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ABSTRACT: The second near-infrared region (NIR-II, 900—1880 nm) spectral window has garnered significant attention in bioimaging due
to its moderate light absorption, diminished photon scattering and reduced autofluorescence. Exploiting NIR-II fluorescence, confocal
microscopy has achieved deep in vivo imaging. In this study, we have identified that the fluorescence with wavelength beyond 1400 nm
offers superior imaging quality for NIR-II confocal microscopy, irrespective of the laser excitation source being continuous-wave or
pulsed. Furthermore, leveraging the multiphoton excitation capabilities of femtosecond laser, we have successfully integrated multiphoton
excited visible fluorescence channels into the NIR-II fluorescence confocal microscopic system. We have successfully employed this
novel system to acquire up to six distinct fluorescence microscopic imaging channels with negligible cross-channel interference, as well
as multi-channel and large-depth in vivo observation of mouse brain and kidney.

1. INTRODUCTION

luorescence imaging has become a cornerstone in biomed-
Fical research, renowned for its exceptional sensitivity, non-
invasive nature, and absence of ionizing radiation risks. This
modality allows for the visualization of biological processes
with high spatial and temporal resolution, making it an in-
dispensable tool for studying biological dynamics and molec-
ular interactions [1]. Fluorescence confocal microscopy is
a prominent technique that have been extensively employed
in the realm of biomedical imaging [2,3]. Confocal micro-
scopic imaging employs a pinhole to eliminate out-of-focus
light, capturing only the signals from the focal point. It gen-
erates high-resolution images through point-by-point scanning
and obtains three-dimensional (3D) images via reconstruction,
enabling precise biological visualization. It offers the advan-
tage of optical sectioning, which enables the acquisition of
high-resolution images from thick biological samples. How-
ever, the penetration of confocal microscopic imaging into bi-
ological tissues is inherently constrained by the photon scatter-
ing and light absorption of biological tissues. Previous studies
have demonstrated that longer wavelengths light exhibits re-
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duced scattering within tissues, thereby enabling near-infrared
(NIR) fluorescence imaging to achieve larger depths than vis-
ible fluorescence imaging [4]. The second near-infrared win-
dow [4,5], designated as NIR-II, encompasses the spectral
range of 900 to 1880 nm. This particular range is distinguished
by its diminished photon scattering and favorable light absorp-
tion of water, which lead to a notable improvement in the
signal-to-background ratio (SBR), thereby enhancing the clar-
ity and depth of fluorescence imaging [6]. Exploiting NIR-II
fluorescence, confocal microscopy can achieve deep and high-
resolution in vivo observation [7—13].

In recent scholarly endeavors, the domain of NIR-II con-
focal microscopy has concentrated on extending the excita-
tion and emission wavelengths to harness the potential for en-
hanced imaging penetration. In 2019, our research group ac-
complished mouse cerebral vascular imaging at a depth of
900 um by utilizing a 793 nm continuous-wave (CW) laser to
excite indocyanine green (ICG), with fluorescence detection
beyond 1000 nm [11]. Subsequently, in 2021, Xu’s group ex-
tended the depth of cranial cerebral vascular imaging to 1.7 mm
using a 1310nm CW laser to excite quantum dots, coupled
with the single-photon avalanche diode (SPAD) or supercon-
ducting nanowire single-photon detector (SNSPD) technology
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for detecting fluorescence emissions above 1600 nm [14]. In
2022, Dai’s group further advanced the field by achieving 1 mm
depth craniotomy brain imaging in mice, employing a 1650 nm
CW excitation source to excite quantum dots, with fluorescence
emission detected over 1700 nm using SNSPD [15]. These
milestones highlighted the continuous refinement in imaging
depth and spatial resolution, attributable to the judicious utiliza-
tion of longer wavelength excitation and emission of fluores-
cent probes. However, the pursuit of imaging depths in NIR-II
confocal microscopy should not be solely directed towards the
extension into longer wavelength excitation and emission. The
existing body of research is notably limited in its exploration
of imaging quality across diverse fluorescence wavelengths in
NIR-II confocal microscopy, particularly when utilizing iden-
tical fluorescent probes and maintaining constant conditions,
such as the excitation light source. Our previous research has
indicated that a moderate level of light absorption by tissues
can augment the fraction of ballistic photons within the detected
signal, thereby enhancing the SBR of the imaging. This phe-
nomenon is particularly pronounced within the spectral win-
dow of 1400-1500 nm, where water exhibits appropriate light
absorption, thus enhancing the imaging contrast [6, 16]. Opti-
mizing the imaging outcome through wavelength adjustment of
the detected fluorescence presents a compelling area of inquiry.
By tuning the wavelength of fluorescence detected by the sys-
tem, the imaging quality can be significantly modulated. This is
particularly pertinent given that many hardware components of
confocal systems are not readily amenable to modification. Our
prior studies have revealed that employing a detection window
beyond 1400 nm, specifically utilizing a 1400 nm long-pass fil-
ter, yields superior SBR and enhanced imaging depths com-
pared to other similar NIR-II sub-windows in macroscopic and
wide-field microscopic imaging [6, 17]. However, the findings
of prior investigations have been predicated on the imaging us-
ing two-dimensional (2D) array detectors. It is imperative to
conduct further research to ascertain the applicability and va-
lidity of these findings when transitioning to point-excitation
and point-detection imaging modalities such as NIR-II fluores-
cence confocal microscopy.

The imaging depth is a critical parameter in confocal mi-
croscopy, however, the number of imaged channels is equally
significant. Recent advancements have focused on incorpo-
rating fluorescence lifetime measurements into confocal mi-
croscopy, thereby enhancing the dimensionality of the imaging
channels [13]. Furthermore, a substantial body of research has
been dedicated to the development of multi-channel imaging
techniques. These studies have leveraged the unique fluores-
cence emission spectra of distinct probes by employing mul-
tiple spectral windows, which allows for the simultaneous ac-
quisition of multiple channels [17-23]. The majority of these
investigations have opted for CW laser excitation as a means to
achieve this multi-channel capability, as documented in several
literatures [15,23,25]. When a femtosecond laser is used for
excitation, it is possible to introduce multiphoton fluorescence
into the microscopic system at the same time. Multiphoton flu-
orescence microscopy is based on the nonlinear optical effect of
multiphoton absorption. This technique circumvents the need
for a pinhole to reject out-of-focus signals, opting instead for
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a high-energy pulsed laser that restricts excitation to the focal
point. Multiphoton fluorescence microscopy has been exten-
sively applied across the biomedical field [24, 25], significantly
enhancing our ability to study complex biological processes
and structures. Nevertheless, multiphoton fluorescence micro-
scopic systems often exhibit compatibility challenges with con-
focal microscopic channels due to their distinct excitation light
requirements, thereby precluding simultaneous imaging capa-
bilities.

In this work, we have revealed that employing a detection
window beyond 1400 nm, fluorescence bioimaging yields su-
perior SBRs and enhanced depths compared to that in other
NIR-II sub-windows. This is observed even when the fluo-
rescent probes exhibit reduced brightness within this spectral
range. This work marks the first instance of its unique ad-
vantages being identified within the context of NIR-II confo-
cal microscopy. Simultaneously, to enhance the multi-channel
imaging capabilities of the NIR-II microscopy and to mitigate
the compatibility issues between multiphoton fluorescence and
NIR-II fluorescence confocal microscopy, the integration of
a 930 nm femtosecond laser into the microscopic system was
implemented. The 930nm pulsed laser was instrumental in
the construction of a multi-channel microscopic imaging sys-
tem, as it facilitated the integration of two-photon fluorescence
channels without compromising the integrity of NIR-II fluo-
rescence channels. This integration significantly expanded the
imaging channel capacity of the microscope. Thus, we syner-
gistically combined two-photon fluorescence and NIR-II flu-
orescence confocal channels, thereby enabling up to six dis-
tinct imaging channels. Concurrently, we conducted in vivo
microscopic imaging of the mouse brain and kidney, achiev-
ing three-channel imaging of neurons, glial cells and blood
vessels in brain tissue at depths exceeding 200 um, as well
as dual-channel imaging of glomeruli and tubules in the kid-
ney at depths over 220 um. This technological advancement
holds substantial promise for applications in the investigation
of physiological processes and the intricate interactions within
living organisms.

2. RESULT AND DISCUSSION

2.1. Spectral Window beyond 1400 nm in NIR-II Fluorescence
Confocal Microscopy for Enhanced Imaging Quality

In the investigation of deep-tissue mouse brain imaging em-
ploying NIR-II fluorescence confocal microscopy, a series of
long-pass filters with varying cutoff wavelengths were strategi-
cally utilized to selectively capture distinct fluorescence emis-
sion spectra. The fluorescent probes employed in this study
were PbS/CdS quantum dots, characterized by a peak emission
wavelength of 1450 nm (referred to as 1450 QDs). Owing to
the pronounced absorption peak of water at 1450 nm, the emis-
sion spectrum of the 1450 QDs exhibits a corresponding dip at
this wavelength, as depicted in Figure 1(a).

The intensity acquisition capabilities of the detector, contin-
gent upon the deployment of distinct long-pass filters, are illus-
trated in Figure 1(b). Specifically, the intensity harvested with
the 1300 nm long-pass filter is approximately 1.5-fold and 2.3-
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FIGURE 1. In Vivo NIR-II confocal microscopic imaging of cerebral vessels in mice utilizing 1177 nm CW laser excitation. (a) Fluorescence emission
spectrum of 1450 QDs. (b) The integrated fluorescence intensity spectrum of 1450 QDs as collected by LP filters with varying cutoff wavelengths
within the 1000-2000 nm range. The relative integrated fluorescence intensities captured by the 1300 nm, 1400 nm, and 1500 nm LP filters are
indicated. (cl)—(c4) Images at varying depths employing the 1300 nm LP filter, achieving a resolution of 7.31 um blood vessels at a depth of
1200 um with a SBR of 3.74. (d1)—(d4) Images at varying depths using the 1400 nm LP filter, resolving a 5.03 um vessel at 1200 um depth with an
SBR of 4.61. (el)—(e4) Images at varying depths with the 1500 nm LP filter, failed to resolve vessels at the 1200 um depth; however, at 1000 um

depth, a 2.89 um vessel was successfully imaged.

fold that of the 1400 nm and 1500 nm long-pass filters, respec-
tively. From the perspective of intensity collection efficiency,
one might anticipate that the image quality associated with the
1400 nm (1400 LP) and 1500 nm (1500 LP) long-pass filters
would be inferior to that of the 1300 nm (1300 LP) long-pass
filter. However, contrary to these expectations, empirical find-
ings reveal that the imaging outcomes procured with the 1400
LP filter surpass those of the 1500 LP filter in terms of imaging
depth and outperform the 1300 LP filter in resolution and SBR.
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As delineated in Figures 1(c)—(e), the maximal imaging depth
attainable under the excitation of an 1177nm CW laser was
1.2 mm. At this depth, the vascular structures were discernible
with a SBR of 3.74 when employing the 1300 nm LP filter. In
contrast, the SBR improved to 4.61 with the utilization of the
1400 nm LP filter. Conversely, the 1500 nm LP filter failed to
resolve the vessels at the 1.2 mm depth, likely attributable to
diminished signal intensity. Upon reducing the imaging depth
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FIGURE 2. In Vivo NIR-II confocal microscopic imaging of cerebral vessels in mice utilizing 930 nm femtosecond laser excitation. (al)—(a4) Images
at various depths using a 1300 nm LP filter, demonstrating the capability to resolve a 4.71 pm vessel at a depth of 1100 pm with a SBR of 1.63. (b1)—
(b4) Images at various depths with a 1400 nm LP filter, achieving resolution of a 3.53 um vessel at 1100 um depth with an SBR of 2.04. (c1)—(c4)
Images at various depths employing a 1500 nm LP filter, resolving a 5.98 um vessel at 1100 um depth with an SBR of 1.86.

to 1 mm, the 1500 nm LP filter became capable of resolving the
vascular structures.

In the aforementioned experimental outcomes, the character-
istics of the excitation light source remained constant; the vari-
able manipulation was the detected fluorescence wavelength,
which was selectively altered by adjusting the filter settings
within the system. Upon transitioning to a 930 nm femtosec-
ond laser for excitation, the aforementioned findings remained
valid. Figure 2 presents confocal images of mouse cerebral ves-
sels acquired using a 930 nm femtosecond laser excitation. The
border colors of the images correspond to different detection
filters. Specifically, Figure 2(a) corresponds to the 1300 LP,
Figure 2(b) to the 1400 LP, and Figure 2(c) to the 1500 LP.
As depicted in Figure 2(b4), the maximal depth achievable for
brain imaging with the 930 nm excitation was approximately
1.1 mm. This depth was somewhat reduced compared to that
attained with the 1177 nm excitation, which can be attributed
to the increased scattering of the 930 nm light within the tissue.
As illustrated in Figures 2(a4)/(b4)/(c4), at a depth of 1.1 mm,
a blood vessel with a diameter of 4.71 um was discernible with
an SBR of 1.63 when utilizing the 1300LP filter. In contrast,
the application of the 1500 LP filter yielded an image with a
superior SBR of 1.86; however, this came at the expense of re-
duced resolution, with the vessel appearing with a diameter of
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5.98 um. Utilizing the 1400 LP filter, the imaging resulted in
an enhanced SBR of 2.04 coupled with a higher resolution of
3.53 um for the vessels.

Utilizing the Monte Carlo method, we simulated the fluores-
cence collection process of the confocal system to underscore
the influence of the detection wavelength selection on the ulti-
mate quality of fluorescence confocal imaging. The simulation
methodology and associated parameter settings are comprehen-
sively described in the Supplementary Information. The simu-
lation outcomes reveal extreme values in fluorescence collec-
tion efficiency at wavelengths of 1410 nm, 1500 nm,1880 nm,
and 2150 nm, as depicted in Figure S2(e) in Supplementary In-
formation. The confocal effective collection spectrum peak-
ing around NIR-IIx (1400—1500 nm) provides a robust theoret-
ical foundation for the enhanced imaging performance of the
1400LP images compared to the 1300LP and 1500LP ones.

2.2. Multi-Channel Microscopic Imaging in the Visible-to-NIR-
Il Region Enabled by 930 nm Femtosecond Laser Excitation

A 930nm femtosecond laser was selected due to its versatil-
ity as an excitation light source, suitable for both multipho-
ton fluorescence and NIR-II fluorescence confocal microscopic
systems, thereby facilitating in vivo multi-channel imaging at
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FIGURE 3. In Vitro Multi-channel microscopic imaging. (a) A bright-field microscopic image captured with a 5x objective lens, showcasing the
six capillaries containing distinct fluorescent probes: LJ-B (molecular structure is showed in the inset), SR101, FITC, 1100 QDs, 1450 QDs and
2000 QDs. (b) A composite multi-channel fluorescence image demonstrating the simultaneous acquisition of fluorescence from the four centrally
located capillaries. The capillaries positioned at the periphery of the field of view required the installation of supplementary filters for image
acquisition, thus necessitating a sequential rather than simultaneous imaging process. (c¢) Fluorescence emission spectra of visible fluorescent
probes, along with the designated spectral windows for each imaging channel. (d) Fluorescence emission spectra for NIR-II quantum dots, with the

spectral windows specific to each imaging channel.

substantial depths. This laser was integrated into a commer-
cial scanning microscope platform. The system is designed
to achieve simultaneous multi-channel imaging by leveraging
probes with distinct up-conversion and down-conversion fluo-
rescence emission wavelengths, as depicted in Figure 6(a). A
three-channel SNSPD was employed for the detection of NIR-II
fluorescence signals, while two photomultiplier tubes (PMTs)
sensitive to visible light were utilized for the detection of visible
fluorescence, as detailed in the Methods section.

By integrating multiphoton fluorescence microscopy with
NIR-IT fluorescence confocal microscopy, a single 930 nm
pulsed light source can be harnessed to concurrently excite
both up-conversion multiphoton visible fluorescence and
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down-conversion single-photon NIR-II fluorescence. A
dichroic mirror was used to spectrally separate the excited
visible fluorescence from the NIR-II fluorescence. The
implementation of a unified excitation light source within the
multi-channel microscopic system ensures that all channels
are uniformly excited at the exact same focal point, thereby
eliminating discrepancies in depth-of-focus that may arise from
the toggling of multiple excitation sources. By integrating
fluorescent probes with distinct emission spectra, our system
enables simultaneous multi-channel imaging. In this study, we
utilized six distinct probes: LJ-B, FITC, SR101, 1100 QDs,
1450 QDs, and 2000 QDs (for detailed specifications, refer
to the Methods section). They were encapsulated within
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FIGURE 4. In Vivo Dual-channel microscopic imaging of mouse kidney. (a) Schematic representation of the imaging setup. Renal tubules are
visualized in green following labeling with Rhodamine 123, while glomeruli and renal vessels are delineated in red after labeling with 1450 QDs.
(b) Three-dimensional reconstruction of the dual-channel imaging of mouse kidney tissues. Scale Bar: 100 um. (c¢)—(f) Dual-channel microscopic
images captured at varying depths. Two-photon fluorescence imaging is executed up to a depth of approximately 100 um, beyond which the signal
fades. In contrast, the NIR fluorescence confocal channel sustains imaging capabilities, extending the observable depth to around 220 pm. Scale

Bar: 100 pm.

capillary glass tubes separately for multichannel imaging, as
illustrated in Figures 3(a), (b). The four capillaries positioned
centrally within the field of view are capable of acquiring both
their two-photon and NIR-II confocal fluorescence images
concurrently. However, the capillary tubes situated at the
extremities of the field of view, namely the far left and far
right, necessitate a filter change to capture their images,
precluding their simultaneous acquisition. Additionally, an
analysis of the in vitro imaging intensity of capillaries was
conducted, with each channel being quantified in isolation.
Minimal inter-channel crosstalk was observed (Figure S6 in
Supplementary Information). The SBR for each channel was
notably high, surpassing 17. In the majority of cases, the SBRs
were significantly higher, exceeding 70.

2.3. In Vivo Dual-Channel Microscopic Imaging of the Mouse
Kidney

Utilizing the established multi-channel microscope system, we
executed dual-channel imaging of mouse kidneys. 1450 QDs
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were employed for glomerular labeling, while Rhodamine 123
was selected for the visualization of cellular mitochondria, as
depicted in Figure 4(a). Following the intravenous adminis-
tration of the two fluorescent probes, Rhodamine 123 rapidly
translocated into the kidney cells. Concurrently, 1450 QDs cir-
culated through the vasculature, illuminating the glomeruli. At
the superficial depths, the renal blood vessels were observable
on the kidney’s surface (Figure 4(c)). Upon increasing the
imaging depth, the tubular architecture (green) of the kidney be-
came distinctly discernible, with blood vessels (red) encircling
this structure (Figure 4(d)). Ata depth of approximately 90 pm,
nearing the imaging depth threshold for the two-photon fluores-
cence channel, the glomeruli, visualized in the NIR-II channel
(red), became discernible interspersed within the renal tubules
of the green channel (Figure 4(e)). Upon progressive augmen-
tation of the imaging depth, the signal from the two-photon
fluorescence channel diminished and eventually became unde-
tectable, while the NIR-II fluorescence channel maintained its
signal, permitting imaging down to depths of up to 220 um, as
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FIGURE 5. In vivo Three-channel microscopic imaging of mouse brain. (a) A schematic representation of the imaging setup. The red channel
corresponds to astrocytes labeled with SR101, the green channel represents neurons labeled with GFP and the cyan channel depicts brain vasculature
labeled with 1450 QDs. (b) A 3D reconstruction of the three-channel imaging of mouse brain, with a scale bar indicating 100 um. (c)—(f) Three-
channel microscopic images at varying depths are displayed. At a depth of 120 um, neurons and astrocytes remain discernible, utilizing the effective
signal captured by two-photon fluorescence microscopy as a depth reference. The imaging capability of NIR-II fluorescence confocal microscopy
extends well beyond the depth range achievable with two-photon fluorescence microscopy. Scale bar: 100 pm.

illustrated in Figure 4(f). The 3D reconstructed image is shown
as Figure 4(b). The system uses one excitation source for both
NIR-II fluorescence confocal and two-photon fluorescence mi-
croscopies. NIR-II fluorescence confocal microscopy, using
linear excitation, is effective, while two-photon fluorescence
microscopy requires higher peak power density and precise fo-
cusing, limiting its deep tissue signal generation. The NIR-
II channel records longer wavelength fluorescence, reducing
scattering and enhancing tissue penetration compared to visible
fluorescence. Thus, NIR-II fluorescence confocal microscopy
achieves larger imaging depth than two-photon fluorescence
microscopy when adopting the same excitation source.

The dwell time of the scanning system was set to 4 ps/pixel,
and two imaging channels are acquired simultaneously.
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2.4. In Vivo Three-Channel Microscopic Imaging of the Mouse
Brain

Utilizing the multi-channel microscopic system, we conducted
in vivo imaging of the mouse brain. Following craniotomy to
expose the brain tissue, an imaging cranial window was estab-
lished. Green fluorescent protein (GFP) was employed for the
visualization of mouse neurons, while SR101 was used for the
delineation of astrocytes, and blood vessels were highlighted
using 1450 QDs, as depicted in Figure 5(a). SR101, when dis-
solved in water, was applied directly onto the brain tissue, al-
lowing the dye to permeate the tissue and selectively label as-
trocytes. Post-staining, saline was meticulously used to elimi-
nate any residual dye from the brain tissue surface, ensuring the
clarity of the subsequent imaging process.

A substantial influx of SR101 into the cells results in the
blood vessels exhibiting a negative contrast in the red two-
photon fluorescence channel, which is accentuated at shallower
imaging depths (Figure 5(c)). Neuronal signal intensity was
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notably higher at an imaging depth of 60 um, as depicted in
Figure 5(d). The signal from green and red channel compar-
atively diminished at a depth of 120 um, as illustrated in Fig-
ure 5(e). This phenomenon is potentially caused by incomplete
removal of residual staining material. Vascular structures ex-
hibiting negative contrast within the red two-photon fluores-
cence channel demonstrated a precise spatial correlation with
those displaying positive contrast in the NIR-II fluorescence
confocal channel. The imaging depth achievable with NIR-
II confocal microscopy in brain tissue markedly surpassed that
of two-photon fluorescence microscopy. We successfully ac-
complished three-channel microscopic imaging at a depth of
approximately 200 um, utilizing the visibility of structural fea-
tures across all imaging channels as an indicator of effective
imaging depth (Figures 5(b), (f)).

The dwell time of the scanning system was set to 4 ps/pixel,
and three imaging channels are acquired simultaneously.

2.5. Assessing the Limitations of the 1400 nm Long-Pass Win-
dow in Imaging Scenarios

While our research has identified the 1400 nm LP window as
offering distinct advantages in NIR-II fluorescence confocal
microscopy, it is important to recognize that it is not univer-
sally applicable. The fluorescence intensity of probes emitting
at wavelengths beyond 1400 nm must be sufficiently high to
ensure effective imaging, particularly when the trailing edge
of the fluorescence emission spectrum is employed for visual-
ization. However, in cases where fluorescent probes have low
brightness, the benefits of the 1400 nm LP window may be di-
minished. Therefore, the choice of the optimal imaging win-
dow should be guided by the specific characteristics of the flu-
orescent probes and the biological context under investigation.

In scenarios where the fluorescent probes exhibit high bright-
ness across a broad spectrum, the 1400 nm LP window will
likely remain more effective than the 1500nm LP window.
This superiority stems from the significant reduction of mul-
tiply scattered fluorescence photons within the 1400—-1500 nm
spectral band, which is attributable to the pronounced absorp-
tion of water in biological tissues. The absorption attenuates
the scattered fluorescence photons, preventing them from enter-
ing the confocal pinhole and contributing to the imaging back-
ground.

2.6. The Application Potential of Multi-Channel Microscopic
Imaging Systems in Biomedical Research

Multi-channel in vivo microscopic imaging transcends the con-
ventional boundaries of biological observation. This advanced
method not only facilitates the visualization of animal organs
in their natural, living state but also provides a platform for in-
depth, long-term monitoring of a diverse array of cellular com-
ponents. By employing multiple imaging channels, researchers
can simultaneously capture and analyze various cellular pro-
cesses, such as cell division, migration, and interactions, within
the complex microenvironment of living tissues. By employ-
ing coupling techniques to conjugate fluorescent probes with
certain target molecules, the system can enable the tracking

122

of various cell types and biomolecules, offering a more nu-
anced understanding of cellular behavior and physiological re-
sponses over time. The use of advanced imaging modalities,
such as NIR-II fluorescence confocal microscopy, two-photon
fluorescence microscopy, and intravital imaging, allows for
high-resolution, three-dimensional imaging of cellular dynam-
ics without the need for tissue excision or fixation. Further-
more, the integration of time-lapse imaging within this frame-
work enables the study of dynamic cellular changes over ex-
tended periods, providing valuable insights into the temporal
progression of biological processes. This is particularly rele-
vant in the study of disease progression, where understanding
the temporal dynamics of cellular alterations is crucial for de-
veloping effective therapeutic strategies.

In the future, integrating super-resolution techniques with
multi-photon fluorescence and NIR-II fluorescence confocal
microscopy can improve spatial resolution, enabling the si-
multaneous observation of intracellular dynamics and interac-
tions, as well as tissue physiology. This multichannel micro-
scopic imaging approach will enhance our understanding of
cellular processes by enabling detailed analysis of molecular
movements, signaling pathways, and cellular component inter-
actions. These insights will be crucial for advancing medical
research, drug mechanism elucidation, and the development of
new therapeutic strategies.

3. METHODS AND MATERIALS

3.1. Fluorescence Probes

The dye LJ-B (molecule 6-(dimethylamino)-2-
naphthaldehyde) was synthesized by our group, and the
molecular structure is shown in Figure 3. FITC and Rhodamine
123 were purchased from FEIYUBIO, China. Sulforhodamine
101 (SR101) was purchased from XIMO, China. PbS/CdS
quantum dots, exhibiting distinct fluorescence emission spec-
tra, were synthesized and processed in-house. These quantum
dots are designated as 1100 QDs and 1450 QDs, respectively,
based on their emission peaks. Detailed methodologies of
their synthesis, subsequent biocompatibility treatments, and
cytotoxicity assessments are elaborated in our preceding
publications [26-29]. HgTe quantum dots (2000 QDs) was
kindly provided by Prof. Menglu Chen. The emission spectra
of these quantum dots are illustrated in Figure 3(d).

3.2. Animal Preparation

All animal studies were conducted under the Guide for the Care
and Use of Laboratory Animals, and the protocol was approved
by the Medical Experimental Animal Care Commission of Zhe-
jiang University (#2JU20240719). Experimental animals were
fed with clean water and standard laboratory chow. The hous-
ing area for experimental animals was maintained at 24°C with
a 12-h day-night cycle.

For in vivo dual-channel microscopic imaging of kidney, rho-
damine 123 was utilized for the specific staining of renal mito-
chondria. A solution of Rhodamine 123, prepared at a con-
centration of 1.5 mg/ml in physiological saline, was adminis-
tered intravenously to mice following the induction of anesthe-

WWwWw.jpier.org



Progress In Electromagnetics Research, Vol. 180, 115-126, 2024

PIER

sia. Subsequently, a dispersion of 1450 quantum dots, at a con-
centration of 5 mg/ml in water, was injected into vein. To create
a stable and temporary imaging window, a cover glass was ap-
plied to the lateral abdominal region of the anesthetized mouse
and secured to an optical platform via a support column. This
setup ensured that the kidney was maintained in a suitable posi-
tion for subsequent imaging studies. The experimental protocol
was conducted using C57 mice.

For in vivo three-channel microscopic imaging of brain,
Thy1-GFP mice, both male and female, were sourced from the
animal facility at Zhejiang University to conduct multi-channel
microscopic imaging studies on the murine brain. Following a
craniotomy procedure, an aqueous solution of sulforhodamine
101 (SR101) was topically applied to the exposed brain tissue
within the cranial cavity. The solution was allowed to penetrate
the tissue freely for a duration of approximately 15 minutes to
ensure adequate staining. Subsequently, any surplus dye solu-
tion was meticulously removed from the tissue surface using
a saline rinse to prevent interference with subsequent imaging.
Once the imaging window was sealed to maintain sterility and
stability, an aqueous dispersion of 1450 QDs prepared at a con-
centration of 6 mg/mL in a volume of 150 puL, was administered
intravenously through the tail vein of the mouse.

3.3. High-Resolution Large-Depth NIR-II Confocal Microscopic
Imaging of Mouse Brain

The NIR-II fluorescence confocal microscope used for imag-
ing deep brain tissues in living mice is showed in Figure S4
in Supplementary Information. The 1177 nm CW or 930 nm
femtosecond laser beam is directed through a flip-flop mirror,
traversing into the microscope. A Dichroic Cage Cube (DM
cube, MCM1S-A, LBTEK, China) houses an 1180 nm short-
pass dichroic mirror (DM10-1180SP, LBTEK, China). The ex-
citation beam, after passing through this dichroic mirror, pro-
ceeds into the microscope, traversing the galvanometric mir-
rors, scan lens, tube lens, and ultimately the microscope objec-
tive (XLPLN25XWMP2-SP, Olympus, Japan) to achieve fo-
cal convergence within the target tissue. The emitted fluo-
rescence is retro-reflected by the short-pass dichroic mirror in
the Dichroic Cage Cube, passing through an interchangeable
long-pass filter (EFLH1300, EFLH1400, or EFLH1500, Thor-
labs, USA), before being collimated by a Reflective collima-
tor (RCO2APC-P01, Thorlabs, USA) and coupled into a single-
mode fiber (SM fiber in Figure S4 in Supplementary Informa-
tion, MCSFP-1550-SMF-FA, MC Fiber Optics, China). The
signal is then transmitted via the fiber to an SNSPD (P-SPD-
nS, Photec, China).

The cerebral cortex of the mouse was accessed through a sur-
gical procedure, and a cranial window was meticulously fash-
ioned to facilitate subsequent imaging studies. The mice were
intravenously injected with a dispersion of 1450 QDs at a con-
centration of 5mg/mL, with a total volume of 150 uL. The
quantum dots were excited using the 1177 nm CW laser, which
was operated at a maximum power of 26 mW before the ob-
jective, or the 930 nm femtosecond laser, operated at a maxi-
mum power of 20 mW before the objective. The NIR-II confo-
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cal imaging system was configured with a scanning dwell time
of 4 us/pixel.

3.4. Multi-Channel Imaging System Integrating Multiphoton
Fluorescence and NIR-1I Fluorescence Confocal Microscopy

In this work, a multi-channel microscope system was built
based on a laser scanning microscope (FVMPE-RS, Olym-
pus, Japan), as shown in Figure 6. A 930nm femtosecond
laser beam (YLMO930, MenloSystems) passes through an
optical path climbing system (OBS-505, LBTEK, China)
and transmits through a Dichroic Cage Cube (DM cubel,
MCMI1S-A, LBTEK, China). A 1000 nm short-pass dichroic
mirror (DM10-1000SP, LBTEK, China) is installed in the
Cube. The laser light enters the scanning microscope and
passes through the galvanometers, scan lens, tube lens, and
focuses on the target tissue through the microscope objec-
tive (XLPLN25XWMP2-SP, Olympus, Japan) in turn. The
objective is immersed with heavy water (A45671, Beijing
Wokai Biotechnology Co., China). The fluorescence is excited
and escapes from the tissue, and after passing through the
objective lens, the multiphoton excited visible fluorescence is
reflected on changeable dichroic mirrors (DM1, DMLP900R,
Thorlabs, USA; DMLP670R, Thorlabs, USA) into changeable
fluorescence beamsplitters, and ultimately reaches the two
visible-sensitive PMTs. To discern between red and green
emissions, a 580nm long-pass dichroic mirror (DMGR in
Figure 6(a), FV30-FGR, Olympus, Japan) is utilized, with the
red fluorescence channel defined as 600—-645 nm and the green
fluorescence channel as 510-540 nm. Additionally, a 485 nm
long-pass dichroic mirror (DMVG in Figure 6(d), FV30-FVG,
Olympus, Japan) is applied to differentiate between blue and
green lights, with the blue fluorescence channel ranging from
410 to 460 nm.

The NIR-II fluorescence sequentially transmits through a
dichroic mirror 1 (DM1), a tube lens, a scan lens, and gal-
vanometric mirrors before being directed towards a Dichroic
Cage Cube (referred to as DM cube 1). This cube reflects
the light and divides it into two distinct beams. A second
Dichroic Cage Cube (DM cube 2, MCM1S-A, LBTEK, China)
further bifurcates the beams. This cube is equipped with a
1180 nm long-pass dichroic mirror (DMLP1180R, Thorlabs,
USA), which reflects fluorescence wavelengths shorter than
1180nm. This reflected light then traverses a 1000 nm long-
pass filter (FELH1000, Thorlabs, USA) and is subsequently
focused by a reflective collimator (RC1, RCO2APC-PO1, Thor-
labs, USA) into a single-mode fiber (SM fiber 1 in Figure 6(b),
MCSFP-1064-H1-SMF-FA, MC Fiber Optics, China). The
light then transmits through this fiber to reach the SNSPD (P-
SPD-nS, Photec, China) in channel 1 (CH1 in Figure 6(e)). Flu-
orescence with wavelengths exceeding 1200 nm is transmitted
through the second dichroic cage cube (DM cube 2), where it is
further filtered by a 1400 nm long-pass filter (EFLH1400, Thor-
labs, USA) to ensure the passage of only longer wavelengths.
Subsequently, the filtered light is focused into a replaceable
single-mode fiber (SM fiber2 in Figures 6(a), (c), RCO2APC-
P01, Thorlabs, USA) by a second reflective collimator (RC2 in
Figures 6(a), (c), Thorlabs, USA). For the detection of fluores-
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FIGURE 6. Schematic representation of the multichannel microscopic imaging system (a) The optical pathway within the multi-channel microscopic
imaging system. Abbreviations: DM (Dichroic Mirror), GM (Galvanometers), SL (Scan Lens), TL (Tube Lens), RC (Reflective Collimator),
OBJ (Objective Lens), RM (Reflecting Mirror), PMT (Photomultiplier Tube). (b) Signal light with wavelengths below 1200 nm is directed into the
single-mode fiber by the reflective collimator RC1, subsequently being conveyed to channel 1 of SNSPD. (c) Signal light with wavelengths exceeding
1200 nm is coupled into the single-mode fiber by the reflective collimator RC2, and is then routed to either channel 2 or channel 3 of SNSPD. (d)
The process of replacing the visible dichroic mirror (DMVG), enabling the spectral separation and detection of blue and green fluorescence. (e) The
three detection channels of the SNSPD along with their respective detection efficiency spectra.

cence within the range of 1200—1700 nm, a single-mode fiber
(MCSFP-1550-S2-SMF-28e, MC Fiber Optics, China) with a
center wavelength of 1550 nm is utilized. This fiber is con-
nected to the second detection channel of SNSPD (CH2 in
Figure 6(¢e)). To receive fluorescence in the range of 1800—
2200 nm, a single-mode fiber (MCSFP-1950-FA, MC Fiber
Optics, China) with a center wavelength of 1950 nm is em-
ployed. This fiber is connected to the third detection channel of
the SNSPD (CH3 in Figure 6(e)), thereby facilitating the com-
prehensive detection of fluorescence across the specified wave-
length ranges.

Our system, which is constructed on a commercial micro-
scope (FVMPE-RS, Olympus, Japan), is equipped with two
PMTs sensitive to visible light, thereby enabling the concur-
rent detection of only two visible channels. In a similar vein,
the infrared detection channel is limited to two SNSPDs, which
restricts its capacity to detect only two kinds of signals at a time.
The system is designed to detect four channels simultaneously,

the green channel is consistently observable. In contrast, the
blue and red channels are subject to a mutual exclusivity, al-
lowing for the detection of only one at any given time due to the
need to replace additional filters and optical fibers. This con-
straint is also applicable to SNSPD, where channels CH2 and
CH3 are not compatible for concurrent operation. The micro-
scopic imaging system utilized a shared scanning galvanometer
system across all channels. The dwell time of the scanning sys-
tem was optimized to prioritize channels equipped with SNSPD
to ensure proper exposure. Subsequently, the bias voltage of
PMTs was adjusted to guarantee normal exposure for the visi-
ble channels as well.

3.5. In Vitro Multi-Channel Microscopic Imaging

In this work, the microscopic imaging system has been engi-
neered to integrate up- and down-conversion fluorescence de-
tection, thereby facilitating the simultaneous imaging of up to
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4 distinct channels, as depicted in Figure 3(b). This advanced
system design allows for an analysis of multiple fluorescent
probes within a single imaging session. For in vitro imaging,
capillary glass tubes with an inner diameter of 0.1 mm were em-
ployed. The visible fluorescent probes utilized for multiphoton
excitation in this research encompass LJ-B, FITC, and SR101,
with their respective fluorescence emission spectra illustrated
in Figure 3(c). In the realm of NIR-II fluorescence, quan-
tum dots were incorporated, specifically 1100 QDs, 1450 QDs,
and 2000 QDs, and their spectral profiles are presented in Fig-
ure 3(d). To achieve imaging of these six diverse fluorescent
probes within a unified field of view, a 5x microscope objec-
tive (LMPlanFL 5x BD, Olympus, Japan) was utilized. This
objective provided the necessary magnification and clarity for
the detection and analysis of the fluorescent signals. The corre-
sponding bright field images, which serve as a reference for the
fluorescent imaging, are displayed in Figure 3(a). The imag-
ing system is capable of acquiring four-channel images in a
single session. In the configuration exemplified, the system
was equipped to capture two channels of visible light fluores-
cence — SR101 for the red spectrum (600-645 nm) and FITC
for the green spectrum (510-540 nm) — as well as two chan-
nels of NIR-II fluorescence — 1100 QDs for the range of 1000—
1180 nm and 1450 QDs for the range of 1400—1600 nm.

4. CONCLUSION

In our study, we evaluated NIR-II fluorescence confocal mi-
croscopy’s imaging quality across different fluorescence wave-
lengths. We found that wavelengths above 1400 nm provided
superior SBR. Using 1177 nm excitation, we achieved deep-
tissue imaging of the mouse brain to a depth of 1.2 mm, and with
930nm femtosecond laser excitation, we imaged to 1.1 mm.
Our system resolved blood vessels as small as 3.53 um at max-
imum depth.

The 930 nm femtosecond laser’s multiphoton excitation ca-
pability was leveraged to enhance microscopy’s depth penetra-
tion. We developed a multi-channel imaging system using this
laser, combining multiphoton fluorescence and NIR-II confo-
cal imaging. This system captured images from various fluo-
rescent probes, offering comprehensive sample analysis. An in
vitro six-channel experiment demonstrated the system’s emis-
sion detection capabilities with wavelengths from visible to
near infrared, covering 400-800 nm, 1000—1700 nm, and 1900—
2300 nm.

The system was used for in vivo multi-channel imaging of
the mouse brain and kidney, achieving three-channel imaging at
200 um depth. It visualized blood vessels, neurons, and astro-
cytes in the brain, and selectively labeled renal structures in the
kidney, providing morphological assessments. These experi-
ments showcased the system’s deep tissue penetration and high-
resolution imaging, which will be a valuable tool for studying
cellular interactions and tissue organization in vivo.
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