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ABSTRACT: To get a tumor-targeted contrast agent for imaging guide resection of tumors, we designed a novel fluorescent probe
based on the heptamethine cyanine core, Cy7-MO, which has excellent water solubility and near-infrared photophysical and
lysosomal targeting properties. The chemical structure of Cy7-MO was characterized by nuclear magnetic resonance spectroscopy
and high-resolution mass spectrometry. The toxicity of Cy7-MO was evaluated by cell counting kit-8. Then, a cellular-level study was
conducted to evaluate the suborganelle localization in 4T1-Luc1 cells, and it was also used for surgical navigation in orthotopic
breast tumor resection in vivo. The results showed that Cy7-MO was well targeted to lysosomes. Importantly, the Cy7-MO probe
was found to be well tolerable and exhibited excellent biocompatibility. Moreover, the orthotopic breast tumor margin was clearly
visualized through fluorescence guiding of Cy7-MO. Finally, the correct tumor tissues were completely removed, and a negative
margin was obtained successfully, which demonstrated an enhanced precision of surgery.

■ INTRODUCTION
According to the latest report from the International Agency
for Research on Cancer, there were more than 2.26 million
new cases of breast cancer worldwide in 2020, accounting for
about 11.7% of all newly diagnosed cancers. Breast cancer is
the most common malignant tumor in the world, and is also
the leading cause of cancer death among women.1−3 The
primary treatment for most breast cancers is surgery, and the
complete removal of tumor tissue is essential to prolong a
patient’s life or even cure the cancer completely.4−6 However,
inadequate detection of breast tumor margins has been shown
to be associated with poor prognosis. Traditional surgery
involves either incomplete removal of the tumor or
unnecessary removal of healthy tissue. If the tumor is
incomplete, additional tissue excision should be performed.
However, this intraoperative evaluation is time-consuming and
dependent on the experience of the surgeon. In fact, some
studies have shown that about 20−50% of breast cancer
patients have positive tumor margins after lumpectomy.7 The
presence of multiple positive margins is a risk factor for cancer
recurrence and poor survival, and different surgical margins

could have different prognostic roles.8 So, before surgery, basic
information such as the size, number, and location of the
tumors inside the body has to be confirmed, which requires the
imaging technique to have excellent spatial resolution and high
sensitivity.9,10 Other conventional imaging techniques, such as
computed tomography and magnetic resonance imaging, are
generally difficult to integrate into the operating room.11 Most
importantly, these conventional imaging modalities cannot
reliably communicate real-time feedback to the surgeon and
have limited tumor specificity.12 Thus, it is imperative to
develop intraoperative imaging techniques to accurately
delineate the tumor margin, and the imaging technique with
superb sensitivity and prominent signal-to-background ratio is
highly desirable intraoperatively.13
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To address this pressing clinical challenge, fluorescence
image-guided surgery has emerged as a promising strategy for
using fluorescence to highlight tumor tissue. As a kind of
noninvasive molecular imaging technology, near-infrared
(NIR) fluorescence imaging is characterized by high sensitivity
in deep tissue, high spatial resolution and safety, and easy to
use.14−17 In recent years, it has received more and more
attention in preoperative diagnosis and intraoperative
guidance. However, existing fluorescence imaging methods
still have some limitations. For example, indocyanine green
(ICG) is a fluorescent dye approved by the Food and Drug
Administration for visualization of human tumors,18 but has
been limited to slow blood clearance and lack of specificity.19,20

Therefore, it is urgent to develop targeted and safe contrast
agents to guide the resection of cancer tumors. Currently, the
use of cyanine dyes for cancer imaging and treatment has
received increasing attention.21−23 Cyanine 7 (Cy7) is a NIR
anthocyanin fluorescent dye,24,25 which has weak background
fluorescence and strong penetration characteristics, so Cy7 is
often used in vivo imaging of small animals,26 but the water
solubility of ordinary Cy7 is low. In view of the poor water
solubility of conventional cyanine dyes, quaternary ammonium
groups were modified on each side to provide good water
solubility according to a previous report.27 Compared with
normal cells, cancer cells contain more lysosomes that can be
employed as targets for fluoresce imaging probe.28 In our
previous work,29 a morpholine moiety was introduced on the
IR780 (a heptamethine cyanine derivative) to improve the
tumor-targeted potency.

In the present work, to enable the application of fluorescent
surgical navigation for the precise resection of tumors in vivo,
we designed a fluorescent probe Cy7-MO (Scheme 1) with

excellent NIR photophysical properties and lysosomal
targeting based on the heptamethine cyanine core. Then, the
chemical structure of Cy7-MO was characterized by nuclear
magnetic resonance (NMR) spectroscopy and high-resolution
mass spectrometry (HRMS). It was performed at the cellular
level to study the toxicity and suborganelle localization of 4T1-
Luc1 cells. It was also used for surgical navigation in orthotopic
breast tumor resection in vivo. The results showed that Cy7-
MO was well targeted to tumor lysosomes and effectively
delineated tumor margins to guide tumor resection.

■ RESULTS AND DISCUSSION
2.1. Synthesis, Characterization, and Photophysical

Properties of Cy7-MO. 2.1.1. Design, Synthesis, and

Characterization of Cy7-MO. To enable the application of
fluorescent surgical navigation for the precise resection of
tumors in vivo, we designed a fluorescent probe Cy7-MO based
on the heptamethine cyanine core, due to its excellent NIR
photophysical properties and mitochondrial targeting (Scheme
1). Because of the poor water solubility of conventional
cyanine dyes, quaternary ammonium groups were modified on
each side to provide good water solubility (60% yield)
according to a previous report.27 To permit subsequent
lysosomal targeting, a morpholine moiety was introduced on
the meso-chlorine atom to obtain the final probe Cy7-MO
(64% yield). The chemical structure of Cy7-MO was
characterized by NMR spectroscopy and HRMS (Figures
S1−S3).

2.1.2. Photophysical Properties of Cy7-MO. Given that
Cy7-MO possessed multiple positive charges, it exhibited good
solubility in aqueous solutions, which facilitated subsequent
biological applications. Therefore, the spectral properties of
Cy7-MO were evaluated in PBS buffer (10 mM, pH 7.4)
(Figure 1). Accordingly, Cy7-MO showed the maximum

absorption at 637 nm. And in the fluorescence spectrum, the
maximum emission wavelength of Cy7-MO was 759 nm. The
Stokes shift value of Cy7-MO was 122 nm, which facilitates
better bioimaging. The fluorescence quantum yield was
measured as 2.7% using methylene blue as a standard (2% in
water). In addition, the NIR fluorescence emission property of
Cy7-MO was available for subsequent in vivo imaging and
surgical navigation.
2.2. In Vitro Colocalization. 2.2.1. Cytotoxicity. Cytotox-

icity assays were carried out against 4T1-Luc1 breast cancer
cell lines. The cells were incubated with different concen-
trations of Cy7-MO solution, and cell viability was measured
using the cell counting kit-8 (CCK-8) assay. As can be seen
from Figure S4, the concentration of Cy7-MO from 0 to 300
μM did not induce cytotoxic effects, with 90%∼120% viability
at all evaluated concentrations which were all higher than 80%.

2.2.2. Cellular Colocalization. According to the literature,
the acidity of the lysosome is much higher (pH 4.5−5.0) than
that of other organelles,30 and cancer cells possess more
lysosomes in comparison to normal cells.28 However, morpho-
line has low ionic strength and tends to target acidic subcellular
organelles (such as lysosomes).30 So, the dye molecules can
achieve lysosome targeting by structurally modifying the
morpholine structure.31,32

Scheme 1. Synthetic Procedure of Cy7-MO

Figure 1. Absorbance (black line) and fluorescence (red line) spectra
of Cy7-MO (10 μM) in PBS buffer (pH 7.4, 10 mM).
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To identify the subcellular location of the Cy7-MO probe,
the colocalization experiments were performed, and Lyso-
Tracker Green and rhodamine 123 were used. As shown in
Figure 2A, the fluorescence signals from Cy7-MO (red)

overlaid very well with those from Lyso-Tracker Green
(Pearson’s correlation coefficient (PCC) of 0.77). PCC
between the fluorescence signal from Cy7-MO (red) in Figure
2B and that from rhodamine 123 was slightly lower (0.57).
These two results indicated the strong affinity of morpholine
group to lysosomes in Cy7-MO, while Cy7-MO had a slightly
poorer affinity for mitochondria. The results of cell
colocalization in vitro laid a certain experimental basis for the
Cy7-MO probe targeting tumor tissue in vivo, which was
expected to further achieve accurate tumor localization and
navigational resection.
2.3. Safety Evaluation of Cy7-MO. The possible toxicity

due to Cy7-MO was assessed by treating the mice with blank
PBS and Cy7-MO solution. Accordingly, no mortality was
observed during these studies, and no abnormal clinical signs
or behaviors were observed in all groups of mice.

Then, the biochemical indices including aspartate amino-
transferase (AST), glutamate transferase (ALT), creatinine
(CREA), and urea (UREA) were measured to assess liver and
kidney function. The reference ranges of these biochemical
parameters in normal healthy BALB/c female mice were: ALT
(43.79 ± 18.99 U/L), AST (146.4 ± 57.6 U/L), CREA (18.13
± 6.76 μmol/L), UREA (8.13 ± 1.33 mmol/L).33 The serum
biochemical data are presented in Supporting Information
(Figure S5), which showed Cy7-MO had no significant effect
on liver and kidney function. In addition, the result of
hematoxylin-eosin (H&E) staining showed that no noticeable
histopathological changes or lesions were detected in main
organs of all groups (Figure S6), suggesting that Cy7-MO was
well tolerable and had excellent biocompatibility.
2.4. Cy7-MO-Guided Surgical Resection. 2.4.1. Biodis-

tribution of Cy7-MO in Mice. To determine the feasibility of
tumor targeting and the optimal targeting time for precise
surgery, mice were administered the Cy7-MO probe after
being intravenously injected for real-time imaging of the probe.
As shown in Figure 3A, the fluorescent signal was observed at
about 5 min postinjection, but the signals in the bladder were
strong and could not be separated from those in the tumor
tissue. About 24 h later, the signal at the breast tumor area
could be seen obviously. Figure 3B shows that with the
extension of time, the fluorescence intensity of Cy7-MO

decreased gradually. Within 2 to 12 h after the injection of
Cy7-MO, obvious fluorescence signals could be seen in the
bladder (Figure 3A), indicating that the probe could be quickly
excreted through the kidney after entering the body, thus
reducing the toxic side effects and damage. These results
indicated that the probe could be used to specifically visualize
the microenvironment of orthotopic breast tumors and
exhibited prolonged retention at the tumor area to guide
surgery. Cy7-MO probe achieved low background and high
signal-to-background ratio, which increased precision naviga-
tional surgical excision of a tumor.

2.4.2. Validation of Tumor Location. To verify the
accuracy of Cy7-MO probe in tumor localization, the
bioluminescence imaging and fluorescence imaging were
performed successively in the same animals (n = 3). As can
be seen from Figure 3C, the region located by Cy7-MO
fluorescence (a) was basically consistent with that of
bioluminescence (b), indicating that Cy7-MO probe was
successfully and accurately located in breast cancer tissue and
could be used to navigate resection.

2.4.3. Cy7-MO-Guided Surgery. Mice injected with Cy7-
MO probe underwent the guided surgery (Cy7-MO-surgery
group), and a separate group of mice underwent traditional
surgery (T-surgery, no fluorescence navigation group). Based
on the biodistribution results, the time point of 24 h after
intravenous injection of Cy7-MO probe was chosen to conduct
the surgery using NIR fluorescence imaging. During the entire
operation, the orthotopic breast tumor margin was clearly
visualized with the imaging system, which assisted us to
perform precise resection of tumors. After the first surgery, the
fluorescence and bioluminescence signals were still present, so
a second operation was performed until no bioluminescence
signal could be observed throughout the entire body of the
mouse (Figure 4A), indicating that the breast cancer tumors
were completely removed.

Figure 2. Colocalization studies of Cy7-MO in lysosome (A) and
mitochondria (B) in 4T1-Luc1 cells (scale bar = 20 μm).

Figure 3. Fluorescence signal distribution and tumor location of Cy7-
MO probe. (A) Fluorescence signal distribution of the Cy7-MO
probe in vivo at different time points after intravenous injection of the
probe using the Berthold equipment. (B) Fluorescence intensity of
the tumor site as a function of postinjection time. Data are presented
as the means ± SD (n = 3 mice). (C) Localization comparison of
Cy7-MO fluorescence (a) and bioluminescence (b).
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However, for mice that underwent traditional surgery
without Cy7-MO, orthotopic breast tumors were dissected
on the basis of experience and perception. Bioluminescence
evaluation was carried out to determine whether the tumor was
precisely resected, as shown in Figure 4B. After the surgery,
positive tumor tissue was still observed at the orthotopic breast
tumor margin areas. As a result, Cy7-MO-guided surgery could
achieve increased precision of surgery compared to traditional
surgery by the same operator.

2.4.4. Pathological Evaluations. Human epidermal growth
factor receptor 2 (HER2) is an orphan tyrosine kinase receptor
belonging to the Human Epidermal Receptor family, which is a
well-known negative prognostic factor in breast cancer.34 The
4T1 cells, as a type of breast cancer cells, are highly expressed
with HER2. So, imaging of the breast cancer cell surface
receptor HER2 could provide additional evidence of breast
tumor detection,35 and we can determine whether the
surgically removed tumor tissue is based on the H&E staining
and immunohistochemical (IHC) staining for HER2.

In order to confirm the precise surgery of the tumors, the
tumor tissues were subjected to H&E and IHC staining for
HER2, which are shown in Figure 4C. Compared to Cy7-MO-
guided surgery group, there are still tumor tissues on the site of
operation in “T-surgery” group. For Cy7-MO-guided surgery
group, the correct tumor tissues were completely removed in
both the first and second surgery, and a negative margin was
achieved. Moreover, traditional surgery dissected more normal
tissue than Cy7-MO-guided surgery.

■ CONCLUSIONS
In summary, we designed a fluorescent probe Cy7-MO based
on the heptamethine cyanine core, in which the quaternary
ammonium groups were modified on each side, and a
morpholine moiety was introduced on the meso-chlorine
atom. The lysosomal targeting ability was verified by confocal
laser scanning microscopy (CLSM) and indicated the strong
affinity of morpholine group to lysosomes in Cy7-MO.
Importantly, the Cy7-MO probe was well tolerable and has
excellent biocompatibility. Moreover, the orthotopic breast
tumor margin was clearly visualized with Cy7-MO guided and
assisted us to perform precise resection of tumors, which
achieved increased precision of surgery. Finally, the correct
tumor tissues were completely removed, and a negative margin
was achieved.

Although the Cy7-MO probe was well targeted to tumor
lysosomes and delineated tumor margins so well as to guide
tumor resection, it took up to 24 h to operate after injection.
Moreover, it was also distributed in other tissues, such as the
liver. Therefore, in subsequent studies, the probe will be
loaded in nanocarriers to reduce the distribution and
accumulation of the probe in other tissues and shorten the
time interval between injection and surgical excision. The
above work may be beneficial for clinical application, and we
hope to develop a NIR Cy7-MO nanoparticle system that can
be used in clinical tumor surgical navigation in the future.

■ EXPERIMENTAL SECTION
4.1. Materials. All the solvents used in the reactions are

commercially available superdry solvents (Energy Chemical).
The silica gel with a mesh of 200−300 was obtained from
Shanghai Titan Scientific General-Reagent (Shanghai, China).
The eluents were also produced by General-Reagent. The 1H
NMR and 13C NMR spectra were recorded at room
temperature using an Agilent 400 DD2 spectrometer
(California, USA). The HRMS was measured using Thermo
Scientific Q Exactive Orbitrap Mass Spectrometers (Massa-
chusetts, USA). All other chemicals were analytical grade.

Fetal bovine serum (FBS) was purchased from AusGeneX
(Molendinar, Australia), RPMI 1640 medium (with penicillin
and streptomycin) was obtained from KeyGEN BioTECH
(NanJing, China), trypsin EDTA (0.25%) was purchased from
Gibco Invitrogen (Grand Island, USA), and cellular-grade
DMSO was from Beijing Solarbio Science & Technology Co.,
Ltd. (Beijing, China).
4.2. Synthesis, Characterization, and Photophysical

Properties of Cy7-MO. The compound 3 was prepared
following the previous literature27 without modification. The
compound 3 (300 mg, 0.34 mmol), 4-(2-aminoethyl)
morpholine (88.40 mg, 0.68 mmol), and triethylamine (94.5
μL, 0.68 mmol) were added to the DMF (5 mL), then the
mixture was stirred at 80 °C for 4 h under nitrogen
atmosphere. The solvent was removed under vacuum. The
residue was purified using aluminum oxide chromatography
(DCM: MeOH = 50:1) to give blue solid, yield 52%. 1H NMR
(400 MHz, CD3OD) δ 7.87 (d, J = 12.7 Hz, 2H), 7.50 (d, J =
7.4 Hz, 2H), 7.44 (t, J = 7.7, 7.7 Hz, 2H), 7.31 (d, J = 7.9 Hz,
2H), 7.21 (t, J = 7.5, 7.5 Hz, 2H), 6.02 (d, J = 12.8 Hz, 2H),
4.20 (t, J = 7.4, 7.4 Hz, 4H), 4.03 (t, J = 5.7, 5.7 Hz, 2H), 3.85
(t, J = 4.5, 4.5 Hz, 4H), 3.27 (s, 18H), 2.85 (m, 4H), 2.39 (q, J
= 8.7, 8.1, 8.1 Hz, 4H), 2.08 (m, 4H), 1.96 (q, J = 6.5, 6.5, 6.4
Hz, 2H), 1.81 (s, 12H). 13C NMR (101 MHz, CD3OD) δ

Figure 4. Surgical resection of orthotopic breast tumors. (A)
Detection and resection of orthotopic breast tumors using Cy7-
MO-guided surgery. (B) Resection of orthotopic breast tumors with
traditional surgery (without Cy7-MO guided). (C) H&E and IHC
evaluation of surgically removed tumors in the traditional and Cy7-
MO guided surgery groups (scale bar = 200 μm).
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169.9, 166.6, 142.8, 139.6, 137.4, 128.2, 122.6, 121.8, 121.2,
108.6, 94.3, 66.4, 59.8, 53.4, 52.3, 45.3, 37.1, 28.0, 25.7, 25.3,
22.7, 21.4, 20.3. HRMS (ESI, [M]+m/z): Calcd for
C46H69N6O 249.8610; Found m/z 249.8604.
4.3. Measurement of Fluorescence Quantum Yield.

The fluorescence quantum yield of Cy7-MO was calculated
using the following equation:

I
I

n

n
1 10

1 10

A

AFL
Sp

FL
St

Sp

St
Sp
2

Sp
2

St

Sp=
(1)

where Φ was fluorescence quantum yield, I was the integrated
fluorescence intensity, n was the refractive index, and A was the
absorbance at the excitation wavelength. The superscript “St”
and “Sp” were represented to the standard and sample,
respectively. In this study, the methylene blue was used as a
standard (2% in water).36

4.4. In Vitro Colocalization. 4.4.1. Cell Culture. Mouse
breast cancer 4T1-Luc1 cells were obtained from Zhejiang
Meisen Cell Technology Co., Ltd. The cells were maintained
in complete medium, which consisted of 90% basal medium
(RPMI 1640, with streptomycin and penicillin) and 10% fetal
bovine serum, and placed in a humidified incubator at 37 °C
under 5% CO2 atmosphere.

4.4.2. Cytotoxicity. The cytotoxicity of Cy7-MO solution
against 4T1-Luc1 cells was evaluated using CCK-8 assay. The
cells were seeded into a 96-well plate at a density of 7 × 103

cells per well and incubated for 24 h. Then, the medium
containing Cy7-MO with different concentrations of Cy7-MO
(1, 2.5, 5, 10, 50, 100, 150, 300 μM) was added to each well
and incubated for a further 24 h. After the incubation for 24 h,
the medium containing the Cy7-MO was aspirated and washed
with 100 μL PBS. Then, 100 μL 10% CCK-8 was added to
each well and incubated for a further 2 h. Finally, the plates
were subjected to microplate reading (WD-2102B automatic
microplate reader was purchased from Beijing Liuyi Bio-
technology Co., Ltd.) for cell viability assays at a wavelength of
450 nm. Cell viability was calculated as

A A
A A

cell viability (%) 100s b

c b
= ×

(2)

where As, Ac and Ab refer to the absorbance of the experimental
wells, the control wells, and the blank wells, respectively.

4.4.3. Cellular Colocalization. The colocalization experi-
ment was carried out using commercial dyes: Lyso-Tracker
Green and rhodamine 123. 4T1-Luc1 cells were seeded into
confocal dishes and incubated 48 h. Then, the cells were
coincubated with the probe Cy7-MO (10 μM) for 30 min and
Lyso-Tracker Green (10 nM) for 15 min. To further explore
the colocalization ability of the probe with other organelles
such as mitochondria, 4T1-Luc1 cells were coincubated with
the Cy7-MO (10 μM) for 30 min and rhodamine 123 (10 nM)
for 15 min. The 4T1-Luc1 cells were washed three times with
PBS and kept the cells in serum-free RPMI 1640 for imaging
with a CLSM (Olympus, FV3000, Japan) immediately. The
images were obtained under a 488 nm excitation and 500−550
nm collection for the green channel, and a 640 nm excitation
and 700−800 nm collection for the red channel. Colocalization
analysis was performed by ImageJ software.
4.5. Safety Evaluation of Cy7-MO. In order to evaluate

the possible toxicity arise from Cy7-MO in vivo, the toxicity
study of Cy7-MO was conducted on normal BALB/c mice.
Twelve healthy BALB/c mice were randomly assigned to two

groups (n = 6 per group). On day 0, mice in one group were
intravenously injected with 100 μL of Cy7-MO (0.25 mM in
PBS), and mice in another group were treated with PBS for
control. All mice were sacrificed at the end of the study on day
7, and their blood was collected which the serum was separated
to measure biochemical indices: AST, ALT, CREA, and UREA,
to assess liver and kidney function. The heart, liver, spleen,
lung, and kidney of all the mice were taken, and H&E staining
was conducted under standard methods to evaluate the safety
of Cy7-MO on BALB/c mice.
4.6. Cy7-MO-Guided Surgical Resection. 4.6.1. Animals

and Orthotopic Breast Cancer Mouse Model. Healthy female
BALB/c mice, 5−7 weeks, weight 18 ± 2 g, were purchased
from SPF (Beijing) Biotechnology Co., Ltd. (Beijing, China)
and housed in the animal compartment with a temperature of
25 ± 2 °C and a relative humidity of 50 ± 2%. After a week
acclimation period, the animals were used for the experiments.
All experimental procedure and animals care were performed
in accordance with the guidelines established by the Guizhou
Provincial Science Committee, and the entire project protocol
was approved by the Animal Ethics Committee of Zunyi
Medical University (Lunshen (2020)2-107).

The mouse mammary carcinoma 4T1-Luc1 cells (4T1-Luc1,
luciferase) were taken from the exponential growth phase and
resuspended in RPMI 1640, centrifuged, and washed 3 times
to remove the serum. The cell concentration was adjusted to 2
× 107 cells/mL with RPMI 1640, and cell suspensions (0.1
mL/mouse) were orthotopically transplanted into the lower
right mammary fat pads of the mice. The tumor volume was
determined every day using a vernier caliper, and their weights
were measured by an electronic scale. When the tumor volume
grew up to about 100 mm3 (tumor volume V = ab2/2; a: tumor
length, b: tumor width), they were used in the navigation
experiment of tumor resection.

4.6.2. Biodistribution of Cy7-MO in Mice. In order to
evaluate the feasibility of breast tumor detection and the
biodistribution time, we randomly chose three mice bearing
4T1-luc1 tumor cells for about 5 days. The tumor bearing mice
were anesthetized intramuscularly (0.05 mL/mouse) using
Zoletil 50 combined with serazine hydrochloride (25 mg/kg
for Zoletil 50 and 7.5 mg/kg for serazine hydrochloride), and
then Cy7-MO probes (100 μL, 0.5 mM) were intravenously
injected into the tumor-bearing mice using a microsyringe.
Before and after injection, mice were placed in the NightOWL
II LB983 small animal in vivo imaging system (Berthold
Technologies GmbH & Co. KG) for continuous monitoring at
different time points. For fluorescence imaging, it was
performed with excitation at 642 nm and emission at 740 nm.

4.6.3. Validation of Tumor Location. To verify whether the
tumor location marked by Cy7-MO probe was correct, and to
provide comprehensive information about the tumor, 96 h
after injection of Cy7-MO, 100 μL of Luc1 substrate (DTZ
solution, CTCC-Luc-001, Zhejiang Meisen Cell Technology
Co., Ltd.) was intraperitoneally injected, and then bio-
luminescence imaging and fluorescence imaging were
performed successively.

4.6.4. Cy7-MO-Guided Surgery. A total of 12 mice were
randomly divided into two groups: traditional surgery (T-
surgery, no fluorescence navigation) and Cy7-MO fluorescence
navigation surgery (Cy7-MO-surgery) groups. With the
experience of a surgeon, the tumor tissues were aseptically
prepped, and sterile instruments were employed to excise the
tumors. For “T-surgery” group, Luc1 substrate was injected
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intraperitoneally, and bioluminescence was observed before
and after surgical resection. To locate and precisely remove the
tumor, the mice in the “Cy7-MO-surgery” group were
anesthetized 24 h after injection for optical imaging and
tumor resection. The operative incision sites were followed by
fluorescence imaging to detect if there were residual tumors
left behind. When demonstrating the existence of residual
tumors after the first surgery, the second surgery was
performed to remove the tumors until there were no
fluorescence signals. In this process, a bioluminescence signal
was used to verify the accuracy of fluorescence signal. The
process of Cy7-MO-guided tumor resection surgery can be
seen from Figure S7.

4.6.5. Pathological Evaluations. In order to confirm the
precise surgery of the tumors, the tumor tissues were soaked in
4% paraformaldehyde and subjected to H&E and IHC staining
for HER2. Specifically, the tumor tissue embedding was done
in paraffin, and then, tissue sections of 4 μm thickness were
prepared. Finally, they were conducted for H&E staining under
standard methods. Later, all the slides were observed under a
microscope (Microscope: Olympus BX43, Tokyo, Japan,
Multiplier: 20×).

To detect the expressions of HER2 by IHC, the tumor
sections were incubated with primary rabbit monoclonal
antibody against HER2 (1:100, AG1859, Beyotime Biotech-
nology, Shanghai, China) overnight at 4 °C followed by
incubation with a secondary biotin-labeled goat antirabbit
antibody (PV-9001, ZSJQ-BIO, Beijing, China) at 37 °C for
30 min. Finally, the sections were stained with DAB
chromogen (ZLI-9018, ZSJQ-BIO, Beijing, China), and the
cell nucleus was stained with hematoxylin for 5 min. Later, all
the slides were observed under a microscope (Olympus BX43,
Tokyo, Japan, and Multiplier: 20×).
4.7. Statistical Analysis. All numerical parameters were

expressed as means ± standard deviation. Differences between
two groups were evaluated using a Student’s t test. Differences
among experimental groups were assessed using the one-way
analysis of variance (ANOVA). The p-value <0.05 was taken as
statistically significant.
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