770/10 nm bandpass filter for SHG and 800 nm long-
pass filter for 2PF; F5: 515/10 nm bandpass filter for THG and 560 nm
longpass filter for 3PF. b) Diagram of the photon absorption and emission
of five imaging modalities. Red arrow indicates one laser photon; green
arrow represents one emitting photon; black arrow denotes the relaxation
process.

plate (WPHO5M-1550, Thorlabs) and polarization beamsplitter
(PBS; PBS124, Thorlabs) is used to adjust the laser power.
Subsequently, a lens pair (f1 =75mm, LA1608-C, Thorlabs;
f2=150mm, LA1433-C, Thorlabs) is set to expand the
laser-beam size to fulfill the back pupil of the objective. Then,
a pair of scanning galvanometers (TSH8203M-1550, Sunny
Technology) were placed at the conjugate plane of the rear aper-
ture of the objective to scan the laser beam in two dimensions.
The laser beam reaches the sample through a scanning lens
(f=30mm, AC254-030-C, Thorlabs), a tube lens (f=200 mm,
AC254-200-C, Thorlabs), and a high NA objective (XLPLanN25X/
1.05WMP, Olympus). Backward fluorescence, harmonic genera-
tion, and scattering signals are collected using the same objec-
tive. For 2PF, 3PF, SHG, and THG imaging, the signal is
separated from the laser light by a 1000 nm longpass dichroic
mirror (DMLP1000R, Thorlabs). For RCM imaging, the signal
is descanned by galvanometers and separated from the laser
by a PBS (PBS124, Thorlabs).

As displayed in Figure 1b, although excited by the same laser
wavelength, the five modalities have different energy absorption
and emission mechanisms, resulting in different detection spec-
tral ranges. Thus, a set of dichroic mirrors and filters can be used
to separate the emissions of different modalities. First, a 700 nm
longpass dichroic mirror (FF700-Di01, Semrock) divides the
THG/3PF and SHG/2PF signals. For THG and 3PF detection,
a 700nm shortpass filter (FESH0700, Thorlabs) is used to
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eliminate residual near-infrared signals. A 515/10 nm bandpass
filtler (FBH515-10, Thorlabs) and 560nm longpass filter
(ET560LP, Chroma) are used to select THG and 3PF, respec-
tively. For SHG and 2PF detection, a 1000 nm shortpass
filter (FESH1000, Thorlabs) and a 700nm longpass filter
(FELHO700, Thorlabs) are used to reject the visible signals
and residual laser light. In addition, a 770/10 nm bandpass filter
(FBH770-10, Thorlabs) is appended to separate the SHG, while
an 800 nm longpass filter (FELH0800, Thorlabs) is used to purify
the two-photon fluorescence signal. For RCM imaging, backscat-
tered laser photons are filtered using a 1000 nm longpass filter
(FELH1000, Thorlabs) placed before the fiber. Different photon-
multiplier tubes (PMTs) are used for the detection of different
signals. Specifically, the H7422P-40 PMT is used for THG
and 3PF detection, and the H7422PA-50 PMT is used for
SHG/2PF measurements. During multimodal imaging, the
same detector is used to sequentially obtain THG and 3PF
images by switching the filters. The same strategy is used for
the SHG and 2PF imaging. As the RCM signal is in the second
near-infrared region, an InP/InGaAs PMT (H12397A-75,
Hamamatsu) is used as the detector. A laser power of 10 mW
is used in the experiment to image the sample surface. As the
imaging depth increases, the laser power is gradually increased
above 50 mW to produce a higher signal intensity. To avoid pho-
todamage, the laser power is limited to less than 100 mW.

www.adpr-journal.com

2.2. Five-Modality Imaging of Mouse Ear

To demonstrate the five-modality imaging capability of our sys-
tem, we performed in vivo imaging of a mouse ear, as shown in
Figure 2. Images 0.35 x 0.35 mm” in size with 512 x 512 pixels
and a 0.25 Hz frame rate were acquired row by row and stitched
to form a large field-of-view of the mouse ear (Figure 2a). Various
components were revealed using different imaging modalities
and were merged with different colors. Representative structures
were selected, as shown in Figure 2b. For example, THG revealed
a fiber bundle structure (blue in Figure 2), whereas SHG was
generated from collagen fibers (green in Figure 2). The RCM
image reflected the refractive-index mismatch area (red in
Figure 2). For fluorescence imaging, the 3PF image displayed
blood-vessel walls labeled with Alexa Fluor 633 (yellow in
Figure 2), whereas the 2PF signal originated from indocyanine
green (ICG) in the blood vessels (magenta in Figure 2). Figure 2c
shows the emission spectrum (solid line) and detection filter
range (shadow square) for each imaging modality.

Mouse ears contain multiple structural components that are
difficult to reveal using a single imaging method, but can be
identified through multiple imaging modalities. The five parts
separated by white dotted lines (indicated by numbers 1-5 in
Figure 2d1) contain various structures such as nerve fibers, blood
vessels, and collagen. At site 1, the nerve-fiber bundle structure

Figure 2. a) In vivo large-field five-modal image of the mouse ear. Each modality is labeled with a different color. THG: blue; 3PF: yellow; SHG: green; 2PF:
magenta; RCM: red. b) Representative images of each imaging modality. (b1)—(b5) are extracted from the white dashed square in (a). c) Diagram of the
spectral range of each imaging modality (black curve) and detection window defined by filter sets (areas highlighted in green). d) Multiple components are
separated by different imaging methods in the same area (yellow dashed square in (a)). The scale bar represents 50 pm in all pictures in this figure.

Adv. Photonics Res. 2025, 2400115 2400115 (3 of 8) © 2025 The Author(s). Advanced Photonics Research published by Wiley-VCH GmbH

85UB017 SUOIIOD BAIER.ID 8|qedl|dde 8y} Aq peusenob afe sejoiie YO ‘@SN JO'S3|NJ 104 A%eiq18UlUO A1 UO (SUORIPUOD-PU-SWLB)/W00™AB | IMAR.q 1 BulU0//Sd1Y) SUORIPUOD PUe SWB | 8Y) 89S *[5202/T0/8z] Uo AriqiT8uliuo A8|IM ‘STT00rZ0Z 1dpe/z00T OT/I0p/wod A8 | imAteiq 1 ul|uo//sdny woly pepeojumod ‘0 ‘€6266692


http://www.advancedsciencenews.com
http://www.adpr-journal.com

ADVANCED
SCIENCE NEWS

ADVANCED
PHOTONICS
RESEAR

www.advancedsciencenews.com

was only visualized in the THG (Figure 2d1) and RCM
(Figure 2d4) images. However, the quality of the RCM image
appears to be degraded compared with that of the THG image,
which may be caused by strong tissue scattering. At sites 2 and 4,
collagen fibers were clearly identified by strong SHG signals
(Figure 2d2). Although the intensity was weaker than those at
the other sites, collagen fibers at sites 2 and 4 were also visualized
in the THG image. For sites 3 and 5, 2PF (Figure 2d3) from the
ICG dyes in the plasma revealed vascular morphology with a uni-
form intensity distribution. In contrast, the THG image showed
movement traces (bright short lines) of circulating red blood cells
(RBCs) at the corresponding sites. Thus, various tissue compo-
nents could produce THG signals, which could be further distin-
guished using other imaging contrast mechanisms.

2.3. Comparison between Label-Free Imaging Modalities

Label-free imaging can reveal the morphological structures of
biological tissues without the need for exogenous staining.
Diverse label-free contrast mechanisms such as reflection, trans-
mission, harmonic generation, and autofluorescence have been
studied and utilized for microscopic imaging. In this study, we
compared three label-free imaging modalities using various
biological samples. All pictures displayed were acquired with
512 x 512 pixels and a 0.25 Hz frame rate.

As shown in Figure 3a, dermal cells and adipocytes were cap-
tured using THG and RCM imaging. Both imaging modalities
showed that the cell membrane was brighter than the cytoplasm,
possibly because of abrupt changes in the refractive index of the
tissue. Although many cells were colocalized in the merged
images, RCM appeared to obtain more cells than THG. This
may be because the THG signal is mainly generated within a
small focus range owing to high-order nonlinear effects; thus,
only cells at similar depths are imaged. However, the focal length
of the RCM was significantly affected by the pinhole size. We
used a fiber with a 50 pm core diameter as the confocal pinhole;

www.adpr-journal.com

thus, the axial imaging range of the RCM was larger and cells
from more depths were captured. Comparing the RCM image
of surficial skin cells (left column in Figure 3a) with that deep
inside the lipid cells (right column in Figure 3a), background
scattering increased with penetration depth and degraded the
signal-to-background ratio (SBR). However, benefiting from the
rejection of back-forward laser scattering by the DM and filters,
the THG images maintained a similar image quality, even deep
inside the mouse ear.

The arterial wall is rich in collagen and elastin fibers that gen-
erate strong SHG and THG signals. As shown in Figure 3D, the
imaging depth increased from left to right. Collagen fibers are
curved in shape and form arterial adventitia, whereas straight
elastin fibers begin to appear and gradually become dominant
with increasing imaging depth. Collagen fibers presented stron-
ger SHG signals in the arterial adventitia than in THG under the
same excitation conditions. However, in the arterial media and
intima, straight and dense elastin fibers appeared more
frequently in the THG channel, whereas collagen fibers in the
SHG channel gradually disappeared.

To compare the RCM and SHG images, we captured images
of the mouse-tail tendon, which is composed of collagen fibers.
As shown in Figure 3c, the collagen fibers formed a straight
bundle-like shape in the SHG image, and the shadows originated
from the upper fibers. In the RCM image, fibers from a longer
axial range were captured because of their relatively large pinhole
size. In addition, the fiber shape in the cross section was
distorted in the RCM image, which may have been caused by
the interference of scattered laser light from different depths.

2.4. Three-Dimensional Imaging of Mouse Brain In Vivo

To demonstrate the capability of deep imaging, we performed 3D
2PF and THG imaging of mouse brains. A mouse cranial-
window model was used as the sample. Frames with
512 x 512 pixels and 4s dwelling time were captured at

Figure 3. a) THG (green), RCM (red), and merged images of the mouse ear. Images were captured at a longer depth in the right column. b) The THG
(green), SHG (red), and merged images of the mice arteries. Images were also captured at a longer depth in the right column. c) The SHG (green), RCM
(red), and merged images of the mouse-tail tendon. The scale bar represents 100 pm in all pictures in this figure.
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each 15pm depth and a 3D reconstruction of the mouse
brain was formed.

ICG was intravenously injected to provide fluorescence imag-
ing of the mouse-blood vasculature. The 3D reconstructed struc-
ture is shown in Figure 4a, which illustrates the vascular
distribution in a volume of 0.35 x 0.35 x 1.08 mm>. The image
with a depth of 750 pm still maintained a high SBR, and some
small blood vessels are clearly visible. When the depth
was greater than 1mm, the background signal was enhanced;
however, the vascular morphology could still be identified.

A 3D THG image in a 0.35 x 0.35 x 0.92 mm’ volume was
reconstructed and presented in Figure 4b. Blood vessels, cells
in the shallow layer, and white matter at depths greater than
800 pm were clearly visualized. However, compared with fluores-
cence imaging, the background noise of the THG image was
stronger. The THG is a label-free imaging method that requires
three-photon absorption; thus, its signal is relatively weaker than
that of two-photon fluorescence. Moreover, the emission wave-
length of THG is 515 nm, which is considerably shorter than
the fluorescence wavelength of ICG and leads to a shorter pene-
tration depth in biological samples. Although 1550 nm is consid-
ered to be the water-absorption range, our results demonstrate
that a millimeter-level imaging depth can still be achieved in
the mouse brain. Compared with the 1300 or 1700 nm excitation
wavelengths, which usually require additional optical setups to
shift the laser wavelength, using a 1550 nm fiber laser as the
excitation source for deep imaging has the potential to simplify
system construction and reduce the total cost.

Figure 4. a) Deep-2PF imaging of the ICG-labeled blood vessels in the
mouse brain. Images at four different imaging depths are displayed.
b) Deep-THG imaging of the mouse brain. Images at four depths are
displayed. The scale bar represents 100 pm in all pictures in this figure.
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2.5. Time-Lapse Images of the Tumor Microenvironment

To demonstrate the ability of the system to image in vivo events,
we captured time-lapse images of cell movement around a mel-
anoma tumor. The melanoma tumor was planted in a dorsal
skin-folder chamber. Z stacks at 3 pm steps and time-lapse
images at 4 s intervals of THG and SHG were recorded, as shown
in Figure 5. In this figure, green represents THG signals, which
label tissue components such as cells, blood vessels, and fibers,
whereas red represents SHG signals primarily produced by col-
lagen and muscle. Figure 5a shows the 3D reconstruction results
of the Z-stack images. Many green spots can be observed in the
lower-right corner of the melanoma area. Moreover, abundant
collagen fibers (red) were observed around the tumor. Figure 5b
shows the details of the tumor periphery, which contains
muscles, fibers, vessels, and cells.

To track the cell activity, two regions were selected in Figure 5a
using the yellow dashed square and are displayed in Figure 5¢,d.
As shown in Figure 5¢, an increasing number of cells began to
appear with an increase in imaging time. For example, cells A
(indicated by the yellow triangle) and B (indicated by the white
triangle) were initially not present in the field of view but were
clearly visible after 2 min. The two cells then started to move
along the gap between the muscles, which is considered to be
the recruitment of immune cells in the tumor microenviron-
ment. Figure 5d shows the cell-swallowing process. As indicated
by the white arrow in Figure 5d, a group of bright debris formed
the shape of a cell and moved toward the debris, as indicated by
the yellow arrow. This debris (yellow arrow) may have originated
from dead tumor cells and was engulfed by the approaching cell
(white arrow) after a few minutes. In all images, the SHG signal
was not moving; therefore, it was used as a reference for
monitoring cell movement.

3. Discussion and Conclusion

In this study, we developed a multimodal microscopic imaging
system based on a 1550 nm fiber femtosecond laser. The five
imaging modalities shared the same excitation-light path and
were measured using separate spectral channels. Benefitting
from these imaging mechanisms integrated in a single setup,
various tissue components were visualized and three types of
label-free imaging methods were characterized. To demonstrate
its potential application value, we performed fluorescent and
label-free deep imaging of the mouse brain and monitored cell
activity in the tumor microenvironment.

THG imaging has been used to reveal various tissue compo-
nents, such as skin cells, collagen, elastic fibers, immune cells,
and red blood cells. It can provide rich information without the
need for exogenous staining and minimizes the interference of
external dyes in the study of physiological activities. However,
label-free imaging methods such as THG microscopy often lack
specificity. Considering the results shown in Figure 2d as an
example, the THG image revealed more tissue components than
the other modalities. However, for a specific component, the
THG image exhibited a lower contrast. In Figure 5, many cells
are visualized in the THG images; however, determining
whether they are tumor or immune cells based on their
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Figure 5. a) 3D THG (green) and SHG (red) imaging of the melanoma tumor and its surrounding in a dorsal skin-folder chamber. b) A representative
image of the tumor periphery. c) Cells (yellow and white triangle) appeared and moved along muscles. This area is labeled in (b). d) Cells (white arrow)
swallowed debris (yellow arrow). This area is labeled in (b). The scale bar represents 50 pm in all pictures in this figure.

morphology alone is difficult. Although THG provides compre-
hensive tissue information, the fluorescent labeling of specific
targets is still required. Therefore, multimodal imaging, which
combines label-free and fluorescence imaging, is valuable for
studying complex biological microenvironments.

Multimodal imaging based on a single light source facilitates
the simultaneous acquisition and analysis of images from differ-
ent imaging modalities. To improve the imaging capabilities,
previous work realized multimodal imaging based on one laser
source with five modalities: SHG, TPE, RCM, NIRF, and
FLIM.P? FLIM reveals fluorescence lifetime distribution and
offers the possibility of obtaining functional information.
However, the accuracy and SBR of lifetime images are dependent
on the fluorescence intensity; therefore, FLIM can only rely on
another modality to provide reliable quality. Moreover, because
of the longer excitation wavelength (1550 nm vs. 780 nm), we
demonstrated more nonlinear imaging methods (3PF and
THG) that provide more structural information.

It should be noted that there are some limitations in this
system. First, although we demonstrated that 3D imaging of
the mouse brain is possible up to a depth of 1, 1550 nm light
has relatively strong water absorption within biological tissues.
This may lead to biological safety issues. Therefore, a laser with
a wavelength of #1300 or 1700 nm is a better choice. Fortunately,
replacing the excitation source of the imaging system developed
in this study is convenient. Second, the excitation power is criti-
cal for simultaneously acquiring images from multiple modali-
ties because different imaging modalities often have different
signal-generation mechanisms. Although careful adjustment
of the excitation power is one of the choices, we believe that

Adv. Photonics Res. 2025, 2400115 2400115 (6 of 8)

image-enhancement algorithms such as deep learning may
hold promise for balancing the image quality between different
modalities.

In summary, the multimodal microscopy method we devel-
oped has the capacity to reveal multiple compositions of various
biomedical-research targets. Each imaging modality provides
compensatory information regarding complex biological micro-
environments. It is expected to play an important role in various
biological research scenarios, such as tumor progression and
deep brain imaging.

4. Experimental Section

Fluorescent-Dye  Preparation:  To  produce  two-photon-excited
fluorescence, ICG was used to label mouse blood vessels. ICG powder
(21980-100MG-F, Sigma—Aldrich) was first dissolved in dimethylsulfoxide
(DMSO) and diluted with phosphate-buffered saline (0.25 mgml™"). For
three-photon fluorescence, Alexa Fluor 633 (A30634, ThermoFisher) was
dissolved in phosphate-buffered saline (0.25mgml™") as it has been
shown to specifically mark the arteriolar walls.**4

In Vivo Imaging of Mouse Ear: The ear of a BALB/c nude mouse was
imaged using five imaging modalities. The mouse was first anesthetized
and fixed on a homemade sample stage. Its ear was flattened, attached to
a holder, and gently wiped with phosphate-buffered saline. For 2PF and
3PF imaging, ICG (100 pL) and Alexa Fluor 633 (100 pL) were intrave-
nously injected successively, and image acquisition was performed
immediately thereafter.

Ex Vivo Tissue Preparation: Several types of Wistar Kyoto rat tissues were
imaged using label-free imaging modalities. The rats were euthanized in a
CO, euthanasia box. Next, the abdominal cavity of the rat was opened and
the aortic artery was extracted. The aortic artery was washed in phosphate-
buffered saline for 3 min to remove residual blood. The adipose tissue on
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the surface of the vascular adventitia was then cut. Finally, the sample was
placed on a slide and flattened using a cover glass for THG and SHG
imaging. For SHG and RCM imaging, rat-tail tendons were collected
and tiled on a slide.

In Vivo Brain Imaging: A cranial-window model was used for mouse-
brain imaging. A BALB/c nude mouse was first anesthetized and secured.
Its scalp was then removed to expose its skull and a 3 mm-diameter circle
was drilled into it using a high-speed drill. Next, the drilled skull was gently
removed, and a circular microscopic imaging window was created.
The window was covered with a 5 mm-diameter cover glass and fixed with
dental cement. To reduce the influence of mouse activity during in vivo
imaging, the head of the mouse was fixed to a homemade holder. For
the 2PF imaging of blood vessels, ICG (200 pL) was intravenously injected.

In Vivo Tumor Microenvironment Imaging: We also obtained images of
the tumor and its environment using a melanoma tumor model in a dorsal
skin-folder chamber. The C57BL/6 mouse was first anesthetized and then
its back was dilated. Two symmetric titanium frames were used to clip the
double-layered back skin as a sandwich structure. The skin was removed
from one side, creating a 12 mm-diameter circular window, which was
planted with B16F10 tumor cells. Finally, a circular coverslip was mounted
in the titanium frame to seal the window. When the tumor area could be
clearly visualized through the window, the mouse was then anesthetized
and mounted for in vivo imaging.

Image Recording and Processing: The signal output of the PMTs was
filtered using a lowpass electrical filter (EF504, Thorlabs) and recorded
using a data acquisition card (PCI6110, National Instruments). Scanlmage
(MBF Bioscience) software was used to control the imaging system as well
as image acquisition and storage. Image] Fiji was used to color and merge
images from different modalities. Large-field image stitching (Figure 2a)
was realized using the “Stitching” plug-in in Fiji.

All animal experiments followed the guidelines and protocols approved
by the Animal Study Committee of Shenzhen Institutes of Advanced
Technology, Chinese Academy of Sciences.
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