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SUMMARY: Indocyanine green (ICG)-C9, a novel cyanine dye developed by the Center for Biosystems Dynamics
Research at RIKEN, provides significant advantages over conventional ICG due to its detectability via shortwave-
infrared (SWIR) fluorescence imaging. Unlike standard ICG, ICG-C9 facilitates SWIR imaging and displays
therapeutic potential when conjugated with antibodies in vivo, suggesting broader applicability across various cancer
types. This study evaluated the efficacy of SWIR fluorescence imaging with ICG-C9 in comparison with existing
near-infrared (NIR) imaging techniques. We assessed excretion kinetics and the relationship between excitation
and fluorescence wavelengths for ICG-C9 and ICG following intravenous administration in BALB/c-nu mice.
Tumor uptake was evaluated using a cell-line-derived subcutaneous tumor model from HuH-7 cells, representing
hepatocellular carcinoma. Variables including dose, administration route, and exposure time were optimized for
comparison. Maximum fluorescence intensity for ICG-C9 was observed with an excitation wavelength of 915 nm
and fluorescence emission wavelengths >950 nm within the SWIR spectrum. Both ICG-C9 and ICG followed similar
excretion pathways, involving hepatic uptake and biliary excretion. Tumor uptake of ICG-C9 was confirmed under
similar conditions to ICG. ICG-C9 demonstrates promising potential as an alternative to NIR fluorescence imaging
with ICG, offering unique properties that may enhance imaging capabilities. However, further research is required to

establish its clinical applicability and broader therapeutic utility.
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1. Introduction

The Center for Biosystems Dynamics Research at
RIKEN has developed indocyanine green (ICG)-based
m-conjugation-extended cyanine dyes, specifically
ICG-C9 and ICG-C11. These dyes emit fluorescence in
the shortwave-infrared (SWIR) spectrum at wavelengths
of 922 nm and 1,010 nm, respectively, when dissolved
in water. Using antibody conjugates with ICG-C9 and
ICG-C11, researchers have demonstrated multiplexed
SWIR fluorescence molecular imaging of breast tumors,
visualizing both surface receptors and tumor vasculature
in live mice (/,2).

Currently, near-infrared (NIR) fluorescence imaging
with ICG is widely employed across various medical
fields for diagnostic and therapeutic purposes (3-7).
In hepatobiliary surgery, NIR fluorescence imaging
has been utilized since its introduction (8), facilitating
applications such as intraoperative fluorescence guidance
and photodynamic therapy (9-13). Specifically, during

laparoscopic cholecystectomy and hepatectomy for
liver cancer, intraoperative NIR fluorescence imaging
with ICG has been associated with a reduced risk
of bile duct injuries (/4,15) and improved patient
prognosis (/6). However, NIR imaging has limitations,
including autofluorescence interference and inadequate
visualization of deep tissues (/7,/8). In contrast, SWIR
fluorescence imaging, operating within the 1,000 to 1,400
nm wavelength range, offers significant advantages,
including reduced tissue absorption and light scattering.
These properties allow for superior imaging of deeper
tissues (19,20), enhancing its potential for diagnostic and
therapeutic applications in oncology (27-24).

Despite growing interest in SWIR fluorescence
imaging for hepatobiliary surgery, its clinical adoption
remains limited, primarily due to the lack of suitable
imaging devices and fluorescent probes (25). To address
this gap, this study evaluates the potential of SWIR
fluorescence imaging with ICG-C9 as an effective
alternative to NIR imaging for hepatobiliary diseases.
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We analyzed the fluorescence characteristics and
pharmacokinetics of ICG-C9 and assessed its uptake in
hepatocellular carcinoma models.

2. Materials and Methods
2.1. Equipment for fluorescence imaging system

The fluorescence imaging system used in this study
comprised the following components: an industrial lens
(SMAT11F25, Tamron Co., Ltd., Saitama, Japan) capable
of covering a broad spectral range from visible light to
the SWIR band; three fluorescence filters supplied by
Semrock Inc. (Rochester, NY, USA) — an 857 + 15 nm
band-pass filter (FF01-857), a 950 nm long-pass filter
(FF01-937), and a 1000 nm long-pass filter (BLPO1-
980); a cooled monochrome SWIR camera (BH-
711GA, BITRAN Co., Ltd., Saitama, Japan) equipped
with a SWIR image sensor (IMX990AABJ-C, Sony
Semiconductor Solutions Co., Kanagawa, Japan);
and two fiber-coupled lasers (HANGZHOU NAKU
TECHNOLOGY Co., Ltd., Hangzhou, Zhejiang, China)
with excitation wavelengths of 808 nm and 915 nm,
along with beam expanders (ThorLabs Inc., Newton,
NJ, USA). The fluorescence filters were used to detect
emission wavelengths of 857 + 15 nm, > 950 nm, and
> 1,000 nm. The camera captured monochrome images
corresponding to the red, green, and blue channels of
the light emitted by the RGB light source (Leimac Co.,
Ltd, Tokyo, Japan), enabling the generation of RGB
images. The lens was positioned 60 cm above the targets,
and the light power density was maintained at 20 mW/
cm? (Supplementary Figures S1 and S2, https://www.
biosciencetrends.com/action/getSupplementalData.
php?ID=256). Fluorescence intensity data were
processed using ImagelJ software (National Institutes of
Health, NIH).

2.2. Fluorescence intensity of ICG and ICG-C9 in vitro

ICG and ICG-C9, kindly provided by Dr. Takashi Jin
(Center for Biosystems Dynamics Research, RIKEN,
Osaka, Japan), were dissolved in 1% bovine serum
albumin (BSA) to a final concentration of 0.1 mg/mL.
Fluorescence intensities of both dyes were measured for all
combinations of excitation wavelengths (808 nm and 915
nm) and emission wavelengths (840-873 nm, > 950 nm,
and >1,000 nm). The exposure time for all measurements
was standardized at 30 ms.

2.3. Animals

BALB/c nude mice aged 5-6 weeks (n = 18) were
procured from Oriental Yeast Co., Ltd. (Tokyo, Japan).
The mice were housed under specific pathogen-free
conditions, maintained at a 12-hour light/dark cycle, and
provided with autoclaved food and tap water throughout

the study. Anesthesia was induced with 3% isoflurane
and maintained at 1-2% isoflurane during implantation
procedures and intravenous injections. The animal
experimental protocol was reviewed and approved by the
Institutional Animal Care and Use Committee (Approval
no. 23061), adhering to Japanese regulations and
ethical guidelines for animal experimentation. Humane
euthanasia was performed under isoflurane anesthesia
prior to autopsy.

2.4. Pharmacokinetics of ICG and ICG-C9

ICG and ICG-C9 were prepared as solutions in 1%
BSA in water and administered intravenously to 12
mice. Six mice received ICG and six received ICG-C9.
A bolus injection of 0.5 mg/kg in 100 uL. of water was
delivered via the tail vein. Post-administration, mice
were euthanized at predetermined intervals — 15 min,
30 min, 3 h, 6 h, and 24 h — to evaluate the distribution
of the fluorescent dyes in excretory organs. Imaging
was conducted as follows: Mice injected with ICG were
imaged using an excitation wavelength of 808 nm and
emission wavelengths ranging from 840 to 873 nm. Mice
injected with ICG-C9 were imaged using an excitation
wavelength of 915 nm and emission wavelengths > 950
nm. The exposure time for all imaging procedures was
set to 30 ms.

2.5. Tumor cell line and xenograft model

HuH-7 cells, a well-differentiated human hepatoma cell
line (26), were obtained from the Japanese Collection
of Research Bioresources (JCRB) Cell Bank (Osaka,
Japan). The cells were cultured in Dulbecco's Modified
Eagle's Medium (DMEM, #044-29765, Fujifilm Wako,
Tokyo, Japan) supplemented with 10% fetal bovine
serum (FBS, #175012, Nichirei Bioscience, Tokyo,
Japan) and 1% penicillin—streptomycin (P/S, #168-
23191, Fujifilm Wako, Tokyo, Japan) and incubated at
37°C in a humidified atmosphere containing 5% CO- and
95% air. For harvesting, cells were briefly treated with
0.25% (w/v) trypsin—1 mmol/L EDTA solution (#209-
16941, Fujifilm Wako, Tokyo, Japan).

After continuous culture, HuH-7 cells were collected
into tubes, washed with phosphate-buffered saline
(PBS, #045-29795, Fujifilm Wako, Tokyo, Japan), and
resuspended in serum-free medium. Each mouse received
a subcutaneous injection of 5 x 10° HuH-7 cells in 0.1 mL
of serum-free medium containing 33% Matrigel (#356234,
Corning, Tokyo, Japan) into the left flank.

2.6. Fluorescence imaging of subcutancous xenograft
models

ICG and ICG-C9 were administered intravenously via
the tail vein to six mice (three mice per dye) once tumor
sizes reached approximately 200 mm?, around three
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weeks after HuH-7 cell transplantation. Fluorescence
imaging was performed 24 h post-administration. The
dyes were delivered as bolus injections at doses of 0.5,
2.5, or 7.5 mg/kg in volumes of 100, 100, and 300 pL of
water, respectively. To avoid hemodynamic instability
(27), the 7.5 mg/kg dose in a 300 pL volume was divided
into three 100 pL aliquots and administered over a period
of three days (100 pL/day). Tumors were excised from
the mice after euthanasia and imaged using fluorescence
techniques. Tumors from mice treated with ICG were
imaged with an excitation wavelength of 808 nm and an
emission range of 840—873 nm, whereas those from mice
treated with ICG-C9 were imaged with an excitation
wavelength of 915 nm and an emission range of > 950
nm. For each condition, images were acquired with
exposure times of 30, 80, and 300 ms.

2.7. Fluorescence microscopy

The cellular uptake of ICG and ICG-C9 in tumors
derived from the HuH-7 human hepatoma cell line was
evaluated using fluorescence microscopy. Tumors were
harvested from mice administered 7.5 mg/kg of either
ICG or ICG-C9. Pathological specimens were fixed

(a) Em: 840-873 nm

Ex: 808 nm

in formalin, sectioned into 7 pum slices, and stained
with hematoxylin and eosin (H&E). Fluorescence
microscopy images were acquired using a BZ-X810
microscope (Keyence, Osaka, Japan). The exposure time
for image acquisition was set to 3 s. Composite images
were generated by stitching multiple images captured
with a 20x objective lens, utilizing the integrated
imaging system of the microscope. To directly visualize
fluorescence signals in the specimens without using
fluorescent antibodies, an ICG filter (OP-87767;
Keyence) was employed. This filter provided a 710-760
nm excitation window and an 810-875 nm emission
window, enabling NIR imaging.

3. Results
3.1. Fluorescence intensity of ICG and ICG-C9 in vitro

For ICG, maximum fluorescence intensity was observed
at an excitation wavelength of 808 nm, with emission
wavelengths ranging from 840 to 873 nm. Fluorescence
intensity was significantly reduced at an excitation
wavelength of 915 nm. In contrast, ICG-C9 exhibited
maximum fluorescence intensity at an excitation

Em: > 950 nm Em: > 1000 nm

ICG-C9 - - -

Ex: 915 nm
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Figure 1. Fluorescence intensities of ICG and ICG-C9 (a) Fluorescence intensities were measured under various combinations of excitation
wavelengths (808 nm and 915 nm) and emission wavelengths (840-873 nm, > 950 nm, and >1,000 nm), with an exposure time of 30 ms. (b) ICG
showed maximum fluorescence intensity at an excitation wavelength of 808 nm and emission wavelengths of 840-873 nm. In contrast, ICG-C9
exhibited maximum fluorescence intensity at an excitation wavelength of 915 nm and emission wavelengths of > 950 nm. ICG-C9 exhibited weaker

fluorescence intensity than ICG.
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wavelength of 915 nm, with emission wavelengths
exceeding 950 nm (Figure la). Despite maintaining
consistent exposure times and light power intensities,
ICG-C9 displayed weaker fluorescence intensity than
ICG under these conditions (Figure 1b).

3.2. Pharmacokinetics of ICG and ICG-C9

Similar to ICG, ICG-C9 was selectively taken up from
the bloodstream into the liver and rapidly excreted
into the bile (Figure 2a). Fifteen min post-intravenous
administration of ICG, hepatic fluorescence reached
near-maximum levels, followed by excretion into
the bile and distribution in the intestinal tract. After
3 h, intestinal fluorescence increased, while at 24 h,
minimal fluorescence remained in the liver or intestinal
tract. In contrast, 6 h post-administration of ICG-C9,
fluorescence persisted in the liver, whereas ICG
fluorescence was minimal (Figure 2b). These findings
suggest that ICG-C9 displays a slower excretion rate
than ICG.

(a) ICG

3.3. Fluorescence imaging of subcutaneous xenograft
models

Fluorescence from ICG or ICG-C9 was not detectable at
low doses (0.5 mg/kg). ICG fluorescence was detectable
at doses of 2.5 mg/kg or higher, while ICG-C9 required
a dose of 7.5 mg/kg for detection (Figure 3a). The
fluorescence intensity of ICG-C9 was lower than that
of ICG; however, with an extended exposure time of
300 ms, ICG-C9 uptake became detectable. Both dyes
were taken up into the HuH-7 human hepatoma cell line
tumors, demonstrating similar tumor-targeting properties
(Figure 3b).

3.4. Fluorescence microscopy

Fluorescence signals from both ICG and ICG-C9 were
observed in HuH-7 tumors, confirming similar uptake
characteristics at the microscopic level. Fluorescence
localized to both tumor periphery and interior regions
(Figure 4a). At the cellular level, fluorescence was

Ex: 808 nm Em: 840-873 nm

(b)

1.20

Normalized Fluorescence Intensity

0.00
15 min 30 min 3

=ICG =ICG-C9

1.00 1.00
1.00
0.80 0.75
0.60 0.57
0.49
0.44
0.39
040
0.24

- I I I

h 6h

0.18 %21

24h

Figure 2. ICG and ICG-C9 distribution in excretory organs (a) Anatomical indicators: black arrow, liver; white arrow, intestine; white triangle,
gallbladder. ICG and ICG-C9 were administered intravenously, and their distribution in excretory organs was analyzed at various time points post-
administration. Both dyes were selectively taken up by the liver from the bloodstream and rapidly excreted into bile. No fluorescence signals were
detectable in excretory organs 24 h after administration. (b) Fluorescence intensity in the liver following ICG and ICG-C9 administration. Six hours
after ICG-C9 administration, detectable fluorescence persisted in the liver, whereas fluorescence from ICG was minimal. This suggests that ICG-C9

exhibits a slower excretion rate than ICG.
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Figure 3. ICG and ICG-C9 uptake in tumors (a) Non-detectable (ND). A cell-line-derived subcutaneous tumor model from HuH-7 cells,
representing hepatocellular carcinoma, was used to evaluate tumor uptake of ICG-C9 and compare it with ICG uptake. Fluorescence imaging was
conducted 24 h post-administration. Tumors from mice treated with ICG were imaged using an excitation wavelength of 808 nm and emission
wavelengths ranging from 840 to 873 nm, whereas tumors treated with ICG-C9 were imaged using an excitation wavelength of 915 nm and emission
wavelengths of > 950 nm. ICG was detectable at a dose of 2.5 mg/kg with a 30 ms exposure time, whereas ICG-C9 required a dose of 7.5 mg/kg
and a 300 ms exposure time for detection. (b) Panels: Left — tumors under visible light; center — fluorescence imaging with an 80 ms exposure
time; right — fluorescence imaging with a 300 ms exposure time. A yellow triangle identifies a tumor from a mouse treated with ICG, while a white
triangle marks a tumor from a mouse treated with ICG-C9. Fluorescence intensity for ICG-C9 was lower compared with ICG. Additionally, ICG-C9
was only detectable under the longer exposure time (300 ms), demonstrating that, like ICG, ICG-C9 is taken up by HuH-7-derived tumors.

predominantly found in the cytoplasm of HuH-7 cells,
with no fluorescence observed in the nucleus (Figure
4b). The fluorescence intensity of ICG-C9 was lower
than that of ICG, likely due to the shorter excitation and
emission wavelength range of the filter used.

4. Discussion

This study highlights several advantages of ICG-C9,
making it a promising alternative to conventional ICG for
fluorescence imaging. One of the primary advantages of
ICG-C9 is its fluorescence properties, with peak intensity
achieved at an excitation wavelength of 915 nm and
emission wavelengths > 950 nm in the SWIR spectrum.
Moreover, ICG-C9 is one of the few biocompatible
and water-soluble SWIR fluorescent probes, making
it suitable for biomedical research and holding great
potential to accelerate the clinical translation of SWIR
fluorescence imaging. However, ICG-C9 exhibits lower
fluorescence intensity than ICG under identical excitation
density and exposure conditions due to its reduced
quantum yield in aqueous solutions (2). Consequently,
achieving optimal fluorescence with ICG-C9 may require
higher doses, extended exposure times, or increased

excitation light intensity. In this study, detectable
fluorescence from the HuH-7 cell line tumor model was
achieved with a dose of 7.5 mg/kg and an exposure time
of 300 ms, while shorter exposure times (e.g., 80 ms
or less) resulted in insufficient fluorescence. While the
required dose (7.5 mg/kg) and exposure time (300 ms)
used in this study may not be directly applicable to real-
time surgical imaging, our findings suggest potential for
improving signal detection by adjusting excitation power
and exposure conditions.

ICG-C9 shares similar excretion properties with
ICG, with both being taken up by the liver from the
bloodstream and excreted into bile. This characteristic
enables intraoperative fluorescence cholangiography
following intravenous administration of ICG-C9, as
the excreted dye emits a fluorescence signal. Currently,
intraoperative NIR fluorescence imaging using ICG
during laparoscopic cholecystectomy is used to
visualize biliary structures (8,28), reducing the risk of
bile duct injuries (/4,15). However, its effectiveness
can be limited in patients with obesity or cholecystitis
due to increased tissue thickness around the biliary
structures (29,30). SWIR fluorescence, in contrast,
displays reduced tissue absorption and scattering and
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Figure 4. Microscopical analysis of tumors from mice administered 7.5 mg/kg doses of ICG or ICG-C9 (a) Left panel: cancer tissues stained
with hematoxylin and eosin (H&E). Right panel: merged images showing fluorescence from ICG (A) or ICG-C9 (B) within cancer tissues. Both
ICG and ICG-C9 demonstrated fluorescence within HuH-7 tumors, confirming similar uptake properties at the microscopic level. Fluorescence
was localized to both the tumor periphery and interior regions. (b) Left panel: fluorescence images under a 20x objective lens. Right panel: merged
images showing fluorescence. For both ICG and ICG-C9, fluorescence was confined to the cytoplasm of HuH-7 cells, with no signal detected in the

nucleus.

is less affected by autofluorescence (/9,20). This
makes ICG-C9 particularly suited for deep tissue
visualization. Nevertheless, the bile excretion properties
of ICG-C9 may pose challenges, such as excessive liver
background fluorescence, which could obscure bile duct
visualization (31,32). The extended n-conjugated system
of ICG-C9 increases its hydrophobicity, enhancing
stronger protein and membrane binding (2). Although
this leads to greater tissue accumulation, it also results
in slower excretion, which may contribute to prolonged
background fluorescence. Moreover, our findings suggest
that ICG-C9 exhibits slower excretion compared to
conventional ICG. However, like ICG, hepatic washout

following administration was observed. This indicates
that employing a delayed imaging protocol—allowing
sufficient time after administration—may enhance tumor-
to-background contrast and reduce interference with bile
duct visualization. In clinical practice, ICG-C9 may need
to be administered earlier than the typical timing used
for ICG. Nevertheless, further investigation is required
to determine the optimal timing of administration for
effective imaging.

A significant advantage of ICG-C9 is its ability
to accumulate in HuH-7 human hepatoma cell line
tumors, similar to ICG. The mechanism by which
ICG highlights hepatocellular carcinoma (HCC)
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involves the retention of ICG within the tumor after it
is washed out from the surrounding liver tissue. This
occurs because well-differentiated HCC maintains the
expression of ICG uptake transporters, such as Na'/
taurocholate cotransporting polypeptide and organic
anion-transporting polypeptide 8, although at lower
levels than normal liver tissue. However, morphological
and functional impairments in the biliary excretion
system within HCC prevent the efficient elimination of
ICG, leading to its accumulation in the tumor (33). This
mechanism has also been demonstrated in subcutaneous
tumor mouse models using HuH-7 cells (/3). The
transporters involved in the uptake of ICG-C9 remain
unknown; however, this study suggests that ICG-C9
shares bile excretory properties similar to those of ICG.
Utilizing bile stasis around the tumor, ICG-C9 may
enhance the sensitivity of intraoperative fluorescence
imaging techniques for poorly differentiated HCC and
liver metastases, allowing fluorescent visualization of
tumor rims (/0,34). SWIR imaging has been shown
to provide higher sensitivity and improved target-to-
background contrast when compared with NIR imaging,
thereby making it a powerful tool for guiding liver
cancer resections (25). Given that ICG-C9 exhibits its
most intense fluorescence in the SWIR spectrum, it
holds great potential for enhancing tumor imaging during
surgery. Specifically, the combination of conventional
NIR imaging using ICG and SWIR imaging using
ICG-C9 may enable double-color imaging—such as
distinguishing cancerous tissue from hepatic segments
(10,35) and visualizing bile ducts and blood vessels
(8,28). Similar to how ICG fluorescence imaging
enables real-time, high-sensitivity detection of small,
grossly unidentifiable liver tumors (/0), it may facilitate
the identification of deeper or previously undetectable
lesions. Additionally, studies have demonstrated the
utility of ICG-labeled antibodies for target cell imaging
with NIR fluorescence and for ICG-based phototherapy
in hepatocellular carcinoma (/3,36). These approaches
could also be adapted to SWIR imaging with ICG-C9,
enabling multi-color imaging by labeling different
antibodies with ICG and ICG-C9 and switching
excitation wavelengths (2). This capability could broaden
therapeutic applications, including more precise and
targeted cancer treatments.

Despite its potential, this study has several
limitations. Although ICG-C9 is bile-excreted, its
fluorescence intensity in macroscopic observations was
weaker than expected, likely due to its inherently lower
fluorescence intensity compared with ICG. Another
potential factor could be the camera-to-object distance
used in this experiment, which was substantially greater
than the typical distance in conventional endoscopic
or handheld fluorescence observation devices. In
clinical practice, shorter distances between the imaging
device and the target tissue are expected to enhance
excitation light delivery and fluorescence signal capture,

potentially improving the visibility of ICG-C9-labeled
tumors. Therefore, the performance of ICG-C9 observed
in our experimental setup may underestimate its true
potential under surgical conditions. The large camera-
to-object distance, relative to the size of the object,
may have resulted in insufficient excitation or signal
detection. Furthermore, the excitation light intensity used
in this study (20 mW/cm?) may have been relatively
low, which could have further limited the efficiency
of fluorescence excitation and detection. In this study,
a cell line-derived subcutaneous xenograft model was
used to evaluate the in vivo performance of ICG-C9.
However, this model lacks the heterogeneity and
biological complexity of actual patient tumor. Moreover,
because the tumors were implanted subcutaneously, we
were unable to assess fluorescence differences between
tumor and paraneoplastic tissues. As a result, it remains
unclear whether ICG-C9 was specifically taken up by
tumor cells in this model. Additionally, the small sample
size, and limited range of cell lines tested constrain
the generalizability of the findings. Further research is
warranted to investigate whether other human hepatoma
cell lines exhibit similar preferential uptake of ICG-C9
and to confirm its utility in SWIR fluorescence imaging.
To better replicate clinical conditions and evaluate
tumor-specific uptake, future studies should incorporate
patient-derived xenograft models that more accurately
reflect the biological diversity of human tumors.
Furthermore, liver transplant xenograft models would
enable direct comparison between tumor and normal
hepatocytes, providing more precise insights into the
specificity of ICG-C9 accumulation. While ICG is
considered a safe fluorescence dye (37), the cytotoxicity
profile of ICG-C9 — though ICG-C9 exhibits a
concentration-dependent cytotoxicity profile similar to
conventional ICG based on the 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide assays in HeLa
cells (2) — requires further validation. Future studies
should focus on characterizing the pharmacokinetics,
tumor accumulation, and tissue penetration capabilities
of SWIR light when using ICG-C9. Moreover,
optimizing imaging parameters such as dose, exposure
time, and excitation light intensity will be crucial for
maximizing the clinical utility of SWIR imaging with
ICG-C9.

In conclusion, our study demonstrated that ICG-C9,
like ICG, is excreted via bile and exhibits fluorescence in
the SWIR range. Additionally, ICG-C9 was effectively
taken up by tumors derived from a human hepatoma
cell line. These findings suggest that ICG-C9 holds
potential for applications in hepatobiliary surgery and
as a therapeutic agent when conjugated with antibodies.
However, further studies are necessary to evaluate its
safety, efficacy, and clinical utility. Addressing key issues
such as fluorescence intensity, pharmacokinetics, and
generalizability is essential to enhance the translational
relevance of our study.
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