L))

Check for
updat

Original Article

Page 1 of 9

Application of an indocyanine green-mediated fluorescence
imaging navigation system in detecting mice tumors
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Background: Surgical operation plays an important role in the treatment of cancer. The success of the
operation lies in the complete removal of the primary and disseminated tumor tissue while preserving the
normal tissue. The development of optical molecular image navigation technology has provided a new option
for intraoperative tumor visualization. In this study, a fluorescence imaging navigation system was used to
detect the diameter of mice tumors and provide experimental evidence for the further development of digital
diagnosis and treatment equipment.

Methods: The minimum detection concentration in vitro of the fluorescence imaging navigation system for
indocyanine green (ICG) was first detected, then 120 female Institute of Cancer Research (ICR) mice and
120 female BALB/c nude mice were randomly divided into three groups by weight, high-dose (H, 4 mg/kg),
middle-dose (M, 2 mg/kg), and low-dose (L, 1 mg/kg) groups of ICG solution. After inoculating solid
tumors, high, medium, and low doses of ICG were injected via the tail vein, and the tumor diameter was
measured by a fluorescence imaging navigation system and vernier caliper within 24 hours of injection.
Results: The minimum detectable diameter of the system could reach 0.2 mm compared with the vernier
caliper, and the actual measurement error was within 0.2 mm.

Conclusions: A fluorescence imaging navigation system has high accuracy and sensitivity in the application

of tumor detection, which may assist the clinical diagnosis and treatment of tumors.
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Introduction of tumor mass in the surgical process.

Cancer causes nearly 10 million deaths globally on an In recent years, fluorescent contrast agent dye-guided

annual basis (1) and imposes a huge economic burden on
society (2,3). The treatment of cancer is often difficult, and
current methods include surgery, radiotherapy, systemic
therapy, interventional therapy, and local ablation (4-6).

surgery has developed vigorously in various fields of
surgery. Clinically, fluorescent contrast agents can be used
to accurately display tumor contours, guide surgery in real

time, locate lymph node metastases, find micrometastasis,

While surgical resection is considered the most common
and effective method, there are also many difficulties in
surgery, including the precise positioning of tumor tissue in
the preoperative detection process and the precise resection
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and identify important anatomical structures intraoperatively
to avoid possible postoperative problems (7,8). A
fluorescence imaging surgical navigation system can locate

tumor tissue more quickly and accurately during operation,
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greatly improving the success rate of surgery and reducing
many postoperative adverse reactions (9). Indocyanine
green (ICG) is a small organic near-infrared fluorescent
dye of the anthocyanin family and the only near-infrared
fluorescent dye approved by the FDA for clinical surgical
use. After intravenous injection, it quickly binds to plasma
proteins and is confined to the vascular lumen where it is
absorbed before being metabolized by the liver and excreted
in bile. The plasma clearance rate of ICG is high and its
adverse reaction rate is less than 0.1% (10). The maximum
absorption wavelength of ICG is around 800 nm, and when
combined with plasma protein it emits fluorescence with a
peak wavelength of about 830 nm under near-infrared light
irradiation, which easily penetrates tissues and cells and
has a high ratio to background signals (11-13). In normal
tissues, the endothelial space of microvessels is dense and
structurally complete, while in solid tumor tissues, blood
vessels are abundant, the vascular wall space is wide, and
structural integrity is poor, resulting in selective high
permeability and retention of macromolecules and lipid
particles. This phenomenon is known as the enhanced
permeability and retention effect (EPR) (14). After
ICG binds to plasma proteins, the complex accumulates
and targets the tumor region because of EPR, and the
fluorescent signals generated by the excitation of near-
infrared light source are received by the imaging system
and converted into visual images (15,16). ICG-mediated
fluorescence imaging navigation systems have been widely
used in the resection of liver pancreatic, and breast cancer,
and other clinical tumors (17,18).

At present, there are many studies using fluorescence
imaging systems to detect tumors, but the detection limit of
fluorescence imaging systems is not yet clear. Our study first
examined the fluorescence image surgery navigation system
minimum visual concentration of ICG iz vitro and the
minimum detection limit of tumor 7z vive. By establishing a
tumor-burdened model involving ICG injection to the tail
vein of mice, the system was used to detect the diameter of
mouse axillary tumors, and the results were compared with
vernier calipers to assess their detection limit and error,
providing an experimental basis for the further development
of digital diagnosis and treatment equipment in clinical
practice. We present the following article in accordance
with the ARRIVE reporting checklist (available at https://
dx.doi.org/10.21037/atm-21-3050).

© Annals of Translational Medicine. All rights reserved.
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Methods
Mice and cell line

We purchased 18-22 g female Institute of Cancer Research
(ICR) mice from the Zhejiang Academy of Medical Sciences
and Shanghai Jiesjie Laboratory Animal Co., Ltd., and
18-22 g female BALB/c Nude mice from the Changzhou
Cavens Laboratory Animal Co., Ltd. Mice were housed
under controlled room temperature (222 °C) and humidity
(55%+5%) on a 12 h light-dark cycle with free access
to water and food in an SPF environment. Experiments
were performed under a project license (No.: 2021-06-
013) granted by the committee of the Laboratory Animal
Welfare in Pharmaceutical Animal Laboratory Center at
China Pharmaceutical University, in compliance with the
Laboratory Animal Welfare in Pharmaceutical Animal
Laboratory Center guidelines for the care and use of
animals.

Mouse sarcoma 180 cell line (S§180) was purchased from
the Jiangsu Cancer Drug Research Institute, and a human
colon cancer cell line (HT-29) was purchased from the
Shanghai Institute of Cells.

Measurement of the lowest visible concentration in vitro

A 0.0031 g sample of ICG was weighed and dissolved in
10 mL water for injection containing 10% fetal bovine
serum (FBS) to prepare a solution of 4x10™* mol/L. This was
then diluted to 1x1072 M, 2x10™2 M, 4x10"2 M, 1x10™"" M,
2107 M, 4x107" M, 1x10° M, 2x10™° M, 4x10™° M,
1x10™ M, 2x10™” M, 4x10™ M, and 0 M proportionately
with the injection water containing 10% FBS. These were
placed in a 96-well plate, with three wells per concentration,
and the final volume of ICG in each well was 200 pL. The
spectral peak values of each well of the fixed spectral probe
and the handheld spectral probe were read respectively,
and the fluorescence brightness on the display screen was
observed.

Establishment of S180 tumor-burdened model mice

The 120 female ICR mice were randomly divided according
to body weight into a high-dose ICG solution group (H,
4 mg/kg, 0.4 mg/mL), medium-dose ICG solution group (M,
2 mg/kg, 0.2 mg/mL), and low-dose ICG solution group (L,
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1 mg/kg, 0.1 mg/mL), with 40 mice in each group. According
to the method of transplantation tumor study, solid tumors
were inoculated under aseptic operation. The milky-white
thick ascites of S180 ascites tumor mice were extracted and
diluted into 1:5 cell suspension with normal saline, and
each mouse was subcutaneously inoculated with 0.2 mL in
the forelimb armpit. Tumor bearing mice in each group
were injected with high, medium, and low doses of ICG
(0.2 mL/20 g) through the caudal vein at 0, 1, 2, 3, and 4 days
after inoculation, and detected at 24 h after injection (19).

Establishment of H1-29 tumor-burdened model mice

Using the same method as described above, 120 female
BALB/c nude mice were grouped. According to the
transplanted tumor study method, solid tumors were
inoculated under aseptic procedures. Human colorectal
cancer HT-29 cell lines in logarithmic growth phase
were taken and prepared into a 5x10%mL cell suspension
under aseptic conditions and 0.1 mL cell suspension was
inoculated into the right axilla subcutaneously of BALB/c
nude mice (20). The method of experiment after inoculation

followed that described above.

Tumor diameter test

Within 24 hours of ICG injection, the mice were
anesthetized by intraperitoneal injection of 2% chloral
hydrate, and fixed. The skin at the inoculation site in
the axilla was then cut to expose the solid tumor. The
length and width of the solid tumor detected under the
fluorescence imaging navigation system, were measured
and recorded with a vernier caliper. Three mice in each
group were randomly stripped of tumors and stained with
hematoxylin-eosin (HE) (21).

Statistical analysis

ImageJ and SPSS 22.0 were used for data analysis and
processing and all values were expressed as mean = SD.

Results
Minimum visible concentration of ICG in vitro

The concentrations of ICG respectively were 1x10™* M
(A1-A3), 2x10™2 M (A4—A6), 4x1072 M (A7-A9), 1x10™" M
(B1-B3), 2x10™"" M (B4-B6), 4x10™"" M (B7-B9), 1x10™° M
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(C1-C3), 2x107"" M (C4-C6), 4x107"* M (C7-C9), 1x10” M
(D1-D3), 2x10™ M (D4-D6), 4x10”° M (D7-D9), and 0 M
(E1-E3). The green fluorescence of ICG detected by
the fixed spectral probe at this concentration is shown in
Figure 1, and the handheld spectral probe at this
concentration is shown in Figure 2. As can be seen, the
minimum visible concentration of ICG by the fixed spectral
probe of the fluorescence imaging navigation system can
reach 2x10™"" M (B4-B6), and by the handheld spectral
probe can reach 1x107"* M (A1-A3).

Minimum tumor diameter

HE staining results shows fibrous connective tissue within
the article, funicular and small nests of epithelioid cells,
and bright or eosinophilic cytoplasm, and the cell nuclei
have obvious atypia, obvious nucleoli, nuclear fission, and
apoptosis necrosis (Figures 3,4). The histological appearance
of the tumor is consistent.

As shown in Tables 1,2 and Figures 5,6, the mean values of
measured tumor length and width increased with the increase
of inoculation days, and green fluorescence is seen in the
axillary inoculation site. The accuracy of the fluorescence
imaging navigation system is high, with the minimum
detection limit up to 0.2 mm, and the measured error
between the system and vernier calipers is within 0.2 mm.

Discussion

Cancer is the leading cause of death in developed countries
and the second in developing countries (22,23). As surgery
is the main treatment for many malignant tumors, precise
localization of the tumor resection area plays a crucial role
in the prognosis of patients (9). Currently, the main clinical
imaging examinations for localization include computed
tomography (CT), magnetic resonance imaging (MRI),
positron emission tomography/CT (PET/CT), and single
photon emission computed tomography (SPECT/CT) (24).
However, the above detection methods are often used
for preoperative diagnosis and postoperative evaluation,
which have little significance for the accurate location of
the intraoperative tumor margin. As it is noninvasive, real-
time, sensitive and inexpensive, and can be used to achieve
tissue, cellular and subcellular imaging of living animals
by bioluminescence or fluorescence (25), the development
of optical molecular image navigation technology
has provided a new option for intraoperative tumor
visualization. Fluorescent surgical navigation technology
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Figure 1 The fluorescence intensity of ICG solutions with different concentrations under the fixed spectral probe of the fluorescent
imaging surgical navigation system. (A) Bright field pictures of ICG at different concentrations; (B) fluorescence images of ICG at different
concentration; (C) merge of bright field and fluorescence composite images; (D) 96-well plate distribution diagram. ICG, indocyanine

green.

1x1072M (A1-A3)

Light field Fluorescence Merge

Figure 2 The fluorescence intensity of ICG solutions with different concentrations under the handheld spectral probe of the fluorescent
imaging surgical navigation system. (A) Bright field pictures of ICG at different concentrations; (B) fluorescence images of ICG at different
concentration; (C) merge of bright field and fluorescence composite images. ICG, indocyanine green.

has been widely used in sentinel lymph node mapping, devices cameras. Compared with visible light, near-infrared
solid tumor identification, lymphography, angiography, light is a common light source for optical molecular imaging
and intraoperative anatomical imaging. At present, most because of its strong penetrating ability, less autofluorescence,
intraoperative fluorescence navigation systems are equipped and higher signal-to-noise ratio (26). ICG is the only near-
with near-infrared sensing detectors and charge coupled infrared fluorescent dye currently approved by the FDA for
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Figure 3 The HE staining diagram of HT-29 solid tumor (100x)
showed that the tumor cells were densely arranged in bands and
clusters, with disordered arrangement. The phenomenon of nuclear
mitosis was common, and locally the cells were arranged in a ring

to form a glandular cavitary structure. HE, hematoxylin-eosin.

Table 1 Size of S180 solid tumor (mm, mean = SD, n=8)

Figure 4 Representation of HE staining for solid tumor of S180
(100x). The tumor cells were densely cabled and clumped, with
different cell sizes and shapes, obvious atypia, and frequent nuclear

mitosis. HE, hematoxylin-eosin.

Time of injection after inoculation

Group Value (mm)
Day O Day 1 Day 2 Day 3 Day 5
High dose (4 mg/kg)  Fluorescence length 0.51+0.17 1.65+0.18 1.91+0.17 4.50+0.76 5.23+1.05
Fluorescence wide 0.28+0.11 1.32+0.25 1.36+0.25 2.80+1.10 3.19+0.36
Virtual length 0.40+0.23 1.76+0.12 1.68+0.13 4.52+0.93 5.23+1.18
Virtual wide 0.21£0.15 1.22+0.21 1.29+0.20 2.76+£1.13 3.08+0.41
Middle dose (2 mg/kg) Fluorescence length 0.3+0.24 1.73+0.29 2.09+0.36 4.23+0.45 5.80+0.97
Fluorescence wide 0.29+0.25 1.55+0.25 1.36+0.23 2.90+0.67 3.85+0.75
Virtual length 0.45+0.38 1.72+£0.25 1.73+£0.27 4.15+0.50 5.68+1.07
Virtual wide 0.25+0.25 1.52+0.25 1.32+0.21 2.95+0.64 3.82+0.83
Low dose (1 mg/kg)  Fluorescence length 0.31+0.27 1.52+0.14 1.64+0.14 4.35+0.70 6.24+0.99
Fluorescence wide 0.28+0.25 1.15+0.25 1.31+£0.20 3.14+0.86 4.29+0.90
Virtual length 0.56+0.35 1.49+0.22 1.56+0.24 4.24+0.71 6.27+1.24
Virtual wide 0.37+0.26 1.22+0.17 1.41£0.13 3.15+0.79 4.27+0.92

clinical surgical use. Some studies pointed out that ICG-
guided fluorescence intraoperative navigation systems can
detect small tumor lesions of 2—-5 mm, but clinical tumor
resection has higher requirements for precise identification
and accuracy of tumor edge recognition ICG (27).

This study first ascertained the ICG minimum
concentration of the fluorescence image surgery navigation
system in vitro. Through the establishment of a tumor-
burdened mice model, we explored the minimum detection
limit of the iz vivo fluorescence intraoperative navigation

© Annals of Translational Medicine. All rights reserved.

system, which provided an experimental basis for the further
development of optical molecular imaging technology in
the field of clinical tumor resection. In this experiment, the
inoculation site of tumor-bearing mice was exposed and
placed under the fixed probe about 24 h after ICG injection,
at which point green fluorescence from the tumor site
could be seen, and the fluorescence range increased with
the growth of the tumor. The minimum detection limit was
up to 0.2 mm. The minimum detection concentration of
ICG in vitro with the fixed spectral probe of the fluorescent

Ann Transl Med 2021;9(15):1238 | https://dx.doi.org/10.21037/atm-21-3050
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Table 2 Size of HT-29 solid tumor (mm, mean + SD, n=8)

Time of injection after inoculation

Group Value (mm)
Day 0 Day 1 Day 2 Day 3 Day 5
High dose (4 mg/kg) Fluorescence length 1.05+0.22 1.65+0.52 1.93+0.96 3.11+0.48 4.99+0.87
Fluorescence wide 0.84+0.26 1.28+0.57 1.43+0.60 2.34+0.69 3.61+0.40
Virtual length 1.19+0.32 1.61+0.52 1.88+1.01 3.13+0.45 5.08+0.90
Virtual wide 0.84+0.27 1.25+0.55 1.28+0.68 2.33+0.73 3.73+0.48
Middle dose (2 mg/kg) Fluorescence length 1.03+0.41 1.58+0.69 2.58+0.91 3.30+0.93 5.29+1.05
Fluorescence wide 0.68+0.24 1.36+0.67 1.85+0.68 2.29+0.84 3.10+1.35
Virtual length 0.99+0.42 1.55+0.69 2.58+0.91 3.21+0.92 5.25+1.21
Virtual wide 0.63+0.22 1.32+0.66 1.88+0.68 2.26+0.82 3.11+1.35
Low dose (1 mg/kg) Fluorescence length 0.74+0.47 1.73+0.71 2.41+1.43 3.44+0.46 4.45+0.92
Fluorescence wide 0.53+0.37 1.45+0.42 1.95+1.09 2.78+0.67 3.40+1.04
Virtual length 0.75+0.48 1.84+0.64 2.42+1.47 3.53+0.45 4.58+0.90
Virtual wide 0.47+0.35 1.37+0.48 1.95+1.11 2.84+0.66 3.26+1.13

Fluorescence H Light field H Merge H Fluorescence M Light field M Merge M Fluorescence L  Light field L Merge L

Figure 5 Representative images of each group of S180 solid tumor detected by surface light source using fluorescent imaging surgical
navigation system. Representative images of fluorescence images, bright field images, and merge images of each group of animals under fixed
spectral probe 0-5 days after inoculation of S180 solid tumor. H: high-dose (4 mg/kg) group of ICG solution; M: middle-dose (2 mg/kg)
group of ICG solution; L: low-dose (1 mg/kg) group of ICG solution. ICG, indocyanine green.
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Figure 6 Representative images of each group of HT-29 solid tumor detected by surface light source using fluorescent imaging surgical

navigation system. Representative images of fluorescence images, bright field images and merge images of each group of animals under fixed

spectral probe 0-5 days after inoculation of H'T-29 solid tumor. H: high-dose (4 mg/kg) group of ICG solution; M: middle-dose (2 mg/kg)

group of ICG solution; L: low-dose (1 mg/kg) group of ICG solution. ICG, indocyanine green.

imaging surgical navigation system was up to 2x10™"" M, and
that with the handheld spectral probe was up to 1x10™* M.
The above results indicate that, compared with the
traditional visual identification of the tumor margin, the
fluorescent imaging surgical navigation system has higher
sensitivity and accuracy, which is of great significance for
the accurate identification and resection of the tumor
margin and the improvement of prognosis.

There are also some limitations in the application
of fluorescence imaging navigation systems. Currently,
the main challenge is the development of tumor specific
targeting fluorescence contrast agents with high fluorescence
efficiency (28). New fluorescent probes, such as monoclonal
antibody coupled fluorescent probes, cell surface enzyme
activated fluorescent probes, and lysosomal activated
fluorescent probes, are better than traditional fluorescent
probes such as ICG, methylene blue, and sodium fluorescein
in tumor targeting and background signal ratio. However,
their safety remains to be established and their clinical
transformation faces certain difficulties (29,30). With the
continuous improvement and development of technology,
more targeted fluorescent imaging probes have been

© Annals of Translational Medicine. All rights reserved.

developed, providing great potential for the application of
fluorescent imaging surgical navigation technology to reduce
postoperative recurrence rate and improve postoperative
survival in the future.
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